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“What is the fruit of these teachings? Only the most beautiful and proper harvest of

the truly educated – tranquillity, fearlessness, and freedom. We should not trust the

masses who say only the free can be educated, but rather the lovers of wisdom who

say that only the educated are free. ”

Epictetus, Discourses
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Abstract

Room temperature solid-state emitters provide a promising source of single photons for

use in quantum technologies. The emitters studied in this thesis are the nitrogen-vacancy

(NV) centre in diamond, and defects in two-dimensional hexagonal boron nitride (hBN).

In this thesis, I present investigations into the coupling of these defects to open-access

microcavities at room temperature. The optical microcavity serves to confine the electric

field down to mode volumes on the order of λ3, increasing the spontaneous emission

rate of these emitters and channelling this emission into well defined cavity modes. The

general properties of both emitters will be presented, including examples of single pho-

ton emission, emission spectra, saturation behaviour and photo-stability. A few examples

highlighting the long-term photo-stability of the NV centre under pulsed excitation will

be displayed. This will highlight the suitability of the NV centre for a practical device. Fol-

lowing the preparation and characterisation of each emitter, single photon emission into

the cavity modes is verified, reaching single photon purities greater than 97%. Enhance-

ments in the spectral density of photons were observed for both the NV centre (∼ 25×)

and defect in hBN (∼ 3×), along with decreases in the excited state lifetimes. While the

NV centre provides a stable source of single photons, the cavity enhancement is limited

by its broad emission spectrum. Defects in hBN present near-ideal optical properties in

the absence of the cavity, and were expected to deliver superior results within the cavity.

However, the poor photo-stability of these defects did not allow complete characterisa-

tion of the cavity coupled emission. FDTD simulations were combined with changes in

the excited state lifetime to infer the quantum efficiency of these defects. The results of

this thesis form the foundation for the realisation of a robust room temperature single

photon source.



iv

Acknowledgements

I would firstly like to thank the members of the Photonic Nanomaterials Group, past and

present, for providing such a welcoming and productive working environment over the

last four years. To Andrew, Ben, Brandon, Dean, Fred, Kiana, Laiyi, Larry, Lucas, Matt,

Matteo, Shannon and Will, I have valued spending my time with all of you. Shazeaa Ish-

mael deserves individual praise for bringing the group together on birthdays, for market

lunch and trips to the Royal Oak. The value of these occasions cannot be understated,

and have always been a highlight of my time here. To Immy, Chen, Jack and Kaitlin, it

has been a pleasure working directly with you all. You have all been brilliant students

and your contributions to the group are invaluable. I wish you all the best in the future.

Particular thanks goes to the many Postdocs who have guided me along the way from

a position of zero knowledge in this field. I am very grateful to Philip Dolan for taking the

time to teach me the basics of confocal microscopy and giving me my first opportunity

to get stuck into meaningful lab work. It was a shame when you left the group, but I

am very much looking forward to working with you again at NPL. Further thanks goes

to Sam Johnson, who has been an invaluable part of my experience at Oxford. Despite

having such a large workload, you always took the time to engage with all aspects of my

project, and your selflessness has inspired me to always be there for other members of

the group. Aurélien Trichet deserves "beaucoup de merci" for dealing with my dubious

articulation of the French language over the years. You have provided me with such an

entertaining outlet even at the most stressful of times. My lengthy discussions on phi-

losophy and science with Amit Dhawan have been a refreshing experience. Your precise

and fundamental methods have softened my somewhat bullish approach to experimental

science, making me a more well rounded scientist.



v

Outside the lab, there have been several people who have provided endless moments of

laughter. I have thoroughly enjoyed being part of OUAFC and will always hold a place in

my heart for the Broncos. It was an honour to lead the team, and our tenacious cup run to

the BUCS final is amongst my proudest sporting achievements. The opportunity to coach

the University of Oxford Blues at the World Elite University Football Tournament was an

unexpected reward, and I am forever grateful for that experience. The Linacre/Corpus

college football team provided me with my first sporting silverware, with numerous gritty

performances leading to a Cuppers victory. I will forever apologise for my penalty in the

shootout being saved. To Affie, Ajay, Haider, Jack, John and Timi, your friendship has

made my final year the most memorable at university. Our fits of laughter, endless stories

and top-shelf banter has kept me sane during the toughest moments. I am exceptionally

grateful to Kerri Leigh-Bryant for being there for me during the most difficult stage of my

education. It’s not easy to share a partner with a thesis, but your patience and constant

encouragement has allowed me to reach this point and I am deeply thankful to you.

Special thanks goes to my supervisor Professor Jason Smith. You have been the per-

fect mentor and offered brilliant scientific guidance throughout this project. I can not

appreciate enough the opportunity you gave me to join the group and mould this project

into my own. Finally, I would like to thank my family, Ajibola, Olaitan, Aanu and Glory

Adekanye. I would not be here without you all. Thank you so much for supporting me

throughout my education and always driving me to be the best I can be. Oluwa ma to. ju

gbogbo wa.



vi

Publications

• Robust, tunable, and high purity triggered single photon source at room temperature

using a nitrogen-vacancy defect in diamond in an open microcavity. P. R. Dolan, S.

Adekanye, A. A. P. Trichet, S. Johnson, L. C. Flatten, Y. C. Chen, L. Weng, D. Hunger,

H-C. Chang, S. Castelletto and J. M. Smith. Optics Express, 2018, 26(6), 7056

• Instabilities in nanodiamond single photon sources under prolonged pulsed excitation.

J. Aspinall, S. Adekanye, I. Brown, A. R. Dhawan and J. M. Smith. Optical Materials

Express (Forthcoming), 2019

• High-throughput detection and manipulation of single nitrogen-vacancy center’s charge

in nanodiamonds. M. Sow, H. Steuer, S. Adekanye, L. Gines, S. Mandal, B. Gilboa,

O. A. Williams, J. M. Smith, A. N. Kapanidis, arXiv:1909.13297v1, 2019

• Open-access microcavity enhanced single photon emission from defects in two-dimensional

hexagonal boron nitride. S. Adekanye, T. T. Trang, I. Aharonovich and J. M. Smith.

Manuscript in preparation

Conference Presentations

• Towards a Triggered Single Photon Device; Open-Access Cavity Enhancement of Solid-

state Emitters, Photon 18, September 2018, Birmingham, United Kingdom

• Cavity Enhanced Single Photon Emission of Single Defects in Solid-state Materials,

Photonics West, January 2018, San Francisco, California, USA

• Room Temperature Single Photon Sources, Single Photon Single Spins II (SPSS II),

August 2017, Troyes, France

• Room Temperature Single Photon Sources, Department of Materials: University of

Oxford, February 2017, Oxford, University of Oxford



vii

Contents

Abstract iii

Acknowledgements iv

Publications vi

List of Figures xi

List of Tables xvii

List of Abbreviations xix

Physical Constants xxi

List of Symbols xxiii

1 Introduction 1

1.1 Quantum Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Quantum Key Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Single Photon Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Solid-State Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Optical Microcavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Literature Review 13

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Diamond-based Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Nitrogen-Vacancy Centre . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.2 Silicon-Vacancy Centre . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Hexagonal Boron Nitride . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21



viii

2.4 Optical Resonator Approaches . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.1 Photonic Crystal Cavities . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4.2 Open-Access Microcavities . . . . . . . . . . . . . . . . . . . . . . . 28

2.4.3 Micropillar Enhanced QD Source . . . . . . . . . . . . . . . . . . . 34

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Theoretical Background 39

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Solid-State Emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Single Photon Emission . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.2 Saturation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Optical Resonators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.1 The Gaussian Beam . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3.2 The Hermite-Gaussian Beam . . . . . . . . . . . . . . . . . . . . . 50

3.3.3 Distributed Bragg Reflectors . . . . . . . . . . . . . . . . . . . . . . 54

3.4 Cavity Quantum Electrodynamics . . . . . . . . . . . . . . . . . . . . . . . 59

3.4.1 Free Space Emission . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Optical density of states . . . . . . . . . . . . . . . . . . . . . . . . 61

Spontaneous Emission Rate . . . . . . . . . . . . . . . . . . . . . . 63

3.4.2 Cavity Coupled Emission . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4.3 Bad Emitter Regime . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.5 Finite Difference Time Domain Simulations . . . . . . . . . . . . . . . . . 68

3.5.1 Purcell Factor Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Experimental Methods 77

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2 FIB Milling and Mirror Coatings . . . . . . . . . . . . . . . . . . . . . . . . 78



ix

4.3 Sample Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.1 Spin Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.2 NV Centres in Nanodiamond . . . . . . . . . . . . . . . . . . . . . 83

4.3.3 Hexagonal Boron Nitride Nanoflakes . . . . . . . . . . . . . . . . . 84

4.4 Confocal Microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5 Hanbury-Brown Twiss and Lifetime Measurements . . . . . . . . . . . . . 88

4.5.1 Pulsed HBT Measurements . . . . . . . . . . . . . . . . . . . . . . 90

4.6 Saturation Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.7 Cavity Coupling Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5 Single Photon Characterisation of NV Centres in Nanodiamonds 105

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2 Single Emitter Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3 Properties of NV232 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.4 NV Centre Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.5 NV Centre Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 NV Centre Cavity Coupling 133

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.2 Open Cavity Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.2.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.3 NV232 Cavity Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.3.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

FDTD Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.4 NV25 Cavity Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.5 NV-Cavity Single Photon Source Specifications . . . . . . . . . . . . . . . . 158



x

6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7 Hexagonal Boron Nitride Single Photon Source 163

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.2 Single Emitter Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.2.1 Sample 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.2.2 Sample 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.2.3 Sample 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.3 hBN40 Single Photon Source . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.3.1 hBN40 Half-space Characterisation . . . . . . . . . . . . . . . . . . 176

7.3.2 hBN40 Cavity Coupling . . . . . . . . . . . . . . . . . . . . . . . . 179

7.3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

8 Conclusions and Outlook 185

Bibliography 191



xi

List of Figures

1.1 Example of the BB84 protocol for quantum key distribution. . . . . . . . . 2

1.2 Solid state emitters emitting single photons. . . . . . . . . . . . . . . . . . 7

1.3 Schematic of the open-access microcavity. . . . . . . . . . . . . . . . . . . 9

2.1 Spectral maps of emitters in diamond . . . . . . . . . . . . . . . . . . . . 14

2.2 Crystal structure and room-temperature PL spectrum of the NV centre in

diamond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Negative NV centre proportion and nanoablation rate vs laser fluence . . 17

2.4 Crystal structure and room-temperature PL spectrum of the SiV centre in

diamond. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Blinking of SiV centres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Room-temperature PL spectrum and structure of the defect in hBN. . . . . 20

2.7 hBN PL properties with varying excitation wavelengths. . . . . . . . . . . 22

2.8 PL spectra of a typical emitter n hBN ar room ad cryogenic temperatures. . 23

2.9 NV centre light collection techniques . . . . . . . . . . . . . . . . . . . . . 25

2.10 SEM images of a fabricated 2D and 1D photonic crystal cavities. . . . . . . 27

2.11 Schematic of the planar-hemispherical microcavity . . . . . . . . . . . . . 29

2.12 NV centre coupling to fibre cavity . . . . . . . . . . . . . . . . . . . . . . . 30

2.13 Rate model description of NV cavity coupling. . . . . . . . . . . . . . . . . 32

2.14 hBN defect coupling to open-access microcavity . . . . . . . . . . . . . . . 33

2.15 InGaAs QD coupling to a micropillar cavity. . . . . . . . . . . . . . . . . . 35

3.1 Franck-Condon configuration diagram . . . . . . . . . . . . . . . . . . . . 41

3.2 HBT theory of coherent light and true single photon emission . . . . . . . 43

3.3 The Fabry-Perot optical resonator . . . . . . . . . . . . . . . . . . . . . . . 46

3.4 Mode spectrum of the Fabry-Perot resonator. . . . . . . . . . . . . . . . . . 48

3.5 The Gaussian beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



xii

3.6 Transverse electric field distribution of Hermite-Gauss modes. . . . . . . . 51

3.7 Transverse mode spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.8 Mode volumes for different radii of curvatures. . . . . . . . . . . . . . . . 53

3.9 The bad emitter/good cavity regime . . . . . . . . . . . . . . . . . . . . . 56

3.10 Transfer matrix simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.11 Free space optical density of states. . . . . . . . . . . . . . . . . . . . . . . 62

3.12 Density of states for free space and a cavity mode . . . . . . . . . . . . . . 65

3.13 The bad emitter/good cavity regime . . . . . . . . . . . . . . . . . . . . . 67

3.14 FDTD simulation structures. . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.15 FDTD simulations of NV centre’s lifetime in a nanodiamond. . . . . . . . . 70

3.16 Purcell factor spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 Plinth substrate fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2 FIB milling of hemispherical features and DBR deposition. . . . . . . . . . 79

4.3 FIB processing of 300 µm plinth to reduce the lateral dimensions. . . . . . 80

4.4 FIB marking of registration features on the planar mirror. . . . . . . . . . . 81

4.5 Spin coated distribution of fluorescent nanoparticles. . . . . . . . . . . . . 83

4.6 Schematic and details of the nanodiamonds used in this work. . . . . . . . 84

4.7 hBN transfer process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.8 Schematic of the confocal microscope. . . . . . . . . . . . . . . . . . . . . 86

4.9 Confocal microscope resolution. . . . . . . . . . . . . . . . . . . . . . . . . 87

4.10 Hanbury-Brown Twiss interferometry. . . . . . . . . . . . . . . . . . . . . . 89

4.11 Hanbury-Brown Twiss interferometry. . . . . . . . . . . . . . . . . . . . . . 91

4.12 Saturation measurements under continuous wave and pulsed excitation. . 93

4.13 Schematic of defect dipoles and example polarisation measurement. . . . 95

4.14 Schematic of the confocal microscope. . . . . . . . . . . . . . . . . . . . . 97

4.15 PL images of background fluorescence before and after photo-bleaching. . 98

4.16 Mirror alignment process. . . . . . . . . . . . . . . . . . . . . . . . . . . . 99



xiii

4.17 532 nm tranmission through the cavity. . . . . . . . . . . . . . . . . . . . . 100

4.18 Transmission of 8 and 16 pair DBRs. . . . . . . . . . . . . . . . . . . . . . 101

4.19 Optimisation of the cavity coupled emission. . . . . . . . . . . . . . . . . . 102

5.1 PL image of nanodiamonds. . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.2 Continuous wave HBT measurements. . . . . . . . . . . . . . . . . . . . . 107

5.3 Power dependent HBT measurement for a single NV centre. . . . . . . . . 108

5.4 Spectral survey of NV centres . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.5 CW saturation measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.6 Lifetime measurements of NV centres. . . . . . . . . . . . . . . . . . . . . 112

5.7 CW HBT and emission spectrum of NV232. . . . . . . . . . . . . . . . . . . 113

5.8 Pulsed HBT and lifetime measurements of NV232 . . . . . . . . . . . . . . 114

5.9 CW and pulsed saturation measurements for NV232. . . . . . . . . . . . . 115

5.10 Histogram of single NV centre lifetimes from 50 nm and 100 nm nanodia-

monds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.11 NV centre saturation behaviour under pulsed excitation. . . . . . . . . . . 118

5.12 NV7 photo-instability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.13 PL count traces of NV232 following long term exposure . . . . . . . . . . . 123

5.14 CW saturation and lifetime measurement of NV232 following long term

excitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.15 CW saturation and lifetime measurement of NV18 following long term ex-

citation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.16 Fluorescence intensity and lifetime of NV11 over 62.5 hrs of excitation. . . 126

5.17 Fluorescence intensity and lifetime of NV12 over 62.5 hrs of excitation. . . 127

5.18 Fluorescence intensity and lifetime of NV13 over 150 hrs of excitation. . . 128

5.19 Fluorescence intensity and lifetime of NV11 over 62.5 hrs of excitation. . . 129

6.1 Optical microscope and white light transmission 640 nm plinth . . . . . . 134



xiv

6.2 Single defect coupling to varying radii of curvature features. . . . . . . . . 135

6.3 Coupling of single defect to different RoC 8 µm features . . . . . . . . . . 137

6.4 Cavity length sweep of a β = 8 µm showing the fluorescence intensity and

associated spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.5 PL images of a single emitter outside and inside the cavity. . . . . . . . . 139

6.6 PL image with mirror racing towards and away from objective. . . . . . . 141

6.7 Spectral profile and CW saturation measurement of half-space and cavity

coupled emission for NV232. . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.8 Cavity single photon emission from NV232 under both CW and pulsed ex-

citation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.9 Pulsed saturation and lifetime measurements for NV232 half-space and

TEM00 emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.10 FDTD simulation results for the Purcell factor as a function of wavelength 147

6.11 FDTD simulation of the intensity distribution of a 50 nm nanodiamond

within the open access microcavity. . . . . . . . . . . . . . . . . . . . . . 148

6.12 Characterisation of NV25 with the mirror facing the objective lens. . . . . 152

6.13 PL image of NV25 with the mirror facing towards and away from the ob-

jective lens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.14 Cavity sweeps and saturation measurements as a function of mode index. 154

6.15 TEM00 mode spectra and CW saturation curve for NV25. . . . . . . . . . . 156

6.16 Continuous wave and pulsed HBT measurements of NV5’s TEM00 emission. 157

6.17 Pulsed saturation and TRPL measurements for NV25’s half-space and TEM00

emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.1 PL image of hBN defects before and after gentle photo-bleaching. . . . . . 164

7.2 Continuous wave HBT measurements of hBN defects. . . . . . . . . . . . . 165

7.3 Spectral survey of defects in hBN. . . . . . . . . . . . . . . . . . . . . . . . 166

7.4 Pulsed excitation measurements of hBN defects. . . . . . . . . . . . . . . . 167



xv

7.5 Count traces of hBN defects before and after pulsed excitation. . . . . . . 169

7.6 Webcam and PL image of the region where single hBN defects were found. 171

7.7 Emission spectra and HBT characterisation of hBN38 and hBN86. . . . . . 172

7.8 Pulsed saturation measurements of filtered hBN defects. . . . . . . . . . . 173

7.9 Webcam and PL image of the region in Sample 3 where single hBN defects

were found. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.10 Emission spectra and HBT characterisation of six hBN defects in Sample 3. 175

7.11 Characterisation of hBN40 . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.12 PL images of Sample 3 with the mirror facing towards and away from the

objective lens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

7.13 PL spectra and HBT measurements for hBN40’s half-space and cavity-coupled

emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

8.1 Schematics of the NV-cavity module. . . . . . . . . . . . . . . . . . . . . . 188

8.2 Prototype single photon source device. . . . . . . . . . . . . . . . . . . . . 189





xvii

List of Tables

2.1 Summary of the achieved device specifications of solid-state single photon

emitters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.1 Summary of various lifetimes describing the rate dynamics of single NV

centres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120





xix

List of Abbreviations

CQED Cavity Quantum ElectroDynamics

CW Continuous Wave

DBR Distributed Bragg Reflector

FDTD Finite Difference Time Domain

FWHM Full Width Half Maximum

hBN Hexagonal Boron Nitride

HBT Hanbury Brown Twiss

NA Numerical Aperture

NV Nitrogen Vacancy

PCC Photonic Crystal Cavity

PL PhotoLuminescence

PSB Phonon Side Band

RoC Radius of Curvature

RT Room Temperature

SEM Scanning Electron Microscopy

SiV Silicon Vacancy

SNR Signal Noise Ratio

TEM Transverse ElectroMagnetic

TRPL Time Resolved PhotoLuminescence

ZPL Zero Phonon Line





xxi

Physical Constants

Speed of Light c = 2.997 924 58× 108 m s−1

Planck’s Constant h = 6.626× 10−34 J s−1

Reduced Planck’s Constant h̄ = 1.054× 10−34 J s−1

Permittivity of Free Space ε0 = 8.85× 10−12 F m−1





xxiii

List of Symbols

FP Purcell Factor

V Mode Volume µm3

β Radius of Curvature µm

τ Lifetime ns

γ Emitter Decay Rate Hz

QE Quantum Efficiency

DW Debye Waller Factor

N Photon number

F Finesse

L Round Trip Loss

Q Quality factor

B Cavity Emission Efficiency

q Longitudinal Mode Index

L Cavity Length µm

∆λ Free Spectral Range nm

δλ Spectral Linewidth nm

ω0 Mode Waist µm

ρ(ω) Optical Density of States

R Reflectance

T Transmission

n Refractive Index

E Electric Field V m−1

g0 Atom Cavity Coupling Rate Hz

κ Cavity Decay Rate Hz

ξ Dipole Orientation Factor



xxiv

R Effective Atom Cavity Coupling Rate Hz

〈N〉 Single Photon Efficiency



xxv

For Ajibola, Olaitan, Aanu and Glory Adekanye. In loving memory

of Prince Lawrence Bamidele Adekanye.





1

1|
Introduction

1.1 Quantum Technologies

Over the last two decades, developments in harnessing the unique properties of quantum

mechanics have led to the inception of new quantum technologies, which will help realise

the second quantum revolution [1]. The ability to create, store and process information

encoded within these systems is set to revolutionise communication security and comput-

ing capabilities over the coming decades. Recent developments have become sufficiently

advanced and have led to the availability of several commercial quantum key distribution

(QKD) systems, which offer enhanced cryptography [2]. With industry standards now

being set, these systems can be extended towards other capabilities, including quantum

communication networks, quantum metrology and quantum computing. Governments

and industries are beginning to invest heavily in this avenue of research, due to its prox-

imity towards the creation of physical working devices. A vast number of systems have

being brought forward for the development of such technologies, and these involve the

quantum state of light playing a key role. The properties of photons (such as transmis-

sion at the speed of light), make them extremely valuable for the transfer of quantum

information between remote locations.
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FIGURE 1.1: An example demonstration of the BB84 protocol for quantum
key distribution. The two communicating parties (Alice and Bob) create a
shared secret key by exchanging quantum bits with value of the bit encoded

in the photon polarisation.

1.2 Quantum Key Distribution

At present, QKD is the most promising quantum information task to become a viable quan-

tum technology. The primary aim of QKD is to enable secure communication between

two parties (conventionally called Alice and Bob), preventing an eavesdropper (known as

Eve) from obtaining the information sent between them (Figure 1.1) [2]. Conventional

cryptography relies on mathematical approaches, of which the security is dependent on

the amount of processing power available to an eavesdropper. The security of QKD is

based on the principles of quantum physics and there is unconditional security without

imposing any restriction on the eavesdropper [3]. Alice and Bob are connected by two

channels, a quantum channel to share the quantum signal, and a classical channel to send

classical messages [3]. The quantum channel is any medium which allows the propaga-

tion of light such as an optical fibre or free space. The act of Eve extracting information

of the quantum state of the photon is a form of measurement. A fundamental postulate

of quantum mechanics is that "one cannot perform a measurement without perturbing the
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system". When applied to communication, this aspect of quantum mechanics can be used

to detect the presence of an eavesdropper. This principle forms the basis of several com-

mercial QKD systems [4].

There are two main QKD schemes used to achieve quantum encryption; preparation and

measurement, or entanglement based protocols [5]. In 1984, Charles H. Bennett of IBM

and Gilles Brassard of the University of Montreal developed the first (preparation and

measurement) protocol for QKD, known as the BB84 protocol [6]. This method uses

photon polarisation to transmit the information, using four quantum states constituting

two bases - usually rectilinear (|l〉, |↔〉) and diagonal (|↙↗〉, |↘↖〉). The two states within

a basis are orthogonal to each other (| 〈l | ↔〉 |2 = 0) and maximally conjugate to any

other state from the other basis (| 〈l | ↙↗〉 |2 = 0.5). Alice can therefore create a string

of quantum bits (qubits) which are sent to Bob for measurement through the quantum

channel (Figure 1.1). The basis used to create and measure these qubits can then be

compared on a classical channel to determine the error rate, without revealing the value

of the measured result. The correctly measured bits are used to create a key which is

then used to encode the information. Therefore, the presence of an eavesdropper can

only reduce the bit rate, and no information is revealed. Since it’s initial proposal (1984)

[6] and demonstration (1992) [7], QKD has rapidly matured to the point of commercial

availability, with at least four companies offering commercial QKD devices, and several

more carrying out active research.

1.3 Single Photon Sources

A critical component of these quantum technologies is a triggered single photon source, a

light source which can generate a single photon on demand. Three properties are required

to describe the ideal single photon source:
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• A vanishing probability of emitting two or more photons, characterised by the

second-order correlation function g(2)(0). A high single photon purity guarantees

the security of quantum communication [1].

• A high efficiency (〈N〉) of single photon generation per excitation event, where

〈N〉 = 1 for a deterministic single photon source. The value of 〈N〉 depends on

where the single photon probability is measured, such as at the output of the source,

the end of an optical fibre, or on a detector. The frequency of excitation will also

determine absolute brightness (cts/s) of the source.

• The creation of a pure quantum state, making successive photons indistinguishable.

The indistinguishability is characterised by the mean photon wavepacket overlap

M , which can be measured through Hong-Ou-Mandel (HOM) interference [8].

All three of these parameters are crucial for quantum information processing (QIP) ap-

plications, but QKD protocols such as BB84 do not require indistinguishable photons.

Apart from QKD, the use of single photon sources may enable significant developments

in applications such as quantum metrology and imaging, yielding devices with precision

and resolution beyond the quantum noise limit [9, 10]. Various processes are being de-

veloped to create single photons, but a distinction must be made between a true single

photon source, and a source of single photons. As current true single photons sources are

expensive and cumbersome, alternative approaches are predominantly utilised for the

production of single photons.

