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1 Abstract

Nitrogen vacancy centres in diamond have shown strong potential for use as qubits in quantum

computing. However, nitrogen vacancy centres have a low percentage of overall emission

emitted through the Zero Phonon Line (ZPL). In addition, the fabrication of NV centres with

controlled positioning is limited. This thesis presents the ZPL linewidth characterisation of NV

centres fabricated using laser writing and laser diffusion. Only one out of the six NV centres

characterised showed a <100 MHz average single scan linewidth, which suggests that the laser

diffusion process needs to improved. The low ZPL emission can be enhanced by cavity coupling

to Fabry-Pérot microcavities. Fabry-Pérot microcavities are susceptible to vibrations, which

will decouple the cavity from the NV centre and reduce the photon enhancement. A cavity

stabilisation system based on cavity fringe stabilisation is implemented, and the results of the

stability are presented. The Fabry-Pérot microcavity can be stabilised with 0.13 nm using

fringe stabilisation. High collection efficiency of the emission is also desired for maximising

the entanglement rate and is reduced by optical aberrations. For NV centres in bulk diamond,

using Solid Immersion Lenses (SILs) removes the spherical aberration that is introduced when

collecting NV emission through a planar interface. This thesis presents the results of modelling

the aberrations for NV centres cavity coupled to a Fabry-Pérot microcavity and for hemispherical

SILs on diamond. The wavefronts of the aberrations introduced by the planar mirror of the

microcavity and the aberrations introduced by the positioning error of the SIL are modelled

numerically. A deformable mirror is implemented into a confocal microscope to monitor the

aberrations of the photonic devices and the results are compared with the numerical model. For

Fabry-Pérot microcavities, the intensity loss caused by the aberrations introduced by the planar

mirror was predicted to be less than 10 % due to the thin mirror substrate and low numerical

aperture of the cavity mode. This prediction was consistent with the experimental results where

an effective 3 % increase in light collection was observed with aberration correction. For the

SILs, the model predicts that the collection efficiency is more sensitive to the lateral positioning
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of the SIL relative to the NV centre than the axial positioning error.
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4 Introduction and Literature review

4.1 Introduction

Moore’s law states that the number of transistors in an integrated circuit will double roughly

every two years.1 However, the transistor sizes are reaching the nm scale converging to the

size of an atom. With the increasing number of electronic devices and Moore’s law reaching

its limit, the total energy consumption of electronic devices will continue to increase. One

solution is to move towards quantum computation. Quantum computing uses qubits that

utilise quantum mechanical effects such as superposition and entanglement. Qubits are two-

level quantum systems, such as: photon polarisation, spin state of an electron or nuclei, and

the excited-ground state of an atom.2 Superposition allows the qubits to be in states between

0 and 1 in addition to being in standard bit states, 0 and 1. The superposition allows quantum

computers being able access more states than a classical computer could for computation. Early

examples that show the potential of quantum computation are Shor’s algorithm3 and Deutsch-

Jozsa algorithm.4 Shor’s algorithm is a quantum algorithm for prime number factorisation and

the performance of Shor’s algorithm is compared to the best classical algorithm in Figure

1. Figure 1 compares the number of operations required for prime number factorisation of a

number using the number field sieve algorithm and Shor’s algorithm.3 The classical algorithm

scales exponentially with the number of digits, whilst Shor’s algorithm scales asymptotically

with the number of digits ,showing the potential of quantum computing solving problems

quickly when the problem becomes more complex.3 For developing a quantum computer, the
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Figure 1: Graph describing the number of computational operations required for prime number
factorisation using a classical algorithm and Shor’s algorithm. Figure from source [5]

.

properties of ideal qubits are listed by the Divincenzo criterion.2 The criterion states that the

ideal qubit system should have the following characteristics: a physical scalable system with well

characterised qubits; the ability to initialise the qubit state; long decoherence times compared

to the gate operation time; a universal set of quantum gates and a qubit specific measurement

capability. Divincenzo also states two additional desirable features for quantum communication:

the ability to interconvert stationary and "flying" qubits and to transmit flying qubits between

specified locations. The "flying" qubits generally refer to photon states.

There are a number of qubit systems that are being explored such as: trapped ion6, quantum

dot7, superconducting8, group IV vacancy centres in diamond (GeV9, SiV10, SnV11, PbV12)

and the Nitrogen Vacancy (NV) centre in diamond which is a main focus of this thesis.

For qubits in solid state hosts such as diamond, the host helps isolate the qubit from the en-

vironment, minimising decoherence. Diamond has a wide bandgap (5.5 eV) so any interactions

with the defect will not interact with the diamond environment, a low spin orbit environment

to minimise decoherence and a low nuclear spin environment.13 This makes diamond an ideal

host for defect centres for quantum computing. Along with the properties of NV centres,
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Weber et al have created a criterion of properties that defect centres and hosts should have

for quantum computing.13 The Weber criterion states that that the defect centre should have

the following properties: to have a bound state that is paramagnetic, long lived with a energy

splitting between at least two spin sub-levels; an optical pumping that polarises the qubit state;

luminescence from qubit state transitions that varies by qubit sublevel; an optical transition

that does not interact with the host and bound states that are separated sufficiently that to

avoid transitions by thermal excitation.13 For defect hosts, the Weber criterion states that the

ideal host should have: a wide band gap; small spin-orbit coupling; availability as high quality

bulk/thin-film single crystals; consist of elements with zero nuclear spin.13

In this introduction and literature review, the scheme for quantum computing using NV

centres in diamond will be discussed along with the recent progress. Then the properties of

the NV centre will be introduced along with the developments in diamond processing and NV

fabrication. The applications of microcavities and solid immersion lenses for NV centres will

then be discussed.

4.2 Measurement-based quantum computing

The quantum computing scheme discussed in this literature review focuses on measurement-

based quantum computing using the electron spin of NV centres in diamond.14 There are

other examples of quantum computing schemes using NV centres such as coupling NV centres

with superconducting qubits15 or vibrational modes of carbon nanotubes.16 Measurement-based

quantum computing relies on using the photon emission of an optically active qubit, such as

quantum dots or defect centres, to indirectly probe its quantum state and to remotely entangle

the qubits. This schematic is shown in Figure 2. The process of generating entanglement in

NV centres follows this procedure:

1. Generate a |+⟩ = (|0⟩ + |1⟩) superposition state on both NV centres using microwave

excitation
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Figure 2: Schematic of the measurement-based entanglement process. Reproduced from source
[14]. The beamsplitter has the effect of splitting the photons into two components, where one
component is transmitted through the beamsplitter towards one photodetector and the other
is reflected towards the other photodetector. When the photons arrive from both NV centres
simultaneously, they are split by the beamsplitter and split photons from one NV centre interact
with the split photons from the other. The photons interfere constructively/destructively so
only one photon arrives at either photon detector. When this occurs, the photons are entangled
and since the fluorescence is spin state dependent, the spins are also entangled.

2. Optically excite the |1⟩ state to the |e⟩ state so the NV centres are now in a (|0⟩+ |e⟩)

state

3. The |e⟩ state will relax and emit a photon

4. The photons from both NV centres will enter the beam splitter and interfere at the beam

splitter

5. When a single photon is detected at either detector, entanglement is achieved

The entanglement can be extended to more NV centres by repeating the process between

an entangled NV centre and the non entangled NV centre. This shows an advantage of

measurement-based quantum computing that entanglement can be generated remotely and

has been demonstrated for NV centres where entanglement has been performed between 3 m,

1280 m and 10 km.17,18,19 The electron spin state of the NV can also be coupled to local nuclear

spins such as the nitrogen atom and the 13C isotopes present in the diamond.20 The nuclear

spins can be used as memory qubits and for quantum gates21 and has been demonstrated with
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eight 13C nuclear spins and the 14N in the NV centre to form a ten qubit register.22 The remote

entanglement using NV centres and local entanglement with nuclear spins demonstrates the

strong potential for scalability, as the total number of qubits available is not only limited to the

number of qubits per system but also to the number of systems available for entanglement.14,23

The entanglement efficiency of measurement-based quantum computing scales quadratically

with the efficiency η of detecting a photon at the detectors.24

η = ηexηemηcoηtrηdet (4.1)

Where ηex is the excitation probability of the emitter, ηem is the emission probability, ηco is

the collection efficiency of the emission, ηtr is the probability of transmission to the detector

and ηdet is the detection efficiency of the detector. The excitation probability and emission

probability will be discussed later in the literature review to discuss these parameters within

the scope of NV centres. The collection efficiency ηco is affected by the ability to collect the

photon emission and is reduced by the inability to capture all the spherical radiation from the

NV centre and coupling losses to optical fibres. The collection efficiency can be optimised

by working with high numerical aperture optics and minimising optical aberrations, which will

reduce the coupling losses into the optical fibre. The transmission probability ηtr, is related to

losses from photon transmission through optics and optical fibres which, can be minimised with

anti reflective coatings and selecting optics with high transmission. The detection probability

ηdet, is related to the detection efficiency of the photon detector and can be maximised by using

photon detectors with high detection efficiencies.

An alternative entanglement scheme is the extreme photon loss protocol where the entan-

glement efficiency scales linearly with η.25,26 Nevertheless, it is important to maximise η to

maximise the entanglement efficiency.
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4.3 Diamond Nitrogen Vacancy (NV) centre

The defect structure of an NV centre is shown in Figure 3a. An NV centre can be described as

a nitrogen substituted defect with an adjacent vacancy defect within the diamond and can be

orientated along the <111> directions of the lattice.27 The NV centre can be in a neutral (NV0)

or a negatively charged (NV−) state, with the latter being the main interest. NV centres have

also shown potential to be used for single photon sources, MASERs28 and for sensing29,30,31.

The electronic structure and optical spectrum of the NV centre are shown in Figures 3b and 3c

respectively. The NV centre has a spin state dependent fluorescence where the excited states 3E

in spin states ms=±1 will relax non-radiatively to the ground ms=0 state through the singlet

state whilst the excited ms=0 state will radiatively relax back to the ms=0 state.13,14,24 The

non-radiative transition also provides an optical initialisation of the spin state to ms=0. The

spin states can also be manipulated by applying a microwave field at around 2.88 GHz.30 For

the application of using NV centres as qubits, the spin dependent fluorescence can be utilised

using direct spin conserving excitation of the ZPL with a 637 nm laser and controlling the spin

state with microwaves.

The optical spectrum shows two distinct features which are the Zero-Phonon Line (ZPL)

at 637 nm and the broad Phonon-Side Band (PSB) centred around 690 nm. For generating

entanglement between NV centres, the photons emitted from the NV ZPL need to be indistin-

guishable in wavelength and linewidth.17,18,24 The optical linewidth of NV ZPL is defined by

the full width half maximum of the ZPL and is typically characterised using Photoluminescence

spectroscopy. The optical linewidth is the Fourier transform representation of the excited state

lifetime of the NV centre and the Fourier transform limit of the ZPL linewidth is 13 MHz. The

excited state lifetime can be reduced by interactions with the host through phonons, strain and

varying electric field interactions which leads to a broadening of the ZPL linewidth.32,33

At 293 K, the ZPL emission is weaker compared to the PSB emission and at lower tem-

peratures, the ZPL emission becomes sharper and stronger whilst the PSB emission decreases.

This is due to electron-phonon interactions, which broaden the ZPL linewidth at higher tem-
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(a) (b)

(c)

Figure 3: Schematic structure of the NV centre in a diamond lattice (a), the electronic structure
of the NV−(b) and the optical spectrum of NV− at room temperature and 4 K. Direct excitation
and radiative transitions are shown by the solid vertical double arrows and the non-radiative
transitions are shown by the dashed arrows. The electronic structure is reproduced from source
[24].
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peratures and this motivates the need to operate at lower temperatures. The electron-phonon

interactions are associated with the temperature broadening are the dynamic Jahn-Teller effect

and the coupling of symmetric photon modes.34,35,36

The electronic structure of the NV centre in diamond is also sensitive to strain, magnetic

and electric fields which make them ideal as sensors.30,31 Local strain and electric fields in the

diamond will lift the degeneracy of the excited 3E ms = ±1 spin levels and create a linear

splitting of the excited ms = ±1 levels.37,38 This sensitivity to the local environment also makes

generating an array of NVs with identical optical properties difficult, as the ZPL emission from

NV centres in different local environments is more distinguishable and this reduces the fidelity

of the entanglement operation.39 Various approaches have been used to address the ZPL distin-

guishability. The electronic structure can be controlled using the Stark effect allowing the ZPL

transition wavelength to be matched with other NV centres.17,40 This has been achieved by

depositing gold strip lines near the NV defect to deliver a localised electric field to shift the ZPL

emission.40,17. Other solutions involve converting the ZPL emission and performing entangle-

ment at telecom wavelengths41 or by applying frequency domain interferometry using Electro

Optic Modulators (EOM) to convert the different ZPL wavelengths into a single wavelength to

perform the entanglement.10

NVs also have longer spin decoherence times compared to other spin qubit systems at higher

temperatures shown in Figure 442 and have achieved a decoherence time of 1.8 ms at room

temperature.31

For generating entanglement using NV centres, the excitation probability ηex is the prob-

ability of exciting the ZPL transition of the NV centre. The ZPL transition is affected by

charge state switching and drift. The ZPL peak position can drift over multiple excitations of

the ZPL. This is known as spectral diffusion and will reduce the excitation probability when a

resonant laser at a constant wavelength is used for resonant excitation. Spectral diffusion of

the ZPL peak can be mitigated by using Stark shifting the compensate the ZPL drift.40 The NV

centre can also be photo-ionised from the NV− state to the neutral NV0 state during resonant
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Figure 4: Plot of relaxation(T1) and decoherence(T2) times vs temperature for different spin
qubit systems. Image reproduced from source [42].

excitation which will reduce the excitation probability. The photo-ionisation can be reduced by

reducing the excitation power and by using a 532 nm pulse to repump the charge state back

into the NV− state.43,17

The emission probability ηem is the probability that a suitable photon is emitted. For the

NV centre, this is the fraction of emission that is emitted into the ZPL, which is given by the

Debye-Waller factor of 4 %. Only 4 % of the photons are emitted as ZPL emission, whilst the

rest is emitted in the PSB ,which will lead to a low emission probability for entanglement.44 A

solution to increase the ZPL emission is to couple the ZPL emission to optical microcavities to

enhance the emission of the ZPL which will be discussed later in this literature review.

There are other potential colour centres in diamond that could be used as qubits such as the

SiV and SnV centres. Group IV defects have inversion symmetry so they interact more weakly

with the host.33,45 Compared to NV centres, the group IV centres have a much higher Debye-

Waller factor (70 %) but have a lower spin lifetime due to phonon interactions.46 The phonon

interactions can be suppressed by operating at mK temperatures47 or by strain controlling the
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diamond environment.48,49

4.4 Diamond processing

The forms of diamonds used to host NV centres range from bulk diamond to the nanometre

scale forms such as nanodiamond and diamond membranes which are becoming the main inter-

est. Diamonds can be fabricated using High Pressure High Temperature (HPHT) and Chemical

Vapour Deposition (CVD). Important parameters to control during diamond fabrication include

the strain, surface roughness, surface passivation, impurity concentration and isotope concen-

tration. Strain within the diamond will lift the degeneracy of 3E ms = ±1 and reduce the

indistinguishability of the ZPL transitions for entanglement.37 Surface roughness causes scat-

tering losses which will reduce photon collection.50 The surface roughness can be reduced using

inductively coupled plasma-reactive ion etching or focused ion beam milling, where 0.2 nm51

and 0.29 nm52 root mean squared (rms) surface roughness have been achieved. When ex-

citing NV centres with nitrogen impurities within the focal volume of excitation, the nitrogen

atoms can be photo-ionised, which creates a fluctuating electric field and causes the spectral

drift of the NV ZPL. Using diamonds with low concentration nitrogen content (ppb) is desired

to reduce the spectral diffusion.40 Carbon isotopes have been shown to shorten the electron

spin decoherence time, but as mentioned previously, the nuclear spins can be used as memory

qubits.31 The nuclear spin of 13C has been used as a memory qubit where the nuclear spin

decoherence time of around 8.2 ms at room temperature53. This is within the same order as

the decoherence time for nitrogen.54 Maurer et al have implemented two methods to increase

the C13 decoherence time. The C13 nuclear spin can be decoupled from the electron spin by

optically switching the charge state from NV− to NV0 using a 532 nm laser.53 This led to an

increase in decoherence time of around 0.53 s. Further improvement has been demonstrated

by applying a Mansfield-Rhim-Elleman-Vaughan (MREV) decoupling sequence which enables

decoherence times to exceed 1 s at room temperature.53,55 Another scheme using dynamic

decoupling sequences has achieved a longer decoherence time on the 13C nuclear spin of up to
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4.5 NV fabrication

NV centres are naturally occurring defects within diamond but they can be also introduced

into diamond using techniques such as: implementing defects during the CVD formation of

diamond27,31, ion implantation56, electron irradiation57 and laser writing58,59. The process

of forming NV centres can be broken down into three stages: introducing nitrogen into the

diamond; vacancy generation and vacancy diffusion. Ideal parameters to control during NV

formation would be orientation, depth, position and the concentrations of defects.

