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Abstract

The Nitrogen-Vacancy (NV) centre in diamond possesses an optical read out of its spin
state and shows great promise for applications in solid state quantum technologies. Its
broad phonon assisted emission spectrum, with only 4% of emission from the zero-
phonon line, is a major drawback to this. The optical microcavity will be essential in
efficiently interfacing these centres with photonic networks. Here we present investiga-
tions into the coupling of NV centres in nanodiamond to tunable open-microcavities,
both at room temperature and at cryogenic temperatures. These structures will be
shown to achieve good photon confinement, with mode volumes down to 5A3. Room
temperature studies on ensembles of NVs will illustrate the tunable spectral and spatial
overlap between the emitter and the cavity mode. It will be shown that small enhance-
ments are possible in this regime. After the preparation and characterisation of single
emitters, low temperature coupling to the narrowed zero-phonon line will be the central
theme of this thesis. Single photon emission into the cavity mode is verified. We ob-
serve the enhancement of the light-matter interaction in this regime, by a 39% increase
in the emission rate when cavity-coupled, with the dependence on mode volume also
demonstrated. These results are important for the realisation of a spin-photon interface

in scalable quantum networks.



Popular Abstract

The development of the silicon transistor heralded the advent of modern computing and the
microelectronics industry. There has been an exponential growth in processing speeds since
then, with its continual miniaturization. This phenomenal advance is soon to reach a
fundamental limit, as transistors will be approaching the atomic scale in the near future.
Further progress requires a paradigm shift in how computation is done. Efforts have turned
towards the development of quantum computing, exploiting the unique properties of sub-
atomic particles. This extends beyond the binary on/off capability of the transistor to exploit
the remarkable quantum phenomena of superposition and entanglement, providing a rich
and more powerful resource for computation. These devices are expected to enable the
simulation of the most complex systems in nature, in turn accelerating new discoveries in
areas such as medicine, amongst many others. The task now is to realize such a system in

practice.

There are many strategies towards this goal, but Diamond is proving to be one of the most
exciting platforms. We know it is coveted for its strength and gemstone quality, however its
crystal imperfections are where the interest lies for quantum computing. These defects give
many natural diamonds their distinctive colour and it is here that an electron can be isolated
in the crystal. This can form a quantum bit or ‘qubit’, which is the first building block of our
quantum system. To be useful for computing we need to read, write and control the qubit
precisely. We also need to connect qubits together to start building a processor. Our current
processors are controlled by electrical signals. With qubits in diamond this will all be achieved

with pulses of light.

This thesis studies and develops a light-based (photonic) interface for qubits in Diamond, to
allow us to connect them in a network. These consist of a controllable pair of microscopic
mirrors in which a nanoscale diamond crystal is contained. In conjunction with laser pulses,
we are able to use these micro-mirrors to control the way in which the qubits emit light and
even make them brighter. If we can make them brighter, then the qubits can perform
computations more quickly and with less errors, taking this from being a scientific concept,
towards being an achievable technology. The information stored by the qubits is fragile, so to
protect it from the environment the diamond must be put in a vacuum and cooled to
temperatures around -200C or below. We show how this can be realized and demonstrate
how we can control the brightness of the qubit in these conditions. These experiments form
the highlight of this thesis.
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Chapter 1

Introduction

1.1 Quantum Computing

The realisation of quantum information processing (QIP) will represent a new paradigm
in computation. Since the development of the traditional silicon transistor and the
microelectronics industry there has been an exponential growth in processing power.
The miniaturisation of the microprocessor will approach a fundamental limit in the near
future, which will precipitate the break down of Moore’s law [1]. Ambitions to apply
computational resources to the most complex systems in nature will have to be curtailed.
Efforts have turned towards the development of a quantum computer, which aims to
exploit unique properties of quantum systems, namely superposition and entanglement,
to provide a rich resource for computation. Since they were first conceptualised [2], there
have been rigorous theoretical demonstrations of how and where quantum computers
could outperform their classical counterparts. These scenarios include the factorisation
of large numbers [3], integral to cryptography, and the simulation of quantum systems,
leading to significant advances in the field of molecular chemistry and biology amongst
others [4]. It is now the responsibility of the experimental community to realise these

goals in practical terms.
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The requirements of a quantum bit (qubit) are laid out by DiVincenzo [5]. The system
must be prepared into a well-defined quantum state, and subsequently coherently ma-
nipulated in a deterministic fashion. The information represented by the new quantum
state must be read out with a high fidelity. All of these require the system to have long
coherence times, defined as 75, such that many operations can be performed without a
compromise of information. Finally these qubits must be networked together to form a
scalable system. There are multiple proposals for the fundamental building blocks of a
large scale quantum architecture, such as trapped ions/neutral atoms, donor spins in IV,
VI, III-V group materials and superconducting qubits [1]. However there is a significant
challenge in networking these together to form a realisable system. The quantum states
of any system are extremely fragile, and information is readily lost through interactions
with the environment. Isolating the system from the surrounds is a key requirement.
This is at odds with the necessity to locate the qubits close enough to each other such
that entanglement can be generated through coherent mutual interactions, thus reducing

the prospects for scalability [5, 6].

This led to proposals for new ways in which to network qubits, that promise to over-
come some of the aforementioned challenges [7, 8]. If a quantum system has the ability
to impart its state onto a photon, then one can utilise these photons as flying qubits,
to connect a network of stationary nodes, spatially separated in order to preserve their
isolation and maintain long coherence times. Here the optical microcavity could mediate
the spin-photon interaction and efficiently interface each node with the large-scale pho-
tonic network. The quantum computer no longer needs to consist of a single device with
an array of locally interacting qubits [9]. Neutral atoms/trapped ions display amongst
the best coherence times and read-out fidelities [10], linked to optically addressable
atomic states. These may be the obvious choice for the realisation of distributed quan-
tum computing, however the technical overhead in creating arrays of trapped individual

ions/atoms in optical cavities has encouraged the pursuit of a solid-state alternative [11]
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The NV Centre in Diamond
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FIGURE 1.1: The NV centre in diamond. Left: the energy level structure. There is
a splitting of 2.88GHz between the spin sublevels (my) of the ground state. The zero-
phonon line (ZPL) occurs at 637nm. Spin-selective shelving into the metastable states
are responsible for the spin polarisation and optical spin readout. Right: Emission
Spectrum of a single NV centre in nanodiamond at 77K. The ZPL at 637nm and
phonon side-band (PSB) from 640nm are indicated. Inset: the crystal structure. A
Nitrogen atom sits adjacent to a vacancy site along the [111] axis, reproduced with
permission from [13].

1.2 The NV Centre in Diamond

Diamond has several enabling properties that have established it as a platform for QIP.
Firstly, it is a mostly spin-free lattice, with only 1.1% !3C (spin = 1/2) natural abun-
dance, which would benefit the coherence of any confined spin system. The robust
mechanical properties are also of enormous practical benefit. The wide semiconductor
band-gap of 5.5eV has allowed the identification of hundreds of optically emissive im-
purities [12]. Of these 'colour centres’, the negatively charged Nitrogen-Vacancy defect
(NV), shown in figure 1.1, is by far the most well studied and has been established as

one of the leading candidates for solid state quantum computation.

Formed by a substitutional Nitrogen atom with an adjacent vacancy, the symmetry of
the surrounding orbitals form a tightly confined, well isolated quantum system at the
vacancy, analogous to a trapped atom. Crucially, the optical transitions are directly

related to the spin state of the electron. The intermediate metastable states form a
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FIGURE 1.2: Scheme for generating remote entanglement by measurement. (a) Two

simple atoms are situated in separate cavities. Emission is imparted onto a 50:50

beamsplitter with two-photon interference leading to detection at just one output. (b)

The required atomic energy level structure. State [1) is linked to the optically excited

le). Resonant microwaves can coherently manipulate the electrons between state |1)

and [|). Figure adapted from [9]

non-radiative spin-selective relaxation pathway as shown in figure 1.1, polarising the
electron spin into the mg = 0 level after a few optical cycles. The splitting of the ground
state triplet is accessible at microwave energies and manipulation into the degenerate
ms==1 levels manifests in reduced optical emission. This is known as optically detected
magnetic resonance (ODMR). Long lived coherent control of the electron spins have been
demonstrated, thus satisfying the DiVincenzo criteria [5]. The NV centre was recently
the first solid-state system to have demonstrated remote entanglement of a distributed

quantum system [14], which is a significant milestone in QIP. Figure 1.2 demonstrates

schematically how this measurement based entanglement is generated.
The protocol follows that of Barrett & Kok [15]:
1. An electron in the ground state of each atom is prepared in the superposition state
%(]T) + |4)) using resonant microwaves.
2. Excitation resonant with [1) — |e) is applied.

3. Spontaneous emission locally entangles the spin and photon number such that

%(’T 1) + |4 0)) where ((0)1 - (no)emission)

4. The photons from both atoms are input to a 50:50 beamsplitter
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5. The outcomes are measured by two single photon detectors

If the photons emitted are indistinguishable in all aspects, two-photon interference will
result in both photons leaving the 50:50 beamsplitter through the same exit port and
only registering one count. This ’path erasure’ [9] provides no way of determining from
which qubit the photon originated from and both A & B are projected into the entangled
state ) = %(HAiB) +e7 | o1B)), where ¢ is the phase accumulated over the optical

path length.

1.3 Optical Microcavities

The low temperature emission spectrum of the NV centre is shown in figure 1.1. There
is a sharp zero-phonon line (ZPL), akin to an atomic transition, corresponding to just
4% of the emission, with the rest emanating from the phonon side band (PSB). For
the generation of indistinguishable photons, only the ZPL emission will be of use. It is
clear that this will result in very low entanglement generation efficiencies. The recent
demonstration of remote entanglement achieved one event/10 mins, requiring a week
long experimental run to verify [14], even with the aid of enhanced light collection

techniques.

The role of the optical microcavity will be to offer both enhanced light collection and
the enhancement of the light-matter interaction by selectively coupling to the ZPL of the
NV centre, and increasing its proportion of the total emission, through the Purcell effect.

The optical microcavity will be central to realising this system as a viable technology.

This thesis will present the coupling of the NV centre in diamond to tunable open-
microcavities as in figure 1.3. It is proposed that these will help realise an efficient,
scalable, spin-photon interface for use in distributed quantum networks. There are
many competing strategies for optical microcavitation. This thesis will demonstrate
the key, enabling features of the open-cavity - namely the in-situ, facile, tuning of the

optical resonances by adjusting the substrate separation, and the direct access of the
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The Open Microcavity

Concave mirror

Tunability Cavity mode
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V
s ———
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FI1GURE 1.3: A schematic of the open-cavity system. Figure courtesy of David Coles.

emitter to the electric field of the cavity. The resonators take the form of highly-reflective
Fabry-Perot mirrors with a planar-hemispherical geometry. The compelling advantage
of the resonators fabricated within this reach group, are the ultra-small mode volumes
that can be achieved through focused ion-beam (FIB) fabrication of the hemispherical
features. The fundamental objective of this project is to couple to the ZPL of a single
NV centre at cryogenic temperatures. It is in this regime where the enhancement of the
light-matter interaction will be maximised. This will be a central constituent for the
development of scalable measurement-based entanglement schemes in the future. This
would also represent the first time that a tunable open-resonator has been applied to a

single-colour centre at low temperature.
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1.4 Thesis Outline

In the build-up to the low temperature NV-open cavity coupling experiments which are

the focus of this project, the thesis will be structured as follows:

Chapter 2: Literature Review
A discussion of the NV centre will first take place, focusing on the key experimen-
tal and theoretical developments that enabled the demonstration of remote NV
entanglement by measurement. The diversity of applications of the NV will also
be briefly mentioned along with other notable colour centres in diamond. The re-
view will then discuss the alternative strategies for NV-cavity coupling. This will
concentrate on systems for which an observable Purcell emission enhancement has
been achieved, which will encompass the monolithic all-diamond resonators and
the hybrid-approaches. It will be seen that the open cavity possesses an advantage
over these strategies with regards to their tunability. The open cavity literature
will then be reviewed. It will be seen how the FIB milled cavities are distin-
guished from the alternative strategy of COq laser ablation, which will require an

appreciation of the fabrication process.

Chapter 3: Theoretical Background
The fundamental theoretical elements required to describe the NV-open-cavity
coupling process, will be discussed in three parts. Firstly the open-resonator will
be presented, with the concept of the Hermite-Gaussian beam being required fully
describe the optical modes of the resonator. Secondly a consideration of the basics
of cavity quantum electrodynamics are needed to understand how best to max-
imise the light-matter interaction in the weak coupling limit - the Purcell effect.
Finally an overview of the NV centre will be given, the energy level structure, so
crucial in defining the spin-readout mechanism, and the vibrational mechanisms
responsible for the undesirable PSB emission. The temperature-dependent dephas-
ing mechanisms of the ZPL are also stated, as these are critical when considering

experimental design and the theoretical analysis framework. The chapter will



Introduction 8

conclude with a consideration of the established NV-cavity coupling models and
finally to anticipate the Purcell factors that are achievable within the experimental

constraints of this project.

Chapter 4: Experimental Methods
The cavity fabrication process is first outlined (conducted by Philip Dolan & Au-
relien Trichet). The materials characterisation methods necessary in preparing
suitable nanodiamond samples will then also be discussed here, along with the op-
tical spectroscopy, cavity mounting and low temperature protocols. Finally there
are several experimental aspects of NV-cavity coupling that must be understood

and overcome for a successful experiment. These will be discussed in depth.

Chapter 5: Room Temperature Cavity Coupling
This chapter describes the first experiments into NV-cavity coupling which were
conducted at room temperature (RT). To aid with the development of the set-
up, bright fluorescent nanodiamonds (fNDs) containing multiple NV centres were
used. It will be seen that the open-cavity system, is the ability to directly compare
the emission in and out of the cavity, for the same emitter. This experimental
design enables small enhancements to be quantified through the relative emitted
spectral intensity. The effective Purcell factor is established to be 3% in the bad
emitter regime. The mode volume dependence is demonstrated with a reasonable
comparison to theory. Such an observation is enabled by the small mode volumes of
the FIB milled open-resonator. Finally the cavity mode structure will be mapped
out with the NV emission. It will be shown here how the emitter can be directly

placed at the electric field maximum.

Chapter 6: Characterisation of Single NV Centres in Nanodiamond
The NV centres here are hosted in nanodiamond (ND). Aggregation, as a conse-
quence of their synthesis, is common, prohibiting the regular identification of single
NV centres. It is necessary to use an air-oxidation process to selectively etch the
graphitic material whilst keeping the diamond intact. For this a parameter space

investigation was carried out to determine the optimal thermal conditions. Single
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NV centres are regularly identified on application of this surface treatment. A
survey of the optical and spectral properties will be presented. Prominence will be

given to the NVs for which the low temperature cavity coupling will be conducted.

Chapter 7: Low Temperature Cavity Coupling
Here the main results of this thesis are presented: the low temperature (LT) cou-
pling of a single NV to an open cavity. This will fully demonstrate the capability
of this system. The controlled tuning of the cavity mode across the ZPL of the NV
centre is shown, with single photon emission into the cavity mode verified. The
observation of an increased cavity coupled emission rate establishes the enhance-
ment of the light-matter interaction. A theoretical discussion of these results is
presented (work in collaboration with Alexia Auffeves, Gaston Hornecker, Thomas

Grange of Institut Neel in Grenoble).

Chapter 8: Conclusions

Here the thesis will be summarised and the future outlook discussed



Chapter 2

Literature Review

Colour centres in diamond are firstly discussed, focusing predominantly on the NV
centre. A review of the NV literature will be organised as a series of milestones that
made the demonstration of remote entanglement possible. However, an appreciation
of the diversity of NV research will also be given. It is also necessary to review the

synthesis and materials properties of nanodiamond along with methods for purification.

This chapter will then highlight the progress that has been made in coupling NV centres
to optical microcavities. Within cavity quantum electrodynamics (CQED) there are a
multitude of strategies that aim to enhance the light-matter interaction. The reader is
directed to Vahala [16] for a general overview of optical microcavities. The strategy taken
here is to review the pre-eminent NV-cavity coupling papers in-depth. Through this an
exposure to the diversity of CQED will be gained. The differing efforts are split into the
following sections. The monolithic, all-diamond, resonators, that are fabricated in the
bulk material, which have shown some of the best NV-cavity emission enhancements.
Then there are the hybrid-approaches. Here the resonator is external to the diamond

material and the with efforts mostly restricted to room temperature experiments.

The open cavity system will then be introduced. It is important to gain an understanding
of the relative merits of these two main approaches and for this reason the construction of

the CO35 ablation and FIB milling process will be briefly discussed. This will be followed

10
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FIGURE 2.1: A summary of the single emitters discovered in diamond to date. The
spectral emission bands are shown. Arrows indicate centres for which spin-dependent
optical properties have been identified. Reproduced with permission from [18].

by a review of the NV-open-cavity coupling experiments that have been demonstrated

to-date, which have been conducted at room temperature.

It must also be stated that this review will only discuss structures that could enhance
the light-matter interaction. There are a vast-number of strategies that focus on im-
proving the light-collection. These include solid-immersion lenses, diamond nanowires

and waveguides, the reader is directed to Aharonovich [17] for a comprehensive review.

2.1 Colour Centres in Diamond

Permutations of substitutional impurities and vacancies in the diamond lattice combine
to form the multitude of optically emissive 'colour centres’ observed. Nitrogen is readily
incorporated as a substitutional ion and is the most common impurity, giving rise to
the two general classifications of diamond materials. Type I, with Nitrogen as the
predominant impurity in concentrations >20 ppm (parts per million), and Type II that
are generally Nitrogen-pure. Further relevant sub-divisions of these classes are stated as
Type Ib: the majority of Nitrogen is in single substituional form, and Type Ila: ultra-
pure diamond with <20ppm Nitrogen concentration. Despite the rich variety of centres
observed, there are relatively few that have been identified as single photon emitters.

These are summarised in figure 2.1
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This review will focus on the NV~ centre. However, notable amongst the alterna-
tive single photon emitters in diamond is the negatively charged Silicon-Vacancy centre
(SiV™). This has demonstrated some outstanding spectral properties with up to 70%
of the emission into its ZPL, with a narrowband room temperature linewidth down to
0.7nm (compared to 4% and 2.7nm for the NV), ideal for applications as single photon
sources. More is becoming known about this centre all the time and the electronic struc-
ture has only relatively recently been established [19, 20]. Recently it was observed to
possess spin dependent optical transitions at low temperature and high magnetic fields

21].

2.1.1 The NV~ Centre

The entanglement of remote NV centres, described in chapter 1, is the culmination
of over 50 years of concerted research since the first optical studies. This section will
present a chronological overview of the key papers and technological advances that made

this feat possible.

1965 Du Preez: The first systematic studies into the 1.945eV (637nm) optical emission
band in diamond, observed after the electron irradiation and subsequent 900K

annealing of type 1b material, representing the first recipe for defect generation

[22].

1977 Loubser & van Wyk: Low temperature electron spin resonance (ESR) studies of
the NV centres ensembles reveal a paramagnetic spin-triplet state with 2.88GHz

energy splitting [23]. This is only observed under continuous optical excitation.

1988 Glasbeek et al: The first ODMR experiments at low temperature [24]. An attenu-
ation of the fluorescence signal is observed at the 2.88GHz frequency of the triplet
state. The triplet is here assigned to be the ground state of the NV centre. The
significance of this is that any electron spin coherence will not be limited by the
lifetime of an excited state. The authors demonstrate coherent spin manipulation

of the defect centres.
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1997 Gruber et al: Scanning confocal microscopy and magnetic resonance of single
NV centres [25]. By systematically lowering the electron irradiation dosage in
defect generation, single NV centres are isolated. With continuous wave (CW)
laser excitation, the pump rate is sufficient to maintain a spin polarisation in the
ground state, allowing for room temperature ODMR. This paper represents one
of the first examples of scanning confocal microscopy as a tool in the study and
characterisation of point defects in diamond. This is a seminal paper, largely

responsible for the subsequent flourishing of NV research.

2000 Kurtsiefer et al: The NV centre is revealed as a single photon source by the ob-
servation of non classical photon anti-bunching via Hanbury-Brown Twiss (HBT)
interferometry measurements [26] (described in section 3.3.4). The remarkable
photostability was also demonstrated. The NV is here seen to have great potential

for experiments in quantum optics.

2004 Jelezko et al: Observation of coherent oscillations of a single electron spin [27].
One of the first such demonstrations in a solid state system. Coherent control
is demonstrated for up to 2us at room temperature. The NV centre is here es-
tablished as a leading solid-state spin qubit candidate with the additional benefit
of an optical readout mechanism. This raises the prospect of photonic network

integration.

2006 Tamarat et al: Demonstration of electrostatic control over the optically excited
state [28]. The importance of this work is twofold: Firstly this is the first obser-
vation of transform-limited emission lines of just 13MHz spectral linewidth, made
possible by studying NV defects in type Ila materials, which do not suffer from
excessive inhomogeneous broadening. Secondly, the controlled energy level tuning
is essential in achieving two photon quantum interference from distinct centres (as

discussed in section 1.2).

2009 Balasubramanian et al: Isotopic engineering of Diamond. The 3C isotope has

1.1% natural abundance, with a nuclear spin-1/2, which creates a spin bath in the
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diamond lattice, one of the primary sources electron spin dephasing. Isotopically
pure CVD grown diamond with 0.3% !3C abundance. The extended coherent

control is demonstrated over 1o = 1.8ms.

2009 Batalov et al: Determination of the excited state structure and properties at low
temperature [29]. Detailed investigations into the excited state establishes a com-
plete picture of the energy level structure, allowing the optical transitions linking

the spin sub-levels to be discriminated. This enables spin-photon entanglement.

2010 Togan et al: Spin-photon entanglement [30]. Here the electron spin state is im-
parted onto the polarisation state of a photon. This is a fundamental constituent

of distributed quantum networks.

2010 Hadden et al: Improvement of NV photon collection [31]. Integrated solid immer-
sion lenses are FIB milled into the diamond crystal. These negate the refraction
losses at the planar diamond-air interface, improving photon collection by a factor
of 10. There is no requirement for the NV defects to be close to a surface, thus

preserving the coherence properties.

2012 Sipahigil et al, Bernien et al: Demonstration of two-photon interference, (de-
scribed in section 1.2), from distinct NV centres, the central constituent of proto-
cols to entangle spatially remote quantum systems. The distinction between these

papers is related to the proximity of the separated NVs [32] [33].

This list is by no means exhaustive, representing just a fraction NV related research. It
is important to mention that the coherence times demonstrated for the electron spin are
sufficient to observe coupling to nearby *C nuclear spins [27] owing to the fact that 11%
of the electron wave function is distributed over the nearest neighbour carbon atoms.
Their mutual hyperfine interaction allows for a transfer of a quantum state between the
two [34]. Nuclear spins are well isolated from their environment offering a long term
storage mechanism in quantum information protocols. The local entanglement between

these nuclear spins has also been demonstrated at room temperature [35].
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Aside from quantum information the NV centre has established itself as a pre-eminent
magnetic field sensor. NV centres in nanodiamond have been incorporated onto AFM
probes creating scanning magnetometers [36], sensitive to both stationary and alternat-
ing fields [37]. Coherent spin control mechanisms are again allowing the sensitivity of
these devices to reach unprecedented levels allowing for the detection of a single electron
spin [38], and even proton nuclear magnetic resonance [39, 40]. For a review of NV mag-
netometry see Rondin et al [41]. Within sensing, NVs have alternatively been applied as
electric field sensors [42] and even in thermometry [43]. The operation of these sensing
mechanisms under ambient conditions has lead to applications in biological specimens
[44, 45]. This brief overview gives an appreciation for the diversity of applications in

which the NV is now found.

Despite natural occurrence, it becomes desirable to generate these defects artificially.
Two approaches are commonly taken, either a Nitrogen ion implantation in type Ila
material, or a vacancy generation in type Ib. An annealing process then takes place in a
vacuum environment. Above temperatures of 600C, vacancies will become mobile in the
lattice and become trapped by substitutional Nitrogen.[46]. Nitrogen ion implantation

has recently shown transform limited NV-ZPL emission [47].

2.1.2 Nanodiamond

NV centres hosted in nanodiamond are the material of choice in this project. These are
fabricated by high-pressure high-temperature (HPHT) methods. Their synthesis and
preparation are reviewed here. Nanodiamonds were initially discovered as a product of
the detonation of TNT (trinitrotoluene) in chambers with a CO2 atmosphere [48]. The
shockwaves within the detonation blast provide the HPHT conditions necessary for the
formation of the diamond phase of Carbon (sp? orbital hybridisation). However, many
unwanted forms of graphitic (sp? hybridised) Carbon occur as a by-product [49]. HPHT
synthesis is also available via mechanical presses. Using graphite as a precursor, local

explosions occur in the presence of a catalyst [48]. Materials from HPHT synthesis need
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FIGURE 2.2: (a) A simple model of aggregated nanodiamond crystals after detonation

synthesis. The particles are bound in graphitic shells and soot which need to be sep-

arated. The primary particle sizes are found to be in the region of 5nm. Reproduced

with permission from [51]. (b) & (c) Transmission electron micrographs of the post det-

onation aggregates. Amorphous carbon and graphitic shells, termed onions, are found
to bind them tightly together. Reproduced with permission from [52]

subsequent purification. CVD (chemical vapour deposition) has been shown to grow

nanodiamond of good crystalline quality but with low yield [50].

The resultant nanodiamond particulates are often bound together in graphitic shells, as
shown in figure 2.2. These matrices are covalently bonded preventing de-aggregation
using high power sonication [49]. Aggressive surface treatments are required, all of
which work on the principle that graphitic Carbon is more easily broken down than the
diamond form. Wet chemistry techniques using combinations of oxidising acids have
been shown to be successful to this end, involving tri-acid refluxing (Sulphuric, Nitric
& Percholric) for up to three days [53, 54]. Osswald [52] presented a thermal oxidation
technique. Through thermogravimetric analysis (TGA) and Raman spectroscopy (see
chapter 4), they demonstrated selective etching of the sp? whilst maintaining the sp?
phase. Gaebel et al [55] took this one step further and demonstrated controlled etching
of the sp3 phase as a method for reducing primary nanodiamond size. Hees and Williams
[56] demonstrated that annealing in a Hydrogen atmosphere was efficient in obtaining a
mean particle size of 3nm measured by dynamic light scattering (DLS). The materials

characterisation and purification process is the subject of section 6.1.
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2.2 Optical Microcavities

2.2.1 Monolithic Diamond Resonators

Photonic crystal cavities (PCCs) rely on a periodicity in the dielectric environment to
confine the photon to a particular dimension as seen in figure 2.3. This periodicity is
usually realised by the patterning of well defined holes into the material. Confinement
in the remaining dimensions is achieved through total internal reflection at the inter-
face. These structures are capable of achieving extremely small mode volumes with good
Q-factors. Both 1D & 2D PCCs have been fabricated in bulk diamond with the first
successful demonstration of high @ PCCs by Riedrich-Moller et al [57], achieving mode
volumes V' = 1.5 (%)3 (2D PCC) and V = 0.7(%)3 (1D PCC). Tuning of the cavity reso-
nances presents a technical challenge for all monolithic structures. The structure needs
to be precisely modified to bring the mode into resonance with the emitter. Coupling
to SiV centres was demonstrated here, with tuning enabled by repeated thermal etching
steps. Faraon et al [58], have observed some of the most significant enhancements of the
NV emission rate into PCCs. A 200nm diamond membrane was initially produced using
reactive ion etching (RIE) in an Oxygen plasma. The authors fabricated PCCs using
standard semiconductor masking and patterning techniques, combined with additional
RIE. A Finite Difference Time Domain (FDTD) simulation of the structure is shown in

2.3.

The PCC shown in figure 2.3 offers V:0.88(%)3. Here the tuning is achieved through
the condensation of Xenon gas on the surface of the structure at cryogenic temperatures.
Lifetime measurements showed a factor of 3 change in the decay rate. Due to branching
of the emission into the ZPL, dictated by their measured value of the Debye-Waller factor
(¢=0.03%), this corresponds to a Purcell factor of Fp = 70 (see section 3.2.2 ). Single
photon emission from the cavity coupled ZPL was verified with an HBT measurement

with ¢(®(0) = 0.38 (see section 4.5 for details of the measurement).
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F1cUure 2.3: Top: FDTD simulation of the electric field intensity in the integrated 2D

PCC. Periodic hold spacing d is shown. (a) Lifetime of the ZPL with the cavity mode

off resonance. (b) Lifetime of the ZPL with the cavity mode on resonance. (¢) HBT on

the ZPL. Reproduced with permission from [58].

Equally impressive results have been demonstrated for NVs in 1D PCCs. Through
their strip-like design, these cavities couple well to propagating waveguide modes, which
makes them attractive for incorporation into quantum networks. Li et al [59] fabri-
cated the structures shown in figure 2.4. The figures of merit for this structure were
observed to be @=9900 with V:1.05(%)3. The starting materials underwent nitrogen
ion implantation, giving a statistical density of NV defects in the crystal. By patterning
many nanobeams into the diamond, the authors were able to obtain cavity-coupled NVs

through a statistical process.

The whole PL spectrum when tuning the cavity into resonance can be observed. Being
able to monitor the total intensity on and off resonance, showed a fraction B &~ 50% of the
emission being channelled into the cavity mode (see section 3.2.2). Fluorescence lifetime
measurements gave Fp = 62 where ¢ =0.019. Unlike the majority of NV-cavity coupling

experiments presented here, this paper proceeds to demonstrate that the coherent spin
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FIGURE 2.4: a) Above: Nanobeam cavity in diamond. The scale bar represents 1um.
Left; Spectrum of the single NV centre with the cavity mode in resonance with the
ZPL. Right: Tuning the nanobeam cavity into resonance with the ZPL, the lifetimes
corresponding to the on and off resonant cases are shown inset. Reproduced with
permission from [59].
control of the electron is unaffected upon fabrication of the resonator. This is often a

concern when defining surfaces close to the defect as free electrons spins contribute a

fluctuating, inhomogeneous magnetic field.

