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ABSTRACT

Colour centre defects in diamond are promising candidates for many quantum
technologies because they act as isolated two level systems in the solid-state that
can be controlled and read-out through photonics [1] [2] [3]. Realisation of these
technologies requires the placement of many highly coherent centres in a regular array
with high positional accuracy and high fabrication yield [4]. Previous fabrication
techniques have lacked the ability to produce high yields with high positional accuracy
without causing irreparable damage to the lattice which reduced the quality of the
spin and optical properties [5]. Ultra-fast laser writing has been shown to produce
highly coherent nitrogen vacancy (NV) colour centres within the diamond lattice
with positional accuracies of order hundreds of nanometers and a stochastic yield.
In this case, the yield and positional accuracy is held back by the need to thermally
anneal the diamond within a furnace to convert laser generated defects into colour
centres; a fabrication step in which there is little to no control over individual site
[6]. In this thesis, the ultra-fast pulsed laser writing technique is broached in detail
from both a theoretical and experimental standpoint. The theory behind the highly
non-linear light-matter interactions is studied and a hypothesis is developed for the
energy transfer between photo-excited carriers and the lattice via the non-radiative
recombination of self-trapped multi-excitonic states |7]. In addition, this thesis presents
an expansion on the laser writing of colour centres through broaching the generation
of different colour centres that have some preferential properties over the NV [8], and
the development of a new engineering technique involving a local laser anneal [9]. The
yield of generated centres is increased from stochastic to deterministic by replacing the
global thermal anneal with the local laser anneal in combination with a fluorescence
feedback mechanism. In addition, the use of the laser to locally anneal generated
centres leads to a factor of five improvement in the positional accuracy due to the

highly non-linear interaction of the laser with the material. These results culminate in
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a key step forward in the development of a large scale quantum device and improved
understanding of the highly dynamical processes that occur upon femtosecond laser

interaction with a wide bandgap material.

1l



ACKNOWLEDGMENT

This thesis would not have been possible without the Photonic Nanomaterials and
Dynamic Optics and Photonics groups, both present and past members. There’s
too many of you to name in person but I would particularly like to thank Sam
Johnson, Larry Chen and Laiyi Weng for excellent training on how to use the confocal
microscopes and Patrick Salter for training on the ultra-fast laser systems. In addition
I would like to thank Andrew Kirkpatrick and Shannon Nicley for lots of interesting
discussions on optics and potential interaction mechanisms. For their work in the spin
characterisation, photoluminesence excitation and EPR measurements I would like to
thank Shazeaa Ishmael, Colin Stephen, Matt Mai, Jonas Becker, Helen Witkowska and
Ben Green. Special thanks has to go towards Jason Smith, Martin Booth and Patrick
Salter for the amazing opportunity to work on such an interesting and enthralling
project. Your insights and guidance led towards lots of interesting discussions about
science and have moulded me into a much better researcher.

Outside of work I would like to thank everyone who has made my time at Oxford
special, especially the St Peter’s College rowing team, the 6 am starts and camaraderie
were exactly what was needed to motivate a long day in the lab or coding. The
latter two years have not been a usual second half to a DPhil project, the global
pandemic causing lab closures and restrictions that hindered research and daily life,
unfortunately no pub trips, punting or cakes at Monday meetings (thanks Shazeaa)
but its allowed for a unique experience and taken my project in new directions.

Finally, I would like to thank my family, my parents Gill and Phil, my brother,
Sam and my girlfriend, Maggie for their love and support. Thank you for listening
and pretending to look interested when I go off on a tangent about some random
science topic that piques my interest and for supporting me throughout the project, I

couldn’t have done this without you.

v



PUBLICATIONS

Journal Articles

o Laser Writing of Individual Nitrogen-Vacancy Defects in Diamond with Near-
Unity Yield, Y.C. Chen, B. Griffiths, L. Weng, S. Nicley, S. Ishmael, Y. Lekhai,
S. Johnson, C. Stephen, B. Green, G. Morley, M. Newton, M. Booth, P. Salter,
J. Smith, Optica Vol. 6, Issue 5, pp. 662-667 (2019) [6] - Many of the results in

Chapter 8 are seen in this work

e Microscopic Processes During Ultra-Fast Laser Generation of Frenkel Defects in
Diamond, B. Griffiths, A. Kirkpatrick, S. Nicley, R. Patel, J. Zajac, G. Morley,
M. Booth, P. Salter, J. Smith, Phys. Rev. B 104, 174303 [7] - Many of the

results in Chapters 5 and 6 are seen in this work

o (Generation of Dense Silicon Vacancy Ensembles in Diamond with Narrow
Linewidth through Direct Laser Writing, B. Griffiths, L. Weng, Z. Mai, Y.C.
Chen, H. Witkowska, A. Kirkpatrick, S. Nicley, B. Green, J. Becker, M. Booth, P.
Salter, J. Smith, Manuscript in preparation [8] - Many of the results in Chapter

7 are seen in this work

Conference Presentations

o Laser Engineering of Quantum Devices Based on Coherent Colour Centres
i Diamond, Quantum Technology International Conference - QTech

2020, November 2020

o Colour Centres in Diamond: A Scalable Solid-State Approach to Quantum
Technology, Quantum Technologies Showcase 2020, November 2020

o Ultra-fast Laser Writing of Frenkel Defects in Diamond, Photon 2020, Septem-
ber 2020



e Deterministic Laser Writing and Laser Annealing of Colour Centres in Diamond,

Photon 2020, September 2020

Qutreach and Science Communication

e Supporting Space Startups and Scaleups, Round-table Parliamentary dis-
cussion, July 2021

o Quantum Computing: Present and Future, Invited lecture - Dezhou Uni-

versity, May 2021

o Quantum Computing: Physics party piece or genuine technological advance,
Institute of Materials (IOM3) Young Lecturer Competition, March
2021

e Laser Engineering of Defects into Diamond for Quantum Technologies, Invited

seminar - Element 6, December 2020

e Quantum Technologies with Diamond, Institute of Materials (IOM3) Young

Lecturer Competition, March 2019

e Quantum Technologies: An overview, St Peter’s College graduate seminar,

December 2018

o Write your Own Qubit, Quantum Technologies Showcase 2018, November

2018

Intellectual Property

e Patent Contributor, Laser writing of colour centres in crystals, PCT /GB2019/051358,
Filed May 2018, Pending.

e Patent Contributor, Laser method and apparatus for analysing crystals, PCT /GB2019/
052820, Filed October 2018, Pending.

vi



TABLE OF CONTENTS

ABSTRACT . . . .
ACKNOWLEDGMENT . . . ... .. o ..
PUBLICATIONS . . . . e

CHAPTER

1 Introduction . . . . . . . . . .

1.1 The promise of quantum technologies . . . . . . . ... ... ...
1.2 Solid-state spin qubits in diamond . . . . . . . .. ... L
1.3 Engineering spin qubits in diamond . . . . . . . ... ..o
1.4 Thesis outline . . . . . .. . ...

Literature Review . . . . . . . . ... .. ... L.
2.1 Imtroduction . . . . . . . ...
2.2 Review of colour centres . . . . . . . . ...
2.2.1 Nitrogen vacancy centre . . . . . . . . .. . ... ... ...
2.2.2 Group IV - vacancy centres . . . . . . . .. ... ... ..
2.2.3 Applications . . . . ...
2.3 Fabrication techniques . . . . . .. ... ... ...
231 Growth . . . . . . ...
2.3.2 Ion implantation . . . . . .. ... ... L.
2.3.3 Electron irradiation . . . . . . ... ...
234 Laser writing . . . . . . . . . ...
24 Summary . ...

Theoretical Background . . . . ... ... ... ... ........
3.1 Introduction . . . . . . ... ...
3.2 Light-matter interactions . . . . . . .. ... .. ...
3.3 Carrier dynamics . . . . . . ...
3.4 Energy relaxation into the lattice and defect formation . . . . . .
3.5 Spin-photon behaviour . . . . ... ... ... L.

vii

Page
ii

v

S Ot W = =



3.6 Summary . . . ... 59

Experimental Methods . . . . . . .. .. .. ... ... ....... 60
4.1 Introduction . . . . . . . .. 60
4.2 Laser writing . . . . . . . . . .. . 60
4.2.1 Single pulse laser writing . . . . . .. ... ... L. 60
4.2.2 Laser annealing with fluorescence feedback apparatus . . . 64
4.2.3 Iterative aberration control . . . . . . . . . ... ... ... 66
4.3 Photoluminescence imaging and spectroscopy . . . . . . . . . . .. 69
4.3.1 Auto-correlation measurements . . . . . . . ... ... ... 70
4.3.2 Polarisation measurements . . . . .. ... .. ... ... 72
4.3.3 Spin coherence . . . . . . ..o 72
4.3.4 Photoluminescence excitation spectroscopy . . . . . . . .. 73
4.3.5 Electron paramagnetic resonance spectroscopy . . . . . . . 74
4.4 Summary . . ... ... 74
Non-Linearity of the Laser Writing Process - Theoretical . . . 76
5.1 Introduction . . . . . . . . .. ... 76
5.2 Partial differential equation model . . . . . . .. ..o 7
5.2.1 Modelling the laser pulse . . . . . ... ... ... ... .. 78
5.2.2  Free carrier distributions . . . . .. ..o 88
5.2.3 Excitonic states . . . . . ... ..o 104
5.2.4 Lattice temperature distribution . . . . . . ... ... ... 107
5.2.5 Hypothesis for Frenkel defect generation . . . . . . . .. .. 108
5.3 Limitations of the model . . . . . . . . .. ... ... ... .... 112
5.4 Summary . . ... 113
Non-Linearity of the Laser Writing Process - Results . . . . . . 116
6.1 Introduction . . . . . . . .. ... 116
6.2 Varying pulse energy . . . . . . .. ... oL 116
6.3 Varying initial parameters . . . . . .. .. ... L 128
6.3.1 Varying numerical aperture . . . . . . . . . ... ... ... 128
6.3.2 Varying pulse duration . . . ... ... ... ... ... .. 131
6.3.3 Varying wavelength . . . . . . ... ... ... .. 133
6.3.4 Varying nitrogen content . . . . . . ... ... 136
6.3.5 Modelling focal aberrations . . . . . .. .. ... ... ... 138
6.4 Summary . . . . ... 143
Enhancement of Silicon Vacancy Ensembles . . . . . . . . . . .. 146
7.1 Introduction . . . . . . . . . . ... 146
7.2 Method . . . . . . . . .. 147
7.3 Results . . . . . . 150

viil



T4 DISCUSSION . . . . . o o 152

75 Summary . . .o ... 158

8 Deterministic Engineering of Single Colour Centres . . . . . . . 160
8.1 Introduction . . . . . . ... ..o 160
8.2 Laser annealing . . . .. .. .. ... ... 161
8.3 Fluorescence feedback . . . . . . .. .. ... 164
8.4 Characterisation . . . . . . . .. ... 167
8.5 Advanced processing control . . . . ... ... 173
8.6 Fluorescence spiking study . . . . . . . . ... ... L. 175
8.7 Proximal writing . . . . .. ..o 183
8.8 Dependence on dopant level . . . . ... ... ... 186
8.9 Summary . . . . ... 188

9 Conclusion and Future Outlook . . . ... ... ... ... .... 191
9.1 Conclusion . . . . . . . . . .. 191
9.2 Future Outlook . . . . . . . .. ..o 193
REFERENCES . . . . . . . . . 195

APPENDIX

A PDE Model . . . ... .. ... 227
A.1 Light intensity distribution . . . . . . . . .. .. ... ... ... 227
A.2 Carrier density distributions . . . . . .. ... ... oL 229
A.3 Excitonic density distribution . . . . .. ... o000 234
A4 Bi-excitonic density distribution . . . . . .. ..o 000 236
A.5 Self-trapped bi-excitonic density distribution . . . . . . . ... .. 238
A.6 Defect density distribution . . . . . . . ... ... ... 239
A.7 Lattice temperature distribution . . . . . . ... ... 240

1X



Diamond
Etymology: Adamas - Greek - invincible/unchangeable

No-one told the Greeks about femtosecond lasers

"Technology has advanced more in the last thirty years than in the
previous two thousand. The exponential increase in advancement will

only continue.”

- Niels Bohr



Chapter One

Introduction

1.1 The promise of quantum technologies

Quantum information processing, computing and sensing are emergent fields that have
garnered a lot of attention in recent years due to advances in materials engineering
leading to the increasing likelihood of realisable quantum technologies [5]|[10][11].
These technologies have promised to revolutionise many areas, whether it be mod-
elling complex chemical reactions for drug development or developing ultra-secure
cryptographic protocols for protecting consumer data from eavesdroppers. The main
advantage of quantum technologies over their classical counterparts is the ability to
find solutions to exponential problems in linear or polynomial time [12].

The fundamental building block of a quantum device is the quantum bit (qubit).
These work from a completely different paradigm to classical bits enabling an entirely
new way to tackle problems. Classical bits can exist in one of two states, 0 or 1. By
combining strings of these bits together, sets of yes, no questions can be asked by logic
gates in order to arrive at an answer for a problem. Crucially, classical bits can only
represent one possible state at a given time.

A quantum object is described by a wavefunction, ¢ which is a solution to the

Schrodinger equation. The form of this wavefunction is generally rather complicated,



however in the special case that the quantum object is somewhat isolated from its
surroundings and has two possible eigenstates, much of the complication can be
forgotten and the two states labelled again as 0 and 1. It is useful to represent these

as vectors [13].

1 0
)= |11 = (1.1)
0 1

Because wavefunctions are linear functions, a linear combination, known as a
superposition is an allowed solution, the only constraint being that the square of the

pre-factors add up to 1.

[¥) = al0) +b[1) (1.2)

a?+b* =1 (1.3)

These pre-factors can be any complex number such that the set of allowed qubit
states sweeps out a unit sphere known as the Bloch sphere. The square of the pre-
factors represents the probability of attaining the |0) state or the |1) state upon
measurement. Computation is achieved by applying sets of gates which take the form
of rotation matrices and the computational advantage comes from a process known
as entanglement. Entanglement can be achieved by applying specific sets of gates to
multiple qubits at the same time and enables the multiple qubits to become represented
by a single vector that cannot be factorised into individual qubit vectors. Physically,
this corresponds to the measurement outcome of each qubit being inherently tied
to the measurement outcome of the others. A set of NV maximally entangled qubits
allows for the representation of 2V states simultaneously, an exponential improvement
over classical bits, hence a maximally entangled quantum state is able to achieve

exponential operations in linear time. A caveat is that only the classical states can be



measured so one has to be clever with algorithm design such that the desired answer
leads to a classical state and the superposition states are only used during calculation.

Useful algorithms that have been written require somewhere between a few hundred
to a few million perfect "logical" qubits [14|. Real qubits are imperfect as no quantum
object is truly isolated from the environment and can be represented simply as a 0
and 1. Therefore the quantum state bleeds into the environment overtime (known as
decoherence) leading to a build up of error. A perfect qubit can be simulated with tens
to millions of real-world qubits depending upon the error rate, therefore scalability
is the key parameter in determining the architecture with which to build a quantum
device [15].

At the time of writing, the most mature architecture uses superconducting circuits
as qubits and is being pioneered by a mixture of commercial companies and academic
institutes [10] [11]. These have displayed proof of principle calculations achieving
maximally entangled states of tens of qubits. However, this is a far cry from the million
or so that will be needed in order to achieve useful computation. The main barrier to
scalability from this architecture is that superconducting qubits require temperatures
of ~ mK which requires specialist cryogenic equipment (a dilution refrigerator) that is
expensive and bulky. Further, to date, it has been difficult to engineer numerous qubits
onto a single chip such that the engineering of superconducting qubits themselves is a
barrier to scalability. Other architectures utilise ions trapped within an electromagnetic
field [16] or photonic circuits [17] as qubits but these are held back by the need for

high vacuum and thus suffer similar setbacks in scalability.

1.2 Solid-state spin qubits in diamond

The ability to scale leads to two desired qualities of a potential qubit architecture: the

ability to place millions of qubits within a single chip and a well isolated qubit state



such that the device can be operated at higher temperature without random thermal
excitement leading to decoherence. These requirements point towards a solid-state
device. Within the solid-state, colour centres in materials such as diamond and silicon
carbide offer great potential for use as qubits due to their atomic scale and material
properties which hold them in place and isolate them from decoherence [18] [19]. In
this thesis the focus is upon colour centres in diamond. Diamond is an ideal host for
atomic scale qubits due to its robust structure and spin-free environment. The type of
qubit that the diamond hosts is a spin qubit. Atomic scale defects, usually of the form
X-vacancy, where X is a dopant atom, add discrete electronic states into the bandgap
of the material whereby spin interactions lead to two addressable states [20]. The
dopant generally comes from group IV or V of the periodic table due to the similarity
to the carbon lattice. The discrete spin states can then be labeled |0) and |1) and
used as qubits with transitions typically in the microwave range of the spectrum.

Direct communication between spin qubits is difficult and requires very close
proximity of order nanometres 18], therefore in practice, a "travelling qubit" or
photon is used as a mediator to transfer quantum information between qubits and
enable entanglement. The spin qubits in diamond typically have a ground to excited
state optical transition at red or near infrared wavelengths enabling transfer of quantum
information through fluorescence [21]. Quantum gates can be calculated by finding
the perturbation to the qubit Hamiltonian that leads to the desired rotation around
the Bloch sphere; often coming in the form of pulses of light or microwaves. Often
the electron spin is less isolated from the environment than the spin states of nearby
nuclei, therefore nuclei are used as storage qubits with the electron spin used for
control and readout with communication between electrons and nuclei through the
hyper-fine interaction [22].

The isolated electron spin-photon interface of colour centres makes them ideal

candidates for use as nodes of quantum networks. A quantum network consists



of nodes of well controlled qubits which interact via photonic channels to form an
entangled network that can be used for quantum information processing and quantum
computing. The qubits can be encoded to store information or calculate complex
computational problems. Entanglement with nuclear spins can also be used to develop
long-term quantum memories [2] 23] [24].

The nodes are entangled together by first entangling each qubit with photons and
then interfering the photons via a Hong-Ou-Mandel interference followed by detection
which projects the entanglement onto the nodes [25]. The photonic channels that
connect each qubit allow for the ability to use different types of nodes within the
network because the qubits don’t have to communicate directly. This gives flexibility
and scalability to the quantum network idea and can be implemented in many ways
such as chip-based systems or much larger systems using optical fibres. Entanglement
is achieved when measuring the output state of the system, there is an equal probability
that either node could have produced the photon, the path is erased, the idea initially
proposed by Cabrillo et al in 1999 [26]. Barrett and Kok showed how this could be
used to produce a high fidelity Bell state for scalable quantum networks in 2005 [25].
Entanglement between a two-node network within diamond was first reported by
Hensen et al in 2013 using the NV- centre as both nodes at 1.3 km [27] and between a

3 node network was reported in 2021, again using NV centres [28].

1.3 Engineering spin qubits in diamond

In order to develop a quantum device based on these centres, robust engineering
techniques need to be developed such that devices can be reliably engineered containing
millions of high-quality qubits. The quality of the qubit is both measured by its
isolation from the environment and the ability to be able to control and readout

via a strong spin-photon interface [18]. A number of engineering techniques have



been developed for the generation of colour centres within diamond which will be
outlined in the following chapter. Recently, the use of a femtosecond laser has enabled
significant progression in this field allowing for a stochastic generation of high-quality
colour centres with great positional accuracy in all three dimensions and allows for
the versatility to generate centres at a range of depths within the bulk [6].

Within diamond, laser engineering has traditionally been used to generate sp?
hybridised graphitic tracks for use as optical wave-guides , radiation detectors and
stress generation [29]. More recently, advances in laser engineering at lower fluences
in diamond alongside advances in adaptive optics have allowed for the generation of
specific colour centres [6][30] displaying great optical and spin qualities and a high
positional accuracy rivaling alternative engineering techniques and nearing the quality

of native colour centres.

1.4 Thesis outline

This thesis will explore the mechanisms behind the laser engineering of these centres
in more detail in conjunction with the development of a new engineering technique
that takes the yield of laser generated single nitrogen vacancy centres from stochastic
to deterministic as well as using the laser to generate other interesting colour centres.
The thesis will be structured as follows:

Chapter 2 : Literature Review

A review of colour centres in diamond will first be discussed with a focus on
the nitrogen vacancy and group IV vacancy centres which are most promising for
quantum technologies. This chapter will review current methods used to generate
centres including growth processes, annealing, ion-implantation, electron irradiation
and the current progress of colour centre generation using a femtosecond pulsed laser.

Chapter 3: Theoretical Background



This chapter will discuss some of the processes that take place when a femtosecond
laser pulse interacts with a semiconductor from a theoretical standpoint starting with
the light-matter interactions and followed by mechanisms by which the energy relaxes
into the crystal. In addition, a theoretical description of spin-photon interactions will
be discussed.

Chapter 4: Experimental Methods

This chapter will outline the experimental apparatus used both for the engineering
of colour centres through laser writing and for the characterisation of laser written
centres. In addition, it will outline methods for varying the writing parameters and
different characterisation techniques.

Chapter 5: Non-Linearity of the Laser Writing Process - Theoretical

This chapter regards the development of a coupled non-linear integro-differential
equation model of laser interaction with diamond and presents a new hypothesis for
the mechanism by which energy is delivered to individual lattice sites to generate
vacancies.

Chapter 6: Non-Linearity of the Laser Writing Process - Results

This chapter regards an experimental and theoretical study in which the parameters
of the laser processing are varied to determine how these affect the fabrication within
the material. Experimentally laser parameters are varied and theoretically the partial
differential equations developed in chapter 5 are solved numerically and fitted to
experimental data to discuss the viability of the model to describe the experiment.

Chapter 7: Enhancement of Silicon Vacancy Ensembles

This chapter regards the use of laser writing for the enhancement of ensemble
silicon vacancy centres in diamond without losing optical properties. Hypotheses
about the mechanisms for formation of these ensembles are discussed.

Chapter 8: Deterministic Engineering of Single Colour Centres

This chapter will describe a new experimental method to deterministically generate



single colour centres into diamond utilising a femtosecond pulsed laser both to generate
vacancies and to diffuse them in the material. In addition a study involving the how
the fluorescent properties of centres behave during processing is undertaken and how
this is influenced by laser parameters.

Chapter 9: Conclusions and Future Outlook

Here the thesis will be summarised and the future outlook will be also discussed.



Chapter Two

Literature Review

2.1 Introduction

Wide bandgap materials such as diamond and silicon carbide have been found to
be host to a range of colour centre defects that are of potential use for quantum
technologies [31]. These are of interest for many technological applications due to the
ability to produce stable single photon sources and control and readout the spin state
at room temperature with relative ease. Different spin states give different electric
transition dipoles, thus allowing for control over the spin state via optical, microwave
and radio frequencies.

Diamond provides the ideal environment for hosting colour centres due to its
nuclear-spin free environment and sturdy structure [32]. It forms in a tetrahedral face
centred cubic structure from carbon atoms with a lattice constant of Z—i which gives 8
atoms in the unit cell. Due to its spin-free structure, isolated electron spins can reach
coherence times of around a millisecond at room temperature and close to a second
when cooled to cryogenic temperatures [33] [34]. Nitrogen is a common impurity in
diamond and two classifications have been devised to classify its prevalence. Type I
diamond constitutes of nitrogen impurities of more than 20 ppm (parts per million)

and type II diamond contains no detectable nitrogen impurities. Type Ib is defined



as where the nitrogen atoms are concentrated in isolated sites of the diamond with
other areas being devoid of impurities. Type Ila is where the diamond contains no
impurities and type IIb is where there are very few nitrogen impurities but other

impurities such as Boron are present [35].

2.2 Review of colour centres

There are a range of colour centres that can exist in the diamond lattice and display
stable single photon emission [21]. Many of these have only been identified via
spectroscopy; their internal state structure and physical structure is currently unknown.
Of those that are known a range of colour centres have displayed the ability to control
the spin state making them useful for quantum applications. They generally have the
form of a dopant that lies near to carbon in the periodic table as nearest neighbor to

a lattice vacancy or laying between lattice sites generating a split vacancy [36].

2.2.1 Nitrogen vacancy centre

The most mature of these is the nitrogen vacancy (NV) centre first detected in
1965 after the diamond had been radiated with electrons and annealed at 600°C
[37]. Its structure was identified in 1977 via electron paramagnetic resonance (EPR)
measurements (38| as is shown in Figure 2.1. The nitrogen atom has five valence
electrons, three of which covalently bond to the surrounding carbon atoms leaving
two un-bonded as a lone pair. The vacancy has three valence electrons; two of these
form quasi-covalent bonds with the surrounding structure leaving a single un-bonded
electron.

The three remaining electrons couple together in an axial C3y symmetry, continu-
ously exchanging roles. Two charge states of the NV centre emerge, a neutral and

a negatively charged centre. In the NV~ variation, an extra electron is added to the
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Figure 2.1 a. The energy level structure of the negatively charged nitrogen
vacancy centre. The optical transition between the ground and excited states
is at 637 nm with ground state ms; = 0 and m, = 4 1 separated by D = 2.87
GHz and excited state split by D = 1.42 GHz. Intermediate singlet states
exist with a singlet ZPL of 1044 nm [31]. b. A fluorescence spectrum of
the NV~ centre measured at a temperature of 4 K. ZPL at 637 nm with a
broad phonon sideband at longer wavelengths. The inset shows the physical
structure of the NV centre. Figure from ref. [31].

vacancy region forming an S=1 pair with the other valence vacancy electron leading
to discrete energy levels within the bandgap [31]. Spin-spin interactions generate a
triplet ground state 3A,, which can be split into an ms= 0 level and two spin levels of
mg = +1 separated by D = 2.87 GHz and a triplet excited state 3E also split into mg=
0 and + 1 states these split by D = 1.42 GHz. Two singlet states also exist between
the triplet states which are meta-stable and decays to these are weak. The energy
levels of the NV~ centre can be seen in Figure 2.1a [38].

An optical transition occurs between the mg= 0 ground and excited states leading
to a zero-phonon line (ZPL) transition at 637 nm. Interactions with lattice phonons
also lead to optical transitions at longer wavelengths. This leads to a broad peak and
wavelengths greater than the ZPL as shown in Figure 2.1b. Approximately 4% of the

transitional energy goes through the ZPL as indicated by the Debye-Waller parameter
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(0.04 for NV7).

As the ground state is non-degenerate and split with zero applied field, microwaves
can be used to excite between different spin states. Coupling to the meta-stable
intermediate singlets through inter-system crossing occurs more readily when the centre
is in the m, = +1 states, the meta-stable states have lifetimes of tens of nanoseconds
compared with the 12 ns for the m; = 0 excited state lifetime leading to a quenching
of the fluorescence intensity for the m, = £1 states [39] [40] [41] [42]. This optical
spin-polarisation mechanism allows for initialisation into a pure state easily, which
is key for all quantum applications [43|. The spin dependent fluorescence intensity
thereby allows for optically detected magnetic resonance (ODMR) measurements
allowing control and readout of the spin state [44] [45]. ODMR signals from single
centres were detected in 1997 through confocal microscopy following improvements
to electron irradiation techniques [46]. This was then verified to be a single photon
emitter through autocorrelation measurements with a Hanbury Brown Twiss (HBT)
interferometer in the year 2000 by Kurtseifer et al [47].

Rabi oscillations of a single electron spin state from the NV~ centre in bulk diamond
were first detected at room temperature in 2004 by Jelezko et al who also measured
the spin coherence times (T3) of 2 us, it was from here that the NV~ centre was
identified as a credible candidate for networked quantum computing due to its long
spin coherence time and ability to optically readout the spin state [3]. Following
improvements in engineering, spin coherence times of order hundreds of microseconds
at room temperature have been achieved [48] and at low temperature alongside
dynamic decoupling methods, spin coherence times approaching a second has been

achieved [33]. Isotopes of carbon such as '*C have been found to couple to the NV

and give preferential properties. 3C has a nuclear spin of spin % and thus couples
to the electron spin of the NV~ and induces hyper-fine splitting. Scharfenberger et al

theoretically tested how optical and magnetic control of the NV~ centre changes in the

12



presence of an adjacent *C finding that the hyperfine splitting allowed for high fidelity
between quantum states during optical and magnetic control [49]. This hyperfine
splitting separates the spin states of the NV~ from the spin bath of substitutional
14N nuclei, thus vastly increasing the coherence time [50|. In addition, the nuclear
spin has a much longer coherence time than the electron spin of the NV~ and through
spin-spin dipolar coupling the information can be transferred and stored in the nucleus
[51][52]. Using this method, long term quantum memories can be achieved and to
date the longest coherence time of a coupled nuclear spin using dynamic decoupling
methods is nearly 2 minutes [53] and entanglement between the nuclear spins has been
achieved for over 10 seconds [52|. It was found by Balasubramanian et al in 2009 that
the Ty time of single NV~ centres can be extended to beyond 1.8 ms by reducing the
concentration of 3C from its natural level (1.1%) to 0.3% indicating that the spin 3
3C is the main source of electron decoherence due to spin 3 coupling [34]. In 2019,
Bradley et al coupled the NV- to 8 surrounding nuclear spins from *C through the
hyper-fine interaction allowing for spin coherence times lasting tens of seconds [52].
The NV~ centre has an excited state lifetime of 12 ns giving a ZPL linewidth of 13
MHz [54]. Togan et al first demonstrated spin-photon entanglement between a photon
and an NV~ in 2010 by utilising the fact that the excited level of the |As) level is an
entangled state of |m, = £1) spins and orbital |E+) angular momentum states and
thus will decay with equal probability to the ground state [55] [56]. Entanglement
between two single NV~ centres at a distance of 1.3km was achieved by Hensen et
al in 2015, which is the first work that demonstrates loophole-free Bell inequality
violation for both detection and locality and therefore demonstrates that the entangled
centres can be used to solve quantum problems [27|. This was achieved through
the Barrett and Kok scheme where the indistinguishable photons were interfered
through Hong-Ou-Mandel interference and photon detection leading to entanglement

through path erasure. In order to achieve entanglement via this regime, a high flux
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of indistinguishable photons are needed. Strain around the emitter can lead to stark
shifts lifting the indistinguishability. However Tamarat et al found that the Stark effect
can be utilised by applying electric fields, tuning the excited state energy, hence tuning
of the ZPL wavelength which is critical for being able to obtain quantum interference
between centres and entanglement [54]. In 2021 Pompilli et al demonstrated the first 3
node quantum network using 3 NV centres entangled through photonics with a fidelity
of ~ 85 % [28].

The other stumbling block to entanglement is the low photon flux of ZPL photons
from the emitter. This can be improved either through extracting more photons
from the diamond or forcing more photons through the ZPL. In 2010, Hadden et al
integrated solid immersion lenses into the diamond surface which allowed for lower
refraction losses at the surface of the diamond. This allowed for NV~ centres to be
placed further from the surface for the same amount of light detection, which allows
for better coherence preservation [57]|. In 2015, Johnson et al coupled the NV~ centre
to an open optical micro-cavity at 4K so that the ZPL emission resonated and was
amplified, whilst also suppressing emission from the phonon side-band thus increasing
the Debye-Waller factor and giving more light for quantum applications [58|. In 2020
Ruf et al resonantly excited Purcell enhanced NV~ centres in a micro-cavity allowing

for faster spin-entanglement times [59].

2.2.2 Group IV - vacancy centres

More recently a host of group IV elements (silicon, tin, germanium and lead), in
conjunction with a lattice vacancy, have been found to also display spin control
alongside stable single photon emission. These have sparked a flurry of new research
activity in the area of solid-state spin qubits [60] as they offer some advantages over

the NV centre such as a much larger Debye Waller factor allowing a much faster
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Figure 2.2 Physical geometry of the nitrogen vacancy (NV), silicon vacancy
(SiV), germanium vacancy (GeV), and tin vacancy (SnV) centres [36]. The
NV consists of nearest neighbor substitutional dopant and a lattice vacancy,
the group IV centres consist of the dopant located in an interstitial location
surrounded by a split vacancy. The lead vacancy (PbV) (not shown) also
takes this configuration. Figure from ref. [36].

transfer of quantum information to photonics, one of the key stumbling blocks of the
NV centre [36].

Group IV dopant elements sit between lattice sites rather than in a substitutional
location [36]. The vacancy is then split, surrounding the dopant atom aligned along
the [111] axis and has D3 inversion symmetric point group symmetry, this differs to
the geometry of the NV centre as shown in Figure 2.2.

This geometry leads to degenerate doublet ground and excited states within the
bandgap [61|. Spin-orbit coupling then acts to lift the degeneracy leading to four
discrete states and four possible ZPL transitions. The strength of the spin-orbit
coupling differs for different defects leading to differing coherence behaviours. A larger
splitting exponentially reduces the probability of thermal excitation through phonon
coupling allowing coherent behaviour at higher temperatures. The basic electronic
structure for this geometry and the degree of spin orbit coupling against state splitting
is shown in Figure 2.3 [60] [62]. The inversion symmetry of these centres protects these
spectral lines from first-order Stark shifts vastly reducing homogeneous broadening

and allowing for transform limited linewidths during experiment [63].
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Figure 2.3 a. Electronic structure of the group IV vacancy centres. Doublet
ground and excited states form due to the spin-orbit coupling [62]. This
structure leads to four zero-phonon line transitions. b. The amount of ground
and excited state splitting for different defects. Larger splitting leads to
an exponential decrease in thermal coupling allowing coherence at higher
temperatures. Data taken from references [60] and [62].
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The most researched of the group IV centres is the silicon vacancy (SiV) centre.
Like the NV centre, the SiV has neutral and negative charge states, both of which
have been identified as useful for quantum applications. The negatively charged ZPL
consists of spin-orbit split orbital doublet ground and excited states within the diamond
bandgap centred at 737 nm with a ground state splitting of 50 GHz and excited state
splitting of 260 GHz. These four states allow for four optical fine structure transitions
[64]. This centre offers advantage over the NV centre due to a high Debye-Waller
factor of 0.7-0.8, [65] [66] offering an efficient spin-photon interface making it easier
to strongly couple to nanocavities. Due to the lack of spectral diffusion from Stark
shifts, near-lifetime limited linewidths of between 125-400 MHz have been consistently
observed from single centres [63] [67] [68] [69] , and indistinguishable photons from
separate SiV’s have been observed, without the need of external frequency tuning [70].
Linewidths of 5-50 GHz are typical for ensemble centres, limited by inhomogeneities in
crystal strain [71] [72] [73|. The SiV- centre is a spin-1/2 system and couples efficiently
to the surrounding nuclear and electron spin bath of dopant atoms, in addition to
efficient spin-phonon coupling hence displays spin coherence times of To" = 38 - 48 ns
at 4 K, much shorter than the NV [74] |75] [76] [77]. Spin-phonon coupling can be
somewhat mitigated through operating at mK temperatures allowing improvement
in spin relaxation times by a factor of 300 and enhancement of the spin coherence
by a factor of 5 [78]. Ultrafast optical control [75] and readout or microwave based
control [79] of the spin state alongside the efficient spin-photon interface allows for the
development of a coupled spin quantum network connected through photonics [24]
[80].