The NV centres are typically formed into the diamond after CVD diamond growth but can

also be formed during the diamond growth process. Preferential orientation of NV centres (

74± 4%) in the (111) direction can be achieved using microwave plasma-assisted CVD.27 The

depth of NV formation can also be controlled during diamond growth by delta doping, where

a nitrogen rich layer is deposited to confine the depth of NV formation.60 The nitrogen atoms

can be introduced post-fabrication of the diamond through ion implantation. During the ion

implantation process, vacancies can be formed and the vacancies can then be diffused to the

nitrogen atoms to form NV centres using thermal annealing.61 There have been demonstrations

of fabricating NV centres with <100 MHz ZPL linewidths using ion implantation of nitrogen

and thermal annealing.61,62 However, further studies show that NVs formed with implanted

nitrogen atoms tend to have broader ZPL linewidths than NVs formed with native nitrogen

atoms.63 This was shown by implanting 15N atoms to differentiate between the implanted and

native nitrogen atoms in the diamond.63 NV centres formed with native nitrogen atoms in the

diamond can be fabricated using ion implantation with lighter atoms such as helium, to generate

vacancies in the diamond and then thermally annealing the diamond to diffuse the vacancies

towards the nitrogen atoms.64 Lateral positioning of NV formation using ion implantation can

be achieved using an atomic force microscopy tip with a hole as an aperture65 or by using a

focused ion beam.64
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The other methods of vacancy generation include electron irradiation57 and laser writing.58

Electron irradiation can generate vacancies at millimetre depths, which is typically deep enough

to form NV centres throughout the whole diamond.66 Lateral confinement using electron irra-

diation can be achieved using a transmission electron microscope and has been combined with

delta doping to provide lateral and depth control of the NV formation.67 The ZPL linewidths

of NVs formed using electron irradiation can be low. Ruf et al have achieved average NV ZPL

linewidths of 39 MHz using electron irradiation to generate vacancies and thermal annealing to

diffuse and minimise the lattice damage.57,68 The laser writing process for vacancy generation

enables the formation of vacancies at any position and depth within the sample. Chen et al

have shown using laser writing and thermal annealing, formation of NV centres at 50 µm depths

where three of the NV centres showed <20 MHz ZPL linewidths.58

An alternative to using thermal annealing for vacancy diffusion is laser diffusion. The power

of laser writing pulses used for laser writing vacancies can be reduced to diffuse the vacancies

towards nitrogen atoms to form NV centres.59 NV centres have been formed with laser writing

and diffusion in diamond with high nitrogen concentration (ppm) which will broaden the ZPL

linewidth.40,59 Laser writing requires high laser intensities to generate the vacancies and the

use of adaptive optics to optimise laser power delivery to the sample by minimising the spot

size. Alternative approaches to achieving the high intensity have been demonstrated using solid

immersion lenses69 and bullseye optical cavities.70

4.6 Optical microcavities

The low ZPL emission of the NV centre can be enhanced by coupling the NV to a microcavity.

Microcavities consist of an enclosed structure that can confine photons within it. Depending on

the cavity length, the microcavity allows only photons with specific frequencies to oscillate and

remain within the cavity.71 The allowed frequencies that can oscillate within the microcavity
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are given by the following formula.32

ωm =
mπc

nL
(4.2)

Where ωm is the supported frequency, m is the number of the antinodes, c is the speed of

light, n is the refractive index of the cavity and L is the cavity length. Within the scope of

this thesis, the cavity coupling strength regime is weak coupling. When NV centres are cavity

coupled within this regime, the cavity can enhance the photon emission of the NV ZPL through

Purcell enhancement and reduce the PSB emission. The Purcell enhancement describes the

enhancement of photon density of states introduced by the optical cavity relative to the photon

density of states in free space.32 The extent of the enhancement is determined by the Purcell

factor, Fp in Equation 4.3.72,73
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Where λ is the wavelength of the emission, n is the refractive index, Q is the quality factor,

Vm is the mode volume, µ is the dipole moment and E is the electric field.

The main parameters to maximise Fp are to have a large quality factor Q and a low mode

volume Vm. The second bracketed term describes the orientation between the dipole and the

electric field. The NV centre orientation along the <111> directions in the diamond host

limits the alignment of the NV centre to the electric field. The third term factors the effect of

detuning of the wavelength from the cavity wavelength.

There are many microcavity designs that have been coupled to NV centres such as: photonic

crystal73, bullseye74, whispering gallery resonators75 , microring76 and Fabry-Pérot cavities72.

However, most of the cavity designs are fixed structures that have limited tunability, so any error

in the cavity design will detune the cavity off resonance with the NV ZPL and lower the Purcell

factor. The tunability of whispering gallery resonators, photonic crystal cavities and Fabry-Pérot

cavities has been shown. Whispering gallery resonators can be stretched using piezo-driven
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nano-positioners to achieve 0.6 nm tunability.77 However, there has been no demonstration of

tuning whispering gallery resonators with NV centres. For photonic crystal cavities, the cavities

can be tuned by 5 nm from condensing gas in the cavity78 and have been demonstrated with

SiV centres.79 However, this tuning process is slow.80 Another issue is that most of the cavity

structures require the NV centre to be near the surface, which will broaden the ZPL linewidth

and introduce drift in the ZPL position.81 Fabry-Pérot cavities can be tuned by adjusting the

spacing between the cavity mirrors and can incorporate thicker diamond membranes, which will

isolate the NV centres from the surface.

4.7 Fabry-Pérot microcavity

Fabry-Pérot cavities consist of two mirrors parallel to each other and the spacing between

the mirrors can be adjusted to tune the cavity length. There are different configurations of

mirrors that can be used such as planar-planar, planar-concave and concave-concave each with

its own advantages and disadvantages. The planar-concave cavity is the configuration that

is focussed on in this thesis and Figure 5a shows an image of a planar-concave cavity. The

concave mirror will provide lateral confinement of the light within the cavity and a smaller

radius of curvature (RoC) of the concave mirror provides a stronger confinement. The concave

mirror profiles can be formed by Focused ion beam milling82,72, laser ablation83,84, chemical

etching85 and laser writing.86 Figure 5b shows the effect of the cavity when coupled to an NV

centre. When the cavity is resonant with the NV ZPL, the ZPL emission is enhanced while

the PSB emission is suppressed. Fabry-Pérot microcavities may not be able to obtain higher

Purcell factors compared to other cavity structures, but the main advantage of Fabry-Pérot

microcavities is that the cavity wavelength can be tuned in situ and can be coupled to other

NV centres that are located laterally across the planar mirror. The mirror coatings used for

Fabry-Pérot microcavities are typically either metallic or dielectric. The choice of coating affects

the cavity mode volume and mirror reflectivity R.87 Dielectric coatings offer higher reflectivities

(R > 99 %) but the electric field can penetrate deeper into dielectric coatings, which limits
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(a) (b)

Figure 5: (a)Graphic of a planar-concave Fabry-Pérot microcavity with Bragg mirrors. (b)
Optical spectrum of an NV centre before and after cavity coupling. Spectrum reproduced from
source [72].

the minimum cavity mode volume for shorter cavity lengths. Metallic mirrors limit the electric

field penetration but offer lower reflectivities (R = 95 %).88

Fabry-Pérot cavities have been coupled to NV centres within nanodiamonds and diamond

membranes. For nanodiamonds, a Purcell factor of Fp=10 and quality factor of Q ≃ 3000

have been achieved at 77 K using a concave mirror with a 7.6 µm RoC.72,24 For a 0.77 µm

thick diamond membrane, a Purcell factor of Fp=2 and quality factor of Q = 58500 have been

achieved at 4 K using a 16 µm RoC concave mirror.62 The low Purcell factor when coupling with

a diamond membrane is associated to the cavity resonance coupling with an ’air-like mode’,

where the electric field is confined to the air gap within the cavity.62,50 When a diamond

membrane is cavity coupled, the electric field of the resonant cavity mode can be stronger in

the diamond membrane (’diamond-like mode’) or in the air gap (’air-like mode’). A stronger

electric field in the diamond is preferred for stronger coupling to the NV centre and the electric

field regime depends on the diamond membrane thickness relative to the cavity length.50 A

demonstration of cavity coupling to a bare diamond membrane with a ’diamond-like mode’ has

been shown with a quality factor of Q=120000 and a predicted Purcell factor of Fp=170.84
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The ZPL linewidths of the NVs that were coupled were 296 GHz and 1 GHz for the nanodi-

amond and the diamond membrane respectively. The large ZPL linewidths are likely associated

with the high surface area-to-volume ratio of the nanodiamonds and the close proximity to the

diamond surface where surface defects may introduce strain and electric fields.62 Using thicker

diamond membranes to host NV centres away from the surface would help isolate the NVs from

any defects or fields induced by the surface and produce NV centres with narrower linewidths.

There is a compromise on the decision on the diamond thickness to host the NV centres. There

is a trade off between having small/thin diamonds to minimise cavity mode volume and en-

hance the Purcell factor, against the contribution of surface defects broadening the ZPL as the

diamond becomes smaller.57 A maximum ZPL linewidth of < 100 MHz has been proposed by

Ruf et al, which is based on the timing resolution of the photon detector limiting the photon

indistinguishability.89,90

NVs with ZPL linewidths under 100 MHz have been achieved in a 3.4 µm thick diamond

membrane using electron irradiation/thermal annealing to produce the NV centres and using

dicing and reactive ion etching to thin the diamond.57 An alternative process that may produce

thinner diamond membranes of high quality is to use an additive process that has been demon-

strated shown by Guo et al.91 They create the membrane by initially creating a buried damaged

layer the bulk diamond using He+ implantation, growing the desired thickness of membrane

with Plasma enhanced CVD and then removing the membrane by electrochemically etching the

damaged layer.

4.8 Cavity locking

One of the difficulties in using Fabry-Pérot cavities is that they are susceptible to vibrations,

which will decouple the cavity resonance from the NV ZPL and lead to a reduction in the Purcell

factor.81 This has been observed for a fibre based cavity coupled with NV centres in a diamond

membrane, where the closed loop cryostat vibrations introduced decoupling. The vibrations

broadened the linewidth of the cavity mode to 14 GHz - 50 GHz (0.48 nm - 1.78 nm).92 The
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linewidth broadening could be minimised to 14 GHz (0.48 nm) by taking measurements during

the period of the cryostat operation cycle with the least vibration. Further stabilisation could

be achieved by implementing passive and active locking methods.

Passive stability methods which involve implementing components in the cryogenic system

with high resonance frequencies and using vibration isolation has been implemented to achieve

cavity stabilities of 25 pm.93 Active locking methods such as Pound Drever Hall (PDH) cavity

locking94 or side-of-fringe locking of the cavity transmission95 have been demonstrated. For

fibre based Fabry-Pérot microcavities, cavity locking using PDH in a bath cryostat has achieved

a 5 pm stability.96 For side-of-fringe locking, cavity stabilities of 5.7 pm and 10.6 pm have been

achieved with fibre based Fabry-Pérot microcavities in a closed-loop cryostat.95 In this thesis,

another cavity locking method using cavity fringe stabilisation will be investigated.

4.9 Resonance fluorescence

When performing entanglement with NV centres, the ZPL is excited resonantly and the ZPL

emission is collected for entanglement. The backscattered light from the excitation laser must

be filtered out to minimise noise in the entanglement process. This is achieved through cross-

polarisation extinction and time gating the collection so detection occurs only after the excita-

tion laser pulse has decayed.17 For cross-polarisation extinction, it was found that the extinction

ratio can be enhanced by having a reflecting surface between the two linear polarisers and hav-

ing confocal light detection.97 This analysis was further expanded by modelling the extinction

ratio with an increasing number of mirrors between the polarisers, and it was found that the

increasing reflections reduce the cross-polarisation extinction ratio.98 This emphasises the im-

portance of reducing reflections when designing and constructing the confocal microscope for

resonance fluorescence. There has been a demonstration of resonant excitation within a Fabry-

Pérot microcavity.99 However, the cross extinction ratio was 104, limiting the ability to filter out

the excitation laser light. Cavity-coupled resonance fluorescence was demonstrated by Yurgens

et al., by using the cavity to enhance the excitation field within the cavity and achieving an
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Figure 6: Schematics of the emission path of the rays through a Planar interface, Hemispherical
SIL and Aplanatic SIL. The dashed line cone represents the region of rays that is collected by
the objective lens.

extinction ratio of 105.100 Yurgens et al. also mention that the need to time gate the NV cen-

tre fluorescence will relax as cavity coupling will reduce the NV fluorescence lifetime, becoming

comparable to the excitation pulse as the Purcell factor increases.100.

4.10 Solid Immersion Lenses

Using Solid Immersion Lenses (SIL) is a method for improving the collection efficiency, ηco for

NV centres in bulk diamond and was used in the earlier demonstrations of entanglement using

NV centres.101,17 A comparison of the light rays leaving the emitter and refracting across the

surfaces of a planar interface, hemispherical SIL and an aplanatic SIL are shown in Figure 6.

When the rays from an emitter pass through a planar interface, depending on the refractive

index mismatch, the rays can refract away from the perpendicular direction of the surface.

When a lens is used to collect these rays, the refracted rays diverge away from the angle of

collection of the lens represented by the cone. This results in less light being collected by the

lens.

A SIL consists of a hemispherical cap with a radius R and refractive index n2 which is centred

laterally around an emitter. There are two regimes of operation for the SILs being hemispherical

or aplanatic where the former is a main focus in this thesis. Hemispherical SILs are positioned

so that the emitter is in the centre of the SIL, so light from an emitter leaves the surface
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at normal incidence of the SIL and more rays are collected by the lens compared to a planar

interface. The SIL surface also ensures that focussed light used for emitter excitation does

not experience refraction and aberration, so a smaller focussed spot size is formed and a more

efficient excitation. The refractive index of the SIL should match the refractive index of the bulk

material to minimise refraction and reflection between the interface of the bulk material and the

SIL.102 From Finite Different Time Domain (FDTD) modelling103 and analytical modelling102,

it is expected that the amount of collected light from a hemispherical SIL would be at least 5

times higher compared to collecting light from a planar interface.

Aplanatic SILs are positioned so that the emitter is positioned at a distance R/n2 below

the centre of the SIL, where R is the radius of the SIL and n2 is the refractive index of the

SIL. In this condition, the light radiated from this position is refracted through the surface of

the SIL, but in the direction perpendicular to the surface. This enhances the amount of rays

that the lens would normally collect.

Diamond SILs can be fabricated by using Focused Ion Beam (FIB) milling to remove ma-

terial from the hemispherical shape, where 5 µm radius SILS have been formed.104,17,103 Light

collection using 5 µm radius SILs has shown increases of 8 to 10 times the amount of light col-

lected compared to light collected from NV light collected from a planar interface.103 However,

the ion beam can introduce local strain in the diamond, which could shift the NV ZPL37 and

can even cause the NV to disappear.105

There is also the additive method of placing a SIL on top of the diamond. Millimetre

scale SILs made from diamond106 and gallium phosphide107 have been used to enhance light

collection and show increases of 6 times and 9 times respectively. Micrometer-scale SILs made

from gallium nitride have also been shown108 where a 2 times increase has been demonstrated.

When the NV emission is collected and refocused into an optical fibre, any imperfections

in the optics or misalignment along the optical path can introduce optical aberration. Opti-

cal aberrations describe the deviations of the optical wavefront with respect to the reference

wavefront. The reference wavefront is planar for a collimated wavefront or spherical for a
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converging/diverging wavefront. Optical aberrations will increase the spot size and alter the

spot shape of the refocused light leading to a lower collection efficiency into the optical fibre.

Implementing SILs eliminates the optical aberration that would be introduced when light from

an emitter passes through a planar interface.

Other sources of aberrations that can be introduced by the imperfections of the SILs. The

aberrations introduced by the imperfections have been modelled for both hemispherical109,110

and aplanatic111 SILs. For the hemispherical SILs, Baba et al have described the aberration for

the shape error, thickness error and air gap thickness for stick on SILs109, and Lang et al have

described the SIL aberrations using a polynomial expansion of spherical aberration as a basis to

describe the third-order aberrations in the SIL.110 The SIL aberration model by Lang et al shows

a limitation on the use of third-order aberrations to describe the aberrations for higher values

of numerical aperture. When the model is compared to ray tracing results, the model shows

deviations in spherical aberration at higher numerical apertures.110 High numerical aperture

lenses are generally used for greater light collection, so aberrations from SIL imperfections need

to be described accurately at higher values of numerical aperture to understand the significance

of the SIL imperfections on collection efficiency.

4.11 Conclusion

An introduction to quantum computing and the progress of using NV centres as qubits is

presented. Entanglement between NV centres has been shown in literature and memory qubits

can be implemented by using the nuclear spin of local 13C isotopes and the nitrogen atom of

the NV centre, showing the scalability of a qubit system using NV centres.

The NV centre has a low Debye-Waller factor, where only 4 % of the overall NV emission is

emitted as ZPL emission, which needs to be improved for a higher entanglement rate. Cavity-

coupling NV centres can be used to enhance the ZPL emission through Purcell enhancement.

Various microcavity structures have been coupled to NV centres but there are challenges with

different designs, one of them being the cavity tunability which is limited for fixed structures.
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The approach in this thesis is to use Fabry-Pérot microcavities, which can be tuned in situ to

NV centres and have been coupled with NV centres in nanodiamond and diamond membranes.

Entanglement also requires indistinguishability of the ZPL emission between the NV centres.

The ZPL linewidth and position are sensitive to the local strain and charge environment in the

diamond host, which broadens the linewidth and shifts the ZPL position and this reduces

the indistinguishability of ZPL between the NV centres. For the NV centres that were cavity

coupled to Fabry-Pérot microcavities, the ZPL linewidths were broad (> 1 GHz) indicating that

the diamond processing needs to be improved to lower the local strain and charge environment

in the diamond. The ZPL indistinguishability can be improved by hosting NV centres in thicker

diamond membranes, improving the diamond quality for thinner membranes or by using NV

fabrication methods that minimise the damage to the diamond host such as electron irradiation

and laser writing. ZPL linewidths of <100 MHz have been achieved in 3.4 µm thick diamond

membranes using dicing and reactive ion etching to form the membrane.57 High quality diamond

has been achieved for thinner diamond membranes (50 - 250 nm) using a "smart-cut" and

diamond overgrowth procedure.91 Combining the high quality diamond membrane fabrication

with laser writing and annealing could potentially generate arrays of NV centres in diamond

membranes with narrow ZPL linewidths.