Hausmann et al [60] have also explored the creation of 1D PCCs. here the authors
demonstrate both red and blue turning of the cavity resonances. In this work they found
red tuning via Xe gas deposition to be much more controllable, and a 7nm fine tuning
was demonstrated. The structures here are therefore initially fabricated to define the
cavity mode at the blue spectral end of the ZPL position. The Xe condensation process
is reversible to the extent that the condensation evaporates upon taking the system to
room temperature. Coupling of the cavity modes was demonstrated to give Fp = 7 on
the ZPL, determined by inspection of the on and off resonant intensity. The metrics

here were V:3.7(%)3 and ) = 1634.
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F1GURE 2.5: Left: SEM micrographs of the diamond microring resonator on a Silicon

substrate. Centre: The lifetime of a NV ZPL as a function of cavity detuning. Two

cavity modes of the resonator are tuned across the ZPL. Right: The PL spectra of the

NVs. One can see many modes of the resonator coupling to the PSB. There are many

NV centres present in the collection region. The cavity modes C1 and C2 are shown

inset, detuned from the ZPL. Reprinted with permission from [61].

An alternative all-diamond approach is to fabricate microring resonators. Rather than
relying on a periodicity in the refractive index to confine the light, these rely on total in-
ternal reflection at the interface before eventually coupling out of the structure. Faraon
et al [61] developed mirroring resonators consisting of 280nm diamond membranes with
a 4.3um outer diameter, as in figure 2.5. The structures had mode volumes in the range
V:17—32(%)3, with Q = 4000. Originally the diamond had a significant NV defect
density, such that many centres were being interrogated simultaneously in one confocal
spot. One observation is that the fabrication of the resonator incorporates strain into
the membrane, leading to an initial 20GHz ensemble linewidth being spread out over
1THz allowing them to be individually resolved. Another feature of these devices is the
plethora of cavity modes that are supported, as observed in the coupling to the PSB in
figure 2.5. With multiple ZPLs the cavity modes are only distinguished by observing
their tuning. The modes C1 and C2 were postulated to be two counter propagating
modes of the ring resonator. As a clear demonstration of cavity-coupling, the fluores-
cence lifetime was measured as a function of cavity detuning, shown as both cavity

modes tune through the ZPL. A Purcell factor of Fp = 12 was achieved corresponding

to a fraction B = 25% of the total emission rate.
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FIGURE 2.6: (a) Above: AFM image of diamond nanocrystal upon successful manipu-

lation and positioning on top of the PCC. Reprinted with permission from [62]. (b) The

opposite approach. A tungsten tip manipulates a PCC substrate allowing deterministic
placement over a desired nanodiamond. Reprinted with permission from [63].

2.2.2 Hybrid Approaches

Hybrid approaches to NV-cavity coupling usually comprise of the resonator fabricated
from a non-diamond material commonly Gallium Phosphide (GaP) - with the emitter
located externally. Several novel approaches have been demonstrated to this effect.
Using a PCC fabricated from GaP, V'=0.75 (%)3 , Wolters et al [62] used a pick and place
method to position a pre-identified NV centre, hosted in nanodiamond, at the centre of
the PCC. The tuning method in this case was through heating of the PCC with a high
energy laser - it was postulated that the GaP oxidised, changing the refractive index
and bringing the mode into resonance. However this resulted in compromised Q-factors
from @=1000 to @=600. Inspection of the peak in ZPL on and off resonance yielded

Fp =12.

The opposite approach was taken by Englund et al [63]. Nanodiamonds were situated

in a PMMA film. Using a tungsten tip, a GaP PCC was manipulated on the surface of
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the film, deterministically bringing the cavity towards to the emitter. The group used
a 2D PCC similar to those above. Lifetime measurements were taken showing a change
from 7 = 16.4ns to 7 = 12.7ns. However this is primarily attributed to the substantial
change in the refractive index environment upon placing the GaP (n=3.4) PCC over
the selected nanodiamond. Channelling of the NV emission into the cavity mode was

observed. Both of these Hybrid approaches are summarised in figure 2.6.

2.2.3 Open Cavities

Coupling of NV centres to open-cavities is the central theme of this thesis. These
consist of two opposing mirrors with separation L, as in a Fabry-Perot resonator. A
spherical mirror, with radius of curvature 3, provides transverse confinement, whilst also
ensuring it is robust to misalignment. A key figure of merit for the resonator quality
is the finesse F, depending on the reflectivity of the mirror coatings and the optical
quality of the surfaces. The principles of Fabry-Perot resonators are well understood
(outlined in chapter 3), with such structures used extensively in laser technology for
many years [64]. However key advances in design and fabrication have enabled the
minimisation of 3, allowing for small V. These have rendered them useful for emitter-
cavity coupling experiments, with the compelling advantages of the direct access of the
emitter to the electric field maximum and their inherent tunability. This overcomes the

technical challenges presented by monolithic and hybrid resonators discussed so far.

2.2.3.1 Fabrication

Whilst this project focuses on open-cavity NV coupling experiments, it is the FIB milling
process that differentiates the resonators used here with alternative strategies. There
have been several approaches to constructing these types of concave features, all them
with the goal of combining small mode volumes and high finesse. These include wet
etching techniques [65], deposition and lifting off mirrors from concave surfaces [66] [67]

and bubble trapping in glass to create highly smooth spherical surfaces [68]. These have
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achieved a minimum of 8 = 10um and finesses of up to F = 103. However these have

been surpassed by the techniques of C'O5 laser ablation and FIB.

CO4 lasers are commonly used in the surface treatment of silica substrates. With a
wavelength of A = 10.6um, it is strongly absorbed by vibrational modes in silica. This
local heating effect causes melting and evaporation. Working in a regime where surface
evaporation dominates, with melting being restricted to just a thin layer of the surface,
this results in a concave imprint into the silica. The molten layer of silica results in an
extremely low surface roughness as the surface tension smoothes out the concave feature.
This has been used to great effect in producing high finesse optical microcavities, and
COg ablation is currently being pursued by a growing number of groups round the world
[69-73]. The current state of the art is summarised in table 2.1.

TABLE 2.1: CO, Laser Ablation: State of the Art

Author B(pum)  opms (nm) F V(2)3
Hunger 2012 [71] 20 0.2 - -
Hunger 2010 [72] 45 0.2 1.3 x10° 42
Muller 2010 [69] 60 0.4 1.3 x 10> 154
Greuter 2014 [73] 13 0.2 1.5 x10* 23

Recently Greuter et al [73] pushed the geometrical limits of this technique to f= 13um
with V :2.3(%)3. The relationship between feature depth and radius of curvature is
shown in figure 2.7. This figure shows that in order to achieve smaller radii of curvature,
a greater imprint depth is required. Through an improved alignment of the substrate and
the ablation beam, they are able to ablate further into the material, corresponding to
an imprint depth of 1um. eventually one enters a regime where the depth > § where no
stable cavity modes are able to form. Post processing will become necessary to develop

this technique further.

The FIB is an established machining tool within materials science and the semiconductor
industry. Consisting of an accelerated ion beam, that is shaped by magnetic lenses, very
narrow focal spots are achieved from 1pum down to 5nm depending on the beam current.

This allows for great control over the size and shape of the concave mirrors. Crucially it
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FIGURE 2.7: Relationship between feature depth and radius of curvature for CO5 ab-

lated cavities. The data points show measurements from the cavity mode spectra (red)

supported by Atomic Force Microscopy (AFM) measurements of the surface profile.
Reprinted with permission from [73].

FIGURE 2.8: Scanning electron microscopy (SEM) image: Arrays of 5 = 25um cavities
FIB milled onto a Silicon substrate. Reprinted with permission from [74].
allows for very small radii of curvature to be produced, combined with a shallow feature

depth, thus allowing the cavity systems to form stable modes such that L < 3.

The structures in figure 2.8 were first demonstrated in 2010 by Dolan et al [74]. Arrays
of concave features with § = 25, 12 & 5um are milled onto silica substrates. The larger
cavities displaying a finesse which was only 12% less than theoretically expected from

the coating reflectivities. After improvements in the mirror separation, mode volumes of
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V = 1.9(%)3 were reached in later work, amongst the smallest mode volumes achieved
in an open-cavity system [75]. There are now multiple research groups pursuing the FIB
milling of cavities. Albrecht et al have incorporated FIB milling on fiber facets, with
low surface roughness of oyms = 0.3nm [76]. Mai et al [77] have reported FIB milled

open cavities down to 0.4um? in volume however this was a simulated value.

2.2.3.2 Coupling Experiments

To date there have only been room temperature studies of NV coupling to open-cavities.
With the requirement that L < (3, there are just a few microns separating the substrates,
meaning that NV centres hosted in nanodiamonds are most easily incorporated into this
structure. Albrecht et al [78] were the first to demonstrate single NV centre coupling
to a fiber integrated cavity. The broad PSB emission allows for single photon emission
into the cavity mode to be displayed over a wide spectral range. With the cavity pa-
rameters in their system, no lifetime change was expected as the Purcell factor was only
anticipated to be Fp = 1072. By performing saturation measurements on the cavity
mode coupled at the ZPL and PSB maximum respectively, the saturations counts were
observed to be I = 770(3700)photons/s, beyond the 2photons/s value expected from
spectral filtering effects. Outside the Purcell regime, the cavity coupling was well de-
scribed by a dephasing assisted regime, allowing for predictions of the emission rate into

the cavity mode (details of this model are described further in section 3.4.1).

As a development of this work the same group constructed an all fiber cavity consisting
of a concave-concave design. One facet was COq ablated, whilst the other was FIB
milled. Using an AFM pick-and-place technique similar to those outlines by Wolter et
al [62], they deterministically placed a pre-selected single NV nanodiamond into one
of the milled facets. The all-fiber approach offers a ready integration with photonic

networks [76].

Kaupp et al [79] explored NV cavity coupling with bright {NDs with up to 300NV centres

per crystal. This was to overcome the background fluorescence and explore the scaling
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FIGURE 2.9: The scaling of the effective Purcell factor (C) with mode volume in the
bad emitter regime, for NV centres coupled to a fiber cavity of 5 = 100um. Data points
(blue) are compared to theory (red). The grey line is not discussed here [79].

of the cavity coupling parameters with the mode volume over three orders of magnitude
down to 73(%)3. At room temperature the NV-cavity coupling proceeds well within
bad emitter regime of CQED, whereby only a fraction of the emission was coupled to
the cavity mode. (This is discussed in section 3.2). With the broadband emission, the
mode volume was far from the regime necessary to readily observe fluorescence lifetime
changes. A Purcell factor was alternatively quantified by comparing the integrated
intensity into the cavity mode with the entire emission into free space. With a careful
consideration of the differing experimental photon collection efficiencies in each case.
The scaling of the effective Purcell factor was mapped out in the range 107> to 1073,
shown in figure 2.9. This analysis framework forms the basis of the room temperature

cavity coupling experiments in chapter 5.
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2.3 Conclusion

This chapter initially discussed the NV-cavity coupling experiments conducted with the
monolithic and hybrid resonator structures. Table 2.2 summarises these key experiments
presenting the Q-factors, mode volumes along with the @)/V ratios allowing comparisons
to be made. It must be noted that where possible, the Q-factor of the actual resonator
used for coupling is listed. It is common for a range of Q-factors to be quoted in
each paper, to account for the fact that many structures are fabricated within each

investigation.

These structures typically have the benefit of being able to observe the off-resonant
emission spectrum, allowing for a simple comparison of the emission intensity when
optimally coupled. This is in contrast to the open resonator geometry. The Purcell
factors are often determined in this manner with a consideration of altered collection
efficiency where necessary. Prominence has been given to the experiments where there
has been a clear lifetime measurement on the cavity coupled ZPL. To date, the PCC
cavities represent the state of the art within NV-CQED [58, 59].

TABLE 2.2: NV Centre-Cavity Coupling (*Lifetime Measurement)

Cavity V(%)?’ Q@ Q/V Fp (measured) Group
Monolithic Diamond Resonators
2D PCC 0.88 3000 3400 70* Faraon 2012 [58]
1D PCC 1.05 3300 3150 62%* Li 2015 [59]
1D PCC 3.7 1634 440 7 Hausmann 2013 [60]
Microring 17 4300 252 12%* Faraon 2011 [61]
Hybrid Resonators
2D PCC-ND 0.74 610 820 7 Englund 2010 [63]
2D PCC-ND  0.75 1000 1330 12 Wolters 2010 [62]

Important to consider in practical terms is whether the emitters can be deterministically
situated. The monolithic diamond resonators are able to incorporate the emitter within
the resonator structure, enabling a better positioning of the emitter in the electric field.
The structures can be constructed around an pre-determined emitter location to an

extent. This is demonstrated by Riedrich-Moller [80], as a 2D PCC was fabricated
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around a pre-selected SiV centre, with the aid of registration features on the diamond
surface. The optimisation of the coupling is subsequently fixed. Some of these methods
certainly rely on a semi-stochastic process, by fabricating large quantities of resonators
in diamonds of appropriate defect density, as observed in the work of Li [59]. Conversely
the hybrid approaches discussed offer deterministic pick and place methods [63] [62].
This positioning can be optimised iteratively, however the situation of these emitters

outside the cavity requires evanescent coupling.

The open-cavities discussed are summarised in table 2.3. To attain comparison with the
previous resonators, the @ factors have been calculated from the stated finesse and the
minimum length achieved in the experiment (see chapter 3). This is a nascent field such
that there have been relatively few emitter-cavity experiments. Because of this some
of the maximum ’bare-cavity’ parameters have been displayed alongside emitter-cavity
coupled structures.

TABLE 2.3: Open-Cavity Potential

Cavity V(2)3 Q Q/V Author
Bare Cavity

COy 42 9.5x10° 22,600 Hunger 2010 [72]
CO, 154  4x10° 26,600 Muller 2010 [69)

COq 2 6 x 10* 30,000 Greuter 2014 [73]
FIB 9 2 x 103 220 Dolan 2010 [74]
Semiconductor Nanocrystal Film-Cavity Coupled

FIB 3 64x10% 2100 Di 2012 [75]
2D Film-Cavity Coupled
FIB 6 7.4 x10% 1200  Schwarz 2014 [81]

ND-Cavity Coupled
COq 32 8.4 x 103 264  Albrecht 2013 [78]
COq 53 3 x 10° 5700 Kaupp 2013 [79]
FIB 22 6 x 104 2700  Albrecht 2013 [76]

It is clear from that table that some of the COs fiber cavities are able to attain very
impressive F values, through the ultra-smooth surfaces that the ablation method is able
to produce. The 'bare cavity’ is of course is an idealised scenario where transmission
or reflectivity measurements are conducted to measure F. Introduction of an emitter

into the intra-cavity medium leads to additional loss mechanisms. The semiconductor



Literature Review 29

nanocrystal and 2D thin-film coupling experiments are shown here as they represent
the most up-to-date capabilities of the FIB cavities produced within this research group
[75, 81]. It has been shown that the FIB method is able to produce amongst the smallest
mode volumes, although the recent work of Greuter et al [73], demonstrate that COq
cavities have made great advances. However the FIB is certainly leading the way in terms
of minimising 3. Finally the NV-open cavity coupling experiments are shown. Reference
[79], was able to retain very a substantial finesse, which showed only a 20% reduction
when coupling to the ND. In reality this is strongly dependent on the nanodiamond size.

Reference [78] saw the finesse drop by a factor > 3 upon introduction of the ND.

There is clear potential for the open-cavity system to contribute significantly in the
efficient coupling of NV centres to optical networks. The @Q/V figure of merit for the
open resonators are shown to be very competitive with the PCC and hybrid resonators.
What is more, the direct and deterministic access of the emitter to the electric field
maximum is going to be of substantial benefit. The tunability of the system is the
unique selling point, lending itself for incorporation into scalable future technology. For
example, they could provide an individual and adjustable optical interface for each qubit
in a distributed quantum network, comprised of multiple nodes. The requirement now
is for those within the community to experimentally demonstrate open-cavity Purcell
factors that are competitive with those seen in monolithic resonators. This is the central

theme of this project.



Chapter 3

Theoretical Background

The following chapter will outline, step-by-step, the theoretical background that is nec-
essary to describe the coupling of the NV~ centre to the plano-concave open-cavity
resonator. The basic principles of the planar Fabry-Perot resonator will firstly be in-
troduced, with the conditions for resonance, the effect of mirror losses on the photon
lifetime and the consequences for the cavity metrics such as the finesse and quality fac-
tor. To describe the modes of the spherical mirror resonators used in this project, the
concept of Gaussian beam optics will need to be considered. The relationship between
the full Hermite-Gauss mode structure of the confined electric field and the geometri-
cal parameters of the cavity are an essential tool in determining the mode volume and

tailoring the light-matter interaction in-situ.

The theory of CQED will then be introduced with an initial discussion of the free space
optical density of states. The optical microcavity increases the optical density of states
at resonance, allowing for the enhancement of the light matter interaction in the limit
of weak-couping, otherwise known as the Purcell effect. It will be demonstrated how
the open-cavity system can ensure that this effect is maximised. The CQED parameters
g, K, 7, familiar to those in the atom-optics community, will be introduced in this context,
solid state emitters however, most-often experience dephasing mechanisms that impede

cavity coupling. It will be seen that the optical transitions within the NV experience

30
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L

FIGURE 3.1: The basic Fabry-Perot optical resonator, formed by two opposing mirrors
of reflectivity R, separated by a distance L. Imperfect reflectance leads to transmission
through the mirror and loss from the cavity

a temperature dependent dephasing, meaning that it is necessary to consider both the

good and bad emitter regimes of CQED.

There will be a full outline of the NV~ centre in diamond. It’s location within the unit
cell of the diamond lattice defines the symmetry of the defect, which is imparted on the
electronic structure of the emitter. It is the energy level structure, with the ability to
impart the spin state of an electron onto the photon number that is the fundamental
reason why the NV~ is of interest in this project. However the quantity of 'useful’ light
emitted is shown to be just a fraction of the total emission, through the interaction with
the vibrational modes of the lattice. For this reason cavity enhancement is expected to

play an important role as the spin-photon interface.

This chapter will finally conclude with a discussion of the consequences of the PSB emis-
sion on the observable enhancements. Purcell factors that are within reach of this thesis
are anticipated, given the optical resonators, mirror materials and operating tempera-

tures that will be used, which will serve as a benchmark for the rest of the thesis.

3.1 Optical Resonators

This section will describe the principles of a Fabry-Perot resonator, following those out-

lined in references [82] and [83]. The resonant frequencies, v must satisfy the boundary
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conditions imposed by two opposing mirrors of separation L, as in figure 3.1, maintaining

a constant phase over one round trip:

c
VP =457 (3.1)

Where the mode index g denotes the number of antinodes between the mirrors. Each

C

57, known as the free

discrete resonant frequency thus has a constant separation Av =
spectral range (FSR). The finesse F is a key metric, related to the number of round
trips the photon will make, which would be infinite for the case of the perfect cavity

with reflectivity R = 1. In practice, where R < 1, the finesse is expressed as:

_ m(RiRy)Y4

Feio (3.2)

Noticeably this is independent of the mirror separation. In the case of additional intra-

cavity scattering, the losses are described by the total round-trip loss factor, £

1 1
=204l +In— + In— .
L o +nR1+nR2 (3.3)

Where «a; is the scattering coefficient. In the limit of high-reflectivities (R ~ 1), the

finesse is simply related to the total loss factor by:

F== (3.4)

This results in an attenuation of the electric field, decaying a rate K = 1/7., where 7, is
the cavity photon lifetime. This breakdown of the strict resonance condition (shown in

3.2), results in the characteristic spectral linewidth dv

2méve = K (3.5)
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FIGURE 3.2: The resonant frequencies, in terms of A, for the Fabry-Perot resonator. As

the finesse of the cavity is increased the width of the Lorentzian line shape is reduced.

Resonances of infinite F finesse are shown in black. The free spectral range is also
indicated.

The cavity decay rate k, is a key parameter in the discussion of CQED in section 3.2.

Finally the finesse is related to the properties of the cavity spectrum in figure 3.2 as:

Av
F==" 3.6
5, (3.6)
The Q-factor of the cavity is another key parameter that describes the capacity of the
cavity to store energy, and is a figure of merit for any resonator structure. This allows

for a direct comparison to alternative cavity geometries and defined:

27 x Maximum Energy Stored w
Energy Loss per Cycle Aw

The open-cavity thus has the ability to sample a wide large range of Q-factors as the
mode index is increased. The planar cavity geometry has been discussed here for the
purposes of this introduction. However, spherical mirror resonators are a necessary

condition to achieve a good photon confinement and a small mode volume.
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3.1.1 The Gaussian Beam

The concept of Gaussian beam optics will need to be introduced. A paraboloidal wave-
front curvature is well matched to spherical mirrors and thus the Gaussian beam fully
describes the modes of these optical resonators. The wave-like solutions to Maxwell’s

equations will first be considered.

When Maxwell’s equations are considered for the case of no free currents (j = 0) or static

charges present (p = 0), a wave equation can be obtained, propagating with velocity:

1
VBo€o

C =

Vi - Z52 =0 (3.8)

Solutions of this equation describe the nature of the electromagnetic radiation and can

take the following form, describing a monochromatic plane wave

E(r,t) = Ae =gt (3.9)

Equation 3.9 consists of a time-independent complex amplitude £(r) = Ae™*?* with an

t

associated phase e™!. Upon substitution into the wave equation, a time independent

form, known as the Helmholtz equation is obtained [82].

(V24+EHE() =0 (3.10)

The monochromatic plane wave describes a constant envelope A propagating along z.
The wavefront normals can be appropriately described by ray optics. The Gaussian beam
approximation represents a small deviation from the simple picture, by considering the
propagation of paraxial waves. The wavefront normals this time make a small angle 6

to the optical axis such that the paraxial approximation, sin(f) ~ 6, can be applied. A
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paraxial wave is obtained through a perturbation of the complex envelope A, which is

now a slowly varying function along the propagation direction where:

E(r) = A(r)e = (3.11)
The condition that % < kA and %27? < k%A, ensures the envelope variation is low

per unit A and the paraxial approximation is valid. The substitution of 3.11 into 3.10,

results in the paraxial Helmholtz equation.

0A

2 .

A—2ik— = 12
Vi ko 0 (3.12)
Where VQT is the transverse laplacian operator. The full description of the Gaussian

beam now comes from a solution to the paraxial Helmholtz equation and is shown in

equation 3.13, along with a description for the physical meaning of each component [83].

w
E(r) = Ap 0 amplitude reduction with z
w(z)
P
X e wz)? Gaussian profile of wavefronts with waist w(z)
x e~z propagation along z (3.13)
L2
x e * a5 wavefront radius of curvature B(z)

x e's(%) Gouy phase shift (z)

Where wy and Ay are the beam waist and amplitude at the focus, whilst r is the radial
distance from the optical axis. Equation 3.13, fully describes the behaviour of the beam
in terms of the beam waist w(z), radius of curvature 3(z) and the Gouy phase ¢(z) as it
propagates along z away from the focal point. These are the parameters of the Gaussian

beam and can be expressed as:
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w(z) = wo (1 + <;>2> - (3.14)

B(z) = = (1 + (zR)Q) (3.15)

z

¢(2) = arctan (z> (3.16)

ZR

wo = (AZR)W (3.17)

s

Where zp is the Rayleigh length, describing the distance over which the beam waist wg
has spread by a factor of v/2 as can be seen in figure 3.3. It is closely related to the
depth of focus of the beam or confocal parameter b = 2zr. The divergence 6 of the
Gaussian beam, which defines the numerical aperture (NA) in turn. This is useful when
considering the coupling of the beam to external optical elements, related to the beam

waist by:

NA =sinf = sin <)\> (3.18)

TWo

Figure 3.3 shows the schematic of the Gaussian beam within a half-symmetric optical
resonator, which is just one of many possible open cavity geometries. The cavity reso-
nances are subject to a strict condition on the cavity length L and the radius of curvature

B, of each mirror if they are to form stable optical modes. This may be defined as

0<gig2<1 (3.19)

Where g; = 1 — L;/B;. In the case of mirror 1 in figure 3.3, g1 = 1 as 1 — oco. The

mode waist w(z) in equation can be defined in terms of the g parameters.

Table 3.1, displays the expressions for the minimum mode waist, and the waist at each
mirror for both the general case pertaining to all open resonator geometries, and the

specific case of the half-symmetric cavity in this project. In this case wy = wy, and is
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The Gaussian Beam

B =< B.=B

wo V2w,

z=0 boz=L

FIGURE 3.3: The Gaussian Beam. The beam waist w(z) is a minimum at z=0. The

Rayleigh range, zg is defined as shown. Away from the waist the beam is divergent at

an an angle 6. A plano-concave, or half-symmetric cavity is shown in the figure. wyq

will be located on the planar mirror with 3; = oo, and the concave mirror is placed at
a cavity length z = L, with 8y = .

TABLE 3.1: Mode Waist

General Case Half-Symmetric Cavity

2 _ L) 9192(1—g192) — X /AT —_ T2
Yo TV lgitge—2gig2)2 T AL—-L

2 _ LA g2 — 2
Wi=r 91(1—g192) “o
W2 =12 9 — A /LB
2 7 \/ g2(1—g192) *\ B—L

located on the planar mirror. It is at this position of the electric field maximum, that the
emitters are placed. The mode waist wo on the concave mirror with radius of curvature
B2, is an important parameter when considering the spherical mirror fabrication. wo
must be well within the bounds of the featured mirror diameter, for the desired cavity
length range in the experiment, in order to avoid diffraction losses, as the mode clips

the edge of the concave profile [72, 84].
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3.1.2 The Hermite-Gaussian Beam

There exist other solutions to the paraxial Helmholtz equation, namely the Hermite-
Gaussian beam, whose higher-order solutions have transverse and distinct intensity dis-
tributions. The Hermite Gaussian beam fully describes the modes that form within
spherical mirror resonators. This is shown in equitation 3.20, where [, m are the eigen-
values of the Hermite polynomials, (G, that describe the transverse field profile. The
eigenvalues [ +m = 0 represents the lowest order, which recovers the form of the original

Gaussian beam 3.13.

w
Eim(zyy,2) = A mio amplitude reduction with z
) ) w(z)
2z 2
x Gy V2 G V2y Hermite-Gauss transverse intensity profile
w(z) w(z)
x e~z propagation along z
o2
x e *3p) wavefront radius of curvature B (z)
x eillm+1)s(z) increased phase shift

(3.20)

Where A; ,, is a constant. The phase terms are collectively expression in equation 3.21.

(3.21)

Where r = 0 on the optical axis. Supporting an optical mode requires that Ay = 2mq,
over the round trip length 2L. Thus the longitudinal (TEM,;,,1+,—0) and transverse modes

(TEM,p45,>1) are fully described by equation

—1
c COs g192
Vimg = ﬁ q—+ (l +m + 1)# (322)
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Where the 57 is longitudinal mode spacing, independent of 3, as for a planar-planar
resonator in equation 3.1. The final term results in a perturbation of all resonances due
to 3, also defining the transverse mode spacing. The spectral profile of the longitudinal
and transverse modes for a given mode number are illustrated in figure 3.4. The higher-
order transverse modes of index m +n = x are made up of energetically degenerate but
spatially distinct electric field profiles in the cavity, defined in cartesian co-ordinates.
Any symmetry breaking within the cavity structure will lift this degeneracy. One of the
key points to note is that the mode waist of the electric field intensity profile, defined
as the point at which the electric field intensity falls to 1/e? of it’s maximum value,
decreases with higher mode index. Coupling into external optics thus becomes harder

to achieve.

The mode volume, V, of the electric field within the cavity, is another parameter, critical
for the success of the emitter-cavity coupling experiments in this work. Integrating

equation 3.20 over the dimensions of the cavity results in:

| (L poo poo 21, L2
v:go/o /OO /OO 5*(aj,y,z)8(a:,y,z)dxdydz:mif =1 %—1 (3.23)

The solution for the TEMyg mode of a half-symmetric resonator is shown in equation
3.23, yielding a simple analytic expression for the electric field within the cavity as a
function of wy and the cavity length L. It will be seen later in this thesis that a range
of features with different 5, are able to be produced via the FIB milling process. The
anticipated mode volumes for a selection of these cavities are plotted in figure 3.5 as
a function of mode number q coupled at 637nm. Mode volumes down to 0.1um? are
entirely possible. Achieving such short cavity lengths is a technical challenge however.
It must be noted that these calculated volumes take into account the volume of the

mode penetrating into the DBR stack, which is discussed below in section 3.1.3
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FIGURE 3.4: Schematic of the transverse mode spectral profile for a given longitudinal

mode index g. The higher order transverse modes are energetically degenerate, and are

composed of spatially separate Hermite-Gaussian modes as indicated. The intensity
profiles represent a 6x6um area at the mode waist w(z = 0)
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mode number ¢, where A=637nm.

3.1.3 Distributed Bragg Reflectors

The resonators discussed thus far have been near perfect, idealised systems. In practical
terms, the mirror materials must also be considered. The most familiar case will be the
half silvered or metallic mirror. However these systems would not be capable of achieving
a high finesse, with reflectivities in the range of ~ 95%. The broadband reflectivity is
also a feature, which prevents efficient coupling of non-resonant excitation in the desired
epifluorescence geometry. To achieve both these conditions simultaneously distributed
Bragg reflectors (DBRs), are employed. The principles of operation are as follows: DBRs
are constructed of alternating layers of high and low refractive index thin films, with a
ﬁ layer thickness, where n is the refractive index of each medium, and A is the design
wavelength for high reflectivity. Light will be partially reflected and transmitted at each
interface. Propagation across a boundary from a low to high index medium, results in
a 7 phase shift of the reflected light, which is not true in the opposite case. The ﬁ

thickness ensures that the reflected component from each layer is in phase. Stacking

large numbers of these pairs can result in reflectivities of 99.9999%.