Fluorescence of the SiV™ centre was first observed in 1981 by Vavilov et al by
conducting a cathodoluminescence investigation into polycrystalline diamond grown
via chemical vapour deposition [81] and in 1995, it was verified to contain silicon

[82]. The electronic structure of the SiV™ was identified in 1996 [83]. Initial attempts
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to fabricate SiV- within diamond by ion implantation proved unsuccessful due to
photoluminescence lifetimes of ~ 1 ns and poor quantum efficiency of ~ 0.05 [84].
This is likely due to significant damage surrounding the defect created by the ion
implantation process. More successful attempts followed in 2011 by SiV~ centres
generated during CVD growth [65]. Successfully ion implanted SiV™ centres with
high quantum efficiencies, high positional accuracy and yield were generated in 2011
following which, a wealth of literature has emerged in the area of ion implanted SiV
defects [63] [68]. Ultra-fast optical and microwave control of the spin state at helium
and milliKelvin temperatures was demonstrated in 2016 [75] and 2017 [79] respectively.
Spin polarisation of SiV in the neutral charge state was demonstrated in 2017 [85].
The formation of SiV through laser ablation of silicon nanoballs on the surface of
diamond was demonstrated in 2019 [86].

The neutrally charged centre has more recently emerged as a potential qubit
candidate 87| first identified in 2011 [88]. Identified via near infrared ZPL transitions
at 946 nm and 951 nm, it combines the advantages of high Debye Waller factor of the
SiV- and long spin coherence times of the NV-. In 2018, Rose et al. found that 90
+ 10% of optical transitions of the SiV® went via the ZPL, measured electron spin
coherence times of T, = 250 ms at 15 K with dynamical decoupling techniques and
spin relaxation times of T} = 43 + 2 s [89]. Utilising the nuclear spin of the silicon
atom, they also achieved nuclear spin coherence times approaching 1 s. The electronic
structure of the SiV° was identified by Green et al. in 2019 to include triplet ground
and excited states and a singlet excited state [87]. Initialisation and readout of the
spin state has been proposed via a small application of strain to the emitter, however,
the magnitude of this strain is currently unknown [87]. This is the current stumbling
block for this emitter.

The charge state that the SiV is stable in depends upon the local electronic

environment around the emitter. This can be manipulated by altering the Fermi
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level through the adding of dopants. Significant doping of group V elements such
as nitrogen or phosphorous raises the Fermi level making the negative charge state
preferable. Doping of group III elements such as boron leads to the opposite, lowering
the Fermi level and making the neutral charge state preferable. Driving the Fermi level
further in either direction leads to stable double negative and positive charge states
respectively [90]. These do no contain optical transitions due to all the levels being
full /empty but the presence of these charge states potentially allows for a quenching
mechanism.

The other three group IV colour centres that have been identified as potentially
useful for quantum applications are the germanium, tin and lead vacancy centres (GeV,
SnV and PbV). All three display transitions in the optical region of the spectrum and
have large Debye Waller factors. Germanium vacancy centres have a ZPL transition
at 602.7 nm displaying a Debye Waller factor of ~ 0.6 [92]. The electronic structure
contains two ground and excited states with twofold degeneracy. Spin-orbit coupling
partially lifts the degeneracy producing four levels, two ground and two excited, much
like the SiV~ centre. This leads to four line structure of the ZPL with a ground state
splitting of 152 GHz and an excited state splitting of 981 GHz [93]. The GeV couples
well to phonons giving it similar spin coherence times to that of the SiV™ (T5=19 +
1 ns at 2 K) [91] meaning ultra-fast control or milliKelvin temperatures are needed
for use as a spin qubit. ZPL linewidths of 42 MHz have been recorded from single
GeV centres [91]. The theoretical excited state lifetime is 6 ns which gives a transform
limited linewidth of 26 MHz [93]. The small difference between the theoretical and
experimentally measured linewidths gives some indication of other damage surrounding
the centre, likely generated in ion implantation used to generate these centres.

Negatively charged tin vacancy centres have a ZPL transition at 619 nm which
resolves into four transitions at low temperature [62]. A ground state splitting of ~

850 GHz is observed and excited state splitting of over 3 THz, much larger than that
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of the other group IV colour centres [62]. As the probability of population decreases
exponentially with the size of the splitting, two of the transition lines are weak, yielding
a "doublet" ZPL. Excited state lifetimes of 5 ns have been measured giving a generally
fast fluorescence cycle and narrow ZPL linewidths over 18 MHz [94]. The large splitting
of the ground state reduces phonon coupling leading to predicted spin coherence times
of order milliseconds without cooling down to milliKelvin temperatures, a huge
advantage over the SiV and GeV centres [62]. Early spin coherence measurements
revealed 77 times of greater than 10 ms [95] and an electron spin decoherence time
of T, = 1.3 us at 1.7 K revealing an which was extended to T, = 330 pus with two
pulse dynamical decoupling methods [96]. To date, these centres have been engineered
via ion implantation techniques followed by a high temperature global anneal to heal
unwanted damage and allow diffusion of vacancies to the implanted ion.

Lead vacancy (PbV) centres have also emerged as another potential spin qubit in
diamond. The electronic structure of the PbV is similar to that of the other group
IV centre, a doublet ground state and doublet excited state leading to four optical
transitions. The spin-orbit coupling leads to severe splitting of the doublets meaning
that two of the ZPL transitions are centred at 520 nm with a splitting of 5.7 THz and
the further two can be seen at 552 nm, split by 4.2 THz. The large splitting of both
doublets means that phonon coupling is weak meaning coherent spin states can be
achieved at higher temperatures (> 1 K). To date, spin control of lead vacancies is
yet to be demonstrated [97]. The excited state lifetime was found via autocorrelation
measurements to be 3 ns [60].

Each of these group IV vacancy centres is somewhat tuneable by applying strain
to the emitter. The strain leads to further splitting of the ground and excited state
doublets leading to suppression of spin dephasing as the splitting moves further from
phonon resonant frequencies [98| allowing for coherent states to be extended to higher

temperatures. Strain engineering has enabled a six times enhancement of the spin
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coherence time from SiV~ centres at T = 4 K and achieving the same spin coherence
as an unstrained centre at 100 mK (75 = 0.25 + 0.02 us) |98]. Recent works have
involved ion implantation and fabrication of nanostructures such as nanopillars in
order to engineer the strain surrounding these defects [98]. Nanopillars have also
been used to engineer single defects whereby the ion implantation technique is not
sensitive enough to allow for single defect engineering by spatially confining single
ions to individual nanopillars [97].

There has been less research done into the group IV vacancy complexes than the
NV~ centre as group VI elements occurs less often in natural diamond than nitrogen
but with the onset of synthetic diamond, they have become possible colour centre for
quantum applications. However, as the atoms preferentially sit between lattice sites,
the group IV vacancy defects are the most stable form of atoms within the lattice.
This makes it difficult to exhibit strong control over the amount of dopant that lays
in the lattice and artificial engineering processes lead to either too many centres or
virtually none. A step towards robust engineering of useful group IV defects would be

the ability to passivate unwanted centres.

2.2.3 Applications

A colour centre surrounded by nearby carbon-13 nuclei has been proposed as a node
in a solid-state quantum computer [52]. Most proposals involve an NV spin but can
be converted to use the group IV vacancy centres if lower temperatures and faster
control systems are used to combat the strong spin dephasing. The centre acts as the
initialisation and readout qubit via its ZPL and is able to pass information to nuclear
spins for computation and storage via entanglement [99]. The advantage of these over
alternative architectures is the ability to position potentially millions of qubits onto

a single chip and the ability to maintain coherence at relatively high temperatures.
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Coupling of electron-nuclear spin nodes together could be achieved either through
spin-spin dipolar interactions between the centres or through an off-chip photonics
network. Spin-spin dipole interactions are ideal and efficient even allowing for quantum
computation to occur at room temperature, however the spin-spin coupling requires
that the centres be < 50 nm apart from each other which requires significant materials
engineering improvements to scale to more than a few qubits.

Coupling through photonics requires transferring the quantum information to a
photon which can be addressed off-chip and entangled through the Barrett and Kok
scheme [25]. This approach utilises the single photon emission behaviour of the colour
centre where the quantum information is carried by photons emitted via the ZPL.
This allows for the flexibility of coupling centres together at great distances allowing
for much more leeway in the materials engineering required [18]. To date entanglement
between nodes placed 1.3 km apart in separate laboratories has been achieved [27].
However a caveat is that low temperature (4 K for NV, mK for most group IV vacancy
centres) is required to suppress phonon coupling [18]. For NV centres, this is easily
achieved with regular cryogenics though, so dilution refrigerators are not needed, for
other centres, dilution refrigerators or significant strain would be required. In addition,
due to the small Debye Waller factor of the NV~ centre (0.04), only a small amount
of the fluorescent light emitted carries the quantum information and is useful for
quantum information processing. Therefore entanglement via photons is inefficient
and often difficult to achieve before decoherence occurs. The group IV vacancy centres
have higher Debye Waller factors but generally shorter coherence times, even at mK
temperatures leading to similar issues in entanglement efficiency. These inefficiencies
can be mitigated by engineering micro-structures around the centre which confine the
optical modes that it is allowed to emit into. One such structure is a Fabry Perot
micro-cavity which creates a resonance with the ZPL emission enhancing the Debye

Waller factor by upto a factor of five [58][59]. By squeezing the optical density of states,
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the lifetime of the emitter can also be shortened, allowing for single photon emission at
a faster rate. Alternatively, entanglement and quantum information processing can be
accelerated by extracting more photons from the device. Diamond is a high refractive
index dielectric, ergo, there is a lot of reflection and refraction from interfaces and
surfaces. By shaping the surface of the diamond around the emitter such that the
interface is normal to the emission (a solid immersion lens) [57], more light can be
extracted and hence information processing procedures can occur faster. Another way
to deal with photon loss is to generate multidimensional photon cluster states that are
resilient to loss. Here the state is shared between multiple entangled photons. These
can be realised by utilising the entanglement between successive photons if gates are
applied to the spin state between emission cycles or through some non-linear entangled
pair generation mechanism such as spontaneous parametric down conversion [100].
Under the presence of an electromagnetic field, the fine structure of the NV~ centre
changes via Zeeman and Stark shifts [54]. The ability to readout the spin-state
means that these shifts can be detected and the centre can be used to detect weak
electromagnetic fields. One such detector that has been proposed is by combining
the colour centres with a nano-scale probe, the colour centre being the magnetometer
and the probe allowing for high spatial resolution [101]. The sensor utilises the spin
properties of the NV~ centre which Zeeman split under an applied magnetic field.
By measuring the change in energy of transitions between spin states, the strength
of the magnetic field can be determined. An ensemble of centres can be entangled
using the spin-photon interface to form a quantum network which allows for higher
sensitivity. Sensing and imaging of weak magnetic fields is a growing field and has
a host of applications ranging from medical imaging to navigation systems. Recent
advances in quantum sensing using NV ensembles have shown sensitivity of (310 4+

20) pT'/v/ Hz in the frequency range of 10-150 Hz [102].
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Figure 2.4 The three stages involved in the generation of nitrogen-vacancy
colour centres in diamond (nitrogen incorporation, vacancy generation, heat
application) and various approaches to each stage. Figure from ref. [105].
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2.3 Fabrication techniques

To provide scalable quantum technologies based on colour centres in diamond, it is
necessary to be able to engineer the centres in a controlled manner with an accuracy
of less than a micron such that control hardware can be robustly engineered [63] [103].

Research into colour centres has occurred since the 1950’s, however, until ~25 years
ago the research was carried out on native defects in naturally grown diamond. This
meant that there was no control over the positioning of the defect within the diamond
or the levels of impurities surrounding the defect. In 1953, it was demonstrated that
diamonds could be grown synthetically in a lab allowing for control over the levels of
impurities within the diamond [104]. In addition, techniques have been created that
allow for control in the creation and placement of new colour centres.

In order to engineer colour centres into the material, three stages are required; the
incorporation of dopant atoms into the material, the generation of a vacancy, and
some applied heat to allow diffusion of the two defects together [105]. This is displayed

for the example of the NV centre in Figure 2.4
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The following sub-sections will review the work that has been done to date on

developing each of these techniques.

2.3.1 Growth

Nitrogen can be introduced into the diamond lattice during the growth process of
synthetic diamond with a significant degree of control such that most diamond used
for industrial applications is synthetic, grown with the desired level of impurities.
Two main techniques are used to grow diamond, chemical vapour deposition (CVD)
and high pressure, high temperature (HPHT) growth. CVD diamond is grown by
gas deposition of carbon onto a substrate. The gases used are usually hydrogen
and methane. The hydrogen gas is used to selectively create diamond rather than
graphite as atomic hydrogen etches graphite, breaking its bonds. Impurities such
as nitrogen can be added and their concentration carefully controlled by feeding the
gas with the desired impurity in gas form [106]. Silicon can also be incorporated
in a similar manner to nitrogen but with much lower levels of control at the time
of writing. Typically when impurities are introduced, many of them form colour
centres, randomly distributed throughout the material [107|. For academic studies,
this random distribution works well but for a device where a regular array is needed,
these are more a hindrance. Careful annealing post growth can quench or destroy these
defects leaving a fluorescence-free platform with which to generate centre through
post growth mechanisms [107]. Alternatively the diamond can be grown to be as
pure as possible with little to no impurities (less than 1 part per billion (ppb) of
nitrogen and boron), following which, the impurities can be introduced post growth
[103]. In addition CVD growth can allow for an artificially low level of carbon-13
atoms throughout the lattice, enabling enhanced spin coherence [103].

In HPHT growth, the starting material is graphite and the pressure and temperature
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are increased until double carbon bonds are broken and converted into single bonds
[108]. HPHT diamonds generally exhibit very low amounts of strain, but control over
impurities is very difficult leading to concentrations typically over 100 ppm, limiting NV
coherence to sub microseconds [103]. In addition, HPHT diamonds typically contain
complexes of dislocations that are difficult to anneal out. CVD growth currently sets
the benchmark for creating diamonds of high purity needed for many applications.
CVD also gives the advantage of being able to grow monocrystalline diamond rather
than polycrystalline which allows for greater control over the orientation of defects as
well as improving coherence times and levels of optical control [106].

Substitutional nitrogen within the diamond provides a spin % bath which couples
to colour centres, reducing coherence properties. Therefore good quality NV~ centres
are seldom found in diamond containing high levels of nitrogen. However it is easier
to artificially produce NV~ defects in diamond containing higher nitrogen content due
to the greater chance of locating a nitrogen atom. This leads to a trade-off between
ease of fabrication and quality of the defects. The level of impurities within a CVD
grown sample can be carefully controlled by varying the composition of the desired
impurity within the growth gas. As the diamond is grown layer by layer, it is possible
to grow very pure diamond that sandwiches a layer of heavily doped diamond by
introducing Ny gas into the chamber during growth. This is known as delta doping
and the layer of doped diamond can be as thin as 2 nm [109]. Delta doping is useful
as it can be combined with other fabrication techniques to produce high amounts of
impurities for fabrication in the desired area but leaving most of the diamond impurity
free, thus keeping the inherent spin bath of the diamond to a minimum. It has been
demonstrated that native NV defects preferentially grow along the [111] plane when
the synthetic diamond is grown in this direction with a probability of 95% [110].
Control over the orientation of the defects will be useful in creating devices as the

NV~ dipoles can then be excited equally by light polarised along the [111] direction.
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Introduction of other impurities allows for some level of control over the Fermi level
allowing some level of control of the charge state of defects within the material. For
example, for quantum applications, the NV~ is preferable over the NV, Adding group
V elements such as phosphorous to the material raise the Fermi level and provide
extra electrons to maintain charge stability [111][112]. Alternatively if the neutral or
positive charge states of a defect were preferred, boron or other group III elements can
be added during the growth process to lower the Fermi level [111][112]. The amount of
doping must be carefully controlled as these dopants will add strain to the lattice and
couple to the spin of the colour centre, reducing coherence [111|[112]. Recently the
use of n-type doping with phosphorous has allowed extension of NV spin coherence
times by a factor of four [113].

Many applications require very thin films and membranes of diamond of order 100
nm, however, growth of these presents a challenge as current growth techniques require
a substrate [114]. Membranes have been instead developed growing bulk material,
laser cutting and mechanical polishing followed by reactive ion etching down to the
desired thickness. These membranes generally have non-uniform thickness due to the
inaccuracy of the technique which leads to losses during coupling of defects to micro-
cavities. Therefore improvement in the fabrication of membranes is vital. Surface
roughness’ of around 4 nm are typically leading to scattering of optical modes or
accidental destruction of the centres when the defects are orientated within nanometres

of the surface, however this can be improved to an rms surface roughness of 0.6 nm

115].

2.3.2 Ion implantation

Rather than introducing impurities during growth, implantation of the desired impurity

into the purest diamond allows for introduction of dopants and generates lattice
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vacancies during the implantation process, fulfilling two of the stages required for
colour centre generation [116] [117] [105] [118|. Historically, ion implantation is the
fabrication technique with the highest positional accuracy and is therefore most
commonly used [5] . For NV~ centres, a nitrogen ion beam is used to bombard
diamond leading to a track of nitrogen impurities introduced into the diamond to
depths of micrometers, as well as knocking many carbon atoms into interstitial sites
creating neutrally charged lattice vacancies. For SiV, the ion beam fires silicon atoms
into the material and each of the other group IV elements for GeV, SnV, and PbV
[60]. For the group IV elements, control of the dopant level during growth is low
therefore ion implantation has typically been used over growth processes to introduce
the dopant to the material [105].

The implantation depth is determined by the energy of the incoming ions following
a Bragg curve, with the highest energy ions able to reach upto a micron into the
material [105][21]. However there is a trade-off, as higher energy ions create more
damage to the material [105] and straggle significantly more leading to a loss of lateral
positional accuracy [5]. Lower energy ions implant closer to the surface and have
achieved depths as shallow as 1 nm [119] useful for applications such as magnetic
sensing. A schematic showing the implantation depth against level of straggling and
excess damage is shown in Figure 2.5.

The increase in straggle leads to a severe reduction in lateral positional accuracy
and more damage as the ion passes through. Lattice vacancies and sometimes voids
and dislocations are generated in the wake of the ion as the energy is passed into the
material.

There are three ways in which an incident ion can dissipate energy within the
diamond: Rutherford scattering, knock-on atoms and ionisation. Rutherford process
is from direct ion-ion scattering and subsequent displacement of a carbon atom into an

interstitial site. Knock-on displacements occur when a displaced carbon causes further
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Figure 2.5 A schematic showing how implantation depth changes with the
ion’s initial energy as well as the increase in straggling. Figure from ref. [5].

lattice damage. The third way ions can dissipate energy is in the form of ionisation
through the generation of electron-hole pairs in the diamond which then relax and lead
to vacancy formation [120]. If the initial ion energy is too high (~ 100 keV), graphitic
material can form [5]. In addition, channelling can happen if the material is weaker in
one direction than another, preferentially implanting in a particular direction.

The implantation stage is often followed by an annealing step of above 600°C,
which causes the vacancies to diffuse throughout the diamond. Many interstitial
carbon atoms will then recombine with their lattice sites, but a few percent diffuse far
enough away to be a stable vacancy. Some will diffuse out through the surface but a
few will remain in the material. If a vacancy encounters the dopant atom, the vacancy
becomes trapped by the dopant atom forming a colour centre [118] [121]. However,
many vacancies are often still left within the material which can have detrimental
consequences on the quality of the centres. This is a further trade off of initial ion
energy, where the yield of colour centres generated increases for higher energies but at

the cost of coherence [5]. In addition the probability of forming ensemble centres also
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increases which is undesirable for many applications [99].

By implementing a mask during the implantation process, very high lateral po-
sitioning accuracies can be achieved. One method involves use of a Polymethyl
methacrylate (PMMA) mask to cover the diamond and which is etched to form a
mask via electron beam lithography. Following this, ions are implanted but can only
enter the material through the holes in the mask allowing positional accuracies limited
only by the lithography of order nanometres [122]. These masks fail to maintain
high positional accuracies for higher implantation depths due to the level of straggle
[105]. Alternatively, a method that achieves a positioning accuracy of around 20 nm
is achieved by focusing the ion beam into a pierced AFM tip and using low energy
ions (5 keV) [21].

The yield of successful sites is typically low at around 5% for the best quality
centres [21]. This can be increased by increasing implantation energies but is still
limited by the Poissonian nature of the annealing stage. An upper limit of 37%
is achieved for the generation of single colour centres [105]. A few "deterministic"
approaches have improved upon this by detecting the ion pre/post impact with the
substrate through the collection of secondary electrons from the substrate or electron-
hole pairs generated around the ion. This allows tracking of the ion and therefore an
improvement in the yield but requires significant signal processing and slows down
the implantation significantly [123|. The Poissonian nature of the process also means
that some ensembles will form regardless of the care put into processing. This is
not ideal for generating dense arrays of single colour centres [122| [118]. Another
major stumbling block is the inability to implant deep within bulk material giving
limitations to device design. Axial positioning accuracy can be inaccurate as a track
of vacancies is created from the surface to the deepest implantation depth meaning
that post annealing, the centre can migrate closer to the surface [5|. To tackle the

shallow implantation depths that achieve the best quality centres, overgrowth of pure
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CVD material is often used [124]. The yield of defect creation can also be increased
by combining ion implantation with delta doping during growth at the desired depth.
Here the implantation is a vacancy creation mechanism.

The quantum properties of ion implanted NV~ centres such as coherence time
and line-width of the ZPL have been optimised to approach those seen in native
centres although have not yet reached that level due to surrounding damage to the
material. Gaebel et al showed that an NV~ centre created by ion implantation can
achieve coherence times of ~350 s although coherence times of under 100 ps are more
prevalent [125|. To date, the longest coherence time measured from an ion implanted
NV centre is 428 us [126]. Linewidths of 13 MHz of the ZPL from ion implanted NV-’s
have been reported in diamond allowing the production of indistinguishable photons
[127].

Focused silicon ion beams followed by global annealing have been used to engineer
SiV centres into the material achieving high spatial accuracy but low yield [63]. This
technique remains the main method for generating SiV defects due to the difficulty of
introducing silicon into diamond during growth. To date, all studies on other group
IV colour centres (PbV, GeV and SnV) have engineered the defects into the material

via ion implantation [128] [97] [62] [96] [94].

2.3.3 Electron irradiation

An alternative approach to vacancy formation can be achieved through irradiating
the surface with electrons [129]. In this approach, the dopant atom is grown into the
material and vacancies are generated through irradiation with an electron beam. The
mechanism behind vacancy generation is similar to that of ion implantation, however
the electron has a much smaller cross-section hence produces less strailing. In addition,

the smaller mass allows electron irradiation to generate vacancies at much greater
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depths than ion implantation, upto hundreds of microns in depth [129]|[105]. This
technique was the first used to generate NV centres into diamond in 1965 [37].

Similarly to ion implantation, vacancy formation can take place via either Ruther-
ford scattering, knock-on scattering or electron-hole pair relaxation [130]. A minimum
initial kinetic energy for electron irradiation of 145 keV has been found for Rutherford
scattering [131]|. Vacancies are generated throughout the material upto a set depth
determined by the initial kinetic energy of the electrons. Following vacancy formation,
the diamond is annealed at a temperature above 600°C, allowing the vacancies to
diffuse. These then meet the impurity dopants and form colour centres throughout
the crystal.

Electron irradiation is able to produce NV centres with coherence times equal
to that of native centres and produce lateral positional accuracies of ~ 50 nm. The
axial positional accuracy on the other hand is very low with vacancies being produced
throughout the entire depth of the material down to the deepest depth determined
to an accuracy of ~ 1um by the initial electron energy. For this reason, electron
irradiation is often used when lots of vacancies are wanted or high densities of NV
centres, but positional accuracy is less important. An example would be for an ultra-
sensitive magnetometer [102] where the important parameter is NV density. Lower
energy irradiation leads to better coherence properties of generated colour centres
and is capable of creating ensembles of highly coherent NV’s. The coherence times
measured from NV ensembles generated by this technique is limited by coupling to
surrounding NV spins [132].

Control over the depth of electron generated colour centres can be achieved by
combining electron irradiation with delta-doped diamond. If a tunnelling electron
microscope (TEM) is used for the irradiation, the lateral positional accuracy can be
of order tens of nanometers without the need of masking. Recently, a TEM with low

energy electron irradiance of ~ 145 keV has been shown to produce reproducibly long
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coherence NV centres in the diamond lattice [131]. Electron irradiation has enabled
the generation of NV centres with 75 times approaching 1 ms and lateral positional
accuracy only limited by the diffusion length during annealing. Axial positional

accuracy has been localised to less than 4 nm through use of delta-doping [131].

2.3.4 Laser writing

An alternative method to generate colour centres into diamond is through the use of
laser writing on a doped diamond material, followed by an annealing step. Ultra-fast
laser processing of transparent materials is a mature field allowing for the modification
of bulk structures for various applications, whether it be generating wave-guides
through refractive index modification, surface modification or a vast array of other
optical applications [29][133] [134] [135]. It is only recently that it has been explored as
a route to the controlled formation of defect complexes and colour centres. Ultra-fast
laser processing can be separated into three distinct practices, direct laser writing,
where the laser is focused deep within the bulk, laser ablation, where the laser removes
surface material and laser facilitated electron irradiation, whereby the laser is focused
above the surface and ionises the air above a material, the electrons of which then get
accelerated at the surface [136].

The use of a femtosecond laser to facilitate generation of colour centres into diamond
was first pioneered in 2013 [137]. Here, a Ti:Sapphire 800 nm laser was focused 1 pm
above the surface of a type Ib diamond, causing visible surface damage. Annealing in
air at 680°C oxidised the defects and ensemble NV~ fluorescence was observed. The
laser processing in this case was indirect, with the pulsed laser ionising the oxygen
and nitrogen in the air creating free electrons which in turn created vacancies within
the diamond [138]. Pre-annealing no fluorescence was observed, therefore it is possible

that the free electrons converted native NV? into the NV-.
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Direct laser writing involves the focusing of the laser into the material and producing
significantly high focal intensities such that modification of the material can take place.
The high intensity sub-bandgap laser light interacts non-linearly with valence electrons
(i.e. interaction involves absorption of multiple photons per electron) promoting a
high density of carriers into the conduction band [134]. Relaxation of these carriers
leads to the generation of vacancy-interstitial pairs, known as Frenkel defects. A full
theoretical model for the laser interaction with diamond has yet to be validated with
experimental data, the concept of which shall be explored in chapters five and six. If
the laser generated vacancy is diffused through an annealing step, colour centres can
be generated using this method. If multiple laser pulses are used, laser induced defects
act as absorption centres and lead to efficient generation of further damage. Most
work involving direct laser writing in diamond has focused on generating significant
bulk modification and the formation of sp? hybridised graphitic material to fabricate
electrically conductive wires and significant strain within the material for use in
optical waveguides and particle detectors [139] [140] [141] [142]. However, in some
works, where samples were thermally annealed after laser processing, the creation of
NV centres near the graphitised region was observed as a result of the migration of
vacancies from the damaged region to bind to nitrogen present in the diamond lattice
[143].

Pimenov et al found that ensemble NV~ centres could be created within type
ITa CVD diamond by applying multiple pulses of a pico-second pulsed laser into
the diamond. The laser created vacancies within the lattice and also increased the
temperature within the focal volume to 1600°C which allowed for diffusion of the
vacancies to reach a nitrogen atom and form NV~ [143]|. However, as well as generating
many NV colour centres of both charge states, a large amount of residual damage
was created. Kurita et al showed that through tuning the pulse duration, the ratio of

ensemble centres to graphitic formation could be increased with short pulse durations
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generating high density ensemble NV with a low probability of forming graphitic
material [144].

In 2017, it was demonstrated that single ultra-short pulses of an aberration
corrected laser focused into the bulk diamond material followed by an annealing step
at 1000°C for 3 hours, allowed for controlled generation of single NV~ centres with high
positioning accuracy and low residual damage and demonstrated that these centres
produce the best coherence and optical properties of any synthetically produced NV~
centre 6] [145]. Yields of single centres followed Poissonian statistics due to the
random walk annealing stage [6]. They also found that the laser written NV~ centres
displayed good optical properties and spin coherence times equal to that seen in native
centres (~ 800 us [145]). The laser written centres also displayed transform limited
ZPL linewidths suggesting that inhomogeneous broadening of the centres is low, and
the centres can produce indistinguishable photons. The freedom of this technique
allows for the generation of 3D arrays of single NV~ centres [145]. Integration of
laser written NV centres with laser written waveguides was demonstrated in 2018
[146]. Yurgens et al recently showed that by focusing light through a solid immersion
lens (t-SIL) rather than a planar diamond surface, the pulse energy threshold for
vacancy and therefore NV formation is significantly reduced and allow for generation
of colour centres close to the diamond surface [147]. This is not normally possible
using traditional optical methods as to achieve a high enough optical intensity, an oil
immersion objective lens is used. Near surface processing boils the immersion oil which
causes significant phase aberrations during focusing so no processing occurs [6]. Single
pulse direct laser writing has recently been shown to produce single and ensemble
colour centres in a range of other materials including SiV centres in silicon carbide and
the RL centre in gallium nitride [148] [149] [150] [151] as well as luminescent centres
in cubic boron nitride [152].

The use of a femtosecond laser to nano-ablate the diamond surface has also been
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used to generate colour centres. Kononenko et al showed that a train of infrared
pulses focused upon the surface of the diamond led to the generation of ensemble
NV centres around the crater [153] [154]. They showed that the density of ensembles
scaled logarithmically with the pulse energy of the multiple pulses. Rong et al showed
that nanoablation of a diamond surface that has been coated in silicon nanoballs led
to the generation of single and ensemble SiV centres in the nanoablated crater [86].
The mechanism behind surface processing is somewhat similar to the high energy
regime of bulk processing however rather than forming graphitic material, the material
is blasted away leaving a crater. Areas nearby that received a lower energy density
from the laser experience generation and diffusion of vacancies leading to colour centre
formation.

A significant advantage of direct laser processing over other post-growth methods
for materials engineering is that the non-linearity of the interaction provides a route
to localisation in three dimensions such that complex 3D micro-structures can be
generated with high positional accuracy. Here, the magnitude of the non-linearity is
defined as the gradient of a slope on a dual logarithmic plot with the pulse energy /focal
intensity on the x-axis and the response of the material on the y-axis. A theoretical
discussion of the processes involved during laser processing will be discussed in chapters

three, five and six.

Annealing

An annealing stage is often required following many fabrication methods to heal
residual damage to the lattice and allow vacancy migration to form the desired centre.
Annealing describes heating of the sample such that vacancies and interstitial atoms
within the lattice diffuse and recombine as well as other damage being broken apart
via thermal diffusion. A low level of residual damage is vital for gaining high optical

and spin coherence from defects. As all known fabrication processes generate residual

36



damage, annealing is key to reduce this. Various defects within the material have
different threshold energies for diffusion, therefore careful control of the temperature
allows for control over which defects anneal away and which remain within the lattice.

Defects within diamond start to diffuse dependent upon their activation energy
within the lattice. Diffusion can be modelled with the heat equation where the
diffusion coefficient, D, is a variable that depends upon the activation energy and the

temperature of the anneal.

_E
D = Dyexp (k—TA) (2.1)

Where E, is the activation energy for diffusion, k is the Boltzmann constant,
T is the temperature of anneal and Dy is a normalisation coefficient [155]. The
activation energy for neutral vacancies has been estimated to be 2.3 & 0.3 eV with a
diffusion normalisation coefficient of 3.1 x 107% ¢cm? s~! allowing vacancy diffusion at
temperatures above ~ 600 °C [156] [157]. Split-interstitial carbon atoms have a lower
activation energy of 1.6 4+ 0.02 eV [155] making them mobile at room temperature with
a diffusion coefficient of 1 x 107% cm? s~!. Dopant atoms will also become mobile at
hotter temperatures, for example a substitutional nitrogen has an activation energy of
5 £ 0.3 eV [156] [158]. Diffusing the dopant atoms is rarely done though as vacancies
are mobile at lower temperatures. Under the assumption of no or homogeneous strain,
diffusion will be isotropic and can be described by a spherically symmetric function

[159]

o o (2 o3

where N(r,t) is the concentration of defects that diffuse within a radius r and time

t. Ny is a normalization constant and D is the diffusion coefficient. The distance a

defect can diffuse can be approximated by taking the square root of the product of the
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diffusion coefficient and the annealing time [155]. Annealing works by a random walk
of the dopant and hence will produce a stochastic Poissonian yield of colour centres if
a dopant atom is within the radius of diffusion during an anneal [160]. In addition,
other conglomerate defects such as di-vacancies can form, also stochastically, and
reduce the probability of forming the desired centre [156]|. Strain within the material
will lead to a preferential diffusion direction, a full analysis of diffusion would require
knowledge of the strain in the material [160].

Whilst vacancies are mobile at ~ 600 °C, iterative studies have shown that the
yield of colour centres can be optimised by annealing at a higher temperature and
for differing periods of time. Chen et al studied the yield of laser written single NV
centres against different annealing times and temperatures following laser generation
of vacancy clusters, finding that an anneal at 1000 °C for 3 hours provided the highest
yield [159]. Chu et al also studied the yield of NV centres given differing anneal
temperatures and lengths of time following ion irradiation of the material. Here the
best results were obtained from annealing for four hours at 400 °C, followed by two
hours at 800 °C, and finally two hours at 1200 °C, with a one hour ramp up to each
temperature [161].

Annealing at temperatures above 2100°C can lead to breaking of the bonds holding
an NV~ centre together and leads to dissociation of the centre [162|. Thus, annealing
can also be used to destroy colour centres and return the lattice to a pure state. This
is important as annealing can also be used to break apart other agglomerations of
defects in the lattice such as dislocations or graphitic material which would lead to

decoherence if an NV~ was used for quantum purposes.
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2.4 Summary

In this chapter colour centres within diamond as a platform for quantum technologies
has been reviewed with a brief overview of various architectures based on these
centres. In addition, a variety of engineering techniques for generating colour centre
defects in diamond have been summarised. Each fabrication technique has a variety
of advantages and disadvantages. Ion implantation followed by annealing has been
demonstrated to produce highly coherent colour centres with high positional accuracy
but has a very low yield and leaves a track of vacancies and shallower depths along the
implantation track which makes it difficult for fabricating large scale devices. Electron
irradiation produces centres that rival native defects in quality but has little to no
positional control and laser writing followed by annealing has demonstrated colour
centre generation with high optical and spin coherence and high positional accuracy

but displays a Poissonian yield.
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Chapter Three

Theoretical Background

3.1 Introduction

Ultra-fast laser writing into bulk diamond has been observed to exhibit three regimes
experimentally under high, mid and low pulse energies; an induction into sp? hybridised
graphite [29][133|[163], a slightly lower energy regime whereupon a pulse knocks
individual carbon atoms into interstitial sites creating vacancies but leaving most of
the material untouched [6] [151], and a low energy regime in which the laser pulses
cause the diffusion of defects within the material but do not create further damage
(chapters five and eight) [9]. In chapter eight it will be shown that a pulse which
creates a small number of vacancies, followed by a train of lower energy pulses allows
for deterministic generation of single NV centres with greater positional accuracy than
the focal volume of the laser, a key step towards the development of a solid-state
quantum device [9]. The mechanisms in which the laser interacts with the diamond is
critical for effective engineering of devices, but are not yet fully understood.

It is understood that when a sub-bandgap laser pulse interacts with a semiconductor,
it generates a high density of non-equilibrium charge carriers through a combination
of multi-photon absorption, Zener breakdown and avalanche processes, the relative

strengths of each are highly non-linear with respect to the focal intensity [134] [164]
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Figure 3.1 Timescale of the physical phenomena associated with the interac-
tion of a femtosecond laser pulse with transparent materials. The green bars
represent typical timescales for the relevant process. Figure from ref. [134].