Another limitation of using Fabry-Pérot cavities is the cavity instability which decouples

the cavity mode resonance from the NV ZPL and reduces Purcell enhancement. Strategies

to stabilise the cavity involve implementing passive isolation, mechanical design to mitigate

mechanical resonances and applying active cavity locking.

Another factor that affects the entanglement rate is the collection efficiency. Optical aber-

rations from focusing into a sample or from misalignment of optics can reduce the collection

of light when the light is coupled to single-mode fibres. Using SILs is another method of en-

hancing the collection of NV photon emission by reducing the aberration from focusing into the

diamond. However, errors in the relative positioning of the SIL with the emitter and shape error

can introduce aberrations and reduce the photon collection efficiency. The positioning error of
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the SIL has been modelled using third-order aberrations but for higher numerical apertures, the

model deviates from ray tracing results, becoming inaccurate for high numerical aperture light

collection.

This thesis will explore different aspects of developing photonic devices using NV centres

in diamond for quantum computing. Firstly, the results of ZPL linewidth characterisation of

the first laser written and diffused NV centres in electronic grade diamond will be presented

to benchmark the quality of NVs formed by laser diffusion. Secondly, the results of cavity

stabilisation of Fabry-Pérot microcavities coupled to nanodiamonds using fringe locking will be

presented to explore the feasibility of fringe locking for low temperature cavity coupling with

NV centres. For the final study, the aberrations in Fabry-Pérot microcavities and SILs will be

presented. For the Fabry-Pérot microcavity, a model is presented for spherical aberration as a

function of the mirror substrate thickness and the numerical aperture of the cavity mode. Then

the aberrations in the microcavity will be monitored using adaptive optics to apply aberration

correction to compare the model results with. For SILs, a model describing the aberrations

introduced when an emitter is displaced from the centre of the SIL. The aberration studies aim

to explore how the design or imperfection of the photonic device affects the collection efficiency

ηcol and consequently, the entanglement rate.
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5 Theoretical Background

5.1 Introduction

In this section, the theoretical background for optical cavities is presented. Then, the theory of

Gaussian beam optics is presented to describe the cavity modes for hemispherical cavities, which

are used in this thesis. The theory of cavity quantum electrodynamics is presented to describe

the effects of cavity coupling to the NV centre and how the cavity coupling can enhance the

emission of the NV centre through Purcell enhancement.

The theory for the Distributed Bragg Reflector (DBR) is presented for calculating the

reflectivity of the mirrors used for cavity coupling. For optical aberrations, Zernike polynomials

are introduced as a basis for describing optical aberrations. The Zernike polynomials will be

used to describe the optical aberrations of the microcavity and the solid immersion lenses.

The theory for describing the spherical aberration introduced when focusing through a planar

interface with a high refractive index is also presented. These results are used for modelling the

optical aberrations through the planar mirror of the hemispherical microcavity.

5.2 Optical Resonators

One of the simplest designs for a Fabry-Pérot resonator is with two planar mirrors with reflec-

tivities R1 and R2 shown in Figure 7.

The resonant wavelength condition for the cavity occurs when the cavity length is equal to

an integer number of half-wavelengths.

λresonant =
2nd

q
(5.1)

Where d is the cavity length, n is the refractive index of the medium between the mirrors and

q is the number of anti-nodes of the wave. The transmission through the cavity is given by
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Figure 7: Schematic of a planar-planar cavity with mirrors of reflectivity R1 and R2 and a
standing wave with q = 2.

Equation (5.2) and a transmission spectrum is shown in Figure 8.

Tcavity =
1

1 + 4F2

π2 sin2(
2nd
λ )

(5.2)

Maxima in transmission occur at resonant wavelengths of the cavity. The width of the trans-

mission peaks is related to the cavity finesse F :

F =
2π

δλ
=

∆v

δv
(5.3)

Where δλ and δv are the Full Width Half Maximum (FWHM) linewidth of the cavity mode in

wavelength and frequency respectively and ∆v is the frequency spacing between cavity modes.

The cavity finesse is also related to the reflectivities of the mirrors R1 and R2.

F =
π(R1R2)

1/4

1−
√
R1R2

(5.4)
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Figure 8: Cavity transmission spectrum for a 1D cavity in terms of numbers of wavelengths q.
The reflectivity changes the transmission linewidth, δλ and the minimum transmission of the
cavity.

The reflectivity of the mirrors used in this thesis is R1 = 99.8% and R2 = 99.9%, so the

expected finesse of the cavity will be around F = 2092. Another figure of merit for cavity

performance is the Quality factor Q, which describes how well the cavity retains its energy and

is related to the cavity finesse

Q =
2π × total energy

Energy loss per cycle
=

ω

δω
=

2πq∆v

2πδv
= qF (5.5)

The cavities used in this thesis are hemispherical cavities which also have the benefit of laterally

confining the field. For describing the cavity profiles of hemispherical cavities, Gaussian optics

will need to be introduced.
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5.3 Gaussian Beam Optics

The wave equation can be derived from Maxwell’s equations in free space (ρ = 0 and J = 0).

∇2E =
1

v2
δ2E

δt2
(5.6)

For monochromatic waves, the solution can be written in the form

E(r, t) = E(r)eiωt (5.7)

Substituting this solution back into Equation 5.6 gives the Helmholtz equation

[▽2 + k2]E(r) = 0 (5.8)

For a beam propagating along the z direction, where the wavefronts are mostly normal to the

z direction, the solutions come in the form.

E(r) = a(x, y, z)× eikz (5.9)

Substituting Equation 5.9 into the Helmholtz equation and using the paraxial approximation

where ∂2a
∂z2

≪ k ∂u
∂z and ∂2a

∂z2
≪ ∂a

∂x2 ,
∂a

∂x2 the Helmholtz equation forms the paraxial wave

equation.

▽2
⊥E + 2ik

∂u

∂z
= 0 (5.10)

One of the solutions to the paraxial wave equation is the Gaussian beam equation.
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E = i
E0

zr
constants

× ω0

ω(z)
amplitude reduction along z

× ei(kz−ωt) wave propagation along z

× e−iα(z) Guoy phase shift along z

× e
−r2

ω(z)2 Gaussian transverse profile with spot size ω(z)

× e
ikr2

2R(z) wavefront with radius of curvature at z

(5.11)

Where E0 is the amplitude at z = 0, zr is the Rayleigh range that describes the distance be-

fore the beam amplitude decays by
√
2. The other beam parameters are described in Equations

5.12 - 5.15.

ω2
0 =

λzr
π

beam waist at z=0 (5.12)

ω(z)2 = ω2
0(1 +

z2

b2
) beam waist at z (5.13)

α = arctan(
z

zr
) guoy phase shift at z (5.14)

R(z) = z +
z2r
z

radius of curvature of the wavefront at z (5.15)

The beam waist ω0 can be related to the divergence of the beam and the numerical aperture,

NA

NA = n sin(θ) = n sin(
λ

πω0
) (5.16)

For forming low loss cavity modes, the radius of curvature of the Gaussian beam R(z) (Equation

5.15) at the mirror surface must match the incident radius of curvature (RoC) of the mirror

R1,2.

R(z1) = z1 +
z2R
z1

= R1 (5.17)

R(z2) = z2 +
z2R
z2

= R2 (5.18)
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L = z2 − z1 (5.19)

Where L is the cavity length. Solving Equations 5.17, 5.18 and 5.19 determines the Rayleigh

range of the mode formed within the cavity, zr.

z2r =
g1g2(1− g1g2)

(g1 + g2 − 2g1g2)2
L2 (5.20)

Where,

gi = 1− L

Ri

0 < g1g2 < 1

For a hemispherical cavity, R1 is flat (R1 → ∞) and substituting Equation 5.20 into Equation

5.12, the beam waist can then be defined by the RoC of the concave mirror R2 and cavity

length L.

ω2
0 =

λ

π

√
R2L− L2 (5.21)

This definition of the beam waist can then be used in Equation 5.16 to relate the cavity NA

to the cavity length and the RoC of the concave mirror. This will be used later to see how the

cavity NA affects the spherical aberration and collection losses in the cavity emission.

Another formulation to describe the modes formed within the cavity is the Hermite-Gaussian

beam equation shown by Equation (5.22)

E = i
E0

zR
× ω0

ω(z)
× ei(kz−ωt) × e−iα(z) × e

−r2

ω(z)2 × e
ikr2

2R(z)

×Hl

(√
2x

ω(z)

)
Hm

(√
2y

ω(z)

)

× e−i(l+m)α

(5.22)

The Hermite-Gaussian beam equation consists of the Gaussian beam profile in Equation 5.11

with additional terms H, which are the Hermite polynomials that describe the intensity profiles
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of the transverse mode orders l and m and an additional Guoy phase change.

There is also a π phase change introduced when the electric field sign is negative. The

intensity profiles and wavefronts are presented in Figure 9. The wavefronts of the Hermite-

Gaussian modes will be used to predict the aberrations present for each of the Hermite-Gaussian

modes. The resonance criteria for the Hermite-Gaussian cavity modes are described by Equation

5.23, where the round trip phase for resonance needs to be an integer number of π and is

dependent on the cavity mode indices and cavity length.

pπ = kL− (l +m+ 1){α(z2)− α(z1)} (5.23)

Where p is the integer number of π phase round trips and α is the Guoy phase shift. This can

be used to derive the resonance frequency of a cavity v with cavity mode indices q, l,m, cavity

radius of curvature R and cavity length, L.

vq,l,m =
λ

2π

[
q +

1

π
(l +m+ 1) arccos

(√
R− L

R

)]
(5.24)

The higher-order cavity modes that share the same total transverse mode index (l+m) are

energetically degenerate. This is shown in Figure 10, where the lower wavelength peaks are

able to support more higher-order cavity modes. The spacing between the transverse modes

is evenly spaced and depends on the RoC of the concave mirror and the cavity length. Only

the fundamental cavity mode (l+m = 0) is desired as the electric field is the strongest in the

centre of the cavity mode and the transverse cavity modes can be suppressed by adjusting the

concave mirror laterally to minimise the transverse mode peaks in the optical spectra.

5.4 Cavity Quantum Electrodynamics

One of the main focuses of this thesis is utilising light-matter interaction between the NV

centre and the optical cavity. When an optically active atom is placed within the cavity and

the emission is resonant with the cavity mode, the atom will couple with the cavity mode. The
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Figure 9: Intensity and phase profiles of the Hermite-Gaussian modes up to l+m = 3. The
profiles are labelled by the transverse mode indices in lm format.
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Figure 10: Optical spectrum of an NV centre coupled to a microcavity supporting multiple
cavity modes. The broad emission of the NV PSB acts like a broadband photon source that is
filtered by the higher-order cavity modes. The inset images show the possible Hermite-Gaussian
mode profiles that can be associated with each peak for a constant longitudinal mode index q.
For higher values of l+m, the peak may consist of multiple higher-order modes.

31



coupling between the cavity and the atom affects the emission of the cavity output, depending

on the strength of the coupling. There are two possible coupling regimes which are strong

coupling and weak coupling. The regime depends on the cavity photon decay rate κ, non

resonant decay rate γ and the atom-photon coupling parameter g0, which describe the losses

and the gain within the cavity.

Cavity photon decay rate, κ =
ω

Q
(5.25)

atom-photon coupling parameter, g0 =
µ212ω

2ϵ0ℏV0
(5.26)

Where ω is the frequency, Q is the quality factor of the cavity, µ212 is the electric dipole

matrix of the transition and V0 mode volume. A high quality factor and small move volume

are desired to minimise the cavity photon decay rate and maximise the atom-photon coupling

strength. When g0 > (κ, γ), the photon emitted by the atom can be reabsorbed before leaving

the cavity, which leads to strong coupling. When g0 < (κ, γ), the emitted photon leaves the

cavity before it can be reabsorbed, leading to weak coupling. For the cavities used in this

thesis, the cavity coupling interaction will be in the weak coupling regime. In the weak coupling

regime, the cavity can enhance the photon emission of the atom via the Purcell effect. The

Purcell effect can be used to enhance the photon emission of the NV centre, which is seen in

Figure 10. The following sections will follow the approach by Fox32 of deriving the spontaneous

emission in free space and in the cavity before deriving the Purcell factor.

5.5 Free space spontaneous emission

Before considering the effect of the cavity on the emitter, the emission of the emitter in free

space is discussed. The transition rate for spontaneous emission is given by Fermi’s golden rule

γ =
2π

ℏ2
|M12|2g(ω) (5.27)
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Where M12 is the transition matrix element and g(ω) is the density of states. For free space,

the density of states is given as:

g(ω) =
ω2V0
π2c3

(5.28)

The transition matrix element will consider the interaction of the electric dipole with the vacuum

field E and averaging over all dipole directions.

M2
12 =

1

3
µ212E2

vac =
µ212ℏω
6ϵ0V0

(5.29)

Substituting Equations 5.29 and 5.28 into Equation 5.27 gives the free space spontaneous

emission.

γfs =
µ212ω

3

3πϵ0ℏc3
(5.30)

5.6 Cavity coupled emission

When the cavity is coupled to the emitter, the cavity modifies the density of states. The density

of states is given as:

g(ω)cavity =
2

π∆ωc

ω2
c

4(ω − ωc)2 + ω2
c

(5.31)

Where ∆ωc is the cavity linewidth and ωc is the cavity frequency. When the cavity is resonant

to the emitter wavelength (ω = ωc) the cavity density of states simplifies to:

g(ω)cavity =
2

π∆ωc
=

2Q

πω0
(5.32)

The transition matrix element within the cavity will be treated as:

M2
12 = ξ2µ212E2

vac = ξ2
µ212ℏω
2ϵ0V0

(5.33)

W here ξ = |p.E|
|p||E| is the normalized dipole orientation factor. Substituting the cavity density of
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states (Equation 5.32) and transition matrix element (Equation 5.33) into Fermi’s golden rule

(Equation 5.27) gives the spontaneous emission rate within the cavity.

γcavity = ξ2
2Qµ212
ℏϵ0V0

(5.34)

The Purcell factor is given by the ratio of the rate of spontaneous emission in the cavity

over the rate of spontaneous emission in free space.

Fp =
γcavity
γfs

= ξ2
3(λ/n)3

4π2
Q

V0
(5.35)

For a high Purcell factor, a high quality factor Q and a small mode volume is desired. From

Equation 5.32, the cavity enhances the density of states of the resonant frequency whilst

decreasing the density of states of the off resonant frequencies. For cavity coupling to the NV

centre, the ZPL emission can be enhanced whilst suppressing the phonon sideband emission.

A detailed model of this is shown by Johnson.72

5.7 Distributed Bragg Reflectors

High reflectivity is required in order to maximise cavity finesse and quality factor. Metallic

mirrors offer at most R = 95% while Distributed Bragg Reflector (DBR) mirrors, also known

as dielectric mirrors, can offer higher reflectivities of R = 99.999%. DBR mirrors consist of

pairs of thin films with a different refractive index and a thin film thickness of λ
4n . To explain

how the reflectivity is determined, transfer matrices will be introduced.112

For a single layer thin film with a thickness l, the fields at each end of the film at z = −l and

z = 0 are described by the transfer matrix in Equation (5.36).

Ex(−l)

Hy(−l)

 =

 cos(kl) −( i
n)sin(kl)

−(in)sin(kl) cosk(kl)


Ex(0)

Hy(0)

 (5.36)

Where Ex and Hy are the electric and magnetic fields respectively, k = 2π
λ and n is the
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refractive index of the thin film. When considering an incoming wave entering at z = −l.

Assuming there are no other losses such as absorption or scattering, there will be a fraction of

the wave which will be reflected at z = −l and there will be a transmitted fraction of the wave

at z = 0.  1 + r

n0(1− r)

 =

 cos(kl) −( i
n)sin(kl)

−(in)sin(kl) cosk(kl)


 t

nst

 (5.37)

For DBR mirror layers, the thickness of each layer is set so that kl = π
2 . This reduces the

transfer matrix to.  1 + r

n0(1− r)

 =

 0 −( i
n)

−(in) 0


 t

nst

 (5.38)

For the full DBR mirror composition which will consist of N pairs of layers with refractive

indices n1,n2 the transfer matrix becomes

 1 + r

n0(1− r)

 =


 0 −( i

n1
)

−(in1) 0


 0 −( i

n2
)

−(in2) 0



N  t

n3t


=

−(n3
n2
)N 0

0 −(n2
n3
)N


 t

nst


(5.39)

Solving for r

R = r2 =

[
n2N2 n0 − nsn

2N
1

n2N2 n0 + nsn2N1

]2
(5.40)

Where n0 is the refractive index of the incoming light, n1 and n2 are the refractive indices

for the thin film layers and ns is the refractive index for the substrate.

The DBR mirror coatings that have been used for the experiments in this thesis use silicon

dioxide SiO2 and tantalum pentoxide Ta2O5 layers and N = 10 pairs for the planar mirrors and

N = 16 pairs for the concave mirrors. The layer thickness was set so the mirror operates at

λ = 640 nm so the thickness of the Ta2O5 layers is around λ
4nTa2O5

= 75 nm and the thickness

of the SiO2 layers is around λ
4nSiO2

= 110 nm. The target reflectivities for the planar and
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concave mirrors were 99.8% and 99.9% respectively.