The choice of mirror materials is also important. The reflection and transmission of

light at an interface is governed by the Fresnel equations [85]. With a greater number
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of interfaces, the situation becomes increasingly complex, as multiple reflections occur
between the mirror stacks. Fortunately the transfer matrix method simplifies such cal-
culations. By recognising that the boundary conditions on Maxwell’s equations, require
the tangential component of the electric field £ and magnetic field strength H, to be
continuous across the interface, a characteristic matrix can be derived to relate the field
across the boundaries of the interface. The transfer matrix allows for the generalisation
of the Fresnel equations to multiple interfaces. The resulting reflected intensity from an
N-pair DBR stack, at normal incidence is as follows

2N 2N 72
NorMy — NsubNy,

2N 2N
NorNyg ™ — NsubNy,

R= (3.24)

Where ng and ny, are the high and low indices respectively, whilst no, and ng,p, are
the originating and substrate medium respectively. The reader is referred to Hecht [85]
for a more complete mathematical description. It is also noted that dielectric materials
are assumed to be non-magnetic. Broadly speaking, the reflectivities are governed not
only by the number of pairs but the refractive index contrast, or impedance mismatch,
between the layers. The contrast also dictates reflection bandwidth as illustrated in

figure 3.6.

A key feature of the DBR mirrors is the penetration of the electric field into the coating
layers. This is demonstrated by FDTD simulations in figure 3.7 (method described
in section 4.9.1). The resulting properties are dependent on the terminating layer.
With high termination, there is node at the air-substrate interface, with one antinode
penetrating into the substrate. On the low terminated planar mirror, the antinode is at
the interface. This is a conscious design feature that places the electric field maximum
at the emitter position. There are correspondingly two antinodes penetrating into the

planar mirror stack.

This penetration into the mirror stack is a consistent feature, largely independent of

cavity length. It now becomes more useful to define the geometrical length of the cavity
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FIGURE 3.6: (a) Reflectivity as a function of pair number. Most pairs lead to a greater
reflectivity. (b) Reflectivity as a function of index contrast for an 8 pair stack. Both

the stop band and and the reflectivities are increasing with the pair contrast.

Lgeo. Converting equation 3.1 in terms of A, the FSR defines only the optical length of

the cavity mode, Lopt

AN

 2Lgpt

Where

Lopt = Lgeo + LDBR

(3.25)

(3.26)
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FIGURE 3.7: (a) FDTD simulation of the intensity distribution for a planar-concave
cavity structure, with f=7um and g=4 between the mirrors. The planar substrate has
10 pairs of high (purple) and low (grey) index materials of thickness ﬁ, whilst the
featured mirror has 15. The cavity medium has n=1. (b) Close-up profile of the cavity
mode. The white arrows indicate an antinode penetrating into the mirror stack.

Recalling equation 3.27, the resonance modes of the the half-symmetric cavity geometry,

with a DBR mirror coating, are now related to the length by

Lo | >

o5 VG2 (3.27)

g+l +m+1
s

Lopt =

Where where the parameter go = 1 — % and the stability criterion now depend on
geometrical length, rather than the optical length. It must be noted that for the mode
volume calculation, Loy is still required and the field in the mirrors still contributes to
the total mode volume. The DBR mirrors are clearly a requirement for high finesse,
however the penetration of the field into the mirrors presents a limit of how small the
mode volumes could go. The convention throughout this thesis will be to express ¢, as
the number of antinodes between the mirrors themselves, excluding the three antinodes
in the mirror stack. This is to be clear about how far the cavity is from the fundamental

limit of g=1 between the substrate.
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3.2 Cavity Quantum Electrodynamics

The interaction between light and matter is the central theme of this thesis. Cavity
quantum electrodynamics provides the theoretical basis for this interaction and has lead
to concerted research efforts aiming to exert a high degree of control over such systems.
Experimental demonstrations of the fundamental postulates of CQED were initially
conducted with atomic transitions in both the microwave and the optical regimes [86].
The theoretical outline presented will be discussed initially in the context of a two level
system interacting with the electromagnetic field. Solid state CQED systems are a
more recent development starting with work on self-assembled quantum dots [87]. The
theoretical description of solid-state CQED is of course most relevant for the work at
hand and will be developed through this discussion. It will be seen that these emitters

present a great challenge for cavity-coupling.

The electromagnetic vacuum field permeates all space, vaec and has a finite zero-point
energy as a consequence of the quantisation of the radiation field. This is the starting
point for discussions of the light-matter interaction. Spontaneous emission in free space
is itself a direct result of the interaction between and excited state atom and these
vacuum fluctuations (see section 3.2.1.2). The optical microcavity, has the capacity to
concentrate these vacuum field fluctuations to a small modal volume Vj, which is the
fundamental reason for the enhanced light matter interaction. The principal parameter
that describes the coupling of a quantum system to an optical cavity is the coherent

atom-cavity coupling rate go [88].

hg() = ,ulzé'vac (3.28)
2 1/2
HioW
= 2= 3.29
g0 <250hV0> (3:29)

Where Vj is the mode volume of the cavity, and ;2 is the matrix element of the electric

dipole transition. Evidently the more that can be done to reduce the modal volume,
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the greater the interaction rate becomes. In practical terms, there are two forms of
decoherence may inhibit the cavity coupling process, namely the cavity-photon decay
rate, £ and the emitter decay rate . The latter term encompasses the emission into

free space modes, acknowledging the fact that the emission occurs in all directions.

The relative magnitude of these three parameters define the boundaries the CQED
regimes. When &,y > go, the light-matter interaction proceeds within the weak coupling
regime. Here the decohrence processes are still dominant over the cavity coupling rate,
however an enhancement of the light-matter interaction is still attainable through the
significant reduction of mode volume and tailoring of the cavity decay rates. This is
the Purcell effect [89], which changes the spontaneous emission rate in the presence of a
modified optical density of states. A further distinction is made between the case where:
K >y > go, the 'good emitter/bad cavity’ regime for a spectrally narrow emitter in a
broad cavity mode, and vice versa for the ’bad emitter’ regime where v > k > ¢go. Both
of these regimes are applicable to the coupling of NV centres to optical microcavities and
will thus be presented in the following discussion. The final scenario gy > k,, is known
as the strong coupling regime. Here the coupling rate dominates over the decoherence
mechanisms, and there is a coherent and reversible exchange of energy between the
emitter and the cavity. The strong coupling regime is beyond the scope of this project

and will not be discussed further.

3.2.1 Free Space Emission
3.2.1.1 Optical Density of States

This treatment follows one outlined in by Fox [90], for the case of an electromagnetic
field in a volume V. For simplicity this volume is a cube with side d, such that V = d3.

The solution for the electromagnetic field in this volume takes the form in equation 3.30

E(r,t) =) Eelr=et) (3.30)
k
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FIGURE 3.8: A 2D schematic of the optical density of states in k-space. Each points

represents a permitted k-state and taking up area (2m/d)? shown by the orange square.

dk represents an infinitestimal shell of k-space used as a computational tool for the
optical density of states calculation. Adapted from [90]

This gives an expression for the field inside the volume V, which can be decomposed

into the components of the individual k-state as k = %ﬂn where n is an integer.

2
k = (ky, ky, kz) = %(nx,ny,nz) (3.31)

The permitted k-states are represented in two-dimensional in k-space in figure 3.8, with

each state separated by 27”, and thus occupying a volume V = (27“)3 .

The aim is to obtain the density of these optical states in any given volume. Each k-state
is represented by a vector with magnitude k. To find how many states there are in an
arbitrary volume, one can consider the number of states with magnitudes between k &
k + dk. Finding the volume of an infinitesimal shell of radius k, then dividing by the

volume per k-state leads to the 3D optical density of states in equation 3.32

Ark2dk k2
k)dk = ——= =V —=dk .32
It is now possible to map this density in k-space to the density of photon states at their

corresponding angular frequencies p(w). We normalise by V and also remember that

there are two possible polarizations for each k-state.
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p(w)dw = 2p(k)dk (3.33)

Using w = ck results in the photon density of states in free space:

2

plw) = (3.34)

m2c3
3.2.1.2 Spontaneous Emission Rate

The discussion of spontaneous emission transition rates, must always start with Fermi’s
golden rule. This itself is derived from time dependent perturbation theory. Starting
with a two level system in the excited state |2), described fully by the time-independent
Hamiltonian, ﬁo(r), a time-dependent perturbation is then applied to the system,
H'(r,t). The transition to the ground state |1) proceeds via the electric dipole in-
teraction. This rate will also depend on both the final state distribution of the atomic
transition o(w) and the density of optical states at the emission frequency p(w). Fermi’s

golden rule is presented in this generalised from in equation 3.35

_2r 1! 2 [ w)p(w)dw
oo = S W) [ o@ip(e)a (3.35)

The final state distribution of the atomic transition g(w) arises due to the finite lifetime
of the state and consequently is takes the form of a homogeneously broadened normalised
Lorentzian function with spectral linewidth dwem,. In the limit that this transition
linewidth becomes infinitesimally narrow, this lineshape acquires the properties of a

delta-function and the integral in equation 3.35 becomes:

/0 " 0w — wo)p(w)dw — plun) (3.36)
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Fermi’s golden rule is now expressed in equation 3.37. This is the appropriate form
for the discussion of narrow emission lines, emitting into a relatively broad distribution
of final photon states, and is usually seen in the context of atom optics. Homogenous
broadening more readily occurs in solid state systems and the discussion will return to

the generalised form in equation 3.35, later in this chapter.

2
Vos1 = f!M12|2p(w) (3.37)

M4 is the matrix element for the transition. This electric dipole interaction will depend
on the electric transition dipole w12, and electromagnetic field environment. In free space

this is the the zero point fluctuations of the vacuum field.

1 13w
Mo l2 = 2,262 — Fi2
’ 12| 3H12 vac 620V

(3.38)

The factor of % in equation 3.38 represents the average dipole orientation factor. This
is applicable to the spontaneous emission of an isolated atom in free space, which has
no fixed quantisation axis, or to an ensemble of fixed but randomly oriented solid-state
emitters (see section 5.2.0.3). Thus using p(w) = W‘;—ZSVO, we obtain the transition rate

of spontaneous emission in free space.

(3.39)

3.2.2 Cavity Emission: Weak Coupling
3.2.2.1 Good Emitter Regime

The spectral intensity distribution of a resonant cavity mode is directly related to the op-

tical density of states between the mirrors. p(w)cay is taken to be a normalised Lorentzian
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in equation 3.40, centred at w., with a decay rate kK = dw.. A transform limited emitter

is at wp.

2 Sw?
L= c 4
plwo)ea Towe 4(wp — we)? + dw? (340)
2
p(WO = wc)cav = UQ (341)

With this cavity-modified density of final optical states, Fermi’s Golden Rule is again

applied to calculate the transition rate.

—— 2@#%2 2 5‘*)3
T Voeoh T 4(wo — we)? + dw?

(3.42)

Where ¢ is the orientation factor between the emitter dipole p and cavity field E:

= lp-&| (3.43)

~ [pll¢]

The Purcell factor defines the enhancement of the light matter interaction as the ratio
of spontaneous emission in the cavity to that of free space. Equation 3.44 presents the

Purcell factor in it’s complete form.

Wo.
A2V 4(wo — we)? + dw?

p (3.44)

The increased emission efficiency into the cavity mode is often a useful metric in the

discussion of cavity coupling, quantified as:

_ VYcav _ FP
Yeav + Vs 1+ FP

(3.45)
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Maximizing the light-matter interaction
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FI1GURE 3.9: Maximising the light matter interaction. Each plot represents the max-

imisation of Fp in equation 3.44, with an adjacent schematic of how this is achieved in

the open-resonator geometry. (a) Cavity-Emitter detuning with emitter A\g = 637nm.

(b) Lateral tuning of the emitter in the cavity mode on the planar mirror such that

E = Emax In the centre of the mode waist wg. (¢) Relative diploie orientation between
the emitter and the cavity field such that £&= 1 when the dipoles are aligned
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FIGURE 3.10: Left: the good emitter/bad cavity regime. Right: the Bad emitter
regime.
The dependence of Fp on each of the detuning mechanisms is outlined in figure 3.9. On
condition of perfect spatial alignment of the emitter-cavity dipole ({=1) and optimal

resonance (wp = w,) the Purcell factor is finally expressed as:

e _ 3 Q
P

= —— 3.46

This can be expressed in terms of the cavity decay rate x and the free space emitter

decay rate v by noticing that the matrix element |M2|? = A2g2 such that:

4q2
e = 200 (3.47)
Ky

3.2.2.2 Bad Emitter Regime

As previously stated, the aforementioned treatment of the weak coupling regime con-
sidered only a transform limited emitter linewidth coupling to a large cavity bandwidth
in the bad cavity regime. In the work at hand however, the emitter linewidth spans the

regime whereby v < x through to v > k, as shown schematically in figure 3.10.

Thus at no point can the emitter linewidth be approximated to be narrow with respect to

the cavity and a more general treatment is required. One must invoke the general form
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of Fermi’s golden rule, as in equation 3.35, for a homogeneously broadened emitter. For
these two independently broadened processes, the resultant interaction between them
is governed by the convolution of their line Lorentzian line profiles as in equation 3.48.

This results in an effective Q-factor for the interaction Q.

/0 " p(w)p(w)dw = o(w) ® plw) (3.48)

Recalling the convolution theorem, the convolved functions in the frequency domain can
be related to the product of their Fourier transforms. This yields another exponentially

decaying function where the cavity decay constant is the sum of 7. + 7oy, as in 3.49

a(1)p(t) o e/ retrem) (3.49)

Transforming this function back into the frequency domain therefore obtains another
Lorentzian function of width dwem + dw.. The Purcell factor in equation 3.46 now
depends on the effective Q-factor: Qe = w/(dwem + dwe), in the generalised case. In
the language of CQED, the cavity decay rate s in equation 3.47 is substituted for the
sum of (k + v+ %), as outlined by Auffeves et al [91] . The quantity (v + vx*) describes
the decay rate of the transition and additional pure-dephasing processes (yx*), which are

widely experienced in solid state systems.

The generalised form of the Purcell factor (at the condition of perfect resonance) is

therefore expressed as

4 2
o 20 _R (3.50)
Y(E+y+7%) v

Where R is an effective coupling rate between the emitter and the cavity [91, 92].
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3.3 The NV centre in diamond

3.3.1 The Energy Level Structure

A substitutional Nitrogen atom exists together with a neighbouring vacancy with an
orientation along the [111] crystal axis in diamond. The five unsatisfied active bonding
electrons, two from the Nitrogen atom and one from each of the three Carbon atoms
surrounding the vacancy form the neutral NV defect [93]. The neutral NV defect is
also a single photon source with a ZPL at 575nm [94]. However, the complex can act as
a trap site and forms the negatively charged Nitrogen-Vacancy NV~ upon acquisition

of a sixth electron.

The language of group theory is used to describe the symmetry of the defect and to
construct the molecular orbitals giving rise to the electronic structure. The orbitals
are formed from linear combinations of the surrounding sp® hybridised orbitals from
the neighbouring atoms. The combinations permitted are only those which transform
according to the Cs, symmetry representation. Correspondingly there are two a; orbitals
and a doubly degenerate e orbital [95] [96]. These are filled with the 6 electrons of the
defect according to Hund’s rules as in figure 3.11. Theoretical studies show that the
a) orbital is located below within the valence band. Thus the observed properties are

governed by the molecular orbitals within the band-gap.

A series of interactions result in a perturbation of the NV~ centre energy levels giving
them a fine structure as in figure 3.12. Spin-Spin interactions split the spin projections
of the 3 A, ground state triplet into an my = 0 and a degenerate m, = +1 separated by
2.88GHz in energy. A combination of the Spin-Spin and Spin-Orbit interaction splits
the excited state >F into multiple levels labeled according to their symmetry in the
(3, representation Aj, As and two doubly degenerate levels E & E’ [29]. Due to the
symmetry of the excited state, it is highly sensitive to electric fields and correspondingly,
strain fields within the diamond lattice. Axial strain leads to a linear shift of all levels,

however lateral strain splits the levels into the two orbital doublets £, and F, of the
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FIGURE 3.11: Left: The molecular orbitals for the states e;, e, and a; that lie within
the band-gap. Contributions from the Nitrogen atom (brown) and Carbon atoms
(black), result in highly localised molecular orbitals at the vacancy (white). Posi-
tive and negative contributions to the molecular orbitals are shown in red and blue
respectively. Right: Positions of the molecular orbitals relative to the band structure
of Diamond. The electron spins (blue) fill the molecular orbitals according to Hund’s
rules. The occupancy shown corresponds to that of the ground state. Reproduced with
permission from [95].

excited state [97], each corresponding to a spin-triplet. The ability to electrostatically

tune the excited state energy levels was demonstrated by Tamaret et al [28].

The intermediate singlet levels at 'A; and 'E separated by 1.19e¢V. The predominant
transitions are from the my; = 41 spin projections of the excited state, which then
preferentially transfers the spins in to the mgs = 0 level of the ground state. The
non-radiative transitions to and from these shelving levels are therefore responsible for
the spin-polarisation mechanism, and are of central importance optical-read out of the

electron spin state.

3.3.2 Vibrational Structure

The Huang-Rhys model provides the theoretical description of the NV centre vibronic
structure. The electronic transitions within the NV centre simultaneously create vi-
brational quanta of the host lattice [100]. The coupled electronic-vibrational degrees
of freedom give rise to the observed vibrational spectra in the PSB. This is a common

feature of optical transitions in crystalline and molecular materials, in contrast to the
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FIGURE 3.12: The electronic structure of the NV~ centre in diamond with perturba-
tions from the spin-spin, spin-orbit and lateral strain interactions included. The ground,
excited and intermediate states have their molecular occupancy indicated in brackets.
Lateral strain fields splits the orbital doublet of the excited states into it’s F, and F
components. The ground and excited states are separated by 1.945eV corresponding
to the ZPL energy. The key transitions are highlighted as the optical (red), microwave
(orange) and non-radiative (grey-dashed). Figure adapted from [98, 99]
behaviour of isolated systems such as atoms. Upon excitation to a new electronic state,
the nuclei undergo undergo a displacement from their original equilibrium position, due
to the redistribution of electric charge, to new equilibrium displacement configuration

[93]. Such behaviour follows from the Born-Oppenheimer approximation, that electron

displacement occurs much more rapidly than in nuclei owing to their relative masses.

This behaviour is represented in the configuration diagram of figure 3.13, which plots
electronic energy as a function of the generalised nuclear co-ordinates (),,. The electronic
states have a harmonic dependence on the displacement co-ordinates, as the displacement
eventually reaches it’s equilibrium position after excitation. Upon optical excitation from
the ground equilibrium state to a higher order vibrational mode in the excited state,
the energy is lost through rapid relaxation through the quantised vibronic levels until

equilibrium is reached.
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FicURE 3.13: Configuration diagram reprinting the vibronic structure of the NV~
centre. FEs,,(Q) and Esp(Q) are the ground and optically excited electronic states
respectively, which have a harmonic dependence of the nuclear displacement co-ordinate
Q. The vibrational manifolds for each state are represented by the horizontal lines.
Optical transitions are indicated by the arrows, only a selection have been depicted
for clarity. The diagonal line represents the zero vibration transition (ZPL), whilst the
dashed lines represent non-radiative vibronic transitions. Reproduced with permission
from [93].
The difference between the ground and excited nuclear equilibrium states of the NV
centre means that the overlap integrals of the vibration wave functions are non zero,
as a consequence, optical transitions are allowed between all vibronic levels of the the
ground and excited state, with transition rates proportional to their Franck-Condon
factors giving rise to the broad PSB. The minimal overlap between the lowest vibrational

levels in the ground and excited states leads to a debye-waller factor n ~ 0.04, of emission

into the ZPL represented by the diagonal transition in 3.13.

3.3.3 Broadening of the ZPL

3.3.3.1 Homogeneous Mechanisms

The lifetime limited linewidth of the ZPL transition is 13MHz as regularly observed in
high quality, low nitrogen content type IIa bulk diamond at 4K [28] [101]. Similar results
have only once been reported in diamond nanocrystals by Shen [102]. With increasing

temperature, the electrons in the 3E excited state scatter with phonon modes of the
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FIGURE 3.14: (a) The polarisation visibility of the strain split orbital doublet as a

function of temperature. The pump polarisation of each branch is indicated in the

figure. The black curve is a fit to the data. More details to be found in [101]. b) The

Temperature dependent linewidths of two NV centres. The circles indicate measure-

ment by PLE, whilst PL only measurements are shown by the red squares. The black

line is a T fit to the data as discussed in the main body. Both figures reproduced with
permission from [101].

diamond lattice, serving to homogeneously broaden the ZPL. Fu et al observed the ZPL

linewidth to have a T° dependence at low temperatures as in equation 3.51 [101].

YT) =50+ corT? (3.51)

Where 79 = 27x 16.2MHz, co= 9.2x107"K~® and r= (12.5ns)"!. Such a relation-
ship strongly indicated that the dynamic Jahn-Teller effect is the dominant broadening
mechanism in this temperature range. At higher temperatures, this mechanism alone is
not sufficient to fully describe the observed temperature dependence and the interaction
with symmetric phonon modes becomes important to consider. Plakhotnik & co-workers

recently presented a more complete description (see [103]).

The behaviour of the strain split orbital doublet with temperature is also important to
note. Fu and coworkers studied to the polarisation visibility V' = (Ix — Iv)/(Ix + Iy)
of the doublet with temperatures between 4-50K as seen in figure 3.14a [101]. Each
doublet (denoted X,Y) was pumped with optimally aligned excitation. The polarised

emission from each doublet was monitored. At 4K the thermalisation rate between
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the orbital doublets is less than the radiative recombination rate. Hence by optimally
pumping the X doublet, only X polarised emission is seen. The polarisation visibility
was almost completely washed out at 30K. This is extremely important to consider in the
presence of strain splitting. With the equipment available in this project, there is only a
capacity for studies under isothermal conditions. Thus the cavity coupling is limited to
the temperature of the cryogens available. The ZPL linewidths in the presence of pure
dephasing mechanisms in bulk diamond are summarised for Liquid Helium, Nitrogen
and Room Temperatures in table 3.2

TABLE 3.2: Temperature dependence of the ZPL

Temperature v + OA (nm)

4K 80MHz 1.8 x10°°
77K 310GHz 0.067
300K 12.5THz 2.7

3.3.3.2 Inhomogeneous Mechanisms

In most cases, the ZPL linewidth is also imhomogenously broadened due to the effect
of fluctuating local electric fields in the presence of the NV centre, through the Stark
effect [28]. In the presence of free charges in the conduction band the ZPL experiences
transient energy shifts. The effect of spectral wandering can be illuminated by taking
repeated PLE (photoluminescence excitation) scans of the ZPL as in figure 3.15. These
free charges are mainly due to Nitrogen impurities, since this is an electron donor to
the diamond lattice, with an ionisation energy of 1.7eV below the conduction band.
Any Nitrogen impurities in the focal volume of the excitation beam are therefore easily
ionised by an excitation wavelength of 532nm (2.34eV), resulting in fluctuating charges
[28]. It can be calculated that the Stark shift of the >E state due to a single elementary
charge within 10nm of the NV can be up to 100’s of GHz [104]. Fluctuating electric
field environments can also be caused by trapped charges, due to defects such as nearby
vacancies and dangling bonds at the surface. These problems are particularly acute for
nanodiamonds (especially those formed by HPHT) and any NV centres that are in close

proximity to a surface.
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FicUure 3.15: Spectral wandering of the NV ZPL in a bulk diamond crystal. Re-

peated PLE scans are able to reveal the dynamics if the spectral jumps. This is an
inhomogeneous process, reproduced with permission from [101]

3.3.4 Single Photon Emission

The NV centre displays single photon emission, however the energy level structure shown
represents a deviation from the a simple two level system. It is therefore important to
discuss the effect this will have on the observed photon-statistics. The HBT photon cor-
relation measurement is the key mechanism for detecting the presence of a single photon
emitter. This is based on the simple principle that two detectors at the output of 50:50
beam-splitter, cannot be triggered simultaneously by a single photon (the experimental
method is described in section 4.5). In short - the measurement builds up a histogram of
the detection events as a function of the delay time 7 between them. This is the second

order correlation function of the intensities at I(t) & I(t + 7):

gP(r) =

<I§t)](t +7)) 3.52)

(LNt +7))

Here the brackets (...) denote the time average. At long time delays, the correlation
function tends towards unity for all types of light, signifying that there is no correlation
between the two detection events. As a single photon source, the NV centre will show
perfect photon anti-bunching at 7 = 0. The correlation function is shown schematically
in figure 3.16(a). However the convergence to unity at long time delays will depend

on the internal dynamics of the system. The two level system, represents the simplest



Theoretical Background 61

VN
(a) three-level system (b) |2>
=TT OS& K
e S\ 82
,\:/ 1 /\ /\ coherent k2?3\\\\\
- —=—0)
two-level system Kiol | Koy
0 :T |1>—i_

FIGURE 3.16: (a) Theoretical HBT histograms for coherent light (blue), a two level
quantum system (green) and a corresponding three level system (red). (b) The effective
three-level system of the NV centre with the relevant transition rates k shown

case with only the transition pumping rate and spontaneous emission lifetime of the

transition contributing to the behaviour of the correlation function:

The internal dynamics of the NV are influenced by the metastable state leading to an
effective three level system in figure 3.16(b). The measured correlation functions can be
fit to the equation 3.53 [26]. Pumping into the metastable state for increasing excitation

powers, results in photon-bunching at intermediate time delays such that ¢ > 1.

gdP(r) =1+ Coe” T ez T (3.53)

Where 73, 73 are the decay constants. All coefficients including ¢ > are dependent on
the pumping rate of the optical excitation. In the low power limit, 75 tends towards the
spontaneous emission lifetime of the excited state. The parameters 7 3 and c; 2 have the
following interdependencies on the intersystem decay rates, arising from the solution of

the coupled intersystem rate equations with the NV initially in state |1).
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3.3.5 Optical properties of NV centres in nanodiamond

The surrounding environment has been shown to be very important in determining the
properties of the NV centre. The NV centre has always been touted at as a reliable
photostable emitter, as the electron wave function is highly localised at the centre, well
isolated from it’s surroundings. It was therefore initially surprising to observe on-off
"blinking’ of the fluorescence in monodisperse single digit diamonds of average size 5nm
[54]. This phenomenon is commonly observed in semiconductor nanocrystals, where the
excited electron can be trapped at a surface state, quenching the PL. However this was
unsurprising, as the electron wave function is de-localised over the whole crystal. The
case for why this happens with the NV centre is less obvious. Surface passivation of the
emitters by encapsulating them in a polyvinyl alcohol (PVA) matrix (0.25% dispersed in
deionised water), completely suppressed blinking, suggesting the surface states do play
a role in such a small host, with the possibility that the defects were located near the

surface in these cases.

It has been demonstrated that the NV centres in nanodiamond display longer lifetimes
with respect to their bulk counter parts (where 7 = 12.5ns) [53, 105, 106]. There is
a significant change in the refractive index of the surrounding medium when incorpo-
rated in ND, which consequently reduces the optical density of states. Tisler et al [53]
demonstrated a large distribution of NV lifetimes in 7Tnm nanodiamonds, centred at
17ns, with a spread of 15ns in the lifetime survey. This large distribution of times is

attributed to the relative dipole-substrate orientation, as the substrate (n=1.5) plays a
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role in the emission rate. The differing electromagnetic environment also means that
the N'Vs can be considered as point-like emitters, which do not experience the problems

of total internal reflection experienced in bulk (n=2.4) [106].

There have been relatively few detailed spectroscopic studies on the ZPL structure of NV
centres in NDs at low temperature, owing to blinking and spectral instability. Zhao [107]
et al have reported PL line widths of 1.2GHz at 4K, showing temperature dependence
up to 20K, measured using a fabry-perot interferometer. Shen et al have been the only
ones to report nearly lifetime limited line widths of 16MHz, measured using PLE [102].
Both investigations stated that the overwhelming majority of NDs studied displayed
large amounts of spectral diffusion, and an amount of preselection and determination
was needed to find well behaved defects. No one has since reported lifetime limited line

widths in NDs, highlighting the one-off nature of this observation.

3.4 NV-Open Cavity Coupling

This section will first outline the consequences of the vibrational structure on the cavity
coupling of the NV centre. For the case of ZPL coupling in the Purcell regime at LT,
the emission rate into the PSB remains largely unchanged to a first approximation. A
more comprehensive model of the NV cavity coupling developed by Albrecht et al [78]
will then be discussed. This treatment is generalised to include the dephasing mediated
coupling from all NV sub-level transitions, allowing for coupling across the NV emission

range to be well described.