The earliest inception of a practical photon source for QKD involved the attenuation of a

laser. Lasers can be inexpensive, are available at numerous wavelengths and can function

at high excitation rates. Therefore, these sources are sufficient enough for applications

such as QKD [2] and have been used in the vast majority of demonstrations [3, 11]. As

number of photons per pulse follows a Poissonian distribution, one can reduce the laser
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intensity to a regime where the probability 〈N〉 of each pulse containing a single photon

is low, and therefore multiple photons negligible. Most experiments use a low average

photon number 〈N〉 = 0.1, meaning 90% of the pulses are empty and ∼5% of the non-

empty pulses contain multiple photons [2]. However, the coherent properties of such a

source is very different to a true single photon source and a laser’s second-order corre-

lation function is equal to one at all times. There is then a balance between the source

efficiency and probability of multi-photon emission.

The security of QKD may be compromised by the inevitable multi-photon pulses orig-

inating from the attenuated laser source. This opens an avenue for a photon number

splitting (PNS) attack, where an eavesdropper can preferentially transmit some photons

to Bob to maintain the same detection rate at Bob, while measuring a number of single

photon pulses[12–14]. By doing this, Eve can determine part or all of the key while re-

maining hidden. To negate this possibility, the mean photon number can be reduced, but

this restricts the rate and distance over which QKD can function. Recently developed de-

coy state protocols use pulses of varying intensity, and correlate the transmission of these

pulses to detect PNS attacks [15]. This protocol has allowed attenuated laser sources to

operate with 〈N〉 = 0.5, leading to several successful demonstrations of QKD over dis-

tances up to 400 km [16]. The key rate of QKD over such distances reduces dramatically,

with a working practical limit of ∼80 km. For example, an optical fibre of 1000 km in

length with a 10 GHz ideal source would yield a detection rate of 0.3 photons per century

[17]. One proposed solution is the use of a trusted node network, where several repeaters

create quantum keys using the previous node, daisy-chaining the key across the network.

This approach eliminates the problem of photon loss while extending the range of QKD,

but has security and logistical drawbacks. The trust requirement currently employed by

decoy-state QKD may be removed by relying on entanglement in QKD protocols, where

quantum repeaters form the backbone of the network [5, 18–21].
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In contrast to attenuated laser pulses, spontaneous parametric down conversion (SPDC)

produces two photon states. In this process, a birefringent crystal is excited by a pump

laser, and the non-linear optical properties lead to a spontaneous splitting of the high

energy photon into a photon pair [22]. The emission of these photons is probabilistic

rather than deterministic, which restricts its use in certain applications. The two created

photons conserve energy and momentum and may be correlated in varying degrees of

freedom including energy, polarisation and direction [3]. As a result of this, one photon

can be used to herald the creation of the other (extremely useful for entanglement exper-

iments), or simply as a single photon. Several inorganic crystals display the non-linearity

required for SPDC, such as KD2PO4, BaB2O4 and LiNbO3, with these materials chosen

to satisfy the output and pump wavelengths of interest [3]. Unfortunately, SPDC is im-

mensely inefficient with a highest reported conversion efficiency of 〈N〉 = 4× 10−6 [23].

Another critical issue with SPDC, is that the probability of creating k pairs scales with

pump intensity to the kth power [24]. The single photon purity and indistinguishability

both deteriorate rapidly with brightness, decreasing the utility of SPDC in applications.

1.3.1 Solid-State Emitters

An alternative method of producing single photons is to use solid-state systems which

feature atom-like emitters [16]. The spontaneous emission from these pseudo two-level

systems inherently generates single photons which can be extracted for the desired appli-

cation (Figure 1.2). These systems are promising candidates for the creation of photonic

technologies as they are stationary, can be addressed individually and some function at

room temperature [16]. Due to this, solid-state room temperature compatible systems

provide a greater ease of integration into existing quantum networks [25]. For solid-state
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FIGURE 1.2: (a) Artistic interpretation of single photon emission from de-
fects in bulk 3D crystals when excited with sub-bandgap illumination (il-
lustrated with a green incoming laser beam). The most studied crystals
include diamond (b) and hexagonal boron nitride (c). Created by Dr Shan-

non Nicley.

emitters, the description of the ideal single photon source can be expanded to: photo-

stable emission, narrow emission spectrum, short excited state lifetime (ps < τ < ns),

two level system without shelving or metastable states, fully polarised in absorption and

emission, and finally, Fourier-transformed limited indistinguishable photons [25].

There are several optically active systems which readily display quantum effects, and es-

pecially single photon emission. Examples include single trapped atoms (or ions), organic

dyes, aromatic molecules and solid-state emitters [26]. These systems can possess excel-

lent optical properties but each presents individual stumbling blocks to scalability and

integration for practical applications. For example, self-assembled InAs/GaAs quantum

dots have displayed the highest all-around single photon performance, with near-ideal

single photon emission characteristics and count rates on the order of ∼GHz [27]. Quan-

dela [28] and Sparrow Quantum [29] are two companies currently with these QD single

photon sources on the market. However, due to their shallow confinement potential,

these ideal properties are only observed at cryogenic temperatures, and at present can
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not be reproduced under ambient conditions [16]. While Group III-nitride QDs can op-

erate at room temperature, the best single photon purity achieved is 87%, which is poor

compared to >99% obtained from QDs operating at cryogenic conditions [30]. Encour-

aging results have been achieved with room temperature compatible sources such as the

nitrogen-vacancy (NV) and silicon-vacancy (SiV) centres in diamond [31]. There are also

new quantum emitters emerging in novel materials, such as defects in two-dimensional

hexagonal boron nitride (hBN) [32]. In summary, there is no single system which satisfies

all the requirements for an ideal single photon source, meaning there is a great emphasis

on discovering new and efficient sources of single photons.

1.4 Optical Microcavities

Although these atom-like systems display single photon emission, this property alone is

not sufficient to develop them into a viable technology. Sources such as InAs/GaAs QDs

require complex experimental setups and large cryogenic apparatus, limiting their scope

strictly to research laboratories and at an extreme expense [24]. For room temperature

emitters, the single photon emission efficiency can be poor, and indistinguishability non-

existent. This is because they emit photons in random directions in space, with strong

associated dephasing mechanisms [1]. Quantum Communications Victoria (QCV) previ-

ously commercialised a fibre-coupled NV centre single photon source with limited success,

as the broad emission profile of the defect is an inhibiting factor for practical applications

[33]. It remains crucial to engineer these optical properties, such as emission frequency

and spectral profile in order to complement the transmission window of the quantum

channel. A promising approach is the use of optical microcavities [34]. These micro-scale

resonators provide a means to enhance the rate of single photon production while func-

tioning at ambient temperatures.
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The Open Microcavity 

Planar mirror 

Concave mirror  

Tunability 

emitter 

Cavity mode  

FIGURE 1.3: A schematic of the open-access microcavity. Reproduced from
[35].

The confinement of an emitter in this environment enhances its interaction with the

optical field while giving control over the emission profile. Therefore, the microcavity

provides a platform which maximises the potential of these emitters, while overcom-

ing the challenges which have prevented previous sources from achieving industrial im-

pact. There are several cavity coupling strategies, with each unique example aiding in the

push towards the practical realisation of photonic quantum technologies. This thesis will

demonstrate the enhancement of solid-state emitters using the open-access microcavity

platform, making them more viable for use as single photons sources within quantum

technologies. The open-access microcavity is formed from two independent highly re-

flective Fabry-Perot mirrors with a planar-hemispherical geometry. The high degree of

control is a key benefit of the open-access approach, providing excellent output beam
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characteristics and an increased collection efficiency of the emitted photons.

1.5 Thesis Outline

The aim of this project is the creation of a room temperature single photon source, based

on the emitter-cavity platform. Before the presentation of the properties of this potential

device, this thesis will discuss several experiments which lead to its creation, and will be

structured as follows:

Chapter 2: Literature Review

In this review, I will discuss some of the published literature concerning properties of

solid state emitters and their suitability towards the development of photonic quantum

technologies. The focus will be specifically on defects in diamond and hexagonal boron

nitride. Following this, some literature on optical resonators will be reviewed, including

photonic crystal cavities and open-access microcavities. The review will then concentrate

on how open-access microcavities are distinguished from the alternate strategies in terms

of the practical realisation of single photon source. Finally, the single photon properties of

the cavity enhanced room temperature sources will be compared to the leading cryogenic

quantum dot sources.

Chapter 3: Theoretical Background

This chapter will describe the fundamental elements required to understand the emitter

cavity coupling process. Firstly, the behaviour of solid-state emitters will be described,

with key concepts such as the quantum efficiency, excited state lifetime and single pho-

ton emission introduced. Secondly, the optical microcavity will be presented including a
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description of the Hermite-Gaussian beam which describes the optical modes of the res-

onator. Finally, the theory of cavity quantum electrodynamics in the regime of the weak

coupling limit will be given. This will be compared to free-space emission to define the

Purcell factor, giving an insight to the limits of solid-state emitters within optical micro-

cavities.

Chapter 4: Experimental Methods

The processing of the planar and featured mirrors which form the microcavity will firstly

be discussed, where the importance of the focused ion bean (FIB) will be seen. Following

this, the fabrication method for the creation of emitters in solid-state nanodiamond and

hexagonal boron nitride will be described. The confocal microscope used in this project,

as well as the protocols for optical spectroscopy and the various measurements involved

will be explained in detail. Finally, a thorough description of the cavity coupling proce-

dure will be given, including the mounting process required to reach sub-micron cavity

lengths.

Chapter 5: Single Photon Emission Characterisation of NV Centres in Nan-

odiamonds

In this first experimental chapter, the optical properties of single NV centres in nanodia-

monds will be discussed. The experimental methods introduced in the previous chapter

will be used to survey several NV centres to show the generally observed behaviour of

these defects. An in depth analysis of a specific NV centre will be shown, as this NV cen-

tre will be used for upcoming cavity coupling experiments in the following chapter. The

efficiency and photo-stability of NV centres will be discussed, to determine the suitability

of the NV centre as a practical source of single photons. It will be shown that the NV cen-

tre is a sufficiently robust defect for prolonged use within a single photon source device.
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Chapter 6: NV Centre Cavity Coupling

This chapter will present the results of the emitter-cavity coupling process for NV centres

from two nanodiamond samples. The spectral properties of the FIB milled cavities will be

characterised before further experiments using single NV centres. It will be shown that

the cavity induced enhancements in the spectral density of photons into a single optical

mode, as well as increasing the single photon purity. FDTD simulations will be used to

complement the experimentally observed changes in excited state lifetime, giving more

information on the NV centre’s quantum efficiency. Key device parameters such as the

efficiency and saturation count rate will be specified.

Chapter 7: Hexagonal Boron Nitride Single Photon Source

This final experimental chapter will present the results obtained from experiments on

defects in hexagonal boron nitride. A large survey of these emitters from three samples

will be shown, highlighting general properties and the promising characteristics of de-

fects in this material. Further characterisation of a single emitter will be presented. This

defect was successfully coupled to a microcavity and these results will be compared to

those obtained from other hBN cavity coupling strategies and results. The single photon

specifications and defect robustness will also be compared to NV centres in nanodiamond.

Chapter 8: Conclusion and Future Outlook

In this final chapter, the key results previously presented will be summarised, followed by

a discussion on the future outlook of the emitter-cavity single photon source. It will be

shown that the NV centre in diamond displays favourable attributes towards the realisa-

tion of a robust single photon source device. The preliminary schematics of a prototype

single photon source based on the emitter-cavity platform will be shown, and the ex-

pected device characteristics will be compared to other single photon sources coming to

market.
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Literature Review

2.1 Introduction

Emerging quantum technologies aim to exploit quantum mechanical effects to enhance

the capabilities of applications including cryptography, nanoscale sensing and information

processing. Several platforms have been suggested and explored thoroughly, with a strong

option being the use of single photon emitters as the fundamental building blocks. Single

photon emission has been observed in a variety of materials, including solid-state emitters

[16], quantum dots [24], trapped atoms (or ions) [36], single molecules [37] and carbon

nanotubes [38]. Solid-state materials featuring atom-like emitters combine the scalability

and convenience of a host material with the distinguished optical properties of atoms.

The choice of emitter remains non-trivial as each material presents individual detrimental

effects which must be mitigated. This review will describe the photo-physical properties of

three prominent solid-state emitters which function at room temperature. I will describe

their integration with various optical resonators approaches, showing how their emission

properties are improved towards the realisation of an ideal single photon source. I will

conclude by presenting the specifications of the leading solid-state single photon source

which operates at cryogenic temperatures, and compare it to the best parameters achieved

by the room temperature sources.
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FIGURE 2.1: Spectral map of the various single emitters in diamond within
the visible region. Reproduced from [31].

2.2 Diamond-based Emitters

Diamond, a material generally known for it’s use in jewellery, is also a host to over 500

luminescent colour centres [31]. These colour centres are formed from defects in the

crystal, usually a missing atom, an impurity atom and combinations of such imperfec-

tions. With diamond possessing one of the largest band gaps of known materials, these

defects perturb the energy level structure within the band gap, introducing discrete levels

in this formally forbidden region. Optical excitation between these new electronic states

may result in the emission of a photon upon relaxation from the excited state. Due to the

large band gap, the emitted photons are not absorbed by diamond and so can be collected

externally. In addition, the diamond host material provides favourable properties such as

chemical inertness, high mechanical strength and an unmatched thermal conductivity.

The plethora of optically active defects in diamond (Figure 2.1) display emission span-

ning from the near-infrared to the ultraviolet wavelengths [31], with many displaying
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photo-stability at room temperature. However, only a small few are bright enough to ob-

serve single photon emission [39], or studied sufficiently to observe entanglement [40]

and Purcell enhancement [41]. The above-mentioned properties are also observed in

nanoscale diamond particles (nanodiamonds). With nanodiamonds being smaller than

the focus of an excitation laser, there is an absence of total internal reflection and they

exhibit low fluorescence background. Therefore, for certain applications, nanodiamonds

exhibit superior properties to bulk diamond. These distinct properties have pioneered

ever increasing research into diamond-based emitters.

2.2.1 Nitrogen-Vacancy Centre

The negatively charged nitrogen vacancy defect (NV centre) is one of the many colour

centres observed in diamond [31, 42]. Over the course of the last decade, the NV centre

has been established as a leading candidate for a solid state quantum emitter [16]. NV

centres are remarkably popular as they display a variety of photo-physical properties such

as sensitivity to magnetic fields, temperature and pressure and high photo-stability [43].

In addition to this, its unique spin dependent relaxation pathway creates a polarisation of

the spin, enabling the optical readout of the spin state [44]. With this, the NV centre can

be used as a stable source of single photons carrying the information of spin state of the

centre.

The colour centre is formed by a substitutional nitrogen atom with an adjacent vacancy

(Figure 2.2 (a)), and due to the symmetry, forms a well isolated quantum system. The de-

fect complex has six electrons, five from neighbouring carbon and nitrogen atoms, with

an additional electron trapped at the defect site, forming the negatively charged state

NV− [25]. NV centres can be reliably fabricated by a variety of methods depending on

the required application. These include ion implantation of nitrogen [25], ion irradiation
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FIGURE 2.2: (a) Crystal structure of the NV centre in diamond. (b) Room-
temperature PL spectrum showing the ZPL of the neutral- (575 nm) and

negatively-charged (637 nm) NV centre. Reproduced from [25].

to create vacancies [45, 46] and laser writing of vacancies [47] - all followed by subse-

quent annealing to allow vacancy migration and subsequent NV centre formation.

The NV centre’s emission spectrum features a zero-phonon line (ZPL) at 637 nm and is

dominated by a broad phonon side band (PSB) extending up to 800 nm (Figure 2.2 (b)).

However, as only the ZPL emission provides indistinguishable photons, the small fraction

of emission into the ZPL (4%) means the NV centre has a low efficiency for quantum

information processing [40, 48]. The excited state lifetime of the NV centre is dependent

on the host material, varying between 12 – 60 ns depending on whether situated in bulk

diamond or nanodiamond. The relatively long lifetime limits the maximal excitation and

emission rate. Despite the presence of non-radiative transitions via the shelving states,

the quantum efficiency of the NV centre is estimated as 0.7 in bulk diamond [44] but

as low as 0.05 in nanodiamond (up to 0.9) [49]. Due to the high refractive index of

diamond, single NV centres in the bulk diamond display lower count rates than nanodia-

monds, with typical count rates of the order 104 and 105 cts/s respectively.
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FIGURE 2.3: (a) Proportion of negatively charged NV defects PNV − as a
function of nanodiamond size before (red) and after (blue) air oxidation
[50]. (b) Surface etching rate of diamond under femtosecond excitation,

adapted from [51].

The photo-stability of NV centres is unparalleled, especially when compared to other

emitters functioning at room temperature [52]. The distance of the NV centre to the

surface has been established as a key factor in maintaining photo-stable emission [53],

with larger nanodiamonds displaying a greater proportion of NV− to NV0 emission, as

seen in Figure 2.3 (a) [50]. However, high peak power pulsed excitation has been shown

to induce photo-ionisation (to NV0) [54] and nanoablation (Figure 2.3 (b)) [51]. Both

of these effects involve complex charge transfer processes and photo-chemical changes to

the diamond host material which are yet to be fully characterised. The neutral charge

state displays photo-luminescence under the same excitation conditions, but the defect

becomes optically inactive in the positively charged state, leading to complete quenching

[55].
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FIGURE 2.4: (a) Crystal structure of the SiV centre in diamond. (b) Room-
temperature PL spectrum showing the ZPL at 738 nm. Reproduced from

[25].

2.2.2 Silicon-Vacancy Centre

The negatively charged silicon vacancy defect (SiV centre) is the most common silicon

defect in diamond and presents many advantages compared to NV centre. It is formed

of a silicon atom splitting two vacancies (Figure 2.4 (a)) and possesses inversion sym-

metry. Due to this, the SiV is less susceptible to local environment fluctuations. SiVs

display single photon emission, with a ZPL centred at 738 nm (Figure 7b). In contrast

to the NV centre, the SiV’s ZPL is much stronger with a DW factor of ∼0.7 [25]. This

narrow spectrum would minimise pulse dispersion in optical networks compared to the

NV centre. Moreover, the emission is mostly linearly polarised, even at room temperature

- a property that is highly desirable in quantum cryptography. The excited state lifetime

is extremely short (∼1 ns), but this is associated with significant non-radiative decays

leading to a low quantum efficiencies of ∼0.05 [56, 57]. Regardless, the brightest count

rates observed from SiV centres are up to 6 Mcts/s [56, 57].
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FIGURE 2.5: (a) Blinking of SiV− fluorescence under resonant excitation
at 30 nW, where the SiV centres were observed to change between two dis-
crete fluorescence levels [62]. (b) Fluorescence time trace of SiV− centres
showing increased instability with increasing laser powers. Adapted from

[57].

Unfortunately, the incorporation of single silicon atoms into nanodiamonds is extremely

challenging. Silicon defects occur rarely in natural diamond, but the presence of silicon

substrates in CVD grown diamond commonly leads to silicon defects being formed in the

diamond. For diamonds grown on silicon or silica substrates, silicon atoms diffuse into

the crystals and form clusters of inseparable SiVs [58, 59]. Though there are methods to

reduce this effect, such as creating free electrons using a blue laser and surface treatments

for greater impurity control - these are added complications for practical systems which

are unnecessary for the NV centre. However, stable SiV centres in nanodiamonds have

been recently successfully fabricated by methods such as wet milling from polycrystalline

diamond films [60] and HPHT processing of hydrocarbons and hydrocarbon-silane com-

pounds [61].

Despite the SiV possessing inversion symmetry, the shielding effects of the native sym-

metry of the defect are reduced as the centre becomes more distorted. This results in
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FIGURE 2.6: (a) Room-temperature PL spectra of a defect centre in mono-
layer and multi-layer hBN. Inset shows an illustration of the hBN nitrogen
anti-site defect. Reproduced from [32]. Two examples of typical PL time
traces recorded from different individual defects in a high-purity hBN crys-
tal at an excitation power of 10 µW. The switching rate between the on
and off states varies significantly from one emitter to another. Reproduced

from [64].

additional coupling to phonons which broaden the ZPL emission [60, 62]. The linewidth

and position of the SiV ZPL is therefore affected by strain in the diamond lattice due to

modified electron-phonon coupling [60]. The ZPL position can vary between 730 – 750

nm for different different SiV centres due to individual stresses [31]. In addition to this,

SiVs in nanodiamonds do not display the same photo-stablity as NVs under excitation

(Figure 2.5) [63]. Blinking is generally related to the temporary loss of photo-excited

electrons or charges which influence the defect’s charge state [57]. Impurities and dislo-

cations also act as trap charges and therefore also influence the defect’s charge state [60].

The SiV centre’s neutral state fluoresces weakly with a ZPL at 946 nm and is thought to be

the origin of the defect’s blinking and eventual photo-bleaching [62]. Surface treatments

may be used to enhance the stability of photo-stable SiV centres [57].
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2.3 Hexagonal Boron Nitride

Atomically thin van der Waals materials are emerging as burgeoning platforms which offer

novel properties that enable a broad range of optical, electro-optical and quantum-optical

functionalities [65–67]. Several of these two-dimensional materials have displayed sin-

gle photon emission, including transition metal dichalcogenides (TMDs) such as tungsten

diselenide (WSe2) [16]. The defects are usually attributed to localised weakly bound

excitons within a relatively small band gap (∼1 – 2 eV) and so only function at cryo-

genic temperatures [68]. hBN is a wide bandgap semiconductor and exhibits unique

electronic properties, high thermal conductivity and chemical inertness [69]. Analogous

to graphene, 2D hBN features a honeycomb structure with sp2 covalent bonding of boron

and nitrogen. Due to its bandgap of 5.95 eV, hBN is a potential host to several optical

defects which may be sufficiently deep within the band gap to be isolated individually

by sub-bandgap excitation [69]. In 2016, Tran et al. reported stable room temperature

single photon emission from multi-layer flakes of hexagonal boron nitride [32]. Initial

density functional theory investigations believed the defect to be an anti-site nitrogen va-

cancy (NBVN), where a nitrogen atom is found at a boron site neighbouring a vacancy

(Figure 2.6 (a) inset) [32, 70]. Several techniques have been used to fabricate the defect,

including electron beam irradiation [71] and ion implantation [72], plasma etching [73],

followed by (or purely just) thermal annealing [74]. These methods provide experimen-

tal evidence that the defect originates from a native vacancy. As subsequent annealing

leads to a random distribution of emitters, laser writing has also been utilised to produce

localised emitters [75].

The defect exhibits varying photo-stability, emission wavelength and ZPL linewidth sug-

gesting the optical dynamics are potentially associated with the local environment of the

emitter [64]. Figure 2.6 (a) shows the emission spectrum of the defect in both mono- and
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FIGURE 2.7: hBN emission properties with varying excitation wavelength.
(a) Emission spectrum showing two distinct peaks at 656 and 676 nm. (b)
HBT measurements show improving single photon emission as the emis-
sion at 656 nm becomes more dominant, showing the presence of two
emitters within the same focal spot. (c) Saturation measurements for the
two emission lines, showing a change in the saturation count rate with

excitation wavelength. Reproduced from [76].

multi-layer hBN. Much like in diamond where the NV and SiV centres in larger nanodia-

monds display greater photo-stability, Tran et al. found that multi-layer flakes exhibited

improved spectral properties compared to mono-layer flakes (Figure 2.6 (a)) [32]. The

multi-layer defect displays a narrow ZPL (2 – 5 nm) generally found between 400 – 800

nm, with red-shifted phonon side bands and a DW factor of ∼0.8 [77]. Grosso et al.

modelled tuning of the emission ZPL by applying strain along varying crystal axes, con-

firming strain as a cause for the deviating ZPL position [78]. The asymmetry of the ZPL

is associated with phonon interaction [79], while the PSB energy shift corresponds to a

well known phonon mode in hBN [80, 81]. The excited state lifetimes are between 2

– 5 ns, resulting in saturation counts of 2 – 5 × 106 cts/s, brighter than those typically

recorded from NV centres and comparable to the brightest SiV centres. Single photon

correlation measurements reveal photon bunching (g(2)(0) > 1) indicating the presence

of a non-radiative relaxation pathway with a long-lived metastable state [64]. Most hBN

defects exhibit pronounced blinking behaviour as shown in Figure 2.6 (b). Termination

by high quality Al2O3 has shown promise as a means to stabilise hBN emission [82].
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FIGURE 2.8: PL spectra of a typical emitter in hBN at room (a) and cryo-
genic temperature (b). The black dots are the measured data, with the
blue lines represent the bi-Lorentzian fits to the data at room temperature.
The two red lines of (a) represent the individual Lorentzian fits of the two
transitions. The orange curve in (b) is the emission spectrum at 5 K. (c) Po-
larisation dependent emission spectra of a typical hBN emitter. Reproduced

from [83].

Schell et al. have shed light on the defect’s previously elusive electronic structure [76]

(Figure 2.7). By varying the excitation wavelength away from conventional 532 nm,

differing emission spectra were observed, verifying the previous discovery of strong mis-

alignment between absorption and emission dipoles [84] - indicative of a multi-level sys-

tem. This work revealed the dependence of both the quantum and excitation efficiency

on the excitation wavelength. This is a stark difference to pseudo-two-level systems like

the NV centre where the quantum efficiency is independent of the excitation wavelength.

In hBN, it appears that multiple states compete with the radiative decay channel for direct

excitation. Schell et al. found defects with emission at 656 nm and 676 nm were most

efficiently excited at 590 nm and 540 nm respectively. Using this optimised excitation, de-

fects in hBN have an estimated quantum efficiency between 0.5 – 1 [76, 85]. The emission

centre was thought to consist of a single linearly polarised dipole transition, with excita-

tion and emission polarisabilities of 86 and 71 % [32]. However, the emission dipole is

supposed to show near unity polarisability, which may infer the presence of another tran-

sition with different polarisation behaviour. In order to explain this, Bommer et al. have

provided evidence of the hBN ZPL consisting of two independent electronic transitions,
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where the asymmetric ZPL lineshape was reproduced by two Lorentzian lines (Figure 2.8

(a)). By cooling the defect to 5 K, the previously single ZPL transition shows two clearly

distinguishable Gaussian lines (Figure 2.8 (b), indicative of an inhomogeneous broaden-

ing mechanism such as spectral diffusion. Figure 2.8 (c) shows polarisation dependent

spectra, displaying a strong variation in the dominant transition lineshape. Therefore, if

the two dipoles contributing to the ZPL have different relative polarisations, the defect

will not display the expected unity emission polarisability.