5.8 Aberration Theory

5.8.1 Introduction

Optical aberrations describe the deviation in the wavefront with respect to a reference wavefront,

which is either a plane wave for a collimated beam or a spherical wave for a converging/ diverging

light source. Aberrations will lead to imperfect focusing, where the spot size becomes larger

than the diffraction-limited spot size. This will limit the confocal imaging resolution and single-

mode fibre coupling efficiency. Common sources of aberrations include imperfect optics, optical

misalignment and the sample that is being imaged.

For the optical microcavity, the focusing and collection through the planar mirror can intro-

duce spherical aberration, which can be numerically described. This section will introduce how

optical aberrations can be described by Zernike polynomials and show the theory of the spher-

ical aberration introduced when focusing through a planar interface with a different refractive

index.

5.8.2 Zernike Polynomials

These polynomials were derived by Fritz Zernike. These polynomials describe a set of orthogonal

functions where each polynomial describes a different aberration. An optical wavefront ψ can

be decomposed into a linear combination of Zernike polynomials Zm
n .

ψ =
∑
i

aiZ
m
n (5.41)

The Zernike polynomials are described by n and m which are integers representing the radial

degree and the azimuthal degree respectively, and ai is the coefficient of the Zernike polynomial.

The Zernike polynomials with m=0 represent the radially symmetric aberrations. The equations
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i n m Z(r, θ) Aberration
1 0 0 1 Piston
2 1 1 2rcos(θ) Tip
3 1 -1 2rsin(θ) Tilt
4 2 0

√
3(2r2 − 1) Defocus

5 2 2 2
√
3r2cos(2θ) Oblique astigmatism

6 2 -2 2
√
3r2sin(2θ) Vertical astigmatism

7 3 1 2
√
2(3r3 − 2r)cos(θ) Coma x

8 3 -1 2
√
2(3r3 − 2r)sin(θ) Coma y

9 3 3 2
√
2r3cos(3θ) Trefoil x

10 3 -3 2
√
2r3sin(3θ) Trefoil y

11 4 0
√
5(6r4 − 6r2 + 1) Primary spherical

12 4 2
√
10(4r4 − 3r2)cos(2θ) Secondary astigmatism x

13 4 -2
√
10(4r4 − 3r2)sin(2θ) Secondary astigmatism y

Table 1: List of the first 13 Zernike polynomials and the name of the aberration they represent.
The column i represents the respective Noll index associated with the Zernike polynomial.

of the first 13 Zernike polynomials are shown in Table 1.

Zm
n (r, θ) =


Rm

n (r) cos(mθ) even

Rm
n (r) sin(mθ) odd

(5.42)

Rm
n =


n−m

2∑
l=0

(−1)l(n− l)!

l!

(
n+m

2
− l

)
!

(
n−m
2 − l

)
!

rn−2l
(5.43)

The effects of how these aberrations change the focused spot are shown in Figure 11.

The aberrations changes the spot shape and intensity distribution of spot. When refocusing

aberrated light into single-mode fibres, there will be losses in coupling efficiency due to the

mismatch between the spot size and the fibre core, resulting in less intensity being collected

by the fibre. This thesis will use Zernike polynomials in the experiments by applying the

polynomials, using adaptive optics, to the wavefront of light collected from the emitter and

finding the polynomials that maximise the collected intensity. The aberrations associated with

these Zernike polynomials can be used to describe the aberrations in the sample. The Zernike
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Figure 11: Point spread function of focused laser beam under the affect of each aberration
listed in table 1 along with the phase profile of the aberration in the inset. The amplitude of
aberration applied is +λ/4 waves and the plots are normalised to the maximum intensity of a
diffraction-limited spot.
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Figure 12: Schematic of ray path change when focusing with only the focusing medium n1
against focusing in a different medium n2. d is the length from the refractive mismatch
interface to the point of focus.

polynomials will also be used in the theory to decompose the wavefront errors modelled in the

later chapters to find which aberrations are associated.

5.8.3 Aberration function focusing through a planar interface

One of the major aberrations in microscopy is introduced when focusing into a sample with

a refractive index n2 that differs from the refractive index of the initial focusing medium n1.

This is illustrated in Figure 12, where a refractive index mismatch causes a phase change when

focusing to the same point, which deforms the wavefront. The derivation of the spherical

aberration equation follows the derivation by Booth.113 The aberration function can be derived

by taking the difference in the pathlength taken when the ray is focusing through the focusing

medium l1 and the pathlength when the ray is focusing in the sample medium l2.

Ψ = k(n2l2 − n1l1) (5.44)
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Using Snell’s law and the geometry in Figure 12, Equation 5.44 can rearranged to Equation

5.46

n1sin(θ1) = n2sin(θ2) (5.45)

Ψ = kd(n2cos(θ2)− n1cos(θ1)) (5.46)

Assuming that the lens operated under the sine condition and introducing a normalised radius

r = sin(θ)/ sin(α1), where α1 is the maximum angle defined by the NA of the lens NA =

n1 sin(α1), the path difference can be further rearranged to form Equation 5.47.

Ψ(d, r) = kNAd
(√

csc2 a2 − r2 −
√
csc2 a1 − r2

)
(5.47)

Where α2 is the maximum angle for the ray in the medium n2.

Equation 5.47 can be used to model the collection losses when collecting light from an

emitter in bulk diamond. For a confocal microscope, when light is collected from the emitter,

the light gets refocused into an optical fibre, which acts like a pinhole, to couple the light to

a photon detector. The refocused intensity profile can be numerically modelled by taking the

Fourier transform of the pupil function Ψ to get the point spread function and by multiplying

the point spread function by its conjugate. In this case, the pupil function will be the aberration

function.

I =

∣∣∣∣∣
∫ 1

0
eiΨ(d,r) dr

∣∣∣∣∣
2

(5.48)

To include the effect of the pinhole, the total intensity is integrated over the same area as the

diffraction-limited spot with zero aberration (ψ = 0) and normalised over the total intensity of

the diffraction-limited spot.

Figure 13 shows the collected intensity from an emitter in diamond at different depths.

For deeper emitters, the losses become significant. SILs can be used to ensure light exits

the diamond surface at normal incidence, so no aberration is introduced by the diamond/air

interface. For focusing through multiple layers of mismatching refractive indices ni, this can
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Figure 13: Normalised intensity profile of collected light, when collecting light from an emitter
in the diamond. For the calculation, the numerical aperture used is NA = 0.82, the refractive
index used are n1 = 1 and n2 = 2.4 and the wavelength used is λ = 640 nm

be further extended to Equation 5.49.

Ψ(d, r) = kNA
I∑

i=1

di

(√
csc2 ai − r2 −

√
csc2 a1 − r2

)
(5.49)

Where αi is the maximum angle for the ray in the medium ni. This model can be used to

describe the spherical aberration introduced when collecting light through the planar mirror of

the microcavity. The aberrated wavefront can then be decomposed into Zernike polynomials

to describe which aberrations are introduced by the microcavity
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6 Experimental Methods

6.1 Adaptive Optics

Adaptive optic technologies involve the use of a device that can actively modify the phase profile

of an incoming wavefront such as Spatial Light Modulators, Adaptive Lenses or Deformable

Mirrors (DM) with the latter being used in this thesis. Compared to spatial light modulators,

DMs have the advantage of wavelength independent operation, as the phase change introduced

by the DM is independent of the wavelength of light.

The multi-3.5 DM has a 12x12 actuator grid with a pixel size of 400 µm and 3.5 µm actuator

stroke. A schematic and image of the DM grid are shown in Figure 14a and b respectively.

The individual actuator pushes/pulls the mirror surface locally to form a pattern on the mirror.

The local mirror deformation will create a local phase difference when light is reflected off the

mirror. Surface profiles that represent the Zernike polynomials can be applied to the DM to

alter the wavefront of the light collected from the objective lens.

The outer pixels on the edges of the grids have limited movement because they are coupled

to the fixed actuators on the edge of the grid, so they are not used. This is shown in Figure 14c,

where the area within the circle is the effective area of the back aperture of the objective lens

that is exposed on the DM. The actuator grid size will limit the ability to map out the higher-

order polynomials, which will have features smaller than the grid size. For the experiments in

this thesis, the Zernike polynomials with n<5 will be used.

6.2 Laser Scanning Confocal Microscopy

All the experiments were performed on custom laser scanning confocal microscopes. Confocal

microscopy has the advantage of achieving higher resolution than widefield microscopy. This is

achieved by placing a pinhole on the detection path to ensure that the collected light beam is

concentric with the excitation path. The pinhole also serves the purpose of collecting light only

within the focal plane and rejecting light that is out of focus. The confocal spot is rastered
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(a) (b)

(c)

Figure 14: (a) Schematic of the deformable mirror, (b) optical image of the Boston Microma-
chines Multi-3.5-DM and (c) graphic of the actuator grid of the DM. Schematic reproduced
from source [114]. Dark pixels represent inactive actuators and the circle represents the active
area being used. The red circle is the effective back aperture of the objective lens that is
exposed on the DM. The effective diameter is 3.76 mm.
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across the sample using a scanning mirror to build up the 2D image.

The resolution of the confocal microscope is defined by the excitation wavelength and the

numerical aperture of the lens.

Resolution =
0.51× λex

NA
(6.1)

The optical setup of the confocal microscope is shown in Figure 15 and is separated into

three sections. Section A contains the optics for the excitation laser beam delivery and light

collection, Section B contains the optics for the deformable mirror and relay optics and Section

C contains the optics for the confocal beam scanning and widefield imaging of the microcavity.

The optics for Section B were implemented by me.

A continuous 532 nm laser (Cobolt Samba) is used to excite the sample off resonance

and is delivered to the system through a single-mode fibre (SM450). On the confocal system,

the beam is collimated using an objective lens and is deflected off a dichroic mirror (Semrock

FF580-FDi02-t3-25x36) towards the deformable mirror (Boston Micromachines Multi-3.5-DM).

A 5 mm dichroic mirror thickness was selected to reduce the reflected wavefront error of the

beam. After the deformable mirror, there is a relay lens setup (2fa−2fb configuration, fa = 80

mm, fb = 100 mm) between the beam path of the deformable mirror and the scanning mirror

(Newport FSM300). This relay lens has the dual purpose of making sure the phase profile

is mapped onto the scanning mirror and expanding the beam to fill the back aperture of the

objective lens. The alignment between the DM and FSM is set in a 4f configuration, making

the DM and FSM conjugate to each other as shown in Figure 16.

Another relay lens (4f configuration, f = 275mm) is placed between the path of the

scanning mirror and the back focal plane of the objective lens (Attocube LTAPO - UV VIS).

This ensures that the deflection off the steering mirror is mapped onto the back aperture of

the objective lens, which will then correspond to lateral displacement on the focal plane of the

sample. For fluorescence emission, the confocal microscope is configured in an epifluorescent
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Figure 15: Optical layout of the confocal imaging system using a Deformable Mirror. Figure
produced by Amit Dhawan.
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(a)

(b)

Figure 16: Optical images of the FSM(a) and the DM conjugate to the FSM (b). Some of the
features on the FSM circled in red can be seen when imaging the DM if the FSM and the DM
are conjugate to each other and both are illuminated.
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configuration, where the light is collected from the same objective lens as the excitation light.

The collected light travels back through the system but is instead transmitted through both

dichroic mirrors. There are additional collection filters: a 532 nm notch filter, a 560 nm long

pass for further attenuation of the excitation light before the collected light is focused into a

single-mode fibre (SM600), which goes towards a Single Photon Avalanche Detector (Excelitas

SPCM-AQRH-14-FC).

6.3 Cavity Coupling Assembly

For the fine alignment and coupling of the cavity to the NV centre, the mirrors are mounted

on an 8-axis piezo stack consisting of attocube nanopositioners, shown in Figure 17. The three

base positioners (2x ANPx101, 1x ANPz101) provide positioning of the whole assembly and

for sample positioning of the planar mirror. The five remaining nanopositioners (2x ANPx51

ANPz51 ANGt101, ANGp101) provide five degrees of control (x, y, z, θ, ϕ) for the concave

mirror with respect to the planar mirror for both room temperature and low temperature

operation.

The cavity mirrors are made by coating UV-fused silica (UQG CFS-1020) with DBR mirror

coatings, which are outsourced to NANEO and LAYERTEC. The concave mirrors were prepared

by dicing the substrate into 3 mm x 3 mm squares with a 0.3 mm x 0.3 mm elevation of 0.1

mm in the centre. The concave features are then milled using focus ion beam milling (FEI

FIB200). The cavity milling was performed by Jiangrui Qian. An image of the concave mirror

array is shown in Figure 17. The concave mirrors milled had radii of curvatures of 4 µm, 8 µm,

12 µm. 25 µm with cavity depths of 300 µm and 600 µm.

Grid marks were also FIB milled on the planar mirror to provide a reference for navigating and

imaging the defects. The planar mirrors exhibited strong autofluorescence, likely due to oxygen

deficiencies in the tantalum pentoxide layer of the DBR mirror.115,116 The autofluorescence

could be reduced by irradiating the surface with a focused 532 nm laser at high power (100

mW). The NV samples used for cavity coupling were 100 nm diamond nanoparticles containing
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100s of NVs (FND biotech), which were spin-coated onto the planar mirror. The cavity coupling

process begins with finding the nanodiamonds on the planar mirror using confocal imaging of

the planar mirror face up. The mirror is then flipped face down, and the same nanodiamonds

image that was seen when the mirror was face up is navigated to. When those nanodiamonds

are found, the concave mirror is elevated and centred around the emitter to couple and close

the cavity around.

The wedge angle between the mirrors is minimised by minimising the number of fringes seen

on the webcam when illuminated by the LED beneath the concave mirror. The cavity modes

are then tuned by looking at the cavity modes formed on the spectrometer and minimising the

transverse mode peaks through x-y translation of the concave mirror.

48



Figure 17: CAD schematic of the cavity coupling assembly with the attocube piezo labelled
and the objective lens. Insert image of zoomed-in area of the mirror cavity region and an image
of the concave mirror array plinth. The assembly allows for remote in situ alignment of the
concave mirror for cavity coupling and tuning.

6.4 Cavity Fringe Stabilisation

In this thesis, the cavity is stabilised by locking the phase of the interference fringes that are

introduced within the cavity. The fringes are formed by illuminating a wedge between the cavity

mirrors with an LED as shown in Figure 18a. The illumination by the LED will form interference

fringes between the planar faces of the mirrors. Any drift in the cavity length will lead to the

fringe position shifting as shown in Figure 18b. By monitoring the position and phase of the
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Figure 18: a) Schematic of the the fringe formation in the cavity. The wedge angle in the cavity
produces interference fringes in transmission when the cavity is illuminated. b) Cavity image
showing 2 fringes formed from the wedge interference. The red arrow shows the direction of
fringe movement when the cavity length changes.

fringes and locking them, the cavity length can be locked. The fringe phase position and error

are monitored with a webcam and PID feedback is applied to the piezo to maintain the cavity

length. A dichroic mirror (Semrock FF409/493/596-Di02-25x36) was used to reflect as much

of the fringe light as possible into the webcam, while allowing transmission of the excitation

and fluorescence. The phase error can also be used to monitor the drift of the cavity length.

This will be used to monitor the drift when MW power is delivered to the cavity.

The number of fringes is controlled by the wedge angle and there will be a trade off between

the number of fringes to ensure better phase locking and the shortest cavity length possible.

For these experiments, 2-3 fringes were used. This program was developed by Dr William Okell

and was adapted by me to communicate with the Keithley 2400 voltage source. The cavity is

illuminated with a 590 nm LED, which is placed beneath the concave mirror and the feedback

is given to the ANPz51 piezo to control the cavity length. To provide feedback, a Keithley

2400 voltage source was used to supply a voltage to the Attocube ANC 300 controller with

the ANM300 module through the DC-in port. The built-in short-pass filter in the attocube

controller was used to prevent any high-frequency noise from being fed into the piezo, which
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would cause the cavity length to oscillate.

6.5 Power Saturation measurement

The power saturation measurement measures the collected intensity with respect to excitation

power and is described in Equation 6.2.

I =
IsatP

P + Psat
+ bP + c (6.2)

Where Isat is the saturation intensity and Psat is the saturation power. There is also a linear

background contribution described by the coefficient b, which could be contributed from aut-

ofluorescence from the DBR mirror coatings, the mirror substrates and from the bulk material

of the diamond. There is also a background signal from the dark counts of the photodetector

when no laser power is applied, which is accounted for by the constant c.

The power saturation measurement will be used to characterise the improvement in col-

lection efficiency when aberration correction is applied. As the DM is configured to affect

both excitation and collection, the power saturation measurement can help differentiate the

contributions, where increases in saturation intensity would correspond to an improvement in

collection efficiency, whilst a decrease in saturation power indicates an increase in excitation

efficiency.

6.6 Hanbury Brown Twiss measurement

The Hanbury Brown and Twiss (HBT) measurement is used to determine if the light collected

from the focal region of the objective lens is from a single emitter. This is used to find single

NV centres for fabricating monolithic SILs. A schematic of an HBT setup is shown in Figure

19. The emission from the emitter is split between two detectors and the time difference of

photon detection events between both detectors is logged as a histogram. The data can be

described by the second-order correlation function:
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Figure 19: Schematic of the HBT measurement used. The collected light is split by a fibre
beam splitter and coupled to two single-photon counting modules. The photon detection is
then logged by a time tagger, which will measure and log the time difference between detection
from both detectors.

g(2)(τ) =
⟨IA(t)IB(t+ τ)⟩
⟨IA(t)⟩⟨IB(tτ )⟩

(6.3)

Where ⟨...⟩ represents the time average over t, IA and IB represent the count rate at detectors

A and B, τ is the time delay between both detectors. The denominator can also be expressed

as:

⟨IA(t)⟩⟨IB(tτ )⟩ = IA · IB · δt · ttotal (6.4)

Where I1 and I2 represent the average count rate on detectors A and B respectively, δt is the

time bin used and ttotal is the total measurement time. The NV centre can be treated as a

three-level system and so the second-order correlation function can be treated as117:

g(2)(τ) = 1 + c1e
τ
τ1 + c2e

τ
τ2 (6.5)

Where τ1 and τ2 are the radiative lifetimes of the exited and metastable states respectively, and

c1 and c2 are coefficients.