The final section will explore the potential for the ZPL coupling at LT, within the
boundaries of the cavity parameters (F, 8, V') that are currently available in this project.
The predictions made will be largely for the Fp acting on the homogeneously broadened

ZPL only, based on the linewidths observed in bulk diamond [101].
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3.4.1 Consequences of the PSB for Cavity-Coupling

The presence of alternative emission pathways will affect the cavity-coupling of the NV
centre and the observable Purcell factor. The optical transitions from the excited to the
ground state are summarised in figure 3.17(a) [108]. There are multiple transition rates
that contribute to the total emission, with only ¢ = 0.04 of the emission in the ZPL.
This reduces the atom-cavity coupling rate gy by the factor /¢ when coupling to the
ZPL only (with respect to atomic transitions, for example). In the simplest case, the
consequence of the Debye-Waller factor (¢) is that the total emission into free space can

now be written as the sum of the rates into the ZPL and the total PSB as

Vs = YzPL + YPSB (3.54)

Where vzp1, = (g and ypsp = (1 — (). The emission rate of the cavity coupled ZPL

can then be expressed as:

Yeav = (1 + Fp)yzpL + YpsB (3.55)

With the approximation that the emission into the PSB is unperturbed by the cavity.
The total enhanced emission into the cavity Fio is expressed as the ratio of the cavity

to the free space emission rate:

Fot = 2 ~ 14 CFp (3.56)
Vs

Albrecht et al [78] presented a sophisticated model of the NV-cavity coupling process. At
room temperature the cavity-coupling is predominantly mediated by the homogeneous
dephasing of all optical transitions within the NV. Figure 3.17(b) shows the consequence

of the vibrational sub-levels on the emission spectrum of the NV at room temperature.
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FIGURE 3.17: (a) NV optical transition from the excited state |e) to |go) (red) and
|g1...n) (pink). The associated natural and pure-dephasing rates v + yx are shown
with the additional rate +; ;_1 of the non-radiative sub level transitions (grey dashed).
Adapted from [108, 109]. The effective cavity coupling rate Ry is shown (b) Experimen-
tal spectrum of NV in bulk diamond at RT. The spectrum (black) is well reproduced
(blue) by the ZPL (red) and individual PSB transitions (pink). A cavity resonance
(green) is shown at the ZPL position. Adapted from [78]
Transitions between the excited state |e) and the ground state sub levels gg ., in fig-
ure 3.17(a), undergo a natural broadening 7o (ZPL), ; (PSB). All transitions from
the excited state are primarily affected by the dynamic Jahn-Teller effect, discussed in
section 3.3.3.1, providing an additional pure-dephasing v+ = 15THz. Finally the PSB
transition will undergo an additional broadening ~; ;—1 = 65-85THz [109], through rapid

non-radiative transitions between the vibronic levels to the ground state. This difference

in transition width can be observed in the figure.

A cavity resonance (green) at the ZPL transition energy is shown schematically in fig-
ure 3.17(a),(b). Despite the detuning from the PSB sub-levels, the dephasing of the
transitions leads to feeding of the emission into the cavity mode. Figure 3.18 presents a

schematic of the coupling mechanism.

Ry represents the effective coupling rate (see section 3.2.2.2) between the cavity and
ZPL transition. This is a reversible process as shown in the figure. The feeding from
the PSB transitions with rates R; are uni-directional. The effective coupling rates for

the ZPL and PSB transitions are now described as:
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FIGURE 3.18: Schematic of the NV-cavity coupling. The Cavity is coupled to the ZPL

transition with effective coupling rate Ry (green) between the emitter and cavity. The

effective coupling rate from the PSB are shown feeding into the cavity Ri. ., (pink).

The NV « and cavity x decay rates are shown to be the loss mechanisms for the system.
Adapted from [91, 109]

492 1
Ro = 5 (3.57)
Rty +7*l+ (/{Jr"/Jr’y*)
447 1
R; = Ji (3.58)

K45+ Yii-1+ 7% 1+ (%)2

Where v = 799 4+ 71 + ...7». The final terms on the right hand side describe the detuning

of each transition from the cavity resonance where dg = wg — we.

The efficiency Biot(A) of NV emission into the cavity mode can be quantified as the ratio
of all rates into the cavity, to the total loss rates from the NV (see figure 3.18), such

that:

YiRi(N)

Biot(\) = — =ity
tor (V) v+ SR (N)

(3.59)

Where ¢ =0, ...,n. This is valid at all detunings across the NV emission spectrum, and
was well matched by experimental investigations into single NV open-cavity coupling at
room temperature [78]. The incorporation of the pure dephasing rate v+ means that the
efficiency at low temperature can readily be determined, where the Purcell regime will
dominate cavity coupling of the ZPL. This represents the most complete model of the

NV-cavity coupling mechanisms to date.
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3.4.2 ZPL-Open Cavity Coupling

The cavity coupling to the ZPL at LT is now considered, with an anticipation of the
Purcell factors that may be possible within this project. The ZPL widths are taken to
be of those observed in the bulk [101]. The discussion starts with a consideration of the
mirror finesses available, summarised in table 3.3.

TABLE 3.3: Ideal Mirror Finesse in this project

Coating Featured Mirror Planar Mirror Finesse at 637nm
A (TiO5 Si02)10  (Si02)(TiOs SiO9)™° 1754
B (TaO5 Si02)?°  (Si02)(TiOg SiO2)10 2664

The reflectivities are calculated via the transfer matrix method and therefore the finesse
shown represents the theoretical mazimum that these coatings can achieve. The realistic
scenario will see a reduction in this, both from the finite roughness of the mirror coatings
and the scattering from the emitter itself. It was seen in section 3.1, that this parameter
is independent of length and thus constant in the ideal case. The cavity Q-factor scales
linearly however as Q = ¢qF. By accounting for the presence of a DBR mirror, the
Q-factor is now defined as @) = (¢ + 3)F, where g=1 represents the smallest cavity
length that can be achieved, with 3 antinodes penetrating into the mirror stack. Figure
3.19a shows the evolution of @ with increasing mode index. This Q/V figure of merit
is shown for the F = 1754 in figure 3.19b and is given in ym~—2 units. The Q/V ratio
is maximised for shortest cavity lengths. The ratios for a selection of feature radii
are shown, including all the cavity types used in this thesis (8 = 7, 10, 12um) with
some additional structures that have been achieved within the group. Below ¢=5, the

improvement in Q/V is noticeable for all cavities.

Through the temperature dependence of the electron-phonon scattering, it will be nec-
essary to describe the ZPL using the effective Q-factor of the system. Figure 3.20 now
shows Qe of the mode number of the cavity. The cavity finesse is set to be a very
modest F=200 in this figure. At 4K the ZPL is well within the cavity linewidth for all
mode indices thus Qeg = Qcayv- There is a clear deviation from this behaviour at 77K as

the ZPL has increased by a factor of over 10%. The behaviour of Qg is seen as the ZPL
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FIGURE 3.19: (a) Q-factor as a function of mode number for two different finesse
values pertaining to the mirror coatings used in this thesis.(b) The @Q/V parameter
(units pm=3) for F=1754, plotted as a function of mode number for a selection of 3
available in this project
is incremented towards its room temperature value. Finally at room temperature, Qg is
constant with mode index as it recovers Qe in the bad emitter regime. A complemen-
tary way of considering the good-bad emitter transition is displayed in figure 3.20b. The
mode index is set at ¢ = 4, and the effective Q-factor is shown as the emitter linewidth
is decreased. The vertical lines indicate the values taken at 4K, 77K and 300K, for an

increasing finesse. All low temperature cavity coupling experiments in chapter 7 are

conducted at 77K.

The Purcell factors that may be attained for the NV-open cavity system in this project
are anticipated in figure 3.21. ZPL width is taken to be 0.067nm at 77K (from the
bulk value [101]) and the scaling of the Purcell factor with mode index is shown for a
B=Tum cavity, with coating B (cf. table 3.3) in figure 3.21(a), whilst a f=12um cavity
with coating A is shown in 3.21(b). These represent the absolute ideal case with perfect
emitter-cavity spatial, spectral and dipole alignment. With the system at hand it is
reasonable to expect that the emitter may be placed within the centre of the cavity
mode on the planar mirror, whilst spectral alignment is a consequence of the mirror
separation. The dipole alignment is non-deterministic as the emitters may be oriented

randomly. Additionally, the Purcell factors shown pertain to an emitter with a single
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FIGURE 3.20: The transition between the good and bad emitter regime. (a) Effective
Q-factor as a function of mode index for the emitter linewidth’s indicated on the figure,
for a modest cavity finesse. (b) The effective Q-factor as a function of emitter linewidth
plotted for a range of cavity finesse. The vertical dashed lines represent the ZPL at
4K, 77K and 300K according to reference [101]. The horizontal lines indicate the cavity
Q-factor. The good emitter regime is achieved for all finesses at 4K.
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FIGURE 3.21: Anticipated Purcell Factors for NV-open cavity system at 77K for (a)
B=Tum cavity, with coating B and (b) S=12um cavity with coating A
optical transition, which has undergone pure dephasing. The perfect case as shown here
serves as a benchmark for the system at hand. F=100 represents an approximate lower
bound on the experimental values observed with the nanodiamond in-place, likely due
to scattering from the crystal (see chapters 5 and 7). A cautious prediction for the
B=Tpm mirror of Fp=40 may be expected in the small cavity limit. This compares with
Fp =500 expected from the coating finesse. On accounting for the branching into the
PSB, the total enhanced emission into the cavity would be Fio1=2.6, representing the

observable enhancement in a lifetime measurement.
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3.5 Conclusion

The theoretical framework within which the NV open-cavity coupling occurs has been
established. The NV has been shown to span the good and bad emitter regimes of
CQED. Simple predictions of the ZPL enhancement at 77K have been made on the
basis of ideal spectral, spatial and dipole alignment and serve as an upper limit on the
potential cavities at hand. The predicted values of Fp are solely for the ZPL, whilst
Fiot accounts for the total emission. The anticipated values were also made purely
on the basis that d\zpr, = 0.067nm, following the work outlined in reference [101], for
centres in bulk diamond. When considering the cavity coupling results of this thesis,
the appropriate geometrical and CQED parameters will be introduced in-context, for
adequate comparisons to theory. The room temperature coupling results of chapter 5
will be purely within the bad-emitter regime. The entirety of the NV emission spectrum
into the PSB will be approximated as a single entity with Qeg = Qem ~ 10. The low
temperature results of chapter 7, are very much described with the cavity and emitter
linewidths of the same magnitude, representing the general case Q.g. Developments of
this model are required as it is seen in practice that both the emitter and the cavity are
inhomogeneously broadened. The theoretical description of this will be introduced in

the discussion of these results.



Chapter 4

Experimental Methods

The experimental methods involved in a successful emitter-cavity coupling experiment
are discussed here. Firstly, the materials characterisation tools that were required for
the investigation and development of a robust sample preparation protocol are discussed.

These were essential in being able to isolate singe NV centres in nanodiamond.

The cavity fabrication process will then be presented in two stages. Firstly, FIB milling
into silica, followed by subsequent DBR coating. It is the FIB that provides these open-
cavities with their competitive advantage in CQED in being able to construct concave
profiles, both with a small radius of curvature and a shallow feature depth, allowing for

small mode volumes, essential for the enhancement of the light-matter interaction.

Construction of the cavity assembly, the system by which the resonator mirrors are
independently actuated will then be illustrated. This includes the deposition of the
nanodiamond solutions and the critical process of mirror alignment. The optical set-up
and characterisation methods will also be detailed, including an overview of scanning
confocal microscopy and HBT measurements for single emitter identification. It will be
demonstrated how the equipment can be reconfigured for low temperature operation.
A comparison between the optical performance at RT and LT will be made. Two key
experimental considerations in the optical spectroscopy of NV centres in cavities are also

presented. Firstly, the optical properties of the mirror coatings, including the spectral
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FIGURE 4.1: Thermogravimetric Analysis (a) Schematic of the TGA furnace (b) Typ-
ical TGA curve showing the sample weight as a function of furnace temperature
profile of the background fluorescence, and then the transmission of the mirror coatings
for intra-cavity emitter identification. It is crucial that both of these are understood, as

a pre-requisite for successful emitter-cavity coupling

Finally the FDTD method will be outlined, which was necessary in the analysis of the

low temperature NV-cavity coupling results in section 7.3.2.

4.1 Materials Characterisation

4.1.1 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a method by which the changes in the physical
and chemical properties of materials can be measured as a function of the thermal con-
ditions. It is widely used in the analysis of carbon nanomaterials. Its purpose in this
investigation is to determine the optimal conditions under which to anneal the nanodia-
mond samples, in order to selectively remove surface graphitisation and sp® content, thus
breaking apart the graphitic matrices that bind the nanodiamond agglomerates together,
whilst maintaining sp® content. Carbon materials readily oxidise at high temperatures

in air, however the onset of oxidation will differ for each phase.
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The instrument [Perkin Elmer Pyris Diamond TG /DTA] consists of a crucible into which
the powdered material is placed, supported by a precision balance to measure changes in
weight. This apparatus is situated inside a furnace with the options for different ambient
conditions, such as air or an inert gas environment, shown schematically in figure 4.1(a).
A typical TGA trace is displayed in figure 4.1(b). As the temperature is increased
with a specific ramp rate, the sample weight is monitored, thus one can observe the
onset of mass-changing phase transitions such as oxidation, sublimation or vaporisation.
Graphs of mass as a fraction of total weight are plotted against sample temperature,
monitored by a thermocouple at the base of the crucible. Measuring the temperature at
the sample with respect to an adjacent reference crucible can allow the observation of
endo/exothermic transitions [110]. Setting the system to isothermal conditions is also
possible. This will be informative of the mass loss rate (dM/dt) that can be expected
during the annealing process. The melting points of Indium and Tin samples are used

to calibrate the thermal readings.

4.1.2 Raman Spectroscopy

Raman spectroscopy is widely used in the study of molecular and crystal structure. In
this context, the principles of Raman spectroscopy and the spectral features of Carbon
materials are briefly discussed. Raman scattering constitutes the inelastic scattering of
incident light by the crystal structure. In basic terms, some of the incident energy is
transferred to interatomic oscillations, and the scattered energy will be lower depending
on the vibrational frequency of the specific degree of freedom that has been excited.
The vibrational frequency will be sensitive to the atomic masses involved, the type and
the orientation of the bonding between them. Hence there are distinct Raman signals
for Diamond, Silicon and Germanium despite having identical diamond cubic crystal
structure [112]. It is also well placed to distinguish between the allotropes of Carbon,
due to the multitude of possible crystal structures, bond hybridisations and orientations.
Due to its overall uniformity and periodicity, bulk diamond has a particularly high

Raman cross-section, with a Raman shift of 1332cm ™" corresponding to the vibrations
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FIGURE 4.2: Top left: Schematic layout of the Raman Spectrometer [Horiba Jobin

Yvon: LabRam Aramis]. Reproduced from [111]. Multiple objective lenses are avail-

able on the turret [Olympus MPlan x10 0.25NA, Nikkon SLWD x50 0.45NA, Olympus

MPlan x100 0.9NA]. Scattered light is sent to a spectrometer with a 1800lines/mm

grating and a peltier cooled CCD. Bottom left: White light reflection image of nanodi-

amonds spin coated on a Silicon wafer. The blue scale bar indicates 10um. The green

circle indicates the target of the laser during acquisition. Right: Raman spectrum of

a nanodiamond sample in this thesis, chosen to highlight the typical key features of

Diamond (1332cm ™!, D and G band scattering

of the two interpenetrating cubic sub-lattices [113]. Crystalline graphite on the other
hand, has a Raman shift of 1582cm™!. It gives name to the sp? related G-band of Raman
features, which can appear as a broad peak around this energy in graphitic samples. In
the molecular picture, this peak corresponds to the bond stretching of sp? pairs, both in
rings and in chains. When the system becomes more disordered, 'breathing’ vibrational
modes of the sp? rings become available, which gives rise to the D-band at 1360cm ™!

[114]. This mode is forbidden in perfect crystalline graphite [111] These signatures are

summarised in figure 4.2.

The interpretation of Raman spectra can therefore yield semi-quantitative information
about the relative sp?/sp? ratios, through the comparison between the relative intensities
of the diamond peak and the G-band. In addition it can give an indication of the disorder
in the system as broadening of these peaks suggests more Raman vibrational modes
becoming active as the Raman selection rules break down [115]. Reducing the size of

the crystal is one way of increasing the relative disorder and thus the 1332cm™! peak
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is observed to be broadened in nanodiamond. The Raman cross section varies between
the sp? m-bonded material and the sp? o-bonds, depending on the excitation energy.
The cross section for the m bonds are greater in visible excitation (a factor of 50-200
> ¢ bonds at 514nm), meaning that non-diamond or amorphous sp? is challenging to
detect. Conversely with UV excitation, ¢ come to dominate over w. There are many
subtleties when interpreting the Raman spectra of carbon material (the reader is directed
to Ferrari [116], and Prawer [113] for more detailed insights), however for these purposes
it will be sufficient to have a qualitative picture of the main spectroscopic signatures.
The key features in the Raman spectrum of diamond are shown in 4.2. A Raman
spectrometer [Horiba Jobin Yvon: LabRam Aramis] is used to take these measurements.
These essentially consist of an optical microscope adapted for laser excitation in an epi-
configuration, with the scattered light and fluorescence being sent to the spectrometer
for analysis. The grating has a resolution of 1800lines/mm and is collected on a Peltier-
cooled CCD. 532nm excitation is used for this project. The microscope takes white
light reflection images to assist the navigation around the sample and the instrument
is operated using the Labspec 6 software package. The samples are prepared on Silicon
wafers, chosen as it has a well defined Raman peak at 520cm ™', which is well away
from the region of interest in this study (1000-1700cm~1!). It is also necessary to use
the Raman peak of Silicon in the automatic calibration process prior to starting every

set-up process.

4.1.3 Dynamic Light Scattering

Dynamic light scattering (DLS) is a technique through which the size distribution of nano
particles in solution can readily be measured. The basic principle of DLS is illustrated
in figure 4.3. The nanodiamond in solution is placed in a 10ml disposable sizing cuvette.
Laser light (633nm) incident on the solution, is scattered by the particles dispersed
within. The single photon avalanche detector (SPAD) is set-up in a 173° backscatter
configuration, this is to reduce undesired signal from large contaminants which tend to

scatter in the forward direction (Mie Scattering). The short optical path length also
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ensures that multiple photon scattering events are reduced, which interfere with the
outcome. The system monitors the fluctuating intensity of the scattered light as the
particle diffuse in the solution through brownian motion. The scattered intensity is then
analysed with a digital correlator. An attenuator prevents saturation of the detector to
ensure maximum sensitivity. At short delay times, 7, after the start of the measurement
(=~ ns), the correlation between the measured intensities will be high as the particles
will not have dispersed much in this time interval. With time, any correlation with the
first measurement is lost (7 &~ ms) through the random motion of these particles. The
key principle is that larger particles will diffuse slower than smaller ones, thus taking
longer for the correlation to decay away. This allows for the distinction between particle
size. Through fitting the correlation function to an exponential, the diffusivity (o< the
decay constant) can be calculated. The particle size is related to the diffusivity, D by

the Stokes-Einstein equation

 kgT

== 4.1
3mnd (4.1)

Where T is the temperature, n is the viscosity of the solution and d is the particle
diameter. It must be noted that this simple relation regards the particles to be spheres.
This is usually not exactly the case, especially for nanodiamonds. The instrument
measures the hydrodynamic diameter - which is described as the diameter of a hard
sphere that diffuses as the same time as the particle being measured. Further details
on the operating principles of DLS specific to the instrument used in this investigation

[Malvern Zetasizer Nano ZS] can be found in the manual [117].

4.2 Cavity Construction

The hemispherical features are fabricated by FIB milling, which distinguishes these open
cavities from alternative techniques. Cavity development and fabrication are carried

out by Aurelien Trichet & Philip Dolan within the Photonic Nanomaterials Group.
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FIGURE 4.3: Left: Schematic layout of the DLS instrument [Malvern Zetasizer Nano
ZS]. Reproduced from [117]. Backscattered laser light is detected by a SPAD. Right:
The instrument measures the correlation function of the scattered intensities

The basic fabrication steps are outlined in figure 4.4. The initial structures are milled
onto fused silica substrates [UQG Optics PFS-5005] with an initial surface roughness of
orms=1.5nm. These must be sputtered with a ~ 50nm conductive layer of gold prior
to fabrication, to avoid charging of the substrate. This can result in deflection of the
Gallium ion beam, compromising the structural quality of the features. By varying the
dwell time as the beam scans across the surface, a concave profile can be produced. The
Ton beam allows for beam diameters of 5bnm-1um depending on the current. With this
a full control over the size and shape can be achieved. A low surface roughness of these
features is crucial as this directly impacts the finesse and Quality factors of the final
structures. The FIB milling process has an intrinsic polishing effect, as the sputtering
rate depends on the incident angle. It is seen that an improved surface roughness of
orms=0.7Tnm is achieved after the milling process, making these structures suitable for

high-reflectivity mirror coating.

After milling, and subsequent cleaning, the substrates are sent for DBR mirror coating.
Alternating layers of high/low reflective index materials are deposited through physical
vapour deposition (PVD) [Thin Film Facility, Department of Physics, University of
Oxford]. The samples are mounted at the top of a vacuum chamber. The deposition
materials are heated and evaporated and the vapour then condenses on the substrate.
The technique has the capacity to exert great control over the layer thicknesses, d. The
mirror are chosen such that d = ﬁ (see section 3.1.3), where A = 637nm, providing

the highest finesses at the ZPL wavelength. At the in-house facility, 10 pairs of SiO»

(n=1.4) and TiOy (n=2.1) are deposited. Mirror coatings from commercial sources
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a) FIB Milling on Silica b) DBR Coating

Ga*

FIGURE 4.4: (a) Above: the hemispherical features are milled into a silica substrate.
Below: SEM image of a hemispherical array milled into Silicon to achieve best contrast
in the SEM. (b) The DBR mirrors are subsequently coated onto the milled substrate.
The coating layers take the profile of the underlying feature. Below: cross sectional
SEM after DBR coating. The alternating layers of SiOs and TiOs are clearly observed.
A conductive layer of gold is deposited on top for the imaging process leading to the
patchy deposits on the final layer. Schematic diagrams and SEM images are courtesy
of Aurelien Trichet.
are occasionally used in this thesis. 20-pair, ultra-high reflectivity coatings are sourced
from LaserOptik in chapter 7, whilst the optical properties of DBR coatings from Helia

Photonics and SLS Optics are also explored in section 4.7.

The coating growth mechanism must be carefully considered in the fabrication process
in order to maintain high finesses. With such small radii of curvature, the concave
features can have sharp edges, which translates to the mirrors upon coating resulting
in cracks. These are detrimental to the optical properties and can be observed as a
reduction in finesse with increasing cavity length. As the mode waist on the concave
mirror spreads with increasing cavity length, diffraction losses occur at these edges and
the Finesse is compromised. This is demonstrated prior to optimisation in figure 4.5b,
for a cavity with = 19um. By considering the growth mechanisms of the mirror, this
can be fed back into the fabrication process, altering the profile of the milled feature

to achieve subsequent mirror coatings with the desired radius of curvature and smooth
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FIGURE 4.5: (a) AFM topography of a concave feature prior to mirror coating. The
black lines represent the contours for the desired shape fed into the fabrication process,
demonstrating an excellent match to the final structure. The shallow feature depth
relative to the lateral profile can be observed here. (b) Finesse measurements in trans-
mission for f=19um cavity, as a function of cavity length. Optimisation of the milled
shape to account for the mirror growth mechanisms ensures the Finesse is largely con-
stant with length as expected. Measurements and figures courtesy of Aurelien Trichet.

edges. The optimisation is seen to achieve a consistent Finesse with increasing the
length, as expected. With progressively smaller radii of curvature, this optimisation
becomes more challenging, and is the subject on ongoing work within the group. This
process however, demonstrates the power and flexibility of the FIB, in being able to

tailor the cavity structures and achieving full topographical control.

The final structure is shown in figure 4.6b. Starting with a 1mm fused silica substrate, a
plinth is constructed using a dicing saw, prior to milling. This extends 250um above the
rest of the substrate and is 380x320um in area. This avoids the substrates coming into
contact, away from the region of interest, which assists the reduction in cavity length.
An array of concave features are milled with differing (5, allowing the cavity-coupling
parameter space to be explored in one experimental run. These parameters are shown
in figure 4.6a. Registration grids are FIB milled onto the planar mirror as in figure 4.6¢
[FIB milling courtesy of Philip Dolan]. This is an essential design feature to allow the
location and re-location of NV centres at room and low temperature. It is also enables
features to be imaged on the underside of the mirror as in section 4.8. Guiding marks

and orientation features enable to location of the region of interest.
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(a) Feature Properties
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(b) Plinth Profile (c) Plinth Profile (d) Planar Mirror

FIGURE 4.6: (a) Concave feature properties, dimensions are in microns. (b) Optical
microscope images of the finished plinth after coating. (c) Optical microscope image
of the plinth, side-on. The plinth extends 250um above the rest of the substrate (c)
A 4x4 grid, each of side 50pum, is FIB milled onto the planar mirror after coating. An
orientation mark and guides are also milled, to locate this region of interest

4.3 Cavity Mounting

The mirror substrates are cleaned by sonicating in acetone, before wiping with an iso-
propanol soaked lens tissue. As a final step, the substrates are subject to an oxygen
plasma clean, which cleans organic residue from the surface, and also has the added
effect of making the substrates hydrophilic. This allows for a uniform converge on depo-
sition of nanodiamond solutions prior to spin coating. Nanodiamond solutions dispersed
in de-ionised water are passed through a 200nm syringe mesh filter [PTFE], ensuring no
large contaminants. A single droplet of solution is spin coated [SPS Spin150], in a two
stage program. First at 500RPM for 5 minutes to allow the droplet to spread uniformly,
and for the nanodiamonds to adhere to the surface. Finally at 3000RPM for 30s, to spin

off the excess solution.

The mirror substrates are mounted onto the cavity apparatus as shown in figure 4.7,

with the orientation dependent on the experiment at hand. This system is specifically
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FIGURE 4.7: Schematic diagram of the cavity apparatus. (a) The mirrors are mounted
to be independently tunable. The degrees of freedom of the top and bottom mirrors
are indicated by the blue arrows. The emitters are always spin coated onto the planar
mirror. (b) The sample stage used to mount the mirrors to the actuators. The bottom
mirror assembly [Purple] consists of an LED on a mini-z piezo, which is then braced to
the outer cage rods. The top mirror assembly [Red] is independent of this, consisting
of an aluminium table that extends to the larger XYZ piezo stack. Optical access is
achieved from above the structure (c). The complete apparatus which can interface
with the confocal microscope. Figures (b), (c) courtesy of Philip Dolan [118]

designed for low temperature operation, and it will be seen in section 4.6, how the
apparatus can be re-configured. The top mirror has the three translational degrees
of freedom allowed by the Attocube piezo nanopositioner stack [ANPz100, ANPx100,
ANPx100]. The piezo control modules [ANC300 Controller, 3xANM150 Modules] do not
have piezo scanning capabilities. Instead the movement is achieved by a stepping motion
with the precision dictated by the minimum threshold voltage for actuation, which is
increased at LT. For the majority of of the emitter-coupling experiments, the piezos
were operated with this limitation in place. This obstacle was overcome in the final LT-
coupling experiments (section 7.2) by implementing an external voltage source [Keithly
SourceMeter 2400], to bypass the control module. This provides a voltage to fine tune

the piezo crystal. The cavity mode was then able to be precisely and deterministically
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Mirror alignment

FIGURE 4.8: The mirror alignment process. While light transmission images through

both mirror substrates, when in contact. A 532nm bandpass filter is placed in the

optical path to allow the fringes to be observed. The substrates are brought into

alignment through the manual tilt control of the top mirror, to reduce the number or
fringes observed.

positioned, which gave the subsequent experiments a significant advantage.

The sample stage is constructed from aluminium. The mirror is attached to the top plate
using a transparent adhesive. The top plate has adjustable grub screws, which allow
for rudimentary tilt control essential for the alignment of the mirror substrates. The
bottom mirror is independently adjustable with only the z-degree of freedom facilitated

by the mini-z positioner [ANPz30].

The LED allows the mirrors to be observed in white light transmission, which is purely
for alignment purposes as seen in figure 4.8. A band 532nm band-pass filter is used to
observe planar Fabry-Perot modes as fringes in transmission, owing to the residual re-
flectivities of the mirrors at 532nm (R = 0.55). Bringing the mirrors into parallel reduces

the number of fringes observed. This process is applied iteratively until completion.

4.4 Optical Spectroscopy

The entirety of the optical characterisation in this project is carried out using a home-
built beam-scanning confocal microscope. The principle feature of confocal microscopy

is the depth resolution that can be achieved. Point source illumination is first focused
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FIGURE 4.9: A schematic layout of the Optics Lab for Room Temperature operation.
All optical components are mounted onto an optical table. A periscope construction
allows the sample to be mounted vertically

onto the sample, with the image then focused through a pin-hole before reaching the
detector. If this aperture is placed in the image plane of the microscope, then it becomes
confocal with the focal plane. This serves to suppress scattered light and fluorescence
outside of the focal plane and thus depth resolution through the sample is achieved. The
confocal microscope is necessary for applications where such resolution is required and
is widespread in the biological sciences. It is also central to the study of colour centres
in diamond, and other single quantum emitters, where depth sectioning and rejection of

background fluorescence are crucial in achieving high single photon fidelity.

The full optical setup can be seen in figure 4.9. Laser excitation at 532nm is used to
excite the NVs in CW [CNI MGL-III-532, 200mW] or pulsed mode [Teem Photonics-
SNG-20F-1S0, 20KHz|. The excitation is coupled through a single mode fiber (Thorlabs
SM460HP), which is coupled to the excitation arm of the scanning head (figure 4.10).
The output aperture of the fibre provides the point source illumination in this case. Fiber

polarisation control (Thorlabs FPC030) is achieved with three independent spools that
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exploit stress-induced birefringence to create independent wave plates (A/4,\/2,\/4).
In theory these allow full polarisation control and in practical terms are positioned such
that the excitation of the NV centre is optimised. The excitation and fluorescence are
collimated as they propagate within the scanning head. A fast-steering mirror (Newport
FSM300) rapidly scans the excitation spot over the sample. The objective is situated in
a 4f configuration from the steering mirror, mediated by opposing telecentric lenses (f
= 250mm), ensuring the beam enters through the centre of the objective. The resulting
large field of view is advantageous for identifying suitable emitters quickly. Fluorescence
is coupled through the collection arm into single photon avalanche detectors for imaging
(Perkin-Elmer SPCM-AQRH), via a single mode fiber (Thorlabs SM600), which provides
the confocal aperture of the microscope. A wire-grid polariser is placed on a rotation
mount [Thorlabs CRM1] for polarisation analysis. An Edinburgh Instruments [TCC900]
card provides the correlation electronics for the HBT and lifetime measurements. The
output fiber can also be coupled to a spectrograph (Acton 2500i), equipped with a
liquid nitrogen cooled CCD (Princeton Specl0). Two diffraction gratings are available
(300 & 1200 lines/mm) providing 0.13nm and 0.03nm spectral resolution respectively.
The decision to use fiber coupled excitation and fluorescence has enormous practical
advantages for usability and becomes crucial when mounting the scanning head vertically

on the bath-cryostat for low temperature operation, as discussed in section 4.6.