[165] [166]. Following the pulse, carriers thermalise very fast through carrier-carrier
scattering to a temperature much higher than the lattice [167]. Scattering with optical
and acoustic phonons follows such that the excess energy is dissipated into the lattice
and the two approach a quasi-equilibrium temperature [168] [169] [170] [171] with an
arbitrarily high density of carriers determined by the laser pulse. The non-equilibrium
nature of this system allows for some unusual states of matter including dense excitonic
states and at a low enough temperature, condensation into an electron-hole liquid [167].
Such states are long lasting and eventually decay through recombination processes.
The associated timescales of these processes are nicely summarised in the following
figure from Gattas et al. [134].

Gatass et al. split the laser processing of transparent materials into three categories:
carrier excitation, thermalisation, and thermal and structural events. The latter of

these is known to produce large scale damage, voids and dislocations. In diamond
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in addition to thermal structural changes, it has been shown theoretically and in
agreement with experiment that high energy pulses generate carrier densities of a
significant proportion of the atomic density, and above a threshold carrier density
(~ 9% pa), there is a significant shift in the potential energy surface such that a
non-thermal melting occurs through a Coulomb explosion on timescales of ~ 10-100
fs [172] [173]. Re-solidification of this material leads to the formation of sp? carbon
and voids which become frozen in. In addition, longer duration pulses allow for
collisions of high energy carriers with lattice ions, which facilitates a thermal melting
followed by re-solidification as graphitic material [174]. Similarly to ultra-fast phase
changes, ablation of surface material can be explained by a Coulomb explosion when
the carrier density becomes high enough that valence electrons can no longer hold the
ions together [153].

Lower energy pulses are known to form defects spanning single atomic sites. The
formation of single-site defects necessarily requires the energy dissipation into the lattice
to undergo some non-thermal process. Single defect creation within semiconductors
must occur through some localisation process of carrier energy to a single atomic site
for which various mechanisms have been proposed such as the formation of polarons,
charge trapping via an existing lattice defect or voids frozen in during re-solidification
following ultra-fast melting [136]. Within certain dielectrics such as Alkali Halides
and SiO,, the non-radiative relaxation of excitons is known to form photolytic defects
[175] [176]. The existence of excitons and poly-excitons within diamond has been
found through luminescence experiments [177] and self trapping of bi-excitonic states
has been shown to apply a significant deformation potential to a single atomic site
[178] but a quantitative study between poly-excitonic states and defect formation in
diamond is yet to be done.

Density functional theory (DFT) calculations reveal that introducing a vacancy

into a perfect diamond lattice requires an energy input of 7.14 eV [156], however
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molecular dynamics simulations reveal a significantly higher activation energy for
defect formation with a minimum at 30 eV and a weighted average energy of around
70 eV [179]. Such a large range of theoretical estimates on the formation energy make
estimations of formation mechanisms difficult to determine.

To date, laser processing within diamond has mostly been studied considering
the non-linearity of the initial photoionisation process under the assumption that
the energy relaxation leading to defect creation is a linear process [180] [181]. In the
high energy regime, where lattice damage and breakdown is proportional to the total
carrier density, these models are able to explain experimental data, but in the lower
energy regime lattice damage is not proportional to electron density such that more
complex interactions become important. It should be noted that models of some of
these interactions exist in the literature, often focusing upon the conduction band
electron dynamics, however these models are generally simplified so that the equations
can be solved analytically such as ignoring the spatial dependence of carriers and
energy transfer to the lattice [168] [182]. Furthermore many consider the multi-photon
processes as a simple power-law relationship with regards to the focal intensity, not
considering the band structure or non-linear propagation of the light through the
material. Lagomarsino et al. showed that degeneracy between valance bands leads to
a non-perturbative enhancement of photoionisation leading to higher non-linearities

than would be expected in the generation of free carriers [180].

3.2 Light-matter interactions

The initial process that occurs when light is absorbed by a material is the generation of
photo-electrons through photoionisation. This consists of valence-band electrons being
promoted across the bandgap into the conduction band. The large bandgap of diamond

means that single photons do not have enough energy to promote electrons across the
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potential barrier; generation must occur through non-linear processes involving the
simultaneous absorption of multiple photons and band bending.
The electron wavefunctions within a material can be characterised as a superposition

of all states.

Vo = 191 + cathy + ... + cphy (3.1)

Which is normalised such that the total probability is equal to 1. An incoming
pulse of light can be thought of as a perturbation to the Hamiltonian potential such
that the pre-factors change corresponding to a transition of the electron into a different
state. The form that the perturbation takes is related to the electric field vector and
the choice of gauge. Commonly the length gauge is selected such that the potential is

given by.

Vint = eEr (3.2)

Where V;,; is the perturbation potential, e is the electron charge, F is the electric
field strength and r is the distance the electron is perturbed by.

This perturbation represents the formation of dipoles within the material in
response to the incoming electric field. The wavelength of light is much larger than the
inter-atomic distance such that the long wavelength approximation holds. In this case,
the temporal and spatial dependence of the electric field can be separated and each
atom can be evaluated as if it has a uniform spatial field. The temporal dependence
of the electric field can be approximated as a Gaussian multiplied by a sinusoid with

the oscillation frequency of the field, wy.

E(t) = Eyexp (M) e ot (3.3)

Where Fj is the maximum amplitude of the field, ¢ is the time, p is the peak time
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and o is the standard deviation of the Gaussian corresponding to the pulse duration.
The probability of transition is then governed by substituting this into the

Schrodinger equation and integrating over all momenta, p.

=]

Where W is the density of promoted carriers, A is the reduced Planck’s constant, i

2

ey R AR (3.4

is the imaginary number and Wp is the electron canonical momentum gained by the
field and can be represented by a non-relativistic Bloch-Volkov function [183].

A more useful parameter, such that pulses of arbitrary duration can be studied, is
the differential of this with respect to time which gives the rate at which electrons

transition across bands. This is given by

dw

W(t) _ /Z ‘% (Up ()| Vine ()| Wo(2))

iTT 5 (3.5)
rexp | - %—FIP—FUP

d*p
Which can be deduced from symmetry arguments evaluating at a time ¢ + 7" where

T is the oscillation period. I, is the effective ionisation potential and U, is the average
ponderomotive energy of electrons within the field.

Evaluating this integral is difficult and changes depending upon the polarisation
of the light and the structure of the bands. A first solution to this integral was
determined by Keldysh in 1965 [164] by assuming a direct gap and linear dispersion.

The Keldysh solution leads to the following set of equations.

dW 2wy [ wem 2 K(n) — E(n)
- - _ =0 — 1 3.6
o (5] Qe |~ nle 4 p RS (3.6)
Where
_ wo _ wo (m'eneg& :
7= wy e ( I ) (3.7)
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Where e is the charge of the electron, m’ is the reduced exciton mass, ¢ is the speed
of light, n is the refractive index of the medium, ¢ is the permittivity of free space,
&, is bandgap energy and I is optical intensity. K and E are the elliptical integrals of
the first and second kind and ®(z) is the Dawson Integral. The (x) notation refers to
the integer part of z.

The important parameter is v, known as the Keldysh parameter which compares
the optical frequency wy to the frequency required to tunnel w;. When v > 1, the
function corresponds to the simultaneous absorption of multiple photons by an electron
within the valence band which transitions to an energy state within the conduction
band. Light has very little momentum compared with electrons so transitions only
occur vertically without transferring momentum. In energy space, this is represented
by a delta function at an energy corresponding to the number of photons absorbed
given by (z + 1).

For values of v < 1, the electromagnetic field is strong enough that the bands bend
down and the momentum gained by valence electrons is large causing an adiabatic
horizontal shift of the bands. The empty conduction band orbitals do not shift due to

no momentum gain. These two effects cause the conduction and valence orbitals to
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Figure 3.2 A schematic showing the three solutions to the Keldysh equation
dependent upon the value of . For large ~’s, little momentum is gained by
valence electrons and transitions occur vertically via multi-photon ionisation.
For small values of v, valence electrons gain a large momentum shift and
the band edges bend due to the field causing the valence and conduction
orbitals to overlap allowing transitions to occur via tunnelling. The transition
between these two occurs at values of v = 1 where a hybrid of multi-photon
and tunnelling processes occur. In grey is the zero field position of the valence
band which is adiabatically shifted due to the canonical momentum of the
field.

overlap allowing the electron to tunnel between them. Neglecting v terms, this set
of equations reduces down to the standard equations for tunnelling under a strong
electric field.

When v =~ 1, both tunneling and multi-photon absorption occur. Therefore
transitions occur vertically upon a dispersion diagram after the valence bands are
adiabatically horizontally translated due to the canonical momentum of the field.
Figure 3.2 displays a schematic of each of these regimes.

When considering multi-photon effects alone, an effective ionisation potential, A,
can be defined to account for the change to the bandgap due to the momentum gained
by the field. This is given by

28,

A = p—Te (3.12)
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Figure 3.3 The rates of photo-ionisation calculated via the Keldysh equations
as a function of laser intensity at for a bandgap of £, = 7.1eV. The full
distribution follows the multi-photon distribution for low pulse energies with
tunnelling taking precedence at ~ 100 TW cm~2.

And is substituted in place of &, in the Keldysh equations. Inputting the direct
bandgap of diamond (7.1 eV) and refractive index (2.4) of diamond into the full
Keldysh equations and solving numerically achieves the relation with increasing
intensity displayed in black in Figure 3.3. The rate calculated from the multi-photon
approximation is shown in blue and the tunnelling approximation shown in red.

Keldysh theory gives a rate of photo-ionisation given an intensity value, a direct
energy gap and monochromatic wavelength under the assumption of a linear dispersion
relation. Inputting the direct bandgap of diamond, it predicts a power law at lower
intensities representing 5 photon absorption. At intensities above ~ 100 TW c¢m™2,
tunneling starts to dominate.

The Keldysh approach is vastly successful and is often applied when evaluating
photoionisation in semiconductors under a strong electric field producing results which

somewhat emulate experimental results for a wide range of materials. However, a

number of issues arise due to some of the principle assumptions. The assumption
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of monochromatic light becomes an issue for pulses shorter than ~ 20 fs due to a
significant spectral width allowing multi-photon processes involving photons of different
energies. In addition, the assumption of a direct gap and linear dispersion means
that the Keldysh solution is inaccurate for indirect semiconductors and inaccurate at
calculating photoionisation away from the I' point.

Since Keldysh evaluated the integral in equation 3.5, solutions have been found
for simple geometric shaped band-structures including a cosine and parabolic band
structure [184]. These lead to some severe changes the relationship with field intensity
indicating that an accurate band-structure is vital for an accurate calculation of the
photoionisation. Real world band-structures are more complex than the geometric
shapes that have been evaluated analytically. A different approach is therefore needed
to account for this complexity. Analytical solutions are yet to be found for real world
and-structures however, Monte Carlo simulations across band-structures calculated
via DFT have enabled progress in this field. Within diamond, Lagomarsino et al.
employed a Monte Carlo technique including the band structure of diamond to track
the multi-photon rates for a diamond crystal as a function of momentum [180]. They
found a non-linearity that varied significantly with laser intensity for the total multi-
photon rate in diamond over a 30 fs pulse, with a maximum non-linearity of order 9.
The deviation from 5 photons to 9 photons is explained due to the momentum gain
of the valence bands allowing photoionisation to take place away from the centre of
the Brillouin zone where the bandgap is much larger. In addition they found that
degeneracy in the valence bands at the I' point led to a nonperturbative quantum
interference causing higher harmonic generation within the polarisation density of the
crystal; significantly increasing the photoionisation rate at k states further from the

centre of the Brillouin zone [180].
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3.3 Carrier dynamics

Once electrons have been promoted to the conduction band, they will not stay at the
same energy states. Many scattering events can then take place which change the
electron distribution. The electron-phonon coupling will cause the phonon subsystem
to react to the non-equilibrium distribution of electrons generating longitudinal
optical and acoustic phonons. Elastic electron-phonon scattering leads to momentum
relaxation and will distribute the carriers more evenly across the Brillouin zone.
Inelastic scattering leads to energy relaxation and will ultimately bring the carriers
back towards equilibrium with the lattice. In addition, carrier-carrier scattering
leads to a thermalisation of the electron gas such that it resembles an equilibrium
distribution given by an electron temperature.

The system is driven such that it is out of equilibrium by the photoionisation,
thus a non-equilibrium equation should be considered to model how the electron
distribution changes over time and at ¢ = 0 and ¢ = oo the distribution should be
given by Fermi-Dirac statistics. Non-equilibrium dynamics of a quantum gas can be
described fully by the quantum Boltzmann equation where each individual collision
is considered separately through collision integrals. The Boltzmann equation is a
non-linear integro-differential equation which cannot be solved analytically in all but
the simplest cases, however various approximations and numerical approaches have
yielded accurate results given a set of assumptions.

The Boltzmann equation models the change to the distribution f as a sum of all

processes in phase space.

%(r, k,t) = Z B—ﬂ i(r, k,t) (3.13)

Where there are separate terms for various scattering process and terms for electron

gain and loss processes and diffusion. This approach yields 7 dimensions for each
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function, 3 for space that are compactly written as r, 3 for momentum written as k

and a dimension for time. This is often written as the following statement [185].

df p af  (df
%+E-Vf+F-%_<%)wu (3.14)

Where collision terms are described on the right-hand side and the left-hand side
describes changes in the size of the distribution, diffusion and the external forces, F
acting on the particles. Collisions are evaluated through collision integrals considering
energy and momentum conservation and the form of these integrals depends upon
the nature of the scattering particles and the interaction between them. For example
scattering between carriers occurs through the screened Coulomb interaction where
the level of screening is determined by the Debye screening length in turn dependent
upon parameters such as carrier density and temperature. The transfer of momentum
between carriers is dependent upon the angle of collision and the collision integral
integrates across this for scattering from all directions. These integrals are often
impossible to solve analytically, therefore a number of simplifications have been
developed that are accurate under certain conditions. The most developed of these
simplifications are the collision time and the relaxation time approximation. These both
act to model the effect of many collisions which are known to take the distribution
towards equilibrium. The relaxation time, also known as the Bhatnagar, Gross
and Krook approximation considers the difference between the current distribution
and a Maxwellian equilibrium distribution, acting to bring the distribution towards

equilibrium in a relaxation time [185].

(ﬂ)cou _ o= f) (3.15)

dt Trelax

Where fj is the equilibrium distribution and 7,4, is the relaxation time. Many

collision terms are combined into a single term which assumes that they act to drive
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the system towards an equilibrium state over a given relaxation time. This linearises
the equation and distributions exponentially decay towards equilibrium given no
driving terms. Given a steady state driving term such as a uniform electric field that
varies slowly with time, the system can reach a quasi-equilibrium and the relaxation
time approximation does a good job of describing this. However, given a dynamical
situation such as the interaction with a pulse of light, this linearisation does not hold
[185].

The collision time approximation likewise considers the average effect of collisions.
Rather than integrating each collision integral separately as in the full Boltzmann
equation, an assumption is made that the average collision randomises the motion
of the scattering particles such that there is no "path memory". For this to work,
constraints must be imposed such as the conservation of total momentum and energy
for elastic collisions. Particles are deemed to scatter in an empirical time 7.,;. By
making the assumption that the distribution is homogeneous across momentum, the
dimensionality can be reduced from 7 to 5 [168]. This assumption is valid in the limit
of many collisions as carriers exchange differing amounts of momentum with each
other dependent upon the angle of collision, thus homogenise over time as collisions
occur over a range of angles. In the collision time approximation, the average effect
is considered equivalent to stating all angles occur equally [185]. This approach
is often utilised in the Drude-Sommerfield model. Various scattering processes are
characterised by an average collision time and the collision times add according to
Matthiessen’s rule. The model treats particles classically and describes how the energy
of an average carrier at a particular energy state changes as a function of time. The
exact form of the equation governing the change to the distribution is dependent upon
the type of collision. For example, the change to the distribution given an elastic

collision leads to a homogenisation of the momentum distribution whilst total energy

of 0

55 5 which can be written as

is conserved. Therefore this can be modelled as
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Where 7., is the elastic collision time, & and & are dummy variables across
energy to integrate over to calculate the change to the function f. This often gives a
reasonably accurate description of average semiconductor dynamics but often gives
inaccurate values for certain measurable variables such as conductivity. Including
empirical parameters into the model can negate this [185].

A schematic showing different processes that can occur to a conduction band
electron is shown in Figure 3.4. The diagram shows a direct gap material with linear
dispersion for clarity. Diamond being an indirect semiconductor requires momentum
transfer or larger energies for transitions across the gap. Each of these processes can be
calculated via a scattering term in the Boltzmann equation. Often these processes are
modelled independently considering the total population density but not considering
energy dynamics within the conduction and valence bands [134][165] [171] [186] [187]
[188] [189]. This simplification vastly reduces the complexity of the equations and can
relatively accurately predict the density of carriers that are generated but also can
lead to over or underestimates of the relative importance of particular processes [168].

These scattering terms can be modelled through density and energy conservation
arguments utilising a collision time approximation given empirical input parameters

for scattering times. A more in-depth discussion on this will be covered in chapter

pe(&)

where n is the total number of conduction band

five. For electrons, f is given by
electrons, however the normalisation can be neglected by carefully adding the total

density into the denominators of scattering terms.
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Figure 3.4 The different scattering processes that can occur to a conduction
band electron during and after the laser pulse shown for a direct gap linearly

dispersing semiconductor.

Scattering can occur with other carriers and

phonons leading to momentum transfer or with photons leading to energy
gain. Excess energy can be passed to valence electrons leading to impact
ionisation. The reverse process (Auger recombination) can occur at high
densities. Other potential recombination routes are direct via emission of
photons or defect assisted through the Shockley-Read-Hall effect. Electrons

can also bind to valence band holes forming excitonic states.
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3.4 Enmergy relaxation into the lattice and defect for-
mation

The relaxation of energy from photoionised carriers is often neglected in discussions of
atomic scale defect formation in diamond with the majority of work being done on
calculating the photoionisation process. This approach is often successful at modelling
the total carrier generation from an ultra-fast laser pulse and gives accurate results
for high energy laser damage where Coulomb explosions drive non-thermal melting
processes and are dependent only upon the carrier density generated. For lower energy
mechanisms, the carriers must deposit their energy more locally into the lattice and
the energy relaxation must be looked at in more detail. During the cooling of the
carrier plasma generated by the pulse, dense excitonic states, electron-hole plasmas and
electron-hole liquids can form [167]| [177]. Studies of these states are often undertaken
at low temperatures to allow for long lasting states and a high chance of recording
luminescence from the radiative recombination of such states. Within diamond at
least, the link between excitonic states and atomic scale defect formation has not been
studied, however in a number of other wide bandgap materials it has been shown that
atomic scale defects form from the self trapping of dense excitonic states [176].
Excitonic self trapping in semiconductors occurs due to coupling between excitonic
states and the surrounding phonon bath. The exciton provides a local deformation
potential to the lattice with the strength of this deformation potential being dependent
upon the coupling strength and the localisation of the exciton. Given a highly
localised state, the deformation potential can become strong enough that a significant
potential well forms prohibiting motion of the exciton. The deformation potential
alters the equilibrium positions of nearby nuclei and if strong enough can push nuclei
to interstitial sites. This is the key mechanism behind Frenkel defect formation in

SiO from pulsed laser irradiation [176].
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A rudimentary theoretical approach to the generation of Frenkel defects in diamond
is to assume that the number of defects created scales as the volume of the diamond
in which the energy density is above a threshold for defect creation [159]. In this
approach, the mechanisms behind defect formation are not considered, rather, there is
an assumption that the number formed scales linearly with the energy density once
above a threshold. Here the assumption was that the point-spread-function of the
pulsed laser in diamond can be approximated as a cylindrically symmetric Gaussian
beam distribution. Under the assumption that the number of defects created scales as
the volume in which the energy density is above a threshold for defect creation, the

number of defects would scale as

NDO(V>th—>ND:A ——1ln(—) (317)

where V5, is the volume in which the energy density is above the threshold for
defect creation, A is a proportionality constant, Ep is the laser pulse energy and Ep,,
refers to the threshold pulse energy for defect creation [159]. The fluorescence intensity
should be proportional to this under the assumption that each vacancy radiates a
uniform amount. Chen explained this as the expected behaviour if photoionisation
processes underwent tunnelling but found that vacancy generation does not follow
this approach with a rudimentary least squares analysis only fitting over a very small
region of parameter space. The reasoning for this is likely that at the high intensities
required for the Keldysh parameter to be less than one, significant plasma generation
will occur and modify the focal volume such that it is no longer accurately described
by a Gaussian beam. In addition, this approach does not give any insight as to the
underlying physics of the defect formation, rather, gives a top down approach to

attempting to describe the laser mechanism.
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3.5 Spin-photon behaviour

For many quantum applications, engineered colour centres need to be single centres
rather than ensembles. Single colour centres have a fluorescence cycle from an electron
and will give out single photons at a rate given by the lifetime of the excited state in
a Fock state. Emission through the ZPL is entangled to the spin of the centre and
can allow for the quantum information to be transported to another site allowing
communication between multiple qubits. If the photon emission is split between two
photodiodes in a Hanbury Brown and Twiss interferometer, a single photon cannot
travel down both paths and be detected by both photodiodes. Therefore, a single
photon emitter such as an NV~ centre will produce an anti-bunching dip in a histogram
of the time delay between photon detection events on each photodiode at zero time
delay and is an efficient test to make sure that the engineered site contains a single
photon emitter. The width of the dip gives information about the lifetime of the
emitter. Coherent light such as that from a laser will produce no anti-bunching as
photon events are random. The NV~ centre is a three-level system with a meta-stable
state of a longer lifetime. Pumping the emitter under higher excitation power leads
to further excitation into the meta-stable state produce bunching effects around the
anti-bunching dip.

In general, the auto-correlation function for a Hanbury Brown and Twiss (HBT)

interferometer is given by [190]

IO+ 7))
(LUt +7))

where the brackets (...) denote the time averaged value. The value at zero time

g () = (3.18)

delay is denoted g (0) and the value of this should equal

(N(N —1))

@) () —
9'7(0) e

(3.19)
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where N is the Fock state of the light. A perfect single photon emitter should
therefore give a g(z)(O) of zero, however, real world emitters are imperfect, perhaps due
to non-radiative pathways for relaxation from the excited state from imperfections in
the crystal. In addition, background fluorescence from the sample such as the Raman
signal and potentially reflected excitation light also couple into the interferometer
adding noise which will increase the baseline from zero. For a sufficiently large signal
to noise ratio, the baseline should be close to zero. If a site contains two single photon
emitters (i.e. two NV centres), g (0) should be greater than or equal to 0.5. The
general solution for the second order autocorrelation function for the three-level system

depends upon the excited state and meta-stable state lifetimes, 71 and 7 and is given

by [47]

g(T) =14 cre 4 e 2 (3.20)

where c¢; and ¢y are scaling constants. Background signals can be measured by
recording the fluorescence signal from the bulk diamond misaligned from the laser
writing site, which can then used to calculate the baseline for the autocorrelation

data-set according to the function

S 2
- (5735

(3.21)

[9] where S and B are the photon count rates for the emitter and background

fluorescence, respectively. The raw data-sets, g,(ﬂ(zlzﬂ(T) can then corrected for this

baseline according to

_ glaw(T) — a

T (3.22)
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3.6 Summary

In this chapter some of the ideas behind pulsed laser interaction with semiconductors
have been addressed starting with the light matter interactions and delving into
carrier dynamics and the Boltzmann equation. In addition, quantum statistics of
luminescence has been outlined, giving a method by which the Fock state of light
can be determined and an ability to determine whether a particular luminescent site

within diamond is a single or multiple colour centre.
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Chapter Four

Experimental Methods

4.1 Introduction

The experimental procedures within this thesis can be broadly broken down into
two constituents, laser fabrication of atomic scale defects within bulk diamond and
characterisation of these defects. This chapter will outline the experimental apparatus

and methodology used for both of these procedures.

4.2 Laser writing

To generate the colour centres within the material, direct laser writing was used.
Moreover, two regimes were used, single pulse and multiple pulse direct laser writing

both within the bulk material.

4.2.1 Single pulse laser writing

Initially single pulse laser writing was undertaken using a regeneratively amplified
Ti:Sapphire laser (Spectra Physics Mai Tai and Spectra Physics Solstice amplifier).
A schematic of the laser writing apparatus is shown in Figure 4.1. The Mai Tai

Ti:Sapphire generates an 80 MHz train of 100 fs pulses which are input into the Solstice
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regenerative amplifier undergoing chirped pulse amplification (CPA) to achieve intense
ultra-short pulses that are above the breakdown threshold of the laser cavity. The
amplified pulses are output at a 1 kHz repetition rate. A trigger enabled the emission
of single pulses at a time or a steady stream of pulses at 1kHz. The output laser
pulses were initially expanded onto a liquid crystal phase-only spatial light modulator
(SLM) (Hamamatsu X10468-02) for iterative aberration control, and then imaged
in a 4f system onto the back aperture of a x60 1.4NA oil immersion objective lens
(Olympus PlanApo). The beam was expanded such that the intensity profile at the
back aperture was a top hat function. Diamond samples were mounted on precision
translation air bearing sample stages (Aerotech x-y: ABL10100; z: ANT95-3-V) which
provide movements in all three directions. A LED transmission microscope was built
alongside and imaged onto a CCD to monitor the sample during the laser processing.
A linear polariser was placed in the beam path for polarisation control.

The pulse energy was controlled through rotation of a half-wavelength wave-
plate and measured either via a 50:50 beamsplitter into a power meter for which
a multiplication factor was then applied to calculate the power at the back focal
plane of the objective lens. In order to obtain an accurate pulse energy measurement,
the average power was detected from a stream of many pulses and dividing by the
repetition rate gave an average energy per pulse. Single pulses were directed at the
sample in regular arrays which could be programmed into G code allowing automated
motion of the stages and gating of the laser. At low pulse energies, the laser written
sites are invisible in transmission microscopy, therefore heavy graphitic tracks that
scatter light and thus appear dark in transmission were also written at the same depth
for orientation. These were given some asymmetry to allow easy orientation accounting
for potential imaging imperfections such as mirroring or rotation. An example of a
transmission image of graphitic wires and point orientation marks surrounding laser

written NV centres at the same depth can be seen in Figure 4.2. Graphitic tracks
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Figure 4.1 Schematic of the Ti:Sapphire laser processing optical set-up.
Pulses of a Gaussian temporal shape are focused into a diamond through a
60x oil immersion objective lens. Pre-focusing the pulses are reflected off a
spatial light modulator for adaptive aberration control [7].
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Figure 4.2 A transmission microscope image of graphitic orientation markers
surrounding an array of single NV centres. The graphitic markers scatter
light allowing for easy orientation. The microscope should be aligned to these
markers, and following fluorescence imaging and optimisation, single colour
centres become visible in fluorescence microscopy.

fluoresce brightly over a broad range of wavelengths so are easy to see in fluorescence
microscopes.

Through tuning the compression of the pulse as it passes through the chirped
pulse amplifier, the pulse duration can be varied experimentally between ~ 120 fs
and 1 ps. Pulse durations were then measured using spectral phase interferometry
for direct electric-field reconstruction (SPIDER). Sampling of the optical intensity
detected from many pulses at different delay times through varying the path length
of the interferometer gives a time-dependent map of the pulse duration. The pulse
duration at focus will be slightly longer than that measured by the SPIDER due to
dispersion passing through the pre-sample optics and into focus due to the spectral
bandwidth. The duration of the laser pulse has a significant affect on the size of
the fabrication region. For nanosecond or longer pulses, thermal processes dominate
the damage generation mechanism because the pulse duration is comparable with
the characteristics time of thermal diffusion (ns) [134]. The diffused heat will melt

the material and generate damage outside the focal volume of laser. In contrast, the
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duration of ultra-fast lasers (with picosecond or femtosecond pulse length) is shorter
than the timescale of thermal diffusion. Thus, most of the pulse energy is delivered to
the focal volume before it can diffuse away as heat, leading to a limit of the feature
size smaller than the focal volume of the pulsed laser beam.

Single pulse laser writing was also conducted with a different laser (Pharos Light
Conversion Ytterbium femtosecond laser) in order to study the wavelength dependence
of the laser processing. This laser outputs 1030 nm 170 fs light at 1 MHz repetition
rate which was frequency doubled by second harmonic generation to 515 nm. The
optical path from this laser was similar to the Ti:Sapphire, however a different SLM
was used, tailored to green light rather than infrared, the same model but with a
differing dielectric coating (Hamamatsu X10468-02). Single pulses could be selected
or a train of pulses at 1 MHz and pulse energy was controlled through rotation of a

half wavelength wave-plate.

4.2.2 Laser annealing with fluorescence feedback apparatus

For the work in chapter eight of this thesis, it was desirable to monitor the fluorescence
from a location on the sample at the same time as processing using the Ti:Sapphire
writing apparatus. A confocal microscope was added to the optical apparatus from
Figure 4.1. This presents a challenge as not only do the excitation and collection
regions need to be confocal, they also need to be confocal with the focal volume of
the writing laser. Figure 4.3 shows the optical apparatus for laser processing with
fluorescence feedback.

The laser processing was performed using the same Spectra Physics Solstice
Ti:Sapphire and multiple pulsing was carried out at a 1 kHz pulse repetition rate.
Fluorescence feedback was measured using a custom-built beam scanning confocal

photoluminescence microscope, integrated into the laser writing system. A dichroic
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Figure 4.3 Experimental system for laser writing of defects inside a crystal
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mirror coupled excitation light at a wavelength of 532 nm and power 2 mW into the
same objective lens as used for the laser processing. Photoluminescence was collected
in epiconfiguration and detected after a confocal pinhole using a silicon single photon
avalanche diode (Excelitas) at a sampling frequency of 1 kHz. A bandpass spectral
filter transmitting wavelengths between 650 and 750 nm isolated fluorescence from
negatively charged NV centres, cutting out light from both the fabrication laser and
Raman signal associated with the confocal excitation. The confocal microscope was
aligned to the laser writing system such that it only detected fluorescence generated
from within the focal region of the fabrication laser.

Initially, a single "seed" pulse of a high enough energy to generate a small number
of vacancies within the focal region was used. The pulse energy for this was chosen to
be just below the visibility threshold for GR1 fluorescence with an oil immersion lens
which has previously been shown to produce the best quality laser written NV centres
[6]. Following this, a train of lower energy "diffusion pulses" were used at a 1 kHz
repetition rate. Processing was continued until the fluorescent signal corresponding to
a single NV centre was detected, at which time the 1 kHz pulse train was ceased. The

methodology behind this experiment will be discussed in more detail in chapter eight.

4.2.3 Iterative aberration control

The effect of the laser processing on the diamond lattice is very sensitive to the optical
intensity at a particular location. Minimising the size of the focal volume is therefore
critical in attaining precision and control over the fabrication process. In order to
minimise the fabrication volume, a high numerical aperture objective lens is used.
However, focusing the laser deep into the diamond material with a high numerical
aperture introduces a significant spherical aberration due to the mismatch of the

refractive indices between the immersion oil and diamond, causing strong refraction

66



at the interface. This spherical aberration plays havoc with the focal volume and
vastly reduces the focal intensity. In addition, any misalignment in the optical path is
amplified by the high numerical aperture and difference in refractive index leading to
potentially large astigmatisms and coma aberrations. These effects have a profound
effect and reduce the intensity such that the laser can no longer modify the material.
Advances in adaptive optics have allowed for the correction of these aberrations by
applying the conjugate phase shifts to the beam pre-focusing [191]. An arbitrary
aberration can be described by a superposition of any set of orthogonal polynomials
on the unit disk. The set of Zernike polynomials are commonly used. Modelling focal
aberrations will be described in more detail in the following chapter when modelling
the focal volume. Experimentally a phase pattern consisting of a superposition of
Zernike modes was applied to the spatial light modulator in the beam path and this
was iteratively altered such that the energy to generate visible graphitic marks in the

diamond bulk was minimised. This can be described mathematically by

Ssin(r,0) =D CrZ(r,0) (4.1)

Where C'is a scaling factor, Z is the Zernike polynomial and m and n are indices to
indicate which polynomial is being addressed. Later in this thesis, these polynomials
are addressed in both Cartesian coordinates and polar coordinates dependent upon
whichever makes the mathematics easier. The dominant aberration to control for is
the spherical aberration due to the large refractive index mismatch at the oil/diamond
interface. Through this iterative aberration correction technique, diffraction limited
laser writing has achieved generation of graphitic tracks and generation of vacancy-
interstitial pairs at depths down to 220 um, limited only by the working distance of the
lens [29]. Near surface writing is difficult as the laser intensity becomes high enough

to boil the immersion oil which adds random aberrations and stops the fabrication
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Figure 4.4 The effect of the aberration correction on the laser focal intensity
distribution when focused through the interface between the immersion oil
and diamond to a depth of 20 um. The left graph shows that the focus is
significantly elongated in z axis by a spherical aberration without aberration
correction. The corrected focus, shown on the right, has a much smaller focal
volume allowing for much higher focal intensities. The phase distribution of
the laser beam pre-focus is modified by the liquid crystal phase-only spatial
light modulator (inset) to correct the aberrations in the system and those
introduced by focusing into the diamond.

process. Due to this reason, direct laser writing is limited to depths deeper than ~
2 pm. It is estimated using this iterative aberration control method, Strehl ratios
nearing unity can be achieved.

Figure 4.4 displays a time-integrated rz slice of the focal volume from a focus at 20
pum with no correction applied (spherically aberrated) and a perfectly corrected focal
volume where the laser is irradiated from above. The inset of the right-hand figure
shows the phase pattern applied to achieve the correction. The modelling required to
achieve this diagram is discussed in chapter five.

The effect of aberration correction is twofold. It minimises the size of the focal vol-
ume and therefore increases the focal intensity. In the figure the only aberration shown
is spherical due to the mismatch of refractive indices, this is the dominant correction

needed, other aberrations could potentially need correcting due to misalignment of
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the optical path or imperfections of the focusing optics.

The laser interaction with the material is highly non-linear with regards to the focal
intensity. Therefore the true interaction region is much smaller than the focal volume
which is great for positional accuracy but also amplifies the need for aberration control
as a small reduction in focal intensity is amplified significantly from the non-linear

interaction.

4.3 Photoluminescence imaging and spectroscopy

After processing, a home-built beam-scanning room-temperature confocal fluorescence
microscope with an excitation of 532 nm at 1.1 mW was used for fluorescence imaging
of laser written features. Fluorescence was collected between 580 nm and 900 nm
through the use of long-pass and bandpass filters. A schematic of the microscope used
is shown in Figure 4.5. The diamond samples were placed onto XY translation stage
(Thorlabs) and an oil immersion objective placed in a z translation stage (Thorlabs)
to allow for focusing into the material. A Laser Quantum Gem 532 nm laser of
maximum power 300 mW was directed through polarisation optics (either linear or
circularly polarised dependent upon the type of characterisation desired) and directed
towards the region of interest and directed to locations of interest with a fast steering
mirror. The photoluminescence was then directed to a single photon photodiode
(Excelitas) for photon counting or toward a Spectrograph (Princeton Instruments
Spectograph 2500i) fitted with a back-illuminated CCD camera (Princeton Spec-10
100B) to characterise a point of interest through spectroscopy. In addition, a 50:50 fibre
beam splitter could be added to split the fluorescent signal to perform auto-correlation
measurements. The sample was illuminated from below with a white light LED for
transmission microscopy and imaged onto a CCD (Thorlabs) to allow for accurate

sample positioning to regions of interest. Laser written colour centres are invisible
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in the LED transmission microscope, however, the graphitic tracks and heavy laser
damage scatter the light and appear dark in transmission and were used for orientation.
Initially, the graphitic marks were bought into focus within the transmission microscope,
following which the sample was imaged in photoluminescence where the graphitic
tracks appear bright. Tweaking the direction of the beam to optimise the photon
count rate from the graphitic tracks followed by another fluorescence image allowed for
the fluorescence for the lower energy laser written point defects to be seen. Iterating
through this optimisation procedure allowed for high-quality fluorescence images to

be taken.