When the intensity of a single NV centre is collected, it is expected that the second-order

correlation function evaluated at zero time delay will be zero (g(2)(0) = 0) and when evaluated

at higher time delays, the correlation will converge towards 1. However in the experiments, there

is a background signal that is also collected so g(2)(0) > 0. To correct the g(2)(τ) function
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from the background. The background signal can be measured by measuring the intensity of

an area adjacent to the emitter to determine a baseline.59

a = 1− S

S +B
(6.6)

Where S and B are the count rates for the signal and background respectively. This baseline

can then be used to correct the correlation function:

g(2)(τ) =
g(2)raw(τ) − a

1− a
(6.7)

6.7 Optically Detected Magnetic Resonance

Optically Detected Magnetic Resonance (ODMR) is a method to characterise the spin transi-

tions of the NV states. The ms=0 ⇌ ms = ±1 transition occurs around 2.88 GHz. When a

microwave field that is resonant with this transition is delivered to the NV centre and is optically

excited, there will be a relative reduction in intensity compared to when the microwave field

is off resonant. The reduction in intensity is due to the inter-system crossing of the excited

ms = ±1 state that becomes populated from the microwave field.

The ODMR performed in this thesis is used to test the cavity locking scheme implemented

for spin control. A coaxial trace loop antenna was used to deliver the microwave field to the

NV centre and an image of the design is shown in Figure 20a. The loop antenna provides a

compact solution to delivering the microwaves without interfering with optical access. The NV

centres that were within the grid pattern are used for cavity coupling. The distance between

the loop antenna and the NV centre within the grids ranges from 225 µm to 318 µm as shown

in Figure 20b. The antenna is mounted on the planar mirror and the designs were made by

Sam Johnson.

The schematic of the ODMR setup is shown in Figure 21a and the position of the loop

antenna within the microcavity assembly is shown in Figure 21b. A R&S SGS100A was used
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(a) (b)

Figure 20: Schematic of the PCB trace loop antenna with the planar mirror on top and a
zoomed in image of the patterned grid on the mirror The PCB is made with Rogers 4350B and
interfaced with a 50 Ω SMP PCB connector. The loop was designed with a 1.6 mm diameter
and 0.5 mm loop thickness.

as the MW source which is amplified using a amplifier (Amplifier Research 20S1G4). A flexible

coaxial cable (Thorlabs SMGF6) was used as the final connection to the loop antenna. Flexibility

of the cable was necessary to allow free movement of the piezo assembly. This cable was

sufficient for room temperature experiments but not for low temperature measurements in

the dewar, where there is less space in the chamber for the wire to move and would be too

rigid, obstructing piezo movement. A cryogenic ribbon cable (Delft Circuits, Cri/oFlex 1) was

purchased to enable low temperature MW delivery without constraining piezo movement.

6.8 Photoluminescence Excitation Spectroscopy

This measurement of the NV ZPL linewidth involves sweeping the laser frequency through the

ZPL of the NV centre and measuring the collected intensity of the emission. This is used in

Chapter 7 to measure the ZPL linewidths of the NVs formed by MHz laser diffusion. The

NV is exposed to the 637 nm tunable laser and the wavelength of the laser is swept. When
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(a)

(b)

Figure 21: a) Electrical schematic of the ODMR system. All connections between each device
were made using SMA cables except for the semi-rigid cable (Thorlabs SMGF6). b) Schematic
of the microcavity assembly with the loop antenna.
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the laser wavelength matches the NV ZPL wavelength, the NV becomes excited and will emit

light. The photons from the NV PSB are collected. By recording the PSB photons with

respect to the wavelength of the laser, the spectrum of the NV ZPL can be acquired. This

method offers a spectral resolution limited by the linewidth of the laser(<200 kHz) in contrast

to a spectrometer, which is limited to tens of gigahertz which is insufficient to measure the

transform-limited linewidth (13 MHz). It is also possible to measure the ZPL by measuring the

transmission of the ZPL emission through a scanning Fabry-Pérot interferometer; however, this

approach would incur high losses due to mode matching to the Fabry-Pérot cavity, which would

slow down the measurement.118

The layout for the measurement is shown in Figure 22. A Newport tunable laser (TLB-

6704) was used for the resonant excitation sweeping and a 532 nm laser (Laser quantum Gem

532) was used for off resonant excitation and for resetting the charge state of the NV centre

(NV0 ⇒ NV−). The frequency was swept by applying a triangle voltage to the laser piezo

using a 16-bit DAQ (PCIe-6321) and the photon counts of the NV PSB were measured in the

same sequence. The frequency was measured using a wavemeter (HighFinesse WSU-30). The

measurements were performed using a lab-built confocal microscope coupled to a Montana

Instruments Cryostation s50 cryostat with a Zeizz (EC Epiplan-Neofluar 100x/0.90 BD DIC

M27) objective lens. The implementation of the 637 nm excitation optics and software control

was developed by me.
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Figure 22: Schematic of the photoluminescence spectroscopy setup. The thin lines represent
wired connections and the thick coloured lines represent optical paths. The optical paths going
towards the confocal microscope are fibre-coupled to deliver the optics through optical fibres.
The 637 nm optics, SPAD collection optics and hardware control/data acquisition programming
were developed by me. The 532 nm laser optics was aligned by Gareth Jones. Some of the
graphics used are from the ComponentLibrary by Alexander Franzen.
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Figure 23: Diagram of NV fabrication procedures using ion/electron irradiation with thermal
anneal and laser writing and diffusion. The laser writing process for vacancy generation involves
applying a single pulse to generate the vacancy and the diffusion process involves applying
multiple laser pulses with a lower power than the vacancy generation pulse to diffuse the
vacancy to a local nitrogen atom.

7 Photoluminescence spectroscopy of the MHz diffused NV

centres

7.1 Introduction

The laser writing and diffusion process of vacancies in diamond to form NV centres offers a

deterministic NV formation process and a stand-alone process in contrast to other methods

where the vacancy formation and diffusion processes are operated on different instruments. A

diagram of NV fabrication using Ion implantation with thermal annealing, electron irradiation

with thermal annealing, and laser writing with laser diffusion is presented in Figure 23. Laser

writing and diffusion have previously been demonstrated in HPHT diamond (1.8 ppm nitrogen
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concentration), where single NV emitters could be generated with a near 96% yield using a kHz

repetition rate laser.59 However, the NVs formed have undesirable ZPL linewidths, which are

likely due to the high nitrogen concentration of the sample. This leads to the motivation for

performing laser writing and diffusion in electronic-grade diamond (ppb nitrogen concentration)

to produce NV centres with narrow ZPL linewidths suitable for quantum applications. In recent

developments, laser-written NV centres have been fabricated in electronic-grade diamond. In

this chapter, Photoluminescence electron (PLE) spectroscopy as described in Section 6.8 is

used to characterise these laser-written NVs and the results are presented.

7.2 Results

The NV fabrication in the electronic-grade diamond was performed by Andrew Kirkpatrick and

the PLE characterisation was performed by me. NV centres were formed around 20 µm deep

from the surface of an electronic-grade diamond (Element 6) using a 520 nm, 280 fs pulsed laser

with a 1 MHz repetition rate. Figure 24 shows the confocal images of two sites A and B with

formed NV centres. From these sites, 15 NV centres were visible using the cryostat confocal

microscope. Out of the 15 NVs, 6 NVs showed ZPL peaks during the PLE scans, which have

been labelled. Figure 25 a and b shows a single PLE linewidth scan of NV centres B3 and B6

Figure 24: Confocal images of laser-diffused NVs in sites A and B. The NVs that showed peaks
in the PLE scans are labelled.
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respectively with a Voigt peak fitted to find the single scan linewidth of the ZPL.119 Both the

PLE single scans show a <100 MHz single scan ZPL linewidth. The average linewidth of the

single scan linewidths from each PLE scan of B3 and B6 was 34.2±1.0 MHz and 113.0±1.9

MHz respectively. The average linewidths of all the NV centres that were characterised are

shown in the histogram in Figure 25c.

Over several scans of the ZPL linewidth, the ZPL peak position can drift due to the local

charge environment.40 This is shown in Figure 26a for the B3 NV centre. For each PLE sweep

that showed a ZPL peak, the ZPL position changes. To characterise the extent of the drift of

the ZPL position, all of the single PLE sweep scans of that NV centre can be added together

and the peak can be fitted to characterise the spectral broadening of the ZPL. The summation

of the single PLE scans for NV centre B3 is shown in Figure 26b with a fitted linewidth. This

linewidth will be referred as the total linewidth. The total linewidths of the NVs that showed

ZPL peaks are also shown in Figure 26c. The total linewidths of the NVs found in site B are

narrower than those found in site A. To check if the narrowest ZPL linewidth scans (B3) were

affected by power broadening, a power saturation curve was fitted to the average linewidth

as a function of objective power. The trend was fitted with γ = γ0
√

1 + P/Psat where γ is

the linewidth, γ0 is the natural linewidth, P is the objective power and Psat is the saturation

power.120 The power broadening is a result of the non-perturbative solution for the population

of the excited state. The linewidth for the excited state as a function of excitation frequency

is equal to 2
√
γ20 +Ω2 where Ω is the Rabi frequency, which is proportional to excitation

power.121,89 When the excitation power becomes high, the population of the excited state

converges to half of the total population of excited and non excited states.

The power saturation fit is shown in Figure 27 showing a saturation power at 2 nW and a

natural linewidth of 13 MHz.
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(a) (b)

(c)

Figure 25: PLE single scans of NV ZPL for B3 (a) and B6 (b) respectively with Voigt functions
fitted to the peaks, and the histogram (c) of the average ZPL linewidth from the single scans
performed on each NV centre. The objective power of the 637 nm tunable laser used for the
scans was 40 nW and 50 nW respectively.
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(a) (b)

(c)

Figure 26: Determination of the total linewidth of the ZPL for the B3 NV centre. The single
sweep scans that show peaks (a) are added together (b) and the overall peak is fitted to
extract the total linewidth. The total linewidths of each NV characterised are presented in the
histogram (c).
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Figure 27: Power saturation measurement of the B3 ZPL.

7.3 Discussion

For generating entanglement, a target linewidth for the NV ZPL is to be less than 100 MHz.89

To measure the quality of the NVs fabricated, the Empirical Cumulative Density Function

(ECDF) of the NV single scan linewidth can be evaluated at 100 MHz to quantify the amount

of NVs that have linewidths below 100 MHz.69 This is shown in Figure 28 and the ECDF

evaluated at 100 MHz is 0.167. A comparison of the ZPL linewidth measurements to literature

is shown in Table 2. The average linewidth of the single scans for NVs formed using laser

writing and diffusion is broader than the linewidths formed by other methods. For the ECDF

of the linewidths, the ECDF below 100 MHz for the laser-written and annealed NV centres

was significantly lower than that of the NV centres formed by other methods. This may imply

that the laser diffusion process is producing NVs with broader ZPL linewidths and that the

process needs to be further improved to obtain NVs with narrow linewidths. Another possible

explanation is that the linewidths were power broadened. For the narrowest linewidth NV, the

lowest power used to obtain the PLE scans was around 50 nW, which was larger than the power

saturation (2 nW), suggesting that the linewidths obtained were power broadened. The total
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Figure 28: Empirical cumulative distribution function of the NV ZPL single scan linewidths of
the MHz laser written and diffused NV centres.

Author GR1
formation
method

GR1
diffusion
method

Depth (µm) Average
linewidth
(MHz)

ECDF(100
MHz)

A Kirkpatrick (This work) Laser writing Laser
diffusion

20 186 0.167

V Yurgens [69] Laser writing Thermal
anneal

2 62.1 0.923

V Yurgens [69] Laser writing Thermal
anneal

7 62.1 0.909

V Yurgens[69] Laser writing Thermal
anneal

25-40 74.5 0.811

Y Chen [58] Laser writing Thermal
anneal

50 98.2 0.583

Y Chen [58] Laser writing Thermal
anneal

50 95.2 0.739

M Ruf [57] Electron
irradiation

Thermal
anneal

∼1.9 39.0 -

Table 2: Summary of the average single scan linewidths and empirical cumulative distribution
function evaluated at 100 MHz linewidth for NV ZPL linewidths from different fabrication
methods in literature.
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linewidths of the NVs formed in site A were broader than the NVs found in site B, indicating

that more spectral diffusion was observed in site A than site B. This suggests that the local

lattice around site A had more charge defects than site B.40

There were also difficulties in measuring linewidths at lower excitation power and this is

described in Figure29a, where the rate of ZPL peak presence per sweep was low at the lower

objective powers. There is a maximum in the peak presence rate at around 300 nW. The

peak presence rate can be described by the competition between the ZPL peak intensity, which

increases with objective power and the photo-ionisation rate, which also increases with objective

power. When the ZPL peak intensity increases, it becomes easier to measure the NV ZPL.

However when the photo-ionisation rate increases, the chance of NV− → NV0 charge state

transition occurring increases so no ZPL peak is detected.

The photo-ionisation of the NV− centre to the NV0 state can also occur during the scan

as shown in Figure29b, where there is a steep decline in counts at around -50 MHz frequency

detuning. The linewidths of photo-ionised peaks will be narrower than the ZPL linewidths

measured for ZPL peaks that have not been photo-ionised. If the photo-ionised linewidths are

included for the average single scan linewidth, the average linewidth will be lower than the actual

average. For this reason, the linewidths measured from photo-ionised peaks are discarded.

The difficulty in obtaining ZPL linewidths at lower objective powers may be due to mis-

alignment of the optics, causing low excitation and collection efficiencies. Another reason could

be the operation of the PLE sweep. In this PLE measurement, the resonant laser is continu-

ously sweeping across the ZPL so the NV is being excited resonantly for a longer period, which

increases the chance of photo-ionisation to the NV0 state. Another consequence is that when

the charge state is reset with a 532 nm pulse, the ZPL peak position changes and broadens

the measured total linewidth. A comparison with operating PLE using discrete frequency steps

with amplitude modulation57,69 should be made to determine if the linewidths are dependent

on the PLE measurement method.
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Figure 29: (a) Rate of a peak presence per sweep for different objective powers. (b) PLE single
line scan showing photo-ionisation occurring during the sweep. This leads to a peak fit that
underestimates the actual linewidth. Sweep was performed with 500 nW objective power.

7.4 Conclusion

The ZPL linewidth of NV centres formed by laser writing and laser diffusion in electronic-grade

diamond has been characterised. The average linewidth and the Empirical cumulative distribu-

tion function of the ZPL linewidth at 100 MHz were 186 MHz and 0.167 respectively, implying

that the laser diffusion process needs to be improved to be reliably used for fabricating NV cen-

tres for quantum entanglement. The power saturation measurement suggests that the linewidth

measurements were power broadened and that the natural linewidths could be narrower. Fur-

ther investigation into these NV centres would involve measuring the strain environment of the

NV centres.
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8 Cavity Locking

8.1 Introduction

Locking the cavity length is essential for open-access microcavity structures, which are suscep-

tible to drift. For the application of cavity coupling to NV centres, the drift would decouple the

cavity mode from the ZPL and reduce the ZPL emission, which would decrease the entangle-

ment rate. In this chapter, the performance of the cavity fringe stabilisation described in Section

6.4 is characterised for locking the cavity and demonstrates its application in cavity-coupled

continuous-wave ODMR of NV centres, which is described in Section 6.7.

8.2 Cavity locking performance

To assess the performance of the cavity fringe stabilisation, the spectra of the cavity modes

were monitored over time. The cavity coupling setup was placed in an optical enclosure and

mounted on a passive optical table to minimise vibrations that can decouple the cavity. Figure

30 shows the cavity modes taken 10 seconds and 10 minutes since the beginning of cavity

locking using a 300 blaze grating. The inset of Figure 30 shows that the peak profile of the

strongest mode has not changed for 10 minutes, indicating that the locking is strong enough to

maintain the cavity length within the resolution of the spectrometer. However, there are also

changes in the intensity of the transverse modes during the 10 minutes of locking, indicating

that there is a lateral shift of the concave mirror. This is expected as the feedback can only

compensate for the cavity length.

8.3 Cavity coupled continuous wave ODMR

When Continuous Wave (CW) microwave power was delivered to the loop antenna for ODMR,

high microwave power is needed to observe the spin transition. However, applying high mi-

crowave power introduces heat. This heat would cause thermal expansion to the cavity assembly,

leading the longitudinal mode to drift off resonance. The cavity fringe locking was able to com-
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Figure 30: Optical spectrum of the cavity modes taken 10 s and 10 min after the start of the
cavity locking. The modes are formed with a 4 µm RoC concave mirror. The inset plot shows
the longitudinal mode at around 669 nm.

pensate for this drift and was also used to observe how applying microwaves affects the drift.

Figure 31 presents the effects of how changing microwave power, frequency, and frequency

sweeping rate affect cavity drift over time. Each plot contains three subplots that represent

monitoring the drift for three events: delivering the microwaves to the antenna; applying the

cavity locking after 5 minutes and then removing the locking and microwave delivery. The gen-

eral observations of each of these events will be discussed first before looking at each parameter

sweep in detail. In all the plots in Figure 31, it is shown that introducing microwave power will

cause the cavity length to drift and over time, the drift appears to saturate. The extent of the

drift is affected by the microwave power and frequency.