4.5 HBT & Lifetime Measurements

Photon correlation experiments are able to confirm the presence of single emitters. The
fluorescence is output to a 1x2 50:50 fiber splitter (Thorlabs FCMMS50-50A) with a
second SPAD for the HBT measurements as in figure 4.9. A photon detection event on
the first SPAD starts the measurement at time ¢ = 0. A second photon on the other
detector ends the measurement at time ¢ = 7. A histogram of the intensity correlations

between the two detectors is built up as a function of the delay time 7, between the start
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F1GURE 4.10: A detailed schematic of the Confocal microscope, including all actuators
necessary in the alignment of the scanning head. The excitation fiber output is mounted
to the excitation arm on an xy positioner, with the output beam collimated using a
x10 0.25NA objective. A kinematic mount allows the launch angle of the excitation
arm to be adjusted. An identical set-up is used on the fluorescence collection arm. A
dichroic mirror splits the excitation and fluorescence. Notch filters suppress scattered
excitation light from reaching the detector, whilst spectral and polarisation filters are
placed in the collection arm as appropriate.
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and stop events. The histogram is described by the second-order correlation function of

the intensity on each detector I(t), I(t+ 7) in 4.2.

g (r) =

<I£t)[(t +7)) )

(L)t +7))

In practice, the resulting histogram must be normalised to obtain the correlation func-
tion. This is achieved through dividing by I1 x Io X tpin X Tior, Where I7 2 is the mean
intensity on each detector through the measurement, tp;, is the histogram bin width
and T} is the total integration time [26]. As previously stated, single photon emission
cannot result in simultaneous detection events, leading to g (0) = 0. Due to the power
dependent internal dynamics, a low excitation power is generally used in order to achieve

a good resolution on the anti-bunching dip.

As will be seen in section 4.7, the cavity mirror substrates contribute a broadband non-
negligible fluorescence background. It becomes necessary to briefly discuss the role of
this background in the HBT measurement. For the case where a single NV and a
fluorescent background contribute to the histogram, the probability for each detection
event, Py, Py, is determined by the signal to noise ratio in the measurement. At long

time delays, the following detection events add to unity.

P} 4 2PpPyg + P, =1 (4.3)

Since NV, is a single emitter, g2(0) is expected to be:

9P (0)1 = 1 — P} = 2P Poig + Pl (4.4)

In other words the uncorrelated detection events, due to the background photons, present
a baseline in the measurement. The signal to noise ratio (SNR) must be considered in

every measurement when trying to verify single photon emission.
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When studying NV centres in nanodiamond, it is non un-common to find multiple NV
centres in one crystal, even with adequate sample preparation. In practice it can be found
that the emitters appear of un-equal intensity due to selective excitation polarisation and
the possibility of favourable dipole orientation with the mirror plane. With the presence

of a second single emitter NVp in the same measurement, g(?(0) is now expected to be:

9@ (0)y =1- P2 - P} (4.5)

If NV,.,4,B are of unidentical intensity, their contribution to the total signal (probability

Pyg), can be quantified as:

Py = (1 — a)Psg, Pg = aPsg (4.6)

Where « is the fraction of total emission. The ¢g(®) (7 = 0) can now be expressed as:

9(2)(0) =1- Ps2ig(1 - a)Z - Psziga2

=1- P3,(1-2a+ 2%

For the special case where emitters A & B are of equal intensity, with no background
signal present, a = 0.5 and Psjz = 1. The correlation function will then be g (0)=0.5.
This explains the oft quoted threshold for single emitter detection. However, this applies

strictly to identical emitters of equal intensity.

The set-up in figure 4.9, is also capable of taking PL lifetime measurements. Emission
is switched from CW to pulsed, via a flip mirror, requiring no re-alignment. With a
repetition rate of 20KHz, the bin width, t,;, is generally set between 1.9-3.9ns to allow
for a more rapid acquisition time. The data is fit by a single exponential of the following

form:
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t—t

I(t)=Io+ Ae™ =" (4.7)

Where Ij is the baseline, A is the amplitude of the fit and ¢g the start of the decay.

4.6 Low Temperature Experimental Methods

This system is capable of low temperature operation. For this purpose, the scanning head
of the microscope in figure 4.10 can be detached from the optical bench and mounted
onto a bath cryostat [100L Wessington Cryogenics]. The low temperature system can
be seen schematically in figure 4.11a, with the scanning head during operation shown in

4.11b.

The cavity apparatus is detached from the RT periscope construction and mounted onto
a vertical cage system, with telecentric lenses incorporated. The cage system is then
placed inside a vacuum tube, which has optical access and an electrical interface for
piezo control. This system is pumped down overnight [BOC Edwards TIC Pumping
Station: Rotary & Turbo], removing moisture that could lead to piezo failure at LT. At
10 °mbar the pumpdown is completed. 50mbar of Helium gas is then flushed into the
vacuum tube in order to act as an efficient heat exchanger. The Dewar is filled with
liquid Nitrogen, and the system is slowly inserted into the dewar over the course of an
hour, avoiding a thermal shock to the apparatus. All LT investigations in this thesis

were conducted at 77K.

For low temperature operation the cavities are mounted such that the objective [At-
tocube LT-ASWDO x50 0.82NA] images through the planar mirror (xyz degrees of
freedom) with the featured plinth underneath (z degree of freedom). The NDs are situ-
ated on the mirror coating on the underside of the planar substrate. As the plinth has
no lateral degrees of freedom, it must be positioned in the field of view when mounting.
Crucial to the LT cavity experiments is the mounting of the objective lens. If this is done

properly then the relative alignment of the objective and the plinth will be maintained
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FIGURE 4.11: The Low Temperature System (a) Schematic diagram of the LT dewar.

The cavity apparatus in mounted to a cage system inside a He exchange gas environ-

ment. (b) The scanning head of the confocal microscope can interface with the dewar

for LT operation.

at low temperature. A schematic is shown in figure 4.12. The implementation of this
development represented a turning point in the success of these experiments. It must
also be noted that there is no piezo tilt control at low temperature. It is generally found
that after thermal contraction, the relative alignment of the mirrors has changed slightly,
but often it is still sufficient to achieve short cavity lengths. Another drawback of the

LT system is that the dewar is situated on a concrete floor, so the vibration isolation

insufficient.

The system performance at low temperature must be characterised and understood.

Figure 4.13 compares a power saturation measurement curve of a single NV centre (out
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FIGURE 4.12: The LT lens holder. The LT lens rests in a custom built aluminium
casing, with a bevel to match that of the lens, preventing lateral movement. The casing
is fastened to a modified cage plate [Thorlabs CP02T], and the lens is secured with a
custom built SM1 threaded retaining ring.
of cavity) at RT (mounted to the optical table) and LT (in the bath cryostat). The

background contribution to the fluorescence signal is subtracted in both cases and the

power dependence (P) of the intensity (I) is fitted using equation 4.8.

I satP

= " 4.8
P+Psat ( )

Where Ps,; is the power at which half the saturation intensity Ig,: is achieved. This
curve quantifies the performance of the optical system. The first thing to note is that
the saturation power is reduced at LT by almost a factor of 2. The RT periscope
construction has three silvered mirrors that that allow for vertical cavity mounting. It
likely that these cause aberrations of the excitation spot, increasing Ps,i. The photon
collection efficiency falls by a factor of 0.75 indicating that the transmission of the optical

components in the cryostat are compromised.

Finally, in order be able to carry out the full range of measurements necessary to de-
termine Purcell factors and to verify single photon emission into the cavity mode at
low temperature, an appropriate narrow band-pass filter [Semrock FF01-640/14-25] was
acquired to be able to isolate the ZPL emission from mirror background and any other

modes within the PSB. This was only implemented for the results in section 7.2.
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FIGURE 4.13: Comparison of the power saturation measurements the same single NV
centre at (a) RT and (b) LT. The saturation power and intensity allow for a relative
comparison between the set-ups.

4.7 Optical Properties of Mirror Coatings

The mirror coatings are found to provide a background fluorescence under optical ex-
citation. This is several times greater than that of the fused silica substrates they
are deposited on, which suggests that this property is intrinsic to the coatings them-
selves. For emitter-cavity coupling experiments, especially when initially identifying
single emitters, it is important that the optical properties of these coatings are well
characterised. Figure 4.14 shows a PL (photoluminescence) image of a planar mirror
substrate, deposited with fluorescent NDs, under 532nm excitation. It is observed that
the background fluorescence can be photobleached, to an extent, as represented by the
dark squares in the centre of the figure. These indicate the location of previous imag-
ing scans. A time trace of the PL signal shows the photobleaching process in figure

4.14. The rate will depend on the excitation power density used, however a baseline is

typically reached on timescale of minutes.

The optical properties of the mirror coatings are found to be material dependent. Figure
4.15, shows an investigation into the fluorescence properties of planar mirror substrates
from four different sources and three different material combinations. The power depen-
dence shows that the 10 layer SiO2/TiO4 mirrors, from Oxford Physics, and alternatively
from Helia Photonics, are the most fluorescent. The 9 Pair SiOy/ZrOy from SLS op-

tics prove to be the least fluorescent. The SiO2/TaOjs from Laseroptik displays only
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FIGURE 4.14: Left: A PL image of a planar mirror substrate with nanodiamonds

dispersed on the surface. The darker squares in the centre indicate previous image

scans that have photobleached the background fluorescence. Right: Typical time trace

of the photobleaching process. The rate will be dependent on the excitation power

marginally greater fluorescence. It must be noted that this a 20 pair mirror coating.
Representative background spectra are shown on the right of figure 4.15. The coatings
display a background bearing a resemblance to the transmission spectrum of the mirror
stack, evidenced by emission <560nm and >750nm. This indicates the mirror stack
serves to suppress the fluorescence from within the coating. It is clear that with appro-
priate spectral filtering this problem cam be reduced. The Helia and Physics coatings do
display some fluorescence in the stop-band region, whilst the Laseroptik coatings have
the cleanest profile of all. This thesis uses coatings from the Oxford Physics thin film

facility and Laseroptik. The survey presented here, illustrates the variability between

coating materials, which can potentially be engineered.

4.8 Imaging Through the Mirror

Any emitter-cavity coupling experiment in the current configuration, will require that
emitters be imaged between the mirrors. This is to establish their location prior to
cavity coupling. Of course, this presents a challenge, since the stop-band was designed
to reflect the emission in the first place. Figure 4.16a shows a typical room temperature

NV spectrum, overlaid with the transmission of a 10-pair mirror, as obtained by the a
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FIGURE 4.15: Left: Mirror background power saturation measurements taken with

a xb0 0.82NA objective and 532nm excitation, with no spectral filtering. Coatings

from four different sources are investigated. The number of mirror pairs and material

combinations are listed in the figure. Right: Typical background spectra for the Physics,

Helia and LaserOptik coatings.

transfer-matrix model of the mirror coatings. The product between the two spectra is
shown, which represents the transmitted intensity of the NV through the mirror coating
(with the approximation of normal incidence). Figures 4.16b/c compare the PL image
obtained for with the emitters on top of the mirror, to the situation where they are on the
underside. Most of the PL is now being reflected by the stop-band and the experiment
relies on the small fraction of emission transmitted at the longer wavelengths. The

contrast between the signal and backgrounds is now extremely poor. This situation

demands long-integration confocal scans.

Figures 4.16(d),(e) show the respective power saturation curves. It is seen that just 4%
of the original intensity is now collected through the mirror corresponding to the green
shaded area in (a). The saturation power is has also correspondingly increased due to

the residual reflectivity of the mirror coatings at 532nm.

Once the cavity has formed, the relative reflectivity of the mirror coating must carefully
be considered. An imbalance between the coating reflectance will result in the preferen-
tial out coupling of the transmitted light. In the absence of any intra-cavity losses, the

fraction of light transmitted through the planar mirror as:
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FIGURE 4.16: (a) A comparison of the room temperature emission spectrum of the
NV centre (pink) and the calculated transmission of the featured mirror (blue). the
peaks are normalised for comparison. The product of the two (green) represents the
transmitted intensity through the featured mirror, prior to cavity coupling. (b) PL scan
of a single emitter on the mirror and (c) on the underside of the mirror, represented by
the white circle. The contrast is reduced due to the mirror stop-band. The respective
power saturation curves are shown in (d) & (e) both taken in the 670-810nm spectral
window
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FIGURE 4.17: (a) Fraction of light through the planar mirror. Comparison between 20

pair laseroptik plinth and 10 pair physics plinth. Almost all of the cavity mode on axis

is transmitted through the planar mirror for the 20 pair substrate, a 35% improvement

on the previous mirror. (b) Transfer matrix calculation of the mirror coatings for the

10 pair planar, 10 pair featured and 20 pair featured mirrors. Shown on a log-intensity
scale for clarity.

1-R, T,
1—-RR,  Ty+7T,

(4.9)

Where Ry, are the reflectivities of the featured and planar substrates respectively with
T}, the transmission. Figure 4.17b, shows the relative reflectance of a 10-pair planar
mirror (low index termination), with two alternative featured substrates. The fraction
of light coupled through the planar mirror is displayed in figure 4.17, over the stop-band
range. By forming a cavity with the 20-pair featured substrate, the out coupling from
the cavity mode, along the optical axis, will be almost unity. This cavity is implemented
in the main LT results of section 7.2, whilst the 10 pair-10 pair cavity is implemented
in the RT measurements of chapter 5 and the preliminary LT measurements in section

7.1.
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4.9 Theoretical Methods

4.9.1 Finite Difference Time Domain simulations

Finite Difference Time Domain (FDTD) simulations [Software: Lumerical Solutions| are
able to simulate the electromagnetic environment of the emitter. The basic principle of
FDTD is that it can serve as a computational test bench to analyse of propagation of
electromagnetic waves within photonic structures. The structural parameters, such as
L, B and the mirror thicknesses can be defined along with the refractive indices of each
element, thus defining the electromagnetic environment. The source of electromagnetic
radiation is also specified, in this case a dipole emitter at a given orientation. On the
initialisation of source emission, the software calculates the propagation of emitted light
through the structure in the time domain. To achieve this, the whole simulation region
is partitioned into an array of three dimensional *Yee’ cells, of a defined refractive index.
The propagation across each cell is calculated by solving Maxwell’s equations across the
interface. The cell size must be much less than the operating wavelength, and must
be able to resolve the intricacy of any structural interfaces. Across a basic structure
such as the planar DBR the mesh size limit is relaxed. Around the nanodiamond and
the concave mirrors however, a fine mesh is required in order to simulate the spherical
surfaces accurately. A 2D schematic of the simulation is defined region is show in figure
4.18. The mesh size around the 100nm nanodiamond of n=2.4, is set to be bnm. The
field must be allowed to fully decay, in this case 10ps, in 5fs time increments, before the

simulation is ended.
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FIGURE 4.18: The FDTD Method. Schematic of the in-cavity simulations. Calcula-

tions are performed for dipoles inside a 100nm sphere of n=2.4, on the cavity axis. The

simulation mesh is represented by the grid and is set to be 5nm around the ND and the

concave mirror. To simulate the half-cavity case, the concave mirror is simply removed
from the simulation.
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4.10 Conclusion

The experimental and theoretical methods involved in this work have been presented.
The materials characterisation methods were essential in establishing good quality nan-
odiamond samples, where single NV centres could be reliably identified. The cavity-
coupling experimental methods have also been fully described starting from the fabrica-
tion of the cavity features by FIB, through to the finer details of emitter identification
at LT. This chapter gives an appreciation of the meticulous preparation that is involved
to ensure the success of these experiments, especially at LT. Aside from the cavity fab-
rication process, the success of the low temperature emitter-cavity coupling has heavily
relied on four key experimental procedures and developments, which can be summarised

as:

1. Fabrication of registration features onto the planar mirror

2. Manual iterative alignment the cavity mirrors using interference fringes

3. Custom built lens-holder to maintain relative plinth and objective alignment at

LT

4. Being able to identify single emitters through the mirror substrate

The fabrication of registration features is essential and would remain a component in
any future experiments. For the remaining points there is certainly a capacity for im-
provement. The additional degrees of freedom, such as tip-tilt piezos and additional
lateral stepper motors would relax the requirements for point 2, 3. The final point re-
quires appropriate spectral filtering and long image integration, which of course would
benefit from improved count rates and a better SNR. This is unlikely to come from
the objective lens, since already incorporates a high NA into a specialised LT design.
Improvements may have to come through wavefront aberation correction, implemented

using a deformable mirror. This may allow the emitters to be more readily identified.



Chapter 5

Room Temperature Cavity

Coupling

5.1 NV Ensemble-Cavity Coupling

This section describes investigations into room temperature NV-cavity coupling, which
was conducted with nanodiamond samples containing ensembles of NV centres [Colum-
bus Nanoworks, FND, 200nm, 1mg/ml]. These fNDs were initially chosen as it would
readily allow and exploration of the cavity coupling process. The samples are prepared
and mounted as in section 4.3. The experiment proceeds in the stages outlined in fig-
ure 5.1. The orientation of the mirrors is chosen such that the cavity emission can be
directly compared with the emission free space (emitters only on the planar mirror),
in one experiment. This enables the enhancement of the light-matter interaction to be
quantified. Here the fNDs are initially imaged on the planar mirror, shown in figure
5.1(a), with 7TmW of CW excitation. A low NA objective lens is chosen (0.4NA x20), to
allow sufficient working distance through the featured substrate as shown. The samples
display an inhomogeneity in the NV concentration per crystal, with intensities vary-
ing over an order of magnitude from 2x10° to 2x10° counts/s. A well isolated bright

nanodiamond (2x10% counts/s) is chosen for cavity coupling.

100
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FIGURE 5.1: Schematic diagrams of the room temperature cavity coupling experiments

with corresponding PL images - Lengths are in pum, whist the colour scale indicates

counts/s on the SPAD. A 0.4NA x20 objective lens is used. A: Out of cavity imaging

of the fNDs on the planar substrate. B. The featured substrate is moved across and the

fNDs are imaged through the featured mirror. The fND under investigation is shown

in the white circle. C: The substrate separation is reduced and the cavity is formed
over this feature.
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Figure 5.1(b), shows the PL imaging through the featured mirror of the same substrate
area. This step is required prior the cavity coupling, as the inevitable angle of the
featured substrate causes refraction of the image, as seen by the differing co-ordinates of
the feature highlighted. Thus the location of the free-space feature needs to be confirmed
between the mirrors before moving a cavity into position. Imaging the emitters prior to
cavity coupling presents a technical challenge as the stop-band of the mirror is designed
to mostly reflect the emission spectrum of the NV centre. This was discussed in section

4.8.

Imaging through the featured mirror substrate not only alters the collection of fluores-
cence, but alters the excitation conditions. Firstly the mirror coatings have a residual
reflectivity at the excitation wavelength, transmitting only 57% of incident 532nm excita-
tion (calculated for normal incidence). Figure 4.6¢, showed the thickness of the featured
substrate to be lmm. This is likely to cause spherical aberrations of the excitation spot,
reducing the excitation power density of the focal spot. This is difficult to quantify as
the profile of the point-spread function will be mostly extended in the z-direction [119].
The best way to experimentally verify this is to take a power saturation measurement.
With a low NA objective it is difficult to saturate the emission of the NV ensemble with
CW excitation. Pulsed excitation is instead used [repetition rate 20KHz, pulse width
0.75ns, energy/pulse 2.5uJ]. The power saturation measurement both in free space and

between the mirrors can be seen in figure 5.2

This saturation power shows the altered excitation conditions and the parameters ob-

tained from the fits are listed in table 5.1

TABLE 5.1: Fit Parameters

Between Mirrors Free Space

Poat (W) 31.843 13.1+1.8
Liat (counts/sec) 445418 7304413

The saturation power has increased by a factor of 2.43 in-between the mirrors, through
a combination of reflection at the mirror and aberrations of the focal spot. This value

is used to set the relative excitation power in and out of the cavity, in order to get a



Room Temperature Cavity Coupling 103

Free Space n Signal + Background

= Background
Signal

— 1 =(,PY(P+P,,)

8000 N

6000

4000

Intensity (counts/s)

N
S
3
3

T T T T
0 50 100 150 200
Average Power (microWatts)

Between Mirrors e maskaround
— IS‘:Q(T:‘P)/(P*PW)

2500 4

2000 n -

1500

1000 -

Intensity (counts/s)

500
}'/”""H
.
04
T T T T T T T T T
0 50 100 150 200 250 300 350 400
Average Power (microWatts)

FIGURE 5.2: Pulsed power saturation measurements of same fND in free space (above)
and between the mirrors (below). The red line indicates a fit to the function I =
(Isat P) /(P + Psyt) to the fluorescence signal after background substation (green)
quantitative comparison of the relative emission intensities. In practice the in-cavity

excitation power is set to be high (= TmW), and the free space excitation is lowered

accordingly. A cavity of nominal § = 10um is chosen for these measurements.

A comparison of the free space and cavity emission properties for the same fND can
be seen in 5.3. The spectra are taken with an identical integration time and the same
relative excitation conditions. On coupling to the cavity it can be seen that the collected
emission spectrum is now dictated by the emission into the longitudinal TEMgg cavity
modes, with some minimal coupling into higher-order transverse modes observed. This
indicated that the emitter is well aligned within the cavity mode. Consequently for the
shortest cavity lengths it can be seen that the peak intensity of the TEMyg mode at
690nm is over a factor of 5 greater than that of the NV PSB peak. The sequence of
spectra highlight the tunability of the system as the cavity length is modified through
piezo actuation of the featured mirror. As the cavity length is increased from 3.15um
to 10.8um, a greater number of resonant frequencies are permitted between the mirrors

signified by a increased number of longitudinal modes coupling to the PSB emission.
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FIGURE 5.3: Comparison of in/out of cavity emission for the same fluorescent ND.
Sequence of cavity coupled spectra (blue) are shown, the optical cavity length, L is
indicted in microns. The free space spectrum for the same excitation conditions (grey)
is shown on each axis for comparison. All spectra have the same relative intensity scale.

The peak intensities are drastically reduced as the cavity length is increased. From

the position of the adjacent longitudinal modes and the corresponding transverse mode

spacing, all the relevant parameters of the cavity can be extracted according to the

analytic expressions defined in section 3.1.2. The cavity parameters for the shortest

cavity in figure 5.3 are summarised in table 5.2:

TABLE 5.2: Cavity Parameters for L = 3.15um

L opt

B wo(pm)

V(pm?)

V (A3)

Q  AX(nm)

3.15

10.6 1.0

8.4 202 2000 68

For the cavity length Lop = 3.15pm, the mode at 690nm corresponds to longitudinal

mode index ¢ = 7. Accounting for the penetration of the field into the mirrors yields

a geometrical length, Lge, = 2.6pum corresponding to the minimum physical mirror

separation achieved in this experimental run.
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Whilst there is theoretically scope for shorter cavity lengths, they are in practice limited
by relative angle of the mirror substrates and the dimensions of the featured plinth.
Efforts are always made to couple cavities that are at the thin end of the wedge between
the substrates, however it is inevitable that an edge will come into contact before the
cavity is able to be fully closed. Extrusions on the edge of the plinth after the substrate

cutting process may serve separate the mirrors further.

One way to quantify the effects of the cavity is to look at the spectral density of the
photon emission. This can be observed from the spectra in figure 5.3, as the number of
photons emitted into the spectral bandwidth. A comparison between the Lop; = 3.15um
cavity and the free space spectral density is shown in table 5.3.

TABLE 5.3: Spectral Density - Cavity and Free Space emission

L = 3.15um, q=7 Free Space

Spectral Bandwidth 212GHz 48.7THz
Photons/s in Band 2600 83,000
Raw Spectral Density (Photons/s.GHz) 12.1 1.75
Corrected Spectral Density (Photons/s.GHz) 105 21

The raw data values for each of the strongest fundamental resonances in figure 5.3
are now plotted in figure 5.4, with respect to the free space value. To prove that the
observed spectral densities are beyond that expected from filtering effects, the collection
efficiencies in each case must be taken into account (these are detailed in section 5.2).
The collection efficiency for the mode at 690nm, in the Loy = 3.15um cavity, stands at
11.5%, whilst in free space this is 8.3%. The corrected spectral densities for both cases

are listed in table 5.3, showing a factor of 5 increase when cavity coupled.

5.2 The Effective Purcell Factor

The Purcell factor compares the emission into the cavity with the emission into free-
space, and with the data presented, a comparison between these scenarios can be made.
At room temperature the cavity coupling proceeds well within the bad emitter regime of

cavity QED and only a fraction of the NV emission will be coupled to the cavity mode,
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FIGURE 5.4: Scaling of the spectral density with cavity length. Each data point

represents emission into the strongest fundamental mode for each cavity spectrum in

5.3. The free space value represented by the red line, whilst the shaded region indicates

the experimental uncertainty in this value.

reducing the Ideal Purcell factor to an effective one. The anticipated Purcell factors
will be marginal such that PL lifetime changes would be challenging to observe. This is
particularly true for longer cavity lengths. Instead, a relative comparison between the
total emission, in and out of the cavity, is made. Experimentally, this manifests itself
as the ratio of integrated intensity in the cavity mode P.(Xo), to the total integrated
intensity in free space Pg. This comparison is displayed graphically in figure 5.5, where
the shaded regions indicate the integration region. The cavity mode is integrated in
a narrow region across the resonance, whilst the the free space emission is integrated
across the entirety of the spectrum from 600-780nm, encompassing the full ZPL + PSB

emission. The treatment of the experimental data builds on from the work by Kaupp

et al [79] (discussed in chapter 2).

Once such a comparison has been made, the experimental collection efficiency in each
case must be carefully considered, as these vary between the free space and the cavity
emission. The collection efficiency in the cavity also has a dependence on the cavity
length as diffraction losses start to to occur. The final expression for the experimental

effective Purcell factor is shown in equation 5.1.
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5.2.0.1 Collection Efficiency from the Cavity

The collection efficiency in the cavity depends strongly on the following factors:

e Transmission of the planar and featured mirrors

e Intracavity losses - absorption, scattering & diffraction

With the experimental set-up in question, it is assumed that the cavity mode is well
coupled to the external optics. With a beam waist of wy =1um at a TEMpy = 690nm,
equation 3.18 can be used and the numerical aperture of the mode is calculated to be

NA = 0.21. This should couple well to the external optics with NA = 0.4.

The planar and featured substrates are both coated with 10 ﬁ pairs of n=1.4/2.1.

However as discussed in section 4.8, the planar mirror is terminated with an additional
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FIGURE 5.6: Left: Transfer Matrix simulations of the planar (blue) and featured (pur-
ple) mirrors, plotted on a log scale for clarity. Right: equation 5.5 evaluated across the
spectral region shown. The majority of the light is directed through the planar mirror
low index layer. This serves to alter the relative reflectivities of the substrates, leading
to the featured mirror being more reflective than the planar substrate. In the current

configuration, it means a greater proportion of light leaking from the cavity will be

emitted through the planar mirror, away from the collection objective.

The difference in the transmissions of the planar and featured mirrors are plotted in
figure 5.6. It is clear that the planar mirror is more transmissive than the featured
mirror for wavelengths within the region of the stop band. equation 5.5 is evaluated
in the region from 640-750nm on the right of figure 5.6. It is shown that a greater
proportion of the light is directed through the planar mirror from 640-735nm, varying

between 34-50%.

The transmissions of the mirror coatings are not the only loss mechanism within the
cavity. The losses in the system will be related to the observed finesse. Taking the

TEMpy = 690nm mode from figure 5.5, the finesse is expected to be:

7(RyR,)7

1—/RsR,

F= = 654 (5.2)

This is over a factor of 3 greater than the measured value of F = F‘SS—’\R:202. Indicating

an additional intra-cavity loss mechanisms. It was seen in section 3.1 that the Finesse
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F1GURE 5.7: Left: Evolution of the round trip loss with cavity length for each funda-

mental mode contributing to the effective Purcell factor calculation. The total round

trip losses L are represented by the green points. The intrinsic losses, 2a.L, are shown
in red

is related to the total round-trip loss factor £ by:

2
F = vl (5.3)
L=2al +T,+T; (5.4)

L is the sum of the intrinsic 2aL losses (scattering, absorption, diffraction) and the
transmission losses T}, + Tt. Equation 5.4 is evaluated for each fundamental mode con-
tributing to the effective Purcell factor calculation and the evolution of this parameter

is plotted in figure 5.7.

It is clear that the intrinsic losses are the dominant loss mechanism in the cavity system.
The size of the fNDs used were 200nm, this will be a factor causing significant scattering
losses per round-trip. As £ increases with greater cavity length, this strongly indicates
that the system experiences diffraction losses, as the mode waist on the featured mirror

becomes large enough to start clipping the edges of the concave feature.
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Now the intra-cavity losses have been determined, the collection efficiency in the cavity

is adjusted accordingly as:

T; T;
Coay = - = — 5.5
T 2L+ T+ T, L (5:5)

5.2.0.2 Collection Efficiency in Free Space

The collection efficiency of the lens is determined by the solid angle €2 subtended by its

numerical aperture over the full 47 steradians of free space, so that:

Cg = %(1 — cos(arcsin(NA)) (5.6)

For the NA=0.4 lens used in these measurements, the free space collection efficiency
would be Cg=4.17%, in the limit of isotropic emission. With the emitters situated on
the planar mirror, the emission will not be isotropic as the mirror coatings are designed
to reflect almost the entire emission spectrum. As a crude approximation, one may
expect the mirror substrate to double the collection efficiency such that Cy=8.34%.
This approximation would be appropriate for dipoles well aligned to the mirror plane.
A more refined approach would need to account for the distribution of randomly oriented

dipoles that are present in these nanodiamonds.