4.3.1 Auto-correlation measurements

To determine the photon statistics of fluorescent laser written sites, auto-correlation
measurements were performed through Hanbury, Brown and Twiss interferometry.
To split the photoluminescence emission evenly between two single photon avalanche
photodiodes, a 1x2 50:50 fibre splitter (Thorlabs) was used. Upon detection of a
photon on photodiode A, a timer started which stopped following detection of a photon
on the second channel at ¢ = 7. A histogram of correlation intensity was built up
as the function of the delay time 7 between the photon detection events allowing for
determination of whether the emission displays single photon statistics, coherence or
thermal light. The position of the excitation beam was re-optimised every five minutes
using a peak finding algorithm applied to the scanning mirror whereby the beam
was deflected and a 1 ym? image around the region was taken following which a 2D
Gaussian was fit and the beam centred to the peak of the Gaussian. During this, the
fluorescence would be collected from areas surrounding the emitter which would add
to the baseline, however, this process allows for compensation of sample drift and for

data-sets to be collected over periods of many hours. The signal to noise ratio was high
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Figure 4.5 Schematic set-up of the home-built room-temperature confocal
microscope apparatus. The 532 nm continuous wave (CW) GEM laser is
either linearly or circularly polarised depending on experimental requirements.
The dichroic of 550 nm allows the excitation and photoluminescence to be
separated and the oil immersion objective lens has an NA of 1.25 and a
magnification of 100. Coupling of the emission into a single mode fibre
allows for fluorescence to be directed either towards one or two single photon
avalanche diodes for imaging and autocorrelation measurements or towards a
spectrograph for spectroscopy. When performing spectroscopy, the filters in
the collection path are removed. The linear polariser in the dashed rectangle
after the quarter waveplate is used only to characterise if the beam is linearly
or circularly polarised and removed for normal use.
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enough that the addition to the baseline could be considered negligible. Excitation of
the emitters during these experiments was undertaken below the saturation point of
the emitter to minimise any bunching around the anti-bunching behaviour which can

make normalisation difficult.

4.3.2 Polarisation measurements

Polarisation measurements were undertaken during photoluminescence imaging through
rotation of a linear polariser within the collection path. The excitation path of the
confocal microscope was altered to produce a circularly polarised excitation beam
such that all orientations are excited equally. Circular polarisation can be achieved by
placing a combination of linear polarisers and wave-plates within the excitation beam.
Initially placing two linear polarisers orthogonal to each other in the excitation beam
cuts out all light. Adding a quarter wavelength wave-plate between the two at a 45°
angle causes the beam to become circularly polarised. The second linear polariser can
then be removed. A high degree of polarisability indicates that the axis of the dipole
of the emitter lies in the plane of the objective lens whilst a low degree of polarisability

indicates that the emitter is out of the plane or the presence of multiple dipoles.

4.3.3 Spin coherence

Hahn echo measurements were performed to determine electron spin coherence times
of single emitters. A biasing DC magnetic field was applied parallel to the axis of
an NV centre to split the my = £1 levels in the electronic ground state. The 532
nm laser was coupled through an Isomet 1250C acousto-optic modulator to produce
pulsed light. This was operated with a custom driver to eliminate the leakage of
green laser light. The sample was mounted onto a co-planar waveguide board, and

microwaves were delivered to the sample using a 20 um copper wire over the surface.
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Figure 4.6 Pulse sequence for Hahn echo measurements used to record spin
coherence from laser-processed NV centres [9].

A Keysight N5172B source was switched using a Swabian Instruments PulseStreamer
and subsequently amplified with a MiniCircuits ZHL-16W-43-S+ amplifier. The spin

echo signal was fitted to a stretched exponential decay function

flt)=¢ T (4.2)
where t is the total free-precession time, T3 is the electron spin-coherence time,

and « is a free-parameter related to the dynamics of the spin environment. Figure 4.6

displays a schematic of the pulse sequence used to perform Hahn echo measurements.

4.3.4 Photoluminescence excitation spectroscopy

Photoluminescence excitation (PLE) spectroscopy was used to probe the ZPL’s of laser
written colour centres at a temperature of 7' = 4.2 K. To perform low temperature
spectroscopy and PLE measurements, the room-temperature confocal microscope was
modified such that the sample was placed in a liquid helium bath cryostat. Here the
steering mirror and dichroic mirror were placed on-top of the helium dewar and the
sample, objective lens and telecentric 4f system placed inside the vacuum pumped
tube and cooled to 4 K. PLE requires that the excitation is resonant with the ZPL.
For PLE of SiV- ensembles, a home built self seeded external cavity tapered amplifier
was scanned through resonance with the SiV™ ZPL at a wavelength of 737 nm, and the

exact wavelength was measured directly using a wavemeter (High Finesse WSU-30).
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Fluorescence was collected from the phonon side-band of the emitter and the data

interpolated to determine the ZPL linewidth.

4.3.5 Electron paramagnetic resonance spectroscopy

In order to determine the concentrations of non-fluorescent spin defects within the bulk
material used in chapter seven, electron paramagnetic resonance (EPR) spectroscopy
was undertaken. Here, a biasing magnetic field was applied to the material causing a
Zeeman splitting of paramagnetic defects. The splitting of zero field degenerate states

when a magnetic field is applied is given by

AE = geppB (4.3)

where g, is the Lande g-factor, up is the magnetic moment of the state and B is
applied field. Microwave light was then incident upon the Zeeman split states and
the level of absorption measured. This was repeated for a range of magnetic field
strengths. If the microwave frequency is resonant with AFE, a photon is absorbed
causing a peak in the absorption spectrum against magnetic field strength. Taking the
first derivative of the absorption spectrum allows for measurement of how absorption
changes. Hyper-fine coupling to nuclear spin states leads to multiple absorption peaks
in quick succession. Analysis of the locations of peaks within the spectrum allows for

identification of the concentrations of various spin defects throughout the material.

4.4 Summary

This chapter has outlined the apparatus used for the experimental studies outlined
later in this thesis. The various laser writing apparatus for single and multiple
pulse processing has been fully described and the method for minimising the focal

aberrations in the laser writing apparatus has been presented. The apparatus for
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monitoring fluorescence during processing as an optical feedback mechanism has also
been discussed, and will be discussed in further detail in chapter eight.

The experimental apparatus of the custom-built confocal microscope which was used
to investigate the optical properties of the laser-generated sites has been presented. In
addition, an overview of the experimental methods of photoluminescence spectroscopy,
autocorrelation measurements, polarisation, spin control, photoluminescence excitation
and electron paramagnetic resonance spectroscopy have been discussed.

Much of the equipment and microscopes that were used for laser writing and
characterisation were pre-existing and just needed various amounts of alignment.
The fluorescence confocal microscope that was added to the laser writing system for
fluorescence feedback was built by myself alongside Laiyi Weng, Patrick Salter and
Sam Johnson. A more recent upgrade to this that is integrated directly into the
laser writing set-up rather than as an temporary addition has been built by Andrew

Kirkpatrick.
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Chapter Five

Non-Linearity of the Laser Writing

Process - Theoretical

5.1 Introduction

Understanding the mechanisms by which the laser interacts with the diamond during
laser processing is critical for effective engineering of devices. However, they are
not yet fully understood with most current descriptions able to explain part of the
process and provide only qualitative comparison to experiment. Much of the work
on laser fabrication has studied effects for pulses which produce dielectric breakdown
and significant restructuring of the material. The threshold for dielectric breakdown
is often treated as a Heaviside step-function with regards to pulse energy above
which structural modification occurs and below which the energy dissipates thermally
throughout the material producing little structural change. For diamond, this is given
by the photo-excited carrier density reaching ~ 9% of the atomic density. Some
qualitative analysis has linked colour centre formation to lower energy laser pulses
previously but as yet there are no quantitative studies of centre formation in agreement
with experiment.

The transition to breakdown is unlikely to be a perfect step-function and much
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of the interesting physics lies in this transition region. It is likely that the formation
of individual lattice vacancies occurs at pulse energies just below the threshold. The
goal of the next two chapters is to develop a quantitative understanding of Frenkel
defect generation in diamond by comparing the results of a coupled rate equation
model with experiments performed using laser processing. It will be shown that defect
generation via the non-radiative recombination of multi-excitonic states predicts a

defect distribution in agreement with experiment.

5.2 Partial differential equation model

Non-equilibrium dynamics of a quantum gas can be described fully by a Boltzmann
equation [185]. The Boltzmann equation models the change to a distribution f as a

sum of all processes that act upon that distribution in phase space.

%(r,k,t) = Z {%{L(r’ k., t) (5.1)

Interactions are evaluated through collision integrals considering energy and mo-
mentum conservation and the form of these integrals depends upon the nature of the
interaction. Many of these integrals are analytically unsolvable, however, collision
time approximations allow for a simplification where processes are characterised by a
characteristic timescale. The disadvantage of this approach is that it neglects nuances
of individual interactions, showing the average effect given a large number of inter-
actions. In addition, the collision time parameter has to be determined empirically
rather than evolving naturally from the equations.

Despite this, a Boltzmann equation approach with collision time approximations
for various terms was utilised with interaction times determined empirically from
a range of sources. To simplify the analysis, an assumption that the carriers are

homogeneous with respect to momenta was made meaning that all the terms of the
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Boltzmann equation can be constructed purely in terms of energy, space and time.
While this is untrue for short timescales (Photoionisation produces a non-uniform
momentum distribution [180]), carrier scattering quickly homogenises the momentum
distribution across the Brillouin zone after a few scattering events such that this
approximation gives reasonably accurate results. A set of 8 coupled equations was
developed keeping track of the light intensity, carrier and excitonic densities, lattice
temperature, and defect density as a function of space, time and energy. These will
be outlined throughout this chapter and a summary showing all terms in all the
equations can be found in Appendix A. Results of the numerical simulations and the

comparisons to experiments are shown in chapter 6.

5.2.1 Modelling the laser pulse

In order to model how the laser interacts with the semiconductor, one must define the
region of space and time to simulate over and then find an analytical expression for
the laser intensity across that region, I(x,y, z,t).

Pulsed laser light propagates according to a inhomogeneous wave equation, however
this can be simplified using the slow varying envelope approximation to a homogeneous
wave equation and multiplied by an envelope of the pulse width. This approximation
will be valid for pulses in which the pulse duration is of order several oscillatory periods
(i.e. the spectral bandwidth is narrow). The homogeneous wave equation is given by

192]

n 0%
(V2 — g@) E(z,y,z,t) =0; (5.2)

Through separation of variables, this can be split into two separate equations, one
dependent upon time and one dependent upon space and these are equal which is only

true if they are equal to a constant.
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E(z,y,z,t) = ¥(z,y,2)T(t); (5.3)

VQT#(%%Z) _ _ 1.2

—¢($>y, S k (5.4)
n O0°T(t)

AT) o2 — (55)

In reality, the wave equation is inhomogeneous and only approximately homoge-
neous, therefore this constant will be a spread of wave-vectors corresponding to the
spectral width. The time-independent equation is known as the Helmholtz equation
and a general solution can be calculated considering an weighted superposition of

plane waves.

U(z,y,2) = / / Wo(ky, ky e Reathoy) g2 /R =Re=kG qp - (5.6)

[192] where z, is axial position of the focal plane and k, and k, are coordinates
regarding the conjugate plane of the focal plane. This approach can be thought
of as taking the Fourier transform of the wave-vectors and applying various phase
shifts to find the electric field distribution at different depths. In the normalised case,
the intensity distribution is simply the square of the electric field distribution. This
approach is a scalar approximation of the vectorial modelling required to obtain the
true electric field in the focus of a high numerical aperture objective lens, however, the
difference in the solutions for the two approaches is negligible for all but the highest
numerical apertures.

In the experimental apparatus, the laser pulse is expanded such that the electric

field distribution at the back focal plane of the objective lens is a top-hat function.
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1 k2 4 K2 < Ry
I(ky, ky)prp = (5.7)

0 otherwise
Where R, is the pupil radius. Taking the Fourier transform gives the in-plane
intensity distribution at the focal depth and adding phase shifts allows for calculation

of the intensity distribution at various depths and with various aberrations where

k(z,y) = é(x,y).

[V(xa Y, Z) = / / [(kz, ky)BFpew(x’y)(ZiZO)eii(kIIJrkyy) dkx dk}y (58)

The large change in refractive index by focusing into a diamond produces a large
spherical aberration. Misalignment of optics can also introduce further aberrations
such as coma or astigmatism. ¢ is then given by a superposition of all aberrations and
any phase pattern that is added to an optical element pre-focusing. With a spatial

light modulator (SLM) as the optical element, the total phase is expressed as

qb(xv y) = ¢Ab('ra y) + ¢SLM(x7 y) (59>

Assuming the optics are perfectly aligned, the general aberration given no adaptive

optical element includes defocus and spherical aberration. This is given by

() () ] oo

Where r = /22 + 32, n; is the refractive index above the surface of the diamond,

2

Gav(,y) = —1(kz, ky)BrP - o NA-

ny is the refractive index of the diamond and N A is the numerical aperture of the
lens. An oil immersion objective lens was used for processing with the immersion oil
having a refractive index of ny = 1.51 and the diamond, a refractive index of ny = 2.4.

It is useful to be able to separate out the phase aberration into individual components
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such that individual aberrations can be addressed with the SLM [191]|. This can be

separated into defocus,

2m ns \°
¢Defocu8(x>y) = I(kxaky)BFP : 7 NA (N_Z) _TQ (511)
and the defocus-free spherical aberration.
<¢/ Y ) e OCUS)
¢5’ph(l‘7y) = QSAb - < i Abr TDe] ¢Defocus (512)

Defocus’ qb,Defocus)

Where (,) denotes the inner product and the " notation represents the aberrations

with subtracted mean values [191].

1
<¢fAb? gb/Defocus> = Nzrgb{Ab(ﬁlDefocus (513>
1
Oan(2,y) = dav(@,y) — Nzr@m (5.14)
1
¢/Sph<x7y) = ¢S’ph<x7y) - Nzr¢fs‘ph (515)

The phase term in equations 5.8 and 5.9 can now be rewritten as

¢(xa y) = ¢Sph($, y) + QSDefOCUS(‘Ia y) + quLM(ma y) (516)

For perfect spherical aberration correction, the conjugate of ¢g,, is applied to the

SLM.

Gsrm(T,y) = —dspn(T, y) (5.17)

In practice, other aberrations such as coma and astigmatism are applied to com-

pensate for misalignment of the laser writing system through thermal drift. The
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functional form of these can be added to the phase factor to calculate how the

distribution changes.

bsim(r,0) = CrZr(r,0) (5.18)

Separating the equations in this form is convoluted but is useful from an experi-
mental viewpoint to calculate the phase to apply to an adaptive optical element. It
is also useful for simulation work as it allows modelling of laser fabrication from an
aberrated focus.

The above equations give the functional form of the focal volume with no time
dependence, the Helmholtz solution. The general solution for the time dependence of
the intensity of light coming from the laser can similarly be found through a weighted
superposition of plane waves in frequency space. However rather than integrating
across the spectral width, one can consider the time dependence separately. The range
of frequencies that make up the pulse superpose to make an ultra-short pulse with a
phase that shows the colour evolution through time. For a sufficiently small spectral
width, this can be approximated by a Gaussian function of the appropriate width
where the colour evolution does not change throughout the pulse. The time dependence
can be modelled as a Gaussian multiplied by a sinusoid of the laser frequency, wy.

I;(t) = Re| exp [M] eiwot] (5.19)

202

where sigma is defined such that the full-width-half-maximum (FWHM) of the
square of the Gaussian is equal to the pulse duration. The full normalised intensity
distribution I(x,y, z, t) arises by multiplying together the spatial and time dependences,
however as there is some spectral width to the pulse, there will be a spatial variation
to the time dependence, hence the homogeneous wave equation approach breaks

down. The spatial variation of the time dependence manifests as a varying phase
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velocity which can be found through multiplying the wave vector by the speed of
propagation to form the dispersion relation w = % As before, k(z,y) = ¢(z,y)
and an additional term denoting the spatial variation of the time dependence can be
calculated by comparing w with wy and calculating the difference in the number of

oscillatory periods as a function of position. In addition, the pulse propagates at a

speed of = and this propagation accumulates phase which is included in the addition.

2 _
Iy(z,y, z,t) = Iv(z,y,2) - I (t + %) (5.20)

Given no non-spherical aberrations, the equations can be simplified by the azimuthal
symmetry into I(r, z,t). Rotating by 27 about the depth axis gives the full distribution.
Figure 5.1a shows how the simulated intensity distribution changes as a function of
time and Figure 5.1b shows an r,z slice of the distribution at the peak time given
no plasma effects and no spherical aberrations. This is plotted with the laser pulse
coming from the left-hand side. The banding that can be seen corresponds to the
individual wave peaks of the sinusoid showing points of equal time.

Multiplying by a scaling factor allows simulation of laser pulses of different pulse

energies.

Pulse Energy (J) = 27?/ / Io(ry 20,t) 7 dr dt (5.21)
o Jo

The differential of the intensity function with respect to time gives the first term

in the first of the set of coupled non-linear differential equations.

dl ol ol
@ = [E] " {E] o 522

where

ol Ao,z t 4 dt) — Io(r, 2,t)
[at]o(r, z,t) = 7 (5.23)
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Figure 5.1 a. A normalised intensity distribution as a function of time with
a pulse duration of 300 fs. Inset shows a zoom in, indicating the sinusoidal
nature of the oscillation. b. A normalised intensity distribution as a function
of r and z with a focal depth at 20 um and perfect aberration correction at
peak time.

The second term in equation 5.22 regards the changes to this distribution due to
the absorption of photons by electrons within the material and the changes to how the
pulse propagates due to the generated electron plasma. This is non-trivial to calculate
as several processes occur that affect this term, namely photoionisation, free carrier
absorption, plasma resonance, beam attenuation, self focusing and filamentation [171]
[193]. In order to calculate this, one must model the light-matter interactions and how
they change the electron distribution within the material addressed in section 5.2.2.
The efficient generation of high densities of carriers leads to a metallic behaviour of
the crystal [168] [171] [194]. This changes the focusing of the incoming light leading
to absorption at shallower depths and attenuation of the beam. The spatial variation
of the refractive index, which becomes complex, also leads to self focusing and strong
absorption with the consequence that breakdown can occur at lower pulse energies
than one would expect. In addition, the changing refractive index affects the rates of

photoionisation and scattering processes. At very high densities, the carrier plasma
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causes reflection of the incoming beam [195]. The feedback loop between carrier
generation and the intensity distribution means that the intensity and carrier density
must be calculated in parallel.

The plasma frequency, w, of the carriers is given by

meg

wp(r, 2, t) = \/(&(T’Z’t) e (5.24)

where p. and pj, are electron and hole densities respectively. The real and imaginary

parts of the relative dielectric constant, €, are then given by

wp(ra 2, t>27-coll
wo(1 4 (W2n))

Wp(ﬂ 2 t)zTCZOll
14 (wir2y)

Rele,(r, z,t)] = , Imle, (1, 2,t)] = (5.25)

Teou 18 the average collision time and the relative change to the real, n, and

imaginary parts, x, of the refractive index are given by

n.(r, z,t) = \/Rele,(r, 2, 1)]2 - Im[e, (r, 2, 1)]2 + w (5.26)
kir(r, 2,t) = /Rele (r, 2, 1)]2 - Im[e, (r, 2, 1)]2 — w (5.27)

n, is multiplied by the standard ny = 2.4 refractive index of diamond to get the
real part of the total refractive index. This manifests as a spatially dependent phase
shift leading to self focusing and filamentation and also ties into the photoionisation
equations and scattering functions outlined later, hence drastically change how the
laser interacts with the matter.

Substituting ik, into the wave equation leads to an exponentially decaying wave
with the attenuation coefficient becoming large as the plasma frequency approaches
that of the laser frequency. As photoionisation and scattering functions are highly

dependent upon laser intensity, this also drastically affects the dynamics of the system.
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In addition, at any change in refractive index, part of the wave will become reflected.
This interferes with the incoming pulse and alters how the light focuses.

These effects can be summarised in a single term, the second term in equation
5.22 which is added to the intensity distribution calculated given no interaction. Due
to the reflection interfering with the incoming light, it is necessary to calculate the
change to the electric field distribution and convert into an intensity distribution to

find this term.

where

{%f(rzt)Lh:Eo(rzt—i—/ AGWZt) )(Hexp a(r, Z, 1) = D
//ert <XZt nane(r, 2 1)y X)+(Z_Z>2> (5.29)

dr?
((rX)2+(z Z)?

Z and X are dummy variables to integrate over across depth and radius, A¢ is

) dXdZ — Ey(r,z,t)

the path dependent phase shift

WO(TLQ — (n2nr (T, Z, t)))

Ap(r,z,t) = 5.30
(r, 2.1 e (5.30)
a is the attenuation coefficient
a(r,z,t) = Ky <T +/ AP(r,z,t)(Z — z) dZ, z,t —l—/ Ad(r,z, (2 = 2)na dZ> (5.31)
0 0 ¢
and R is the reflectively coefficient.
(7, 2,t) — nang(r, z — dz, t) |
Rir, 2, 1) = | P2elrs2st) = mamn (2 = dz, ) (5.32)
nan,(r, 2, t) + nan,(r, z — dz, t)
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The first term in equation 5.29 describes the change to the electric field due to
the phase shift induced to the propagating wave by an altered refractive index, the
exponential describes the attenuation of the beam and the product of these exponential
terms denotes that the exponential reduction in intensity at some depth Z compared
with the no plasma case is dependent upon all of the pixels that the light has passed
through until that point. Fresnel’s equations are used to calculate the proportion of the
light that is reflected with a simplification that the reflected proportion is calculated
for normal incidence. The reflected wave is then calculated through Huygens’ principle
as a weighted superposition of spherical wave-fronts. This is subtracted as the wave
undergoes a 7 phase rotation upon reflection. The reflection term is negligible for all
but the highest electron densities where the real part of the effective refractive index
becomes large.

The plasma effect is non-uniform across the profile of the beam such that the
centre can become reflective with whilst other radii could still be transparent or
strongly absorbing. This leads to a significant shift in the absorption profile at very
high intensities. As the shift in refractive index is non-uniform across the radius of
the beam, it also causes self focusing effects and filamentation. These two processes
compete against each other leading to a non-trivial intensity and carrier distribution
to calculate.

Figure 5.2 compares the spatial intensity distribution at the peak intensity when
the effect of carriers is considered for three different pulse energies. Figure a is below
the threshold in which the plasma has much effect, a small attenuation can be seen just
below the focal depth. In contrast, high energy pulses produce a significant enough
density of carriers that the effect on the incoming beam is drastic and around the
threshold attenuation starts to dominate. The reflected wave also interferes with the
incoming wave leading to variation just above focus and the increase in phase velocity

at the absorbing region can clearly be seen to bend the rays. These plots are plotted
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across a full diameter rather than radius as it is clearer to see the shifts in phase and
spatial dependence of the attenuation. The attenuation is made clearer by plotting
the term in the second bracket of equation 5.29 on its own shown in Figure 5.2d.

As well as changing the shape of the intensity distribution, plasma effects quench
the pulse such that the relationship between pulse energy and peak intensity is no
longer linear. In fact, for pulses significantly greater than the threshold, the plasma is
generated at shallower depths, before the pulse reaches the focal depth, such that the
highest intensities are not reached due to attenuation of the beam.

Figure 5.3a and b shows the time dependence of the intensity distribution at the
central pixel of focus after plasma effects are taken into consideration for a pulse above
breakdown threshold and for a pulse just below. The second of these corresponds
to the pulse energy required to produce a single Frenkel defect given the hypothesis
outlined in the rest of this chapter. Plasma effects start to distort the distribution
once the focal intensity reaches ~ 40 TWem ™2 and leads to attenuation of the beam.
The effect of this is emphasised in these figures as the centre of the focal volume which
decays quickly as the attenuation leads to the peak intensity moving to shallower
depths. Plotting the maximum intensity within the focal volume as a function of
time for the same two cases leads to the distributions seen in Figure 5.3 ¢ and d. For
high pulse energies, the shift to shallower depths is accentuated by the fact that the
attenuation occurs before the mid-point of the Gaussian in time when the pulse is

still sweeping into the focal region and the majority of the energy is above focus.

5.2.2 Free carrier distributions

The second rate equation concerns the density of electrons, p. within the conduction

band as a function of space, time and energy.
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Figure 5.2 The spatial dependence of the light intensity at the peak time
considering a. A low energy pulse where the carrier generation has only a
small effect b. A pulse at which the threshold where plasma effects start to
dominate c. A high energy pulse where carrier generation leads to significant
attenuation of the beam. d. The reduction in focal intensity as a function
of position showing the attenuation of the incoming light due to the plasma.
Here the product of the exponential functions is shown.
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Figure 5.3 Change to the time variation of the intensity distribution when
plasma effects are considered. a. The time component to the intensity for a
high energy pulse above breakdown at the pixel corresponding to the centre
of focus. b. The time component for a lower energy pulse at the central pixel.
c. The maximum intensity within the simulated region as a function of time
for a high energy pulse. d. The maximum intensity within the simulated
region for a lower energy pulse.
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dpe | 9pe dpe 0pe 0pe
dt (T’Z’t’g)_|:at:|PI+|:at:|epp+|:at e—ph+ ot cc
0pe 0pe 0pe
+|: ot :|Casc |: ot :|Auger |: ot :|Rad (533)
ape 8pe 8pe
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The first term within this equation corresponds to the photoionisation of electrons

across the bandgap. The second, third and fourth terms refer to energy change
processes through collisions via free carrier absorption through electron-phonon-photon
collisions, electron-phonon coupling and carrier-carrier scattering respectively. The
fifth term refers to cascade or avalanche multiplication of the carrier density and
the sixth and seventh terms regard losses to the electron density through Auger and
radiative recombination processes. The eighth term regards diffusion of electrons and
the latter two terms regard the formation and dissociation of excitons. An additional
term including Shockley-Read-Hall recombination should also be included, however
for this analysis, I make the assumption that the crystal is intrinsic and this term is
negligible.

Through charge neutrality, the density of holes, p, generated through photoionisa-
tion is equal to the electron generation such that an identical equation exists for holes

as for electrons although the rates of various scattering terms are different.

dpn _ |9 pn Op. Opn
dt (T’Z’t’g) a |: ot :|PI " |: ot hpp+ [ ot h—ph " ot cc
opn dpn dpn
+{ 8t :|C(zsc |: at :|Auger { 8t Rad (534)
dpn dpn dpn
+|: ot :|sz]‘ |: ot ‘|E:1:c i |i ot Excpiss

Equations governing each of the terms in these equations will be outlined in the

following subsections.
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Modified Photoionisation

Photoionisation (PI) is often modelled using the Keldysh formula outlined in chapter
three. However, this is inaccurate for diamond as the Keldysh approach assumes a
perfectly linear dispersion and a direct gap. The true band-structure of diamond is
more complicated, it is an indirect semiconductor and the bands have curvature. To
find the true rate of photoionisation, the integral in equation 3.5 needs to be evaluated
over the Brillouin zone of the crystal. For all but the most simple band-structures,
this becomes analytically impossible such that a Monte Carlo approach is needed for
accurate photoionisation rates [180]. A full Monte Carlo simulation of the Brillouin
zone is computationally expensive therefore, in order to model other effects at the
same time, a simplification must be found which keeps the accuracy but is easier to
calculate.

Rather than solving the integral, by making use of points of high symmetry, here
it is shown that a hybrid approach between standard Keldysh theory and the Monte
Carlo approach allows for accurate photoionisation rates to be calculated.

The band structure of diamond was calculated using DFT via CASTEP [196].
Simulations were of a 3x3x3 supercell of diamond, in order to reduce the effects of the
periodic boundary conditions, and employed the PBE exchange-correlation functional
[197]. The simulation used the formation energy of the NV? centre as a convergence
parameter to determine an appropriate Monkhorst-Pack grid spacing and plane wave
basis size. This was calculated by Andrew Kirkpatrick and is shown in Figure 5.4.

When the light interacts with the material, it perturbs the wavefunctions, electrons
oscillate with the field obtaining canonical momentum which alters the positions of the
bands within the Brillouin zone, hence the photoionisation behaviour. The electron
momentum gained by the field is given by the magnitude of the vector potential

multiplied by the charge of the electron [183].
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Figure 5.4 A simplified diagram of the band-structure of diamond showing
the closest bands to the bandgap calculated via CaStep. aq is the bulk lattice
constant for diamond at 3.57 A.

p(t) = hk(t) = po + €| A(t)| (5.35)

Where the vector potential, A has no spatial dependence in the long wavelength

approximation and hence its relation to the electric field reduces to.

At) = —/E(t) dt (5.36)

The momentum gained by the field corresponds to an adiabatic horizontal shift of
the valence bands in k space whilst leaving the conduction bands stationary allowing
for photoionisation to take place away from the I' point.

For a small enough region of momentum space, and given an empirical ionisation
potential, Keldysh theory should give a good approximation. Therefore after applying
a horizontal shift to the valence bands by the appropriate canonical momentum,
conventional Keldysh theory (equations 3.6 to 3.11) can be utilised replacing the

effective ionisation potential with the energy gap between the maximum point of the

93



shifted bands to the unshifted conduction bands at the same momentum state. By
defining the polarisation density empirically to include the non-perturbative higher
harmonic generation an effective instantaneous intensity felt by an electron including
this harmonic generation can be calculated and used in place of the variable for

intensity in the Keldysh equations.

P(t) = (n* = 1)Eyexp {%] (exp[iwt} + Bexp|3iwt] + C’exp[5iwt]) (5.37)

D=¢cE+P (5.38)

Lss(t) = Re[E(t) - D(t)]% (5.39)

Whilst this approach neglects some possible transitions, it captures most as the
probability for transition is greatest at the point corresponding to the shifted gamma
point due to the high density of states from high curvature of the bands. Iterating
this for the entire duration of the pulse reveals close agreement with the Monte Carlo
approach as can be see by comparing Figure 5.5 with Figure 11 of [180].

This agrees well with Lagomarsino’s work suggesting that the approximation of only
using points of high symmetry and using standard Keldysh theory for different energy
gaps is a valid simplification. The energy distribution of conduction band states due to
photoionisation correspond to near delta functions at the energy corresponding to the
band locations at the momenta at which transition occurred. In the approximation
calculated above, these will be pure delta functions.

Figure 5.6 shows the energy distributions following 300 fs pulses of differing
intensities assuming that the carriers do not change energy state post photoionisation.
At low intensities, transitions occur fairly close to the centre of the Brillouin zone

yielding a sharp peak centred ~ 1.5 eV above the conduction band edge, however
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Figure 5.5 The electron distribution generated via photo-ionisation only as
a function of laser intensity after a laser pulse of 300 fs and 30 fs.

at higher intensities, transitions favour states further away from the centre of the
Brillouin zone yielding higher energy distributions as the bandgap is larger at those
locations. Transitions also occur to higher energy bands corresponding to the second
peak in the lowest intensity figure. The probability of this is much lower owing to the
larger energy gap such that the density generated is significantly lower.

The energy distribution of photoionised carriers is additionally non-linear with
respect to pulse energy than the total electron density which has profound implications
on processes that depend upon the energies of carriers such as avalanche ionisation
and scattering.

It is important to note that the rate of photoionisation includes the refractive
index, which varies with time and is spatially inhomogeneous due to plasma effects.
Once scattering processes and second carrier generation are taken into account, the
refractive index varies significantly within the focal region such that an independent
calculation of photoionisation is not accurate. As with the focal intensity, this needs

to be calculated in parallel with other terms due to the inherently linked nature of
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Figure 5.6 The electron distribution generated via photo-ionisation as a
function of energy after a 300 fs laser pulse for peak laser intensities of 1.5
TW cm~2, 10 TW em~2 and 50 TW cm 2.

the light-matter interactions.

Scattering processes

The energy distribution of conduction band states due to photoionisation correspond to
near delta functions at the energy corresponding to the band locations at the momenta
at which transition occurred. Many scattering events then take place which change
the carrier distribution towards and away from equilibrium. Elastic scattering leads to
momentum relaxation and will distribute the carriers more evenly across the Brillouin
zone and inelastic scattering leads to energy relaxation and will ultimately bring
the carriers back towards equilibrium with the lattice [185]. Given no driving field,
collisional energy losses average out such that the distribution thermalises through
screened Coulomb interaction carrier-carrier collisions to an effective temperature
much hotter than the lattice. Electron-phonon coupling causes the phonon subsystem
to react to the non-equilibrium distribution of electrons generating longitudinal optical
and acoustic phonons which are emitted from carriers transferring energy to the
lattice [198]. The carrier-phonon coupling strength in the conduction band is much
stronger than in the valence band; holes relax over a longer timescale [199]. These

scattering events lead to cooling of the carrier density to the Fermi-Dirac distribution
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in equilibrium with the lattice. Under a driving electric field, carriers can absorb
photons if their oscillation is knocked out of phase with the incoming field [182]. This
is known as reverse Bremsstrahlung or carrier-phonon-photon scattering which leads
to an efficient energy gain of carriers, skewing the distribution away from equilibrium.
The photoionisation and reverse Bremsstrahlung processes compete with the phonon
and carrier scattering leading to a skewed thermal distribution.

Within the model, the rates of each of these terms as a function of space, time and
energy are approximated by using a mixture of collision time approximations, Drude
theory and energy and momentum conservation [171] [195]. The average carrier-carrier
collision time is calculated using the change to the carrier mobility as a function of
carrier density under the assumption that each scattering event randomises the motion
[200]. The dependence of the electron mobility due to carrier-carrier scattering has
been measured experimentally by Kozak et al.. This yielded the following relationship

in units of m?V ~1s71[200].

al(r, z,t)3
Ncarr(ﬁ Z, t) 111(1 + bT(Tv Z, t)Q(l X 10_4 ’ NCGTT<T7 2 t>>_%)

fee(T, 2, 1) = (5.40)

Where a and b are empirical parameters determined to be 4.1 x 10* and 5 x 10°
respectively, T is the lattice temperature, N, is the total carrier density inclusive of
electrons, holes and their bound states and the subscript cc refers to carrier-carrier

scattering. This can be converted from mobility to collision rate via

ch(’f’, 2 t) = ,U/cc(ra Z, t) : T (5.41)
(&

under the assumption that each collision randomises the motion. As there is no
carrier energy dependence to the rate of scattering of an individual carrier, the total
energy dependence is based purely upon the density distribution. Carrier scattering

is elastic; the total energy is conserved but the scattering acts to homogenise the
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momentum distribution across the Brillouin zone and leads to thermalisation towards
a Boltzmann distribution. This effect can be calculated considering carrier scattering
between two carriers with the constraint that the total energy must be conserved and
integrating across energy. This is complicated slightly by the density of states which
limits the states which electrons can scatter into at high densities. The change to the

electron distribution due to carrier-carrier scattering is given by

ape pe rz, t 81) pe(r 2, t 52)
{8 } (r2t,8) = Tee(T, 2, t [/gc /50 &1+ & — Ec Nearr (1, 2, 1) dé, d&,

—pe(r,z,t,é’)] for E <&+ & —Ec

(5.42)

Under the condition that

pe(r, 2,1, &) + [%ﬂte} (r,z,t,€) - At < D(E) (5.43)

Where D(E) is the density of states at a given energy, £c is the energy of the
conduction band minimum, & is an initial electron energy and &, is the initial energy
of the scattering carrier. If the condition is not met, the electron cannot scatter into
the energy state, £ as it is full. The carrier-carrier scattering acts to drive the electron
distribution towards a Boltzmann distribution at a raised electron temperature above
the lattice energy given many scattering events. The density dependent nature of
this term means that it is negligible at low densities with timescales of order tens of
pico-seconds for carrier densities of 107 cm™3 but dominates at high carrier densities
where the timescale is reduced to less than a femtosecond for carrier densities of ~
102! ecm 3.