Upon applying the locking, the locking can compensate for most of the drift after 5 minutes

of applying microwave power, to within a few hundred nanometres of the setpoint. This would

not be suitable for cavity coupling to narrow linewidths such as the NV ZPL, where the coupling

would be lost upon introducing microwave power.
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Figure 31: Plots of cavity drift against time for varying microwave power (a), microwave
frequency (b) and microwave sweep rate (c). The dynamic frequency sweep range is 2.6 GHz-
3.0 GHz. Each plot contains three subplots representing the start of the microwave delivery,
applying the cavity locking after 5 minutes and removing the microwaves and locking to the
cavity.
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Figure 32: Maximum displacement introduced to the cavity by delivering continuous microwaves
at different frequencies

When the microwave delivery and locking are removed from the cavity, the cavity length

drifts in the reverse direction to when the microwaves were being applied.

In Figure 31a, the power sweep shows that increasing the microwave power increases the

drift of the cavity. This is expected as higher power would generate more heat, leading to

further thermal expansion and drift. For the frequency sweep shown in Figure 31b, there is a

minimum in peak drift that occurs around 2.7 GHz. This is emphasised in Figure 32 and may

correspond to the resonant frequency of the antenna.

When the microwave frequency is continuously swept as shown in Figure 31c, the cavity

is drifting periodically in relation to the frequency. The period of the oscillation is related to

the frequency step size and the amplitude of the oscillation decreases with increasing frequency

step size. This further supports that there is a frequency dependent drift as shown in the

static frequency sweep. There is also a decrease in amplitude of the oscillating drift when

the frequency step increases, which could be explained by the drift response being unable to

respond quickly enough to the change in frequency. When the locking is active, it is unable to

respond strongly enough to cancel out this periodic drift.

For cavity coupling to the NV PSB which has a broad linewidth, the locking can maintain

resonance with the NV PSB, allowing for cavity-coupled ODMR to be performed and this is
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Figure 33: Screenshot showing a plot of the CW ODMR sweep for a cavity-coupled 100 nm
Nanodiamond containing 1000s NV centres (FND biotech brFND-100). The plot was averaged
over 100 scans and was taken using Qudi.126 The position and FWHM of the signal are shown
in the inset. The ODMR linewidth is expected to be broader due to the ensemble of NVs
present and its linewidth is consistent with those reported in the literature.125

shown in Figure 33. The ODMR linewidth is dependent on the dephasing rate of the electron

spin of the NV centre, which depends on the amount of charge defects and spin impurities

in the diamond host.122,123 By using diamond with a low concentration of 13C isotopes, the

ODMR linewidth in bulk diamond can be reduced to the kHz scale.124 For nanodiamonds

containing around 500 NV centres, the ODMR linewidth value ranges between 10-30 MHz125.

The nanodiamonds used in this thesis contain 1000s of NV centres, so the ODMR linewidth of

14.6 MHz is within expectation.

8.4 Discussion

From the locking performance, this cavity fringe stabilisation presents an alternative approach

to locking the cavity length for long-term cavity-coupled devices such as single photon sources,

where previous attempts have been to use glue to stabilise the cavity passively. Compared to

other active locking methods such as Pound-Drever-Hall (PDH)127, this method offers a simpler

approach as it requires components that most home built confocal systems already have or can

be obtained at relatively low cost. These components are: widefield imaging, cavity illumination

and fine control of the cavity length.

The locking stability measurement was limited by the resolution of the spectrometer (0.13
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nm). Microcavity stability of 4.3 pm128 and 0.5 pm129 has been shown using passive vibration

isolation with a helium dewar. Since the measurements in this thesis were performed outside

the dewar, a higher resolution stability measurement of the microcavity in the dewar would

be necessary to compare the locking performance. This measurement can be achieved by

using a higher resolution grating for spectroscopy or by sweeping a narrow linewidth laser and

monitoring the cavity reflection/transmission.

However, the fringe stabilisation locking is unable to recover the setpoint wavelength for

large amounts of drift that occur before activating the locking and for faster drift, which

occurs when the microwave frequency is continuously swept. To minimise the error in locking

performance, the locking setpoint should be set after the majority of drift has been introduced,

which for this case would be applying the microwave input and allowing the drift to saturate.

To minimise the fast drift, the feedback could be improved by tuning the PID parameters or

by sweeping the microwave frequency more slowly, allowing the locking to have more time to

correct the drift.

Within the scope of cavity-coupled spin control for NV centres, pulsed microwave sequences

would be applied when the cavity is coupled instead of CW ODMR, which is used for charac-

terisation. The pulsed sequences would send microwave pulses on the order of microseconds.

For a continuous wave microwave delivered at the highest power as shown in Figure 31a, the

steepest drift over time was around 315 nm s−1 when the microwave power is introduced and

375 nm s−1 when the microwave power is removed. This suggests that the maximum drift

introduced by the microsecond microwave pulse would be around 0.315 pm of drift. This drift

would be enough to detune the cavity from the ZPL linewidth (0.02 pm) and on a timescale

faster than this cavity locking procedure can compensate for. However, the spin manipulation

and optical readout are performed sequentially, so after the microwave pulse is delivered, a delay

can be introduced to allow the cavity to recover from the drift and minimise the detuning. To

increase the locking frequency, faster data acquisition from a higher frame rate camera and

more computing power would be required to increase the data processing speed. The higher
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frame rate would also mean that there is a shorter exposure time, so the brightness of the LED

would need to increase to ensure the signal acquired is strong enough to acquire the interference

fringes.

8.5 Conclusion

Cavity fringe stabilisation has been implemented in a low temperature capable open-access

microcavity system. The locking can maintain the cavity length against passive drift, but is

unable to lock against large and fast amounts of drift introduced by microwave input. Solutions

to improve the locking could be to improve the feedback response or to reduce the amount of

drift introduced by the microwave source. The drift can also be minimised by depositing the

antenna on the cavity mirrors, which reduces the antenna distance to the NV and the power

required to excite the spin transition.
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9 Aberration corrected cavity coupling

9.1 Introduction

In this chapter, the effect of how aberrations in the microcavity affect the collection effi-

ciency will be explored. The collection efficiency is defined as the fraction of the intensity of

light collected through a pinhole from the sample over the intensity of light collected from a

diffraction-limited source. A diagram showing how the aberrated light affects the collection

efficiency is shown in Figure 34. The light is collected from the sample with an objective lens.

Aberrated light will have an aberrated wavefront whilst diffraction-limited light will have a planar

wavefront. When the aberrated light is refocused, the spot formed will have a broader inten-

sity profile than the diffraction-limited spot, resulting in less light being transmitted through

the pinhole and a lower collection efficiency. Lower collection efficiencies will lead to longer

Figure 34: Diagram of how collection efficiency is determined. The pinhole diameter is set to
match the diameter of the diffraction-limited spot.

acquisition times and entanglement rates for photon based entanglement. This chapter will

explore the microcavity aberrations by first presenting a model calculating the spherical aber-

ration introduced by transmission through the planar mirror substrate. Then the results of

the experimental measurements showing how applying aberration correction to cavity-coupled

NV centres affects the power saturation and the cavity mode spectrum will be presented and
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discussed.

9.2 Modelling the spherical aberration within the microcavity

9.2.1 Introduction

The spherical aberration from the hemispherical micro-cavity emission can be modelled using

Gaussian optics and the aberration equation. This model can be separated into three steps:

cavity mode excitation and emission; transmission and aberration through the mirror substrate

and collection into the single-mode fibre. This is illustrated in Figure 35 and the following

sections will describe these steps and the results of the model.

Figure 35: Schematic description to modelling the effect of aberrations to the cavity emission
.

9.2.2 Cavity mode formation and emission

The amount of spherical aberration is related to the effective numerical aperture (NA) of the

light that is being collected. This is normally determined by the numerical aperture of the

objective lens NAobj , which is the limit for the angle of light that can be collected from the

emitter. However for cavity mode emission, if the numerical aperture of the cavity mode

emission NAcavity, is less than the objective lens (NAcavity< NAobj), the numerical aperture of

the cavity mode emission will be the effective numerical aperture of the collected beam. This
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Figure 36: Diagram of the light collection by the objective lens from a point source emitter and
a cavity mode.

RoC (µm) NA
4 0.36
8 0.30
12 0.27
25 0.22

Table 3: Calculated numerical apertures of the cavity mode with
λ = 637nm and L = 1λ.

is shown visually in Figure 36.

For a hemispherical microcavity with set cavity length L and radius of curvature of the

concave cavity mirror R2, the minimum beam waist and numerical aperture of the cavity mode

can be calculated using Equations 5.16 and 5.21, which have been restated below.

NA = n sin(θ) = n sin(
λ

πω0
) (5.16 revisited)

ω2
0 =

λ

π

√
R2L− L2 (5.21 revisited)

The radius of curvature (RoC) of the concave mirrors on the substrate was 4 µm, 8 µm, 12

µm and 25 µm. For a cavity mode with a wavelength of λ = 637 nm and a cavity length of

L = 1λ (q = 2) which is the shortest cavity length possible, the maximum possible numerical

aperture values for each RoC are shown in table 3. As the microcavity dimensions approach

the wavelength scale, the approximation of using ray optics breaks down.130 To further validate

these numerical aperture values of the cavity emission, FDTD simulations using Lumerical131
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were performed to model the far field emission of the cavity emission vs RoC.

The simulation was built by generating the microcavity geometry of the planar mirror and

concave mirror with DBR mirror layers of SIO2 (n = 1.46) and Ta2O5 (n = 2.12) within

the software. The planar mirror has N = 10 pairs of DBR mirror coatings and the concave

mirror has N = 16 pairs of DBR mirror coatings. The cavity length was set to 637 nm and a

broadband dipole source with a wavelength of 637 nm and a bandwidth of 50 nm was placed

on the planar mirror to excite the cavity mode. A far-field monitor was placed outside the

cavity on the planar mirror side to measure the emission from the cavity mode. This simulation

model was developed by me. In Figure 37, the intensity of the far field emission shows most of

Figure 37: FDTD simulation of the normalised far field intensity profile of the cavity mode
emission through the planar mirror direction for hemispherical cavities with different radii of
curvature. The cavity length was set to q = 3 and DBR mirror reflectivity R1 = 99.8%, R2 =
99.99%.
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the energy radiates within the range 0.2 < NAcavity < 0.4, which compares well to the values

calculated using the paraxial approximation. This supports that the values of the numerical

aperture for cavity mode emission are less than the numerical aperture of the objective lens

(NAcavity < 0.82), so the effective numerical aperture used in the spherical aberration equation

is determined by the microcavity.

9.2.3 Spherical aberration through the mirror substrate and collection

The cavity mode will transmit through the mirror substrate and the refractive index mismatch as

well as the mirror substrate thickness will introduce spherical aberration to the cavity emission

as it leaves the substrate. The method of modelling the collected intensity is the same as

shown in Section 5.8.3 and the results of the model are shown in Figure 38. Figure 38 shows

the normalised intensity collected against the NAcavity through the planar mirror. The intensity

starts to reduce when the NAcavity increases above 0.25 and rapidly decreases when the NAcavity

is between 0.4 and 0.65, and then continues to steadily decrease when the NAcavity is above

0.65. Using thicker substrates shows an earlier reduction in intensity starting at lower NA values

compared to using thinner substrates.

For the microcavities used in the experiment, the maximum expected NA range of the cavity

mode emission is 0.22 < NAcavity < 0.36 and the planar mirror substrate thickness is 200 µm.

Within these parameters, this model predicts that the decrease in intensity due to spherical

aberration from the mirror substrate will be less than 10 %. The following section presents the

experimental results of aberration correction on the micro cavity emission.

9.3 Microcavity aberration

9.3.1 Power saturation measurement

Aberration analysis on the microcavity was performed using open-loop aberration correction132

on cavity-coupled NV centres and taking power saturation measurements before and after

aberration correction. The open-loop aberration correction process involves applying Zernike
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Figure 38: Normalised collected intensity profile against the numerical aperture of the cavity
mode emission with spherical aberration introduced by the mirror substrate. Profiles are evalu-
ated at λ = 637 nm and with different substrate thicknesses with n2 = 1.5. The shaded region
covers the NA of the cavities available for this study. This model was scripted in MATLAB by
me.

polynomials to the deformable mirror and sweeping the amplitude of the Zernike polynomial.

The collected intensity is monitored to find and apply the amplitude that maximises the inten-

sity. This process is repeated for each of the Zernike polynomials to find the effect of each

Zernike polynomial. The optical excitation power was set to 4 mW to power saturate the NV

fluorescence. This ensured that any increase in collected intensity with aberration correction

was associated with an enhancement of collection efficiency rather than excitation efficiency due

to the decrease in the excitation spot size. Aberration correction was applied initially on the NV

centres through the planar mirror and before cavity coupling to correct for any aberrations from

the confocal system and the planar mirror. The amplitudes of the Zernike polynomials applied
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before cavity coupling are used as the reference values for any aberration correction after cavity

coupling. After the cavity modes have been formed, further aberration correction is applied

to study the aberration introduced by the microcavity. The RoC of the concave mirror used

(a) (b)

Figure 39: Power saturation and spectrum of a 5µm RoC hemispherical cavity before and after
applying aberration correction. Power saturation plots are fitted using Equation 6.2

was 5 µm and the NAcavity was estimated to be around 0.35. From Figure 38, for a 200 µm

thick substrate and NA = 0.35, the model predicts a 2.8 % increase when applying aberration

correction. Figures 39a and b show the power saturation curve and spectrum of cavity-coupled

NV centres before and after aberration correction. The saturation intensity and power have

increased around 7 % and 4 % respectively after applying aberration correction, which would

give an effective increase of around 3 %, which compares well to the model. However, the

cavity mode spectrum shows that this cavity was primarily coupled to the l+m=1 mode and

that there was an increase in collected intensity of the TEM00 peak and a decrease in the

TEMl+m=1 peak after aberration correction. The shift in cavity mode peak positions is likely

due to a drift in the mirror position, changing the cavity length.
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9.3.2 Cavity multi mode measurement

To further investigate the effect of how the aberrations affect the collection of the TEM00

and the higher order cavity modes, the spectrum of a multi-mode cavity is taken for different

amplitudes of a Zernike polynomial applied to the deformable mirror. This was achieved by

first applying aberration correction on the emitter before cavity coupling to define reference

amplitudes for each of the Zernike polynomials. Then the cavity is closed to support multiple

modes and the cavity mode spectrum is measured for different amplitudes of each Zernike

polynomial. Figure 40 shows the multi-mode cavity spectrum under the effects of different

amplitudes of primary spherical aberration.

Figure 40: Spectrum of a multi-mode 25 µm RoC hemispherical microcavity with a longitudinal
mode index q=18 and primarily coupled to the TEM00 mode. The (l+m)even modes are coupled
stronger than the (l+m)odd modes. The spectra were taken for 30 s at varying amplitudes
of primary spherical aberration applied to the deformable mirror. The amplitude of primary
spherical aberration was ±0.4 radians from the reference amplitude determined by the open-
loop aberration correction. The total transverse mode index of the peaks are labelled above
the peak.

81



Cavity mode wavefront decomposition For comparison of the Zernike polynomial sweep

for the higher-order cavity modes, the wavefront of the Hermite-Gaussian cavity modes is

fitted to the Zernike polynomials to find which aberrations are expected to have the strongest

contributions to the wavefront. Figure 41 shows the amplitudes of the Zernike polynomials of

the first eight radial degree components (n) for each of the Hermite Gaussian cavity modes. The

plots of the aberration components for each mode are grouped by the sum of their transverse

mode index l+m = 1 (a), l+m=2 (b) and l+m=3 (c), to aid comparison. The cavity modes

with odd sums of the transverse indices (l+m=1 and l+m=3) show that most of the significant

aberrations that contribute to the wavefront are from the Zernike polynomials with odd indices

of the azimuthal degree, Zmodd
n (coma, trefoil and pentafoil), whilst the modes with even

sums of the transverse mode indices (l+m=2) shows that most of the contribution comes

from the Zernike polynomials with even indices of the azimuthal degree Zmeven
n (astigmatism,

quadrafoil and spherical aberration). This implies that the collected intensity of cavity modes

with odd/even sums of the transverse indices will improve by applying Zernike polynomials with

odd/even indices of the azimuthal degree respectively.

Cavity measurement 1 To present the effects of applying Zernike modes for each peak

as seen in Figure 40, the intensities for each l+m cavity mode index are normalised to the

intensity with the reference amplitude of the Zernike polynomial and presented as a bar plot

for each cavity mode index. Figure 42 shows the relative changes in intensity when the primary

astigmatism, primary coma and the first, second and third order spherical aberrations are

individually swept. For the astigmatism sweeps, the most significant increase of 11 % in intensity

is seen for the l+m=2 cavity modes when the oblique astigmatism is swept. This supports

the observations in Figure 41 that astigmatism is one of the major components contributing

to the wavefronts of those modes and can be corrected to improve the collection of the cavity

mode. There is also an 11 % increase in the fundamental mode l+m=0. There are also smaller

increases of 2% in the vertical astigmatism sweep for the l+m=1 and l+m=2 cavity modes.
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(a)

(b)

(c)

Figure 41: Amplitudes of the Zernike aberrations fitted to the TEMlm wavefronts. The plots
are grouped by the sum of their transverse mode index (l+m).
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Figure 42: Bar plots of the intensity of the cavity mode peaks under the effects of spherical
aberration, astigmatism and coma of different amplitudes. The cavity is coupled using a 25 µm
RoC concave mirror. Peak intensities are normalised to the midpoint amplitude.
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Likewise for the coma aberration sweeps, the most significant increases are observed for the

l+m=1 and l+m=3 cavity modes when the coma x aberration is swept, where improvements

of 170 % and 39 % can be seen respectively. There are also smaller increases shown in the

coma y sweep for the modes l+m=0, l+m=1 and l+m=2 showing increases of 8 %, 36 %,

and 29 % respectively. Compared with the astigmatism aberration sweeps, the coma aberration

sweeps show a greater increase.