5.2.0.3 Determining The Effective Purcell Factor

The final correction to make is due to the detuning of the contributing modes from the
maximum of the PSB emission (A\g =685nm). Detuning from this maximum reduces the
coupling, which varies according to the profile of the PSB emission. This is calculated

for each data point and represented by the factor 1y in equation 5.7 [79].

Pc()\O) Cfs
P Ccavn)\

Fp(Xo) = (5.7)
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With the collection efficiencies known in each case, the Purcell factor is obtained. The
theoretical function is shown in equation 5.8, using the Q-factor of the emitter in free
space to be Qem= 9.7, evaluated at \g=685nm with a linewidth of 71nm obtained from
a fit to the PSB. Here ¢ is the dipole orientation factor which equates to unity when the

NV dipole is perfectly aligned to the cavity field.

3N Q
2 em
Fe =805

(5.8)

The scaling of the effective Purcell factor is shown in 5.8. A maximum effective Purcell
factor of 3% is achieved. Whilst this enhancement is fractional, it still represents a fair
achievement considering the extent to which the coupling proceeds within the bad emit-
ter regime. Two theoretical predictions have been shown on the figure for comparison
with the experimental data. It is seen that the maximum expected Purcell factor for
a perfectly aligned emitter and cavity electric dipole vector consistently over estimates
the experimental data points. In reality there is a large ensemble of NV centres with
random dipole orientations within the same nanodiamond. Averaging over all possible
dipole orientations with respect to the electric field, leads to &2 = 1/3 in equation 5.8
[90], which is seen to represent the observed behaviour well. For the final data points
in the sequence a significant deviation from the predicted behaviour is observed as the

resonator geometry nears the stability criterion.

The error bars indicate the uncertainty in the measurement. The major source of this
arises from the estimation of the in-cavity excitation conditions, which follow from the
comparison of the saturation power, in and out of the cavity. With the associated error
from the power dependence fit parameters are shown in table 5.1, leading to a scaling
factor of 2.440.4. The excitation conditions out of the cavity were varied to account
for this in order to get an estimation of the error in the free-space integrated intensity.
Further error in the determination of the in-cavity excitation conditions, which has not
been quantified, will be due to the planar modes between the substrate at the excitation

wavelength, leading to the standing waves seen in figure 4.8. This produces a larger
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FIGURE 5.8: (a) Dependence of the effective Purcell factor on the mode volume of

the cavity. The data points (red) connected by a line to indicate the spectral sequence

from which the value were obtained. The blue dashed line represents the theoretical

prediction for perfect dipole orientation £2 = 1, whilst the solid line is the theoretical

prediction obtained by averaging over random distribution of dipole vectors such that

€2 = 1/3. (b) Presenting results in the context of the literature - Larger scale version

of plot (a), with the orange arrow indicating the work of Kaupp et al [79]

uncertainty in the Pg. This periodically modulates the in-cavity saturation power,
according to the cavity length, and is likely to account for the oscillatory nature of the
data points, indicated by the red line in figure 5.8. A more complete characterisation of

the in-cavity saturation power as a function of cavity length will be needed to complete

this picture.

5.3 Cavity Mode Mapping

One of the merits of the open cavity system is the direct access of the emitter to the
electric field maximum in the cavity mode. By laterally positioning the emitter within
the cavity, or vice versa, this coupling can be completely optimised. This is demonstrated
in the following section, along with an investigation of the coupling to the high-order

transverse modes. The Hermite-Gauss mode structure is experimentally mapped out
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FIGURE 5.9: Steps in the mapping of the mode structure. The cavity is moved laterally
whilst the position of the NV excitation and collection are fixed. Accompanying PL
images show this process, allowing the step-size to be calibrated. Lengths are in pum.

with the fluorescence of the NV emission, and a comparison to the theoretical intensity

distributions are made.

With the same experimental configuration as in the previous section, the fNDs are
coupled the same § = 10um cavity. As the featured mirror has all the translational
degrees of freedom, stepwise lateral scanning of the cavity can be performed and the
coupling to the longitudinal and transverse modes can be identified. The pizeo actuators
are stepped by 160nm increments in one dimension. A spectrum is taken at each step

of the cavity. This process is shown schematically in figure 5.9.

Figure 5.10 shows the mode mapping of the fND as the cavity is stepped across the
emitter. A family of modes corresponding to ¢ = 8 are shown, with the longitudinal and
first three transverse excited modes visible. The coupling into the TEM,,,—¢ mode

is the most clearly evident, as it couples well to the external optics. The higher order
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FIGURE 5.10: Waterfall plot of the emission of the into the cavity modes as a function of

the lateral step number of the cavity substrate. A family of modes from TEM,,4n=0.1,2,3

are shown corresponding to a longitudinal mode number ¢ = 10 is shown. The wave-

length scale has been reversed for clarity

TEM,,4n=123 are less evident, as coupling to external optics is reduced with the in-
creased NA of each mode. Each higher order transverse peaks comprises of spatially dis-
tinct but energetically degenerate modes. Breakdown the symmetry of the cavity leads
to a lifting of this degeneracy. This is not observed in the higher order peaks suggesting
the degeneracy is maintained within the resolution of the spectrometer. Each peak will
thus be the sum of the individual transverse modes satisfying the n 4+ m criterion. For
example, the TEM,,,;,—3 peak will be the sum of the individual TEM3g 21,1230 modes.
The intensity distributions and individual contributions to each of the TEM,;,,,—01,2,3

modes are summarised in figure 5.11

The intensity distributions of the individual Hermite-Gauss modes have a cartesian sym-
metry. The summed TEM,,,4,—123 modes however, have a circular symmetry. Moni-
toring the emission into these modes as a function of lateral cavity position amounts to
taking an arbitrary line cut across the the intensity distribution of these modes. This is

illustrated in figure 5.12

The peak intensities are normalised to the maximum of the mode intensity, such that
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cavity geometry L = 3.6um, = 10pum. The plot dimensions are 6x6um. The individual

Hermite-Gauss modes are represented by the semi-transparent plots, and their summed

distributions are shown on the left hand side. The mode indices, m,n are indicated in
the inset of each plot

a comparison to the mode profiles can be made. A match of the data to the profiles of
the TEM,,,+n—0,1,2,3 modes are clearly observed. The TEM, data points fit extremely
well to the theoretical mode waist. The reduced coupling of the higher order modes to
the objective results in lower signal levels, as in figure 5.10, which are more susceptible
to noise. In turn, the peak intensities deviate from the theoretical values, despite the
general profile remaining the same. What is clear however, is that the observed higher-
order peaks are in fact the summation of the degenerate mode profiles, and a cut of the
intensity profile along an experimentally arbitrary direction through the centre of the

optical axis, matches the circular symmetry of the summed modes.

Mode mapping is demonstrated across for alternative cavity parameters for the same
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FIGURE 5.12: Cross sectional intensity-position plots for each of the TEM;,4n=0,1,2,3
modes. The cross section direction is indicated by the white arrow in the corresponding
2D plot of the mode. The theoretical values are represented by the solid lines, all on
the same intensity axis. The peak intensity of each of the cavity modes in figure 5.10
as a function of lateral cavity displacement, are normalised to the theoretical values,

represented by the dots

emitter. Figure 5.13a shows the same S=10pm cavity now at L=8.83um. Coupling into

transverse modes is not identified, even with as the acquisition time was increased by

50%. Coupling into 5 TEM( modes are seen across the emission of the NV centre as the

cavity is scanned across the emitter. Using a f=16um cavity a half-scan is presented

going from the centre to the edge of the cavity in figure 5.13(b),(c). Only a set of modes
of identical ¢, are shown. A greater number of transverse mode indices are observed here.

Modes with odd-values of TEM,,, are shown to have no component of the electric field

at the centre of the cavity, as expected from figure 5.11. The TEMj 1 2 modes show the

expected intensity profile as the cavity was scanned.
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FIGURE 5.13: Mode Mapping for alternative cavity parameters. (a) Waterfall plot of

the f=10pum cavity at L=8.83um. Only coupling into the longitudinal mode is seen

as the cavity is scanned across the emitter (b) Waterfall Plot of the S=16um cavity at

L=5.35um. All modes have identical g. Only a half-cavity scan was conducted. (c) The

Peak intensities of the TEMj ; 2 plotted as a function of scan number. The Gaussian
fits are a guide to the eye.
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5.4 Conclusion

In summary, this chapter has described the ensemble NV-cavity coupling experiments.
Clear modification of the spectral emission was observed as the NVs emitted strongly
into the cavity modes, particularly for small mode volumes. The experimental method
allowed a direct comparison for the in cavity and free space emission properties of the
emitters - crucial for determining the enhancement of the light matter interaction. After
a careful consideration of the subtleties in the differing collection efficiencies in each case,
such as the differing reflectivities and the intra cavity losses, a determination of the
effective Purcell factor in the bad emitter regime was made. The scaling with the mode
volume was also observed, yielding a 3% increase in the emission rate for the smallest
mode volume. With smaller mode volumes within reach, this starts to approach a regime,
where small lifetime changes may be observable. This theoretical treatment, following
on from the work for Kaupp et al [120], approximated the NV emission spectrum to be
a single broadened transition centred at 690nm, with a low Qen. This simple model
was appropriate to describe the cavity coupling process of the NV ensembles. The more
sophisticated cavity feeding model discussed in section 3.4.1 [78], was not chosen in this
instance. This describes a coupling mechanism that is closer to the physics of the NV
centre, whereby the highly broadened transitions from the individual vibronic sub-levels
in the PSB, channel emission into the cavity mode. The implementation of this model
requires the emission properties of a single NV centre to be accurately determined, such
as the free space decay rate v and therefore the coherent emitter-cavity coupling rate g.
This would not have been easy in this case of the NV ensembles, with likely variation
of these parameters between centres due to different locations within the nanodiamond.
For example, the variation of v would yield a multi-exponential lifetime decay curve,

making the extraction of the individual time constants challenging.

Finally, the direct access of the emitter to the electric field maximum was demonstrated

by tuning the emitter position within the cavity. NV emission into the Hermite-Gauss
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modes of the half-symmetric resonator geometry, was also studied, with a good theoret-
ical comparison made. This section highlights the strengths of the open-cavity system,
in being able to deterministically couple to desired emitters and to have absolute and

reversible control over the cavity coupling parameters in-situ.



Chapter 6

Characterisation of Single NV

Centres in Nanodiamond

NV centres hosted in nanodiamond crystals are used exclusively throughout this thesis.
Their size facilitates their inclusion in the open-cavity geometry, allowing the substrate
separation to be minimised. This chapter presents sample preparation and the optical
characterisation of single NV centres in nanodiamond in two parts. All experimental

methods have been described in chapter 4.

NDs are commonly found to form large aggregates, as a consequence of their synthesis.
In this situation it becomes experimentally demanding to isolate the single quantum
systems desired for emitter-cavity coupling. It was necessary to subject the ND materials
to surface treatments in order to obtain well isolated ND crystals. An investigation was
conducted into adequate sample preparation through oxygen-annealing. This involved

the materials characterisation techniques of TGA, Raman spectroscopy and DLS.

Optical spectroscopy of the treated ND sample will then be presented. It will be shown
that single NV centres are now readily identified across the sample through HBT mea-
surements. A full characterisation of their spectral properties will take place, including
determination of the ZPL widths that are so crucial for cavity coupling. The out of
cavity emission rates are also established. Particular prominence is given to 'NV2’, the

120
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results of which are presented separately for clarity. It was for this emitter that the

main, low temperature cavity coupling results were obtained in section 7.2.

6.1 Nanodiamond Purification Investigation

This section outlines an investigation into the material properties of nanodiamond with
a view to establishing an appropriate sample preparation protocol for single NV identifi-
cation. Preliminary investigations into the optical properties of NV centres in NDs were
carried out [Samples synthesised via HPHT, provided by Prof Steven Prawer, University
of Melbourne], however single centres in unagglomerated NDs, were not readily identi-
fiable. Dilution techniques were not successful in rectifying this as can be seen through
typical confocal PL scans in figure 6.1. Applying a high-power ultrasonication [7T50W,
Sonics Vibra-Cell VCX-750] to the solutions aided the dispersions, however large aggre-
gates still persisted. It was therefore necessary to carry out surface treatments. With
limited NV-rich nanodiamond powder available, it was decided that the parameter space
for the purification process must be carefully understood. The Oxygen annealing process
was chosen to be the most appropriate strategy for purification. Largely because it is
a straightforward process allowing for an efficient investigation of the experimental pa-
rameters. The procedure is also safe in comparison with the alternative of tri-acid reflux
techniques. This investigation is based on that of Osswald et al at who demonstrated

the selective oxidation of NDs in air [52].

Two further ND powders were obtained from a collaborator [Dr Oliver Williams, Cardiff
University, UK] as shown in 6.2. Both highly graphitic (sample A) and purified (sample
B) powders were provided. Sample A, allowed sufficient source material with which
to conduct an investigation, whilst sample B represented a benchmark for purification.
These powders had not been subject to NV creation and did not display reliable native
NV emission. On first inspection of figure 6.2 one can see the dark coloration of sample A
as might be expected from sp? form carbon. On the other hand the purified powder looks

to be a light grey. The difference between the samples are confirmed by the representative
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strates, prior to surface treatment. (a)(b) ND dilutions, with no ultrasonication. Large

aggregates can be seen. (c)(d) ND dilutions, that have been treated to ultrasonication

for 1h at 750W [Sonics Vibra-Cell VCX-750]. There is some progress in breaking the

crystals but larger aggregates remain. Taken with a x100 1.25NA Oil-immersion lens.
The length scale is in pm

Graphitic Nanodiamond Powder Purified Nanodiamond Powder
\
Eid | UNE
Purified

28000 28000

26000 26000 4

24000 - 24000 +

22000 ] 220004
3 S 20000
© 20000+ S
= > 180004
= 18000 k7]
c S 16000
2 16000 £
= 14000

14000 12000

12000 4 10000

10000 - 8000

1200 1400 1600 1800 1200 1400 1600 1800
Raman Shift (cm-1) Raman Shift (cm-1)

FIGURE 6.2: Above: photographs of the graphitic and purified nanodiamond powder.
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raman spectra below in 6.2. The nanodiamond powders were firstly analysed using TGA

to determine the correct conditions for the annealing stage.
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6.1.1 Thermogravimetric Analysis

The thermogravimetric curves for the pure and graphitic samples are shown in figure 6.3.
Separate measurement runs were conducted for the respective samples, with 6mg of the
powder placed in the ceramic crucible. A constant ramp rate of 10°C/min was chosen in
this experiment. The ramp rate is important when trying to identify phase transitions
in the material, a slower rate will achieve a better resolution, however for nanodiamond
samples this rate has been shown to be sufficient [52]. The accuracy of the balance
is quoted to be 0.5ug. A clear difference between the samples is demonstrated in the
figure 6.3, with the graphitic sample starting to deviate from the pure sample at 400°C,
indicating the onset of sp? oxidation. Only after 500°C does the significant mass loss for
the pure sample start to occur: the onset of sp? diamond oxidation. The right hand side
of figure 6.3 demonstrates this difference clearly. A quantitative estimate of the onset
of oxidation is usually defined by the point at which the starting mass line meets the
gradient of the main slope. This shown to be 552°C and 569°C for the graphitic and pure
samples respectively. Due to the mixed composition of the graphitic nanodiamond, it is
difficult to precisely separate the onset of the sp? and sp? oxidation. However the overall

onset is lower as the graphitic materials start to oxidise first. The maximal oxidation
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rates occur at 612°C and 617°C respectively, which will be predominately dictated by

the oxidation of diamond.

By employing the isothermal capabilities of the TGA, more information on the relative
material properties can be extracted. A separate experimental run is conducted on both
materials with the same starting conditions. The thermal gradient is initially set at
10°C/min as usual, however this time it is held isothermally at specified temperatures for
5 minutes before the ramp recommences. A comparison of the two materials at different
isothermal conditions can be shown in figure 6.4. At 450°C, the dM/dt traces are linear
for both samples. This strongly indicates that only the sp? phase is being oxidised whilst
the diamond remains in tact. The already pure sample loses only 0.5ug/min over the
duration, which is on the margins of what the instrumental accuracy. The graphitic
sample etch proceeds a faster by a factor of ~40. When held at 600°C, the rate loss
is non-linear for both samples. This is an indication that both phases are now being
oxidised but with different individual rates contributing to this decay. There may be an
additional contribution surface to volume ratio increases through the etching process.
Because of these effects it is non-trivial to extract the individual contributions for the
constituent phases. The left of figure 6.4 compares the relative rate losses for each sample

individually.

Thermogravimetric analysis has proven to be a valuable tool in analysing the thermal
properties of these nanodiamond powders. Strong evidence for the selective etching pro-
cess has been demonstrated through the sample comparison, particularly at isothermal
conditions. To complete this picture, Raman spectroscopy is used to distinguish between

the relative carbon phases.
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6.1.2 Raman Spectroscopy

To complement the TGA investigation in 6.1.1, an investigation into the corresponding
Raman spectra was conducted to get an indication of the relative sp?/sp® ratio in the
samples. Starting with bmg of the graphitic powder, four separate thermal oxidation
experiments were carried out at 450, 500, 550 and 600°C for a duration of 3h. The
samples were loaded into a ceramic boat (80x13x9mm) and placed into a box furnace
[Carbolite RWF1200]. Care was taken to spread the powder across the surface to try
and maximise the material exposed to the air atmosphere. A relatively fast temperature
ramp (20°C/min) was chosen to bring the sample to the target temperature before the
start of the 3h. After the anneal the remaining material was dispersed in de-ionised
water with a Img/ml dilution. The sample vials were placed in a sonicating bath before
being spin coated onto Silicon wafers for Raman analysis. 532nm excitation was used
in this study and representative raman spectra subsequent to the annealing stages are

shown in figures 6.5 and 6.6.

The starting point for this investigation is represented in 6.2, showing a typical spectrum
for the graphitic nanodiamond sample. These samples displayed evidence of the diamond
peak at 1332cm ™!, however this peak is mostly dominated by a broad profile in the 1300-
1400cm~! range. It is likely that this originates from the D band for corresponding to
breathing modes of aromatic sp? rings. The D-peak is a dispersive Raman feature, which
means it has dependence on the excitation wavelength. Pocsick et al determined that it
disperses between 1300-1420cm ™! as excitation is varied from Infra-red to the UV range
however for 532nm excitation it was observed to appear at 1350cm ™! in microcrystalline
graphite [121]. This is accompanied by a broad prominent G band corresponding to bond
stretching of sp? pairs. The peak intensity of this band appears equal in amplitude to
that of the combined diamond-D peak. The dominance of the G and D peaks confirm
the presence of a significant amount of sp? material, which was indicated by the visual
appearance of the starting material. The sp? phase is highly disordered indicated by the

existence of aromatic rings and therefore lacks crystallinity.
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FIGURE 6.5: Representative Raman spectra at 532nm excitation of the graphitic nan-
odiamond sample after annealing for 3h at 450°C (brown) and 500°C (blue)
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This situation is dramatically changed after a 450°C anneal. The narrow diamond peaks
are already mostly clear to see, and now come to dominate over the D-band scattering.
Correspondingly the G-peak amplitude is vastly reduced by a factor of ~ 2.5 relative to
the diamond. There has clearly already been a significant improvement in the sp?/sp?
ratio. It must be noted that there are still examples of material with the original profile.
This can be attributed to buried parts of the powder that may have been less exposed

to the air within the furnace.

Annealing at 500°C yields a similar results, with an indication that the G and D peaks
are reduced still further with respect to the diamond. However there still exist some
crystals that are of a graphitic nature. In the well-oxidised spectra, there is a regular
appearance of a new Raman feature at 1450cm~!. This has been attributed previously
to polyacetylene (a long chain polymer (CaHs), ), appearing at grain boundaries in CVD
nanocrystalline diamond films [113, 122]. It can be speculated that as the etching of the
outer layers of sp? take place, the nanodiamond facets and boundaries at which these
materials might exist, become exposed and thus appear in the Raman spectra. However,

this will not be pursued further in this investigation.

At 550°C, there is very little evidence of any sp? related features remaining. With only
a narrow diamond peak appearing to be prominent. It is now evident that there is a
rising background profile in many of these raman spectra. With 532nm excitation, it is
likely that excitation of NV~ and/or NV? colour centres may be the cause of this. Full

spectra would be needed to confirm this.

Finally at 600°C. There is some evidence that the height of the diamond peak has been
reduced relative to the side intensity-band at 1400-1600cm~!. This is unsurprising as
600°C is well into the oxidation phase of the sp material, as is clearly apparent in the

TGA data. There also is some appearance of the 1450cm™! peak.

It has been demonstrated that the relative sp?/ sp® are controlled by selective oxidation,
with improvements in the diamond peak starting at a 450°C anneal, with a corresponding

reduction in the D and G peaks. From 500°C onwards the spectral features of the treated
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sample appear identical with those of the as-purified sample in 6.2 The analysis of the
Raman spectra has been qualitative in this discussion. A quantitative analysis is beyond
this scope of this thesis. To quantify the ratios of the Diamond to sp? peaks, spectra
need to be taken over a longer range to be able to determine the baseline, which can
be challenging due to the potential for background PL from colour centres. In addition
there is going to be some selection bias in the measurement. The optical microscope
on the Raman spectrometer as in figure 6.2, the features were pre-selected to undergo
Raman spectroscopy. Efforts were made to select the smallest crystals visible, and to
conduct a survey of many features across the sample. However this is always going to
be limited by the resolving power of the microscope. The larger the crystals, the more
likely they are to be bound into larger matrices. The trends established in this section

are sufficient for the purposes of this investigation.

6.1.3 Dynamic Light Scattering

The DLS was employed in this investigation in order to determine the size distributions
after the annealing process. Centrifugation is typically used to separate out heavier
particles suspended in solution as they experience a greater relative centrifugal force.
The effectiveness of this method was also investigated. After annealing at 450-600°C,
1ml of each solution was placed into a micro centrifuge at 10000RPM for 10mins [Sanyo
Micro-centaur]. The solutions were contained in micro-centrifuge tubes [Eppendorf CF].
After centrifugation a sediment had crashed out of the solution. The light coloured
supernatant was extracted for DLS analysis. The Zetasizer requires that the samples
be dilute to avoid multiple photon scattering processes, whilst at the same time, having
enough material to produce a scattering signal. The guidelines are state that ”whenever
possible, the sample concentration should be selected such that the sample develops
a slightly milky appearance - or in more technical terms, gets slightly turbid” [117].
The supernatant met this criterion, however the control solution had to be diluted
to 0.lmg/ml to achieve a similar appearance. DLS measurements before and after

centrifugation are shown in 6.7. The results are expressed as intensity-size distributions,
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with logarithmic size-scale. The distributions are broadly peaked with a skew to larger

particle sizes indicating some poly-dispersity. The centrifugation process is shown to be

effective in reducing the peak size by 12-15nm in all cases, however a skewed distribution

still persists. The reduction in particle size with annealing temperature was also studied,

with the results comparing the centrifuged samples shown in 6.7f. There is a general

shift to smaller sizes with increased annealing temperature, however the 550°C sample

appears to buck this trend slightly.
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The size-distribution peak shifts after centrifugation are summarised in figure 6.8b. A
shift of 6nm is observed with respect to the un-treated control sample. Improvements
can potentially be made by ultracentrifugation [123], which exert a greater centrifugal
forces than the one used in this study. With these, the NDs may be able to reach the
5nm core particulate regime. The system also outputs an average particle size as in
figure 6.8, which in this case appears to be greater the peak value of the distribution.
To obtain this quantity, the instrument fits a polynomial the the log of the correlation
function - log(¢g®) = a + bt + ct>. Then b is converted to a size using the dispersant
velocity and some instrumental constants [117]. It is likely the discrepancy lies with the
skew of the distribution to larger particle sizes. Using the average size, the centrifugation

effect is more apparent, reducing the particle size by ~45nm.

In summary the DLS measurements confirm the reduction in size of average particulate,
with the annealing process. However size reduction with increased temperature was
only slight. Centrifugation is shown to be an important part of the sample preparation
process with smaller size distributions obtained as the larger agglomerates crash out.

Improved methods for dispersion and ultracentrifugation would be suggested to yield
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the smallest core particle sizes.

6.1.4 Summary

Through the Raman spectroscopy and TGA, the onset of the sp? etching was observed.
The investigation is summarised in figure 6.9. at 450°C, there was a selected etching
of the sp? phase, whilst the diamond phase stayed relatively in-tact. This was really
highlighted by the isothermal TGA measurements in figure 6.4, comparing the graphitic
and purified nanodiamond powders. In the graphitic sample the dM/dt rate was a factor
of 40 greater than the purified source material. Beyond 450°C there is an apparent
improvement in the sp?/sp® relative content. The onset temperature of oxidation for
the purified sample was seen to be 569°C. It is no surprise then that there is a there

significant dM/dt rate for this sample at 600°C isothermal conditions.

The DLS measurements presented some evidence towards the reduction in average parti-
cle size and size distribution with increasing annealing temperature. This picture is not
complete in this investigation, with the 550°C annealed ND powder bucking the trend.
What is explicitly clear is the benefits on the centrifugation in the sample preparation

process.

With a thorough investigation on the obtained ND material, attention was focused on
the original NV-rich ND powder which was the motivation for this investigation. With
only 2.7mg of material available, a 450°C anneal was chosen at 3h to oxidise the sp?
content. Following from the isothermal TGA trace, ~90ug of material was expected
to be lost through this process, whilst the annealing temperature is well below the sp3
oxidation onset. The resultant materials were then re-dispersed in de-ionised water using
a sonicating bath for 1h. The solution was centrifuged for 10mins at 10,000rpm, after
which the supernatant was extracted. The sample performance was much improved and
a characterisation of the single NV centres identified will be presented in the following

section.
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FIGURE 6.9: Summary of the TGA measurements with representative Raman shown

at each temperature. The TGA trace shown corresponds to the graphitic sample. It is

seen that the 600°C anneal is well into the main oxidation stage of the nanodiamond
material, whilst the 550°C anneal is just at onset of diamond oxidation.
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FIGURE 6.10: Typical PL image of the ND dispersed on a cover glass. Taken with
x100 1.25NA Oil-immersion objective. The nanodiamonds are well dispersed and singe
NVs are readily observed

6.2 Single NV Characterisation

The newly obtained nanodiamonds are spin-coated onto the substrate, as outlined in
section 4.3, and a typical dispersion is shown in figure 6.10. Single NV centres in

nanodiamonds are now readily observed.

6.2.1 Single NV Survey

This section will present a full optical characterisation of single NV centres in nanodi-
amond both at room temperature and 77K to identify the ZPL linewidths. HBT mea-
surements will verify single photon emission and PL lifetime measurements will serve as
a benchmark for any enhanced cavity emission rate. To illustrate the reliability of single
NV identification, a short HBT survey, of NDs found within one 50x50um registration
square, is presented in figure 6.11. Single NV4 is highlighted in blue as this is used for

the preliminary NV-cavity coupling experiments at low temperature, 7.1.

For the case of NV4, the measurement SNR of 2.33 leads to an expected ¢ (0) = 0.51,

which matches the observed value, verifying that NV4 is a single emitter. These expected
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lifetime data for NV1, 4, 8. The decay constant for the single exponential fit (red) to
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FIGURE 6.12: Spectral survey of NV centres in nanodiamond on a DBR mirror. Left:

RT spectra (black) and LT spectra (red) in the 570-800nm range. Data has been

normalised for comparison. Right: Spectra taken with 0.03nm resolution on the ZPL.

A 2-5minute integration time is typically used. Individual peaks are fit with gaussians

(red dashed line), with the cumulative fit shown (magenta). NV4 is highlighted in blue,
with FWHM shown inset
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values for single photon emission are calculated using equation 4.4, represented by the
grey dashed lines. The NVs presented mostly show good agreement, with NV3/7 showing
slight deviations. This imperfect anti-correlation, and is a common scenario encountered
in the characterisation of this sample. Despite this deviation, it still strongly indicates

one single emitter provides the dominant contribution to the PL.

Figure 6.11 also presents the PL lifetime of NV1, 4, 8, that were unambiguously identified
as single NV centres. The observed lifetimes contain a fast decay component in the first
3ns. This is attributed to the residual background fluorescence of the mirror coatings.
A single-exponential decay curve is thus fit from the second or third time-bin after the
start of the decay, with the single NV lifetimes found to be in the range 16-25ns. The NV
centre in the bulk has a corresponding lifetime of 12ns [124]. NV hosted in nanodiamond
consistently show slower decay times and the lifetimes measured here are typical of those
observed in the literature [105]. This is often attributed to the reduction in the optical
density of states as the size of the host crystal is reduced, consequently inhibiting the

spontaneous emission rate. [106].

Low temperature spectra are shown in figure 6.12 with a comparison to room tempera-
ture made where possible. The spectra have been normalised for comparison. Something
that is consistently observed with NV centres on the DBR mirror ([SiO2/TiO2/]1%/Si0O,),
is a slight modification of the PSB emission at &~ 730nm. This may well be an effect of

the DBR substrate.

The narrowing of the ZPL is observed at low temperature, through a reduction in the
pure-dephasing rate v, leading to a dramatic increase in the peak intensity with respect
to the RT spectrum. This is also reflected in the PSB emission, particularly at the 660nm
peak of the PSB emission. The reduction of vy* affects all transitions from the excited
state. However the non-radiative transitions rates «;;_1, through the vibrational sub-
levels of the ground state, are still the dominant broadening mechanism of the PSB.
Corresponding high-resolution spectra (0.03nm) of the ZPL are shown for each case, to
illuminate the structure of the excited state. For the confirmed single centres of NV1,

4, 8 there is a large strain splitting in all cases, lifting the degeneracy of the £ , orbital



Characterisation of Single NV Centres in Nanodiamond 139

doublets. For NV4, the ZPL doublet is split by 470GHz. whilst this approaches 1THz
for NV7. The absence of any additional ZPL for NV7 suggests that it is indeed a single
centre as indicated by the HBT measurement. For NV3 on the other hand, the presence
of three lines is shown, which could suggest one strain split ZPL, with another degenerate
ZPL. However there is not enough information contained in the spectrum alone to draw
meaningful conclusions. The large strain splittings in these spectra are typical of many
of the single NVs investigated through the course of this project. This behaviour is not
unexpected, as HPHT nanodiamonds often have large strain fields within them, and
proximity for a surface is likely to enhance this. Similarly large strain splittings have

also been observed in CVD grown bulk diamond [97].