2.4 Optical Resonator Approaches

Imminent quantum technologies will have demanding requirements on not only photon

generation, but also collection and detection, especially for applications involving indis-

tinguishable photons [40]. For example, advancements in the collection and detection

rates of emitted photons from single defects will improve the sensitivity in metrology

applications and allow quantum information to be processed faster. There are several

strategies which have successfully demonstrated an increased collection efficiency [86],

such as the use of solid immersion lenses (SIL) [87] and circular bulls-eye gratings [88].

This is specifically an issue for emitters within high refractive index host materials such

bulk diamond, as efficient photon collection is hindered by refraction of the emitted light

at the diamond-air interface [89].

The SIL method has been shown to deliver a factor of ∼10 enhancement in the collection

efficiency with respect to bare diamond, improving to ∼30% [25]. By milling/etching a

SIL with an equal refractive index onto the diamond surface, no refraction occurs. The

range of angles over which light can be collected, defined as the numerical aperture (NA),

is increased by this refractive index (Figure 2.9 (a)–(c)). This has resulted in count rates
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FIGURE 2.9: Electric field intensity plots from a dipole (a) beneath a dia-
mond surface, (b) at the centroid of a SIL, (c) at the centroid of a SIL with
trenches, reproduced from [87]. (d) Schematic of a circular grating and
(c) the electric field distribution of a dipole at the centre of the bullseye,

reproduced from [88].

of ∼1×106 cts/s for a single NV centre [25]. Both the premier results for both QKD and

quantum entanglement with NV centres have utilised this method [40, 63, 90]. More re-

cently, the circular bulls-eye grating has also being shown to deliver a collection efficiency

of ∼30%. This structure consists of concentric slits etched into diamond, surrounding an

NV centre, as seen in Figure 2.9 (d). With an appropriate grating thickness, the period-

icity of the structure results in constructive interference for out of plane emission (Figure

2.9 (e)), increasing the collected photon count rate to ∼3×106 cts/s for a single NV cen-

tre [88].

There is however a more sumptuous approach, to not only increase the collection ef-

ficiency, but to also engineer the emission properties of the emitter. In 1946, Purcell



26 Chapter 2. Literature Review

discovered a substantially altered spatial mode density inside a cavity, such that the spon-

taneous emission rate can be enhanced [91]. This is known as the Purcell effect. The

Purcell factor FP , describes the ratio between spontaneous emission in a cavity mode to

that of free space:

Fp =
3(λ/n)3

4π2
Q

V
(2.1)

where Q is the quality factor, and V the cavity mode volume. The probability of spon-

taneous emission into the cavity is given by B = Fp/(Fp + 1). Hence in principle, for

large Purcell factors, photon emission into a single spatial mode can be achieved with an

efficiency near unity [34].

Cavity quantum electrodynamics (CQED) describes the interaction between photons and

atoms within an optical cavity [1]. This fundamental field of science continues to have

major applications in quantum technologies. In recent years, optical cavities with dimen-

sions on the micron scale have been fabricated [92, 93]. This ensures that the resonant

modes are well distributed throughout the emitter’s spectrum [34], such that the emitter

only couples to a single mode [94]. These microcavites come in a variety of architectures,

each offering their own unique insight into CQED. In the following section, photonic crys-

tal cavities and open-access microcavities will be discussed, as these offer small mode

volumes and compatibility with the previously discussed emitters.

2.4.1 Photonic Crystal Cavities

A photonic crystal cavity (PCC) has a periodic variation (can be 1, 2, or 3–dimensional)

of its refractive index. When this periodicity is on a length scale comparable to the pho-

ton wavelength, photons will propagate in discrete modes defined by the patterning of
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(d)

FIGURE 2.10: (a) SEM images of a nanobeam photonic crystal cavity fabri-
cated from single crystal diamond. (b) Electric-field intensity profile of the
fundamental cavity mode of the photonic crystal cavity. (c) Cross-sectional
electric field intensity profile of the fundamental cavity mode of the pho-
tonic crystal cavity. (d) Second-order correlation measurement of the cav-
ity coupled SiV− center emission under pulsed excitation, yielding g(2)(0)

= 0.04. Reproduced from [17].

this environment [34]. When a disturbance is introduced to the crystal periodicity, an

artificial emission channel is created [95]. These microcavity modes can have volumes of

the order λ3. A PCC with periodicity in all directions would be an ideal structure for the

complete control of spontaneous emission [95]. However, this requires pattering at the

optical wavelength, making these 3D structures extremely hard to fabricate. Regardless,

progress has being made with 1D and 2D PCCs with these displaying small mode volumes

and high Q-factors [34]. For 2D PCCs, the initial challenge was how to achieve confine-

ment in the vertical direction. This was solved by the use of thin semiconductor slabs

with a high refractive index, thus creating a vertical refractive index contrast [96]. This

effect can be used to eliminate another dimension to create 1D PCCs [97, 98]. Diamond

is such a material (n = 2.4) and also contains a host of optically active defects, such as

the NV and SiV centres.
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Theoretical studies have yielded potential Q-factors in the range 104 – 106 for these struc-

tures [96, 97]. Riedrich-Moller et al. achieved tunablity through repeated thermal etch-

ing, allowing coupling to an SiV centre [97]. The cavity modes were shifted by 15 nm

without significant degradation of the quality factor [97]. This resulted in a Purcell factor

of 20, and a factor of 2.8 increase in the intensity of the SiV ZPL [97]. Hausmann et al.

have also demonstrated the tuning of PCC cavity resonances through Xe gas deposition

[99]. In 2018, Zhang et al. fabricated a 1D PCC with a mode volume of V=1.8(λn)3 and

Q ∼104 [17] (Figure 2.10). SiV centres were grown by chemical vapour deposition into

a single crystal plate of Type IIa diamond. Gas tuning was used to bring the cavity mode

into resonance with one of the SiV transitions. The cavity-coupled emitter exhibited a

10-fold reduction in lifetime and 42-fold enhancement in the emission intensity [17].

2.4.2 Open-Access Microcavities

The open-access microcavity is made up of two independent highly reflective mirrors sep-

arated by empty space. The most basic design of a cavity is to arrange two planar mirrors

opposite each other. If perfectly parallel, resonant light will be confined in one dimen-

sion with photons collected through the less reflective of the mirrors. A useful quantity is

the finesse F , which is related to the number of round trips made by the photons before

leaking out of the cavity. Despite this simplicity, Dumiege et al. displayed a factor of 2

enhancement in collection efficiency of an NV centre [100]. The Fabry-Perot cavity was

formed of two distributed Bragg reflectors (DBRs) with a moderate finesse (F ∼ 60).

While this is a positive result, the microcavitation can be improved upon by creating a

hemispherical surface on one of mirrors. A planar-hemispherical cavity provides longitu-

dinal and transverse confinement and is used extensively in laser technology [101].

The challenge of this approach is to create these hemispherical features with sufficiently
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FIGURE 2.11: (a) Schematic of the planar-hemispherical microcavity. (b)
Electron micrograph of an array of concave features milled into silicon.

Reproduced from [92].

small radii of curvatures (β), to allow the minimisation of the mode volume, combined

with high finesses. Several methods have being used to create these concave features.

These include; the electrochemical deposition of microspheres for templating [102], bub-

ble trapping in molten silica [103] and wet etching techniques [104]. These methods

achieved finesses up to ∼103 and RoCs down to β = 10 µm. However, the techniques of

Focused Ion Beam milling (FIB) and CO2 laser ablation have now surpassed the others.

In 2010, Hunger et al. used a pulsed CO2 laser to ablate the surface of silica substrates,

leaving concave imprints on the surface [105]. The laser-induced heating causes melting

and evaporation, resulting in an extremely low surface roughness and high finesse cavi-

ties (F ∼ 105). The laser wavelength is 10.6 µm and this provides the diffraction limit

for the this technique, with the smallest RoCs achieved being 13 µm [106, 107]. Also in

2010, Dolan et al. demonstrated even smaller features using FIB milling (Figure 2.11)

[92], providing more precise control than the CO2 ablation method. Features with β = 5,
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FIGURE 2.12: Fabry-Perot cavity consisting of a concave mirror on a fiber
facet and a plane mirror onto which NDs have been spin coated. Repro-

duced from [109].

12 and 25 µm were milled onto silica substrates [92]. Since then features of β = 1.5 µm

have being created [93], with finesses of ∼104. These techniques have produced mode

volumes of 2.3(λn)3 and 1.9(λn)3 respectively [108].

The first experiments coupling a single NV centre to open-access microcavities were per-

formed in 2013 by Albrecht et al, using a fibre integrated cavity [109] (Figure 2.12).

These experiments were performed at room temperature, where the NV-cavity coupling

proceeds within the bad emitter regime of CQED. The effective Q-factor will always be

limited by the broad NV emission spectrum, as only a fraction of the emission is coupled

to a cavity mode. However, the broad nature of the NV emission spectrum allowed the

single photon emission into cavity modes to be tuned over a large spectral range, present-

ing the possibility of using the NV as a wavelength-tunable single photon source.
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The large RoC of their concave feature (71.6 µm) resulted in no increase in the sponta-

neous emission rate (FP = 10−2). However, they found the NV’s homogeneous broaden-

ing helped channel emission into the cavity modes [109]. Saturation measurements for

the free-space and cavity coupled emission showed photon spectral densities of 4.5 pho-

tons/(s GHz) and 41 photons/(s GHz) respectively, an order of magnitude enhancement

for the cavity emission. If translated into a spectral window as wide as the TEM00 mode,

the free space spectral density would yield a saturation count of 2 photons/s, 3 orders of

magnitude smaller than the 3700 photons/s observed [109], confirming cavity enhanced

emission.

To explain these results, Albrecht et al. developed a model of the NV-cavity coupling

process, building on the work of Auffeves et al., which describes solid-state emitter-cavity

coupling [110, 111]. In this model, the NV centre is presented as a two-level system with

excited state |e〉, and n vibronic ground states (|g0〉,...|gn〉), as seen in Figure 2.13 (a). The

ZPL (γ0) and PSB (γi) transitions undergo a natural broadening from the decay rate from

the excited state. At room temperature, there are two additional line broadening mecha-

nisms. Firstly, all transitions feature pure dephasing due to phonon scattering. Secondly,

the PSB transitions experience further radiative broadening due to the short lifetimes of

the levels |gi〉 [109]. Figure 2.13 (b) shows the difference in width of the |e〉 → |gn〉

transitions with these additional dephasing mechanisms accounted for.

With this description of the NV emission spectrum, the contributions of the individual

transitions to the cavity coupling were accounted for. It is clear that tuning the cavity

mode through the different PSB sub-levels will still lead to "feeding" of the emission into

the cavity mode due to the width of these dephased transitions. Figure 2.13 (b) inset

presents a schematic of the coupling mechanism. R0 represents the effective coupling

rate between the cavity and ZPL transitions, which is a reversible process. The feeding
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FIGURE 2.13: (a) NV optical transition from the excited state |e〉 to ground
states |gi〉. The associated natural and pure-dephasing rates γi + γ∗ are
shown, including the additional rate γi,i−1 of the non-radiative vibronic
transitions. (b) Experimental spectrum of the NV centre at room tem-
perature. The spectrum (dark grey) is well reproduced by a series of
Lorentzians, giving the ZPL (red) and PSB (pink). A cavity mode (green)

is shown at the ZPL position. Adapted from [109]

of the cavity from the PSB transitions with rates Ri are uni-directional, and the coupling

rate is defined as:

Ri =
4g2i

κ+ γ + γi,i−1 + γ∗
1

1 + ( 2δ0
κ+γ+γi,i−1+γ∗

)2
(2.2)

Where γ = γ0 + γ1 + ...γn. The final terms on the right hand side of Equation 2.2 de-

scribe the detuning of each transition from the cavity resonance. All the parameters in

this model were determined experimentally (γ∗ = 15 THz, γi,i−1 = 65 – 85 THz) and

used to predict the efficiency of NV-cavity ZPL coupling at low temperatures.

Benedikter et al. have also used the fiber cavity to couple to SiV centres, but with a con-

cave mirror size of β = 26 µm [112]. Due to their narrower emission spectrum (FWHM

∼7 nm) and large DW factor (∼0.8), SiV centres are more favourable to achieve cavity
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FIGURE 2.14: (a) Free-space emission spectrum from the defect showing
a ZPL at 565 nm and FWHM of 6 nm. (b) The open cavity consists of a
planar and hemispherical mirror, with a PDMS spacer used to set the cavity
length. (c) The cavity narrows the emission spectrum down to a FWHM of
0.22 nm. (d) Second-order correlation measurement showing a decrease
in g(2)(0) from 0.05 to 0.02, and shortening of the lifetime from 837 ps to
366 ps. (e) Electric field profile of a dipole emitter in the cavity obtained
using FDTD simulations. The field maximum is located at the position of
the dipole on the planar mirror. (f) The cavity increases the saturation

count, and decreases the saturation power. Reproduced from [85].

enhanced emission. This fibre cavity displayed a finesse of ∼4×104 at 740 nm and mode

volume 3.4λ3, leading to a collection efficiency of emitted photons of 90%. The spectral

density was 5.4 × 104 photons/(s GHz), 20 times larger than any other previous room

temperature experiments involving SiV centres. Although limited by the low quantum

efficiency of the emitters, the cavity induced a 31% decrease in the excited state lifetime

and a high photon count rate of 4.1 Mcts/s into a single cavity mode.

While hexagonal boron nitride can be used to fabricate photonic crystal cavities, the

large variation in ZPL wavelength make the spectral matching to the cavity mode difficult

[113]. Therefore, the open cavity platform is much more favourable for the enhancement
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of hBN emission (Figure 2.14). Vogl et al. used a microcavity of planar hemispherical

geometry with β = 2.7 µm. Both planar and featured mirrors were coated with 9 pairs

of SiO2/TiO2 resulting in a measured reflectivity of 99.2% at 565 nm. The cavity mode

linewidth of 0.169 nm at 565 nm corresponds to a Q-factor of Q = 3345. Multi-layer hBN

flakes were fabricated using an oxygen plasma as this is known to create defects with ZPLs

between 550 – 570 nm [73], before transfer onto the planar mirror. A PDMS film was

sandwiched between the two mirrors to lock the cavity to a chosen length. This film

compressed linearly with the driving voltage of the actuator, giving a cavity mode tuning

resolution of 102 nm/V. The presence of the cavity induced a decrease in the excited state

lifetime from 837 ps to 366 ps, and the quantum efficiency of the defect was calculated

to be 51%. The cavity also modified the saturation behaviour, with an increased satura-

tion count rate at lower excitation power, due to both the Purcell effect and enhanced

collection efficiency of the emitted photons. The use of a lower excitation power assists

the stability of the defects and no blinking or bleaching was observed [85]. Although not

specified, the saturation count of the hBN-cavity device appears to be ∼2 × 107 cts/s, the

brightest value achieved for any room temperature source.

2.4.3 Micropillar Enhanced QD Source

The most prominent single photon sources displaying the best overall performance are

semiconductor quantum dots (QD). Self-assembled epitaxial QDs have been widely in-

vestigated, with a large variety of materials displaying emission from UV to near infrared

spectral range [114]. Depending on the bandgap of the material, single photon emis-

sion can be achieved at temperatures ranging from room temperature (nitride III-V) to

cryogenic (InGaAs). The most substantial progress has been made using III-V semicon-

ductors, with InAs/GaAs as the most popular choice of material. InAs and GaAs are both

covalently bonded direct-bandgap semiconductors, with bandgap energies of Eg(InAs)
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Delay (ns)

FIGURE 2.15: (a) Schematic of the micropillar-coupled QD. (b) PL map of
the connected device, with the bright emission at the centre arising from
the coupled QD. (c) Second-order correlation measurement of the device
at 2.45Psat, showing near-perfect single photon emission with g(2)(0) =

0.024. Reproduced from [27]

= 0.43 eV and Eg(GaAs) = 1.52 eV at 4 K, and a 7% lattice mismatch between them.

The deposition of InAs on GaAs leads to the formation of a wetting layer, a planar layer

which is bi-axially compressed to the GaAs lattice [115]. As crystal growth proceeds, the

accumulated strain increases and the energy of the system is minimised by the creation

of Indium rich islands [116]. These islands are 10 – 30 nm laterally and 2 – 5 nm out

of the plane [117]. The epitaxial growth of GaAs on top of these islands leads to three-

dimensional confinement, yielding optical transitions between 900 – 1000 nm at 4 K.

These QD sources may be excited both optically and electrically [118, 119]. With elec-

trical excitation, QD sources are not limited by the repetition rate of the pump laser and

can be excited at rates up to 1 GHz [120]. Because of the high refractive index of GaAs

(n ≈ 3.5), only a small fraction of the QD emission can be collected (0.5% for a 0.5NA

objective)[121]. This necessitates the use of an optical cavity, to not only increase the

emission rate, but improve the extraction of these photons into a useful mode [34, 122,

123]. These QDs have large optical dipoles, and narrow spectral linewidths resulting in a

good coupling to guided optical modes. Control of the spontaneous emission of QDs was
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first demonstrated in the late 90s and early 2000s. This has been developed and demon-

strated for single QDs in micropillar, microdisk and PCC cavities [24, 124]. Bennett et al.

used a simple 12-layer planar semiconductor cavity to increase the collection efficiency

from 0.5% to 2.6 ± 0.3%. This approached was further developed by using micropillar

and oxide-confined microcavites, improving the collection efficiency to 14 ± 1% at an

excitation rate of 80 MHz [123, 125].

In 2017, Somaschi et al. demonstrated near-optimal single photon emission from an elec-

trically driven InGaAs QD coupled to a micropillar cavity at 4 K (Figure 2.15) [27]. The

micropillar cavity induced a high extraction efficiency and the single photon efficiency at

the first lens was measured as 60%. When driven at an excitation rate of 500 MHz, the

source can deliver a single photon count rate of 300 Mcts/s, far superior to the sources

discussed in the previous section (Table 2.1). Under resonant excitation, the single pho-

ton purity and indistinguishability reached values of g(2)(0) = 0.0028 and M = 0.9956

[27]. The first experiment using this source displayed Boson sampling up to five orders

of magnitude faster than any previous implementation using heralded photon sources

[126]. With this achievement, the QD-micropillar system has been commercialised and is

available for procurement from Quandela [28].

2.5 Conclusion

This chapter has discussed the key characteristics of the most prominent solid-state emit-

ters. The ideal single photon source based of one of these emitters must meet several

requirements, with photo-stability and room temperature functionality as imperative pre-

requisites for practical functionality. The most promising emitter is the nitrogen-vacancy

centre in diamond, as it exhibits photo-stable single photon emission at room temperature
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Source Brightness (cts/s) Lifetime (ns) Temperature Linewidth (nm)
NV[127] ∼ 5 × 105 30 RT ∼ 70

NV-SIL[128] ∼ 1 × 106 18 RT ∼ 70
NV-Cavity[129] ∼ 9 × 104 19 RT 0.35
NV-Cavity[130]‡ ∼ 2 × 106 11 RT 16

SiV[56] ∼ 3 × 106 ∼ 1 RT ∼ 1.5
SiV-Cavity[112] ∼ 4 × 106 ∼ 0.5 RT 0.04

hBN[32] ∼ 4 × 106 ∼ 3 RT ∼ 4
hBN-Cavity[85] ∼ 2 × 107 0.36 RT 0.22
QD-PCC[131]‡ ∼ 8 × 106 ∼ 0.16 4K Lifetime-limited

QD-Micropillar[27]‡ ∼ 3 × 108 ∼ 0.10 4K Lifetime-limited

TABLE 2.1: Summary of the achieved device specifications of solid-state
single photon emitters, including the various cavity enhanced approaches.
The brightness values quoted are detected values, unless specified with
‡ to show measured/predicted values after the first lens. The NV-based

specifications are for nanodiamonds.

[39]. However, the excited state lifetime limits the brightness of the NV, and the emis-

sion spectrum is extremely broad (∼70 nm) - which enhances the effects of dispersion

in optical networks [2]. Although single SiV centres are becoming easier to manufacture

[62], the frequency of blinking and low quantum efficiency places a ceiling on deliver-

able device efficiencies [112]. Defects in hBN provide short excited state lifetimes, narrow

emission profiles and potentially near unity quantum efficiencies under optimal excitation

[76]. However, their proximity towards the surface leads to instability and provides an

avenue for the quenching of emission.

In order to achieve a high device efficiency, an optical microcavity can be used to enhance

the spontaneous emission rate of these emitters, while channelling this enhanced emis-

sion into well-defined spatial modes. Photonic crystal cavities and open-access microcav-

ities have been discussed, with both systems offering mode volumes on the order of ∼ λ3

and Q factors in the range 104 − 106 [93, 97]. One key feature that is required for a real-

istic cavity-coupled system is some method of tuning the cavity resonances. Even though
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PCCs offer the lowest mode volumes, and can be constructed around a pre-characterised

emitter, the technical overhead required to tune the cavity modes is not optimal [97].

The open-access microcavity enables tunablity of the cavity resonances far beyond those

offered by other microcavity structures [34]. Moreover, the open geometry also allows

direct comparison between emission properties of the same emitter before and after the

use of the microcavity, providing direct evidence of the cavity enhanced emission [41,

129]. This resonator is compatible with any emitter which may be deposited on the mir-

ror surface, with a variety of materials available to complement the emission wavelength.

Therefore, open-access microcavities are well suited to aiding the drive towards the prac-

tical realisation of a true single photon source. The properties of the discussed emitters

and cavity systems are presented in Table 2.1. It is clear that at present, QD sources pro-

vide the most optimal single photon characteristics. However, there is much still room

for development with room temperature sources, which will present much simpler and

robust alternatives for use in a wider range of environments.
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3|
Theoretical Background

3.1 Introduction

This chapter will outline the essential theoretical background required to describe the

coupling of single defects to optical resonators. I will begin with a brief summary of opti-

cal transitions in solid-state systems in relation to their single photon emission properties.

This is followed by a description of the planar Fabry-Perot resonator, where key cavity pa-

rameters such as the finesse and quality factor will be highlighted. To describe the optical

modes of the planar-hemispherical cavity, the Gaussian beam will be presented, including

the relationship between the Hermite-Gauss modes and the tailoring of light-matter in-

teraction. This will lead to a discussion on the theory of CQED, compared to spontaneous

emission in a free space optical density of states. It will be demonstrated that the optical

microcavity can increase the optical density of states, leading to an enhancement in the

spontaneous emission rate, known as the Purcell effect. Finally, the chapter will conclude

with the consequences of the Purcell effect on single photon emission from solid-state

emitters in the "bad emitter/good cavity" regime.
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3.2 Solid-State Emitters

The electronic properties of solid-state materials are typically described by their band

structure. Materials such as diamond and boron nitride exhibit extremely large band gaps,

making them predominantly optically transparent. However, the presence of impurities or

defects can create discrete energy levels within the band gap. These defect states may be

accessible by optical excitation, behaving as pseudo-atomic systems located within a host

matrix. Following excitation, the characteristic length of time before decay to the ground

state is known as the excited state lifetime τ . This lifetime is described as the inverse of

the sum of all possible decay routes from the excited state τ = (
∑

i γi)
−1, where the index

i labels the different decay channels. The decay channel of most interest is the radiative

decay channel, in which a photon is emitted as a means of relaxation, with a decay rate

γrad. We can define the quantum efficiency as the proportion of radiative decay to all

decay processes:

QE =
γrad

γrad + γnr
(3.1)

Where γnr describes all the non-radiative decay channels. For a homogeneous transi-

tion, the linewidth of the emission profile will be a Lorentzian of linewidth (FWHM)

δω = 2π
τ . This natural broadening is a direct result of the energy-time uncertainty [132,

133]. It is more common for emitters to display additional broadening from inhomoge-

neous sources, most of which originate from the local environment of the emitter, such as

fluctuating local fields due to the presence of charge traps. Therefore, emitters at room

temperature rarely display lifetime-limited linewidths.

This direct transition from the excited state (E1) to the ground state (E0) is commonly

referred to as the Zero Phonon Line (ZPL). Unlike in atomic systems, solid-state emitters

regularly display vibronic structure, where radiative transitions occur via the assistance of
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FIGURE 3.1: Franck-Condon configuration diagram of solid-state systems.
E0 and E1 are the ground and excited electronic states, which have a har-
monic dependence on the generalised nuclear coordinates Qn. The vi-
brational manifolds for each state are represented by the horizontal lines.
The diagonal line represents the zero vibration transition (ZPL), with the

dashed lines representing non-radiative vibrational transitions.

lattice phonons (Figure 3.1). The Born-Oppenheimer approximation states that: electron

displacement occurs much more rapidly than nuclei displacement, due to the difference in

their relative masses [134]. Therefore, the nuclei are treated as static during the transi-

tion. Upon non-resonant excitation, an electron is promoted to a higher order vibrational

state of the electronic excited state (E1, v > 0). There is a redistribution of the electric

charge, causing the nuclei to undergo a displacement from their original position (Q0) to

a new equilibrium position (Q1). Energy is lost by rapid relaxation through the vibronic

levels until equilibrium is reached, at the ground vibronic state of the excited electronic

state (E1, v = 0).
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Relaxation from the ground vibronic state of the electronic excited state (E1, v=0) can

now proceed via a transition to an excited vibronic state of the ground electronic state

(E0, v>0). This phonon-assisted process results in the emission of photons with a lower

energy than the ZPL, known as the phonon side band (PSB). The strength of PSB is depen-

dent on the overlap of the vibronic wave functions involved in the electronic transitions.