For the spherical aberration sweeps, the l+m=1 cavity modes show increases with secondary

(62 %) and ternary (61 %) spherical aberration. This was unexpected as the theory predicted

they would be unaffected by spherical aberration.

Cavity measurement 2 Another aberration sweep is taken for the same cavity but in a cavity

mode configuration which is primarily coupled to the TEM01 mode. These results are presented

in Figure 43. The aberrations affect the collection of the modes for this cavity configuration

differently compared to the previous measurement in Figure 42. For the astigmatism y sweep,

there are increases in intensity when the amplitude is swept for the cavity modes with l+m=0,

l+m=2 and l+m=3 of 12 %, 9 % and 9 % respectively. The increase in intensity for l+m=3

cavity modes was unexpected as the theory did not predict astigmatism to have any contribution

in Figure 41. For the l+m=2 cavity modes, there was a concave profile where applying both

±0.4 waves for astigmatism y increased the intensity. For astigmatism x, there were increases

in intensity with the l+m=0 and l+m=3 modes of 12 % and 14 % respectively.

For the coma aberration, the larger increases are seen in the (l+m)even cavity modes instead

of the (l+m)odd cavity modes as seen in Figure 42. For the coma x sweep, there was a 14 %

increase with the l+m=0 cavity mode and a 1 % increase with the l+m=2 cavity mode. For

the coma y sweep, there were increases in intensity for the l+m=0, l+m=2, l+m=3 modes of

27 %, 22 % and 7 % respectively.

For the spherical aberrations, there are little to no increases when sweeping for any of the

spherical aberrations. There was a 2% increase in intensity for the l+m=0 modes by applying
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Figure 43: Bar charts of the relative peak intensities of the cavity modes for different amplitudes
of the Zernike polynomial applied to the deformable mirror for the 25 µm multimode cavity,
which is strongly coupled to a TEM01 mode. Peak intensities are normalised to the intensity
obtained using the reference amplitude.
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primary spherical aberration and l+m=1 modes by applying secondary spherical aberration,

and a 4% increase for the l+m=3 modes by applying tertiary spherical aberration.
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9.3.3 Effects of aberration correction on higher order modes

To further understand how the aberrations applied during the amplitude sweeps affect the

intensity of the modes, the intensity profiles of the cavity modes were modelled with the Zernike

polynomials applied to the cavity mode wavefront (Ψ = Ψcavity + aZm
n ). The method of

modelling the intensity profile is the same procedure as described in Section 5.8.3. The effect

of the pinhole position will also be explored to show how the lateral drift of the cavity away

from the optical axis affects the collection as well as how the rotation of the cavity mode

affects the response in collected intensity when applying aberrations. The intensity profiles of

the TEM01 cavity mode under the effects of different aberrations being applied to the cavity

mode wavefront are shown in Figure 44.

Most of the intensity profiles show a reduction in intensity when the aberrations are applied

to the wavefronts of the TEM01 mode. Significant changes are observed when coma aberration

is applied. The coma x aberration shows the effect of shifting the intensity distribution along

the x-axis, so the intensity of one lobe increases while the intensity of the other lobe decreases.

The effects of the aberrations on the TEM01 mode and the other cavity modes are shown

in Figures 45 and 46 when the pinhole is collected in two different positions. Figure 45 collects

intensity from one of the brightest lobes of the mode, and Figure 46 collects the intensity

from the centre of the cavity mode. The results of the TEM10, TEM20, TEM30 and TEM21

cavity modes have been excluded because they show similar results to their rotated equivalents

(TEM01, TEM02, TEM03 and TEM12) but the response in intensity occur in the coma y

aberration instead of the coma x aberration.

In Figure 45, the changes in intensity show that the coma aberrations in general, will increase

the intensity of the collected lobe. The cavity modes that have lobes in the x-axis (TEM01,

TEM02, TEM03) show improvement with coma x aberration whilst the cavity modes with lobes

along both the x and y-axis (TEM11, TEM12) show improvement with both coma x and coma

y aberration. This can be interpreted as the coma aberration shifting the intensity of the lobes

along the axis of the coma aberration.
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Figure 44: Intensity profiles of the TEM01 mode under the effects of aberrations applied to the
wavefront. The theoretical applied aberration profiles are shown in the inset of each Figure.
For comparison, the phase profile for the TEM01 mode is shown in the inset of the figures for
the central column.
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Figure 45: Bar plots of the normalised intensity of the upper leftmost brightest lobe circled of
the cavity modes under the effects of aberrations with different amplitudes. The lobe intensity
that is collected by the pinhole is circled in red.
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Figure 46, shows a different response in collected intensity when collecting intensity from

the centre of the cavity mode. The collected intensity increases only with oblique astigmatism

for the cavity modes with lobes in both directions (TEM11 and TEM12).

9.3.4 Effects of aberration correction on rotated cavity modes

The axis of the cavity modes could be rotated relative to the axis of the deformable mirror,

which will change the response of the collected intensity when aberrations are applied. This

effect can be studied in the model by rotating the wavefront of the applied Zernike polynomial.

Figures 47 and 48 show the responses of the collected intensity of the cavity modes when

collecting light from the brightest upper left lobe and the centre of the mode respectively.

When the intensity is collected from one of the brightest lobes, the effect of rotation changes

the response in intensity when applying the coma aberrations. Previously, for the cavity modes

with the lobes along the x-axis (TEM01, TEM02 and TEM03), the coma x aberration had the

effect of shifting the intensity distribution of the lobes along the x direction. The effect of

rotation reduces the response in intensity with coma x aberration as the direction of the cavity

lobes rotates away from the x-axis and increases the response with coma y aberration.

In Figure 47, the TEM01, TEM02 and TEM03 modes show that the 45◦ rotation reduces

the response with coma x aberration and increases the response with coma y aberration to have

equal absolute change in intensity with amplitude. For the cavity modes with lobes in both

directions of the axes, the rotation has the effect of shifting the response in intensity with both

directions of coma aberration to one direction. This is seen in the TEM11 and TEM12 modes

where the 45◦ rotation has shifted the response in intensity to only the coma y aberration.

When the intensity is collected from the centre of the cavity mode as shown in Figure 48,

there is only a change in response for the cavity modes with lobes in both directions. For the

TEM11 and TEM12 modes, the effect of the 45◦ rotation reduces the intensity change with

oblique astigmatism and increases the change with vertical astigmatism until the response is

entirely dependent on vertical astigmatism.
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Figure 46: Bar plots of the collected intensity of the cavity modes under the effects of aberrations
with different amplitudes when the light is collected in the centre of the cavity mode.
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Figure 47: Bar plots of the normalised intensity of the lobe circled in red of the cavity modes
rotated 45◦clockwise under the effects of aberrations with different amplitudes.
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Figure 48: Bar plots of the normalised intensity collected in the centre of the cavity modes
rotated 45◦clockwise under the effects of aberrations with different amplitudes.
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From the results of the model, the effect of applying aberrations appears to shift the

intensity of the cavity mode laterally. Applying coma aberrations will shift the intensity of the

cavity mode along the direction of the coma aberration, as shown for the TEM01, TEM02 and

TEM03 modes. Appling astigmatism shifts the intensity towards the centre of the cavity mode,

which can be seen for the TEM11 and TEM12 modes. The effects of rotating the cavity mode

axis relative to the deformable mirror axis shift the intensity response from having responses

with single components of coma to having responses with both components of coma and vice

versa. For astigmatism, the effect of rotation shifts the astigmatism response towards the other

component, which previously had no response with no rotation.

This analysis may explain the observation in the increases in intensity with coma aberration

for the (l+m)=1, (l+m)=2 and (l+m)=3 cavity mode peaks and how there was a increase in

intensity with astigmatism for the (l+m)=2 and (l+m)=3 cavity mode peaks. The model also

did not show any improvements when applying any of the spherical aberrations.

9.4 Discussion

From the power saturation measurement, the increase in effective saturation intensity (3%)

compares well with the spherical aberration model for the microcavity, which predicted around

a 3% loss. However, this cavity was primarily coupled to a higher-order TEM01 mode. Since the

spherical aberration model is only dependent on the substrate thickness, substrate refractive

index and NA, the result should be consistent for the higher-order modes.

A spectral investigation on the effects of the individual aberrations on the intensity of higher-

order cavity modes was made to observe how the aberrations affect the collection of higher-order

cavity modes. For the fundamental TEM00 peak in both measurements, the spherical aberration

sweeps showed little to no increase. This suggests that the collection was near optimal to the

Zernike polynomial amplitudes set before closing the cavity and that there was little to no

spherical aberration in the cavity mode. The astigmatism and coma amplitude sweeps showed

that there is an increase in the TEM00 mode collection with astigmatism and coma aberration,
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which was not predicted by the Zernike polynomial fit. This may be explained by the TEM00

peak overlapping with higher-order transverse modes with a lower longitudinal mode (q-1). The

increase could also be explained by the concave mirror shape having some ellipticity. This could

form an elliptical cavity mode, which introduces astigmatic aberration and can be corrected for

by aberration correction.

For the higher-order modes, there was an increase in intensity when sweeping the second-

and third-order spherical aberrations, as well as the coma and astigmatism aberrations. For the

spherical aberrations, there was a significant increase in intensity of around 60 % with the first

measurement shown in Figure42. However, it was not observed for the second measurement.

This observation could not be explained by the spherical aberration model, Zernike polynomial

fits to the wavefront or the intensity profile modelling.

For the coma aberrations, the Zernike polynomial fits showed that the (l+m)odd cavity

modes had components of coma aberration, so applying coma correction was expected to

improve the collection of the cavity mode. This was observed in the sweeps in Figure 42,

but for the second measurement in Figure 43, applying coma aberration showed increases in

intensity for the l+m=2 cavity mode peak. From the cavity intensity profile modelling shown

in Figure45, the effects of coma increase the intensity for the l+m=1, l+m=2 and l+m=3

cavity modes if the pinhole is collecting the light from one of the brightest cavity lobes. This

may explain the results of the experiment if the cavity had drifted laterally so the pinhole was

collecting light from one of the brighter lobes.

For astigmatism, the Zernike polynomial fits showed that the (l+m)even cavity modes had

significant components of astigmatism. This was generally supported by the significant increases

in intensity with astigmatism, which were seen with the l+m=2 cavity modes, but the l+m=3

cavity modes also showed improvement with astigmatism. From the intensity profile modelling

results in Figure 46, the TEM11 and TEM12 cavity modes showed an increase in collection with

astigmatism when the pinhole is positioned to collect light from the centre of the cavity mode.

This could explain the increases in intensity for the l+m=2 and l+m=3 cavity modes.
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Figure 49: Rings of the apertures exposed on the deformable mirror for different values of NA.
The aperture of maximum NA is NAobj = 0.82 is shown by the green ring and the red rings
show the possible apertures of the cavity modes.

The reduced NA of the cavity mode emission also limits the ability of the deformable mirror

to apply aberration correction. The reduced NA will result in a smaller beam diameter of the

collection emission and a smaller area exposed to the deformable mirror. This is shown in

Figure 49, where the circles represent the beam diameter of the collected light for different

values of NA. The NA values used in the power saturation and multi-mode analysis were 0.35

and 0.13 respectively. The Zernike polynomials are applied to the deformable mirror actuators

that affect the area of the full aperture of the objective lens (NA = 0.82). When the NA of

the emission is reduced, the collected wavefront only becomes affected by the central part of

the Zernike polynomial, which reduces the ability to apply aberration correction. Even if the

Zernike polynomial were applied to a smaller diameter of the deformable mirror, there would

be fewer actuators to apply the Zernike polynomial across, which limits the shape of the profile

the deformable mirror can apply and reduces the aberration correction.

Within the scope of cavity coupling to the ZPL of the NV centres, the ZPL will be primarily

coupled to the TEM00 mode, so the main source of aberrations will be from the spherical aber-
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ration introduced when transmitting through the mirror. The correction of spherical aberrations

has shown low improvement in intensity because of the low NA of the cavity modes. This may

become more significant when using shorter cavity lengths for strong coupling of microcavities.

9.5 Conclusion

In summary, an aberration model is presented looking at how spherical aberration introduced

through the planar mirror of the hemispherical microcavity affects the collection efficiency. The

losses associated with spherical aberration were predicted to be low due to the low numerical

aperture of the cavity mode emission and the thin mirror substrate thickness. This was sup-

ported by the power saturation intensity measurement and the spectral measurements on the

TEM00 mode. This model will be useful for modelling the spherical aberration of NVs coupled

to Fabry-Pérot microcavities where the cavity mode transmits through the mirror substrate,

especially when the numerical aperture of the cavity mode emission is expected to be high or

thicker mirror substrates are used.
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Figure 50: Schematic of the confocal system collecting light from a NV centre under a SIL.

10 Aberrations in solid immersion lenses

10.1 Introduction

Solid immersion lenses (SIL) are another method for enhancing light collection from NV centres.

SILs have been used to improve the entanglement rate between NV centres17 by enhancing the

collection efficiency. A schematic of light collection of an NV centre through a SIL is shown in

Figure 50. When the NV is positioned in the centre of the SIL, the SIL maximises the collection

by ensuring the NV emission radiates at normal incidence to the surface of the SIL, so no

spherical aberration is introduced when the emission exits the diamond/air interface. However

if the NV centre is positioned off-centre, there will be rays of emission that hit the surface

of the SIL at non-normal incidence, which will lead to an aberrated wavefront and less light

collection into an optical fibre. In this chapter, a theoretical model is presented for modelling

the aberrations and collection loss of the emission when the emitter is displaced axially and

laterally from the centre of the SIL. Then, the experimental results of aberration correction for

an NV centre in a diamond monolithic SIL will be shown for comparison with the model.

10.2 Aberrations from axially displaced emitters

For calculating the aberrations in a SIL, the aberration can be calculated similarly for focusing

through a planar interface with a different refractive index, as shown in Section 5.8.3. Consider

the ray geometry in Figure 51a. It shows a sector of the SIL, which represents the surface of the
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SIL with a radius r on the cylindrically symmetric axis z and ρ. The optical axis is defined to be

along the z axis and D will be the point of focus or the position of the point source along the

optical axis. The
−−→
OD vector represents the displacement of the point source along the optical

axis of the SIL and the magnitude is represented by the length d. For a ray focusing to the point

D at an angle γ relative to the optical axis, l1 and l2 represent the relative pathlength of the

rays focusing to the point D in free space and within the SIL respectively from the objective.

Figure 51b shows the geometric relationships between both ray paths and the SIL. Snell’s

law relates θ1 and θ2 with respect to the normal incidence on the SIL, represented by
−−→
OR.

Using trigonometric relationships, Snell’s law and the sine rule, the following relations can be

derived.

l1 = l2 cos θ3 (10.1)

l2
sinα

=
r

sinβ
=

d

sin θ2
(10.2)

γ = θ1 + α (10.3)

θ1 = θ2 + θ3 (10.4)

Equation 10.2 can be rearranged to Equation 10.5 to solve for θ2. Equation 10.5 can be

numerically solved to calculate the path length difference (Equation 5.44) for each of the ray

angles to calculate the phase profile in the pupil plane. Equation 10.5 can then be used to find

the phase profile for values of displacement of the point source emitters from the centre of the

SIL along the optical axis d.

sin (γ − arcsin (n2
n1

sin θ2) + θ2)

sin θ2
=
r

d
(10.5)

For calculating the wavefront for axially displaced emitters, there is rotational symmetry around

the optical axis simplifying the calculation to one dimension. The phase aberration profiles
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(a)

(b)

Figure 51: Ray (a) and Geometric (b) schematics of the ray paths focusing into a SIL at the
point D along the optical axis z. The ray paths l1 and l2 represent the rays focusing in free
space and in the SIL respectively. The refractive index of the SIL is n2 and a radius r.

have been fitted to the radially symmetric Zernike polynomials to break down the aberration

function into components of defocus and 1st, 2nd and 3rd order spherical aberrations as shown
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Figure 52: Graph of amplitudes of the rotationally symmetric aberrations for emitters displaced
from the centre of the SIL (d=0) to the surface (d=r). Amplitudes are calculated for a 5µm
diamond SIL (n2 = 2.4) focused in free space (n1 = 1) with λ = 640nm

in Equation 10.6.

ψ(r) = a20Z
0
2 (r) + a40Z

0
4 (r) + a60Z

0
6 (r) + a80Z

0
8 (r) + ψb (10.6)

Where an0 represents the coefficients of the Zernike polynomials and ψb represents the remaining

phase. Figure 52 presents these aberration coefficients of the aberration function for a diamond

SIL with a 5 µm radius for emitters placed between the centre of the SIL and the surface

(0<d<r). The model is consistent with the expectations of zero aberration for focusing at the

centre of the SIL (d=0) and at the surface of the SIL (d=r). The defocus aberration is the main

component of the aberration function for focusing along the optical axis of the SIL and can be

easily compensated for. To observe the collection losses associated with spherical aberration,

the phase profile is calculated using Equation 10.5 for different values of emitter displacement

d, then the intensity is modelled by the same method shown in Section 5.8.3 with the defocus

aberration removed from the phase profile. Figure 53 shows that the maximum intensity loss

due to spherical aberration is ∼2% for focusing on any defect between the centre of the SIL
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Figure 53: Intensity profile for the collected intensity from the SIL focused at a point source
axially displaced from the centre of the SIL. The losses associated with defocus aberration have
been removed.

and the surface. This indicates that there is a high tolerance for positioning error along the

optical axis of the SIL.
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10.3 Aberrations from laterally displaced emitters

For modelling optical emitters that are displaced laterally off the optical axis, the schematic for

modelling the aberration function is shown in Figure 54. Figure 54 shows schematics of spheres

which represent the SIL in 2D (a,b) and 3D (c,d), where the emitters are displaced axially (a,c)

and laterally (b,d) to the optical axis. The ray paths of the aberrated and non aberrated rays

are shown as dashed lines in Figure 54a and the contour lines represent the ray angle γ of the

non aberrated ray relative to the optical axis. Each contour line represents a constant angle

γ relative to the forward direction on the optical axis and also represents a constant phase

difference associated with γ.