The density of states is found by integrating the momentum states from the band
structure over energy and calculating energy iso-surfaces shown in Figure 5.7.

Electron-phonon scattering acts to bring the electron-lattice system towards equi-

librium taking energy from the electrons. Scattering with acoustic phonons is an elastic
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Figure 5.7 The density of states of the electron distribution in the valence
and conduction bands. This was calculated by finding energy iso-surfaces
across the band-structure.

process and cannot change the carrier energy significantly whereas optical phonons
scatter inelastically with carriers and dominate energy transfer [185]. In the limit
of many collisions a collision time approximation can be utilised given an empirical
scattering rate. Tandon et al. used DFT to calculate the average carrier-phonon
scattering rate as a function of energy inclusive of both emission and absorption
within the valence and conduction bands [198]. They found that the average phonon
scattering time, 7,_,p,,, is proportional to the density of electron states at a particular

energy.

1

= D@ (5.44)

Te—phiot (5)

With a proportionality constant of @ = 1 x 10712 s7'm3. Monserrat et al. used
DFT to calculate the phonon energies [199]. In this work, these are averaged to find
an optical phonon energy of 0.15 eV and 0.08 eV for acoustic phonons. The ratio of

phonon emission to absorption is found by comparing the lattice temperature, 717, to

the electron temperature, T, where the electron temperature is calculated by fitting a
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best-fit exponential function to the electron energy distribution. This then allows for

calculation of phonon emission and phonon absorption times given by

To(r,z,t) + Tp(r, 2,t)
Te_phemit (’r7 Z? t? 8) = Te_phtot (g) T (,r. z t)

(5.45)

To(r,z,t) + Tp(r, 2,t)
TL(ra - t)

Te_phabs (r7 2, t7 g) = Te_phtot (5) (546)

A proportion of the carriers at a given energy then moves to a higher or lower

energy dependent upon whether the phonon is absorbed or emitted.

[aﬂe] (r,z,t,€) = — pe(r, 2,1, )
ot | on Te—phyoy (T3 2,1, E) -
pe(r, 2,t,E — Epp) pe(r, 2,1, € + Epn) _

Tepans (T 26, E — Eph)  Teephoynss (T3 2,6, € + Epn)

This approach neglects higher order terms where two or more phonons interact at
the same time but approaches the true result given many scattering events.

Under a driving electric field, electron-phonon-photon (Bremsstrahlung) processes
lead to an efficient energy gain of carriers which skews the distribution away from
equilibrium. A matrix element analysis would include the matrix elements for electron-
phonon scattering and absorption of photons from the field [168]. This can be simplified
using a collision time approximation and Drude theory with empirical input parameters.
Photons can become absorbed when a carrier is knocked from its adiabatic oscillation
within the field. This occurs at any scattering event such that the input scattering
rate is a combination of the carrier-phonon and carrier-carrier scattering rates added
together through Matthiessen’s rule, 7g..¢. The average rate of energy gained by

carrier through electron-phonon-photon calculated through Drude theory

e21(r,z,t)
i (r,z,t,&) = (rceonr iy ) Tocart (15 2,1, €) (5.4
ot epp Y ngscatt(T, Z,t,5)2 +1 )
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[165] where I is the laser intensity and the subscript epp refer to the fact that this
is an electron-phonon-photon interaction. Note that this includes the refractive index,
n, which varies with time and is spatially inhomogeneous due to plasma effects.

Using a similar argument to with the electron-phonon collisions, this can be
converted into a change to the space-time-energy distribution by defining a proportion
of carriers that move a discrete energy step corresponding to the photon energy minus
the average phonon energy that scatters at the electron’s initial energy. This is due
to the fact that this process can only occur when the electron is disturbed from its

oscillation under the field through a collision.

%] nney= (2] [%] - Hlabtd nand
ot epp Y o€ epp ot epp (P — hwph) (5.49)
[%]epp(r’ 2 t’ g - MO + h('uph) ’ pe(rv <, ta g - th + hwph)

+
(th - hwph)

Again, this neglects higher order terms but approximates the true change to the
distribution over many collisions.

These dynamics outlined above act to redistribute the carriers across a range of
energies, some giving the carrier energy and some reducing the carrier energy by
transferring the it to the phonon subsystem.

Carriers above a threshold energy can relax to lower energy states through impact
ionisation (also known as cascade ionisation) leading to the generation of an electron-
hole pair. The reverse process of this only becomes important at very high carrier
densities and causes a recombination of an electron-hole pair through the Auger effect
with the excess energy being passed to a third carrier.

Both Auger and cascade processes involve three carriers but are the reverse of each
other. Cascade starts with a single carrier which generates an electron-hole pair by
losing energy and Auger starts with three carriers, two of which recombine by giving

energy to the third. These both can be treated as three particle collisions where two
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of the particles are of the same type (electron or hole) and one particle is of the other
type. The initial excess energy of the electron above the threshold for cascade can be
shared between the carriers in different ways leading to a distribution of final possible
states. The rate of cascade processes is modelled by calculating the rate at which an
electron above a threshold energy collides with the free states of the carriers from the

respective bands.

9p pe(r, 2, t,€) (D(E) = pe(r, 2,1, &)
|:a :|casc et g /gth /Sth & TCC T,z t) ( D(gl)
(52) - ph(r727t752))

d&; dE

< D(gg) 1 2

Where & is the initial hole energy, & is the initial energy of the high energy

(5.50)

electron and &, is threshold energy for cascade to occur, equal to &£;. The hole energy
is negative as the zero point of energy is defined as the maxima of the valence band.
The terms in the first and second bracket are approximately equal to one until the
density of carriers becomes very high and hence, once integrated across energy this
simplifies to the cascade rate being proportional to the density of carriers for a low
carrier density.

Auger processes, being the reverse of cascade, are governed by a very similar

equation. by considering the density of occupied states rather than free states.

8Pe} / / pe(r, z,t,E) (pe(r,z,t,51)>
(r,z,t,&)
|: a Auger Ein JER—EL ch r,z t) D(gl)

ph<TaZ>t7€2)>
————== | d& d&
( D(&) L

Note that this becomes the standard formula for Auger when integrated across

(5.51)

energy, depending upon the cube of the carrier density, with the Auger recombination

parameter determined by the relation
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ch(ra’z7t) ' (fjooo D<S> d8)2

This approach, whilst more convoluted than just modelling the cascade and auger

Ce(r, z,t) = (5.52)

processes as linear and cubic relations, allows for the energy distribution of carriers
to be calculated. In addition, separating out the energy gain of carriers from reverse
Bremsstrahlung processes and the cascade process itself allows for nuance that is often
missed in more basic models. Furthermore, the approach in this work highlights that
at very high carrier densities, the cascade rate is no longer linearly proportional to
the carrier density. Relating the constant of proportionality for the cascade and auger
processes to the screened Coulomb interaction carrier-carrier scattering time also
shows that the more simplistic approach is inaccurate given a large range of carrier
densities as the scattering time changes significantly above a threshold carrier density.

The generation of electrons in the conduction band strongly depends upon the
laser intensity. As the laser intensity is non-uniform across the focal volume, the
distribution of electrons that are generated are likewise non-uniform. The non-linear
generation means that the electron distribution is confined to a much smaller volume
than the laser intensity. However, the electrons will spread out over time due to the
non-uniform density across the volume. This spreading out can be modelled by the

heat equation.

dpe
ot

} (r,2,t,E) = =V - (DVp(r, z,t,E)) (5.53)
dif f

Where D is the diffusion coefficient can be given by the Einstein relation. To first
approximation, this may be good enough, however, electrons are charged particles
and the laser has a strong electromagnetic field. In addition, local strain in the

semiconductor will also change the electromagnetic field within the material. Therefore

a full analysis of the dynamics of diffusion would require the magnetohydrodynamic
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equations for a plasma and a map of the local strain field. In this model, it is assumed
that the local strain is homogeneous or zero and the laser field only provides canonical
momentum, in which case, the standard diffusion equation is a good approximation.

The final terms in equations 5.32 and 5.33 regard carrier recombination and
excitonic formation and dissociation. Diamond is a indirect bandgap semiconductor
and therefore radiative recombination is inefficient as it requires the generation of
phonons to conserve momenta. Alternatively a higher energy photon can be released.

The radiative recombination rate is regulated through the screened Coulomb
interaction [188] and has a constraint that carriers can only recombine given they are
at the same momentum state. As momentum is being averaged over in this model,
instead an empirical parameter is used; radiative recombination rates in diamond have
3

been shown experimentally to be of 2.3us for a starting carrier density of 1 x 10'7 cm

[188).

8)06 0 Pe(ﬁ Z, t7 5) ph(h Z, t7 gl)
pr— . 4
R e s e X (554

The free carrier density can also be reduced through the formation of excitonic

states by electrons coupling to holes through a screened Coulomb attraction.

5.2.3 Excitonic states

An electron and hole with overlapping wavefunctions can become bound through the
screened Coulomb interaction and form excitonic states if their kinetic energy is less
than the excitonic binding energy [171] [201]. This corresponds to the Fzc terms in
equations 5.32 and 5.33. The rate at which it occurs is calculated through multiplying
the density of electrons and holes at a given location and a characteristic interaction
timescale which depends upon the Debye length of carriers, in turn dependent on

values such as the electron temperature and density. This timescale is of the same
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order as the carrier-carrier scattering as both take place through the screened Coulomb

interaction the same empirical parameter can be utilised for this.

E+Es -
{80&:@} (r 2 1,8) = / pe(ry 2,6, &) pn(r, 2,8, E — E — &) g, (5.55)
Form

ot £ Nearr (7, 2,1) - Tee(1, 2, 1)

Where Ex is the excitonic binding energy which for diamond is 80 meV [202]| and

Ec refers to the conduction band minimum and is the maximum possible energy of
the bound pair. This rate is doubly dependent upon the density of free carriers as
the interaction timescale is also density dependent. Single excitons in diamond are of
Wannier type and remain relatively spread out over space [178|, therefore excitonic
binding is weak and the electron-hole pair continue to scatter phonons and other
carriers somewhat independently. The density of excitons as a function of space, time

and energy is given by another coupled equation.

dpEmc o apExc apE‘gvc
dt (T, “ t’ 8) B |: ot :| Form " |i ot Exc—c
+ { — - 5.956
ot Exc—ph ot Recomb ot BiX ( )

xc a xrc
1 [PE } I [ PE }
at BiXDiss 61: BiXRecomb

The first term corresponds to the formation of excitons, the second term corresponds

to scattering processes with carriers which are similar to those described above for
free carriers and thermalise the distribution also leading to dissociation of excitons
back into free carriers when the exciton absorbs energy greater than the binding
energy. During the pulse and shortly after the pulse, the incoming light means that
excitons which form are quickly dissociated, however once the carriers and lattice
form a quasi-equilibrium, most interactions lead to a loss of energy rather than a
gain such that the carriers remain bound. The third term corresponds to scattering

with phonons and the fourth term to excitonic recombination which takes place either
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radiatively, through phonon scattering, Auger processes or existing defect trapping
on timescales of nanoseconds [203|. The BiX term corresponds to the combining of
excitonic states into bi-excitons, again through the screened Coulomb interaction and
the final two terms regard the gain to the exciton density from the dissociation and

recombination of bi-excitons. The rate at which bi-excitons form is given by

[a’*’“] (r21t,€) =
8t Form

/S—€c+€z+5bm ,0E1'0<r7 2, t’ gl)pE:EC(T7 Z, t, E— 51 + Elm)
& Ncarr(rvz?t) ’ TMU(T?Z’t)

Where &, is the bi-excitonic binding energy which is 12 meV for diamond [204]

(5.57)

d&;

c—&z

and 7., is the equivalent of the carrier-carrier scattering time but just considering
excitonic density. As before, a further coupled equation is defined to keep track of the

density of bi-excitons as a function of space, time and energy.

dppix (r, 2,1, 5) _ IpBix X OpBix
dt ot Form ot BiX—c

i {8030( ] _ |:apBiX ] i |:apBiX ]
ot BiX—ph ot Rad ot STbX giss

Again, the scattering terms include dissociation into single excitons and thermali-

(5.58)

sation. The fourth term in equation 5.58 regards radiative recombination, the rate
of which are determined from [177]. There should be a fifth term in this equation
along with another coupled equation corresponding to the formation of higher order
multi-excitons but for simplicity these terms are neglected.

Bi-excitons are more bound than single excitons such that the lowest energy
configuration of the lattice-bi-exciton system corresponds to a significantly deformed
lattice and the bi-exciton trapped at a single atomic site. Upon interaction with
phonons, bi-excitons will self-trap, allowing relaxation of the lattice, releasing 1.74 eV
and breaking a carbon-carbon bond [178]. The density of self-trapped bi-excitonic

states is given by
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dPSTbX (r, . 5) _ apSTbX + aPSTbX
dt at Form at STbX —c

N |:apSTbX } _ |:610STbX } _ |:apSTbX }
Ot | srux—_ph Ot | Raa ot Jpp

The final term describes a hypothesised non-radiative recombination yielding the

(5.59)

formation of a Frenkel defect which will be addressed in section 5.2.5. The higher
localisation and higher energies of self-trapped multi-excitonic states mean that these

act as a source of energy localisation within the crystal.

5.2.4 Lattice temperature distribution

Phonon scattering events act to cool down the carrier distributions but heat up the
lattice bringing the carrier-lattice system closer to equilibrium. Melting can occur
if the lattice surpasses the melting temperature (4300 K for diamond [210]) which
leads to graphitic formation upon re-solidification. As graphitisation is a complicated
process involving a change in the band-structure, a graphitisation threshold is defined
as when the lattice goes above the melting temperature or when the carrier density
goes above 9% of the atomic density [205] [206]. Above this point, the model will be
inaccurate as changes to the band-structure are not considered.

The heating of the lattice is calculated through multiplying the phonon scattering
rates with the average phonon energy and dividing through by the atomic density and

utilise a simple heat equation model to indicate the diffusion of heat.

drT oT oT
0= 5]t (3], oo

The first term regards lattice heating through the phonon scattering of carriers
and excitons and is calculated by adding up the energy lost from the various scattering
centres. For example, the temperature gain from phonon emission from electrons is

given by
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R A e es (5.61)
ot Scatte 0 kB Tepemit<r727t7g)pz4

Where p4 is the atomic density. Similar terms exist for the other scattering terms.
These scattering terms act to bring the lattice carrier system to a quasi-equilibrium

state.

5.2.5 Hypothesis for Frenkel defect generation

Self-trapped multi-excitonic states allow for energy localisation and quasi-particles
of high energies whilst simultaneously breaking a carbon-carbon bond through a
deformation potential of Epp =1.74 €V [178]. In order to generate a defect, 3 more
bonds must be broken. One might assume that 4 bi-excitons would be required to
localise to the same atomic site in order to break the 4 respective bonds, however the
probability of this would scale with the fourth power of the bi-exciton density and
graphitisation would occur well before there was a significant enough probability of 4
bi-excitons localising to the same site.

Simple scaling arguments suggest the breaking of 3 additional bonds should require
an energy input of 3 x 1.74 eV = 5.22 eV however a small amount more energy is likely
needed such that the vacancy-interstitial pair don’t instantly recombine. The minimum
potential energy of a stable Frenkel defect above a pristine lattice was calculated by
Deak et al. through DFT to be 7.14 eV [156]. Recombination of vacancy-interstitial
pairs requires a significant input of energy, 1.64 eV [207|. The energy barrier against
distance between vacancy and interstitial is likely to be symmetric such that a total
potential energy of 7.14 + 1.64 = 8.78 eV is needed to form the defect.

Mauri et al. proposed that following self-trapping, radiative recombination of
the bi-exciton would follow with a large Stokes shift of 3.23 eV on timescales of ~ 7

ns leaving a single exciton and the lattice partially distorted, leading to a localised
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Figure 5.8 a. Schematic of the adiabatic potential energy curves of the
ground state, free bi-exciton state (BiX), free exciton state (Exc), and the
self-trapped bi-exciton state (STbX) against lattice distortion. The red dashed
line shows possible non-radiative decay processes of the STbX’s and the blue
dashed lines indicate the activation energy F,. and relaxation energy, er
of the ground state. b. A schematic of the proposed band structure during
the non-radiative recombination of the self-trapped bi-exciton. The bonding,
anti-bonding states in the bandgap approach each other as the lattice is
further deformed allowing non-radiative recombination.
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graphitisation [178]. Here an alternative mechanism is proposed, a non-radiative
recombination pathway, transferring the energy to the lattice and forming a Frenkel
defect shown in Figure 5.8. The minimum potential energy of the self-trapped bi-
exciton localised upon the broken bond is 8.908 eV, (2(E¢ — &;) — & — Epp) which
is greater than the total potential energy required for Frenkel formation, therefore
a non-radiative recombination yielding defect formation would lower the potential
energy surface. Bang et al. showed that two electron-hole pairs within InGaN can
non-radiatively recombine via the formation and recombination of a Frenkel pair [208|
and self-trapped excitonic states have been shown to lead to the permanent formation
of Frenkel defects in SiOy and other dielectrics [171] [175] [176]. In both cases, the
deformation of the lattice leads to the formation of states within the bandgap that
allow energy transfer from the electronic system to the lattice. The self-trapped
bi-exciton in diamond adds two deep levels into the bandgap, a doubly occupied
anti-bonding level 1.7 eV below the conduction band edge and an empty bonding
level 1.6 €V above the valence band maximum, both localised on the broken bond
[178]. The formation of these deep states offers a potentially efficient non-radiative
recombination pathway allowing defect formation via the emission of phonons.
Non-radiative lifetimes of self-trapped bi-excitonic states are likely to be short as
the carriers are already localised at the trap sites. Further deformation of the lattice
pushes the deep levels towards mid-gap shown in Figure 5.8b allowing recombination
through electron capture. In the high temperature approximation, electron capture is
thermally activated [209] and given an energy barrier, the non-radiative recombination

lifetime is given by

h exp (c‘fb —(E—12(6c —Ex) — &x — EDP])) (5.62)

tE) = —
TED (7’, S ) gph kBT(T, Z, t)

where &, is the optical phonon energy and &, is the energy barrier [208]. The
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value £ refers in this case to the energy of the self-trapped bi-exciton. The height of
the energy barrier is an unknown, however, this can be made into a fitting parameter
when comparing with experiment. Given a higher energy barrier, the longer the
formation timescale and the more non-linear the process will become with respect to
pulse energy. Given no energy barrier, this becomes the empirical phonon scattering
time. A first guess of the energy barrier can be made by assuming that the shape of
the self-trapped bi-exciton potential energy surface is symmetric about its minimum
and that the formation energy is equal to the activation energy minus a quarter of the
relaxation energy of the lattice (€, = E, e — ) which holds in the high temperature
limit [209]. For non-radiative recombination of self-trapped bi-excitonic states in
diamond, this suggests an energy barrier of 1.74 - % = 0.5275 eV which shall be
used as the initial input when comparing to experiment. The formation mechanism
competes with dissociation and radiative recombination of the bi-excitonic states, the
relative strengths of each being controlled by the lattice/carrier temperatures.
Another coupled equation is defined corresponding to the hypothesised density of

lattice defects created by the non-radiative recombination of multi-excitonic states.

d 2(Ec—Ex)—Eba tE
PED (i, 2,t) = / psrox(r 2 L) 4o (5.63)
2

dt (Ec—ex)—Ex—Epp TED(T: 2,1, E)
This equation should also include a term for the diffusion of defects which likely

occurs during the pulse due to the lower activation energy than defect formation. For
now, this is neglected from the analysis as only single pulses are being considered.
This is a reasonable assumption since defect formation does not begin until several
picoseconds after the optical pulse has passed hence there will be no defects during
the initial irradiation. The recombination of Frenkel defects is also ignored, although
a fixed fraction of the defects will likely recombine as soon as they form, this would
appear as a scaling factor to the total number of defects formed and otherwise not

alter the results of the model.
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Mauri et al. proposed that the self-trapping of a sufficiently high density of bi-
excitonic states could cluster and produce a macroscopic graphitisation due to the
breaking of many single bonds [178], however utilising the assumptions above, the vast
majority of bi-excitons that self-trap go on to form Frenkel defects at temperatures
above 450 K as the non-radiative recombination lifetime is shorter than the radiative
lifetime. In order to obtain a significant density of bi-excitons at such high temperatures,
intense laser pulses generating a significant density of free carriers (~ 5% pa) are
required. Collisional heating of the lattice from such a high density of carriers means
that lattice temperatures rise to above this threshold during the thermalisation of
carriers with the lattice such that defect formation should be preferable over radiative
recombination for high carrier densities. At lower excitation, carrier densities and the
temperature do not rise as far, however, the density of self-trapped bi-excitons is also
low such that both graphitisation and Frenkel formation are unlikely to occur. At very
low temperatures, the formation of electron-hole plasmas and liquids should prevent
lattice damage occurring as excitonic states become delocalised throughout the liquid
[167]. To date, excitonic states within diamond have typically been studied at lower
densities and temperatures to obtain long lived states [177] hence the probability of

defect formation through their recombination has been negligible.

5.3 Limitations of the model

There are a few limitations by which this model could be improved. The conduction
and valence bands are treated as continuum’s and k state information is lost as it is
treated as homogeneous. There may be subtle effects caused by specific momentum
transfers which have not been included. A Monte Carlo simulation over all k states
would be a better approach. This was not chosen for the sake of computational expense

as 3 more dimensions would need to be added to each simulation. Another limitation
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of the model is the fact that non-thermal melting from the shift in potential energy
surfaces caused by the carrier dynamics has been ignored and instead a upper limit of
carrier density is defined whereby "graphitisation occurs". The model will likely be
inaccurate at high pulse energies.

The diffusion equation for carrier dynamics is overly simplistic using only the heat
equation based upon the gradient in carrier density. Diffusion is likely to be affected
by the strain tensor as well as magnetohydrodynamic effects. This simplification is
justifiable as diffusion is a slower process the effects will be relatively small when
compared with faster processes.

The rates of many terms within the coupled equations depend upon empirical
scattering rates taken from the literature. These are a mixture of experimentally
derived and theoretically determined parameters and many contain significant error
bars. The results of this work do not claim that the laser forms a specific number of
vacancies given a set of pulse parameters, instead the trends are studied, the effective
non-linearity, determined given the hypothesis of multi-excitonic recombination and
that this is in good agreement with the experimental results shown in the following

chapter.

5.4 Summary

This chapter has described a set of coupled non-linear integro-differential equations
to model how a femtosecond laser pulse interacts with a semiconductor. Parameters
have been included to solve this set of differential equations for diamond. The model
initially describes the focusing of the laser pulse which is followed by the generation of
a dense carrier plasma through multi-photon effects. The plasma alters the laser focus
and a feedback loop occurs leading to a highly dynamical generation of carriers within

the focal region. A hypothesis for how the energy is transferred from the electronic
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Parameter value ref.

Electron-Electron scattering (fic.) Equation 5.40  [200]
Electron-Phonon scattering (7._pn,,,) Equation 5.44  [198]
Electron-phonon-photon scattering ([%Lpp) Equation 5.48  [165]
Radiative Electron-Hole recombination (7;.4q) 2.3 us [188|
Radiative Exciton recombination (7gge.,) 350 ns [203]
Radiative Bi-Exciton recombination (75;x,,,) 7.3 ns [177]
Radiative Self-trapped Bi-Exciton recombination (7srex,,,) 7 ns [178]
Optical Phonon energy (&, ) 0.15 eV [199]
Acoustic Phonon energy (&, ) 0.08 eV [199]
Exciton binding energy (&,) 80 meV [202]
Bi-exciton binding energy (&) 12 meV [204]
Bi-exciton self-trap Deformation Potential (Epp) 1.74 eV [178|
Lattice relaxation energy (Eg) 4.85 eV [178]
Thermal conductivity of diamond (o) 2200 Wm—'K~!  [210]
Atomic density of diamond (p4) 1.77x10% cm™  [210]

Table 5.1 Interaction parameters and constants with relevant sources

system to the atomic sub lattice via the non-radiative recombination of self-trapped
bi-excitonic states is described yielding the formation of individual Frenkel defects.
The highly dynamical nature of this and high density of quasi-particles required leads
to a high degree of non-linearity with respect to laser intensity.

For the interaction rates the collision time approximation was used, drawing values
for average interaction times from previous works (table 5.1). This approach allows
carrier scattering rates to be evaluated as explicit functions of carrier energy, but

averaged over momentum space. This is a reasonable approximation since carrier
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scattering homogenises the momentum distribution across the Brillouin zone on
femtosecond timescales.

The idea for this theoretical study into the non-linearity of laser processing was
developed by myself in discussions with Jason Smith and Patrick Salter. The coupled
non-linear integro-differential equations were developed and coded into MATLAB by
myself. Discussions with Jason Smith, Patrick Salter, Martin Booth, Shannon Nicley
and Joanna Zajac enabled clarification on various mechanisms and the hypothesis
for energy transfer to Frenkel defect generation was developed by myself. The band-

structure was calculated by Andrew Kirkpatrick using DFT.
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Chapter Six

Non-Linearity of the Laser Writing

Process - Results

6.1 Introduction

The sample was then placed into a home-built beam-scanning confocal fluorescence
microscope and fluorescence was collected through an oil immersion objective lens.
2D Gaussian peaks were fitted to the confocal images of laser written sites giving a
value for the brightness from the integrated intensity. The background fluorescence
was measured 1 pm from the laser written points which was then subtracted from
the intensity value such that the measured intensity value came solely from the laser
process. Intensities measured from the ten points for each pulse energy were then
averaged for a fluorescence value at that pulse energy. This gives an indication of the

number of vacancies created against laser write-pulse energy.

6.2 Varying pulse energy

The initial study was to determine the dependence of Frenkel defect generation on

pulse energy, with the laser writing apparatus set to its standard setup that has been

116



used historically. Here single 300 fs laser pulses of a 790 nm Ti:Sapphire light were
focused into diamond. This study can then be used as a baseline from which changes
to the parameters could be compared. The diamond sample used in this study was
a type 1b single-crystal supplied by Element Six with 2 ppb nitrogen concentration.
Single pulses were focused through a 1.4 NA oil immersion objective into the diamond
to form an array with the pulse energy changing between rows.

Fluorescence was measured with 532 nm excitation at 1.1 mW and an oil immersion
objective lens. At the fluorescence visibility threshold there was a stochastic yield
of visible sites and the yield rose up to unity at the 3rd row above the visibility
threshold. This could be indicative of a stochastic nature of defect formation or
due to small fluctuations in the writing laser power. Figure 6.1a shows an example
of a photoluminescence scan of high energy laser written sites. Spectral analysis
(Figure 6.1b) and wide-field transmission imaging reveal that at higher pulse energies
a significant B-band peak is observed showing the onset of graphitization with a
threshold pulse energy of ~ 21 nJ. Integrated fluorescence intensity of sites against
write-pulse energy is shown on a logarithmic plot in Figure 6.1c and is highly non-linear
for write-pulse energies between 15 and 18 nJ, quickly saturating at higher pulse
energies. For the application of colour centre generation, relatively few vacancies are
desired, therefore it is the lower pulse energies that are of more interest.

It is important to note the possible sources of error that could change the shape
of this graph. A difficult to characterise error is how each pulse was effected by
aberrations. An SLM was used for active aberration correction over Zernike modes,
however, this is unlikely to have removed all aberrations. As shown above, the laser
process is highly non-linear with respect to laser intensity, therefore, a small aberration
could cause a large shift on the resulting number of Frenkel defects created. However,
the aberration across each array should be reasonably uniform, therefore the shape of

the graph is likely to be accurate and a small aberration means that the pulse energies
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Figure 6.1 a. A confocal image of the highest energy sites in the array. b.
Spectral composition of laser written sites, fluorescence is centred at a peak
at 740 nm corresponding to lattice vacancies which broadens and shifts to
longer wavelengths for higher pulse energies indicating further damage and
graphitisation. c¢. The average fluorescence intensity measured from single
pulses against pulse energy with the predictions from the model developed in
chapter five overlaid.
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are likely higher than if there were no aberrations at all. The optics used to focus the
light also affect the intensity distribution of the light, therefore for a more general
overview, the shape of the graph is more important than the absolute pulse energy
values. For repetitions of this technique, pulse energies should be chosen in relation to
the energy that is required to create visible graphite in a transmission microscope and
reduce the pulse energy from there.

A power law to the 33rd power can be roughly fit to the region of the graph between
16 and 18 nJ, (shown in red) indicating that the generation is highly non-linear before
saturating at the higher energies. In the multi-photon regime, photoionisation is
expected to follow a power law, however this level of non-linearity is far beyond that
which would be expected from photoionisation alone indicating that defect formations
is likely caused by the amalgamation of several non-linear processes.

A MATLAB script was developed which modelled the coupled PDE’s from chapter
five (equations 5.22, 5.33, 5.34, 5.56, 5.58, 5.59, 5.60 and 5.63) and solved them
numerically for diamond using the Euler finite-difference method given a range of
initial conditions with empirical scattering times taken from the literature summarised
in table 5.1. Simulations were calculated for a focused pulse of the laser with no
additional aberrations. The rate equations were applied over the two spatial coordinates
corresponding to the cylindrically symmetric focal spot, covering an axial range of
3 pum about the focal plane and a radial distance of 200 nm, which was found to be
large enough that edge effects are negligible. A time-step of 0.1 fs was chosen, a pixel
size of 17 nm in radius and 38 nm in depth with an energy step of 0.02 eV allowing for
a reasonably fine mesh of the region of interest. Carrier concentrations are expressed
as distributions over energy up to a maximum of 25 eV.

Various initial conditions corresponding to laser pulses of differing pulse energies
were input into the set of coupled equations to build up data-sets to compare to

experiment. As the simulations contain no aberrations or focusing losses, phenomena

119



will occur at lower pulse energies than during experiments. By integrating across all
energy and space, the total number of electrons and defects generated by a pulse can

be calculated.

N(t) = 27‘[‘/ / / pe(r,2,t,E) v dr dz d€ (6.1)
o Jo Jo

where N, is the total number of electrons. The total defect number, Ngp is
calculated by replacing p. with ppp.

Figure’s 6.2a and b shows the peak density and total number of photogenerated
electrons as a function of write-pulse energy along with the peak density and total
number of Frenkel defects generated per pulse. The photoelectron generation curve
follows a similar dependency to that from photoionisation alone as shown by Lago-
marsino et al. [180], and in Figure 5.5, however the impact ionisation increases and
smooths out the number of electrons generated. At high pulse energies there is a small
uptick in the non-linearity of carriers at the centre of focus. This is because carrier
densities become high enough that the carrier mobility and hence 7. rapidly decrease
leading to an accelerated carrier avalanche at the centre of focus. This is rapidly
saturated as Auger processes reach a quasi-equilibrium with the impact ionisation and
plasma effects suppress photoionisation. Away from the centre of the focus, growth
continues to occur leading to a smoothing out of the total number of carriers. It should
be noted that additionally, more complex processes that are not included in the model
will also take place at the higher pulse energies such as a defect induced absorption
and macroscopic graphitisation. Graphitisation involves a significant modification to
the band-structure such that the exact nature of this saturation in electron generation
may be incorrect. This curve agrees with the experimental data of Lagomarsino et al.
who measured the charge generated upon laser pulses of differing energies [180]. The
shape of curve occurs at ~ 10 times lower pulse energies due to the use of a higher

numerical aperture lens.
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Figure 6.2 a. Maximum densities of carriers and defects generated against
pulse energy. In red the number of electrons that are created against pulse
energy and in blue, the simulated number of defects generated. b. Numerical
integration of the coupled PDE model over energy, space and time. Inset
displays the number of defects generated with probability above 1. d. Sim-
ulated spatial distribution of defects from a pulse of 5.5 nJ focused 20 ym
into the diamond. The laser beam is incident from the left-hand side. c.
The quasi-equilibrium temperature reached by the electron-lattice system at
the centre of focus against pulse energy. d. Simulated spatial distribution
of defects from a pulse of 7 nJ. f. Simulated defect vs pulse energy curves
for different values of &, fitted to experimental data through non-linear least
squares fitting. g. Minimisation of the cost function for the energy barrier to
non-radiative recombination reveals a value of & = 0.47 + 0.01 €V fits best to
the experimental data. h. Photoluminescence intensity against pulse energy
for single pulses of the same pulse parameters (blue) overlaid with simulated
data (black) with scaling parameters for focusing losses and conversion from
number of defects to fluorescence intensity determined through non-linear
parametric least squares fitting.
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To calculate the defect generation rate, an energy barrier for the non-radiative
recombination of self-trapped bi-excitonic states must be specified. The assumptions
outlined in section 5.2.5 lead to an initial estimate of & = 0.5275 eV, however this
can be optimised through non-linear least squares fitting to the experimental data.
In the experiments, the onset of GR1 fluorescence occurs at a pulse energy of about
16 nJ, almost three times higher than that predicted from simulation. There are a
number of possible reasons for this discrepancy, including unaccounted aberrations,
an underestimate of optical losses, and inaccuracies in parameters such as scattering
rates and binding energies that will influence the efficiency of bi-exciton formation.
This unknown scaling factor can be treated as a fitting parameter. A second scaling
factor is needed in order to compare the number of Frenkel defects generated with the
measured GR1 fluorescence intensity. This scaling factor is dependent on the quantum
efficiency of the GR1 defects and on the efficiency of the fluorescence microscope
used for the measurements. A second cost function was then defined, calculating
the difference between the shape of the simulated and experimental defect curves for
different values of &, shown in Figure 6.2f. The sum of the squared residual distance
between the experimental data and the model define a unique polynomial which is
minimised at a value of & = 0.47 £ 0.01 eV shown in Figure 6.2g. Whilst the error
bar on this fit is relatively small, drawing conclusions that this is the true energy
barrier should be regarded cautiously as there are error bars associated with various
scattering rates from the literature in many terms of the coupled equations (see table
5.1). Instead this is a best fit within the limit that the literature scattering rates are
approximately correct. The fact that this value is of a similar magnitude to the initial
estimate gives confidence in the model.