The fraction of light into the ZPL relative to the total emission is known as the Debye-

Waller (DW ) factor. Emitters with minimal nuclear rearrangement will have the greatest

overlap of vibrational wavefunctions and maximal DW factors. For the NV centre, DW

= 0.04, while DW ∼ 0.7 for the SiV and hBN defects.

3.2.1 Single Photon Emission

The NV and SiV centre in diamond, as well as defects in hexagonal boron nitride, exhibit

optical transitions featuring a single electron between electronic states which result in the

emission of single photons. A general statistical measure of single photon emission is the

second-order correlation function g(2)(τ) which is defined as:

g(2)(τ) =
〈I(t)I(t+ τ〉
〈I(t)〉 〈I(t+ τ)〉

(3.2)

Where the brackets 〈...〉 denote the time averaged value of the arguments. At long time

delays, the correlation function tends towards unity for all types of light. This signifies a

lack of correlation between photon detection events. For classical light, g(2)(0) ≥ 1, while

for coherent light, g(2)(0) = 1. Quantum emitters create single photons generally sepa-

rated by the lifetime of the excited state, and this behaviour is known as anti-bunching.

These single photons can be described as Fock states (or number states) |N 〉, where N
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FIGURE 3.2: (a) HBT histogram behaviour for coherent light (blue), a
two level quantum system (green) and a corresponding three level sys-
tem (red). (b) An example three level system with transition the relevant

transiton rates kij shown.

describes the number of quanta in the state. The correlation function at zero time delay

is reduced to:

g(2)(0) = 1− 1

N
(3.3)

Therefore, a perfect source yields a value of g(2)(0) = 0, while g(2)(0) < 0.5 indicates a

predominantly single photon emitter. However, these solid-state systems are non-ideal,

especially at room temperature. They can display non-radiative decay pathways, such as

inter-system crossing and forbidden transitions - which all cause a deviation from a simple

two-level system. We must consider the effect of these mechanisms on the observed pho-

ton statistics. For the basic two-level system, the factors affecting the correlation function

are the excitation rate and the spontaneous emission lifetime. At high excitation powers,

it is often observed that there is increased pumping into metastable states. This results

in photon bunching at intermediate time delays such that g(2) > 1 (Figure 3.2). Both the

excited and metastable state have an associated lifetime, τ1 and τ2. The solution for the

second-order correlation function for the three-level system was derived by Kurtsiefer et
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al. and expressed as [39]:

g(2)(τ) = 1 + c1e
− |τ |
τ1 + c2e

− |τ |
τ2 (3.4)

In the low power limit, τ1 tends towards the spontaneous emission lifetime of the excited

state. The coefficients c1,2 and τ1,2 reveal interdependencies on the inter-system crossing

rates, and vary with the excitation pumping rate.

3.2.2 Saturation

Following spontaneous emission, the system has to be recycled into the excited state

before another photon can be emitted. The rate constants kij seen in Figure 3.2 (b) are

used to describe the transitions between the ground (|1〉) and excited state (|2〉). When

subject to a suitable source of excitation enabling this transition to occur, the rate of

excitation (k12) is proportional to the excitation power (Pex):

k12 = aPex (3.5)

Where a is a constant of proportionality dependent on the characteristics of the excitation

(e.g. polarisation) and the transition dipole moment. Ignoring effects such as ionisation

or two photon absorption, the probability of subsequent photon absorption vanishes while

in this excited state for the emitter lifetime τ . The populations of the ground (ρ1) and ex-

cited state (ρ2) sum to unity (ρ1 +ρ2 = 1). Ignoring coherences, the population dynamics

are governed by the rate equations:

ρ̇1
ρ̇2

 =

−k12 k21

k12 −k21

 ·
ρ1
ρ2

 (3.6)
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Under continuous excitation, the system reaches a steady state when ρ̇1 = ρ̇2 = 0. The

equilibrium population of the excited state is given by:

ρ2(t −→∞) =
k12

k12 + k21
(3.7)

Using Equations 3.5 and 3.7, the photon emission rate I is defined as:

I(Pex) = k21ρ2 =
k21 · aPex
aPex + k21

=
k21Pex

Pex + Psat
(3.8)

Where the saturation power is defined as Psat = k21/a. From Equation 3.8, the maximal

photon emission rate with Pex >> Psat is I(Pex −→ ∞) = k21. This basic description

gives insight into the physical process of saturation, allowing the comparison of different

solid-state emitters. While this simple model fails to include the presence of additional

levels like shelving states, the saturation behaviour remains the same, but with added

dependencies on the rate constants between these new levels.

3.3 Optical Resonators

A good starting point for the discussion of optical resonators is the Fabry-Perot resonator,

formed by two planar mirrors of a given reflectivity (Figure 3.3). A full description can be

found in References [135] and [136]. Certain frequencies (νF ) will satisfy the boundary

conditions imposed by the two mirrors, and these are known as the resonant frequencies.

For such a cavity with two mirrors separated by distance L, the resonant frequencies obey:

νF = q
c

2L
(3.9)
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L
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FIGURE 3.3: The Fabry-Perot optical resonator, formed by two opposing
mirrors of reflectivity R, separated by distance L. Asymmetric reflectivities

lead to transmission through the mirror and loss from the cavity.

where q is the number of antinodes between the mirrors, also known as the mode index.

The separation between each consecutive resonant frequency is ∆ν = c
2L , and this is

known as the free spectral range (FSR). Knowledge of the FSR allows the spectral cal-

culation of the cavity length. Another key metric for the cavity is the finesse F , which

describes the number of round trips made by a photon before exiting the cavity. For a

perfect cavity with mirrors of reflectivity R = 1, the finesse would be infinite (Figure 3.4).

In reality, for cavities with R < 1, the finessed is defined as:

F =
π(R1R2)

1/4

1−
√
R1R2

(3.10)

Although this expression is independent of the cavity length, there are often alternative

means of intra-cavity scattering. These additional loss mechanisms can be described by
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the total round-trip loss factor L:

L = 2αsL+ ln
1

R1
+ ln

1

R2
(3.11)

Where αs is the scattering coefficient due to the surface roughness of the mirror. For

mirrors with high reflectivities (R ≈ 1), the finesse is related to the total loss factor by:

F =
2π

L
(3.12)

Therefore, electric field within the cavity is attenuated and decays at a rate related to the

photon lifetime within the cavity τc by κ = 1/τc. The cavity decay rate is a key parameter

which will be discussed later in this chapter. The breakdown from this strict resonance

condition results in a characteristic spectral linewidth δν;

2πδνc = κ (3.13)

The finesse can then be related to the cavity’s spectral properties by:

F =
∆νFSR
δν

=
∆λFSR
δλ

(3.14)

The Q-factor is a figure of merit that describes the ability of a cavity to store energy and

allows a simple comparison between different cavity geometries. The Q-factor can be

related to the finesse by:

Q =
2π ×Maximum Energy Stored

Energy Loss Per Cycle
=

ν

∆ν
=

λ

δλ
= qF (3.15)
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FIGURE 3.4: The mode spectrum of the Fabry-Perot resonator in terms of
λ. As the reflectivites of the mirrors increase, the width of the Lorentzian

line (δλ) decreases. The free spectral range ∆λ is also indicated.

In summary, the planar cavity has been used to introduce several key parameters. Optical

resonators may be used to sample a large range of Q-factors with varying cavity length

(or mode index). However, in order to achieve sufficient photon confinement and small

mode volumes, spherical mirrors are required.

3.3.1 The Gaussian Beam

The spherical mirrors used in this thesis are well described by a paraboloidal waveform

curvature, and thus the Gaussian beam fully characterises the optical modes of these

resonators. The wavefront along the optical axis can be described by ray optics, but the

wavefront normals are defined to deviate from the optical axis by a small angle (Figure

3.5). This is known as the paraxial approximation. The full derivation for the solution

of the Gaussian beam can be found in Reference [136], and the most useful expressions
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FIGURE 3.5: The Gaussian beam within a planar-hemispherical cavity. The
beam waist ω(z) is minimum at z = 0. Away from the beam waist, the
beam diverges with an angle θ. The hemispherical mirror is located at a

cavity length z = L with radius of curvature β.

will be presented. As the beam propagates away from it’s focal point, it’s behaviour can

be described by the parameters beam waist ω(z) and radius of curvature β(z) and Gouy

phase ζ(z). In order to define these functions concisely, it is useful to define the Rayleigh

range, zR, which is the distance along the optical axis where the beam waist ω(z) =
√

2ω0.

The value of zR can be shown to be:

zR =
πω2

0

λ
(3.16)

With the Rayleigh range, the terms ω(z), β(z) and ζ(z) can be expressed as:

ω(z) = ω0

√
1 +

z2

z2R
(3.17)

β(z) = z +
z2R
z

(3.18)
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ζ(z) = arctan

(
z

zR

)
(3.19)

The final useful entity is the divergence angle, which defines the numerical aperture (NA)

of the beam. This is a particularly useful in determining the efficiency of cavity coupled

emission to external optics. It can be expressed in terms of ω0 by:

NA = sin(θ) = sin

(
λ

πω0

)
(3.20)

Gaussian beams are ubiquitous in modern optics and this beam profile is also formed by

planar-hemispherical cavity geometries. For this type of cavity, the beam waist is located

at the planar mirror. The radius of curvature of the hemispherical mirror at a given cavity

length completes the required boundary condition for Gaussian modes to be formed.

Specifically, these modes are formed in the regime of L ≤ β. More precisely, the mode

stability condition is defined as:

0 ≤ g1g2 ≤ 1 (3.21)

Where gi = 1 − Li/βi. For the mirror in Figure 3.5, g1 = 1 as β1 −→ ∞. Therefore,

the mode waist on the concave mirror of radius of curvature β must be well within the

bounds of the feature diameter in order to avoid clipping losses at the edge of the concave

profile.

3.3.2 The Hermite-Gaussian Beam

The solutions for the Gaussian beam may also produce alternative solutions to those pre-

sented above, namely the Hermite-Gaussian beam. The Hermite-Gaussian beam describes
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modes. Under cylindrical symmetry, these are energetically degenerate

and classified by the sum of their eigenvalues.

cavity modes with higher order solutions, known as transverse modes, as they provide ad-

ditional structure in the x-y plane. This solution introduces the eigenvalues (m,n) of the

Hermite polynomials. The sum of eigenvalues m,n = 0 delivers the lowest order solution,

which recovers the original Gaussian beam solution. Therefore, m+n provides a labelling

method of "TEMm,n", where TEM stands for Transverse Electric Magnetic.

The higher order transverse modes are made up of spatially distinct but energetically

degenerate electric field profiles. Figure 3.6 shows the spatial distribution of these modes

until them+n= 2 index. The mode waist, which is defined as the point where the electric
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field intensity falls to 1/e2 of it’s maximum value, decreases with a higher mode index.

Consequently, this increased beam divergence reduces the coupling into external optics.

The spectral profile of the longitudinal and transverse modes for a given mode number

can be seen in Figure 3.7, where the higher order modes are at lower wavelengths relative

to the TEM00 mode. Both longitudinal (TEMm+n=0) and transverse modes (TEMm+n≥1)

wavelengths are fully described by the equation:

νq,m,n =
c

2L

[
q + (m+ n+ 1)

arccos(
√
g1g2)

π

]
(3.22)

The mode volume, V , of the electric field within the cavity is a final quantity required to
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fully understand the emitter-cavity coupling experiments in this work. It can be derived

by integrating the required Gaussian beam solution over the dimensions of the cavity. For

a planar-hemispherical resonator, the result for the TEM00 is of a simple analytic form:

V =
πω0L

4
=
λL2

4

√
β

L
− 1 (3.23)

This mode volume includes the fraction of the field penetrating into the mirror layers

which will be discussed further below. Figure 3.8 displays the anticipated mode volumes

for cavities of varying radii of curvatures as a function of mode number. Theoretically,

extremely low mode volumes down to 0.1 µm3 may be reached, but achieving such short

cavity lengths presents technical challenges.
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3.3.3 Distributed Bragg Reflectors

Thus far, the resonators discussed have been ideal systems without consideration given

to the materials necessary to create such near perfect systems. The best conventional

silvered (or metallic) mirrors offer reflectivities of ∼95%, over a broad range of wave-

lengths. These mirrors provide sufficient finesses for broad emitters, which will dominate

the effective Q-factor of the system, but they are not optimal for narrow emitters. In addi-

tion, the inherent auto-fluorescence of metallic mirrors limits the minimum of the g(2)(0)

value. Distributed bragg reflectors (DBRs) do not display persistent auto-fluorescence and

can be manufactured to produce a desired reflectivity at a given wavelength. DBRs are

constructed from alternating layers of high and low refractive index materials with layer

thicknesses of λ
4n , where n is the refractive index of each material and λ the required

wavelength of maximum reflectivity. Their principle of operation are as follows:

• Light incident on an interface will be partially transmitted and reflected.

• Propagation across a boundary from a low to high index medium results in a π

phase shift of reflected light, and does not occur in the opposite scenario.

• Each layer possesses a thickness of λ
4n which ensures the reflected component from

each interface is in phase.

• Stacking multiple layers together creates reflectivities approaching unity.

The reflected and transmitted components at each interface are governed by the Fres-

nel equation, with escalating complexity as the number of interfaces increases. A full

mathematical description can be found in Hecht [135]. It is assumed that the dielectric

materials are non-magnetic. The boundary conditions of Maxwell’s equations require the

tangential component of the electric field E and magnetic field H to be continuous across

the interface, allowing the relation of this component to the field across the interfaces.
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This can be generalised to multiple interfaces to give a reflected intensity for an N-pair

DBR stack at normal incidence:

R =

[
norn

2N
H − nsubn2NL

norn2NH + nsubn
2N
L

]2
(3.24)

Where nH and nL are the high and low refractive indices, and nor and nsub are the

originating and substrate medium. The reflectivity is mostly determined by the number

of layer pairs and their refractive index contrast, with this contrast also dictating the

reflection bandwidth. The presence of this reflectivity profile affects the radiation pattern

of emitters in close proximity. For emitters such as the NV which emit photons over

a wide range of wavelengths, the collection efficiency at each wavelength (ηcoll(λ)) is

not constant over the whole emission spectrum. The total power emitted by a dipole

(Pem) in dielectric media is described in Reference [137], using the sum of parallel and

perpendicular polarisation contributions:

P‖(α, θ, φ) =
3

8π
sin2(θ)sin2(φ) (3.25)

P⊥(α, θ, φ) =
3

8π
(cos(θ)sin(α) + sin(θ)cos(α)cos(φ))2 (3.26)

Where α is the azimuthal angle between the optical axis and the emission direction,

φ is the polar angle, and θ is the angle between the dipole and the optical axis. The

collection efficiency is found by integrating these quantities over the solid angle given by

the numerical aperture:

ηcoll(θ) =

∫ arcsin(NA)

0

∫ 2π

0
(A‖P‖ +A⊥P⊥)sin(α)dφdα (3.27)
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(a) (b)

FIGURE 3.9: (a) FDTD simulation of the intensity distribution for a planar-
hemispherical cavity with q = 4 between the mirrors. The layers are made
of high (purple) and low (grey) refractive index materials of thickness λ

4n .
The cavity medium has n = 1. (b) A close-up profile of the cavity mode.

The white arrows indicate antinodes penetrating into the mirror stack.

Where Ai includes terms describing the interference of the directly emitted and reflected

light in both polarisations. From this, the average collection efficiency (〈ηcoll〉) of the

emitter on a DBR structure can determined from the collection efficiency of the dipole

radiation pattern over the emitter’s spectral profile (S(λ)) using:

〈ncoll〉 =

∫
ηcoll(λ)S(λ)dλ∫

S(λ)dλ
(3.28)

DBR mirrors also display the unique feature of penetration of the electric field into the

coating layers (Figure 3.9). As a result of this, the properties of the surface are depen-

dent on the terminating layer. A high index terminating layer produces a node at the

substrate-air interface, with an antinode penetrating into the substrate. Conversely, a low

index termination produces an antinode at the interface. This design feature allows an

emitter deposited on the mirror surface to interact with the electric field maximum. The

geometric penetration depth of these interfaces (dH and dL) can be calculated from the

equations in Reference [138]. The adapted expressions for the open cavities used in this
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thesis are:

dH =
λ

4ñ∆n
(3.29)

dL =
λñ

4∆n
+
λ∆n

2π2ñ
(3.30)

Where the terms ñ and ∆n are:

ñ = 2

(
1

nH
+

1

nL

)−1
(3.31)

∆n = nH − nL (3.32)

For typical coating materials such as SiO2 and Ta2O5, the refractive indices are nL ' 1.45

and nH ' 2.1. More significant than the geometrical penetration depth is the optical

penetration depth, which is given by:

LH,L = ñdH,L (3.33)

The total optical penetration depth is then the sum of the penetration depths of both

cavity mirrors. The cavity length calculated from the FSR is specified as the optical cavity

length Lopt, which includes both the penetration depth Lpen and mirror separation Lgeo.

Lopt can be found when Equation 3.14 is expressed in terms of λ. The optical cavity

length is then:

Lopt =
λ1λ2

2∆λFSR
(3.34)
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FIGURE 3.10: Transfer matrix simulation of a one-dimensional cavity. The
planar mirror and featured are made of 8 and 16 pairs of DBR layers.
(a) Cavity transmission intensity as a function of wavelength and mirror
separation. The figure is plotted on a log scale so the resonances can be
resolved. (b) Field distribution in a cavity together with the refractive
index sequence of the mirrors. The penetration into the low and high

terminated mirrors can be seen.

Where λ1 and λ2 are the wavelengths of subsequent fundamental modes, and Lopt =

Lgeo +LH +LL. Although DBR mirrors can provide extremely high finesses, the penetra-

tion of the field into the substrate limits the reduction of the mode volume. For clarity,

the mode number q will be expressed as the number of antinodes between the mirrors,

excluding any antinodes penetrating into the mirror stack.

A quantitative understanding of the transmission and reflection properties of these di-

electric structures can be obtained using the transfer matrix method. In this method,

the effect of the dielectric media on the electromagnetic field is described as a complex

matrix which contains information on the refractive index and thickness of the material.

The components of Equation 3.24 can be calculated at an extremely low computational

cost. The core program (tmm 0.1.7) was written by Steve Brynes and is freely available

online on the Python Package Index (PyPi) repository [139]. It was adapted by Dr Sam

Johnson, formerly of the Photonic Nanomaterials Group to deliver properties of interest
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such as cavity resonances. The cavity can be constructed from a sequence of high and low

refractive index media to create the physical structures used in experiments. Figure 3.10

(a) shows the cavity transmission as a function of wavelength and cavity length for the

cavity formed by the mirror sequence in Figure 3.10 (b).

3.4 Cavity Quantum Electrodynamics

The principal theme of this thesis is the interaction between light and matter. Cavity

quantum electrodynamics (CQED) describes such interactions in a cavity and can be ap-

plied to a variety of systems. The starting point for the theoretical description of CQED is

the electromagnetic vacuum field Evac, which permeates through all space. This field has

a finite zero-point energy which can be found most simply from the treatment of light as

a quantum harmonic oscillator. This zero-point energy, E can be equated to the vacuum

electric and magnetic fields, Evac and Bvac through:

E =
1

2

∫ ∫ ∫
ε0E2vac + µ−10 B

2
vacdV =

∫ ∫ ∫
ε0E2vacdV =

1

2
h̄ω (3.35)

We make use of the fact that the electric and magnetic fields evenly contribute to the time

averaged energy. From Equation 3.35, the vacuum electric field is then:

Evac =

(
h̄ω

2ε0V

)1/2

(3.36)

In fact, spontaneous emission occurs as a consequence of the interaction of this vacuum

field with an excited state atom. Optical resonators have the ability to modify this field
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by changing the mode volume V0. With this capability, it is useful to define the coupling

rate, g0 which defines the coupling of a quantum system to an optical microcavity:

h̄g0 = µ12Evac (3.37)

g0 =

(
µ212ω

2ε0h̄V0

)1/2

(3.38)

Where µ12 is the matrix element of the electric dipole transition. It is clear that a reduc-

tion in the mode volume increases the rate of interaction. In reality, the cavity coupling

interaction is inhibited by two factors, namely the cavity-photon decay rate κ, and the

emitter decay rate γ. The emitter decay rate γ is of specific importance as it encompasses

all emission processes, whether into the cavity or into free space, as emission occurs in all

directions. The relative magnitude of the parameters κ, γ and g0 determine the boundary

of CQED regimes. When g0 � κ, γ, the interaction is in the strong coupling regime. In

this regime, the coupling rate dominates the loss mechanisms, leading to a coherent and

reversible exchange of energy between the emitter and cavity. This regime is beyond the

scope of this work and will not be discussed further.

When κ, γ � g0, the loss processes dominate the cavity coupling rate, and is known

as the weak coupling regime. However, an enhancement in the light-matter interaction

may be attained through the reduction of the mode volume, which alters the cavity decay

rate. This is known as the Purcell effect [91], where the rate of spontaneous emission

changes in the presence of a modified optical density of states. Within the weak coupling

regime, a further distinction can be made between the relative rates of decoherence. The

’good emitter/bad cavity’ (κ > γ � g0) regime describes a spectrally narrow emitter in a

broad cavity mode, while the ’bad emitter/good cavity’ regime (γ > κ� g0) represents a
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broad emitter within a narrow cavity mode. The ’bad emitter/good cavity’ regime is more

applicable to the coupling of the emitters used in this thesis.

3.4.1 Free Space Emission

Optical density of states

To begin the description of free space emission, we must first quantify the optical density

of states (DoS). These optical states refer to the modes in which photons may be emitted

into. A simple treatment involves the counting of these states through the method out-

lined by Fox [140]. A volume V can be described as a cube with sides of length d, such

that V = d3 (Figure 3.11). An electromagnetic field present in this region takes the form:

E(r, t) =
∑
k

Ekei(kr−wt) (3.39)

The summation is over all the possible k vectors of the travelling waves, each with an

angular frequency of ω. Gauss’ law of electrostatics states that when applied to a vacuum,

the divergence of the field must be zero (∇ · E = 0). For the electric field distribution in

Equation 3.39, applying this relation gives:

∇ · Etotal(r, t) =
∑
k

k · Ekei(kr−wt) = 0 (3.40)

This is only true when k ⊥ Ek, so the electric field is always pointing perpendicularly

to the wave’s direction of travel. Each k-vector can have an arbitrary combination of 2
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ky

kx

k

dk

2π/d

FIGURE 3.11: A 2D schematic of the density of states in k-space. Each
point represents a permitted k-state taking up an area (2π/d)2, shown by
the orange square. dk represents an infinitesimal shell of k-space used in

the calculation for the optical density of states. Adapted from [140]

orthogonal polarisations, which can be accounted for by multiplying the total number of

k vectors by 2. The permitted k vectors are then:

k = (kx, ky, kz) =
2π

d
(nx, ny, nz) (3.41)

The permitted k-states are each separated by 2π
d , each occupying a volume V = (2πd )3. To

obtain the density of states, we must determine the number of states within k and k+ dk,

where the magnitude of the vector k is calculated as k =
√
k2x + k2y + k2z . The density of

states ρ, can then be found by calculating the volume of an infinitesimal shell of radius k,
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and dividing by the volume per k-state:

ρ(k)dk =
4πk2dk

(2π/d)3
= V

k2

2π2
dk (3.42)

This density of states in k-space can be mapped onto the density of photon states at their

corresponding angular frequencies ρ(ω) using ω = ck. We must remember that there are

two possible polarisations for each k-state, and also normalise by V to give:

ρ(ω)dω = 2ρ(k)dk =
ω2

π2c3
(3.43)

Spontaneous Emission Rate

A good starting point for the discussion of the spontaneous emission rate is Fermi’s golden

rule. The derivation of this rule is from time dependent perturbation theory. For a two-

level system, we assume the system can be fully described by a time-independent Hamil-

tonian, with a small perturbing Hamiltonian such that:

Ĥtotal = Ĥ + Ĥ ′ (3.44)

The perturbing Hamiltonian is small compared to Ĥ. It can be written as the dot product

of the electric dipole p, and the electric field E:

〈1| Ĥ ′ |2〉 = −e 〈1| r̂ |2〉 · E = µ2→1 · E (3.45)

If the perturbation is time-dependent, then it can cause the system to change it’s state

from an initial state |2〉, to a final state |1〉. This transition occurs via the electric dipole

interaction, resulting in the emission of a single photon with an energy corresponding to
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the energy difference between the two states. The rate of this transition is also dependent

on the DoS of the final state at the emission frequency ρ(ω). Fermi’s golden rule can then

be expressed as:

γ2→1 =
2π

h̄2
| 〈1| Ĥ ′ |2〉 |2ρ(ω) =

2π

h̄2
|M12|2ρ(ω) (3.46)

Where, M12 is the matrix element for the transition. This electric dipole interaction will

depend on the electric transition dipole µ12 and the electromagnetic field which interacts

with the dipole, which in free space, is the vacuum field:

|M12|2 =
1

3
µ212E2vac =

µ212h̄ω

6ε0V0
(3.47)

The factor of 1
3 represents the average dipole alignment factor for an atom in free space.

Finally, using ρ(ω)dω = ω2

π2c3
, the transition rate of spontaneous emission in free space is:

γfs =
µ212ω

3

3πε0h̄c3
(3.48)

3.4.2 Cavity Coupled Emission

To determine the DoS of a cavity, we begin with a simple assumption that there is only

a single cavity mode available, with a frequency of ω0. The DoS ρ(ω)cav is taken to be a

normalised Lorentzian function centred at ω0:

ρ(ω)cav =
2

πδω0

δω2
0

4(ω − ω0)2 + δω2
0

(3.49)
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FIGURE 3.12: Density of states in terms of angular frequency for free space
emission and a single cavity mode.