The aberration profile can be built by finding the phase difference for each ray within the

cone of the NA. For axially displaced emitters and using radial symmetry, this can be simplified

to finding the phase difference for the different angles relative to the optical axis γ. In 3D, this

can be interpreted as sampling the phase difference for the contour lines within the intersected

area between the NA cone and the SIL surface, which is outlined in red in Figure54c.

For modelling laterally displaced emitters, the phase profile can be obtained by rotating

the numerical aperture cone so that it is perpendicular to the z axis. This is illustrated in

Figure 54d, and the aberration profile can then be calculated by finding the phase differences

of the rays within the intersected area between the NA cone and the SIL surface, which is

also outlined in red. Since the phase differences are rotationally symmetric along the z axis,

the phase difference of these rays can be determined by finding the relative angle of the ray

to the z axis (γ) and finding the phase difference for that ray within the intersected area of

the cone. This method can be extended to find the aberration profiles for emitters that are

both axially and laterally displaced. Before presenting the results, the limitation of emitter

displacement d will be introduced for modelling emitters with lateral displacement. There is a

limit in the maximum displacement from the centre of the SIL before the maximum refraction

angle (θ1 = 90◦) out of the SIL will limit the angles of light that the numerical aperture can

collect. This is shown in Figure 55 where the shaded area shows the region of rays within
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Figure 54: Schematics for determining the aberration function for (a,c) axially or (b,d) laterally
displaced emitters on the SIL in 2D (a,b) and 3D (c,d). The contour lines represent the phase
differences for the rays towards the emitter for different angles relative to the optical axis. The
dashed lines represent the aberrated and non aberrated rays to the emitter for a ray 40◦ from
the optical axis. The shaded area represents the cone of rays that are used to determine the
aberration profile.
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Figure 55: Schematic of a segment of a SIL showing the maximum possible limit of a ray being
refracted from the point source. Any ray angle beyond this limit will not be collected by the
numerical aperture shown as shaded within the NA cone.

the NA cone that will not be collected. This limit can be derived by solving for d under the

conditions of θ1 = 90◦ and max(cos(x)) = 1 and the solution is shown in Equation 10.7. When

the displacement exceeds this limit (d > dmax), the maximum angle of γ is reduced. Any rays

within the NA cone and beyond this angle will not be collected on the refracted path and will

apodize the aberration function. This relationship is presented in Equation 10.8. For the 5 µm

radius diamond SIL, dmax is 2.08 µm and the following results will present the aberrations and

normalised intensities within the range of 0 < d < 2 µm.

dmax =
r n1
n2

(10.7)

−r n1
dn2

= cos(θ2 + γmax) (10.8)

The components of the radially symmetric and asymmetric aberrations for the laterally

displaced emitters are shown in Figures 56a and b respectively. The majority of the aberrations

introduced by lateral displacement appear to be from primary coma and vertical astigmatism.

For low values of lateral displacement of the emitter from the centre of the SIL, coma aberration
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is the major source of aberration, while at higher displacement, astigmatism becomes the major

source of aberration. The results of how the aberrations that are introduced by different

amounts of lateral and axial displacement of the emitter, affect the collected intensity are

presented in Figure 57. The axial and lateral displacement are represented in polar coordinates

(d,η) where d represents the displacement from the centre of the SIL and η represents the angle

between the optical axis of the NA cone and the vector from the centre of the SIL to the point

of the emitter (
−−→
OD). The defocus component of the aberration is removed to examine the

effect of aberrations that cannot be as easily corrected for.

The reduction in intensity with increasing emitter displacement is minimal for axially dis-

placed emitters (η = 0◦). For increasing amounts of lateral displacement, the angle of ρ

increases and the reduction in intensity becomes more severe for higher amounts of displace-

ment from the centre of the SIL.
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Figure 56: Plots of the components of the radially symmetric (a) and non radially symmetric
(b) Zernike polynomials for the aberration wavefront for emitters displaced laterally across the
SIL. The SIL modelled was a 5µm radius diamond (n2 = 2.4) SIL focused through air (n1 = 1)
using a NA=0.82 objective lens.
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Figure 57: Intensity plots of the modelled intensity vs displacement from the centre of the SIL
described in polar coordinates (d, η). Each plot represents a different angle of displacement
relative to the optical axis where η = 90◦ represents lateral displacement and η = 0◦ represents
axial displacement. The schematic shown in the graph shows the direction of the emitter
displacement relative to the optical axis.

10.4 Monolithic SIL

The monolithic SILs were fabricated by FIB milling the SIL structure around a selected NV

centre. The fabrication begins with electronic grade CVD diamond from Element Six being

prepared by initially etching away 20 µm of the surface using Inductively Coupled Plasma

(ICP). A grid pattern is also FIB milled on the diamond surface to provide a visible reference

for both the FIB and laser writing systems. The NVs were fabricated 5 µm deep within the

grid by initially forming GR1 vacancy centres using the laser writing process and then thermally

annealing the sample to diffuse the vacancies to nearby nitrogen to form the NV centre. The

FIB milling and laser writing of NV centres were performed by Shazeaa Ishmael and Andrew

Kickpatrick respectively. The thermal annealing was performed in a vacuum furnace at 1000

°C for around 3 hours and was performed by Colin Stephen at Warwick University.

The NVs fabricated are then characterised using HBT and optical spectroscopy to identify

single NV centres for FIB milling SILs over. The SIL was milled into the sample with a 5 µm
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radius and a 1 µm wide trench around the SIL. The trench will reduce the numerical aperture

of the light that can be collected to around 0.77. Some of the NV centres were removed by the

FIB milling process of a SIL, so another thermal anneal was used to recover some of the NV

centres.105 The thermal anneal recovered only one NV out of the eight NVs with SILs initially

milled over them. Figure 58 shows confocal and SEM images of the SIL with the NV centre and

the HBT characterisation of the NV centre. The second-order correlation fit evaluated at zero

time delay ( g(2)(0) = 0.11) is less than one, indicating that the NV is a single emitter. The

confocal xy scan in Figure 58(a) shows the NV is laterally displaced off centre from the SIL by

around 0.8 µm and around 1 µm axially above the centre of the SIL. This would correspond to

a physical displacement from the centre of the SIL of 5.33 µm at an angle relative to the optical

axis of η = 38.7◦. The amplitudes of the fitted Zernike polynomials to the aberrated wavefront

for emitter displacement with η = 38.7◦ are presented in Figure 59. From the SIL aberration

model, a 6.4% decrease in intensity is predicted due to aberrations excluding defocus.

The results of the aberration sweep using the deformable mirror are presented in Figure 60.

Most of the aberrations show no increase in collected intensity except for oblique astigmatism,

which shows a ∼ 2% increase in intensity when applying +0.4 waves of oblique astigmatism.

This was not expected from the predictions shown in Figure 59b, where the SIL aberration was

predicted to have 0.008 waves of astigmatism.

10.5 Discussion

The SIL model presented suggests that the collected intensity is more sensitive to lateral emitter

displacements than to axial displacements. For axial displacement, the maximum loss was ∼ 2%

whilst for lateral displacement, the maximum loss was up to ∼ 80%. This would emphasise

the importance of controlling the lateral position of the SIL relative to the emitter. This would

be important for the application of stick-on SILs, where a hemispherical cap of a material is

adhered on top of the diamond with NV centres to form the SIL.108 Using stick-on SILs could

also provide controlled lateral displacement of the SIL relative to the NV centre to use in the
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(a) (b)

(c) (d)

Figure 58: Confocal xy (a) and xz (b) scans of the NV centre in the monolithic SIL site B2,
along with a SEM image (c) and HBT characterisation of the NV under the SIL (d). The xy
scan was taken using a beam scanning system with a NA=0.9 air objective lens and the xz scan
was taken with a stage scanning system using a NA=1.25 oil objective lens. The SEM image
was taken by Shazeaa Ishmael. The HBT plot was fitted using Equation 6.5.
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(a)

(b)

Figure 59: Plots amplitude of the radially (a) and non-radially (b) symmetric Zernike polyno-
mials fitted to the aberrated wavefront of the SIL for emitters displaced at a length d from the
centre of the SIL and at a 38◦angle relative to the optical axis (η = 38◦). The dashed vertical
line indicates the displacement of the emitter in the monolithic SIL.
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Figure 60: Aberration amplitude sweep on the SIL sample.

aberration correction experiment and to test the SIL aberration model. In Figure 57, there was

also a local minimum on the intensity profile for the lateral displacement (ψ = 90◦) at around

d = 1.25 µm. This could be explained by the increasing component of vertical astigmatism,

which becomes more significant than the coma aberration at d=1.38 µm seen in Figure 57.

The model has limitations in modelling only perfectly spherical SILs with an isotropic re-

fractive index, so any shape imperfections and surface roughness cannot be modelled. For the

aberration sweep on the monolithic SIL, the increase in intensity from applying +0.4 waves of

astigmatism was not predicted in the aberration model. A possible explanation is that the shape

of the SIL could be slightly elliptical. Another limitation was that the model assumed that light

was radiating from a point source emitter, whereas single emitters tend to be dipole sources,

so the radiation is not perfectly spherical. Polarisation of the radiation is also not considered,

but can be implemented using Jones matrices.133

The aberration model is also inaccurate for modelling the aplanatic SIL condition (d =
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− r
n2

), where it gives a non-zero component for spherical aberration, indicating that the model

is only valid for modelling depths between the centre of the SIL and the surface. Goh and

Sheppard have modelled the aplanatic SIL aberrations by using a different definition of path

length difference.134

10.6 Conclusion

A SIL aberration model has been presented and shown for modelling a 5 µm radius diamond

SIL, that axial displacements of the emitter in the SIL will result in <2% loss and lateral

displacements can result in <80% loss. This suggests that lateral positioning of the SILs is

more important than axial positioning to reduce the optical aberrations and maximise collection

efficiency. When the model was compared to the experiment, the model was not able to predict

the larger than expected component of astigmatism which is likely due to the imperfect shape

of the SIL. Another method of modelling the SIL aberration would be to obtain the surface

profile of the SIL and to use optical modelling software such as opticstudio to model aberration

of point source emission under that surface profile.

114



11 Conclusions and Outlook

11.1 Conclusion

This thesis presents developments in addressing challenges towards developing cavity-coupled

NV centres in diamond for quantum computing. The developments are: ZPL linewidth char-

acterisation of laser-written and diffused NV centres to measure the quality of NVs formed by

laser diffusion; implementing cavity fringe stabilisation for cavity locking to explore the feasi-

bility of using cavity fringe stabilisation for quantum computing and the aberration study of

microcavities and SILs to understand how the microcavity design and SIL positioning can affect

photon collection efficiency.

In Chapter 7, the ZPL linewidths of the NVs fabricated in electronic grade diamond using

the MHz laser writing and diffusion process were characterised using PLE. The average of the

ZPL linewidths for all of the NVs characterised was 186 MHz. Out of the six NVs characterised,

one NV showed a 60.3 MHz average linewidth, which is within the target linewidth (<100 MHz)

for generating entanglement.89 From the power saturation fit, the linewidths measured were

power broadened suggesting that the natural linewidth is narrower.

In Chapter 8, the cavity fringe stabilisation was demonstrated with cavity-coupled NV cen-

tres to maintain the cavity length to within 0.13 nm. When the cavity was coupled to the

phonon side-band during ODMR, the fringe stabilisation was able to maintain coupling against

the drift introduced by the microwave heating.

A deformable mirror was calibrated and implemented into a beam-scanning confocal micro-

scope to study the aberrations from the microcavities and solid immersion lenses. In Chapter

9, a model of the spherical aberration introduced by transmission through the cavity mirror

substrate is presented as a function of mirror substrate thickness and the NA of cavity mode

emission. For the microcavities used in this thesis, the NA of the cavity emission was expected

to be <0.4 and the maximum predicted losses due to spherical aberration associated with NA

were <10%. This model was supported by power saturation measurements on a 5 µm RoC
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hemispherical cavity, where the effective saturation intensity increased around 3% after aber-

ration correction. This value compared well to the predicted gain of 2.8% from the aberration

model. The effects of aberration correction on the higher-order TEM modes were also explored.

The Zernike polynomial fits to the TEM wavefronts predicted that the collection of the TEM

modes with (l+m)odd values of the transverse mode index would be affected by the correction

of the Zmodd
n aberrations and for the (l+m)even modes would be affected by the correction of

the Zmeven
n aberrations. However, this prediction was not always consistent with the observa-

tions found in the measurements. Further theoretical intensity modelling by considering the

lateral position of light collection showed that applying coma aberration can shift the intensity

distribution across the lobes of the cavity, and that applying astigmatism can shift the intensity

towards the centre of the cavity mode. This meant the collection efficiency also depended on

the area of the cavity mode that was collected by the pinhole. Whilst the results from the cavity

aberration model showed low losses for the microcavities in this thesis, the spherical aberrations

would be more severe for higher NA cavities and they would need to be corrected to maximise

photon collection.

In Chapter 10, the aberrations introduced from the positioning error of the SIL relative to

a point source emitter were explored. The aberration from point source emitters within a SIL

was modelled for emitters displaced along the optical axis from the centre of the SIL and for

emitters displaced laterally from the centre of the SIL. The aberration model predicted that

the aberrations introduced from lateral displacement of the emitters can introduce <80 % loss

in collection efficiency, whilst for axial displacement, <2 % loss in collection efficiency was

predicted, indicating the importance of lateral positioning of SILs. From the experiment, there

are only increases in intensity with astigmatism, which may indicate the shape of the SIL being

elliptical.
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11.2 Future Work

Whilst the developments presented in this thesis make progress towards quantum computing

using NV centres, the work does highlight further investigations that can be made.

For the laser writing and diffusion of NV centres in electronic-grade diamond. Only one

of the six NV centres showed an average linewidth below 100 MHz. This suggests that the

laser diffusion process needs to be optimised to produce NV centres with narrower linewidths

for generating entanglement with. The measured linewidths also appeared to be power broad-

ened, indicating that narrower linewidths could be achieved at lower objective power. However,

obtaining measurements at lower objective powers proved to be difficult. Another PLE charac-

terisation procedure based on sending pulses of excitation light and stepping in frequency could

be used to obtain PLE measurements at lower objective powers and to compare whether the

linewidth measurement is affected by the different characterisation method.

For cavity fringe stabilisation, higher resolution characterisation of the stability on the pi-

cometer scale is needed to benchmark the fringe stabilisation stability with the other cavity lock-

ing methods. This could be achieved using higher resolution optical spectroscopy or by using a

narrow tunable laser to measure the linewidth of the cavity. To improve the fringe stabilisation

performance, implementing a higher resolution camera would improve the fringe imaging, so

smaller fringe movements and cavity length movements can be detected and corrected for. To

improve locking speed, the use of faster microelectronics, such as Field Programmable Gate

Arrays, could be implemented.

For the aberration study on microcavities, further experiments could be performed to support

the results of the aberration modelling. For the modelling of the spherical aberrations in Fabry-

Pérot microcavities, the same experiment could be repeated with coupling to higher NA cavity

modes to see if spherical aberration increases. The aberration correction measurement could

also be applied to the emission through the concave mirror side of the hemispherical microcavity

to see if the transmission through the planar/concave side of the cavity has a different effect

on the measurement. Using a Spatial Light Modulator instead of a Deformable Mirror would
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Figure 61: Schematic of a hybrid cavity. This cavity consists of a diamond membrane with
laser-written NV centres being placed on a planar DBR mirror, a micro-SIL with a DBR coating
to form the cavity and gold striplines to address spin control and Stark shifting of the NV ZPL.

enable the correction of more complex aberrations for studying aberrations in higher-order cavity

modes.

For the aberration study on SILs, more experimental measurements were required to validate

the SIL aberration model. The use of stick-on SILs would provide a way to control the position of

the SIL relative to the emitter, allowing for a comparison of more scenarios with the aberration

model. Another comparison could be made with results from ray tracing software such as

OpticStudio. The effects of shape error and surface roughness could also be investigated using

OpticStudio. The aberration model can be further improved by incorporating the effects of

polarisation using Jones matrices, which affects the intensity distribution of the refocussed

spot.

The aberration models presented in this thesis have been for photonic devices with simple

geometry. Modelling wavefronts for phononic devices with more complex geometry can be

achieved using ray tracing software such as OpticSudio and the wavefronts can be fitted to

Zernike polynomials to analyse the aberrations associated.

An alternative approach for developing a cavity-coupled NV centre device for quantum

computing is to develop a hybrid cavity structure as shown in Figure 61. One of the advantages

of using this approach is the modular process of building this cavity. The DBR mirror, diamond

membrane and the micro-SIL can be prepared independently and combined together rather
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than being sequential. Another advantage is that there will be no freestanding components to

introduce any drift and cavity detuning. The main uncertainties would be the low temperature

adhesion of the micro-SIL at low temperatures and the ability to tune the cavity length.
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