The defect generation curve for a value of & = 0.47 is shown in Figures 6.2a and
b and follows a similar pattern to that of electron generation, however the level of

non-linearity is significantly increased and saturation is significantly stronger. Much
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of this curve shows a defect number less than 1 which corresponds to the probability
of a defect forming given a specific pulse. While these numbers are negligible and so
in practice no defect generation will be seen at such low pulse energies, it is useful to
plot as it shows the relationship between the electron generation and the formation of
defects. The number of defects only becomes significant at the higher pulse energies
therefore a zoom-in of this region with a finer resolution in pulse energy is shown in
the inset of Figure 6.2b. The simulated Frenkel defect generation probability passes
1 at ~ 5 nJ with a fast rise in the number of defects generated over a very small
range in pulse energies which quickly saturates. This extremely steep dependence
of defect formation on pulse energy occurs primarily as a result of two effects. The
reduced carrier mobility not only produces an accelerated carrier avalanche but also
leads to a significantly accelerated formation of excitonic states following cooling of
the carriers. In addition, the quasi-equilibrium electron-lattice temperature for these
pulse energies becomes significant which accelerates the non-radiative recombination

of the self-trapped bi-excitons in competition with radiative processes. The quantum

Tr
Tr+TFD

efficiency for Frenkel defect formation, defined as n = and using equation 5.62,
rises from ~ 1073 at room temperature to near unity at temperatures above 500 K.
The quasi-equilibrium temperature reached by the carrier-lattice system at the centre
of focus is shown in Figure 6.2c. At low pulse energies the maximum carrier densities
are low enough that the quasi-equilibrium temperature is not significantly above the
ambient temperature, however for higher pulse energies, it rises rapidly such that
Frenkel defect formation will quickly become efficient over radiative recombination
processes.

The rapid saturation in Frenkel defect number is again attributed to two processes.
At these high pulse energies, there is a saturation to the electron density growth

which becomes high enough that efficient Auger processes take equal precedence with

avalanche ionisation. In addition, the non-radiative recombination of self-trapped

123



bi-excitons becomes efficient compared with radiative processes as the electron-lattice
equilibrium temperature is high.

For comparison with experiment, the pulse energy and number of simulated defects
were scaled by constants and fit as outlined above. Respective values of 2.84 and 3.47
were found for these two scaling factors, providing the fit shown in 6.2h with an R? of
0.9977 and adjusted R? of 0.9976. These scaling factors were found by first taking
the base 10 logarithm of the model and experimental data such that linear regression
could be used.

By integrating the coupled rate equations over energy and plotting over position,
the predicted spatial distribution of defects generated is shown. Figure 6.2e shows a
slice of the spatial distribution for a pulse of 5.5 nJ focused at 20 um into the material.
The distribution appears to be roughly Gaussian with a FWHM of ~ 250 nm in depth
and ~ 50 nm in radius. Defects are centred at depths shallower than the centre of
focus of the laser. This is due to the fact that the laser pulse travels downwards
through the material into focus and back out, therefore electrons are generated at
shallower depths first. The fast nature of the electron generation means that densities
reach the plasma point before the pulse has fully reached the focal depth meaning
defect generation occurs at shallower depths. The plasma then attenuates the beam
such that deeper depths do not experience the same laser intensity and thus stifles
the generation at focus and deeper. For higher pulse energies, there is a slight loss in
the confinement with FWHM of ~ 80 nm in radius and ~ 250 nm axially for a 7 nJ
pulse, shown in Figure 6.2f. There is also a further shift to shallower depths due to
attenuation occurring at an earlier stage of the pulse propagation. This shift in depth
could be compensated for by refocusing the system. These values are very similar to
the measured positional accuracy of laser written NV centres shown in chapter eight
[9]. Whilst not exactly a like-for-like comparison since the model does not include

the annealing required to form NV centres from the Frenkel defects, the consistency
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between the two gives confidence in the simulation results.

Figure 6.3 displays the simulated time dynamics for various parameters generated
by an 6 nJ, 300 fs pulse at the focal point of the laser pulse, allowing the relative
timings of the various processes to be observed. Electron generation occurs quickly
during and following the pulse, initially via photoionisation but the majority being
generated later via cascade processes. The electron concentration peaks around 0.25
ps after the peak of the pulse intensity and then decays multi-exponentially due to
non-radiative recombination processes such as Auger processes and excitonic formation.
Rapid carrier-carrier scattering ensures that the different carrier types are at thermal
equilibrium with each other and re-ionises the majority of excitonic states that form.
Immediately after the pulse the carrier temperature reaches several thousand degrees
while lattice temperature remains low. Electron-phonon scattering then causes the
carrier temperature to decay rapidly and the lattice temperature to increase until
equilibrium is reached after around 30 ps.

The cooling of the hot carriers also triggers the increase of exciton and then bi-
exciton populations, with peak populations at times of about 9 ps and 20 ps after the
laser pulse. Many of these dissociate quickly back into free carriers, but some remain
bound, even at high electron temperature, forming hot excitons and poly-excitons
with a Boltzmann distribution at the carrier temperature. The STbX population
and the resulting population of Frenkel defects then follow some 22 ps and 30 ps
after the laser pulse has passed respectively. It should be noted that by this time the
lattice temperature is sufficiently high that the proposed thermally activated Frenkel
defect formation process will be considerably faster than radiative recombination of
the STbX discussed by Mauri et al. [178].

Strictly speaking electron temperature only makes physical sense when the system
is in equilibrium. In this highly dynamical system, the system is far from equilibrium

such that plotting the carrier densities as a function of energy will give insight into
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Figure 6.3 Time dependence of parameters simulated in the PDE model.
The peak of the laser pulse is set to 1 ps to facilitate a logarithmic time scale
capturing the range of dynamics. Through charge neutrality, the number of

holes is equal to the number of electrons.
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Figure 6.4 Carrier energy distribution at various times throughout the pulse
where the zero of energy is the maxima of the valence band. Carriers of energy
below zero are holes and carriers above zeros are electrons.

the dynamics. The energy dynamics at various times throughout and following the
pulse are shown in Figure 6.4.

On a logarithmic-linear scale equilibrium carrier distributions are given by straight
lines and deviation from this represents non-equilibrium dynamics. The gradient of
the straight line gives an indication of the carrier temperature with shallower gradients
representing higher temperatures. Initially photoionisation produces sharp deviations
from equilibrium throughout. Scattering processes quickly thermalise the distribution
such that an effective carrier temperature can be calculated. Carrier temperature
grows quickly to thousands of degrees and that lattice temperature remains low for

a much longer period. Following the pulse, carrier temperatures decay over tens of
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picoseconds and thermalise with the lattice shown in Figure 6.3 with quasi-equilibrium

temperatures for the carrier-lattice system given by Figure 6.2c.

6.3 Varying initial parameters

The model allows for additional exploration of the dependence of Frenkel defect
generation on various pulse parameters. These parameters are also able to adjusted
experimentally. Comparison of the theoretical results with experimental data over
a wider range of initial conditions will enable exploration of more of the parameter

space and add weight to the formation hypothesis.

6.3.1 Varying numerical aperture

The numerical aperture of the focusing lens has a drastic impact on the intensity
distribution within the material. Lowering the numerical aperture will the increase
the focal volume with an inverse power law relationship to the power of negative four
and thus reduced the focal intensity by the same factor. Therefore the threshold
pulse energy for defect creation (where the creation probability surpasses 1) should
also increase significantly. Alongside lower spatial confinement, carrier diffusion is
likely to play a lesser role as the spatial gradients will be lower. Experimentally, the
numerical aperture of the focusing lens can be carefully controlled whilst utilising the
same objective lens to maintain oil immersion by applying a blazed grating to the
spatial light modulator. This allows control over the fill factor of the lens.

The change to the focal volume for a time-integrated pulse ignoring plasma effects
can be seen in Figure 6.5.

Further arrays of single pulses of varying energies ranging from no visible damage
upon 2000 pulses to significant graphitisation upon a single pulse were fabricated with

numerical apertures ranging between 0.95 and 1.4. In addition, the set of differential
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Figure 6.5 The increase in the focal volume as the numerical aperture is
reduced ranging from NA = 1.4 to NA = 0.95.

equations were then solved for differing numerical apertures ranging between 0.95 and
1.4 and both experimental and simulated results are shown in Figure 6.6. As before,
the shapes of the data-sets and relative distances between them are the important
parameters when comparing to experiment rather than the absolute values of pulse
energies due to the assumptions of perfect aberration correction and no losses of light
during focusing.

The general trend that the lower the numerical aperture, the higher the threshold
pulse energy, is visible in both the simulation results and the experimental data.
However the required increase in pulse energy for NA = 0.95 is somewhat larger than
predicted and the simulations predict a shift in the formation between numerical
aperture of 1.4 and 1.25 not shown in experiment. This is possibly explained by
a variation of the focal aberrations during the fabrication of these arrays as the
aberration correction is very sensitive to slight changes such as sample drift, indicating

that the array with NA of 1.25 had slightly less focal aberrations at the time of
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Figure 6.6 . Simulated (lines) defect generation probability as a function of
pulse energy for differing numerical aperture of focus alongside experimental
data (points). The numerical aperture’s range from 0.95 to 1.4. b. Data and
simulation for differing numerical aperture of focus overlaid to show agreement
in the non-linearity. The y axis has arbitrary units (a.u).

fabrication than those around it. It could also indicate that the outermost rays passing
through the objective do not contribute measurably to the peak focal intensity. Figure
6.6b shows the same experimental data with the simulation data-sets independently
scaled in x and y and fit through least squares fitting as before to the experimental
data for comparison of the non-linearity. The x scaling required for each dataset
varied between a factor of 1.5 and 3, within the margin for error of optical aberrations.
The y scaling was similar for each dataset at approximately a factor of 2 to 3. The
overlaid simulations on the data show that dependence on relative pulse energy does
not vary substantially with numerical aperture and the simulations fit well to the data
throughout. The non-linearity of the generation does not appear to be affected by

changing the numerical aperture of the focusing lens.

130



6.3.2 Varying pulse duration

A shorter pulse achieves the same focal intensity for a lower pulse energy but the total
photoionisation is less for the same peak intensity. Phonon and carrier scattering do
not change timescales depending upon pulse duration, therefore the ratio of energy
gain to energy loss also changes. Impact ionisation becomes less important such that
lower numbers of carriers are generated for a shorter pulse. Counter to that scattering
events become less important relative to photoionisation during the pulse and defect
creation occurs further after the decay of the pulse. A key difference is the onset
of plasma effects in comparison to the proportion of the pulse that has passed. For
short pulses, the entire pulse is contained within a short region such that the onset of
plasma effects has a smaller impact than longer pulses whereby plasma effects can
start to take affect whilst a large portion of the pulse is still to pass. Further arrays of
single Ti:Sapphire pulses with pulse durations ranging between 120 fs to 1 ps were
fabricated into the electronic grade material. Again, pulse energies were chosen with
a minimum of 2000 pulses doing no visible damage and a maximum of a single pulse
creating significant graphitisation. The effect of varying the pulse duration between
120 fs and 1 ps is shown in Figures 6.7a and b where, as with the numerical aperture,
panel b includes a re-scaling of the individual simulation data-sets to provide best fits
to the experimental data. The x scaling required for each dataset varied between a
factor of 1.2 and 3, within the margin for error of optical aberrations. The y scaling
was similar for each dataset at approximately a factor of 2.

The general trend shown in both experimental data and the simulation results is for
shorter pulses to require higher pulse energies for defect generation. This is because,
although shorter pulses achieve the same focal intensity for a lower pulse energy, they
generate fewer carriers from the initial photoionisation at the same intensity and

fewer carriers are generated through the secondary route of free carrier absorption
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Figure 6.7 a. Simulated (lines) defect generation probability as a function of
pulse energy for differing pulse durations alongside experimental data (points).
The pulse durations range from 120 fs to 1 ps. b. The data and simulation
for differing pulse durations are overlaid to compare the non-linearity.

and subsequent impact ionisation. This reduced carrier density per pulse also means
that shorter pulses have a lower chance of graphitising giving a larger window between
defect creation switch on and graphitisation allowing for more margin for error in the
fabrication of defects. This trend is in qualitative agreement with Kurita et al. who
showed that a train of shorter lasers pulse has a significantly lower chance of causing
graphitisation than an equivalent train of long pulses [144] [213]. The work of Kurita
et al. is multiple pulse processing where defects that have been formed likely influence
the absorption profile of the laser for later pulses, whereas the work of this chapter is
single pulse processing, however the two show agreement in the reduced probability
of graphitisation. Potential future work could utilise shorter duration pulses in the
fabrication of colour centres through laser processing due to this larger window.
The effect of this change is particularly marked in the results of the simulation
for the 120 fs pulse, where the threshold for Frenkel defect generation is a factor of

two larger than that for the 500 fs pulse. In the experiment only a 30% increase in
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threshold is observed, which may indicate that the pulse envelope for the shortest
pulses is less well-approximated by the Gaussian distribution used in the model.
Experimentally, the observed non-linearity is again relatively unchanged; in contrast
the model predicts a noticeable reduction in non-linearity for the longest pulses.
The reduction in non-linearity observed in the model arises due to the competition
between impact ionisation and Auger processes at the high carrier densities leading to
a diminishing increase in maximum carrier density with an increase in pulse energy.
In addition, the longer pulses are more affected by attenuation from plasma effects.
The efficiency of impact ionisation or the attenuation is potentially over estimated in

the model.

6.3.3 Varying wavelength

The light-matter interactions, generation of carriers, defects and damage by a pulse
will be very sensitive to the wavelength of the light used. The photon energy is
different which leads to differing photoionisation behaviour with a shorter wavelength
giving a lower photoionisation non-linearity and achieving higher photoionisation
yields at lower intensities. The change in wavelength also gives rise to a change in the
focal volume, therefore a shorter wavelength requires less pulse energy to achieve the
same peak intensity. This leads to a lowered threshold for defect creation, however,
the reduced photoionisation non-linearity also leads to a lower effective threshold for
graphitisation due to a higher carrier density being reached at a lower intensity.

A further array was fabricated using a frequency doubled Ytterbium laser out-
putting 170 fs 515nm pulsed light which broadens to ~ 300 fs at the back focal plane
of the objective lens for the effect of writing wavelength on fabrication to be tested
experimentally. Changing the input wavelength from infrared (790 nm) to green (515

nm) allows for a tighter focus by a factor of 2.38 achieving 2.38 times higher focal
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Figure 6.8 time-integrated focal volumes for light of 515 nm and 790 nm
with no focal aberrations and no plasma effects. The reduced wavelength
allows for a significant reduction in the focal volume leading to a 2.38 times
increase in focal intensity for the same pulse energy.

intensities for the same pulse energy, the formation of defects should therefore occur at
lower pulse energies. A time-integrated slice of the tighter focus assuming no plasma
effects is shown in Figure 6.8.

In addition, the photon energy is larger for 515 nm light which leads to differing
photoionisation behaviour. Less photons (three photons rather than five at the I’
point) are required to allow the transition of valence electrons across the bandgap and
the canonical momentum gained at a particular pulse energy is greater due to the
increased focal intensity, yielding a lower photoionisation non-linearity and achieving
greater photoionisation yields at lower intensities. Cascade effects are also increased
due to the larger photon energy producing a faster energy gain within the conduction
band and the higher intensities from the tighter focus. These effects lead to a lowered
threshold for defect creation, however, the reduced photoionisation non-linearity also
leads to a lower effective threshold for graphitisation due to a higher carrier densities
being reachable at a lower intensity.

As a different laser was used, different optics were used for adaptive aberration

control and directing the light into the back focal plane of the objective lens. It should
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Figure 6.9 Simulated (lines) defect generation probability as a function of
pulse energy for differing writing wavelengths alongside experimental data
(points). The two wavelengths tested are 790 nm and 515 nm. The right-hand
figure shows data and simulation for differing writing wavelengths overlaid
with the simulation independently scaled in x and y to a best fit to compare
the non-linearity.

be noted that the alignment of the green laser to the spatial light modulator proved
difficult, thus there is likely some uncorrected aberrations in the array generated with
this laser. Due to these aberrations, defect and damage formation are likely to occur
at higher pulse energies than could be achieved given an optimised setup. In addition,
the rotating wave-plate used to control the pulse energy for this system developed
a recoil meaning there may be a small variation in pulse energy between sites that
were repeated at the same pulse energy. Figure 6.9 shows simulated and experimental
data-set for the wavelength dependence of defect generation.

The reduced photoionisation non-linearity and tighter focusing leads to simulated
defect generation occurring at lower pulse energies than with the longer wavelength.
This is in contrast with the experimental results that show that the shorter wavelength
has a higher threshold pulse energy for defect creation. The difference is likely due to

aberrations during the focusing of the 515 nm laser as there was some difficulty in
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the alignment of the SLM. This experiment should be repeated with a less aberrated
focal beam. The right-hand figure shows the simulated non-linearity curves scaled
independently in x and y to best fit the experimental data in order to compare the
trend with experiment. The simulation predicts small decrease in the non-linearity
for the shorter wavelength that doesn’t appear in experiment. The reason for this
discrepancy is potentially due to the large error bars on the experimental data or
an over estimation of plasma effects that lead to attenuation and a reduction in the

degree of non-linearity.

6.3.4 Varying nitrogen content

The generation of defects within the diamond material is likely influenced by existing
defects within the material. Deviations from a periodic lattice lead to the formation
of states within the forbidden bandgap and likely significantly change photoionisation
behaviour. In addition, these mid-gap states will act as traps for charge carriers
through the Shockley-Read-Hall effect leading to a significant speed up of carrier
recombination and potentially changing the potential energy surface required for
further defect formation. In addition, they will change the absorption profile of
the incoming beam. This is important for multiple pulsing experiments where the
deviations from the periodic lattice are Frenkel defects, or for processing into a doped
material where the deviations are dopant atoms. This is why it is often possible to
generate graphite with a few pulses of a below threshold graphitisation pulse energy.

The samples used in this study were all type 1b single-crystal diamonds. A sample
of concentration 1.8 ppm was supplied by DeBeers with the diamond cut and polished
along a (110) surface. The other two samples used were supplied by Element Six with
one sample being an electronic grade sample of 2 ppb nitrogen concentration as above,

while the other was of concentration 150 ppb, both samples were (100) oriented. Prior
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Figure 6.10 Dependence of the fluorescence behaviour of laser written Frenkel
defects in diamond with the concentration of nitrogen within the material.

to the fabrication of vacancies within the diamond, cross-polar images were taken to
study the relative strain within each sample with the selected region of fabrication
chosen as that which had the lowest amount of relative strain. The experimental
procedure was repeated for each of the samples and fluorescence intensity measured
from the corresponding laser written sites. The background fluorescence from the
150 ppb sample was too high such that laser written sites appeared dark, therefore
this sample was neglected from the analysis. Figure 6.10 displays the pulse energy
relationship of the fluorescence intensity for the 2 ppb and 1.8 ppm sample.

Higher nitrogen content appears to shift the graph to lower pulse energies and
to greater fluorescence intensities suggesting that the dopant allows for an easier
formation route as the dopant atoms will naturally act as scattering centres and
concentrators of laser energy.

In addition, spectral analysis reveals that some sites within the array of higher
nitrogen contain a mix of vacancies and NV. It is plausible that the laser creates a

vacancy as nearest neighbor to a substitutional nitrogen atom, the chance of which is
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one thousand times higher moving from ppb to ppm. NV centres are much brighter
than Frenkel defects, hence will dominate fluorescence intensity at low pulse energies.
Indeed, the lowest pulse energies that fluorescence was observed yielded mainly no
fluorescence and the small percentage that fluorescence had a significant fluorescence
intensity and spectral features containing NV centres.

This parameter was not explored theoretically as the presence of nitrogen within
the diamond lattice changes the band-structure and Fermi level and likely changes
the absorption profile of the incoming laser pulse. There are many unknowns here
which would need to tied down in order to solve the differential equations for a doped

diamond material.

6.3.5 Modelling focal aberrations

In the above analysis, the focal aberrations were assumed to be zero to simplify the
analysis. However, in the experimental apparatus perfect aberration correction is
realistically impossible which is why scaling parameters were required to compare the
model to experiment as described earlier.

It is possible to simulate focal aberrations by applying a phase shift ¢(z,y) to the
intensity at the back focal plane of the objective lens. An arbitrary aberration can be
described by a superposition of orthonormal modes on a unit disk. Due to the large
mismatch in refractive index, the most likely aberration to appear experimentally is the
spherical aberration (for example if the wrong amount of correction was applied.). A
spherical aberration can be simulated in the same way one might appear in experiment,
by scaling the phase applied to the SLM, ¢gpa such that it no longer exactly cancels
out the inherent spherical aberration from focusing into a high refractive index material,

¢sph- This way a spherical aberration of arbitrary size can be studied.
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Figure 6.11 Instantaneous light energy density distribution given a focal
depth at 20 pm but spherical aberration correction set to 15 pym yielding a
positive spherical aberration.

¢(‘Ta y) = ¢Def00us(z7 y) + ¢Sph($7 y) + ¢SLM(xa y) (62)

This aberrated phase can be substituted into the wave equation governing the
propagation yielding the aberrated intensity distribution. Through comparison of
the peak intensities from the aberrated beam and the perfectly focused beam, the
Strehl ratio can be calculated. Figure 6.11 shows the effect of a positively spherically
aberrated beam where ¢gry = —0.75¢g,,. This is the distribution considering no
carrier generation and plasma effects.

The positive spherical aberration pushes the focal depth deeper, vastly extends
the axial extent of the pulse and reduces the peak intensity by over a factor of 2.
This will impact the defect generation two-fold, the reduction in spatial confinement
and symmetry will reduce the positional accuracy and control of the generation and
the threshold pulse energy will significantly increase due to the reduction in peak
focal intensity. This explains why uncorrected or poorly corrected focuses achieve no

damage regardless of high pulse energies and why absolute pulse energy is not the best
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Figure 6.12 The distribution of Frenkel generated following a positively
spherically aberrated pulse of pulse energy 12 nJ. Here the spherical aberration
correction applied to the SLM had an amplitude of —0.75¢g,,. The effect is
to shift the generation to a deeper depth and a higher pulse energy is required
to attain generation. In addition, the generation appears to gain a tail to
deeper depths at larger radii caused by a similar asymmetry in the focused
light.

metric for determining how much modification to the material will be achieved ahead
of time. Instead a better way to determine the pulse energies to use for a particular
experiment is find the pulse energy required to graphitise the diamond and minimise
through iterative aberration correction. Following this reduce the pulse energy in
small increments.

Inputting an aberrated initial focus into the set of coupled differential equations
can give information on the sensitivity of processing to a more realistic laser pulse.
Figure 6.12 displays the distribution of Frenkel defects from an initial pulse set with
dsv = —0.75¢g,,. Here the pulse energy is increased such that the peak intensity is
matched that of the unaberrated case, in this case a pulse energy of 12 nJ.

The effect of the spherically aberrated focal volume is to shift the generation to

a deeper depth and a higher pulse energy is required to attain generation of defects.
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Careful application of these aberrations could potentially be utilised in practice to
combat the shift to shallower depths caused by the plasma attenuation. In addition, the
generation appears to reach deeper depths at larger radii meaning that the generation
will no longer be caused by a similar asymmetry in the focused light.

It is rare that the correction will be out to such a degree as shown above. For a
smaller spherical aberration, the reduction in focal intensity and spatial asymmetry
will be lower however, there is also likely small aberrations from other sources such as
misalignment of the beam path. These are possible to correct for by adding phase
patterns to the SLM but it is unlikely that the correction will be perfect. A realistic
Strehl ratio experimentally is of order ~ 0.8 - 0.9.

Other common aberrations that may occur are astigmatism and coma. These arise
if the light passes through or reflects off an optic at an angle to the optic axis or if the
optic is slightly asymmetric. Applying the relevant Zernike polynomials to the phase
pre-focusing allows for modelling of the aberrated light intensity distribution. As
these aberrations contain an azimuthal component, the resulting intensity distribution
is no longer cylindrically symmetric and a third dimension is needed to describe
the full distribution. The addition of another dimension makes the full coupled
partial differential equation model too computationally expensive to solve numerically,
therefore to study the effect of these aberrations, I will calculate the no-plasma 3D
light intensity distribution at peak time for various aberrated beams and measure
the Strehl ratio as a function of the aberration amplitude. This can be tentatively
thought of as the inverse of the pulse energy increase required for defect formation.

The phase that leads to an astigmatism can be described by

Pastig(1,0) = r?sin(260 + A6) (6.3)

and coma,
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Figure 6.13 Strehl ratio against applied aberration amplitude for astigma-
tism, spherical and coma aberrations.

Geoma(T,0) = (30> — 2r) sin(6 + AB) (6.4)

The axes which these are aligned can be adjusted by adjusting the phase in the sine
functions. Figure 6.13 shows how the Strehl ratio changes given different amplitudes
of each of these aberrations as well as spherical aberration.

All three are symmetrically peaked functions that quickly cause a significant drop
in focal intensity given a small level of aberration. As the laser writing process is highly
non-linear with respect to focal intensity, it is clear to see how a small aberration can
alter a pulse from causing graphitisation to having no effect on the diamond. This
effect is only compounded if the aberration is a superposition of more than one mode.
The coma aberration may not appear to have too much of an effect on the Strehl ratio,
however, it causes a significant deviation in the lateral positioning of the focus, vastly
reducing positional accuracy. Aberration control is not only important for controlling

the number of defects generated but also for the positional control of the fabrication.
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6.4 Summary

This chapter has described an experimental study and theoretical into the non-linearity
of the laser processing from a single pulse. Single pulses of femtosecond laser light were
focused deep into the material following aberration correction yielding the formation
of Frenkel defects. The defect gives a fluorescent signature at 740 nm; the intensity
of fluorescence measured from the focal region gives a metric for the number of
defects that are generated. Laser and material parameters such as pulse energy, pulse
duration, numerical aperture and dopant concentration were carefully varied and the
change to the response of the crystal was quantified by comparing the fluorescence
intensity. Due to the low quantum efficiency of the vacancy fluorescence cycle, visible
fluorescence is only possible when many vacancies are present. For the generation
of colour centres such as the nitrogen vacancy centre, relatively few vacancies are
desired as any additional defects couple to the spin and reduce the spin coherence
lifetime. In this study, vacancies were generated from well below this threshold to well
above this threshold to understand the dynamics of formation and how this changes
with laser parameters. It is clear that the single pulse laser writing process is highly
non-linear and the threshold for defect generation is highly dependent upon the laser
parameters however the level of non-linearity appears only weakly dependent upon
laser parameters.

The theoretical model developed in chapter five appears to explain most of the
experimental data. The coupled differential equation model describes an ultra-low
pulse energy regime for ultra-fast laser processing in diamond in which fabrication
within the material displays further non-linearity with respect to focal intensity than
the electron generation. Plasma effects are critical in explaining the highly non-linear
generation observed with respect to pulse energy. For very low pulse energies, not

enough carriers are generated in the initial photoionisation for plasma effects to become
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important, such that most of the energy passes straight through the material. In
contrast, a higher energy pulse generates a significant number of initial carriers which
leads to a strong plasma absorption which in turn generates further carriers. For these
pulses a significant proportion of the light becomes absorbed. For the highest energy
pulses a sufficient density of plasma is generated that part of the beam is reflected
back and therefore will not pass through the focus. This goes someway to explaining
the saturation alongside the fact that the number of defects generated becomes of a
similar order to the number of electrons. It also highlights the importance of finely
controlled aberration correction during the experimental procedure. In addition, for
all but the lowest energy pulses, the simulated spatial distribution of defects is shifted
to shallower depths than the initial focal depth due to beam attenuation. This is
potentially crucial information for improving the precision of laser fabrication inside
transparent media.

This hypothesis is also consistent with the experimental results that vacancies (and
therefore colour centres post an annealing step) are often found in the surrounding
area of high damage regions. The surrounding region from that high damage region
will have received a lower energy density irradiation and thus will be in the sweet-spot
for vacancy generation.

Yurgens et al. recently showed that the use of a truncated hemispherical cubic
zirconia solid immersion lens (t-SIL) could drastically reduce the threshold write-pulse
energy for vacancy creation and allow for generation of colour centres close to the
diamond surface [147|. They used single 35 fs, 800 nm pulses focused through a 0.9
numerical aperture air lens into the t-SIL and achieved vacancy creation at pulse
energies down to 5.8 nJ. Without the use of the t-SIL, they were unable to generate
vacancies up to the pulse energy limit of their laser (52 nJ). The reason for this drastic
reduction in pulse energy threshold is likely due to a higher spatial confinement of the

laser focus by the t-SIL allowing for much higher focal intensities at low pulse energies
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than the traditional optical methods used in this work.

Single pulse laser writing for this study was performed by myself and Patrick
Salter and fluorescence characterisation was conducted by myself and Rajesh Patel.
Numerical integration of the differential equations in MATLAB and fitting of the
model to experimental data was undertaken by myself. Discussions with Jason Smith,

Patrick Salter and Joanna Zajac were undertaken on the presentation of data.
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Chapter Seven

Enhancement of Silicon Vacancy

Ensembles

7.1 Introduction

In order to be useful for quantum technologies, Frenkel defects need to be converted
into colour centres, often consisting of X-vacancy where X is a dopant atom. This
has been demonstrated in the past for nitrogen vacancy (NV) centres via thermal
annealing where vacancies diffuse by random walk and reach a substitutional nitrogen
atom [6]. Another interesting colour centre is the SiV centre.

The different structure of this defect is interesting in the context of this work as
the formation processes involved may differ from those of NV centres which have been
studied previously. Therefore, laser processing of a silicon doped sample may give some
insight into both the formation mechanisms and the fundamental laser interaction with
the material. In addition, expanding the laser processing to engineer group IV colour
centres will help pave the way to the development of a solid-state quantum technology
and cement laser processing as one of the predominant engineering techniques. A
major challenge of engineering this centre is that the SiV centre is a lower potential

energy state than substitutional silicon so obtaining a sample with a sufficiently low
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dopant level introduced during growth to be able to distinguish single defect creation
is challenging. In this regard silicon is normally added to samples post growth via
implantation techniques and indeed the majority of studies into this defect rely upon
implanted centres.

Recently, laser ablation of silicon nanoballs above the surface of the diamond has
demonstrated the ability to generate near surface SiV- centres, however with little to

no positional control and a stochastic yield [86].

7.2 Method

The diamond sample used in this study was a 110 silicon doped type 1b diamond
supplied by DeBeers with a significant SiV- photoluminescence background. The
sample background fluorescence comes in bands of bright and dark (Figure 7.1)
corresponding to significant dislocations within the sample and at interfaces between
differing levels of silicon dopant incorporated during growth of the crystal. These
bright and dark bands are identified via spectroscopy to contain significant numbers
of SiV-.

Single pulses of 300 fs Ti:Sapphire light were focused 10 um into the material
generating an array with 5 gm pitch where the pulse energy varied between rows. Pulse
energies were chosen such that the highest energy pulses graphitised upon 2 successive
pulses and the lowest energy pulses produced no visible damage upon irradiation
of 2000 pulses. Some of these sites were processed within the bright band regions
and some within the dark-band regions. Twenty repeats were written at each pulse
energy to build up statistics. The sample was then globally annealed in a nitrogen
environment for 3 hours at 1000 °C to enable diffusion of laser generated vacancies
and healing of laser damage. A second array was laser written into the diamond but

not annealed.
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Figure 7.1 Bright and dark bands within the sample. a. A differential
update of the dopant level during growth leads to a significant difference in
fluorescence intensity across the interface. b. Strata of differing fluorescence
intensity in the sample background corresponding to dislocations leading to
variations in the density of SiV~ ensembles.

Following this, fluorescence was collected between 590 nm and 900 nm at lig-
uid helium temperature (4 - 17 K) and room-temperature with 532 nm excitation.
Excitation at 660 nm and 915 nm were also performed to measure whether there
was any SiV? present. Photon autocorrelation measurements were carried out on
laser-written sites using the Hanbury-Brown and Twiss method using single photon
avalanche photodiodes with timing resolution ~ 500 ps. Photoluminescence excitation
(PLE) spectroscopy was used to probe the ZPL’s of the annealed SiV™ ensembles at
temperature T = 4.2 K. To determine the concentrations of non-fluorescent defects
within the bulk material, electron paramagnetic resonance (EPR) spectroscopy was

performed.
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Figure 7.2 a. An image of the laser written array with no anneal taken at 532
nm excitation, 20 repeats were generated for each pulse energy. Background
fluorescence is ensemble SiV-. b. Normalised room-temperature spectra of
laser written sites under an excitation wavelength of 532 nm. c¢. Room-
temperature spectra of laser written sites. d. Normalised spectroscopy
undertaken at low temperature under an excitation wavelength of 532 nm.
e. Low temperature spectroscopy of the SiV~ lines for various pulse energies.
f. An image of the array taken with 915 nm excitation. Laser written sites
remain dark, graphitic markers are bright. g. Low temperature spectroscopy
of the GR1 line for various pulse energies. h. A fluorescence spectrum of a
laser written site and background indicating a near 3 times enhancement in
the density of SiV™ and a small GR1 peak at 741 nm.
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7.3 Results

Figure 7.2a shows a photoluminescence image of an array immediately after laser
writing. Auto-correlation measurements reveal no anti-bunching indicating that these
are ensembles. This is to be expected given the large SiV- background of the sample.
Room-temperature spectroscopy (Figure’s 7.2b and 7.2¢) carried out with an excitation
wavelength at 532 nm reveals a significant increase in brightness of the 737 nm line
from all processed sites which broadens at the higher pulse energies (> 19 nJ). Low
write-pulse energy sites fluoresce intensely at 737 nm with no broadening compared to
the background. Low temperature spectroscopy of the unannealed sites reveals that
the 4 spectral lines of the SiV™ all brighten significantly following a single laser pulse.
At high pulse energies (21.8 nJ), these broaden and become distorted, however at
lower pulse energies (< 20 nJ) a significant enhancement is seen without broadening or
distorting of the spectral lines. These spectra provide compelling evidence that laser
writing is able to generate dense SiV™ ensembles from a single pulse without the need
for an annealing step. However single pulse laser writing is known to produce Frenkel
defects [6] [7] and other damage (voids/sp? hybridised carbon) [29] [174]. Figure
7.2f shows the same region of the sample illuminated with 915 nm excitation. No
fluorescent sites can be seen except for the laser written graphitic marker lines. This
indicates that there is no SiV® within the laser written sites. A small GR1 peak at
741 nm is observed for the lower pulse energy sites which disappears for pulse energies
above 14 nJ (Figure 7.2g). The peak at 741 nm and the broadening of the SiV- lines at
higher pulse energies indicates that the laser is producing vacancies and other damage
alongside increasing the density of the SiV". Figure 7.2h displays a spectrum and
background inclusive of the the SiV lines and GR1 peak showing enhancement of the
SiV signature by approximately a factor of 3. The GR1 peak is reduced compared to

expected levels |7], indicating that there may be some quenching process taking place.
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Following a global thermal anneal at 1000 °C for 3 hours, room-temperature
spectroscopy at 532 nm (Figure’s 7.3a and 7.3b) revealed the signature SiV™ peak
at 737 nm alongside varying amounts of NV fluorescence dependent upon the write-
pulse energy indicating that some of the vacancies which formed during the laser
writing process had diffused to reach substitutional nitrogen within the crystal. Low
temperature spectroscopy (Figures 7.3c and 7.3d) reveals no broadening of the SiV-
line even at the higher pulse energies indicating that any additional laser damage
has been annealed away. In addition, the GR1 peak at 741 nm disappeared. This
indicates that the additional laser damage generated was annealed away and some was
converted into NV ensembles. Figure 7.3e indicates that the anneal slightly reduces
the intensity of the SiV~ sites, although still a significant enhancement above the
background, but also removes the GR1 peak, "healing" some of the additional laser
damage.