Where δω is the linewidth of the Lorentzian peak, and is related to the Q-factor by Q =

ω0/δω. This function is plotted in Figure 3.12 along with the free space density of states

for comparison. When at resonance (ω = ω0), Equation 3.49 reduces to ρ(ω0) = 2Q/ω0.

Using this cavity modified DoS, Fermi’s Golden Rule gives the transition rate as:

γcav =
2Qµ212
V0ε0h̄

ξ2
δω2

0

4(ω − ω0)2 + δω2
0

(3.50)

Where ξ is the normalised dipole orientation factor between the emitter dipole p and the

cavity field E:

ξ =
|p · E|
|p||E|

(3.51)

Having now defined the spontaneous emission rate in free space and into a cavity mode,
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it is only natural to divide the cavity transition rate by the free space transition rate. This

is known as the Purcell factor FP . Here c/ω is replaced by λ/2π:

FP =
3λ3

4π2
Q

V0
ξ2

δω2
0

4(ω − ω0)2 + δω2
0

(3.52)

With the condition of perfect spatial alignment of the emitter dipole and cavity field

(ξ = 1) at the cavity resonance (ω = ω0), the Purcell factor is finally expressed as:

FmaxP =
3λ3

4π2
Q

V0
(3.53)

They key identity in the Purcell factor is the ratio of Q/V . To enhance emission into a

cavity mode, one can either increase the Q-factor of the resonator or decrease the mode

volume. A reduction in the mode volume leads to an increased interaction with the

vacuum field, increasing the rate of spontaneous emission. Meanwhile, increasing the

Q-factor suppresses emission not resonant with the cavity.

3.4.3 Bad Emitter Regime

As previously stated, the emitter linewidths in this thesis are broader than the cavity

modes (Figure 3.13). For these two independently broadened linewidths, their resultant

interaction is a convolution of their Lorentzian profiles. This convolution alters the Q-

factor in Equation 3.53, which now features contributions from both linewidths to become

the effective Q-factor Qeff :

Qeff =
1

Qem +Qcav
=

(
λem
δλem

+
λcav
δλcav

)−1
(3.54)
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FIGURE 3.13: The bad emitter/good cavity regime, where the emitter
linewidth is greater than the cavity linewidth.

Where Qem and Qcav are the emitter and cavity Q-factors. Therefore, Qeff will be domi-

nated by the contribution with the broadest linewidth, which will be the emitter - limiting

the magnitude of the Purcell effect. The Purcell factor in Equation 3.53 is now the effec-

tive Purcell factor FP,eff . The mode volume is now the most crucial parameter making

it essential to reach the shortest cavity lengths possible. The derivation of Equation 3.53

has assumed that the density of states within the cavity is solely for a single cavity mode.

In reality, the cavity mode may only subtend a small solid angle, allowing the coupling

of emission into both cavity modes and free space density of states. In this regime, the

non-cavity mode density of states may be related to the free-space density of states by

a suppression factor α, where 0≤ α ≤1. Although α is typically taken to be unity, the

presence of the cavity will reduce the free-space density of states, and increasingly so for

smaller mode volumes. Therefore, the calculated values of FP,eff can be related to the

experimental results for the change in the lifetime of the emitter inside the emitter by:
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τfs
τcav

= F ′P,eff = FP,eff + α (3.55)

Where τfs and τcav are the measured lifetimes on the free-space and for cavity coupled

emission. A useful metric is the cavity emission efficiency B, which is quantified as:

B =
γcav

γcav + γfs
=

FP
FP + α

(3.56)

The rate model developed by Auffeves et al. provides an alternative method to determine

the cavity emission efficiency [110, 111]. Equation 2.2 describes the effective coupling

rate between the atom and the cavity mode. From the perspective of the emitter, the

cavity mode is another loss mechanism, with an effective rate given by:

Reff =
R · κ
R+ κ

(3.57)

The cavity emission efficiency is then:

B =
Reff

γ +Reff
(3.58)

3.5 Finite Difference Time Domain Simulations

Finite Difference Time Domain (FDTD) (Software: Lumerical Solutions [141]) simula-

tions are able to computationally account for the electromagnetic environment of the

emitters. The fundamental ability of FDTD is to act as a tool to investigate the propaga-

tion of electromagnetic waves within photonic structures. The program allows the user



3.5. Finite Difference Time Domain Simulations 69

-3 -2 -1 0 1 2 3

x axis ( µm)

-4

-3

-2

-1

0

1

z 
ax

is
 (µ

m
)

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3(a) (b)

(c)

FIGURE 3.14: (a) Refractive index monitor data showing the DBR layers
of the planar and featured mirror. A 100 nm nanodiamond can be seen in
the planar mirror. (b) Planar mirror structure with dipole on the surface.
The yellow boxes are the different monitors used to obtain data from the
simulation. (c) A closer view of the spherical nanodiamond with the dipole

located inside.

to construct a cavity, defining structural parameters such as cavity length, radius of cur-

vature, refractive indices and DBR layer thickness. In the simulation, the origin of the

electromagnetic radiation is a dipole emitter defined within a host material at a given

orientation. The simulation region is divided into an array of three dimensional units

known as "Yee" cells, all with a defined refractive index. The cell dimensions are cho-

sen such that they are much less than the wavelengths of interest, and intricacies of the

structural interfaces can be resolved. For simple regions such as the planar mirror, the

mesh size can be relatively large. However, spherical surfaces such as the concave mirror

require a much finer mesh as in Figure 3.14 (a). Typical fine and course mesh sizes are 5

and 15 nm, but most simulations are performed with the finest mesh size. Monitors are

placed at positions of interest to record various variables such as the Q-factor and electric

field (Figure 3.14 (b)). Upon initialisation of the simulation, the program calculates the

propagation of emitted light through each cell by solving Maxwell’s equations across the
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FIGURE 3.15: FDTD simulations of NV centre’s lifetime in a nanodiamond
on the DBR substrate. (a) The change in total lifetime with nanodiamond
diameter at different quantum efficiencies. The QE = 1 line corresponds
to the pure radiative lifetime. (b) Radiative lifetime dependence on the

position of the dipole within a 100 nm nanodiamond.

interface. Typical time increments are ∼5 fs, and total simulation time ∼10 ps, in order

to allow the field to fully decay.

FDTD simulations can be used to help quantify the relative contributions of the radia-

tive and non-radiative processes. As an example, Figure 3.15 shows the results for the

radiative lifetime of a dipole within a spherical nanodiamond. These simulations were

performed with the nanodiamond on the DBR mirror substrate, which will alter the de-

pendence of the radiative lifetime compared to a nanoparticle in free-space. Firstly, a

simulation was performed to determine the radiative lifetime of a centrally located dipole

within a spherical diamond nanocrystal of varying diameter (20 – 200 nm). Secondly,

the position of the dipole was varied laterally and vertically within a 100 nm nanodia-

mond. Figure 3.15 (a) shows the dependence of the NV centre’s radiative lifetime with

nanodiamond diameter. As the size of the nanodiamond increases, the radiative lifetime

decreases as expected, due to a greater optical density of states. Also plotted are the pre-

dicted excited state lifetimes for several values of quantum efficiency.
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Chew evaluated the spontaneous emission rate for a dipole inside a spherical dielectric

particle in air, with a size much smaller than the emission wavelength [142]. This ex-

pression shows a suppression of the radiative rate by a factor of 9/n(n2 + 2)2 (≈ 0.062

for diamond) compared to the rate in a bulk material with an equivalent refractive in-

dex. Using the lifetime of an NV centre in bulk diamond (12 ns) [39], this expression

would predict a lifetime of ∼ 194 ns in nanodiamonds. This result is independent of the

position of the dipole within the particle. For 50 and 100 nm spherical nanodiamonds

in free-space, FDTD shows suppression factors of 0.075 and 0.098 relative to the bulk,

comparable to the result from Chew. However, the FDTD result in Figure 3.15 (a) is more

appropriate for this project as it accounts for both the presence of the DBR substrate and

size of the nanoparticle hosting the dipole - both variables which affect the radiative life-

time. Figure 3.15 (b) shows the dependence of the lifetime on the vertical and lateral

position of the dipole within a nanodiamond with diameter of 100 nm. For the vertical

displacement, as the dipole approaches the mirror substrate, the greater optical density

of states available due to the high refractive index layers decreases the radiative lifetime

compared to when near the nanodiamond surface. The lateral position has a small effect

on the lifetime until the dipole approaches the edge of the nanodiamond.

3.5.1 Purcell Factor Analysis

In order to discern the modification of the spontaneous emission behaviour of a dipole

within a microcavity, FDTD can be used to determine the Purcell factor as a function of

wavelength (FP (λ)). This function gives a description the total dielectric environment

experienced by the dipole. Fp(λ) is calculated from the total power radiated from the

dipole in free space, and then comparing that to the total power radiated from the same

dipole within the cavity. For a direct comparison to experiments, Fp(λ) must also be
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FIGURE 3.16: Purcell factor as a function of wavelength for free-space,
half-space and cavity coupled emission. The figure is plotted on a log scale
for clarity. The dipole is hosted within a 100 nm nanodiamond. The planar
mirror and featured mirror have reflectivities of 97.5% and 99.997% at

690 nm. The cavity is positioned at the q = 3 mode index.

determined for the dipole on the planar mirror, as true free-space measurements are not

possible. Therefore three Purcell factors are required to give an accurate characterisation

of experimentally observed results:

• Fp(λ)fs - The free-space Purcell factor of a dipole within its host environment. As

the host material is on the nanoscale, this is a suppression in the emission rate

relative to the bulk.

• Fp(λ)hs - The half-space Purcell factor due to the dipole being on a DBR mirror,

which provides a modified density of states compared to free-space.

• Fp(λ)cav - The cavity Purcell factor due to the increased optical density of states

within the cavity modes.
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Figure 3.16 shows a comparison between the three Purcell factors. The free-space curve

follows the behaviour of Equation 3.43, as does the half-space curve but with an enhance-

ment due to the presence of the DBR mirror. The cavity Purcell factor shows the enhance-

ment at wavelengths resonant with the cavity modes, with suppression at off-resonant

wavelengths. The value of FP for each cavity mode obtained from the simulation can be

confirmed through an analytic expression using the Q-factor and V parameters also from

the simulation. This treatment for a dipole within a host material inside an optical cav-

ity has been performed by Santori et al. [143] for nanodiamonds, with the ideal Purcell

factor for a given mode expressed as:

FP =
3

4π2
λ3

n3c

Q

V

nc
nd

∣∣∣∣E(rNV )

E(rmax)

∣∣∣∣2 (3.59)

Where nc and nd are the refractive indices at the maximum of the cavity mode and of

the nanodiamond, E(rmax) and E(rNV ) are the electric field strength at the maximum of

cavity mode, and of the NV centre.

To describe the total dielectric environment experienced by the dipole, we define the

effective Purcell factor F ′P,eff . This is necessary as changes in the dipole’s spontaneous

emission rate occur due to the total optical density of states experienced from all the avail-

able cavity modes. For free-space emission, this parameter (F ′P,fs) is found by integrating

the Purcell spectrum over the emission spectrum of the dipole:

F ′P,fs =

∫
FP,fs(λ)S(λ)dλ∫

S(λ)dλ
(3.60)

The effective half-space and cavity Purcell factors (F ′P,i) can now be determined by inte-

grating FP,i(λ) over the emission spectrum of the dipole, and normalising by the integral
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for the free-space effective Purcell factor:

F ′P,i =

∫
FP,i(λ)S(λ)dλ∫
FP,fs(λ)S(λ)dλ

(3.61)

However, it must be remembered that the Purcell effect only acts on the radiative part

of the decay rate. Assuming the non-radiative decay rate for the free-space, half-space

and cavity scenarios is the same (γfsnr = γhsnr = γcavnr ), the cavity decay rate is γcav =

F ′P,cav · γrad + γnr, while the half-space decay rate is γhs = F ′P,hs · γrad + γnr. The relation

between these half-space and cavity decay rates can be measured from the emitter lifetime

where τi = 1/γi. From here, these relations can be used to determine the ratio of γrad

and γnr:

γcav
γhs

=
F ′P,cavγrad + γnr

F ′P,hsγrad + γnr
=

τhs
τcav

(3.62)

γrad
γnr

=

τhs
τcav
− 1

F ′P,cav −
τhs
τcav

F ′P,hs
(3.63)

Equations 3.62 and 3.63 will be used in Section 6.3 to evaluate the quantum efficiency

of NV centres in nanodiamonds. The cavity Purcell spectrum (FP,cav(λ)) also provides a

means to calculate the coupling efficiency into a cavity mode. The fraction of emission

into the mode is found by integrating the product of the Purcell spectrum with the emis-

sion spectrum over the width of the mode (∆λ), and normalising by the same integral

but over the total emission spectrum:

B =

∫ λ0+
∆λ
2

λ0−∆λ
2

FP,cav(λ)S(λ)dλ∫∞
∞ FP,cav(λ)S(λ)dλ

(3.64)
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3.6 Conclusion

This chapter has established the theoretical framework for the coupling of solid-state

defects to optical microcavities. A few of the most important cavity parameters have been

highlighted, through the planar Fabry-Perot resonator. Details of the Gaussian modes

have being presented, which will play a large role in the efficient extraction of light from

the emitter-cavity systems in the upcoming chapters. The full derivation of the Purcell

factor has been elaborated, which expresses the importance of spectral and positional

tuning to maximise emission into the cavity modes. It has been shown that the defects

used in this thesis are firmly in the "bad emitter/good cavity" regime of CQED, which will

limit the magnitude of expected enhancements. The analysis of Purcell factor obtained

from FDTD simulations has also been shown, allowing a direct comparison of theory to

experimental results.
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4|
Experimental Methods

4.1 Introduction

In this chapter, the experimental methods involved in producing successful emitter-cavity

coupling will be described. I will introduce the laboratory equipment and measurement

routines used to record the data to be presented in the following chapters. Firstly, the

cavity fabrication process will be presented, including the use of focused ion beam (FIB)

milling to create hemispherical features, and the coating of DBR layers to produce highly

reflective mirrors. I will then discuss how samples of each emitter are created and the

deposition of their solutions. From here, I will introduce the confocal microscope de-

veloped for single emitter analysis and how the samples are housed in the microscope.

The key measurement capabilities of this system will be given a thorough description,

with example results and error analysis of crucial single photon emission characteristics.

This microscope is constructed such that these measurements can be performed on the

same emitter both inside and outside the cavity. It will be demonstrated how the cavity is

created around a chosen defect, including the alignment of the two mirrors.
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FIGURE 4.1: (a) Artistic interpretation of the substrate hosting the plinths.
(b) Optical image of the substrate following FIB milling and coating. The
insets show the hemispherical features on the plinths. Reproduced from

[144]

4.2 FIB Milling and Mirror Coatings

The open-access microcavity is distinguished from alternative resonator approaches due

to the decoupled nature of the substrates. The cavity consists of a planar mirror and a

hemispherical mirror. The fabrication of these mirrors was carried out at the University

of Oxford by Aurelien Trichet and Shazeaa Ishmael of the Photonic Nanomaterials Group.

The processing steps differ for the planar and hemispherical mirrors, but both involve the

use of FIB milling. As the cavity coupling process involves bringing these two mirrors

together with a separation of ∼1 µm, it is helpful to reduce the lateral dimensions of one

of the surfaces. The process begins with a fused silica substrate (UQG Optics, PFS-5005)

which is cut with a silicon dicing saw to leave rectangular elevated features known as

plinths, as seen in Figure 4.1. These plinths protrude by 200 µm above the rest substrate

and have lateral dimensions of 300µm × 300µm. Secondly, a ∼50 nm conductive layer
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2 μm

(a) (b)

FIGURE 4.2: (a) Stream file created by the FIB software for a 8 µm feature,
highlighting the feature dimensions and dwell times required to produce
this feature. (b) SEM image of a cross-section of milled features of varying
sizes. The inset shows the cross-section of a β = 4 µm feature, where the

16 pairs of DBR layers can be seen.

of gold is sputtered onto the surface to avoid charging from the electron microscope and

deflection of the gallium ion beam. Figure 4.2 (a) shows the script file of the FIB (FEI

FIB200) used to mill the concave features seen in Figure 4.2 (b) into the surface of the

plinth.

The large surface area available allows several features with varying radii of curvatures

(β = 2 – 25 µm) to be distributed on the plinth. The dwell time and beam current of

the FIB beam have been calibrated such that a desired feature geometry can be produced

accurately. The diameter of the beam is varied between 5 nm and 1 µm to achieve smooth

and accurate features. A subset of these features is verified with Atomic Force Microscopy

(AFM) to confirm the precision of the desired feature geometry. Milled surfaces typically

display surface roughness on the order of ∼1 nm, making them suitable for high reflec-

tivity mirror coatings. Following milling and removal of the gold layer, the substrates

are sent to an external company (LayerTec GmbH) for DBR mirror coating. Alternating

layers of high and low refractive index materials are deposited by Ion Beam Sputtering,
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(a) (b) (c)

(d) (e) (f )

300 µm

100 µm
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FIGURE 4.3: (a) Optical image of a 300 µm plinth with hemispherical
features visible in the centre. (b) - (e) SEM images of the plinth during the
milling process to leave a further raised platform. (f) Optical image of the

final plinth now with a lateral dimension of ∼100 µm.

specifically SiO2 (n = 1.45) and Ta2O5 (n = 2.1). The layer thickness d is chosen such

that d = λ
4n , where λ is the position of maximum reflectivity and n the refractive index of

the material in that layer. This position should match (or be very close to) the maximum

wavelength of each emitters spectrum. Mirrors with peak reflectivity of 640 nm and 690

nm have been used for both NV centres and hBN. Typical dielectric coatings consist of 8 –

16 pairs of SiO2 and Ta2O5 (Figure 4.2 (b) inset) to give macroscopic reflectivities of up

to ∼99.997% at the desired wavelength.

In order to produce mirrors with these high finesses, the DBR layers must lay flat on the

substrate with minimal distortion. It was found that plinths with dimensions on the order

of 100 µm led to peeling of the deposited mirror from the substrate. This effect is not

observed in plinths with dimensions of 300 µm. One must also take care with small β
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50 µm

150 µm

(a) (b)

(c)

S

FIGURE 4.4: (a) SEM image of the registration grids on the planar mirror.
(b) Closer view of the FIB mark, showing a sharp flat corners. (c) Optical
image of the markings on the planar mirror. The FIB lines are enhanced

due to the poor printing quality of the original image.

features, as with very small β, the feature may have sharp edges. Such an edged point

can provide a path for cracks to propagate through the mirror during deposition. This

translates to diffraction losses and reduction in the finesse, as the diameter of the mode

on the curved mirror increases with cavity length. Therefore, the smallest β to be used

in this thesis is β = 4 µm. Figure 4.3 describes the process used to further reduce the

surface area of plinth. The FIB is used to mill away the area surrounding the features,

leaving just a 100 µm sub-plinth raised above the larger plinth by 3 – 5 µm. This added

height helps to further avoid the substrates coming onto contact away from the region of

interest, while assisting the reduction in cavity length.

The planar mirror also begins as a circular fused silica substrate (UQG Optics, CFS-10[17,

20, 50]) before coating with DBR layers. The FIB is then used to mark registration grids
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onto the planar mirror as in Figure 4.4. This is an essential design feature that allows

the relocation of specific defects with the mirror facing towards or away from the optics.

These registration features are located in the centre of the planar substrate, with square

grids of 50 µm in size. The milling parameters of these features are; voltage = 30 kV,

current = 15 nA and dosage = 0.7 – 0.75 nC/um. These parameters have been optimised

to deliver sharp marks that do not disrupt the deposited mirror layers (Figure 4.4 (b)).

4.3 Sample Fabrication

In this section, I will give a brief overview of creation and deposition of fluorescent

nanoparticles onto the dielectric mirrors outlined in the previous section. A substan-

tial amount of experimental time has been invested in the optimisation of this process to

maximise the probability of successful experiments. The emitters must be fixed on the

mirror to enable efficient coupling to the electric field maximum within the cavity. Incre-

mental improvements have been made to increase the photostability of the emitters such

that prolonged experiments could be performed.

4.3.1 Spin Coating

The mirror substrates are cleaned by sonication (750 W Sonics Vibra-Cell VCX-750) in

acetone for 30 mins while wrapped in a lens tissue. This is repeated with subsequent

sonication in isopropanol and de-ionised water. Finally, the substrates are cleaned with

an oxygen plasma, which evaporates organic residue from the surface, and terminates the

surface with oxygen - making the surface hydrophillic. This step is extremely beneficial

as the samples used in this thesis are dissolved in water - allowing uniform deposition

of the nanoparticles (Figure 4.5). The nanoparticle solutions are sonicated for 1 hour to

break up aggregates and improve the dispersion of the solution. A single 100 µL droplet is
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FIGURE 4.5: (a) PL image of a typical distribution of fluorescent nanodia-
monds. The FIB marked registration features enclose a 50µm×50µm area.
(b) SEM image of dispersed nanodiamonds on the planar mirror substrate.

added using a pipette on the mirror and spin coated in a multistep program. The mirror

is rotated stepwise at 200, 300, 400 and 500 RPM for 1 min each to allow a uniform

spread of the solution over the surface and sufficient time for the nanoparticles to adhere

to the substrate. Finally, the mirror is rotated at 2000 RPM for 1 minute to remove excess

solution. To increase the density of emitters, this process can be repeated (typically 5

times), or a or a higher concentration of nanoparticle solution may be used.

4.3.2 NV Centres in Nanodiamond

The nanodiamonds used in this work are commercially available (FND Biotech) high

pressure high temperature (HPHT) material, dispersed in de-ionised water [145, 146].

To create vacancies, the nanodiamonds are dispersed on a copper ribbon which is then

rolled through an ion beam (He+) (Figure 4.6 (a)). The nanodiamonds are then annealed

at 600 – 800◦C to allow vacancy migration and trapping of the vacancy by a nitrogen

atom. The ion beam intensity is chosen to maximise the probability of a single NV being

created per nanodiamond. In reality, most of the fluorescent nanodiamonds will contain

2 – 4 NV centres, but a sufficient proportion (∼10%) are found to display single photon
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FIGURE 4.6: (a) Schematic of the ion beam facility used for the routine
production of the nanodiamonds in this thesis [46]. (b) Size distribution

of the two nanodiamond distributions.

emission. The nanodiamonds are then annealed in an oxygen environment at ∼400 ◦C

to induce oxygen termination. Oxygen termination renders the nanodiamond surface

hydrophillic which results in a well dispersed solution on the planar mirror. Moreover,

NV centres in oxygen terminated material favour the NV− over NV0 charge state, as the

graphitic surface content is removed [147, 148]. Two nanodiamond solutions were used,

with mean diameters of 50 and 100 nm (Figure 4.6 (b)). These samples were found to

aggregate over time, making regular sonication necessary before use.

4.3.3 Hexagonal Boron Nitride Nanoflakes

The hBN sample was prepared by collaborators at the Univeristy of Technology, Sydney

Australia (Professor Igor Aharonovich and Dr Toan Tran). Commercial hBN nanoflakes

(Graphene Supermarket) are dispersed in a water/ethanol mixture following exfoliation

from bulk hBN. These nanoflakes have diameters of ∼200 – 300 nm and are 2 – 5 mono-

layers thick. The solution is dropcast onto an 300 nm thick oxide silicon substrate. The

substrate was then annealed at 350 ◦C for 30 mins in an Argon atmosphere (1 Torr) to

promote the migration of vacancies, resulting in the activation of optically active emit-

ters. Figure 4.7 describes the process used to transfer the hBN nanoflakes onto the planar

mirror. Poly(methyl methacrylate) (PMMA) was spin coated onto the substrate at 3000
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FIGURE 4.7: (a)–(f) Transfer process of hBN nanoflakes onto the planar
mirror substrate.

rpm for 1 min, to form a ∼100 – 200 nm thick layer of PMMA. The substrate was then

baked at 120 ◦C on a hotplate for 2 mins to cure and adhere the polymer to the substrate.

To transfer the nanoflakes to the dielectric mirror, the substrate was floated on a NaOH

solution (2 M) heated at 90 ◦C to etch away the silicon. This process leaves a membrane

of PMMA-coated hBN nanoflakes floating on the surface of the solution. The membrane

was then transferred into solutions of de-ionised water to rinse the alkaline solution away.

From here, the DBR was used to scoop up the film and then dried at 120 ◦C to adhere the

nanoflakes to the mirror. The hBN coated mirror was then soaked in acetone to dissolve

the PMMA layer.

4.4 Confocal Microscope

The results to be presented in this thesis were achieved entirely using this home-built

beam scanning confocal microscope (Figure 4.8). The key aspect of confocal microscopy

is superior depth resolution. The image obtained from the excitation focus is focused

through a pinhole before reaching the detector. When the aperture is positioned at the

image plane of the microscope, it becomes confocal with the focal plane of the excitation

source. Therefore, the pinhole suppresses scattered light and fluorescence originating
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FIGURE 4.8: Schematic of the custom built multi-purpose room temper-
ature confocal microscope. All optical components are mounted onto an

optical table.

from outside the focal plane. In the study of single photon emitters, the elimination of

light not emanating from the emitter is crucial to achieving high single photon purities.

With this system, we can achieve a near diffraction limited focus, allowing the imaging

of individual defects. With a numerical aperture (NA) of 0.85, and excitation wavelength

of 532 nm, the expected resolution is ∼380 nm. Figure 4.9 shows a PL image of a single

emitter with a FWHM of 461 nm. This resolution is sufficient to distinguish individual

fluorescent nanodiamonds or hBN nanoflakes provided they are well separated.