A crucial parameter to define is the ZPL linewidth. It is exclusively observed that all
spectral lineshapes are well fitted with a Gaussian function, indicating an inhomogeneous
broadening of the transition. The extracted FWHMSs (full-width at half-maximum) for
NV4 of §A\zpr, = 0.49£0.58nm (~ 350GHz), are over 5 times greater than the linewidth
expected from pure dephasing alone, for NV centres in bulk diamond [101]. Again this
is a result of the spectral diffusion from ionised impurities in the host. This will be
detrimental to cavity coupling, particularly if it occurs over a range greater than the
cavity linewidth. A survey of the ZPLs interrogated through the duration of this project
is displayed in figure 6.13. These include strain split NVs and nanodiamonds hosting
multiple NVs. 43 ZPLs are studied with an average FWHM of §Azp1, = 0.49nm and a

standard deviation of 0.13nm.

6.2.1.1 HBT Power Dependence

Figure 6.14(a) shows the power dependence of the correlation functions for NV4. A
clear bunching effect at intermediate time-delays is observed due to pumping into the
metastable state, and the bunching is shown to be more pronounced with excitation
power. The power dependent parameters of the fits are also summarised in figure 6.14(c).
The 75 decay is tends to the spontaneous emission lifetime of 23.54+1.3ns within the

fitting error. It must be noted that the errors from the least squares fit are larger at



Characterisation of Single NV Centres in Nanodiamond 140

NV in nanodiamond: Zero-Phonon Line Survey
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FIGURE 6.13: Survey of the FWHM for 43 ZPL hosted in nanodiamond at 77K. NVs
with strain splitting and nanodiamonds containing multiple NVs are included in the
survey
the lower pumping powers, as a consequence of the shot noise associated with the low

emission rates. NV4 was observed to have a saturation intensity Is,; = 98,000¢/s, which

is amongst the highest observed in this project.

6.2.2 Properties of NV2

Here the properties of NV2 are presented. This is the emitter with which the main LT
cavity coupling results in section 7.2. For clarity, they are presented separately to the

previous NV survey, as it will require a more in-depth analysis.

The HBT measurement in 6.15(c), shows clear single-photon emission. However from
the SNR, the expected ¢(@ (0) = 0.309. So it is clear that, as with NV3, whilst most
of the light comprises of single photon emission, there is another less intense emitter,
preventing the correlation function from reaching the level expected by the background.
It is no surprise that there are multiple lines appearing in the the ZPL spectrum taken in

figure 6.15(a). Care was taken to attain the same excitation conditions for the spectrum
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FIGURE 6.14: (a) Power dependent HBT measurements of NV4 (Objective 0.82NA).

The data points are all fit to the equation 3.53. (b) Power saturation measurement in

the 670-810nm spectral window with parameters shown inset. (c¢) Evolution of the fit

parameters of equation 3.53 as a function of Pi,;. Errors bars represent 95% confidence

intervals from the function fitting. The first error bar for t5 is not shown as the fitting
error was large
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Properties of NV2
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FIGURE 6.15: The Properties of NV2. (a) ZPL spectrum at 77K, 0.03nm resolution.

The FWHM and relative integrated intensities are shown inset. (b) Full Spectrum of

NV2. (c¢) HBT at RT. 670-810nm spectral window. (d) PL lifetime measurement at

7T7K. 670-810nm spectral window. The data (grey) is shown with a single exponential
fit (red). The decay constant is shown inset.

and the HBT, with 0.44mW CW power. From the correlation function and measurement

SNR, the relative contribution of the second emitter can be quantified with equation:

gd?0)=1-P2_.(1—2a+2a%) (6.1)

signal

From the SNR, Pigna = 0.830 whilst ¢(®(0) = 0.388. The contribution to the total

signal can then be quantified as:
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Pa = (1 — a)Psy = 0.9407 Py,

Pg = aPy, = 0.0593Py,

Where P p is the probability of receiving a photon from NV 5. Consequently 94% of
the signal is from a single emitter, whilst the other centre is only fractionally as bright.
Figure 6.15(a) shows the relative integrated intensities inset. Peak 1 constitutes 5.16%
of the signal, and this well supported by the value of o within the fitting error. This

allows for peak 1 to be assigned as the second emitter.

Peaks 2 & 3 dominate the emission are assigned to be the strain split orbital doublet of
a single NV centre, with strain splitting of 347GHz. The polarisation measurements on
the orbital doublets are shown in section 6.2.2.1. There is a shoulder on peak 3 that can
be fit as a separate ZPL with a splitting of 270GHz from peak 3. The HBT rules out
the possibilities that it is associated with peak 1, or that it arises from a third emitter
in the crystal. It is possible that the complex electronic environment of the host crystal
may be the cause, with the presence of ionised impurities and charge traps leading to
spectral diffusion and jumps due to the Stark effect. A single electron within 10nm of
the defect centre is enough to induce a Stark shift on the 100GHz energy scale [104].
Spectral jumps of similar magnitude have been observed in near infra-red single colour

centres in nanodiamond at low temperature [125].

Finally the lifetime is measured to be 7 = 30.84+0.6ns, which is amongst the longest
measured in the duration of this project. This will serve as the out-of cavity decay rate

when quantifying the Purcell enhancements.

6.2.2.1 Polarization Measurements

To quantify the NV-dipole orientation factor &, it is necessary to take polarisation mea-

surements. Figure 6.16(a), shows a schematic of the measurement with the NV crystal
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FIGURE 6.16: Polarisation measurements of NV4 & NV2. The solid lines are a fit to

the equation 6.2. Peaks 2 & 3 of NV2 are taken to be the strain split orbital doublet of

a single NV centre. Each data point represents the fitted area of the individual peak,
as a function of linear polariser angle

axis at an arbitrary polar angle (a) to the mirror plane. The measurement is sensitive

to the projections of these dipoles on the mirror plane.

The polarisation measurement comprising the integrated intensity of peaks 2, 3 as a
function of the linear polariser angle is shown in 6.16(b) in 30° intervals. A clear dipole
behaviour is shown. Each of the peaks is shown to have an independent polarisation

and the data is fit to Malus’ Law, to obtain the intensity as function of polariser angle

1(p)-
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I(¢p) = I+ AT cos®(¢p + ) (6.2)

Where Ij is the intensity minima and AI is the amplitude of the cos? function. To
determine the angle between the dipoles and the plane of the mirror the strain splitting

is utilised.

The model assumes that each dipole is of equal magnitude. The angle of the defect to the
optical axis, a, is directly related to the sum of each dipole polar intensity distribution

in figure 6.16(c) as:

Lnin = Io cosQ(a) (6.3)

The rotation of the defect about the NV axis (angle b) is then related to the ratio

between the peak intensities.

sin?(a) sin?(b) — sin?(a) + 1
1 — sin?(a) sin?(b)

Ry/5 = (6.4)

This allows for a full description of the NV orientation. Finally the angle between the
dipole and the plane of the mirror is found by taking the dot product of the original
dipole vector with the planar projection. The full derivation of this can be found in the

appendix A.

Before the model is applied, the thermalisation at 77K between orbital doublet Ex y
must be considered. The average populations will be described by a boltzmann distribu-
tion [101]. The ratio between the population depends on the energy splitting between the
sub levels and this must be accounted for in order to scale the higher-energy dipole (peak
2) to be of equal magnitude. It is found that the population ratio between peak2:peak3
is 0.8:1. The measured intensities of peak 2 in figure 6.16(a) have been scaled by 1.25 to
account for this. The angle a is found to be 49°, whilst the angle to the plane of peaks

2 & 3 are found to be 39° and 24° respectively.
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6.3 Conclusion

This chapter has presented a detailed investigation into the sample preparation and
optical properties of single NV centres in nanodiamond. A nanodiamond sample suffer-
ing from consistent aggregation was shown to be much improved after the application
of an Oxygen anneal at 450°C for 3h. This was enabled by a detailed study into the
thermal etching process supported by TGA analysis and Raman spectroscopy to qual-
itatively determine the relative sp?/sp phases of carbon at each temperature interval.
DLS measurements indicated some reduction in crystal size, but mainly emphasised the
importance of the centrifugation process in the sample preparation. The result of this

study was to develop a robust protocol for nanodiamond preparation.

The quality of the sample was demonstrated through a survey of the optical proper-
ties of single NV centres, which were shown to be regularly identified. NV4 and NV2
were highlighted as the emitters with which the majority of LT coupling experiments
were conducted. Strain split ZPLs were regularly observed with FWHMs averaging
0.45+0.13nm at 77K. These are over a factor of 5 greater than the observed literature
values of the ZPL in bulk diamond. The lineshapes were exclusively shown to undergo
inhomgeneous broadening, which is one of the limiting factors for the cavity coupling of
NV centres in nanodiamond. This would be especially detrimental if occuring over an

energy scale greater than the cavity linewidth.

For the cases of NV4/NV2 there is significant overlap of the individual strain split
ZPL transitions. The cavity resonance would not resolve the individual peaks, and the

modified emission rate will encompass a contribution from both ZPLs.

A novel method to determine the NV2 defect orientation was presented utilising the
strain splitting of the ZPL. This was use to calculate the angle of the excited state
dipoles to the plane of the mirror, and thus the orientation electric field within the
cavity. All of this will be informative in the analysis of the low-temperature coupling

results.
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Both emitters showed strong photon anti-bunching in HBT measurements, after ac-
counting for background emission. NV4 was shown to be a perfect single. NV2 was
determined to have a second, fractionally bright, emitter contributing to the correlation
function. This is not a concern for the cavity coupling experiments as 94% of the PL
is from a single photon emitter. The out of cavity lifetime of the NV centres on the
mirror substrate have been shown to be over twice that of the typical bulk value, which
is usually assigned to be due to the change in the local optical density of states in nan-
odiamond. This provides a benchmark for quantifying any Purcell effect observed in the
cavity. This chapter forms the experimental foundation for the coupling of single NV

centres to the open-cavity at low temperature.



Chapter 7

Low Temperature Cavity

Coupling

The following chapter describes the low temperature cavity coupling of single NV centres
in nanodiamond. To date, this is one of the first times, that a colour centre in diamond
has been coupled to the open-cavity system at cryogenic temperatures, bringing with it

all the advantages of the open-cavity as described throughout this thesis.

The low temperature results will be shown in two stages corresponding to separate
experimental runs. The first stage represents some of the preliminary results coupling
to single NV4 (see section 6.2 for a the full out of cavity properties). Tuning of the
cavity resonance through the ZPL will be firstly be demonstrated, along with a tuning
through the PSB, exhibiting low bandwidth single photon emission across the spectral
range of the NV [126]. Successive longitudinal modes are coupled to the ZPL from ¢=6-
27, demonstrating the open-cavity system as a platform to sample a large subsection of

the CQED parameter space.

The significant experimental developments made on the system between low temperature
experimental runs, justify the separation of these results into two sections. Herein lie
the key cavity coupling experiments that really illustrate the capabilities of the open
cavity system. Results are achieved with the coupling of NV2 (see section 6.2.2). Single

148
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photon emission of the cavity coupled ZPL is verified at low temperature. A more
precise tuning through the ZPL is now demonstrated, whilst the saturation counts into
the ZPL are measured to be 15,100c/s. The enhancement of the light-matter interaction
is definitively confirmed through lifetime measurements on the cavity coupled ZPL,
with an explicit dependence on the mode volume also established. These results form
the highlight of this thesis and have positive implications for applications in solid-state

quantum computing architectures.

The discussion will analyse the primary cavity-coupling results in detail, within the
framework of the generalised Purcell factor. The discussion is split into an analytical
treatment of the cavity coupled ZPL, with separate FDTD simulations to account for
the full optical density of states and the off-resonant suppression of the PSB. It will be
seen by incorporating the inhomogeneous broadening of the cavity mode, the theoretical
analysis begins to approach the enhanced decay rates observed. Improvements in the

theoretical treatment are also discussed.

7.1 Preliminary Low Temperature Cavity-Coupling

Conducting the low temperature experiments initially presented a significant technical
challenge, which were described in chapter 4. This section presents the first successful
cavity coupling experiments that were achieved with NV4. A cavity with a nominal
B = 12um is chosen for these coupling experiments. Here the mirror pair configuration is
planar[10]:concave[10] with an expected F = 1754 calculated from a coating simulation.
The mirror orientation is now such that the emitters are imaged through the planar
mirror, which has all the lateral degrees of freedom (rather than through the featured
substrate as in chapter 5). The cavities have only axial tuning in this case. Figure
7.1 displays a longitudinal mode index of ¢ = 6 coupled to the ZPL of NV4 at low
temperature. The free spectral range of 91nm is such that the ¢ = 5 set of modes can
be seen at the edge of the stop-band. Once at 77K there is no scope for adjusting the

relative alignment of the mirrors.
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FIGURE 7.1: The cavity coupled ZPL of NV4 corresponding to ¢ = 6. The Spectrum
is taken with 0.13nm resolution. The cavity parameters are calculated through the free
spectral range and transverse mode spacing

7.1.1 Zero-Phonon Line Tuning

Tunable coupling of the ¢ = 6 mode to the ZPL is demonstrated in figure 7.2. Selected
tuning spectra are displayed both with a fixed relative intensity axis and a magnified
axis to clarify the line shapes. All resonances appear to be well fit with a Lorentzian line
shape indicating a good mechanical stability of the cavity mirrors in this experimental
run. Off-resonance, the cavity linewidth is 1.42nm, with Qc.y = 400. As the cavity
mode is red-tuned through the ZPL, the observed spectral profiles are governed by the
product of the individual line shapes. The peak intensity increases by a factor of 7.5
when on resonance. The low cavity @) and low resolution grating on the spectrometer

mean that the coupling to the individual strain split ZPLs is not resolved.

All tuning spectra are presented in a sequential 2D plot in figure 7.3. With stepper
actuation, the precise control over the tuning process is limited. The piezos are operated
at the lowest limit of their threshold voltage to achieve minimum step size. If the stepper
motion was not initiated, the voltage was increased in the next spectrum. This explains

the behaviour seen in steps 6-14 where full motion was not initiated with the cavity
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FIGURE 7.2: Selected tuning spectra for the ¢ = 6 longitudinal mode index coupling to

the ZPL of NV2. The spectral resolution here is 0.13nm. Left: Data points are shown

on same intensity axis. Right: a magnification is applied to the individual intensity

axes to illuminate the line profile. Lorentzian fits are shown in red. Cavity coupled and
off-resonant line widths are indicated inset.

mode coupled to the ZPL. The voltage is subsequently increased and the mode jumps

off resonance in spectrum 15.

7.1.2 Phonon Side-Band Tuning

With the broadband emission of the NV centre, single photon emission occurs over
a large spectral range. It was seen in section 6.2.1 that the PSB emission remains
largely unchanged at low temperature. The pure dephasing of the excited state yx is
reduced, however the dominant contribution to the broadening, due to the non-radiative
vibrational sub-level transitions 7; ;1 remain. Figure 7.4, shows the systematic tuning of
the g=6 longitudinal mode across the PSB of the single NV centre, thereby channeling
this broadband emission into a narrowband resonance. This was first demonstrated
in an open-cavity by Albrecht et al [78], realising an inherently tunable single photon

source, well suited for photonic integration. As the cavity resonance is tuned towards
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FIGURE 7.3: 2D plot of all cavity tuning spectra in sequence. Right: Whole stop band

of the cavity. Left: ZPL region only. Each spectrum indicated the actuation of the

stepper motor at the threshold voltage. On becoming clear that the stepper motion

had not been initiated, the voltage was increased, leading to the cavity jumping off the

resonance in step 15.

740nm, the finesse of the cavity drops through the increased transmission of the mirror
coatings. This is demonstrated by the increase in linewidth by over a factor of 2 as the
mode is tuned away from the centre of the stop band. The system again demonstrates
its versatility through being able to sample a range of cavity Q factors in-situ. The
increasing linewidth allows more of the broadband NV emission to be channelled into

the cavity mode, seen through an increase in the integrated intensity towards 710nm,

which subsequently reduces in line with the profile of the PSB.

7.1.3 Mode Index Tuning

The open cavity system allows an exploration of the cavity-coupling parameter space.
This section demonstrates the coupling of successive longitudinal modes to the ZPL of
NV4 in the range of g=6-27, spanning cavity lengths of 2.54-8.77um for the 5 = 12um
cavity. Figure 7.5 shows a small selection of these spectra, including a profile of the
ZPL coupled mode and the corresponding mode structure in the stop-band. The Q-
factor scales with the mode index and therefore with length, as the photon time within
the cavity increases. The linewidth for the corresponding mode is reduced for each

longitudinal mode index, as can be observed in the figure. As with 7.2, the Lorenztian

lineshapes are maintained. With the very shortest cavity lengths, some mechanical
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FicURE 7.4: Top left: 2D plot of a TEMgyy ¢ = 6 mode, tuning through the PSB of
NV4. Top right: TEMgy mode as a function of spectral position. Only a 6nm region
around the resonance has been plotted for clarity. Bottom Left: Integrated intensity
into the cavity mode as a function of spectral position. Bottom right: Evolution of the
linewidth as a function of spectral position.
stability can be achieved as the substrates come into contact. This is not the case for
the mode numbers shown in figure 7.5, which illustrates that cavity sample stage and
mounting was, for the most part, stable in this experimental run. The linewidth of the
ZPL coupled mode decreases from A = 0.75-0.39nm, approaching the 0.13nm resolution
of the spectra. With a ZPL linewidth of A = 0.45nm, this system is demonstrates itself
as a platform for which the transition between the good & bad emitter regime of CQED

can be interrogated, giving the open cavity system a unique perspective within CQED.

Figure 7.6 shows a 2D plot of all spectra in sequence. Starting from g=6 where, the
next mode can be seen with A\ = 91.5nm, up to ¢=27, where A\ = 23.8nm and four
longitudinal mode indices are seen within the stop-band, coupling to the PSB. The

figures allows the relative intensities of all peaks to be observed. The TEMyg modes are
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FIGURE 7.5: Left. Selection of mode indices coupled to the ZPL of NV4. A magni-
fication is applied to the individual intensity axes to illuminate the decreasing cavity
linewidth. The data points (blue) are fit with a Lorentzian function (red), with the
linewidths indicated inset. Right: Corresponding spectra of the whole stop-band. More
and more fundamental resonances are permitted within the stop-band as the cavity
length is increased
indicated on the figure. Beyond ¢ = 21, corresponding to tuning step 15, the transverse
mode indices were no longer observed within the integration time of the measurement.
The adjacent figure highlights the ZPL-coupled modes only. The limitation of the cavity

positioning within this experimental run can be seen as the precision and reproducibility

of the mode position is sub-optimal, indicating that a development needed to be made.

By positioning the successive cavity modes at the same wavelength, the evolution of
the cavity parameters can be investigated to a good approximation. The integrated
intensity into the mode, the Q-factor, Finesse and the Q/V ratio are all shown as a
function of cavity length in 7.7. Since the Purcell factor has an explicit dependence on
the cavity-Q/V (in the good emitter regime) the evolution of this ratio is highlighted.

The observed finesse is significantly down from the expected value from the mirror
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FIGURE 7.6: 2D plot of successive mode indices coupled to the ZPL. Left: The stop-

band. Fundamental resonances are indicated by the white arrows. Right: Profile of the

cavity coupled ZPL. The precision of the mode positioning is limited by the stepper
actuation

coating simulations, which is expected to be F = 1765 at 637nm. This likely due to

scattering from the ND crystal. The finesse shows a modest decrease with cavity length

until the onset of diffraction losses after which the finesse crashes. This effect is

also

reflected in the Q-factor. Finally the enhancement of the integrated intensity into the

ZPL-coupled cavity mode can be seen, however any analysis of this is limited by the

deficiencies in the mode positioning.
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7.1.4 Summary

In summary, the first results of the low-temperature cavity coupling to the ZPL of a single
NV centre have been discussed. These results have been presented together as they were
obtained from the same experimental run, and clearly show the capabilities of this system
in the low temperature and narrow emitter environment. The on-resonant coupling of
the ZPL with a mode number ¢=6 has been demonstrated, along with a implementation
of the tuning across ZPL. This alone is significant for cavity QED as it represents the
first time these low temperature coupling experiments have been achieved on single
colour centres, without the requirement for technically demanding tuning processes. At
the same time it has been demonstrated that large subset of the cavity parameter space
can be explored through altering the mirror separation and coupling to the ZPL over 21
longitudinal mode indices was observed. The change in cavity linewidth over this range
highlights the possibility that the open-cavity system can be a platform for investigating
the good-bad emitter regime transition. All resonances in these experiments were shown
to be of Lorentzian lineshape, indicating a good stability to a first approximation. The
intra-cavity stability is an important criterion that must be demonstrated and is an area

in which the monolithic resonator structures have a natural advantage.

Subsequent to these preliminary results, several developments were made to the exper-
imental method, before the next low temperature experiments. These are summarised

as:

e Acquisition of a 633-647nm band-pass filter: Lifetime and HBT measurements
e Implementation of piezo scanning: Optimal ZPL coupling

e Featured Mirror with 20-pair DBR coating [Laseroptik]: Improved Photon Collec-

tion
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Cavity A/

Cauvity B/

F1GURE 7.8: White light transmission image of the featured substrate with 20 pair
DBR [Laseroptik], seen through the planar substrate during the low temperature cavity
experiment. The substrates are almost in contact. The plinth contains 3x3 clusters of
B = 25um, & 7um. The registration grid of the planar substrate can also be seen.
The cavities A, B used in each stage of this investigation are indicated. The scale bar
denotes 50um. The arrows indicated the direction of the fringes as the cavity is closed

7.2 Main Cavity ZPL Coupling Results

The following results presented were aided by the developments made to the experimen-
tal set-up as outlined above. Here the mirror pair configuration is planar[10]:concave[20]
with a calculated F = 2664, a factor of 1.5 greater than the configuration in the pre-
vious section. This substrate has cavities with g = 25um, & 7um only. Hence, only
the f=T7um cavities are used in the following investigation to achieve the smallest mode
volumes possible. All the subsequent data is obtained with NV2. A further distinction is
made between between two stages of the experiment. Figure 7.8 outlines cavity A used
at the first stage, which was initially chosen as having the best compromise between
being central in the field of view and close to the edge of the plinth. In the final stage,
NV2 was taken to cavity B, this time away from the central region, which could achieve

shorter cavity lengths.

7.2.1 Tum cavity A

A longitudinal mode of ¢ = 5 is shown coupled to the ZPL of NV2 in figure 7.9. The

spectra are taken at 0.13nm resolution with a 120s integration time and a laser power
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of 1.25mW. These spectra are far superior to that in figure 7.1, especially since a lower
excitation power and integration time are currently used. The peak intensity here is
greater by a factor of nearly 7. Clearly the benefits of a highly reflective featured mirror
and the improved tuning precision are of benefit. An out of cavity spectrum is also
shown in figure 7.9a for comparison. In both cases the excitation power is chosen to be
at Popt = Pgat, such that the excitation conditions are identical in and out of the cavity.
A direct comparison can thus be made. The cavity coupled peak intensity is greater by
a factor of 5.5. Neither spectrum has been background corrected. Figure 7.9b, displays
the same spectrum over a larger range to 850nm. The mirror background fluorescence
outside of the stop band can be seen here, emphasising the dominance of the cavity

coupled peak.

Putting a 640+7nm bandpass filter, isolates the cavity coupled ZPL, allowing for satu-
ration measurements into the ZPL, along with an HBT. This is compared to the out of
cavity HBT in 7.10. For the cavity coupled measurement the mode is coupled optimally
to peak 3 in the ZPL helping to isolate the contribution of the second emitter at peak
1. Single photon emission into the cavity mode is verified with ¢(?(0) = 0.28 in the
measurement. This is a key result and is the first time the single photon emission into
an open-cavity coupled ZPL has been demonstrated at low temperature. This can serve
as a foundation for entanglement protocols, amongst other solid state photonic quantum
technologies. As usual, neither spectrum has been corrected for the contribution of the

mirror background fluorescence.

Table 7.1 summarises the experimental conditions in the HBT measurements. The in-
cavity HBT was driven at the saturation power Pgy. This was to be able to obtain a
reasonable total count rate of 4600c/s, whilst minimising the metastable shelving rate
to ensure a good resolution of the anti-correlation dip. With such a low count rate an
acquisition time of 2 hours was found to be necessary accumulate sufficient co-incidence
counts. The out of cavity HBT was taken at 0.5P4,, as the total count rates were
32,500c¢/s due to the large collection bandwidth. A long, 44 minute, acquisition time was

used to curtail measurement noise. It is clear that there is a pronounced bunching effect
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FiGure 7.9: Cavity coupled spectra. No background correction has been applied.
a) PL spectrum of cavity mode ¢g=5 coupled to the ZPL of NV2 (blue). Spectra
are taken at 0.2nm resolution with 120s integration under Pg,¢=Pgs,=1.25mW exci-
tation conditions. An out of cavity spectrum of NV2 is shown for comparison. Here
Popt=Psat=1.05mW, for the same integration time. The ZPL region in detailed inset.
b) Identical in-cavity PL spectrum. The spectral window here has been extended to
850nm to incorporate the mirror background fluorescence, emphasising the dominance
of the cavity coupled peak.
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F1GURE 7.10: HBT measurements of NV2 in and out of the cavity at low temperature.

a) HBT on the cavity coupled ZPL, taken in the spectral window 633-647nm. b) The

out of cavity HBT taken in the spectral window 650-810nm. The solid lines indicate a

fit of the data points to the equation 3.53. The value of ¢ (0) from the fit is shown

inset. The excitation conditions for each measurement are indicated in the figure

in the cavity relative to the free space measurement, as expected from the higher driving
power. Comparatively similar signal to noise ratios are obtained in each measurement.
Due to the lower count rate, the estimated errors on the SNR measurement are larger
in the cavity. The error propagates to the expected value of 9(2)(0) = 0.32+0.06 for
a single emitter, calculated from equation 4.4. The measured value of g(®) (0) = 0.28
matches the single emitter limit within error. By selectively coupling to peak 3, the
cavity mode is sufficiently detuned from peak 1 to reject the emission from this second

emitter, leading to a reduced ¢(®)(0) value for the cavity coupled ZPL.

TABLE 7.1: HBT parameters

Laser Power (Pgat) SNR Expected g (0) Measured ¢ (0)

Out of Cavity 0.5Pgat 4.940.02 0.314£0.004 0.388
In Cavity Psat 4.65+0.31 0.32+0.06 0.28
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TABLE 7.2: HBT fit parameters

72(ns) 73(ns) c1 (&)
Out of Cavity 26.1£0.7 412417 -0.8 0.2
In Cavity 21.8+2.8 284+51 -1.5 0.8

Table 7.2 displays the fit parameters from the HBT measurements in figure 7.10. The
metastable shelving rate 73 is larger in cavity, as anticipated from the higher pumping
rate. In the low power limit the 75 = 7,9 and the Purcell factor could possibly be
derived from a power dependent HBT analysis. However the fitting error on the in
cavity parameters are relatively large due to measurement noise, thus a decision was
made against such an investigation and PL lifetime measurements are anticipated to

provide a more robust measurement of 7;,q

7.2.2 Tum cavity B

To attain a shorter cavity length, NV2 was positioned at cavity B as in figure 7.8. The
spectrum is shown in figure 7.11, with ¢ = 4 coupling to the ZPL. The FSR is large
enough such that it cannot accurately be determined from the observed spectrum. The
cavity was closed further as seen in the black spectrum such that both longitudinal
modes can be seen. The cavity length L=2.49um represents the shortest optical cavity
length attained in this experimental run, corresponding to a FSR of 89nm and a smallest

mode volume of V' = 5)3, an improvement on cavity A.

With the longitudinal mode in the vicinity of the ZPL, the cavity is blue-tuned across
the resonance as shown in figure 7.12. Here the piezo scanning is implemented, and the
precision with which the cavity mode can be manipulated supersedes those which have
been shown previously. The piezo is extended using increments of 0.03V applied by the
external voltage source. This actuates the cavity position by an average of 0.132nm, as
determined from fitting the first 6 spectra of the sequence, with the cavity mode initially
coupled to the PSB. The tuning spectra have been compressed in figure 7.12a, with the
colour scale manipulated such that the transverse mode structure can be seen tuning in

line with the longitudinal mode. Higher order modes can be seen at 680nm & 695nm,
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FIGURE 7.11: Cavity coupled spectra of g=4 coupled to the ZPL (blue), which is shown
on a log-intensity scale. The cavity was closed further to observe the next longitudinal
mode (black). The FSR is denoted by the orange arrow
corresponding to the next longitudinal mode index. On normalising the colour scale in
figure 7.12b, It can be seen how the cavity coupled ZPL dominates the emission into
the stop-band of the mirrors. There is no significant emission from the PSB. With the
cavity mode initially off resonant at 638.4nm, the peak intensity is seen to be 330counts.

This increases by a factor of 29 when optimally coupled to peak 3 at 636.4nm. This is

better illustrated in the surface plot of the same tuning spectra in 7.12c.