PLE spectroscopy reveals laser written SiV ensembles with a spectral line-shape
matching that of the sample background with a small tail to higher frequencies and
roughly twice the background count rate (Figure 7.3f). Whilst these line-shapes likely
contain multiple overlapping centres, a bi-Gaussian was fit with a spectral linewidth
of 3.489 GHz at a central frequency of 406.712 THz and of 7.617 GHz at a frequency
of 406.72 THz. The background SiV ensemble is similarly fit with a bi-Gaussian
distribution with a spectral linewidth of 3.557 GHz at 406.712 THz and of 7.518 GHz
at 406.72 THz. This shows that the laser process does not broaden the ensemble
linewidth indicating that additional unwanted damage to the diamond is minimal and
linewidths are likely limited by the inhomogeneity of the diamond. These linewidths
are of a similar order to CVD grown SiV™ ensembles within the literature [71] [72].
Individual SiV™ peaks could potentially be distinguished through hole burning [72]
[214].
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Figure 7.3 a. Room-temperature spectra of laser written and annealed sites
of increasing pulse energies under an excitation wavelength of 532 nm. b.
Room-temperature spectra of the zero-phonon line of the laser written and
annealed sites. c. Examples of spectra taken at 4 K from a laser written
and annealed site d. Normalised examples of spectra taken at 4 K from
a laser written and annealed site to highlight that no broadening occurs
e. A fluorescence spectrum of a laser written site and background post an
annealing step indicating that the near 3 times enhancement in the density
of SiV™ remains and the GR1 peak has disappeared. f. Photoluminescence
excitation spectroscopy of a laser written site and the sample background.

7.4 Discussion

The enhancement of the 737 nm SiV- ZPL by a single laser pulse with no thermal
anneal suggests that the formation mechanism for these centres is different from the
traditional laser writing formation mechanism. Evidence for the formation of Frenkel
defects during the single pulse is seen, but also significant enhancement of the SiV-
signal. This indicates that more SiV’s are being generated within the pulse which
strongly suggests a mechanism different from the creation and diffusion of lattice
vacancies. The observation of SiV™ generation without thermal annealing tentatively
suggest a mechanism involving laser-induced dissociation of "passivated" SiV complexes

rather than the recombination of thermodynamic unstable substitutional silicon and
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vacancies. The exact nature of these passivated defects requires further investigation
but may provide a path towards SiV-background free samples by enhancing their
formation further during growth. DFT suggests many stable complexes have no
allowed optical transitions, however, both SiV-H and SiV,-H have allowed optical
transitions in the infrared with the latter being associated with the experimentally
identified WAR3 EPR centre [215] [216]. Furthermore, the abundance of H during
CVD growth suggests the formation of a significant amount of SiVH-X defects [215].
Si-N complexes may also be able to explain the enhancement of SiV- from a single
laser pulse [217|. If the conglomerate is a Si-N complex, the laser processing may be
breaking the bonds between them generating SiV™ centres and substitutional nitrogen
alongside lattice vacancies. This would correlate with the formation of NV centres
seen upon annealing. Bulk EPR spectroscopy was performed to determine whether
these defect complexes exist, the results shown in Figure 7.4. These results put upper
limits on the bulk concentrations of various defect complexes within the material.
Concentrations of 5 1 ppb for SiV?, and 99 + 10 ppb for N dominated the EPR
signals. The concentration of both SiV-H? and SiV2-H° are both below the limit
detectable by EPR (~ 0.5 ppb). Signals corresponding to Si-N complexes are not seen.
These very low concentrations suggest that these defects are not the conglomerates
being broken up during laser irradiation as the enhancement of SiV~ ensembles from
the laser irradiation occurs at all irradiated sites above a pulse energy of 15 nJ.
A potential defect that have not been ruled out by photoluminescence and EPR
spectroscopy is the SiV?* [217]. DFT studies suggest that SiV? does not fluoresce or
produce an EPR signal making it difficult to observe [218]. Upon laser irradiation of
a SiV?%, the extra electron would become photoionised and join the plasma generated
by the laser pulse and potentially become trapped by nearby Frenkel defects that
form during irradiation leading to a significant gain in the density of SiV- ensembles.

Therefore, we hypothesise that the laser generates a cluster of Frenkel defects as before
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Figure 7.4 Bulk electron paramagnetic resonance spectroscopy of the silicon
doped diamond material showing the first derivative of the absorption spec-
trum against magnetic field strength. Four peaks are identified indicating
relative concentrations of N? and SiVY. Crucially signals corresponding to
hydrogen related complexes are not seen.

[7], after which the following reaction takes place.

SiVZT 4+ SiVT + VY = 2 x SiV™ + V™ (7.1)

Negatively-charged vacancies (ND1 defects) are invisible in photoluminescence
except in large quantities. This charge trapping would explain the apparent low levels
of GR1 produced by the laser at the higher pulse energies. Further evidence that
this is a charge state switching driven formation can be seen when switching between
excitation wavelengths. Figure 7.5a displays the photoluminescence count rate from a
laser written site following immediate switching of the excitation wavelength from 532
nm to 660 nm. The count-rate immediately increases, the opposite effect can be seen

when switching from 660 nm to 532 nm.
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Figure 7.5 a. Time trace of fluorescence intensity of a laser written site
following switching of the excitation wavelength from 532 nm to 660 nm. b.
Time trace of fluorescence intensity of a laser written site following switching
of the excitation wavelength from 660 nm to 532 nm

The stability of the SiV?* centre will be highly dependent upon the Fermi level.
EPR measurements indicate that the average nitrogen concentration throughout the
sample is roughly 100 ppb which shouldn’t be high enough to enable stable SiV?.
However, the dopant levels were altered in discrete steps during growth such that
locally the nitrogen level may be high enough to allow this. Some laser writing sites
were processed at the interface between two dopant levels. The exact concentrations
of nitrogen in each region are unknown. Figure 7.6 shows how the behaviour of the
laser written sites changes going into a region with a lower level of dopant.

The interface has a significant effect on the visibility and contrast of laser written
sites relative to the background. With 532 nm excitation, the region below the line
appears bright and laser written sites cannot be seen. With 660 nm, the region
appears dark and sites appear in high contrast. In the region below the interface,
spectroscopy reveals no significant enhancement of the SiV™ ZPL and significant
broadening, in contrast with large enhancement and no broadening above the interface,
indicating that the process is highly dependent upon the amount of dopant in the

material and Fermi level. The different excitation lasers are also likely driving differing
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Figure 7.6 Laser written points on either side of an interface between differing
levels of dopant. Top of Figure’s a and b show the region with higher nitrogen
and silicon dopant and below the line is a region of lower dopant. a. Excitation
in 532 nm with a narrow bandpass filter around the SiV™ zero-phonon line.
b. Excitation in 660 nm with a narrow bandpass filter around the SiV~ ZPL.
c. Spectroscopy take in the region of low dopant with 660 nm excitation and
no collection filtering.

charge dynamical behaviours hence the differing contrast and photochromic behaviour.
Further investigation is necessary to determine the full charge dynamical behaviours
including potentially systematically laser writing into different levels of dopant and
with a new sample where the dopant levels are known. As the dopant levels are not
uniform throughout the sample, both hypotheses of conglomerate defects being broken
up and charge state switching cannot be ruled out. Some work on the charge switching
between negative, neutral and double negative charge states of the SiV centre has
been investigated in ref. [219].

Photoluminescence spectroscopy of the annealed sites reveals that the linewidths of
the laser written SiV ensembles are comparable with that of the background from the
crystal. This suggests that the laser produces only small amounts of additional damage
and any extra damage surrounding the ensembles is healed during the annealing step

and does not majorly disturb the optical coherence.
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Figure 7.7 Positional accuracy of the laser processing. The positional data
is convoluted with the point-spread-function of the microscope as these
are ensemble centres, therefore this is an upper limit rather than the true
positioning. a. 25 centroids of laser written sites pre-anneal. b. 25 centroids
post anneal. Shown in blue is the FWHM least likelihood fitting of the 2D
Gaussian function that best fits the centroids.

As these centres are not singles, a positional accuracy map based upon fitting a
grid to a fluorescence image does not give an accurate representation as the positional
data will be convoluted with the point-spread-function of the microscope. However
from analysing the photoluminescence images, an upper limit for the deviation of
formation from the target location can be estimated. By fitting 2D Gaussian functions
to the photoluminescence image, the centroid of each laser written site could be
found. Comparing these locations with respect to a target grid, an upper limit to the
positional accuracy convoluted with the point-spread-function of the microscope could
be found. The target grid was fitted with respect to the fluorescence image through
least squares fitting of scaling, skew and rotation in x and y. Figure 7.7 reveals the

residual distances of the centroids from the target grid pre and post anneal shown in

red.
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A maximum likelihood analysis using the 2D Gaussian probability distribution

1 o?+Ay2
P(Az,Ay,0) = e~ St (7.2)

2o

reveals a lateral FWHM deviation of 0 = 47.49 4+ 5.2 nm for the unannealed
centres and o = 159 + 17.1 nm for the annealed centres maximise the value of P. In
the following chapter, it is found that the positional accuracy of single colour centres
generated through the non-linear laser processing is of order ~ 50 nm laterally [9]
reducing to ~ 200 nm following an annealing stage [6]. T conservatively estimate that
the positional accuracy here is of a similar order. Direct laser writing of SiV™ allows
for much greater positional control than through laser ablation of silicon nanoballs
with accuracies of a similar order to those obtained through ion implantation. An
advantage over ion implantation is the ability to generate centres deep within the
bulk and in 3D structures [29] with minimal damage. Furthermore, this work suggests
that this method can be used to create or enhance the density of narrow dense SiV
ensembles, for example interesting for quantum memory applications [220] from Si-
doped diamond without degrading their spectral properties. In-situ laser annealing,
such as that discussed in the following chapter, could potentially be used to delve
into the dynamics of the formation process and optimise the enhancement of SiV-

ensembles [9].

7.5 Summary

In summary, it has been demonstrated that direct laser writing can be used to generate
dense SiV ensembles of optical coherence equal to that of grown in centres with a
positional accuracy that is only limited by the precision of the non-linear laser process.
A tentative hypothesise is postulated that the formation mechanism differs from that

of previous direct laser writing work and involves the dissociation of SiV? into SiV-
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by means of a change to the local charge environment from the formation of lattice
vacancies. The extra electron is hypothesised to become trapped by the nearby vacancy
converting into V—, explaining the reduced level of GR1 emission. This mechanism is
highly dependent upon the local Fermi level surrounding the emitter and writing into
regions of lower dopant reveal no enhancement.

This processing method has scope for generating dense colour centre ensembles for
quantum memory applications as well as offering a probe into material parameters
and understanding the physics of defect complexes within wide bandgap materials. In
addition, with a lower level of dopant in the starting crystal, there is potential for the
formation of single SiV~ centres deep in the bulk using this method.

Single pulse laser writing in this chapter was conducted by myself and Patrick
Salter. Room-temperature spectroscopy was undertaken by myself, Yu-Chen Chen,
Helen Witkowska and Ben Green. Low temperature spectroscopy and PLE was
undertaken by myself, Jonas Becker, Laiyi Weng, Zhin Mai, Shannon Nicley, Andrew
Kirkpatrick, Helen Witkowska and Ben Green. EPR spectroscopy was undertaken
by Ben Green. Data analysis including positional accuracy, spectral and PLE fitting
were conducted by myself. Data analysis of EPR signals was undertaken by Ben
Green. Discussions on the mechanism behind SiV formation were conducted by myself,

Shannon Nicley, Jonas Becker and Ben Green.
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Chapter Eight

Deterministic Engineering of Single

Colour Centres

8.1 Introduction

Traditionally, colour centre engineering techniques have required a thermal anneal
within a furnace to allow diffusion of vacancies to dopants to form colour centres. The
thermal anneal yields a stochastic generation of colour centres entirely dependent on
the random walk of vacancies during the anneal. Some sites yield no centres and some
yield many centres. This stochastic nature means that the number of colour centres
produced per site is determined by Poissonian statistics such that the maximum
probability of creating a single centre at a given site is ~ 37%.

In addition, the positioning accuracy of the resultant centres is determined by the
vacancy diffusion length during annealing in a furnace. For previous laser generated
single colour centres, the positioning accuracy is limited to a few hundred nanometres
laterally and nearing a micron axially [6]. The development of a quantum device
which could utilise single colour centres requires a significant improvement of the
single centre yield and the positional accuracy such that millions of centres can be

generated as an array and control hardware can be built around each site.
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8.2 Laser annealing

In chapters five and six, it was found that a regime exists where a significant amount of
energy can be deposited into the lattice during laser processing whilst the probability
for lattice damage or defect creation remains negligible. The energy barrier required
to allow diffusion of vacancies and interstitial carbon is significantly lower than that
required to generate a defect [155]. Therefore there is likely a regime where a laser
pulse can facilitate the diffusion of pre-existing vacancies without generating more. It is
likely that this diffusion process also occurs through the relaxation of photo-generated
carriers and is likely to be non-linear as well. In addition, the local heating by the
laser will mean that the diffusion length is non-uniform across the focal volume giving
preferential diffusivity closer to the centre of the region. Within this regime, a pulse of
the laser allows for random motion of vacancies and interstitial carbon atoms confined
within the non-linear reduced focal volume of the laser. In the same way that a furnace
anneal allows for recombination of many Frenkel pairs and dissociation of a few which
can go on to form centre, a low energy laser pulse can achieve a similar effect. A train
of these pulses allows for a local annealing of the crystal facilitating the conversion
from vacancies to colour centre’s once a vacancy approaches a dopant atom. The local
annealing could also facilitate the healing of excess damage around the centre.

A new fabrication technique emerges whereupon a single pulse of the laser, a "seed
pulse", is used to generate Frenkel pairs within the material as before, but then this is
followed by a train of lower energy pulses, "diffusion pulses", facilitating diffusion and
recombination of Frenkel pairs alongside the formation of colour centres. This process
is outlined in Figure 8.1

An initial test of utilising this technique to form NV centres was conducted by
Patrick Salter and Yu-Chen Chen whereby a set number of lower energy pulses were

incident upon the same region as the high energy pulse. The diamond material selected
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Figure 8.1 Schematic of the laser-writing and laser-annealing process. A

single seed pulse is used to generate vacancies in the crystal, followed by a
pulse train at lower energy to locally anneal the diamond.

for this study was nitrogen rich (~ 1.8 ppm) as based upon global annealing studies,
one could expect vacancies to diffuse by only tens of nanometers before sample drift
would have some effect on the processing. The pulse energies for seed and diffusion
pulses were varied to gather information about how this affected the diamond material.
Photoluminescence spectroscopy undertaken by Yu-Chen Chen revealed that most
sites appeared either dark or graphitised due to either too much or two little energy
being deposited into the material with a small number (~ 10%) displaying single
and ensemble NV fluorescence determined through autocorrelation measurements. A
second fabrication study was undertaken by myself and Patrick Salter at the pulse
energies that had displayed highest likelihood of NV formation from the first test
(17.5 nJ seed and 11.5 nJ pulse train) and varied the number of pulses within the
pulse train with 30 repeats for each set of laser parameters. Table 8.1 displays the
parameters that were varied during this study.

Sites with no seed pulse produced no visible fluorescence during confocal imaging.
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Array | Number of seed (17.5 nJ) pulses | Number of diffusion (11.5 nJ) pulses

A 1 1000
B 1 2000
C 1 4000
D 1 6000
E 1 8000
F 1 10000
G 1 0

H 0 10000

Table 8.1 Number of seed and diffusion pulses used to investigate how number
of pulses affects the probability of NV formation. 30 repeats were conducted
for each.

Nineteen of the sites with no diffusion pulses produced no fluorescence and eleven sites
produced a peak at 740 nm indicative of vacancy formation. Therefore the seed pulse
generated a number of vacancies at and around the visibility threshold, known from
previous studies to give the highest yield of single colour centres upon annealing [6].

The sites which included both a seed pulse and diffusion pulses showed a stochastic
mix of no fluorescence, vacancies, graphite, single and ensemble NV determined
through photoluminescence spectroscopy and autocorrelation measurements. Most
processed sites produced no fluorescence and a large percentage were graphitised
identifiable through a broad peak indicative of large amounts of damage. A small
percentage of sites revealed a peak at 740 nm indicating that there were still vacancies
present. The array showing the highest yield of centres (Array F) is shown in Figure
8.2. The sites sit between graphitised sites for ease of orientation. Auto-correlation
measurements revealed 4 sites identifiable as singles (¢®(0) = 0.2,0.35,0.41,0.43),
and 7 ensembles within this array. The ensembles can be broadly split into doubles

and triples indicated by ¢(®(0) values between 0.5 — 0.7 and > 0.7 respectively. This
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Figure 8.2 Laser written sites from the array with 1 seed pulse and 10000
diffusion pulses. Graphitic markers are placed between sites for orientation.
Fluorescence was observed from 12/30 sites, 11 of which produced anti-
bunching. Spectroscopy revealed these were NV~ centres and the site with no
anti-bunching was a vacancy ensemble.

is not a rigorous technique but gives some indication of the statistics of generation.

Sites with identifiable anti-bunching produced spectra indicating that these were NV-.

8.3 Fluorescence feedback

The formation of single colour centres from the method outlined above is still stochastic,
therefore a best single centre yield of ~ 37 % will be obtained. However, this is now a
one-step process involving multiple pulses of the laser at the same location, therefore
it is possible to monitor processing and form a feedback loop such that processing
can be halted when the desired signal is obtained. This feedback loop allows the
processing to go from Poissonian to deterministic.

NV centres fluoresce under green illumination whilst a pristine lattice does not.

Vacancies also fluoresce but are much dimmer such that many thousands of vacancies
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are required to achieve a fluorescence intensity comparable to a single NV. For colour
centre generation, relatively few vacancies are desired such that residual damage to the
lattice surrounding the NV centre is minimised. Therefore, by using photoluminescence
intensity as a feedback monitor, one would anticipate the seed pulse to produce a small
amount of fluorescence which jumps to a much higher intensity upon the formation of
a centre.

To monitor for fluorescence whilst processing, a custom-built scanning confocal
microscope that was integrated into the laser writing system, as shown in Figure
4.3 and aligned to the laser writing system such that it only detected fluorescence
generated from within the focal region of the fabrication laser.

Initially, a single pulse of a high enough energy to generate a small number of
vacancies was used. The pulse energy for this was chosen to be just below the visibility
threshold for GR1 fluorescence with an oil immersion lens which has previously been
shown to produce the best quality laser written NV centres [6]. Following this, a
train of lower energy "diffusion pulses" were used at a 1 kHz repetition rate. A
curious pattern of fluorescence emerges during the multi-pulse processing. A spiking
of fluorescence intensity occurs, following which, the intensity stabilises. Processing
can then be halted yielding the formation of a single NV centre. An example of
fluorescence spiking behaviour is shown in Figure 8.3.

The origin of this fluorescence behaviour is puzzling and indicates a highly dynami-
cal system. This will be investigated in more detail in section 8.6. Curiously, stopping
the processing at the height of one of the peaks also yields the formation of a single
NV centre. This suggests the NV forms relatively quickly and is then destroyed or
quenched by the local environment and that stability occurs once other defects have
been annealed away (either recombined or moved far enough away as to not affect the

centre).
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Figure 8.3 Example time-trace from the fluorescence monitor. The seed
pulse occurs at time = 0, and the diffusion laser pulses begin at a time of
about 5 s. The onset of a stable NV signal occurs after a further 9 s.
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8.4 Characterisation

Laser annealing is able to deterministically generate single NV centres in a one-step
process. Figure 8.4 shows a 5x5 array of sites generated via this technique with a
spacing between sites of 2 ym. To determine the quality and fabrication control of the
technique, various characterisation techniques were undertaken. Fluorescence spec-
troscopy was carried out on each site, and auto-correlation measurements performed
through Hanbury, Brown and Twiss (HBT) interferometry. An example of a HBT
measurement with baseline subtraction through the procedure outlined in chapter
four, a histogram of baseline subtracted ¢ (0) values and an example of spectra from
the laser annealed sites can be seen in Figure 8.4. The NV centres were stable in the
negatively charged state, with no evidence of fluorescence from the charge-neutral
state NV°.

All 25 NV centres from the array in Figure 8.4 displayed distinct photon anti-
bunching, with ¢®(0) < 0.2. This suggests at first that all sites are single emitters,
however, the site at the right-hand end of the row second from bottom was of particular
interest, as this was the only site in the array to display ¢®(0) > 0.2 when measuring
photon statistics. From polarisation measurements (see following paragraph), the
polarisation of the fluorescence from the site was consistent with that from two NV
defects, with different in-plane orientations, that are sufficiently close not to be resolved
in the confocal microscope. When measuring the photon anti-bunching with a linear
excitation polarisation, it is thus possible to record ¢(®(0) < 0.5 even though a pair of
NV defects are present due to poor coupling efficiency from one of the emitters into
the interferometer. Following this, autocorrelation measurements were conducted on
the suspected double with a circularly polarised excitation beam and a ¢ (0) value
of 0.51. Thus, it is concluded that from the array of 25 laser process sites, 24 sites

are single NV centres and one double giving a yield of 96%. In addition, 24 out of 25
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Figure 8.4 A fluorescence image of a high-yield 5x5 array of single NV
centres on a 2 um square grid alongside a histogram of ¢ (0) values for the
array with an inset showing a typical ¢ (7) dataset corrected for background
signal from the bulk crystal. Spectroscopy revealed that these centres are all
NV~ the greyed out region shows the spectral window that was monitored

during processing.
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and 15 out of 16 from two further arrays generated through this technique displayed
g (0) values of below 0.5 with circular excitation polarisation.

The orientation of each NV centre can be ascertained by the optical polarisation of
its fluorescence, since the transition dipoles of the defect lie in the plane perpendicular
to the physical axis of threefold rotational symmetry. In the sample used, the crystal
plane parallel to the surface is (110) such that NV’s whose axes of symmetry are
oriented along the [111] and [111] crystal axes lie in the plane and their fluorescence
displays a high degree of linear polarisation. NV’s oriented oriented along [111] and
[111], by contrast, make angles of 55° with the image plane, so that their fluorescence
is stronger but only weakly polarised.

Polarisation measurements were undertaken with a circularly polarised excitation
such that all orientations are excited equally. Figure 8.5 displays polarisation mea-
surements from NV centres in the array from Figure 8.4. It is clear that some centres
produce a strong response whilst others only weakly polarise corresponding to whether
the centres lie within or out of the plane of the physical axis.

The position in the image plane of each single NV centre could be accurately
measured from the photoluminescence images since each was single point-source
emitter. Thus, it was possible to determine the centroid of a 2D Gaussian surface
fit to the measured intensity distribution, providing precision much higher than the
resolution of the microscope. The standard error of the position measurements was
measured to be 20 nm by repeatedly fitting three emitters over a timescale consistent
with the localization measurements (approximately 20 min). The target grid was
determined by performing a least-squares fit of a regular rectangular grid to the
photoluminescence image using fitting parameters of offset in x and y spacing in x and
y, shear, and rotation to allow for systematic and therefore correctable distortions that
may have been introduced by the writing or imaging systems. Figure 8.6a shows the

spatial distribution of deviations from the target grid obtained. A maximum likelihood
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Figure 8.5 Polarisation plots of fluorescence intensity revealing the orienta-
tion of the NV centres from the 25 laser processed sites from the array shown
in Figure 8.4. The schematic on the right shows the expected polarisation
plots for different orientations of the NV centres within the lattice.
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Figure 8.6 Positioning accuracy of single NV centres. a. Scatter plot of the
fitted positions of the NV centres in Figure 8.4 relative to the target grid in
the image plane. The dashed circle represents the deviation parameter o for
the best-fit 2D Gaussian distribution function. b. Histogram of the fitted
depths of the NV centres with a best-fit Lorentzian distribution.

analysis using the 2D Gaussian probability distribution from equation 7.2 reveals a
deviation parameter of ¢ = 3948 nm, indicated by the circle in the figure. Quadrature
subtraction of the standard error in the measurement from the measured deviation
parameter revealed an in-plane deviation parameter for the fabrication technique of
Ofab = 33 £ 8 nm a factor of 4.2 improvement over the in-plane positioning accuracy
achieved in [6]. The modelling of the laser focus in chapter five suggested that the
radius of the focused femtosecond laser beam from a 1.4 NA lens was 149 nm. Thus,
the measured scatter in position relative to the targeted points was a factor of 4.5
times smaller than the transverse standard deviation of the writing laser focus.

The relative depth of each centre below the sample surface was measured with an
accuracy of about 50 nm from sectional fluorescence images recorded with the confocal
microscope. This axial distribution was expected to be approximately Lorentzian

based on the intensity distribution of a Gaussian beam near the focus with minimal
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plasma attenuation. Figure 8.6b shows the measured distribution, together with a
fitted Lorentzian line shape of half-width-at-half-maximum (HWHM) of 203 £ 74 nm,
from which an estimated HWHM for the fabricated NV centres of 194 + 74 nm was
calculated when the standard error for measurement was subtracted in quadrature.
This depth variation is a factor of 4.3 times smaller than the calculated HWHM
of the focal spot of the writing laser along the axis, the latter being equal to the
Rayleigh range, 2z = 852 nm. This axial positioning accuracy could potentially be
further improved through the use of delta doping during the growth of the crystal.
Laser processing has a unique advantage over other engineering techniques in that
3D processing at an arbitrary depth can be achieved. This makes engineering into a
delta doped layer with overgrowth of pure material much easier than with competing
techniques.

Electron spin coherence times were recorded using Hahn echo measurements on
three example color centres as 75 = 170, 100, and 10 us, as shown in Figure 8.7.
This range of coherence times is likely caused by in-homogeneity in the substitutional
nitrogen level and strain fields from defects, and is therefore a feature of the material
used rather than being fundamental to the process. These measurements show that
the process is capable of producing NV centres with coherence times long enough
for quantum technology applications, and that any residual damage to the local
environment of the written NV’s is relatively minor. Improvement on these coherence
times could be achieved through writing into lower doped material, however this would
increase the fabrication time. A possible solution would be the use of delta doping to
produce a high probability of diffusing to a nitrogen atom but a relatively low spin

bath for long coherence times.
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Figure 8.7 Spin coherence data from one of the laser annealed sites with a
Ty =171 ps.

8.5 Advanced processing control

Continued processing of a site beyond the creation of a single NV centre can reveal
rich dynamics offering additional potential for device engineering. Figure 8.8a shows
an example of a fluorescence trace in which a second NV centre is formed, while
Figure 8.8b shows a trace in which an NV centre is created, then destroyed, before
another defect is created at a later time. Such processes allow for a degree of selection
of NV properties. The simplest example is that of NV orientation in the lattice.
By terminating processing when fluorescence was observed within a specific window
of intensity, it was therefore possible to exercise some control over the statistical
distribution of orientations in the lattice. The array in Figure 8.4 was fabricated with
no selection of fluorescence intensity and 23 of the 26 NV centres (88%) created were
in one of the two orientations with their axes lying in the plane of the sample, only
three (12%) were created in the two orientations with their axes out-of-plane. By
terminating processing only when a fluorescence signal intensity in the range 11-15
kes™! was observed, the fraction of single NV centres lying with axes out-of-plane
increased to 87%. A third array in which processing was terminated when a signal of
8-11 kes™! was recorded revealed 84% of NV centres in the in-plane orientations.

It is interesting to note that when terminating processing with no preference for
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Figure 8.8 Advanced control of NV properties. (A) Fluorescence monitor
trace showing creation of two NV centres at a processing site. (B) Trace
showing the creation and destruction of an NV centre (time = 28-30 sec-
onds) followed by selection of the second defect created. (C) Schematic of
the four orientations of NV centres relative to the (110) image plane. (D)
Example polarisation data-sets from in-plane and out-of-plane NV centres.
(E) Histograms of orientations of defects in array under different termination

conditions.
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the fluorescence intensity gives a statistically significant chance of creating centres
laying in-plane. The reason for this is unknown, however it is potentially possible that
different orientations with respect to the crystal growth direction will have differing
energy barriers to formation. In addition the formation process is highly dynamic and
highly non-linear. Some quirk of the process may also lead to a preferential formation
direction, perhaps strain within the underlying material. Further arrays generated
later did not show this statistical significance, lending credence to the hypothesis of a
local strain effect.

The ability to generate centres with a high positional accuracy on demand allows
for highly intricate patterns of single colour centres to be generated within the material.
This could be purely for aesthetic purposes such as advertising a brand name or for
technological reason such as generating centres around electrodes or other control
hardware. An example displaying the flexibility of this technique can be seen in Figure
8.9 where the logo for the Networked Quantum Information Technologies Hub (NQIT)

is written from single NV centres into the material at 20 pm depth.

8.6 Fluorescence spiking study

During laser annealing, a spiking in the fluorescence coming from the irradiated
spot was observed. Spectral analysis of this fluorescence has revealed that it is
attributed to NV~ defects forming within the lattice and quickly being destroyed or
quenched. Understanding this fluorescence behaviour is key to optimising processing
and understanding the science behind the formation. At first, I assumed that the
spiking was attributed to charge state switching of a formed centre between the neutral
and negative charge states, however monitoring for fluorescence over a wavelength
window corresponding to NV revealed no spiking and no fluorescence was observed

until the diamond graphitised.
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Figure 8.9 Fluorescence from single nitrogen vacancy defects in diamond
produced using laser annealing. The Networked Quantum Information Tech-
nologies Hub (NQIT) is part of the UK National Quantum Technologies

programime.
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The spiking was then attributed to the creation and destruction of NV~ centres
driven through strain fields. The vacancy is a point of lattice depletion so it is
surrounded by a region of tensile strain while the split-interstitial and substitutional
nitrogen add bulk to the lattice and so are surrounded by regions of compressive strain.
Strain fields behave like electrostatic fields due to charges — same-sign fields correspond
to repelling forces between the defects and opposite-sign fields correspond to attractive
forces — such that the vacancy is attracted to both the substitutional nitrogen and
to the interstitial, while the interstitial is repelled by the nitrogen. Frenkel defects
created far from a nitrogen may either recombine or dissociate while for those created
near to a nitrogen the vacancy will tend to locate between the interstitial and the
nitrogen, whereby its diffusive motion results in occasional but unstable binding to
the nitrogen, and the observed intermittent NV fluorescence. The NV complex does
not provide a strong attractive force to the interstitial, so that the interstitial may
diffuse far enough away to no longer interact, whereupon the vacancy remains bound
to the nitrogen and stable NV fluorescence is observed. This is shown in Figure 8.10.

Further investigation by Andrew Kirkpatrick and Guangzhao Chen via DFT reveal
that this picture is overly simplistic as the strain fields display more complex behaviour
and the exact formation mechanism is still up for debate with the current hypothesis
at the time of writing being that nearby interstitial defects hybridise the NV orbitals
and quench fluorescence.

The dynamical behaviour is indicative of the vacancy performing many "hops"
between lattice sites during the annealing pulses leading to a diffusion via a random
walk. The mechanisms that facilitate these hops are unknown, potentially being
facilitated by a thermal heating of the lattice under irradiation in a similar manner to
a global anneal in a furnace. Alternatively, the hops could originate directly from the
laser process itself either through the trapping of carriers much like the hypothesis

for the formation of Frenkel defects outlined in chapter five, or through a different
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Figure 8.10 Diffusion dynamics of point defects in NV centre creation. The
proposed mechanism for creation of stable NV centres occurs in four stages.
(i) Intense seed pulse from laser generates Frenkel defects. (ii and iii) lower
energy pulses at 1 kHz cause diffusion and recombination of Frenkel defects —
some Frenkel defects align with substitutional nitrogen impurities whereby
vacancy binds occasionally to nitrogen and intermittent NV fluorescence is
observed. (iv) interstitial diffuses away from NV pair and stable fluorescence
is observed.
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mechanism. As shown earlier, the laser promotes a large density of electrons across the
bandgap into the conduction band. In the extreme case, the potential energy surface
is raised significantly leading to an ultra-fast non-thermal melting as the atoms can
no longer hold themselves apart and quickly rearrange leading to graphitic formation
upon cooling [174] [206]. However at densities below the threshold for non-thermal
melting, the potential energy surface will still be raised by the generated electron
plasma, leading to a reduction in the energy barriers for vacancy migration.

The level to which barrier to hopping is reduced will depend both upon the
density of electrons promoted to the conduction band and the energy within that
band (electron temperature). The potential energy surface for the lattice (PESL) can

then be defined as the total raise in electronic energy divided by the atomic density.

PES,(r, 2,1) (V) = / REAGERRIPPY (8.1)

Eo PA

A large increase in PESy would lead to ultra-fast melting, identified to be when
the carrier plasma reaches ~ 9% of the atomic density [174] [206]. The exact value of
this will depend upon the electron temperatures reached with some sources quoting
6% of the atomic density but at much higher electron temperatures [221]. An increase
in PES, of less than this threshold would potentially lead to a stochastic chance of
vacancy migration. This process would also be non-linear with a non-linearity similar
to that of the electron generation but convoluted with the non-linearity of electron

temperature. This work is ongoing.

Frequency study

By studying the frequency with which the fluorescence spikes as a function of pulse
energy, information about the non-linearity of the laser annealing processes can be
obtained. This is more complex than the non-linearity studies of previous chapters as

it involves multiple laser pulses. Therefore the number of processes that are convoluted
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into the measured non-linearity will be much greater making the mechanism more
opaque. In addition, the spikes occur only when an NV centre is formed /unquenched.
The vacancies will likely have to hop many lattice sites whilst in a dark state and
the non-linearity of these lattice hops will add up such that the total non-linearity of
spiking will be greater than that of a single lattice hop.

For this study, two different scenarios are considered, before and after the seed pulse.
The diamond was irradiated for 60 seconds with a kHz train of 300 fs Ti:Sapphire pulses
at a given energy. Following this, a seed pulse was irradiated into the diamond and
then the 60-second train of pulses was repeated on the same site, post seed. During
this time, fluorescence was simultaneously collected through the built-in confocal
microscope. This study was then repeated for a variety of annealing pulse energies
keeping the seed pulse the same energy and then repeated the process for varying seed
pulse energies. An example data-set can be seen in Figure 8.11.

By counting the spikes in each of the 60-second time periods, the frequency of
spiking can be found as a function of pulse energy. Counting the spikes is non-trivial
as the standard deviation of photon shot noise increases with average fluorescence
intensity; distinguishing a spike from photon shot noise requires an increase in the
threshold jump in intensity to register a spike which scales with the average fluorescence
intensity. The results of this can be seen in Figure 8.12.

The trend for both pre- and post-seed appears to be highly non-linear, however
the seed appears to reduce the gradient. It also enables spiking to occur at lower
pulse energies. This is likely because the seed pulse created vacancies that can be
diffused, whereas the pre-seed function will be a convolution of the creation and
diffusion of vacancies especially at the higher pulse energies. Likewise, as with the
other non-linearity experiment, the shape of the graph is what is important with the
absolute values of pulse energies required to achieve this being determined by the

optics and aberrations. There appears to be no correlation between seed energy and
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Figure 8.11 An example of a time trace of fluorescence intensity from an
irradiated spot. The first 60 seconds are before a seed pulse and the latter 60
seconds are post a seed pulse.
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Figure 8.12 a. The frequency of spiking without a seed pulse as a function
of energy. b. The frequency of spiking after a seed pulse as a function of
energy

181



—
O_x

: //%— —I_‘%

4 Pre-seed ||
_# Post-seed

-
o
o

Frequency of spikes (Hz)
s 3
%] —

-
<
(98}

14 16 18 20
Diffusion Pulse Energy (nJ)

-
N

Figure 8.13 The average of spiking frequency as a function of energy, before
and after a seed pulse. The seed appears to reduce the gradient of the slope
and hence reduce the non-linearity. It also enables spiking to occur at lower
pulse energies.

the change in shape of the curve before seed and after seed. Therefore, the data-sets
can be combined and averaged over the seed energies to attain Figure 8.13. Both
curves display a strong non-linearity with the data following a seed pulse having a
somewhat lower level of non-linearity perhaps shifting the threshold pulse energy for
diffusion of defects down to lower levels. The non-linearity is lower than from the study
in chapters five and six. Fitting a straight line to the lower region of these graphs
between 14 and 16 nJ reveals an approximate power law of ~ 35 for pre-seed and ~
30 for post-seed. The pre-seed non-linearity will likely be dominated by the need to
generate Frenkel defects alongside the diffusion processes whereas the post-seed will
likely be an amalgamation of many defect hops which add up to a large non-linearity.