To enable the complete characterisation of the defects, there are two primary excitation

sources at 532 nm, one continuous wave (CW) laser (Oxxius LCX-532L, 250 mW) and a

pulsed laser (PicoQuant LDH-PFA-530B). The CW laser is a free space beam and is used

mostly for photoluminescence (PL) imaging and photo-bleaching. The PicoQuant laser

can be driven at a repetition rate of 5 – 80 MHz by an external driver (PicoQuant PDL
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FIGURE 4.9: (a) PL image of a single emitters showing a Gaussian distri-
bution. (b) Cross-section of the PL image in (a) where the focal spot has a

FWHM of 461 nm.

800-B) and the emission is coupled to a single mode fibre. This fibre output is colli-

mated by a lens and a flip mirror is used to match the beam paths, allowing switching

between the two excitation methods. The intensity of the excitation sources is modulated

using a varying neutral density filter attached to a software controlled stepper motor

(Arduino Uno R2). This filter allows saturation measurements to be performed on nu-

merous emitters in an automated sequence. Following the neutral density filter, a 550 nm

dichroic mirror is used to reflect the excitation while transmitting PL above 550 nm. A

wedged beam splitter reflects ∼8% of the incoming light towards a power meter (Thor-

Labs PM100D console with S120C sensor) allowing continuous monitoring of the laser

power. A steering mirror (Newport FSM 300-01) scans the excitation beam through a 4

– f (f = 100 mm) telecentric lens pair. This telecentric system ensures the collimated

beam enters the objective lens through the centre, while allowing a large field of view

to be imaged (100µm × 100µm). This is extremely advantageous as a large number of

emitters may be sampled with a single image.

The excitation is focused by a 100× 0.85 N.A air objective lens with variable coverslip
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correction (Olympus LCPLFLN100×LCD). The fluorescence is collected by the same ob-

jective lens and passes through the dichroic mirror and is filtered by a bandpass filter

(Semrock FF01-665/150-25, 590 – 740 nm) to further eliminate background and trans-

mitted laser light. The PL is then focused into a 105 µm multimode fibre (Thorlabs,

TM105R5S1A) which acts as a pinhole and a ∼50:50 beam splitter. The first output is

directed onto a free space single photon avalanche diode (SPAD, Excelitas SPCM-AQRH-

14-TR). The second output can either be coupled to a fibre-coupled SPAD or spectrometer

(Andor Kymera 193I–A) with a Peltier cooled CCD (Newton DU940P-BV). This spectrome-

ter is equipped with two gratings (300 and 1800 lines/mm) providing spectral resolutions

of 0.96 nm and 0.12 nm. In order to image the sample, a white light source (ThorLabs

MWWHF2) is directed onto the laser focus, and reflected onto the webcam by the wedge

beamsplitter.

4.5 Hanbury-Brown Twiss and Lifetime Measurements

In order to identify suitable single defects, photon correlation measurements are per-

formed using a Hanbury-Brown Twiss (HBT) interferometer (Figure 4.10 (a))[149]. The

fluorescence is separated into two outputs by a fibre splitter, with each output focused

onto a SPAD. The HBT measurement is performed by a time correlating single photon

counter (TCSPC, Swabian Instruments TimeTagger 20), which measures the time of ar-

rival of photons onto both SPADS. The TimeTagger is then used to create a histogram

of the difference in time of arrivals between the two detectors (〈I(t)I(t+ τ)〉). This

histogram is related to the second-order correlation function g(2)(τ) (Equation 3.4) intro-

duced in Section 3.2.1 by the expression:

g(2)(τ) =
〈I(t)I(t+ τ)〉

I1 · I2 · tbin · ttotal
(4.1)
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FIGURE 4.10: (a) Basic setup of the HBT measurement. (b) An example
second-order correlation measurement for a single NV centre in a nanodi-

amond. The fit parameters of Equation 3.4 are included.

Where the normalising factor is obtained from experimentally observed parameters. I1,2

is the average intensity on each detector, tbin the histogram bin width and ttotal the total

measurement time. Following this normalisation, the value of g(2)(τ) at τ = ∞ should

be unity. The data is then fit with Equation 3.4 (g(2)(τ) = 1 + c1e
− |τ |
τ1 + c2e

− |τ |
τ2 ) which

describes the emitter as a 3-level system. τ1 is related to the excited state lifetime, while

τ2 is related to the lifetime of the non-radiative decay pathway. The fit parameters for an

example measurement are shown in Figure 4.10 (b).

When performed on the perfect single photon emitter, g(2)(0) = 0, but this is rarely seen

experimentally. Continuous wave excitation constantly produces background emission,

resulting in g(2)(0) being greater than 0 (Figure 4.10 (b)). The sources of background

photons include the contributions to fluorescence from the mirror substrate, the poten-

tial presence a nearby weakly emitting defect, transmission of laser light through the

collection optics and detector dark counts. During the HBT measurement, the source of

photons is either from the emitter of interest or these background sources. The probability

of each detection event is Pem and Pbkg. Pem is related to the signal (S) and background

(B) count rates during the measurement by Pem =

(
S

S+B

)
. At long time delays, the
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following detection events add to unity:

P 2
em + 2PemPbkg + P 2

bkg = 1 (4.2)

For a perfect single emitter:

g(2)(0) = 1− P 2
em = 2PemPbkg + P 2

bkg = 1−
(

S

S +B

)2

(4.3)

Therefore the true correlation function when taking uncorrelated background light into

account is found by:

g(2)(τ) =
g
(2)
raw(τ)− (1− P 2

em)

P 2
em

(4.4)

4.5.1 Pulsed HBT Measurements

When performed under pulsed excitation, the HBT measurement gives a Poissonian distri-

bution allowing us to quantify the ratio of single photon to multi-photon emission events.

The short excitation pulse length (∼100 ps) limits the contribution of background fluo-

rescence compared to the CW measurement. The repetition period of excitation must be

greater than the emitter lifetime (3 – 5×τ) to allow sufficient time for the complete decay

from the excited state. Typical excitation rates are 5 – 10 MHz for the NV centre, and 10

– 40 MHz for defects in hBN. Figure 4.11 (a) shows a typical pulsed HBT measurement

for a single NV centre. The peaks shaded in green occur due to single photon detection

events, and are separated by the time delay between successive excitation pulses (± 200

ns in Figure 4.11 (a)). To be consistent with the CW measurement in Figure 4.10 (b), the

single photon purity is found from the integrated area of the peak at τ = 0, compared to
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FIGURE 4.11: (a) Pulsed HBT measurement of a single NV centre with a
single photon purity of 93.3%. The regions shaded in green occur due to
single photon events. The central red area is used to calculate the ratio
of single photon to multi-photon emission events, along with the area of a
peak at τ =∞. (b) TRPL measurement for the same NV centre fit with two
exponential decays. The longer decay is assigned to the NV lifetime, giving

a value of 35.1 ± 0.3 ns

a peak at τ = ±∞ (Purity = 1 − A(τ=0)
〈A(τ=±∞)〉) [118]. The limits of the central integral

are chosen from the position where the adjacent single photon peak decay reaches the

baseline level and is shaded in red in Figure 4.11 (a). The baseline level is determined

by detector dark counts and stray light from the laboratory. Using the raw data presented

in Figure 4.11 (a), the single photon purity is found to be 93.3%. If dark count and stray

light contributions are subtracted, the single photon purity increases to 96.5%.

The slope of the single photon decay peak can be used to infer the emitter’s excited state

lifetime. For the result in Figure 4.11 (a), the lifetime from this method is found to

be 33.9 ns. To determine the defect lifetime directly, time-resolved photo-luminescence

measurements (TRPL) are performed, as in Figure 4.11 (b). The TRPL is measured by

correlating the excitation trigger from the pulse driver with the time of arrival of a photon
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on the detector using the HBT method. The data is fit by two exponential decays:

I(t) = I0 +A1e
−(t−t0)
τ0 +A2e

−(t−t0)
τ1 (4.5)

Where I0 is the baseline due to the background, Ai the intensity of each exponential fit,

t0 the start of the decay and τi the lifetime components. The terms Ai are unrelated to ci

from Equation 3.4. The first component (τ0) is attributed to background fluorescence and

is fixed in the range 2 – 10 ns, while τ1 is attributed to the defect’s excited state lifetime.

Figure 4.11 (b) shows the two lifetime components τ0 and τ1, with τ0 = 5.3 ± 0.4 ns and

τ1 = 35.1 ± 0.3 ns. The value of τ1 obtained form the TRPL fit is similar to the value

obtained from the pulsed HBT measurement.

4.6 Saturation Measurements

An important characteristic of an emitter is the saturation intensity (Isat), which is the

maximum photon count rate that be be produced by the emitter. This value serves as a

measure for the brightness of each single photon source. As described in Section 3.2.2,

Equation 3.8 shows that under continuous excitation, increasing the excitation intensity

(P ) will increase the probability of photon absorption until the emitter lifetime limits

the maximum rate of photon absorption. The substrate fluorescence also contributes to

the detected count rate. This background contribution typically increases linearly with

excitation power and modifies the saturation behaviour:

I(P ) =
Isat · P
P + Psat

+B · P (4.6)
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FIGURE 4.12: Saturation measurements under continuous wave (a) and
pulsed excitation (b) for NV42. These curves are fit with equation 4.6 with

the error bars shown.

Where I(P ) is the power dependent count rate, Isat is the saturation count rate, Psat is

the saturation power and B is a background term. To perform this measurement, the

stepper motor is used to rotate the variable neutral density filter, which varies the exci-

tation power over a range of four orders of magnitude of the initial source power. The

stepper motor dwells at a given power for 250 ms, while the count rate is measured by

a SPAD and power by the power meter. Due to its position in the confocal microscope

(Figure 4.8), the power meter records ∼ 8% of the actual excitation power, and this is

corrected for in the software following the measurement. Fig 4.12 (a) shows a typical

CW saturation curve for an NV centre (NV42), with the data fit by Equation 4.6. The CW

saturation count is found to be Isat = 460 ± 14 kcts/s.

When performed under pulsed excitation, the saturation measurement can be used to

determine the efficiency of the single photon source, and the quantum efficiency of the

emitter. With pulsed excitation, the emitter can only produce a photon at intervals de-

fined by the excitation frequency (f). Similarly to the TRPL measurement, this excitation

rate is chosen such that that the emitter has sufficient time to decay from the excited
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state. Figure 4.12 (b) shows the saturation measurement of NV42 performed at an exci-

tation rate of 5 MHz, with Isat(5MHz) = 218 ± 94 kcts/s. For measurements performed

at lower excitation frequencies (5 – 10 MHz), the error bars for Isat can be large, as the

excitation laser may not provide enough energy per pulse to reach saturation. However,

the fit shows great agreement with the measured data points. The single photon efficiency

(〈N〉) is then simply the ratio of the saturation count (Isat(f)) and excitation frequency

(f). With an appropriate frequency of excitation (fexc ≥ 1
3τ ), the QE of the emitter is:

QE =
Isat(f)

fexc 〈ηcoll〉 ηsys
(4.7)

Where 〈ηcoll〉 is the average collection efficiency of the objective lens, and ηsys is the to-

tal system efficiency following the objective lens. ηsys is a product of the transmission

efficiency (ηtrans) of the optical components and detection (ηdet) efficiency of the detec-

tors. Transmission measurements were performed to verify the specified transmission

efficiencies from the component manufacturers, and used to determine the total system

transmission. It was found that ηsys = 0.32 ± 0.02. Once the emission spectrum is col-

lected, 〈ηcoll〉 is calculated from Equation 3.28 for each emitter. A Mathematica script was

written by Julia Benedikter (Laser Spectroscopy and Quantum Physics group at Ludwig

Maximilian University of Munich) to determine ηcoll(λ) over the emitters’s spectral profile

(S(λ)) on the DBR mirror. With the system efficiency determined, the count rate at the

back aperture of the objective lens is used as a figure of merit for the single photon source.

This value will be compared to the other sources described in Table 2.1.

After extensive high power excitation, the emitters used in this project can display in-

termittent fluorescence. To negate this, coarse steps can be used during the saturation

measurement to reduce the total time spent under excitation. Therefore, it is necessary to

use as moderate excitation powers as possible when performing all measurements. This is
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FIGURE 4.13: (a) Schematic showing the angle of the two NV dipoles to the
plane of the substrate. (b) Example polarisation measurement performed

for a single NV centre with a defect angle a = 57 ± 1 ◦.

done by optimising the linearly polarised excitation source to match the emitter’s dipole

orientation, increasing the excitation efficiency - thereby reducing the saturation power.

The dipole of each emitter lies at an arbitrary polar angle (a) to the normal of the planar

substrate (Figure 4.13 (a)). A half-wave plate is used to vary the orientation of the ex-

citation beam to determine the projection of these dipoles onto the substrate plane. The

dependency of the count rate (I(θ)) on the polarisation angle is described by Malus’ Law:

I(θ) = I0 + ∆Icos2(θ + φ0) (4.8)

Where I0 is the intensity minima, I0 + ∆I is the peak intensity, and φ0 represents the

initial orientation of the emission dipole projection on the substrate plane. The angle of

the defect to the optical axis is found by:

a = arccos

(√
Imin
Imax

)
(4.9)

Where Imin and Imax are the minimum and maximum count rate of the polarisation
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measurement. Figure 4.13 (a) shows the NV centre’s two degenerate dipoles which are

at right angles to reach other along the defect axis [150]. For an NV centre with both

dipoles lying in the plane, no change is expected in the fluorescence intensity as the

overlap of laser orientation will always sum to the same total as it rotates over the two

dipoles. Conversely, for single dipole defects, large polarisibilities are expected, as the

laser polarisation can be orthogonal to the defect dipole. Figure 4.13 (b) shows an exam-

ple measurement performed on an NV centre where defect angle is found to be a = 57 ±

1 ◦ to the optical axis.

4.7 Cavity Coupling Setup

The mirror with spin coated emitters is attached to a steel sample holder by nail var-

nish. The nail varnish provides sufficient strength to hold the sample, easy application

and rapid removal. The sample holder disk is custom made by the Department of Physics

engineering workshop and mounted onto an X-Y positioner (ThorLabs CXY2) by 4 small

magnets (RS Components 792-4559) (Figure 4.14 (a)). This mounting mechanism allows

easy removal and rotation of the holder, such that the registration grids can be vertically

aligned for consistency between measurements. Most importantly, the holder can be

flipped to allow cavity construction around a chosen defect. The X-Y positioner is fixed on

a linear translation stage, driven by a differential micrometer (ThorLabs DRV517). This

stage allows 12.7 mm of manual travel and 20 µm of piezo driven travel, giving greater

control of the z-position, along with the steering mirror controlled X-Y positioning of the

laser focus. The characterisation of emitters begins with the mirror facing towards the

objective lens, known as the "sunny side up" configuration. In this mode of operation, the

emission from the defect is directed towards the objective lens, resulting in bright images

where single defects can be easily resolved (Figure 4.14 (b)).
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FIGURE 4.14: (a) Image of the sample holder mounted by magnets, with
the planar mirror located centrally. (b) PL image of a single defect in the
sunny side up configuration. (c) PL image of the same single defect in the

sunny side down configuration.

When under optical excitation, the mirror substrates were found to provide a source of

background fluorescence, which is problematic to single photon emission. Although the

direct source of the fluorescence is unclear, the coatings display a relatively uniform emis-

sion spectrum, which was found to photo-bleach with time. Figure 4.15 (a) shows a

central dark spot where the laser spot has decreased the background fluorescence. The

rate of this reduction is dependent on the laser power, reducing quicker at higher laser

powers. The inset of Figure 4.15 (a) shows this reduction at a laser power of 45 mW

over 5 minutes. Following sufficient background bleaching (16 hours at 45 mW), a large

PL image (60 µm × 60 µm) is taken (Figure 4.15 (b)). Each visible peak is labelled by

the imaging software, given an index and coordinate. From here, second order correla-

tion measurements are performed to deduce which are single emitters. Finally, all the

characterisation techniques previously described (fluorescence spectrum, CW and pulsed

saturation measurement, lifetime measurement, pulsed second order correlation) are per-

formed. A note is also made on the emission stability of each defect. This process includes

several automated steps, allowing the sampling of over 100 emitters per day. These steps
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FIGURE 4.15: PL images of background fluorescence before (a) and after
(b) 16 hours of photo-bleaching at 45 mW. Inset of (a) shows the count
trace for decreasing background fluorescence with time over 5 minutes of

photo-bleaching at 45 mW.

can be repeated in different areas of the planar mirrors until there are a sufficient amount

of emitters with the desired properties. The emitters can then be ranked on these results,

with the most suitable taken forward for cavity coupling. The area (5µm × 5µm) around

the best defects are typically photo-bleached further to maximise single photon purity.

To begin the cavity coupling process, the mirror is inverted, which now requires the emit-

ters to be imaged through the substrate, known as the sunny side down configuration. The

coverslip correction of the objective lens is adjusted to the thickness of the substrate to

correct for aberrations. However, as the mirror is designed to reflect light at the emission

wavelength, the PL signal is far weaker, making it difficult to deduce the precise location

of the desired emitters. Thankfully, the registration features remain visible, meaning the

rough location of the chosen emitters can be established. Depending on the emitter, a

portion of the total emission may lie outside the region of maximum reflectivity, enabling

some fluorescence to be detected through the substrate. Alternatively, the brightness of

the defect may be sufficient to observe fluorescence despite only a small fraction leaking



4.7. Cavity Coupling Setup 99

(a) (b)

(c)

FIGURE 4.16: (a) Webcam image of horizontal interference fringes formed
between the two mirrors, indicative of vertical misalignment. (b) and (c)
show the dark then bright image observed in optimal alignment as the
distance between the mirrors is closed. These correspond to the fringes
moving into in the page, as opposed to vertically/horizontally when mis-

aligned.

through the mirror. This situation requires PL images with longer integration times as in

Figure 4.14 (c).

To form the cavity, the featured mirror is mounted on a NanoMax piezoelectric stage

(ThorLabs MAX311D/M with BPC303 controller), which is fixed onto a linear transla-

tion stage (ThorLabs DTS50/M). This stage is driven towards the planar mirror by coarse

manual actuators, fine manual actuators and piezoelectric control, over distances of 50

mm, 4 mm and 20 µm respectively. The featured mirror was glued onto a 3-D printed

pedestal (Formlabs Form 2 with Clear Resin) and this assembly is screwed on the piezo

stage by a kinematic mount (ThorLabs HMM001 with HMA001 adapter plate). This kine-

matic mount offers an angular range of 6 ◦, allowing the plinth to be made parallel with

the planar mirror. With the piezo-control system, the stage can produce bi-directional

repeatability of 50 nm, sufficient for fine positioning of the features around an emitter.
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FIGURE 4.17: 532 nm transmission through the cavity with changing cavity
length, (a) measured experimentally, and (b) obtained from the transfer

matrix method.

The cavity is aligned by white light illumination of the two mirrors. The white light source

penetrates between the mirror and creates interference fringes which can be observed on

the webcam (Figure 4.16 (a)). The angular mismatch between the planar parts of the

two mirrors creates these fringes due to different path lengths in the cavity resonance

condition. These become more evident at cavity lengths of below 10 µm. Changing

the cavity length causes these fringes to travel in a direction which maintains the cavity

length of their resonance. This gives an indication of the tilt required to reduce the angle

between the mirrors. Figure 4.16 (a) shows fringes which move vertically as the cavity

length changes, indicating a difference in cavity length between the top and bottom of the

plinth. This process is repeated iteratively until the fringes travel perpendicularly to the

mirror surfaces (Figure 4.16 (b)–(c)). A bandpass filter is used at a wavelength partially

reflected by the mirror to give the most contrast in the fringe intensity. This is a necessary

step as it allows cavity lengths of <2 µm to be reached, enabling the formation of stable

stable modes with the smallest mode volumes.

During the closing of the cavity, the 532 nm laser transmission is monitored by placing the
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FIGURE 4.18: Transfer matrix calculations of the mirror coatings for 8 and
16 pair DBRs centred at 640 nm (a) and 690 nm (b). These figures are

shown on a log scale for clarity.

power meter behind the featured mirror. The intensity of this transmitted beam oscillates

as the cavity length is changed. As the cavity is closed, the oscillation stops when the two

mirrors are in contact. Figure 4.17 (a) shows the experimentally recorded intensity of

the 532 nm laser transmission through the cavity with changing cavity length. A vertical

linecut of Figure 3.10 (a) is taken at 532 nm to produce the theoretical transmission of

the 532 nm laser seen in Figure 4.17 (b).

The resonance condition within the cavity is given by qnλ = 2L. Taking the derivative, we

find dL/dλ = qn/2 = L/λ. From this, dL/L = dλ/λ meaning the magnitude of change

in wavelength is inversely proportional to the cavity length. Therefore, for short cavity

lengths, a small change in the cavity length results in large changes in the cavity mode

position and linewidth. To successfully observe high quality modes, the components on

the NanoMax stage and the stage itself, are all rigidly fixed to the optical table, minimising

vibrations between the two mirrors. With the cavity now formed, the asymmetric mirror

reflectivies ensure the leakage of photons towards the objective lens. Assuming a lack of
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FIGURE 4.19: (a) Lateral positioning of the featured mirror relative to the
planar mirror. Position’s 1, 2 and 3 are all at the same cavity length, but
but with different lateral alignment. (b) Cavity coupled spectra during the
optimisation of the lateral position, where the emission into the TEM00

mode is maximised.

intra-cavity losses, the fraction of transmitted light through the planar mirror is:

1−Rp
1−RfRp

≈ Tp
Tf + Tp

(4.10)

Where Rf,p are the reflectivities of the featured and planar mirrors and Tf,p the trans-

mission. The addition of more DBR layer pairs to the featured mirror pushes the planar

outcoupled fraction towards unity. The planar and featured mirror reflectivies (Rp −Rf )

used in this thesis are 97.5 ± 0.5 % and 99.997 % respectively (Figure 4.18).

With the two mirrors now approximately parallel, the excitation laser can be focused

onto a chosen defect, and a specific concave feature brought directly infront. The open

nature of the cavity allows movement of the two substrates relative to each other. Due

to the absence of a feedback mechanism, regular optimisation is required to account for
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drift in the cavity length and the feature’s lateral position. The planar mirror is kept

stationary and the steering mirror is used to optimise the X-Y position of the laser focus

onto the defect. Meanwhile, the featured mirror is positioned using the NanoMax stage

to maximise emission of the emitter into the cavity modes. Figure 4.19 shows the lateral

optimisation to maximise counts into the TEM00 mode. The measurements previously

performed in the sunny side up configuration can now be performed in the cavity to

determine the effect of cavity coupling on the single photon emission properties of the

defects.

4.8 Conclusion

This chapter has presented the experimental methods involved in acquiring the results to

be presented in this thesis. The length of this chapter is by no means reflective of the sub-

stantial amount of time used to optimise these methods, thereby making cavity coupling

experiments routine. The cavity coupling process has been fully described, beginning

from the fabrication of hemispherical features by the FIB, through to the identification of

emitters facing away from the collection lens. The key steps for successful experiments

can be summarised as:

• FIB milling of hemispherical features onto the plinth.

• DBR coating of planar and featured substrates.

• FIB milling of registration features onto the planar mirror.

• Nanoparticle deposition onto planar mirror

• Single emitter characterisation.

• Planar mirror inversion and alignment of cavity mirrors.
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• Cavity coupling of selected features to chosen emitters.

Improvements in plinth miniturisation and mirror alignment are required to allow cavity

lengths <600 nm to be reached. Theoretical simulations will be used to support the

experimentally observed data, providing insights into the sources of loss and optimal

cavity configuration for the emitter-cavity system.
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5|
Single Photon Characterisation of NV Cen-

tres in Nanodiamonds

5.1 Introduction

NV centres within nanodiamond crystals are used extensively throughout this thesis. With

size distributions between 30 – 250 nm, they can be readily included within open-cavity

systems, without affecting the minimal separation achievable between the mirror sub-

strates. This chapter will present the optical characterisation of single NV centres within

nanodiamonds at room temperature. It will be shown that single NV centres are read-

ily observed in these nanodiamond samples through the use of HBT measurements. A

full characterisation of the optical properties will take place, with particular prominence

given to "NV232" - which will be presented separately for clarity. Time resolved photo-

luminescence measurements will be serve as a benchmark to detect potential cavity in-

duced enhancement in the emission rate when the emitter is placed within the optical

resonator. The cavity coupling results to be displayed in Chapter 6 will include those for

this emitter. Finally, the efficiency and long term stability of a few NV centres in nan-

odiamonds will be investigated. These preliminary results will be used to assess their

suitability as a robust single photon source.
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FIGURE 5.1: PL image of nanodiamonds with NV centres dispersed on the
planar mirror substrate, with NV232 circled in red. The image is taken

with a x100 0.8NA objective lens.

5.2 Single Emitter Survey

The nanodiamonds used in this study were fabricated and spin coated onto mirror sub-

strates as described in Section 4.3.2. A large photo-luminescence image (60µm × 60µm)

is taken and a typical dispersion of emitters is shown in Figure 5.1, with the defect

"NV232" circled in red. The FIB marked registration features enclose an area of 50µm

× 50µm. This grid underwent ∼32 hours of photo-bleaching at 45 mW to reduce the

background contribution, thereby making the emitters more visible. Each bright spot

corresponds to an emitter with emission in the 590 – 740 nm collection window, and

so should be from the negatively charged NV centre. Over 500 single NV centres have
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FIGURE 5.2: Continuous wave HBT measurements of single NV centres
within the 50µm × 50µm registration grid. The black dashed line repre-
sents the value of g(2)(0) = 0.5. The red lines show the fit from Equation

3.4.

been characterised over the course of this project. The key results for six single NV cen-

tres from the same sample will be displayed. These six emitters are chosen as they are

representative of the general properties observed from bright single NV centres in nan-

odiamonds. This survey includes; HBT measurement to verify single photon emission,

emission spectrum to verify the NV centre as the emitter, saturation measurement to

quantify the maximum photon output and time resolved photo-luminescence (TRPL) to
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FIGURE 5.3: (a) Power dependent HBT measurements of a single NV cen-
tre. The data points are all fit to equation 3.4. Each data set is displaced
vertically by 1 for clarity. (b)-(d) Evolution of the fit parameters of equa-

tion 3.4 as a function of the saturation power P/Psat.

determine the excited state lifetime.