To better resolve the coupling to the individual ZPL peaks the high resolution (0.03nm)
grating is used. The initial cavity mode detuned from the PSB max is shown below
in figure 7.13. It is clear from the fit that it is well reproduced by a Gaussian line
shape. This is in contrast to the first low temperature experimental data discussed in
section 7.1, where cavity modes with Lorenztian lineshapes were readily observed. This
is a clear indication that there is a degree of structural instability in this experimental
run leading to a broadening of the resonance. This has significant implications for the
theoretical analysis of these results as disused in section 7.3.3. The FWHM of the peak

is 0.92nm. This fitted peak is plotted in relation to the individual fitted Gaussian peaks
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FIGURE 7.12: Tuning of the cavity mode across the ZPL of NV2, taken with the
low resolution grating of the spectrometer. The laser power used in this data set is
2.3mW. a) Compressed plot of tuning data with adjusted colour scale to highlight the
mode structure within the stop-band. The longitudinal mode coupling to the ZPL is
indicated by the red arrow, with the higher-order mode shown in orange. Transverse
modes from the next longitudinal mode index are shown in yellow. b) Normal colour
scale - highlighting the dominant emission of the cavity coupled ZPL mode in the stop
band. c) 3D surface plot, illustrating the peak intensity when coupled to the ZPL.

of the NV2 ZPL. The cavity mode is almost twice that of the ZPL resonances.

Figure 7.14 shows the tuning of the same cavity mode across the ZPL of NV2 taken
with the high resolution grating. The coupling to each of the individual peaks 2 & 3
can now be resolved. The coupling to peak 4 is not clear due to its proximity to peaks

3 along with the broad cavity linewidth.

The tuning spectra here demonstrate one of the compelling advantages of the open cavity
system. Both blue and red wavelength tuning can be reversibly achieved in a relatively
simple manner by adjusting the substrate separation in-stiu. Of course such a capability
currently requires a macroscopic apparatus around the cavities such as the 3-axis piezo
stack. However despite the elegance of this process, it is still necessary to demonstrate
the enhancement of the light-matter interaction, to prove that this system is competitive

with others in the field.

The saturation counts on the cavity coupled ZPL are presented in figure 7.15a,b as
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FIGURE 7.13: Detuned cavity mode prior to ZPL coupling. Above: The data points of
the cavity mode are fit with a Gaussian function with a 0.92nm FWHM. The vicinity

of the ZPL of NV2 are indicated.

Below: Fitted Gaussian of the detuned cavity mode

(solid line), plotted in comparison with the individual peak fits for the ZPL of NV2
(dashed line). The peak height has been normalised for comparison. The relative peak
heights of the individual ZPL peaks have been maintained.

a function of increasing longitudinal mode index. A clear scaling is seen with mode

number. The maximum saturation counts into the ZPL is shown to be 15,100c/s. The

decreasing linewidth of the cavity mode is also demonstrated in figure 7.15¢c,d as the Q-

factor of the open-cavity increases. Both the ¢g=4 and ¢=7 modes are fit by a Gaussian

lineshape.

Finally, the enhancement of the light matter interaction is demonstrated in figure 7.16.

This represents the key experimental result of this thesis. PL lifetimes as shown for the

out-of-cavity emission and the ¢ = 4 coupled ZPL at 77K. The lifetime changes from
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FIGURE 7.14: a) 2D plot of the high resolution tuning spectra taken with a 0.03nm
spectral resolution. A 5 minute integration time was used for each of the 18 spectra
taken. A piezo step size of 0.03V was again used here. The dashed lines indicate the
location of peaks 1-4. The arrow represents the position of the cavity mode as it is
blue tuned across the ZPL. Individual spectra are shown on the right for the case of b)
detuned c) peak 3 resonant d) peak 2 resonant
30.840.6ns to 22.140.4ns showing a clear enhancement of the PL decay rate correspond-
ing to an increase of 39.5+0.7% due to the Purcell effect. As further robust evidence of
the Purcell effect, the PL lifetime is shown to have an explicit dependence on the cavity

mode volume in figure 7.17, with cavity modes ¢ = 4-7 tuned to the ZPL in succession.

The discussion of these results will take place in the following section.
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FIGURE 7.15: (a) The power saturation curves for the ZPL emitting in the cavity mode
as a function of longitudinal mode index. The saturation values are shown in (b), with
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measured by detuning the resonance towards the PSB at 639nm as shown in (d). The
black squares correspond to the experimental data for ¢g=4,6. No comparable data sets
were available for g=5,7 and these were calculated from the =89 shown in figure 7.11.
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FIGURE 7.16: A comparison between the in and out of cavity PL decay curve. The

in-cavity measurement corresponds to the g=4 mode coupled to the ZPL of NV2 taken

in the spectral window between 633-647nm. The out of cavity decay was taken with

NV2 on the planar mirror in the 670-810nm spectral window. The clearly demonstrates
the Purcell enhancement of the NV centre
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FIGURE 7.17: (a) PL decay curves of the cavity mode coupled to the ZPL for ¢=4-7.

(b) The enhanced spontaneous emission rate into the cavity mode as a function of mode

volume. (c¢) The values of the decay constant 7.,,. The out of cavity lifetime is shown
for comparison
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7.2.3 Summary

The data presented in this section form the central results of this thesis. A comprehen-
sive range of cavity coupling experiments have been demonstrated culminating in the
observation of the enhanced decay rate when coupled to the ZPL, with the mode volume
dependence additionally shown. This is an unambiguous effect of the enhanced light-
matter interaction. Along with the controlled tuning of the cavity resonance through
the ZPL, this data merits a more in-depth discussion where comparisons to theory are

made.
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7.3 Discussion

Two approaches are necessary in this discussion, which focuses entirely on the observed
decay rate enhancements when coupling to the ZPL. Firstly there will be a determination
of the Purcell factor on the ZPL by analytic means, related to the generalised Purcell
factor outlined in section 3.2. The second approach is to use FDTD to simulate the the
emission into the cavity. This allows for the full optical density of states surrounding
the emitter and any off-resonant suppression to be quantified, as well as a more accurate
determination of the geometrical parameters of the cavity. The analytic treatment was
developed in collaboration with theoreticians from Institut NEEL, Grenoble, namely
Thomas Grange, Gaston Hornecker and Alexia Auffeves. The FDTD Simulations were

conducted by Jason Smith and Philip Dolan.

7.3.1 Analytic Treatment

The initial treatment makes an assumption that the emitter and cavity linewidths are
homogeneously broadened. It will then be seen that the effect of the inhomogeneously
broadened cavity mode (see figure 7.15), will need to be introduced as a development
of this simple model. First seen in equation 3.44, the Purcell factor as a function of

detuning can be expressed in terms of A as:

1
1+ 4Q2,, (M Acay — 1)

Flu(A) = uF™™ (7.1)
Here the label p will refer to the particular ZPL peak in figure 7.18. F™2* is the Purcell
factor at perfect resonance and optimal spatial alignment as in equation 3.46. The
spatial orientation factor is &, = (%)2, includes both the relative angle, 8 between
the electric dipole to the cavity field, and the spatial position relative to the electric field
maximum. It has been shown in section 5.3, that the emitter can be optimally placed

within the maximum of the electric field in the cavity by changing the relative lateral

alignment of the mirror substrates. The same alignment process is applied to the single
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emitters in these measurements. Therefore the assumption is made that £ = £,.x and
§u = cos?(f) in this analysis. The angle of the dipoles to the plane of the mirror were
calculated by polarisation measurements of NV2 in section 6.2.2.1, and determined to
be 39° and 24°, for peaks 2 & 3 respectively. The final term denotes the deviation from

3% away from Acay.

The modified emission rate of the ZPL, Fypr,, will be given by a convolution of the
normalised emitter spectrum S, (A\) and Purcell factor across the cavity resonance, Fj,(\)

as:

FzpL =Y ny, / ANS, (N, (\) (7.2)
I

The terms S, (\) incorporate the Debye-Waller factor, determined from the out-of cavity

emission spectrum to be ¢ = 0.044.

With rapid thermalisation between the orbital doublets of the ZPL, the time averaged
population ratio between peaks 2 and 3 is 0.8:1 due to the 347GHz energy splitting. The
relative populations are therefore given by, the factors no = 0.44 and n3z = 0.56. As the
cavity is resonantly coupled to peak 3, it is necessary to include the contribution from
peak 2, due to its proximity and the large cavity linewidth, dAcav, shown schematically

in figure 7.18.

It must be noted here that S, () is the emission spectrum of each peak over all directions,
which is required by definition. The spectrum emitted along the cavity axis is defined

as:

ZM nuquM(A)

Saxial<)\) - ZH n,ugu

The modified emission rate into the cavity is finally:
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FIGURE 7.18: A schematic of the analytic calculation in equation 7.2. The homoge-

neously broadened cavity mode dAc,y = 0.7nm (red line) is optically coupled peak 3,

S3(A). There will be some coupling to peak 2 and the individual convolutions between
the cavity and the emitter peaks are shown by the shaded areas Fzpy,1,2

Fypr, = F™

;”ugu] / d)‘l 4402 (/1\/)\cav _ 1)2 Saxial (A) (7.4)

cav

The high-resolution tuning simulation data in figure 7.14 are best fit with a Lorentzian

cavity linewidth of 0.7nm according to.

Saxial<)‘)
x 2
1+ 4Q(2:av ()‘/)‘C&V - 1)

Seav(A) (7.5)

A linear scaling factor is applied to the fitting function, Sc,y(A), to match the experimen-
tal intensities. The fits to the data are observed in figure 7.19. With a cavity linewidth
of 0.7nm, the emission rate into the cavity mode is found to be Fyzpr, = 0.25. The total
emission rate is then Fiot= 1.21. Accounting for (= 0.044 and n3 = 0.56, the Purcell
factor acting on peak 3 alone is Fp3 = 7.8. However this picture is not complete and

the effects of the off resonant PSB suppression still needs to be quantified.
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FIGURE 7.19: Simulations (red) of the tuning spectra (black) of the g=4 cavity mode

across the ZPL of NV2 from figure 7.13 for selected scans 1 (a), 10(b), 12(c) and

14(d). The data points are best fitted using equation 7.5, with a cavity linewidth of

0Acay=0.7, which justifies it’s use in this analysis. The same scaling factor is applied
to all simulated curves, in order to match the experimental intensities.
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Ficure 7.20: A 2D section of the electric field intensity along the cavity

axis with ¢g=4 between the substrates. The planar mirror has 10 DBR pairs

(n=1.52(grey)/2.1(purple)) with an additional low index termination. The concave

mirror is simulated to have 15 DBR pairs rather than the 20 pairs actually used. This
decreased the calculation time without compromising the results.

7.3.2 Finite-Difference Time-Domain Simulations

The analytical expressions here are unable to quantify the modified emission rate into
the PSB. The free spectral range is sufficiently large and the optical density of states
will be much reduced at these frequencies, leading to some suppression of the PSB
emission. For longer cavity lengths there will be PSB coupling into cavity modes as
more resonances are permitted within the stop band. The FDTD method (described in

section 4.9.1) will be able to fully account for this.

Two separate simulations were run for the NV dipoles at 24° and 39° to the mirror
plane respectively. The dipole sources were placed 20nm from the planar mirror surface
within the 100nm ND. The dipoles are given a broad spectral profile to span the whole
mirror stop-band. The simulations were run for both the case of the half-cavity (emitter
on the planar mirror) and the cavity coupled case. The software is able to monitor the
total power emitted by the dipole as a function of wavelength. The Purcell factor is
then simply the ratio of the optical power emitted in each case. Figure 7.21a shows the
experimental spectrum for g=>5 coupled to the ZPL. The FDTD simulation of the Purcell

factor experienced by the dipole is shown in figure 7.21b. The experimental spectrum
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is well reproduced with a cavity § = 7.6pm, which is within 4% of the 8 = 7.9um
value calculated from the analytic expression in figure 7.11. Coupling into additional
longitudinal and transverse modes is also observed. Since the simulated dipole is placed
on the cavity axis, there is no coupling into transverse modes of odd-indices as there
is no component of the electric field on axis. The absence of such modes from the
experimental spectrum suggests that the dipole is indeed well placed on the cavity axis

and thus the assumption that £ = Enax is justified.

To obtain the total in-cavity emitted power density, in spectrum 7.21c, the Purcell factor
is multiplied by the full normalised, half-cavity, emission spectrum of NV2. Finally to
quantify enhancement or suppression of the PSB, spectrum 7.21c is integrated between

640-740nm.

For the smallest cavity length with ¢ = 4, the suppression of the PSB emission is cal-
culated to be 6%, as FPI,)SB = 0.93. The values for FIESB and FEPL are summarised in
figure 7.22. The total emission rate into the cavity, including both the ZPL rate and
the suppression of the PSB is Fiot = Fyzpr, + Fpsg = 1.14. which gives a more complete
picture and shows that the current analysis underestimates the observed cavity rate of

1.39 (shown previously in figure 7.17b) .

7.3.3 Inhomogeneous Broadening

Clearly a development on the theoretical picture is required. With the mode coupled
to the ZPL, the intensity in the cavity after a single emission event will have the usual

exponentially decaying dependence on time as:

I(t) = Ae et (7.6)

Where 7¢ay is the decay rate into the cavity mode, with A being the amplitude of the

decay function. The fraction of light emitted into the cavity mode, defined as the B
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FIGURE 7.21: Experimental spectra and FDTD simulations of the Purcell factor and
emitted power density, plotted on a log-linear axis. (a) The experimental spectrum for
mode index g=>5 coupled to the ZPL (peak 3) of the NV centre at 77K (b) FDTD output
of the Purcell factor as a function of wavelength for a broadband dipole (described in
text). The mode structure qualitatively reproduces the experimental spectrum, with
a cavity S = 7.6um. (c¢) The semi-empirical emitted power density spectrum. The
vertical lines are a guide to the eye, representing the mode indices (¢, m,n) shown
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FIGURE 7.22: Summary of Fifyy (black squares) as a function of mode index calculated

from the FDTD simulations. The analytic calculations from equation 7.4 for the Purcell

factor on the on the ZPL emission Fyp; (after accounting for ¢ = 0.044) are also
summarised (blue circles).

factor, will be proportional to the integral of this intensity over the full emission decay

as:

F A
B— ZPL

— x 7.7
14+ Fzp,  Yeav (77)

Where Fypi, was defined in equation 7.4 to incorporate the Debye-Waller factor of the
ZPL. For a stationary cavity mode, the Purcell factor will of course remain constant.
However it was seen in figure 7.15 that the cavity mode has undergone inhomogeneous
broadening due to the mechanical instability of the cavity apparatus in this experimental
run. This will clearly affect the dynamics of the emission rate into the cavity, as the

cavity mode rapidly detunes from the ZPL over the course of a lifetime measurement.

This picture assumes that the detuning of the cavity mode occurs on timescales less than
the spontaneous emission rate (= 10"Hz). With mechanical instability likely caused by
acoustic vibrations (<~ 10*Hz), this is a reasonable assumption [91]. The detuning only
occurs within the envelope of the Gaussian profile, which defines the probability distri-

bution of the cavity position. The homogeneously broadened cavity mode is therefore
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FIGURE 7.23: (a) Schematic of the inhomogenously broadened cavity mode detuning

across the emitter linewidth S, (A). The homogenous cavity mode (red - optimally cou-

pled, orange - detuned) with dAcay = 0.2nm, sweeps out a Gaussian profile with G(Acay)

of 0.5nm FWHM. (b) The decay rate into the cavity mode. When optimally coupled

the fast decay rate is veay (red line). Detuning introduces a spectral dependence to the

decay rate Yeay(Acav), however the greatest contributions will be from near resonant
alignment.

likely to have a linewidth less than the previously defined dAcay < 0.7nm, which in turn

would lead to an increase in Qqf, dominated by near resonant cavity detuning.

This introduces as spectral dependence on the emission rate into the cavity. The total

intensity is then given by the average over these positions:

10) = [ GO A )e 7 O i, (7.8)

Where the cavity mode has been has been convolved with the Gaussian lineshape,
G(Acav) and integrated over the spectral range Acay. The decay rate of the intensity

due to inhomogeneous broadening of the cavity mode, Yinhom, iS now given as:

X — _ﬂ — fd)\cav G()‘Céw)fygav()‘caV)B()\cav) (7 9)
Yinhom = = 70 T ey Glan) Year (e )BOvcar) :

Since A(Acav) X B(Acav)Veav(Acav). Remembering that the decay rate into the cavity
is related to the Purcell factor acting only on the ZPL by veav = 1 + Fzpr(Acayv), The

emission rate into the inhomogenously broadened cavity mode can now be defined:
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f d>\cav G()\cav)(l + FZPL(Acav))FZPL(Acav)
[ dAcav G(Acav) FzpL(Acav)

FzpL inhom = (7.10)

Where a substitution for B(Acav) = Fzpr(Acav)/(1 + Fzpr(Acay)) has been made. The
cavity linewidth is set to dAcay = 0.2 nm, which is observed in stable transmission
measurements on similar cavities. With an additional inhomogeneous broadening of
0.5 nm, this yields Fzpr inhom = 0.364. With the inclusion of the PSB suppression,
Fiot = 1.25. This is a better match to the observed value of Fio; = 1.39, however it is

still apparent that further developments will be required in the analysis.
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FIGURE 7.24: Theoretical prediction of the total increase in emission rate in the con-
text of the experimental data set (red). The errors on the measured decay rate arise
the lifetime fitting procedure. The theoretical predictions assuming a homogeneously
broadened cavity mode (blue) are found to underestimate the total enhancement. On

the incorporation of the inhomogeneous broadening of the cavity mode into the mode
(purple), an improvement is made on this picture.

7.3.4 Summary

The results of the two analyses can be seen with a comparison to the experimental
data in figure 7.24. There is a better overall match to the experimental data on the
incorporation of the inhomogeneous broadening of the cavity mode into the theoretical
model, indicating that the analysis is heading in the right direction however there is still
an consistent underestimation of the observed decay rate. The picture may be completed
by including the effects of the inhomogeneously broadened ZPL. It was seen from the out
of cavity spectra that the measured ZPLs took a Gaussian profile, where the FWHMs
were over a factor of 5 greater than the value expected at 77K for NV centres in bulk
diamond. Inputting dAcay = 0.2 and an emitter line of 0 Aey = 0.07nm (77K) in equation
7.1, yields Fp3 = 33.6 for peak 3 and the total emission rate increase as Fio = 1.71.
This gives an indication of the potential improvements in the theoretical model. The
Purcell factors (corresponding to Fp 3) for a dipole oriented at = 24° to the plane are

summarised in figure 7.25 as a function of emitter and cavity linewidth.
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FIGURE 7.25: Summary of cavity-coupling parameter space for an emitter at §=24°

to the electric field, coupling to V=1.24um?. The Purcell factor as a function of cavity

and emitter in width is represented by the surface plot. A: dAcay = 0.70m, Ay, =

0.4nm. B: dAcay = 0.2nm, dAey, = 0.4nm. C: dAcoy = 0.2nm, 6y, = 0.07nm. The

plane bounded by the orange line represents the measurement.

The regimes for all the analyses in this discussion can be seen in the figure. The orange
plane represents Fp 3 = 20.1, estimated from the measured value Fiy 1.39 and accounting
for (= 0.044 and n3 = 0.56. Point A corresponds to Fp 3 = 7.8, which was first calculated
for both emitter and cavity homogeneous broadening in section 7.3.1. B indicates the
resonant alignment of dAcay = 0.2nm, with §Aey, = 0.4nm. This highlights maximum
enhancement that could be achieved in the discussion of section 7.3.3. The overall
emission rate into the cavity will be reduced from this maximum as the mode detunes
from the emitter, however the near-resonant alignment should dominate. Finally point
C shows the theoretical maximum in this discussion, on the incorporation of ey =
0.07nm for the ZPL at 77K. As previously stated, this figure is designed to visualise
the parameter space in which the system may be operating. It demonstrates that there
is potential for a more complete description if the natural linewidth of the emitter is
included. The caveat to this statement is that there is an open question as to whether
the NV centres hosted in nanodiamond are subject to a greater degree pure dephasing

(7*) through electron-phonon scattering, as the size and quality of the crystal is reduced.

This would lead to greater line widths than in the bulk crystal.



Chapter 8

Conclusions & Outlook

This section will firstly summarise the key experimental results, before considering the
future prospects for this work. The coupling of NV centres to an open-cavity system has
been demonstrated. The experimental configuration of the cavity mirrors was shown,
mounted on a piezo apparatus specifically designed for low temperature operation. The
initial experiments were conducted at room temperature, coupling bright fluorescent
nanodiamonds with ensembles of NV centres. A determination of the coupling procedure
was enabled by these emitters, facilitating the imaging and relocation of the N'Vs prior to
cavity coupling. The NVs showed strong emission into the cavity modes with the mirror
radius 8 = 10pum. The configuration allowed for a direct comparison of the in-cavity and
free space emission. After a consideration of the collection efficiencies in both cases, the
small mode volumes allowed a Purcell factor of 3% to be determined when coupling to
the PSB emission in the bad emitter regime of CQED. A scaling with mode volume was
also shown with a reasonable fit to the data. One of the key aspects of the open-cavity
is the direct access of the emitter to the electric field maximum on the planar mirror. To
illustrate this point, the § = 10um cavity mirror was laterally tuned across the emitter.
The NV fluorescence was seen emitting into the fundamental TEMgyg and higher order
TEM,,,+n>1 Hermite-Gauss modes which were mapped out as a function of position.

The intensity distributions were well matched to theory.

182



Conclusions & Outlook 183

The central aim of this project was the coupling of single NV centres to the open-
cavity at low temperature. A protocol for the sample preparation and isolation of single
NV centres in nanodiamond was established. A selective thermal etching process was
employed, based on the work of Osswald et al [52]. A materials investigation into
this process was conducted using thermogravimetric analysis, Raman spectroscopy and
dynamic light scattering. Once the optimal procedure was determined, there was a
much improved sample performance. Optical spectroscopy of nandiamond highlighted
the regular identification of single centres, showing good single photon emission. The
low temperature ZPLs all showed inhomogeneous broadening at 77K, with an average
FWHM of 0.49nm, 5 times greater than the literature values for NV in bulk diamond.
There was great variety in ZPL spectral locations, with strain splitting of the excited
state doublet also common. The out of cavity lifetimes were also determined. Particular
prominence was given to NV4 & NV2, for which the low temperature cavity results
were achieved. A novel method for the determination of the NV defect orientation was
presented, utilising the strain split ZPL doublet, which is of consequence to the Purcell

factor.

Finally, the low temperature cavity coupling of single NV centres was achieved. The
preliminary results with NV4 showed tuning of the cavity through the narrowed ZPL,
as well as the coupling of consecutive mode indices by opening the cavity. Developments
in the experimental procedure allowed a more comprehensive range of experiments to
be conducted. Single photon emission from the cavity coupled ZPL was then verified
by an HBT measurement. Implementation of an external voltage source for the piezos
allowed a precise positioning of the cavity mode, and a controlled tuning across the ZPL.
The saturation counts into the cavity mode were measured to be 15,100c/s. Lifetime
measurements showed a 39% enhancement into the cavity coupled ZPL, with an explicit
mode volume dependence also demonstrated. This result forms the highlight of this

thesis.

A comparison to theory was made, using a combination of the analytic expressions for

the generalised Purcell factor on the ZPL and FDTD simulations to quantify the Purcell
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suppression of the PSB. It was shown that simply using the measured linewidths of the
emitter and cavity were not sufficient to replicate the observed enhancements. From the
experimental data it was clear that the cavity mode was inhomogeneously broadened,
through mechanical instability of the system. On accounting for this, there was an
improvement in the model. The inhomogeneous broadening of the emitter is thought to

account for the remaining discrepancy.

It is clear that the spectral drift in of NV in nanodiamond, combined with the mechanical
instability of the low temperature cavity set-up is a major limiting factor in the analysis
of these results. This reduces the potential for sophisticated theoretical treatments of the
emitter-cavity coupling process. The first step will be to achieve stable cavity modes at
low temperature. A passive stabilisation is possible through better shielding of the dewar
from the environment and a more robust mounting of the top mirror substrate. In the
limit of high-finesse it will become necessary to provide an active cavity locking process
whereby a reference cavity mode is monitored in conjunction with a piezo-feedback

mechanism.

Nanodiamonds fabricated by HPHT methods have been used exclusively, as these are
easily incorporated within the open-cavity geometry. Their observed spectral properties
are clearly undesirable. The coupling of NVs in bulk would require the preparation of di-
amond membranes. Certainly a top-down fabrication may be possible, as demonstrated
by work on PCC cavities, which have been successful in thinning 5um films down to
200nm membranes prior to PCC fabrication [58]. Additionally, this allows a greater
control over the starting material. Using low nitrogen content, type Ila, films has been
shown to reduce observed spectral drift [28]. It has been seen throughout the course of
these experiments, the finesse observed has been much lower than the theoretical value,
most likely due to scattering from the nanodiamond crystal. Diamond membranes will

offer a better optical surface quality [57].

The smallest mode volume achieved here was V' = 1.24um? ~ 5(%)3, with ¢ = 4 antinodes
between the mirror. There is scope for a reduction in cavity length, currently limited by

the alignment of the mirror substrates at low temperature. The incorporation of piezos
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with angular degrees of freedom would allow for the optimisation of the cavity alignment

in-situ.

In the context of remote entanglement protocols, (outlined in chapter 1), the optical
microcavity will be of enormous benefit in the generation of indistinguishable photons.
Firstly through enhanced photon collection. Secondly through enhancement of the frac-
tion of light emanating from the ZPL (B). With the same enhancement applied on 2
remote NV centres, the entanglement generation rate increases by (B/¢)? [59]. Finally
a Purcell enhanced transition line will undergo lifetime broadening, serving to mask the
effects of spectral drift and increasing efficiency still further. It is expected that with
the developments outlined, the NV open-cavity system may soon demonstrate enhance-
ments that are competitive with some best systems outlined in chapter 1, making them

strong candidates for the spin-photon interfaces required in distributed QIP.

The potential of the NV open-cavity system has been shown here for the first time at
low temperature. The deterministic placement of the emitter within the cavity mode
and in-situ optimisation of the cavity detuning from the ZPL are potentially of great

benefit in the scalability of future quantum photonic technologies.



Appendix A

Determining NV Centre

Orientation

The NV has an arbitrary rotation as shown in figure A.1. Peaks 2 and 3 in figure A.2
will be treated as coming from the strain split Fx and Ey dipoles of the same NV centre,
which dominate the emission. The polarisation plots for peaks 2 and 3 are shown in

figure A.3, corresponding to the projections of these dipoles onto the plane of the mirror.

What is known from the sum of the polarisation plots of peaks 2 and 3, is the polar

angle of rotation a as in the equation below.

FicURE A.1: NV centre, with an arbitrary orientation. The NV defect axis is repre-

sented by the black dashed line, with two orthogonal electric dipoles X’ and Y’. The

polarisation measurement is sensitive to the projections of these dipoles onto the plane
of the mirror, X and Y,

186
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Imin = I cos®(a) (A.1)
a=cos ! Tinin (A.2)
Iy

From the measurement the ratio R of the intensities of the X;) and Yp’ projected dipoles

is known. Remembering that I oc E?:
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12

_ Y
- 2
XP

R (A.3)

What is not known is the rotation of the NV about it’s defect axis b. The strategy is
to find the relationship between these angles and the projection of the dipoles onto the

plane. Knowing a and the ratio R between the dipoles allows b to be found.

A.1 Generating Rotation

To generate any arbitrary rotation, the staring vectors X, Y & Z correspond to the F,,

E, & the NV axis respectively as in figure A.1.

Using the rotation matrix R, the NV defect is rotated through angle b, about the z axis.
The rotation matrix R, then ’tips’ the defect through polar angle, a, about about the x

axis.

0 sin(a) cos(a)

cos(b) —sin(b) 0
R.(b) = [ sin(b) cos(b) 0 (A.5)

0 0 1

Combining these matrices gives the total rotation Ry (a, b) that will act on these vectors:



Determining NV Centre Orientation 189

cos(b) — sin(b) 0
Riot(a,b) = Ry(a)R:(b) = | cos(a)sin(b) cos(a)cos(b) —sin(a) (A.6)

sin(a)sin(b) sin(a)cos(b)  cos(a)

This is now applied to X

Rtot(a,b)X = X/ (A?)
cos(b) —sin(b) 0 1 cos(b)
cos(a)sin(b) cos(a)cos(b) —sin(a) 0| = | cos(a)sin(b) (A.8)
sin(a)sin(b) sin(a)cos(b)  cos(a) 0 sin(a) sin(b)

To find the projection onto the xy plane, the third element in the vector is set to 0

cos(b)
X, = | cos(a) sin(b) (A.9)

0
Now the magnitude of the projected dipole vector is squared, since I o< E?.

cos(b)
Xf = <cos(b) cos(a) sin(b) 0) cos(a)sin(b) | = cos®(b) + cos?(a) sin*(b)  (A.10)

0

Which simplifies to

2 .2 .2
X7 =1 —sin®(a)sin”(b) (A.11)
Similarly for the Y, dipole

Y;)’z = sin?(a) sin?(b) — sin?(a) + 1 (A.12)
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FIGURE A.4: Schematic of the original dipole X’ and it’s projection onto the plane
X}. The angle between these is the angle we need to find out

The relationship between a and b and the projections of the resulting dipoles, along with

the ratio of the intensities in the measurement, are now established.

B YLfQ _ sin®(a) sin?(b) — sin?(a) + 1
Xz 1 — sin?(a) sin?(b)

R (A.13)

Checking if this is sensible: in the special case that a = 90° the NV axis will be parallel
to the mirror plane. with b = 45°, it is expected that the ratio of the projections of
the dipole should be equal as in fig 5. Substituting these into the above equation yields

R =1 as expected.

Re-arranging to find the rotation angle b, in terms of R and a that are known from the

measurement:

o, R+sin(a) -1
) = SR )

(A.14)

Now a,b and R, are known. It is still necessary to find the angle between the original
dipole and the projected dipole in order to get the angle between the original dipole and

the electric field in the plane of the cavity as in figure A.4
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The vector dot product is used:

X' X}, = |X'||Xp|cos ga

a} + i
Vi +yivat i + 2

Vi +yi+2p =1

of +yi = Xp

=cosp4

¢ =cos ! \/1 — sin?(a) sin?(b)

Similarly for ¥V

Y'Y} = [Y'||[Yp| cos ga

¢p =cos ! \/sinQ(a) sin?(b) — sin?(a) + 1
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