This significant non-linearity is of a similar order to that of the Frenkel defect
generation outlined in previous chapters. This tentatively indicates that the diffusion
of defects, creation and quenching/destruction of fluorescent colour centres also occurs

through some relaxation mechanism of the photoionised carrier plasma and potentially
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through the trapping and recombination of quasi-particles. Some important caveats
should be highlighted. This occurs from many laser pulses and so many complex
processes will take place that are convoluted in these diagrams, potentially each
diffusion hop is a much lower non-linearity which adds up over many pulses. The
existence of defects in the material before the laser is irradiated will also change the
absorption profile of the light. These defects will also act as recombination centres
for photogenerated carriers and quasi-particles changing the dynamics within and
following each pulse. This recombination centre effect and changed absorption profile
suggests that the non-linearity of each diffusion event will be lower and the high non-
linearity emerges due to the many pulses required to achieve fluorescent spiking. To
expand the model developed in earlier chapters to include the diffusion would require
knowledge of the absorption and capture cross-sections of various defects alongside
the energy barriers for diffusion, recombination and formation of conglomerate defects
such as colour centres or dislocations. This work is ongoing, with spiking frequencies

being studied for variation of other laser parameters.

8.7 Proximal writing

The ability to deterministically engineer NV centres in a one-step process with a
high positional accuracy allows for the generation of interesting features within the
material. Some interesting quantum applications of colour centres require the centres
to be placed tens of nanometres from each other such that they can communicate
directly through spin-spin interactions rather than needing a photon to mediate the
quantum information. A study was designed whereby an NV centre was generated
via laser annealing following which the process repeated very close-by such that a
second NV centre could be created within close proximity of the first. This proved

challenging as by definition, the first centre lies within the region where the laser has
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enough energy to allow vacancy diffusion such that there is a stochastic chance of
destroying the first centre.

The process was attempted with distances between the two sites of between 50 nm
and 500 nm in steps of 50 nm. It was found that for sites with distances less than 300
nm, the initial site would either be destroyed or the diamond would graphitise. At 300
nm and greater distances, it was possible to generate a second site with a stochastic
chance of destroying the initial site. Post site creation, the confocal microscope
attached to the writing system was used to image the sites. Figure 8.14 displays an
example of 4 sites generated via multiple pulse laser processing each containing a
single NV centre with a writing distance of 300 nm.

At the separation of 300 nm, the separate centres are unresolvable in the confocal
microscope. The right-hand figure has an overlay showing the target locations of each
site and below is a time trace of fluorescence intensity during processing. Times i,
correspond to the motion of the stages in steps of 100 nm away from the generated
site. The start of the diffusion pulses at each location can be ascertained due to a
small uptick in the fluorescence intensity and the onset of spikes. The seed pulse for
the second site at just after time a, produced a noticeable step in fluorescence intensity
indicating the pulse energy was slightly too high. In this case a single NV can still
be created as shown, however, there will likely be a small amount of extra damage
around the site which may limit its coherence properties.

The distance from the centre of focus at which diffusion and destruction behaviour
can no longer occur is likely highly dependent upon the pulse parameters such as
pulse energy, duration, wavelength and repetition rate and a systematic study into
this could give information on the dynamical processes involved in the formation and
destruction/quenching of single NV centres. When processing at distances closer than

300 nm it was the seed pulse for the second site that destroyed the initial site rather
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Figure 8.14 Four single NV centres generated at a distance of 300nm from
each other by the deterministic laser writing technique. At this distance the
centres are unresolvable as separate sites in the confocal microscope. To the
right is an overlay showing the locations of each site. Below is a time trace
of fluorescence intensity during processing. i, ii, iii and iv correspond to the
times that each centre was generated. a, b and ¢ correspond to the motion
of the stages in steps of 100 nm. The start of the diffusion pulses at each
location can be ascertained due to a small uptick in the fluorescence intensity
and the onset of spikes.
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than diffusion pulses, this suggests that the radius over which diffusion can occur
scales with the pulse energy.

To attempt to resolve the individual colour centres generated within close proximity,
stimulated emission depletion (STED) microscopy was attempted on this location
within the diamond. This technique allows for imaging with a resolution below the
diffraction limit by depleting the fluorescence around the region of interest allowing
the central region to remain active. Unfortunately, the STED microscope used was
generally used to image bright biological samples and could not detect the low photon

flux of the NV centres.

8.8 Dependence on dopant level

The deterministic writing method involving a train of lower energy pulses to locally
anneal the diamond proved successful in a diamond sample with ppm dopant nitrogen
levels. The downside of this is that the high nitrogen content limited the spin coherence
time of laser written NV centres through spin coupling with the nitrogen bath. Ideally,
this technique should be used in a lower dopant material such that the spin coherence
is no longer limited by the spin bath.

The experiment was repeated on an electronic grade diamond with 2 ppb of
nitrogen dopant. Due to the thousandth lower dopant level, the number of hops the
vacancy has to undergo to reach a nitrogen will be one thousand times greater. It
can reasonably be assumed that the time required for fluorescence spiking and NV
centre formation will also be one thousand times times greater. In this time frame,
sample drift becomes a key parameter and a limiting step. A single pulse of 15 nJ
was incident upon a region 20 pm within the sample following which the laser was
set to pulse continuously at a 1 kHz repetition rate for 4000 seconds. Four spikes

in the fluorescence behaviour were seen after an hour of pulsing at 1 kHz but these

186



10000

o]
o
o
o

6000

4000

Intensity (counts/s)

2000

0 1000 2000 3000 4000
Time (s)

Figure 8.15 Time trace of fluorescence detected from the focal volume of
the Ti:Sapphire pulsing at a repetition rate of 1 kHz.

were spikes corresponding to a single sample of the photodiode and were potentially
electrical noise. Figure 8.15 displays the fluorescent response from the crystal.

Curiously the background fluorescence decays away over time, potentially due to
some photo-bleaching of background light or due to sample drift. The experiment was
repeated at a different location at the same depth. Interestingly, following continuous
processing at 1 kHz for 30 minutes yielding two spikes in fluorescence, graphitisation
occurred, potentially due to heat build up or processing at a high enough pulse
energy that a small number of defects were forming upon each pulse. The background
fluorescence level did not reduce during the repeat.

To combat sample drift from the large timescales required at a lower dopant level,
processing with a higher repetition rate was proposed. With a MHz repetition rate, the
timescale for formation of colour centres should reduce back down to seconds making
this viable over long term drift. This requires a different femtosecond laser, hence there
was significant delays in attempting this. A caveat to consider is that processing at a

faster rate compared with kHz means that the fluorescence sampling frequency must
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also change in order to still differentiate spiking behaviour. Indeed, preliminary tests
of MHz processing conducted by Andrew Kirkpatrick with a fluorescence sampling
frequency of 1 kHz showed a steady raised fluorescence level during processing which
reduced back to background following halting emission. In this case each fluorescence
sample is 1000 laser pulses, therefore it is likely that the steady raised fluorescence
level is an average of the highly dynamical spiking behaviour expected. This work is

ongoing.

8.9 Summary

This chapter has described a new engineering technique by which the yield of colour
centres was taken from stochastic to deterministic through use of a local laser anneal
and fluorescence feedback mechanism. Following the initial laser pulse to generate
Frenkel defects within the diamond, the sample was irradiated by a train of lower
energy pulses that had negligible chance of forming new Frenkel defects but facilitated
the diffusion of the defects generated on the first pulse. By monitoring fluorescence
from within the focal volume during processing, the processing could be halted once
the desired defect had formed. The non-linear process of the laser mechanism ensured
an improved positional accuracy over a thermal anneal by a factor of 5 and spin
coherence measurements revealed that the centres were only limited by the presence
of nitrogen within the sample. The fluorescence from within the focal region during
processing revealed rich dynamical behaviour that was highly non-linear and the speed
and one-step deterministic process allows for generation of complex 3D structures
out of single colour centres and flexibility to design a device. In addition, it allows
for the creation of colour centres at distances of order the diffraction limit apart
deterministically. Statistical analysis of the fluorescence intensity at which a stable

NV centre formed led to the realisation that the laser process potentially leads to a
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preferential orientation for centres to form, the reason for which is currently unknown.
Ongoing work is developing this mechanism with a faster repetition rate laser to allow
for the formation of colour centres in lower dopant material in timescales shorter than
the drift time of the sample as well as studying the spiking behaviour in response to
different pulse parameters.

The idea to use the laser to perform a local anneal was conceived by Yu-Chen Chen
with initial tests carried out by Patrick Salter, Yu-Chen Chen and myself involving a
set number of lower energy pulses where the pulse energy and number of pulses in the
pulse train were varied. Photoluminescence analysis of initial tests was performed by
Yu-Chen Chen and myself with a small number of sites showing a single NV, a few
showing multiple NV and most sites being dark or having significant graphitisation.
The idea for a fluorescence feedback mechanism to monitor processing was conceived
during discussions between myself, Yu-Chen Chen and Jason Smith and the confocal
microscope attached to the laser writing system was designed and built by myself,
Sam Johnson and Laiyi Weng. Laser annealing with fluorescence feedback with
varying pulse energies and photoluminescence characterisation of laser written sites
including spectral analysis, HBT and polarisation measurements were carried out and
optimised by myself. Spin coherence measurements of laser annealed NV’s were carried
out by Shazeaa Ishmael, Yashna Lekhai and Colin Stephen and positional accuracy
measurements carried out by Colin Stephen. Data analysis of characterisation data
was performed by myself, Jason Smith, Sam Johnson and Shannon Nicley. Processing
beyond the creation of an NV showing the ability to destroy or generate multiple
centres on demand was conceived and carried out by myself. The frequency of spiking
study was conceived and performed by myself with help from Shannon Nicley on the
data analysis and the proximal writing study was carried out by myself with STED
imaging done by Aurelien Barbotin and myself. Ongoing experimental work into

the spiking behaviour is being conducted by Andrew Kirkpatrick and Patrick Salter
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and ongoing theoretical work through DFT modelling is being conducted by Andrew

Kirkpatrick and Guangzhao Chen.
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Chapter Nine

Conclusion and Future Outlook

9.1 Conclusion

Femtosecond laser engineering has enabled the generation of high-quality colour
centres within diamond with a high positional accuracy. This thesis has expanded
upon previous work enabling a greater understanding of the processes involved through
the development of a coupled partial differential equation model in conjunction with
experimental studies. It reveals a rich and dynamical behaviour during laser processing
and allows for studies of interesting material science phenomena. A hypothesis for
the mechanisms behind Frenkel defect formation involving a thermally activated
non-radiative recombination of self-trapped bi-excitonic states that emerge following
relaxation of photoionised electron-hole pairs, has been presented and fit to experiment.
A total of ~ 8 eV is shown to be needed for defect formation where the majority comes
from relaxation of excited quasi-carriers and 0.41 eV comes from a thermal activation.
The non-linearities of photoionisation, quasi-carrier formation and carrier mobility
combine to achieve an effective non-linearity of ~ 40 with respect to focal intensity
and pulse energy over a range of approximately 2 nJ. This quickly saturates to a
significantly lower non-linearity for higher pulse energies. For higher pulse energies,

more complex behaviour such as ultra-fast melting and graphitisation will occur which
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are neglected in this analysis. The extremely high non-linearity at low pulse energies
provides a switch-on behaviour approximately a step-function over which processes
start to occur. The model also suggests a region of pulse energy in which a lot of
energy is deposited into the material but the probability of forming defects or other
laser damage is minimal. This suggests the possibility of using the laser pulses as a
way to diffuse existing defects within the focal region.

Based off the idea that the laser can deposit lots of energy into the material with
minimal chance of generating new defects, a new experimental technique emerges that
uses the laser to locally anneal the diamond via a train of low energy pulses, allowing
diffusion of the vacancies without the need for a global anneal. By making use of
the fluorescence properties of the colour centres in conjunction with the local laser
anneal, a feedback loop was formed allowing for the yield of generated centres to go
from Poissonian to deterministic. The non-linear nature of this allows for positional
accuracies much greater than the diffraction limit of the diffusing laser and five times
greater than the positional accuracies achieved using a global thermal anneal. This is
a key step in developing a solid-state based quantum technology where the engineering
of regular defect arrays will be crucial to couple to photonic systems.

Monitoring the fluorescence behaviour during the processing reveals rich dynamical
behaviour where a lot of interesting physics may lie. The "spiking" behaviour of
fluorescence provides a window into the highly non-equilibrium dynamics of the
system and also appears to be significantly non-linear to a similar order to that of
Frenkel formation. This tentatively suggests that the mechanism for diffusion and the
creation and quenching/destruction of colour centres similarly relies on quasi-carrier
recombination or some process from the photoionised plasma but further investigation
is needed.

In addition, laser engineering of diamond material doped with silicon has enabled

the generation of dense SiV ensembles showing that laser engineering is able to generate
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a wider range of colour centres than in previous studies. These ensembles formed upon
a single laser pulse without any anneal by furnace or laser. This suggests a potentially
new route to colour centre formation through the breaking up of conglomerate defects
or photoionisation of an existing defect into a different charge state and also offers a
lot of potential for understanding the material science and physics of high intensity

laser interaction.

9.2 Future Outlook

The use of a femtosecond laser to generate and diffuse vacancies could potentially offer
a new window into conducting material science. It allows for a non-destructive method
into probing material properties within the bulk and in conjunction with the partial
differential equation model could potentially give information about energy barriers
to defect formation and vacancy migration within wide bandgap semiconductors.
In addition, due to the highly dynamic nature of this process, it allows for the
generation of some interesting states of matter and the study of dynamical systems.
The focus of this thesis has been on defect generation for quantum technologies,
however, the study of defects in materials is of interest in a broad range of fields. For
example, bulk diamond is used as a high energy particle detector at CERN. High
energy particles will produce defects within the material upon impact and cause
significant radiation damage. Understanding defect formation and dynamics will be of
paramount importance in understanding the signals generated upon particle detection
and calculating the lifetime of a detector to radiation damage. More generally, defect
formation and dynamics within materials is of interest for an array of reasons such
as radiation damage in fusion reactors. Future work could look into utilising the
ultra-fast laser process as a probe into defect dynamics within various transparent

materials. The formation of dense exciton plasmas also means that the laser processing
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could be used to study quantum behaviours in highly dynamical systems. It would
be intriguing to attempt laser writing at low temperature, potentially generating
electron-hole liquids. If the hypothesised mechanism for Frenkel defect formation, the
formation of defects at low temperatures would not occur.

The hypothesis that Frenkel defects form from the non-radiative recombination of
multi-excitonic states suggests that a more efficient mechanism for defect engineering
would involve direct excitation of excitons rather than requiring relaxation from
free carriers. This could possibly be achieved using an ultra-fast x-ray source and
would allow for formation of defects at a lower focal intensity putting less emphasis
on aberration control. Further experimental evidence for this hypothesis could be
achieved by monitoring for photoluminescence indicative of excitonic states. These
will be within the blue region of the spectrum and will be short-lived. A study of the
amount of excitonic photoluminescence as a function of pulse energy would potentially
be able to verify the loss of radiative quantum efficiency due to defect formation. This
would be complicated slightly by the increase in excitonic states for higher energy
pulses.

Many of the mechanisms that occur during femtosecond laser irradiation of the
bulk diamond material are still not understood and indeed, this thesis has opened up
as many questions as it has answered. The spiking behaviour during multiple pulse
processing currently defies explanation. A good next step to understanding this is to
vary laser parameters and measure the change in response of the fluorescence spiking.
During chapter eight, I showed that the spiking is highly non-linear with respect to
the diffusing pulse energy. This experiment could be repeated with differing pulse
durations, wavelengths and repetition rates. In addition, the theoretical framework
developed could be expanded to include multiple pulse processing. This would likely
require additional DFT modelling to determine the energy barriers for defects to hop

between lattice sites and to calculate the orbitals of the formed centre to discover if
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fluorescence is still possible.

The development of a solid-state spin qubit based quantum computer has to
date been held back by the ability to engineer spin qubits, on demand, in regular
arrays and the ability to extract the quantum information into photonic networks for
entanglement. This thesis addresses the first of these two stumbling blocks leaving the
only barrier to this technology being the extraction of quantum information efficiently.
Proof of principle techniques for enhancing the efficiency have been shown by building
micro-structures around the emitter, but this has again been hampered by the fact
that until recently, spin qubits are distributed irregularly so enhancement of more
than a few has proved challenging. Now that spin qubits can be generated on demand,
more regular micro-structures can be made allowing scaling and steps towards the
development of a quantum device.

Further work could look into refining the laser processing of SiV centres, perhaps
with a lower level of silicon dopant within the starting material, as well as attempting
to tie down the mechanism and attempting laser annealing on the current sample. A
systematic study of laser writing into different levels of dopant silicon and nitrogen
could reveal more dynamics and formation of different stable charge states, confirming
or disproving the hypothesis outlined in chapter seven. Processing of other group IV
colour centres would also be a great next step, as these currently appear the most
promising candidates to replace NV centres as the foremost diamond spin qubit. Laser
engineering of spins in other materials such as silicon carbide or gallium nitride could
also be attempted which may lead to insight into the processing and bring solid-state

quantum technologies a step closer to reality.
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APPENDIX



Appendix A

PDE Model

Outlined below is a summary of equations utilised in the coupled partial differential
equation model defined in Chapter 5. Scattering rates taken from the literature are

outlined in table 5.1.

A.1 Light intensity distribution

The differential equation governing the light intensity distribution is given by

) - {%} 5 ) (A1)

The first term comes from the initial focus assuming that the light does not interact

with the material.

ol Io(r, z, t + dt) — Io(r, z,t)
= t) = A2
5 tm0 ) (A2
where
Loy, ot) = I,y ) - 1 [ £ 4 200 —2) (A.3)
o\r, Y, %, = 1lyv(®,Vy, t 02¢<$,y) .
Iy(z,y,2) = / / I(ky, ky) pppe @@V E—20)gmilkerthyy) qp. -l (A.4)
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d(x,y) = dap(r,y) + dspam(z,y) (A.5)

1 if A2+ k2 < Ryupa
I(kyp k) prp = (A.6)

0 otherwise

The second term in equation A.1 comes from the changes to the distribution when

interactions are considered including phase shifts, attenuation and reflections.

{ﬁ(n%t)Lh . (nz?t ) /Oz A(r, Z, t)C(Z — 2)ns dz> <1§[exp [— a(r, Z, t)wCOD

_/°° /oo R(r,z,t)E(X, 7.t ”2%(7”,2775)\/(7“—)()2*(2_2)2) (A.10)
0 z

c

((r - X)2df(z _ Z)Q) dXdZ — Ey(r, z,t)

LU()(TLQ - (n2nr (Ta 2 t)))

Ap(r,z,t) = () (A.11)
alr, z,t) = Ky (r + / Ab(r, 2, t)(Z — 2) dZ, 2, t + / Ad(r,2,1)(Z — 2)na dZ) (A.12)
0 0 ¢
. n2nr(r7 Z t) — n2nr(ru 2 dZ, t) ’
R(r,z,1) = nony (1, z,t) + nan,.(r, z — dz, t) (A.13)

and
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Rele, (1, z,t)]

n.(r,z,t) = /Rele,(r, z,t)]2 - Tm[e,(r, 2,1)]2 + 5 (A.14)
kir(r, 2,t) = /Relen(r, 2, 1)]? - Tm[e. (1, 2, t)]? — w (A.15)
Rele, (r, 2, t)] = % Tmle, (r, 2, t)] = w‘:z’l(rj(ii Tll’S) (A.16)

wp(r,z,t) _ \/(pe(r7zat) + ph(r,z,t)) - e? (Al?)

meg

A.2 Carrier density distributions

The second differential equation concerns the density of electrons in the conduction
band. An identical equation exists for the valence band holes with p. replaced by pj

and integral limits are replaced by the range of energies that holes occupy &€ = —oo to

E=0.

0pe
%(T7Z7t75> - |:at:|

5‘,0@} {8&} Ppe}

+ - +

PI { ot cc ot e—ph ot epp
3Pe1 {8%} {fm}

n A18
|: ot Casc ot Auger Rad ( )

Ipe dpe Ipe
L5, o, 1]
ot Diff Exc Excpiss

The first term regards the photoionisation (PI) of electrons into the conduction band.

8[)6 rz C: 3 2& o % xT)ex — (T M
[8t]m(’ 4,E9) § 12021 o (h%) Qv z) p{ (x+1) E ) (A.19)
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where

_Wwo _ Wwo m’enegES (1) 2
T Ut e ( [eff<r72?t> ) (A‘ZO)
Y= (A21)

T
V2 = % (A.22)
_ 267(t)
= T Ei(72) (A.23)
B TN onn | oy K1) = Ei() 72 (2(x + 1) — 22) +n)

=) = 2K (72) HZ:O P [ Ei(y2) }I) [\/ 2K (72) Ei(72) (A-24)
Lss(r, 2,t) = Re[E(r, 2,1) - D(t)]% (A.25)
D(t) = ¢ E(r, z,t) + P(t) (A.26)

P(t) = (n* — 1)Eyexp {%} (exp[iwt] + Bexp[3iwt] + C’exp[5iwt]> (A.27)

and ES(t) is calculated by finding the energy difference between the conduction bands
and the shifted valence bands as a function of time and the subscript and superscript
V and C refer to between which valence and conduction bands the transition occurs
over. F; and K are elliptical integrals of the first and second kind, ® indicates the
Dawson integral and £¢ is the energy of the conduction band at the momentum
value at which transition occured. The bandstructure is calculated through density

functional theory and the valence bands are shifted by a momentum p(t) given by
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p(t) = hk = po + e|A(t)] (A.28)

where

A(t) = — / E(t) dt (A.29)

The zero of energy is defined as the maxima of the valence bands therefore hole

energies appear negative.

The carrier-carrier (cc) scattering term is given by

0pe pe(r, 2,1, 51 ) pe(r, z,t,E)
[(‘%} (r,2,t,€) = Tee(T, 2, t [/Sc /gc E1+ & — Ec Negrr (1, 2, 1) dé d&,

(A.30)
—pe(r, z,t,E)] for E <&+ & —Ec
Under the condition that
0pe
pe(r, 2, t,E) + T (r,z,t,€) - At < D(E) (A.31)
where
Tee(r, 2, 8) = peelr, 2,1) - = (A.32)
e
T(r, 2 t)3
e, 2, 1) = al(r. 2, 1) (A3

Wl

Ncar’r(ff‘; Z,t) ln(l + bT(’l“, 25 t)2(1 X 10_4 ' NCGTT’(T’ Z7t)>_ )

Electron phonon (e — ph) collisions are described by
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t t.& —
|:8pe:| (T,Z,t,g) _ pe(raza 75> pe(ra 2, 75 gph)
ot | o on Tepror Ty 2,6, E)  Tephy (T3 2,6, E — Epp) (A.34)
pe(r, 2,6, E 4+ Epn) '
Te—phemit <T7 Z, t> &+ gph)
where
To(r,z,t) + Tp(r, 2,t)
Tefphemit (7“, Z, ta 6) = Tefphwt (5) T (7’ > ;) <A35)
Te(r,z,t)+Tp(r, 2,1
e (A.36)
(€) : (A.37)
Ter = .
e—phiot aD(g)

Electron-phonon-photon (epp) collisions (reverse Bremsstrahlung processes) are given

by
%] oeno- 3] (5], -t
r,z,t, - A, - —
i it (o =P (A.38)
+ [E] epp(r’ 2 t’ €~ hu)() + hwph) ’ ,Oe(T; <, tu & — h/w() + hwph)
(hWO - hwph)
where
e2I(r,z,t)
85 (W)Tscatt(r7z7tvg>
Fn =— A.
|:8t ‘| epp(/ra Z; t) 5) ngscatt<T, Z, t, g>2 + 1 ( 39)
1 1 1
= + (A.40)

Tscatt(ra Z, t) 5) Tefphtot (8) ch(ra Z, t)

Cascade (casc) (impact ionisation processes) are given by
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{apﬂ (r, 2,1, &) / / pe”'tg)( (5)—pe(raz,t,51))
9 casc Etn JEn—E1 TCC T,z t) D(Sl) (A.41)

(Pt

And the reverse, Auger (Auger) processes are given by

8pe:| / / pe Tz, 13 g) (pe(rvzatagl)>
(r,z,t,€)
|: 9 Auger Ein JEn—E1 ch rz t) D(gl)

(2.t 8) (A.42)
Pr\T, 2,1,C2
—— | d&; d&
( D(&,) > L
Radiative (Rad) recombination of electron-hole pairs is described by
Ope O po(r,z, t,E) pu(r, 2,1, &)
t — ) y ) ] d A‘4
G| oo = [ BRI e o
Diffusion of electrons (dif f) is described by
dpe
(r,z,t,€) = =V - (DVp.(r, 2,t,£)) (A.44)
Ot | giry

The loss to the electron density by the formation of excitons (Fzc) is given by

| e = [ ERSREROSAEE S g (s
ot Exc Eo Ncarr (T, Z, t) : ch(r, Z, t)

And the gain to the density from exciton dissociation (Fxcp;ss) is given by
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ape (T P’y 5) _ 1 /gc o Pe(r727t7<€1) pEmc<r7Zat7E2) A& dE
ot Excpiss T TCC(T’Z7t) Ec—Ex JEc Ei+ & —Ec Ncarr(r,z,t) ! 2

(A.46)
pEzc(Ta Z, ta E— gph)

—pe(r, 2,1, &
pE( ) Te—phabs (T7 z,t,E — gph)

+ for o <E<E+E —Ec

A.3 Excitonic density distribution

Electrons and holes can combine to form excitons. A fourth differential equation

governing excitonic density is shown below.

dpExc o apE:r:c apEacc
dt <T, - t7 5) B |: at :| Form * |: 8t Ezxc—c

n _ - AAT
|: ot Exc—ph ot Recomb ot BiX ( )

PEzxc apEIC
L5, 5]
at BiXDiss at BiXRecomb

The first term describing the formation of excitons (Form) is given by

dg,  (A.48)

IPEze (r 2 1,8) = /HSI pe(r, 2,1, &) pn(r, 2,1, E — € — &)
at Form T SC NCG/FT(n Z7 t) ' TCC(Tu Za t)

Scattering with carriers is described by

1 50 o0
8pEwc (T,Z,t,g) — / pe(’/‘,Z7t,5l) PExc(T727t752) dgl dgg
Ot | pre—e Tee(r,2,1) | Jea—e, Jeo E1+E2 —Ec Nearr(r, 2,t)

(A.49)
—pe(r,z,t,E)| for E < Ec — &,

This scattering described both the thermalisation of excitons with carriers and the

dissociation of them into free carriers.
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Exciton-phonon (Exc — ph) collisions are described by

PEze(r, 2,1, E) N PEze(T, 2, t,E — Epn)
Tepiot (Ta z,t, 5) Te—phaps (T, z,t, E— 5ph)
PEzc(T, Z, t, g + Sph)
Te—phemit (T, Zs ta & + gph)

(r,z,t,€) = —

|:apEmc

e
Ezc=ph (A.50)

+

Where again, phonon scattering leads to both thermalisation with the lattice and

dissociation back into free carriers.

Recombination of excitons (Recomb) occurs through a mixture of processes but for

simplicity a rate equation is defined with a time constant from the literature.

0 r,z,t,E
[ pE“} (r,2,t,€) = ZEULILY (A51)
at Recomb TEICRecomb (T, 2, t)NCGT'T(r7 2 t)
The exciton density is also reduced by the formation of bi-excitons (BiX)
E—Ec+EatEnn _
|:8pExc:| (’I“ ot 51) _ / PEmc(ﬁ z,t, gl)pEmc(rv z,t,E =& + gbw) &, (A52)
ot |pix Ec—Eqp Nearr(r, 2,1) - Tou (1, 2, )

And the exciton density is increased by the dissociation of bi-excitons.

{Gpgm} (r,z,t,&) = / /2(50 pe(r,z,t,&1)
at BiXpiss ch 52, t Ec 2(Ec—Ex)—Eva gl + 82 SC

PBiX (Ta 2, t) 82)

Ncarr (Ta Z, t)

/)Bz‘X(T; 2, t? g - 8ph>
Te—phaps (T7 z,t, & — gph)

d€y A&y — ppae(r, 2,1, E) (A.53)

foré’o—gxg(‘)g&—i—&—é’c
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Increase to the exciton density through the recombination of bi-excitons can be
modelled by
. pBiX(rv Z7t75 + SC' - gz - gbm)

t,&) = A.54
(T’Z7 ’ ) TBinad(r>Z7t)Ncarr<7nvzat) ( )

|:apExc:|
8t BiXRecomb

A.4 Bi-excitonic density distribution

A fifth partial differential equation governs the density of bi-excitons (BiX).

dppix (7", ot 5) _ Oppix n OpBix
dt at Form at BiX—c

A .55
o |:apBiX ] o [8pBiX } 4 [apBiX } ( )
ot BiX —ph ot Rad ot STbX giss

The formation term (Form) is given by

OpBix (r, 2, ) = /8_5C+g’+g“’ PEwe(T: 2,t,E1)pEwe(r, 2,1, € — E1 + Eba) s (A.56)
ot Form Y & Nca'f’?“(ra Z7t) : me(r, Z7t) !

c—&;

where

TﬂUI(Ta Z, t) = ,u:r:p(r’ Z, t) : T <A57)
e

al(r,z t)3
PEze(r, 2, t) In(1 + 0T (r, z,)2(1 X 107* - pgge(r, z,t))_g)

Mxx(ﬁ 2y t) = (A58)

Scattering with carriers is described by
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OpBix pBix (1, 2,t 51) pe(r, 2,1, &)
t d&s d.
|: ot :|BzX c(r - 5) TCC Tz, t [/8 /Ec gl + 82 Ncarr(razat) 52 51

(A.59)
—pe(r, 2,1, 5)] for £ <2(Ec — &) — Eba

This scattering described both the thermalisation of bi-excitons with carriers and the

dissociation of them into single excitons.

Bi-exciton-phonon (BiX — ph) collisions are described by

pBix(r,2,t, &) N peix(r,2,t,€ — Ep)

Teptot <T7 2,1, 5) Te—phaps (T, 2, t,E — 5ph)
peix(r, 2, t,E + Epn)

Te—phomir (75 2,1, € + Epn)

|:apBiX (Tv z,t, 8) - =

x|
BiX—ph (A.60)

+

Absorption of phonons leads to dissociation into free excitons and emission of phonons

leads to the formation of self-trapped bi-excitons.

Radiative recombination of bi-excitons is described by

PBiX (Ta 2, t? g)
TBiXT’ad(ra Z, t)Ncarr (Tv 2, t)

(r,z,t,€) = (A.61)

{6PBiX ]
at BiXRad

The bi-exciton density is also increased by the dissociation of self-trapped bi-excitons

back into free bi-excitons

[8PB¢X} (r,2,1,6) = / / (beEa)=En pe(r, z,t,&1)
Tz,
at STbXD’LSS ch r Z t gc gbz EDP 51 + 82 - SC

PSTbX (Ta Z, t? g - gph) <A62)
Te—phaps (7”, Z, ta 5 - gph)

pstox (1, 2,1, &)
Ncarr(ra Z, t)

d€y d&y — ppix(r,z,t,E)

for 2(50—8x)—gb$§5§gl+gz—gc
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A.5 Self-trapped bi-excitonic density distribution

A sixth partial differential equation models the density of self-trapped bi-excitons.

dpSTbX( 1 E) = OpsTvx n OpsTvx
dt at Form 8t STbX —c

A .63
4 [aPSTbX } _ [apSTbX 1 _ |:8PSTbX } ( )
ot STbX —ph ot Rad ot FD

The formation term (Form), is derived from the phonon scattering when phonons are

emitted by the free bi-excitons.

|:apSTbX peix(r, 2,6, € + Epp)

t,€) = A.64
ot 1 Form (r7 o ) Te—phemit (7”, Z, tu £ + gph) ( )

Scattering of self-trapped bi-excitons with carriers is described by

t e ) 7t’
5] o= | [ R R e
STbX —c TCC T2, Ec Ec 1+ &2 C carr(raz7 )

_pe(r,z,t,é’)l for £ <2(Ec — &) — &b — EDP
(A.65)

This scattering described both the thermalisation of the self-trapped bi-excitons with

carriers and the dissociation of them into free bi-excitons.

Self-trapped bi-exciton-phonon (STbX — ph) collisions are described by

pstox (1, 2,6,E)  psrex(r,2,t,E — Epn)
Tepror (12 26 E) Temphyy, (1,2, 8,€ = Epn)
pstox (1, 2,6, € + Epp)

Te—phoms (s 2,6, E + Epn)

[aPSTbX (r,2,t,€) = —

ot ] STbX —ph (A.66)

_|_
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For high energy self-trapped bi-excitons, absorption of phonons leads to dissociation

into free bi-excitons.

Radiative recombination of self-trapped bi-excitons is described by

(rot,8) = — psrox(r 2L E) (A.67)

|:8PSTbX
7_STerad(rv 2, t)Ncarr (T, Z, t)

ot ] STbX Rad

The reduction in self-trapped bi-exciton density by the formation of Frenkel defects is

given by
Opstvx (12,1, 6) = psrox (2,1, E) (A.68)
825 FD T TFD(T7Z7t7g> .
where
E—(E—12(8c—Ex) — &x — Epp|)
_ A.
Tep(T, 2,1, E) & exp ( FT(r 2. 1) (A.69)

A.6 Defect density distribution

A seventh partial differential equation governs the density of Frenkel defects. As
diffusion and recombination of defects are not considered, this equation only has one

term, the formation of defects.

d 2(Ec—Ex)—Epa 0
SPED (i, 2,t) = —/ { pSTbX] (r,2,t,E) dE (A.70)
dt 2(Ec—Ez)—Evu—EDP ot FD
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A.7 Lattice temperature distribution

The eighth and final partial differential equation governs the temperature of the lattice.

dr oT or
— = |— — ATl
dt (T7Z’t) |iat:|Scatt+ |:at:|szf ( ! )

The first term in this equation regards the lattice exchanging energy with different

populations via scattering and can be modelled as

5,5 (5]
at Scatt at Scatte at Scatty,

Rl A ] o
ot Scattgge ot Scattp;x ot Scattsryx

where

P—T] :/ o _ pelr2b8) e [TEm_ pelr2bE) ey g
ot Scatte &c kp Tepemit(r7z’t75)p14 Ec ks Tepabs<r727t78)pz4

The other scattering terms are identical to [8—T

at } Scatt. but with p, replaced with the

density of other populations and the integral limits changed to the minimum and

maximum energies of the scattering populations.

The diffusion of heat is modelled by the heat equation with a proportionality constant

determined by the thermal conductivity of diamond.

PT = —04, VT (A.74)

E} Diff
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