Figure 5.2 presents the CW HBT measurement for the six single emitters located within

the FIB marked registration grid. These measurements were performed at an excitation

power of 640 µW. The behaviour of g(2)(τ) is described by Equation 4.1, and these cho-

sen NV centres all display g(2)(0) values below 0.5. Typical signal to noise (SNR) ratios

are ( SB ) ∼ 10–20. Therefore, using Equation 4.4, single NV centres under CW excitation

on the mirror substrate tend to display values of g(2)(0) ∼0.22, before further photo-

bleaching.
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The NV centre is not a simple two level system and is known to possess a metastable shelv-

ing state [39]. The presence of a metastable shelving state may significantly reduce the

excited state population, limiting the achievable emission rate. In addition, the ground

and excited electronic states feature spin sub-levels, which can modulate the observed

fluorescence. Therefore, it is important to understand the internal rate dynamics of each

emitter. This can be done through HBT measurements at varying excitation powers, to

deduce the intrinsic decay rates of the emitter [39]. Figure 5.3 (a) shows an example for

the power dependence of the g(2)(τ) function (Equation 3.4) for NV24. A clear bunching

effect is observed at intermediate time-delays, which can be attributed to pumping into

the singlet manifold. This effect is more pronounced with increased excitation power.

The fit parameters for this power dependence are summarised in Figure 5.3 (b)–(d).

Using the limiting cases at high (P →∞) and low excitation powers (P → 0), the decay

rates of the three-level system (k21, k23 and k31) can be approximated as described in

Reference [39]. The key values required from the fitted data are c∞1 = 0.87 ± 0.01, τ∞1 =

213 ± 3 ns and τ (0)2 = 24.3 ± 0.7 ns. The rate parameters from these fitted values are k21

= 39 ± 0.1 MHz, k23 = 2.2 ± 0.04 MHz and k31 = 2.5 ± 0.04 MHz. The radiative decay

rate k21 is of most interest, and is an order of magnitude larger than the non-radiative

decay rates. Similar rates are reported in Reference [109], showing the radiative channel

as the dominant decay route. The excited state lifetime is estimated by
(
k21 + k23·k31

k23+k31

)−1,
giving τ = 24.9 ns, which is typically in the range observed for nanodiamonds [150–153].

The room temperature emission spectra of these emitters are shown in Figure 5.4. Each of

these spectra have been normalised for comparison. NV1–6 feature predominantly NV−

character with a ZPL at ∼637 ± 4 nm and a broad phonon side band. The variation in the

ZPL position is attributed to the strain in the nanodiamond, which is much greater than

in bulk diamond. The local strain for an NV centre is dependent on the nanodiamond size
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FIGURE 5.4: Spectral survey of single NV centres in nanodiamond on the
DBR mirror. The data has been normalised for comparison. All the emitters

show characteristic NV− emission spectra

and position of the defect within the nanodiamond. It must be noted that the presence of

the DBR substrate modifies the observed spectrum as the mirror reflectivity is maximum

at 640 nm for the emitters in Figure 5.4. As a result, the PSB emission which would

normally be maximum at ∼700 nm is now most prominent at ∼670 nm. For NV centres

on a DBR with maximum reflectivity at 690 nm, the spectra maximum will be at∼690 nm.
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NV1 Isat = 343 ± 10 kcts/s
Psat = 0.43 ± 0.05 mW

NV6 Isat = 364 ± 17 kcts/s
Psat = 1.00 ± 0.12 mW

NV5 Isat = 479 ± 11 kcts/s
Psat = 0.78 ± 0.06 mW

NV4 Isat = 315 ± 6 kcts/s
Psat = 0.38 ± 0.03 mW

NV3 Isat = 386 ± 7 kcts/s
Psat = 0.43 ± 0.04 mW

NV2 Isat = 418 ± 8 kcts/s
Psat = 0.85 ± 0.05 mW

FIGURE 5.5: CW saturation measurements highlighting the variation in
maximum photon output of the emitters.

Figure 5.5 shows the CW saturation measurement for these emitters. The saturation

behaviour is fit with Equation 4.6, revealing saturation counts (Isat) values typically in the

range ∼250 – 500 kcts/s. The limiting factor for this value is the excited state lifetime of

the defect and the quantum efficiency of radiative emission. NV centres in bulk diamond

have a lifetime of 12 ns [98], but those in nanodiamond typically feature much longer

lifetimes as seen in Figure 5.6. The data is fit with Equation 4.5, accounting for a fast

background decay (τbkg < 8 ns), and a longer decay attributed to the NV centre. Time
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NV1 τ = 29.4  ± 0.8 ns

NV6 τ = 27.9 ± 0.7 nsNV5 τ = 30.9 ± 0.3 ns

NV4 τ = 33.7 ± 0.3ns

NV2 τ = 26.2 ± 0.7 ns

NV3 τ = 29.6 ± 1.1 ns

FIGURE 5.6: PL excited state lifetime data for the NV centres. The data
is fit with a bi-exponential decay to separate the background contribution

from the NV centre lifetimes.

resolved PL measurements reveal the excited state lifetime of NV centres to be in the range

20 – 60 ns, depending on the individual nanodiamond. This increased lifetime compared

to bulk diamond is often attributed to the reduction in the optical density of states as

the size of the host crystal is reduced, limiting the rate of spontaneous emission [153].

However, emitters with the shortest excited state lifetimes do not always correspond to

the highest saturation counts, as the excited state lifetime is a combination of the radiative

and non-radiative lifetimes, and this will be discussed later in this chapter.
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FIGURE 5.7: (a) CW HBT of NV232 confirming single photon emission. (b)
Room temperature emission spectrum of NV232.

5.3 Properties of NV232

The properties of NV232 are presented separately to the previous NV centre survey as a

more in depth analysis is required. This emitter will be utilised for cavity coupling results

to be presented in Chapter 6. NV232 originates from the 50 nm nanodiamond sample

shown in Figure 4.6 (b). The CW HBT measurement in Figure 5.7 (a) shows clear single

photon emission, with a value of g(2)(0) = 0.17. As previously mentioned, the contribu-

tion of the background limits the data at τ = 0 reaching g(2)(0) = 0. The observed SNR

ratio of 12 gives an expected g(2)(0) = 0.15, very close to the measured value of g(2)(0) =

0.17. The emission spectrum of NV232 displays characteristic NV− features with a FWHM

of ∼60 nm, as seen in Figure 5.7 (b).

Many applications for single photon sources require the deterministic generation of pho-

tons, and so, the single photon emission properties of NV centres must be characterised

under pulsed excitation. A photon correlation measurement was also performed for
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FIGURE 5.8: (a) Pulsed HBT measurement performed at a repetition rate
of 5MHz. The lack of a peak at τ = 0 clearly shows single photon emission,
with a single photon probability of 91%. The inset is log-scaled for clarity.
(b) TRPL measurement for NV232 shows a single exponential decay with

an excited state lifetime of 35.3 ns.

NV232 using the HBT method, but under pulsed excitation (Section 4.5.1). The mea-

surement was performed at a excitation frequency of f = 5 MHz, equating to a 200 ns

gap between sequential excitation pulses. This value was chosen to allow the excited

state population sufficient time to decay to the ground state before the next excitation

pulse. Figure 5.8 (a) shows two peaks 200 ns either side of a small peak at τ = 0. Using

the integrated area under the central peak and those at τ = ± 200 ns (as in Figure 4.11

(a)), the single photon purity is found to be 91%. Similarly to the CW measurement,

the uncorrelated substrate auto-fluorescence contributes to the central peak, which when

removed would lead to even higher single photon purities. Figure 5.8 (b) shows the TRPL

measurement for NV232, which was found to have an excited state lifetime of 35.5 ± 0.2

ns.

The CW saturation count (Isat) collected over the 590 – 740 nm window is 274 ± 14

kcts/s (Figure 5.9 (a)) with a saturation power (Psat) of 0.47 ± 0.06 mW. To decrease the

saturation power, it is necessary to rotate the orientation of the laser to the optimum angle
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FIGURE 5.9: (a) Continuous wave saturation measurement for NV232 over
the 590 – 740 nm spectral window. Inset shows the polarisation measure-
ment for NV232 revealing the orientation of the defect. (b) Pulsed satu-
ration measurement at 5 MHz used to determine the efficiency of NV232.

Inset shows the saturation measurement at 10 MHz.

for NV232, increasing the efficiency of excitation. Figure 5.9 (a) inset shows the excitation

polarisation optimisation, revealing the angle of NV232 to be 21 ± 2 ◦ to the substrate

plane. The efficiency of NV232 can be estimated from the saturation count obtained

under pulsed excitation. With an excited state lifetime of 35.3 ns, these measurements

were performed at excitation frequencies of 5 and 10 MHz. The single photon efficiency

at the detectors is then:

〈N〉 =
Isat(f)

f
(5.1)

The saturation counts for NV232 under pulsed excitation are Isat(5MHz) = 133 ± 60

kcts/s and Isat(10MHz) = 198 ± 53 kcts/s. These pulsed Isat values correspond to de-

tection efficiencies of 2.58% and 1.97% respectively. The efficiency under CW excitation

can be approximated similarly to pulsed excitation, but using the excited state lifetime

as the time delay between excitation events. The CW saturation count of NV232 is 274
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± 14 kcts/s, which is 0.97% of the inverse of the excited state lifetime. With these val-

ues, there appears to be a decrease in efficiency with increasing excitation rate. These

low efficiencies led to an investigation on the sources of losses, including both the optical

system, and the internal efficiency of the NV centre in nanodiamonds.

5.4 NV Centre Efficiency

NV centres in bulk diamond are usually described as emitters with near unity quantum

efficiencies, such that the radiative decay rate has a strong influence on the measured

excited state lifetime [44]. However, NV centres in nanodiamonds have been found to

display a range of radiative and non-radiative decay rates leading to largely varying quan-

tum efficiencies between 0.05 – 0.9 [49, 152, 154]. The distribution of these values is

ascribed to the size, geometry and specific position of the NV centre within the nanodia-

mond host and is reflected by the wide range of excited state lifetimes. As the measured

lifetime is a combination of both radiative and non-radiative lifetimes, the particular ge-

ometry of each nanodiamond makes it difficult to predict the relative contributions of

these processes. The excited state lifetimes of single NV centres in both 50 and 100 nm

nanodiamond samples have been measured (Figure 5.10). The most frequently occurring

lifetime range for both of these samples is 30 – 36 ns. These results are very similar

to those observed by Mohtashami et al [152]. The 50 nm sample does show a wider

distribution of lifetimes, potentially due to a higher surface area to volume ratio, as the

presence of surface states can induce more non-radiative decay pathways [153]. Using

the analytical resulted derived by Chew (τND ∼ 0.062 · τbulk) [142], the radiative lifetime

for the NV centre in nanodiamond is expected to be ∼ 193 ns, much larger than those

observed in Figure 5.10. As the emission is not purely radiative, a reduced excited state

lifetime is expected, dependent on the quantum efficiency of each emitter.
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FIGURE 5.10: Histogram of single NV centre lifetimes from (a) 50 nm and
(b) 100 nm nanodiamond samples.

A simple method used in this thesis to estimate the quantum efficiency is to perform

saturation measurements under pulsed excitation. As opposed to CW excitation, in this

regime, the frequency of excitation is known, and can be directly related to the photon

output rate from the emitter as in Equation 5.1. The quantum efficiency is then estimated

from Equation 4.7. As in Section 5.3, a repetition rate of f = 5 MHz is generally used for

NV centres. Only the brightest emitters under pulsed exitation are chosen, where the NV

dipole is assumed to lie in the plane of the mirror substrate. The system efficiency was

measured in Section 4.6 giving ηsys = 0.32 ± 0.02. The collection efficiency for NV232

was determined using Equation 3.27, giving 〈ηcoll〉 = 0.46 for the 0.85 NA objective. This

value is comparable to the collection efficiency obtained from FDTD simulatons (ηcoll =

0.50) for the same system with a 0.8NA objective [155]. Using the calculated and mea-

sured values of 〈ηcoll〉 and ηsys, the saturation count of NV232 (Isat(5MHz) = 133 kcts/s)

equates to an estimated quantum efficiency of QE = 0.18 ± 0.07. The Isat values of the

brightest NV centres under pulsed excitation observed in this thesis at 5 MHz are typically

in the range 120 – 150 kcts/s, when measured over the 590 – 740 nm spectral window.

These values deliver quantum efficiencies on the lower end of the previously reported QE
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the efficiency behaviour of NV23 using Equation 5.2.

range of NV centres in nanodiamonds, despite coming from one of the brightest NV cen-

tres. This measurement was repeated for several other bright single NVs (NV21 – 24) in

100 nm nanodiamonds (Figure 5.11 (a)). They all showed similar saturation counts at an

excitation rate of 5 MHz (Isat = 135 – 141 kcts/s), despite possessing different lifetimes.

This result infers that the QE of nanodiamonds are much lower than typically reported,

and this will be probed further in the following Chapter.

Following the results at 5 MHz, further pulsed saturation measurements were performed

at increasing excitation rates. After three excited state lifetimes, it is expected that the

population of the excited state will have decreased by 95% (e−3 ∼ 0.05), thus the emitter

should be ready for re-excitation. Therefore, a near equal efficiency should be maintained

with a time delay of 3τ between excitation pulses. For a single photon source, this would

mean a greater photon flux due to the increased rate of excitation, but at the cost of a

slight (∼5%) reduction in efficiency. Figure 5.11 (a) displays the observed saturation

count at each excitation rate, with Figure 5.11 (b) the corresponding system efficiency of
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those Isat values, calculated from equation 5.1. The saturation count of all these emitters

display comparable behaviour, increasing with the excitation rate until approaching sat-

uration at ∼30 – 40 MHz. However, the efficiency appears to increase with an increased

time delay between subsequent excitation pulses (decreasing excitation rate). This be-

haviour is fit with the expression:

〈N〉 = A−Be
τexc
τrec (5.2)

Where A is the maximum efficiency at large excitation delays, τexc is the time delay

between excitation pulses and τrec is the recovery lifetime for radiative emission. The

recovery lifetime describes the timescale over which the defect can be re-excited following

decay from the excited state. These values of τrec for NV21 – 24 are summarised in Table

5.1. The recovery lifetime is an important parameter that must be accounted for when

optimising the efficiency and total photon output of an NV centre based single photon

source. For NV21, NV22 and NV24, the recovery lifetime is comparable to the excited

state lifetime as expected. For NV23, the recovery lifetime is much longer than the excited

state lifetime. Power dependent HBTs were performed on NV21 – 24 to deduce the rate

parameters of the assumed three-level system of these NV centres. For simplicity, these

are expressed as lifetimes (τi = 1
ki

). The lifetime of the excited state for radiative (τ21)

and non-radiative (τ23 and τ31) transitions are presented in Table 5.1. These lifetimes are

combined to give a total lifetime for decay to the ground state from the HBT method:

τHBT =

(
1

τ21
+

1

τ23 + τ31

)−1
(5.3)

While the τHBT values calculated from this method do not match those measured directly

from the TRPL measurement, their relative values agree with those from the TRPL mea-

surement. It is known that the three-level structure typically used to describe the NV
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Emitter τ21 (ns) τ23(ns) τ31 (ns) τHBT (ns) τTRPL (ns) τrec (ns)
NV21 33.4 134 238 30.7 40.6 40.3
NV22 34.5 132 233 31.5 39.1 43.9
NV23 14.6 91 111 13.6 19.3 43.1
NV24 22.6 130 270 21.4 31.2 30.7

TABLE 5.1: Summary of various lifetimes describing the rate dynamics of
single NV centres.

centre does not fully describe the internal dynamics of the NV centre. The ground (3A2)

and excited (3E) states are triplet states which under zero magnetic field split into spin

sub-levels ms = 0 and ms = ±1. The use of continuous excitation polarises the electron

into the ms = 0 spin sub-level, but the polarisation behaviour of the spin under pulsed

excitation is much less studied. These different excited state spin sub-levels are known

to possess different lifetimes [150], which may be involved with the recovery process. In

addition to the spin sub-levels, there are two intermediate singlet states that provide the

non-radiative decay pathway; a short-lived 1A1 state and a long-lived 1E state, which are

merged together into level |3〉 in this model. Therefore, while power dependent HBT mea-

surements support the directly measured NV excited state lifetimes, they do not provide

insight into the difference between the excited state lifetime and recovery time of NV23.

Although the origin of this difference is unknown, a potential cause may be the distance

from the NV centre to the surface. Surface states are known to perturb the electronic

structure, and may lead to a larger involvement of the spin sub-levels in the population

dynamics of the emitter.

5.5 NV Centre Stability

In order for a nanodiamond based single photon source to be commercially viable, photo-

stability is an essential specification. It is crucial for the emitter to display neither bleach-

ing, blinking or spectral jumps. The NV centre is conventionally described as a perfectly
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photo-stable colour centre, displaying long term photo-stability. This is generally true in

bulk diamond, where the defect is located deep within the lattice. However, the behaviour

of nanodiamonds under long term excitation is much less quantified. Over the numerous

defects studied in this work, degradation in the emission properties of the NV are regu-

larly observed. This is particularly the case under pulsed excitation, which is known to

induce photo-ionisation of NV− to NV0 [54]. The probability of charge state conversion is

related to nanodiamond size and the proximity of the defect to the nanodiamond surface

[53], as surface states can induce charge state switching to NV0, thereby quenching the

NV− emission [50].

Figure 5.12 shows the intermittent behaviour of NV7. Experiments on this defect had

been performed periodically over nine months with the emission properties remaining

unchanged. However, the use of the defect for the alignment of a pulsed excitation source

lead to the observed PL instability shown in Figure 5.12 (b) and (c). A PL spectrum was

taken during periods of intermittent fluorescence and showed the emission profile to con-

sist of both NV− and NV0 character, with a significant increase in the spectral profile at

wavelengths below 640 nm. The nanodiamond based device must be able to maintain

photo-stability for >1000 hours of operation at the desired operating excitation rate of

the device, which is 5 – 10 MHz. Performing this test over 1000 hours at an excitation

rate of 5 MHz was not practically feasible, but the same number of excitation pulses can

be delivered at 80 MHz in a shorter time span, corresponding to a testing time of 62.5

hrs. With a typical excited state lifetime of ∼ 33 ns, a delay time of 12.5 ns between

excitation events may lead to photo-ionisation of the electron. This has been shown to be

a two-photon process scaling quadratically with laser power [156–159]. The pulsed laser

used for this test delivers an average power of 4 mW, with a peak power of 500 mW per

pulse. Therefore, this stability test is expected to be a far more rigorous test than realistic

excitation conditions of average power ≤ 0.5 mW.
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FIGURE 5.12: (a) PL image of a stable NV centre (NV7). (b) PL image of
NV7 displaying intermittent fluorescence over the duration of the scan. (c)
Normalised PL count trace of NV7 switching between two states. (d) PL
spectra of NV7 highlighting contributions from the NV− and NV0 states.

The defect NV232 which was previously characterised displayed near perfect photo-stability

under both CW and pulsed excitation, making it a good choice to observe long term sta-

bility. Following 62.5 hrs of excitation at 80 MHz, NV232 showed a decrease in PL count

rates under both CW and most significantly pulsed excitation (Figure 5.13). Figure 5.14

(a) shows a decrease in the CW saturation count by 34% from 274 ± 14 kcts/s to 182 ±

11 kcts/s. Correspondingly, the excited state lifetime was found to increase by 31% from

35.3 ± 0.2 ns to 46.9 ± 0.6 ns. The nanodiamonds from the 50 nm sample were found
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FIGURE 5.13: PL count traces of NV232 under CW (a) and pulsed (b) exci-
tation following long term high power exposure. The CW count trace was
recorded at a laser power of 650 µW. The pulsed excitation measurement

was performed at a excitation rate and power of 5 MHz and 200 µW.

to display varying excited state lifetimes with prolonged pulsed excitation on several oc-

casions. A possible explanation for the change in excited state lifetime and subsequent

decrease in photon count rate may be the reduction in size of the host nanodiamond,

induced by the high peak power pulsed excitation.

From Fermi’s golden rule (Equation 3.46), the spontaneous emission rate is dependent

on the local density of states, while the observed excited state lifetime is also dependent

on the contribution of non-radiate decay pathways. Beginning from bulk diamond, as the

size of the diamond crystal decreases, the local density of states (LDOS) also decreases

resulting in an increased radiative lifetime (Figure 3.15 (a)). However, further reduction

in the nanodiamond size leads to the increasing contribution of non-radiative decay path-

ways which decrease the observed excited state lifetime [154]. Kononenko et al. have

used high intensity laser pulses to etch away diamond surfaces, creating craters on the

order of 1 µm in depth [51], showing the possibility of laser-induced ablation of diamond.
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FIGURE 5.14: (a) CW saturation measurement for NV232 before and after
exposure. (b) PL lifetime measurements showing an increase in the excited

state lifetime.

Inam et al. reported the threshold for increasing non-radiative decay contributions is

in nanodiamonds below a diameter of 150 nm, but is dependent on the defect position

within the nanodiamond [154]. NV232 originates from the 50 nm nanodiamond solution

(Figure 4.6 (b)), but the exact size of this nanodiamond is unknown and the majority

(65%) of the distribution is greater than 50 nm. Due to the photo-stability of this emitter,

it is speculated that the defect is located very centrally within a nanodiamond potentially

on the larger end of the distribution, and is sufficiently protected from the environment.

The changing of non-radiative pathways tends to manifest as instability in the PL, and is

usually a strong indication of the eventual quenching of emission. As blinking or bleach-

ing was not observed in NV232, non-radiative contributions are assumed to remain con-

stant, and only an increased excited state lifetime is observed. This result motivated the

use of a larger nanodiamond sample, which should in principle increase the probability

of an NV centre being centrally located within the nanodiamond, guaranteeing prolonged

device operation.
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FIGURE 5.15: (a) CW saturation measurement for NV18 before and after
exposure showing an increase from 553± 11 kcts/s to 577± 16 kcts/s. (b)
PL lifetime measurements showing a decrease in the excited state lifetime,

from 31.3 ± 0.2 ns to 27.8 ± 0.2 ns.

These accelerated stability tests were repeated for NV centres from the 100 nm nanodia-

mond solution. The first test on NV18 showed promising results (Figure 5.15). The con-

tinuous wave saturation measurement showed negligible changes in behaviour as seen

in Figure 5.15 (a), increasing by 4% from 553 ± 11 kcts/s to 577 ± 16 kcts/s. This in-

crease is mostly likely due to improved alignment of the microscope. More interestingly,

the excited state lifetime showed an 11% decrease, from 31.3 ± 0.2 ns to 27.8 ± 0.2 ns.

In order to obtain greater insight to the variation of emission properties, the experiment

was reconfigured to include sequential measurements of the excited state lifetime and

emission spectrum at regular intervals, while constantly monitoring the PL count rate. An

auto-focus script was added to realign the emitter in (x, y, z) to the position of maximum

fluorescence between the measurements.

The same 100 nm nanodiamonds were spin-coated onto a mirror substrate with max-

imum reflectivity at 690 nm. Single defects were located and characterised, and the
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FIGURE 5.16: (a) Fluorescence intensity of NV11 over 62.5 hrs of pulsed
excitation. The inset show the PL spectra at the beginning and end of
exposure. (b) Excited state lifetime of NV11 during the long term exposure.
Inset shows two TRPL measurements at the beginning and end of exposure.

results of this experiment for NV11 can be seen in Figure 5.16. The defect shows remark-

able photostability over the length of the measurement. The regular dips in the count

trace are a result of the scheduled reduction in excitation frequency from 80 MHz to 5

MHz so that the excited state lifetime could be measured. The emission spectrum showed

minimal changes over the course of the measurement, confirming the emitter remained

in the negatively charged state. NV11 showed an average fluorescence intensity of 187

± 11 kcts/s, meaning a 6% variation in the count rate. The average excited state lifetime

was 30.6 ± 0.2 ns, varying by <1% over the course of the experiment.

The result for NV11 presents the ideal situation for the nanodiamond based single photon

source, where emission stability is observed over both short (minutes) and long (hours)

time periods. It is extremely likely that NV11 lies centrally within a large nanodiamond

from the 100 nm sample, where any potential laser-induced effects did not perturb the

emission characteristics. When repeated for another defect (NV12) from the same 100

nm nanodiamond solution, the results were similar (Figure 5.17). Much like NV11, NV12
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FIGURE 5.17: (a) Fluorescence intensity of NV12 over 62.5 hrs of pulsed
excitation. The inset show the PL spectra at the beginning and end of
exposure. (b) Excited state lifetime of NV12 during the long term exposure.
Inset shows two PL lifetime measurements at the beginning and end of

exposure.

displayed an average count rate of 153 ±5 kcts/s and average excited state lifetime of

33.9 ± 0.7 ns, meaning variations of 3% and 2% respectively. This is also combined with

a lack of change in NV12’s spectral profile (Figure 5.17 (a) inset). Comparable results

were found for another defect from this sample.

NV centres in the 50 nm sample were expected to show much more erratic behaviour

as the defects should be closer to nanodiamond surface. NV13 was exposed to the same

pulsed excitation conditions as NV11 and NV12 with the following results. Over the first

62.5 hrs, NV13 showed a relatively stable fluorescence intensity of 153 ± 12 kcts/s (Fig-

ure 5.18 (a) inset). The excited state lifetime showed a slight decrease over this time

period with an average of 46.2 ± 1.6 ns (Figure 5.18 (b) inset), inferring the increase

in non-radiative decay. It was decided that the exposure would continue past the 62.5

hr point to observe the behaviour of the defect until eventual bleaching. Figure 5.18

(a) shows the onset of a more erratic PL intensity after this point. The excited state

lifetime also showed large variations due to the increasing and varying contributions of
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FIGURE 5.18: (a) Fluorescence intensity of NV13 over 150 hrs of pulsed
excitation. (b) Excited state lifetime of NV13 during the long term expo-
sure. Insets show the fluorescence intensity and PL lifetime during the first

62.5 hrs of exposure.

non-radiative decay pathways, ranging between 30 – 54 ns.

The radiative lifetime is directly related to the size of the nanodiamond as shown in

Figure 3.15 (a). If the presumption of decreasing nanodiamond size is true, we expect an

increase in the radiative lifetime over the course of this measurement. With knowledge

of the excited state lifetime (a combination of both radiative and non-radiative lifetimes)

and the fluorescence intensity, the time dependence of the fluorescence intensity can be

expressed as:

I(t) = I0
γrad(t)

γtotal(t)
(5.4)

Where I0 is the an arbitrary constant, and γtotal is the sum of radiative and non-radiative

decay rates. Equation 5.4 can be rearranged to make γrad the subject, which is simply the
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inverse of the radiative lifetime:

τrad(t) = I0
τtotal
I(t)

(5.5)

Figure 5.19 shows the radiative lifetime for NV11, NV12 and NV13 over the long ex-

posures. As the value of I(t) is extremely important, the periodic auto-focusing process

must achieve optimal realignment in order to not skew the result of Equation 5.5. The lat-

eral and vertical alignment processes were performed by different software at alternating

times in order to not interfere with each other. The radiative lifetime for NV11 appears

to decrease slightly to 0.95 of the original value. This is also reflected in NV12, where

the radiative lifetime also decreases to 0.95 of the original value. The reason for this is

likely the reduction in amplitude of the first exponential (background decay term) of the

bi-exponential fit (Equation 4.5) over time due to photo-bleaching - skewing the fit for

the NV component. NV13 also displays this slight reduction to 0.97 of the original value

after the first 62.5 hrs (Figure 5.19 (b) inset). However, following this, the radiative life-

time begins to increase as expected, implying a reduction in the size of the nanodiamond.
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Although sufficient photo-stability has been observed with these certain examples from

the 100 nm sample, it remains crucial to devise a method of determining photo-stability

without the ablation of the nanodiamond.

5.6 Conclusion

This chapter has presented a detailed investigation into the emission properties of single

NV centres, forming the foundation for the coupling of these emitters to optical micro-

cavities. This has included the characterisation of the NV centre’s efficiency and stability

under pulsed excitation. It has been shown that single NV centres are readily found in

both 50 and 100 nm nanodiamond solutions. The excited state lifetimes have been shown

to be much smaller than the simulated radiative lifetimes for a dipole in a spherical nan-

odiamond of the same size. This has been related to a non-unity quantum efficiency of

NV centres, with the brightest emitters shown displaying estimated quantum efficiencies

of up to ∼20%. The decrease in system efficiency with increasing excitation rate has

been described by the recovery time τrec, which may differ from the excited state lifetime.

With these known parameters, the excitation rate can be optimised to deliver both high

efficiencies and a high single photon output rate.

The suitability of a nanodiamond single photon source has also been investigated through

long term exposure to pulsed excitation. A larger sample size of these measurements is

required in order to definitively quantify the expected length of photo-stability for these

emitters. However, the nature of this experiment is extremely time consuming. That being

said, the general behaviour of these results highlights the importance for the NV centre to

be sufficiently isolated from the environment. Therefore, 100 nm nanodiamonds should

be used for the NV-centre single photon source as they will offer a greater probability

of NV photo-stability. While larger nanodiamonds (>150 nm) would offer even greater
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stability, it remains extremely difficult to manufacture single NV centres with increasing

nanodiamond size [53]. In addition to this, the implications of using larger nanodia-

monds for cavity coupling are yet to be determined, and will be discussed in the next

chapter.
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6|
NV Centre Cavity Coupling

6.1 Introduction

This chapter will describe the room temperature cavity coupling of single NV centres in

nanodiamonds to FIB milled open-access microcavities. It is hoped that the presence of

the cavity may be used to enhance the emission rates of the NV centre. However, a key

challenge when using NV centres at room temperature is the broad emission linewidth

(∼70 nm). Due to this, the effective Q-factor is low and thus low mode volumes of the

order λ3 are vital. Firstly, characterisation of the cavity coupled emission from varying

radii of curvatures will be shown, including the tuning of successive longitudinal modes

through the NV centre’s emission spectrum. This will highlight the importance of minimis-

ing the cavity length, such that improvements in the collection efficiency, and potential

Purcell enhancement may be observed. From here, the cavity coupling results for NV232

will be presented, showing a direct comparison of the half-space and cavity-coupled single

photon emission characteristics. FDTD simulations will be used to compare the expected

coupling efficiency into the cavity modes, and account for the sources of loss observed

experimentally. This will then be repeated for NV25, a single NV centre from the 100 nm

nanodiamond sample. NV25 is located on a mirror with peak reflectivity at 690 nm. It is

expected that this system should increase the coupling efficiency and this will be shown

for different radii of curvatures. This will demonstrate the open-access microcavity as

a platform to sample a large subsection of CQED parameter space. These results form
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FIGURE 6.1: (a) Optical microscope image of 640 nm plinth with the dif-
ferent radii of curvature features labelled. (b) White light transmission
image of this plinth seen through the planar mirror. The registration grid

of the planar mirror are also visible.

a key part of this thesis, highlighting the viability of the emitter-cavity platform as the

foundation of a true single photon source.

6.2 Open Cavity Characterisation

The preliminary cavity coupling experiments to be presented were performed using mir-

rors with peak reflectivity at 640 nm using the process described in Chapter 4. The mirror

pair configuration is planar[8]:featured[16], with measured reflectivities of 97.5 ± 0.5%

and 99.997%. Using Equation 3.10, the predicted finesse is F = 257. This low value

of finesse was purposely chosen to increase the cavity photon decay rate, minimising the

opportunities for intra-cavity scattering losses.

The emitters are imaged through the planar mirror as in 4.14 (c). Figure 6.1 shows the

640 nm plinths used to couple to the single defects, featuring cavities with radii of curva-

tures (β), with β = 1.5−25 µm. This plinth has lateral dimensions of ∼100µm×100µm.
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FIGURE 6.2: Single defect coupling to varying radii of curvature features.
The PL images show a bright spot located centrally within a larger circle,
corresponding to the emitter fluorescence within the hemispherical feature.
The cavity coupled spectra show the decrease in coupling to higher order

transverse modes as β decreases.

The features with β = 1.5−8 µm have two sets of cavities of varying depth. The upper

row of these RoCs in Figure 6.1 (a) are labelled as deep (depth ≈ 600 nm) with the lower
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row labelled shallow (depth ≈ 300 nm). The magenta ring around the edge of the plinth

is indicative of the DBR layers peeling off the silica substrate, which is a recurring issue

with plinths of this size. Figure 6.1 (b) shows the white light transmission of this plinth

through the planar mirror. The laser focus is visible which allows the desired cavity to be

placed behind the chosen emitter.

Figure 6.2 shows the fluorescence spectra and PL images obtained from coupling the

same NV centre to features of varying β. The NV centre’s emission is now coupled into

the cavity modes, with the higher order modes also being populated. The cavity length

was minimised such that there are three anti-nodes between the mirrors (q = 3). This

ensures the cavity modes were well dispersed leaving only one family of modes within

the detection window. The quality of the lateral alignment is determined by the coupling

to the different transverse modes. For example, the electric field of the first transverse

mode (m + n = 1) has a node at the centre. Optimal positioning of the cavity results

in maximal coupling to modes with an even value of m + n, as seen for the β = 25 and

8 µm features. As β is reduced, the TEM00 mode increasingly dominates the measured

spectrum, with the transverse mode spacing increasing. This is explained by the larger

numerical apertures of the higher order transverse modes in the smaller β cavities, lead-

ing to clipping losses at the edge of the concave feature. In addition, the higher order

modes do not couple as well into microscope optics.

From this point, the majority of the results to be presented are for coupling using the β

= 8 µm features as they displayed the greatest cavity coupled emission intensity from

this plinth. Figure 6.3 shows the cavity coupled spectra for the row of shallow β = 8 µm

(8s"x") features. The observed count rates from these cavities are within ±5% showing

great repeatability of the FIB milling process. Using Equation 3.14, the cavity finesse can

be calculated from the cavity mode linewidths and FSR, giving a value of F = 93. This is
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FIGURE 6.3: Cavity coupled spectra of a single defect to different β = 8
µm shallow features.

much smaller than the expected value from Equation 3.10 where the reflectivities of the

mirror predict F = 257. The sources of loss include instability of the cavity length, scat-

tering by the nanodiamonds and imperfect sphericity of the concave features [92]. The

separation of the higher order transverse modes can be used to determine the effective

optical radius of curvature of the features using the relation:

βopt = L

[
sin

(
2π∆tλL

λ1λ2

)]−2
(6.1)
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FIGURE 6.4: (a) Enhanced photon count rates for a β = 8 µm feature
closed around a single NV centre. The distance has been adjusted for the
optical penetration depth and the antinodes between the mirrors are la-
belled. (b) The collected spectra from the maximum of the q = 3 peak of

(a) to the minimum before the q = 4 peak.

Where L is the cavity length, ∆tλ is the transverse mode spacing for the transverse modes

at λ1 and λ2. For the β = 8 µm features in Figure 6.3, the average optical radius of cur-

vature was found to be βopt = 14.3 ± 0.9 µm, exceeding the physical value of β. This

has been previously reported by Trichet et al., particularly at cavity lengths below 2 µm

[93]. The reason for this discrepancy is lack of consideration of the penetration depth

of the electric field into the dielectric coatings. The geometric penetration depth of these

interfaces (dH and dL) can be calculated from the Equations 3.29 and 3.30, giving dH

= 155 nm and dL = 468 nm. The geometrical thicknesses of these layers are dTa2O5 =

76 nm and dSiO2 = 110 nm. Therefore, the field penetrates a few layers into the mirror

stack before decaying, as seen in Figures 3.9 and 3.10 (b). The optical penetration depth

is described by Equation 3.33, which gives LH = 246 nm and LL = 746 nm. The total

optical penetration depth is then the sum of the penetration depths of both cavity mirrors

(Lpen = 992 nm).

Figure 6.4 (a) shows the effect of the cavity length on the detected photon count rate
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FIGURE 6.5: PL images of NV centre emission with the mirror facing away
from the objective (a), the central emitter coupled to the cavity modes (b),

and the TEM00 mode emission (c).

from a single NV centre coupled to a β = 8 µm feature. As the cavity length is reduced,

oscillations in the cavity coupled fluorescence intensity are observed, corresponding to

successive longitudinal modes sweeping through the NV centre’s emission. As the number

of anti-nodes between the mirror reduces, the collection efficiency of the cavity increases,

with the lowest mode index reached being for q = 3. The physical cavity length has been

adjusted for the penetration depth into the DBR mirror coatings calculated above. Figure

6.4 (b) shows the spectra at sequential points over the q = 3 peak in Figure 6.4 (a), with

the largest intensity when the TEM00 mode is located at 680 nm.

With the emission now coupled into the cavity modes, a band-pass filter can be used

to isolate this emission from the residual auto-fluorescence. Figure 6.5 (a) shows the PL

image of two emitters when the mirror inverted, facing away from the objective. Figure

6.5 (b) shows the same region, but with the central emitter coupled to a β = 8 µm fea-

ture. The surrounding auto-fluorescence is greatly reduced, including the fluorescence of

the other emitter. In Figure 6.5 (c), a 8 nm band-pass filter is used to isolate the TEM00

emission, making the cavity coupled emission the only visible feature, negating all back-

ground sources of photons. The emission into this filtered single mode will be maximised

and used to determine the single photon properties of the NV-cavity system.
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6.2.1 Summary

This section has presented some preliminary cavity characterisation results following the

systematic alignment scheme described in Section 4.7, allowing cavity coupled single

photon sources to be constructed and optimised deterministically. NV centres in nanodi-

amonds have been coupled to various FIB milled concave features. For the plinth shown

in Figure 6.1, the features with β = 8 µm were found to give the greatest enhancement

in count rates and stability of the cavity modes. It has been demonstrated that a mode

index of q = 3 can be reached with this room temperature system described in Sections

4.4 and 4.7, with a physical cavity length of 900 – 1000 nm between the two mirrors.

The cavity linewidths were found to be 1.3 – 1.5 nm, much narrower than the full NV

centre emission spectrum. As a single cavity mode can be isolated, this allows the mode

coupling efficiency to be established, and a direct comparison between the half-space and

cavity coupled single photon properties.

6.3 NV232 Cavity Coupling

This section will present the cavity coupling results for NV232, which was previously

characterised in Chapter 5. NV232 showed clear single photon emission under both CW

and pulsed excitation, with a value of g2(0) = 0.17 and single photon purity of 91%.

The saturation counts under CW and pulsed excitation at 5 MHz were 274 ± 14 kcts/s

and 133 ± 60 kcts/s, with the quantum efficiency estimated as 0.18 ± 0.07. Finally, the

excited state lifetime was 35.3 ± 0.2 ns. These key parameters will be compared to those

obtained from cavity coupled emission to deduce the effectiveness of this open-cavity

system. Figure 6.6 shows the PL images used to locate NV232. With the mirror facing

the objective lens 6.6 (a), NV232 is clearly visible, with the inset scan showing a clear

point-like emitter. Figure 6.6 (b) shows a markedly lower quality image, as the emission



6.3. NV232 Cavity Coupling 141

-20 -10 0 10 20

x axis ( µm)

-25

-20

-15

-10

-5

0

5

10

15

20

25

y 
ax

is
 (
µ

m
)

0

5

10

15
× 10 4

-30 -20 -10 0 10 20

x axis ( µm)

-30

-20

-10

0

10

20

y 
ax

is
 (
µ

m
)

0

5000

10000

15000(a) (b)

4 6 8 10 12

x axis ( µm)

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

y 
ax

is
 (
µ

m
)

0

5000

10000

15000

-9 -8 -7 -6 -5

x axis ( µm)

-11.5

-11

-10.5

-10

-9.5

-9

-8.5

-8

-7.5

-7

y 
ax

is
 (
µ

m
)

0

5

10

15
× 10 4

FIGURE 6.6: PL image of the registration grid where NV232 is located with
the mirror facing towards (a) and away (b) from the objective, with NV232

circled in red. The insets show 5µm × 5µm scans around NV232.

is mostly reflected away from the objective. A smaller 20µm × 20µm area around NV232

was further photo-bleached to help improve the S/B ratio, making the emitter more visi-

ble.

From here, NV232 is coupled to a β = 8 µm feature, with the cavity length adjusted

to the q = 3 mode index. The lateral alignment is adjusted such that coupling into the

TEM00 is maximised. Figure 6.7 (a) shows the half-space and resulting TEM00 spectra

following the lateral optimisation. The TEM00 intensity was found to be maximum at 690

nm, with a peak intensity over three times greater than the half-space spectrum and a

(FWHM) linewidth of 1.4 nm. To quantify the mode coupling efficiency, the saturation

intensity for the TEM00 mode was was measured (6.7 (b)), and found to be 123 ± 8

kcts/s, meaning 45% of the total emission is coupled into this single mode. This is a large

improvement on the 18% coupling efficiency reported by Dolan et al. [129], due to the

improved alignment protocol described in Section 4.7. Integration of the half-space spec-

trum over the 8 nm spectral band used to isolate the TEM00 shows just 11% lies within
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FIGURE 6.7: (a) PL spectra of the half-space and TEM00 emission. Both
profiles are normalised to the same integration time to show the rela-
tive intensities. The insets show the half-space spectral profile and TEM00

linewidth. (b) Saturation curves for the half-space and TEM00 modes, used
to quantity the mode coupling efficiency.

this window. Therefore, were the cavity to act just as a filter, the saturation count is ex-

pected to be 30 kcts/s. Using the linewidths of both emission profiles, the spectral density

has increased from 3.9 kcts/ (s nm) in half-space to 93.2 kcts/(s nm) in the TEM00 mode

– a 23.9 times increase. This large gain in the spectral density of photons clearly proves

cavity enhanced emission is beyond simple spectral filtering.

Second order correlation measurements were performed for the cavity coupled emission

to confirm single photon emission was still being displayed. Figure 6.8 shows the results

when performed under both CW (a) and pulsed excitation (b). The CW HBT dataset

shows a decrease in the value of g(2)(0) from 0.17 to 0.03. The inset of Figure 6.8 (a)

shows the PL image of the TEM00 mode emission, displaying an isolated bright spot with

no other features present. This is a result of both cavity-enhanced emission and spectral

filtering of the single mode removing all sources of background contributions, explaining

the very low value of g(2)(0). This result is confirmed by the pulsed HBT measurement

(Figure 6.8 (b)) which shows an increase in single photon purity from 91% to 97%. It
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FIGURE 6.8: Second order correlation measurements for the half-space
and TEM00 emission under CW (a) and pulsed (b) excitation. Insets of (a)
show the PL image of the filtered TEM00 emission and Lorentzian fit of the

TEM00 mode.

must be stated that the recorded HBT data has not being corrected for background con-

tributions. When corrected for background contributions, g(2)(0) = 0.01 and the single

photon purity is 99%.

Figure 6.9 (a) shows the saturation behaviour of NV232 inside and outside of the cavity

under pulsed excitation. The TEM00 saturation count rate is 61 ± 30 kcts/s compared

to 133 ± 60 kcts/s for half-space emission. These results for pulsed excitation shows a

similar coupling efficiency (47%) to that obtained under CW excitation. Figure 6.9 (b)

shows the excited state lifetime of NV232 to decrease slightly when coupled to the cavity,

with a value of τ = 34.7 ± 0.6 ns compared to τ = 35.3 ± 0.2 ns in half-space. Such

small changes in the excited state lifetime are regularly observed for NV centres coupled

to open-access microcavities [109, 130, 160, 161]. In addition to the NV centre’s low Q-

factor, the quantum efficiency (QE) of the defect will limit the observation of a reduction

in the excited state lifetime from the Purcell effect.
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slight reduction in the excited state lifetime when coupled to the cavity.

6.3.1 Discussion

The Purcell factor compares the rate of emission into the cavity with that of free-space

(or half-space), and with the presented data above, a comparison can be made. The

NV centre’s emission spectrum is much broader than the cavity linewidth placing this

emitter-cavity system firmly within the bad emitter regime. Therefore, the ideal Purcell

factor (FP ) will be reduced to an effective Purcell factor (FP,eff ). One method to quantify

this experimentally is to compare the saturation count into the TEM00 mode (ITEM00) to

total half-space saturation intensity (Ihs) collected for each spectral profile (Figure 6.7)

[160]. The experimental collection efficiency in each case must be considered carefully

as these vary for both scenarios. The effective Purcell factor can then be expressed as:

FP,eff =
ITEM00

Ihs

ηhs
ηTEM00

(6.2)

Where ηcav and ηhs are the TEM00 and half-space collection efficiencies. Additional losses
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in the detection path and the detection efficiency are assumed to be equal for both cases.

The transmission of the cavity coupled emission through the planar mirror is found from

Equation 4.10, giving a value of TP = 0.996. The divergence of the TEM00 mode for the 8

µm feature at the q = 3 index gives NA ∼ 0.37, suggesting all of this emission is collected

by the objective lens of NA = 0.85. The half-space collection efficiency is described in

Chapter 3, and for an objective lens with NA = 0.85, the collection efficiency for NV

emission on the planar mirror gives ηfs = 0.46. Using these values, the effective Purcell

factor is found to be FP,eff = 0.21 ± 0.02.

The effective Purcell factor can also be determined from Equation 3.53, by replacing

the Q-factor with the effective Q-factor (Qeff ) expressed in Equation 3.54. For the NV-

cavity system, Qeff ∼ 10 due to the NV centre’s broad emission dominating the cavity

contribution. By using the optical cavity length, the mode volume of the TEM00 mode can

be approximated from Equation 3.23. For the q = 3 mode, this analytic expression gives

a value of V = 1.02 µm3 or V = 3.71 λ3, making FP,eff = 0.19, in close with the ex-

perimentally determined value from Equation 6.2. Due to the NV centre’s small Q-factor,

the parameter of most importance is the mode volume. Past NV cavity coupling results

have obtained effective Purcell factors of FP,eff = 0.02 (V = 24.2 λ3 ) [109], FP,eff =

0.005 (V = 58.9 λ3) [160], FP,eff = 0.12 (V = 5 λ3) and FP,eff = 0.6 (V = 1 λ3) [130].

Equation 3.55 describes the change in excited state lifetime due to the presence of the

cavity. Assuming the free-space density of states within the cavity is the same as in the

absence of the cavity (α = 1), Equation 3.55 gives an effective Purcell factor of F ′P,eff =

1.21. This result clearly does not describe the observed value of F ′P,eff = 1.02, due to the

suppression of free-space density of states. In addition, the values of FP,eff determined

from Equations 6.2 and 3.53 have used parameters solely dependent on the TEM00 mode.

Experimentally, the maximal count rate is dependent on the efficiency of coupling to the
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TEM00. However, the decay rate within the cavity is dependent on the total optical density

of states available due to all the cavity modes, including the suppression of non-resonant

modes. In principle, the saturation and ideal Purcell factor equations could be used to

quantify the true value of FP,eff , provided that the collection efficiencies, mode volume

of the higher order modes and free-space density of state suppression can be calculated

accurately. In order for FP,eff to be determined correctly, FDTD simulations have been

performed to replicate the dielectric environment within the cavity.

FDTD Simulation

For the simulation of this NV-cavity system, a 50 nm spherical nanodiamond with the

dipole located at the centre 25 nm from the mirror surface was used. The dipole is given

a broad spectral profile similar to that of the NV centre PSB. The simulations were run for

the 50 nm nanodiamond in free-space, on the planar mirror (R = 0.975 at 640 nm ) and

the cavity coupled configuration (β = 8 µm, q = 3, R = 0.9999 at 640 nm). The program

is able to monitor the total emitted power from the dipole as a function of wavelength.

From this, the Purcell factor is then the ratio of the optical power in each case compared

to bulk diamond. Figure 6.10 (a) shows the Purcell factor spectrum (FP,eff (λ)) for the

free-space, half-space cavity coupled scenarios. The cavity Purcell spectrum shows two

cavity modes at 660.3 nm and 689.7 nm. As the dipole is located directly on the cavity

axis, there is no coupling into transverse modes with odd values of m + n. Therefore,

these two modes correspond to the TEM20/02 (660.3 nm) and TEM00 (688.7 nm) modes.

Their transverse mode separation (28.4 nm) is very similar to the experimentally ob-

served value of 28.6 nm. Using the TEM00 mode linewidth (1.4 nm), the experimentally

determined Q-factor is Qexp = 485. This simulation gives an theoretical Q-factor of Qtheo

= 503 for this mode, very close to the observed value.
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FIGURE 6.10: (a) FDTD simulation results for the Purcell factor as a func-
tion of wavelength for NV232 on the planar DBR mirror and in the cavity.
(b) Comparison of the NV emission spectrum to the cavity power density
and experimental spectrum for NV232 at the q = 3 mode index. The cavity
density is obtained by multiplying the cavity Purcell spectrum by NV232’s
half-space emission spectrum. The cavity emission spectrum is measured

experimentally.

Away from these modes, there is a clear suppression of emission when compared to free-

space and half-space. The Purcell factor of the cavity modes are 0.68 (TEM20/02) and

0.55 (TEM00). Using Equation 3.59, the maximum electric field of the TEM00 mode and

electric field at the position of the NV centre were used to confirm the Purcell factor of

the TEM00 mode. The square of the ratio of electric fields was found to be
∣∣ E(rNV )
E(rmax)

∣∣2
= 0.088, with maximum of the electric field is above the planar mirror making nc = 1.

These simulated parameters give FP = 0.59 for the TEM00 mode, sufficiently close to the

value obtained from the numerical solution of the simulation. Figure 6.10 (b, blue) shows

the emission spectrum of NV232 on the planar mirror. To obtain the total in-cavity power

density, the Purcell factor spectrum (FP (λ)) is multiplied by the emission spectrum (S(λ))

of NV232 on the planar mirror (Figure 6.10 (b, orange). The experimental emission spec-

trum at the maximum count rate of the q = 3 index is over-layed for comparison (Figure

6.10 (b, yellow), with these results displayed on a log scale for clarity. The experimental

spectrum shows a minimal contribution of the TEM20/02 mode to the detected intensity,
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FIGURE 6.11: (a) FDTD simulation of the intensity distribution in the X-Z
plane for a 50 nm nanodiamond within the optical cavity. The three anti-
nodes between the cavity mirrors can be seen. (b) X-Y intensity distribution
of the TEM00 mode at 690 nm, showing the intensity is localised at the
centre of the cavity. (c) A closer view of the TEM00 mode distribution with
the reduction in intensity within the nanodiamond due to it’s refractive

index. These intensity distributions are plotted on a log scale.

with an even smaller contribution for the TEM01/10 mode. This feature highlights the

central location of the nanodiamond within the cavity during the experiment. The sat-

uration counts for the TEM00 mode approximated 46% of the total half-space emission

to be within the TEM00 mode. Due to the spectral filtering of the half-space emission

590 – 740 nm, the measured Isat value ignores contributions from emission above 740

nm. Using the cavity density in Figure 6.10 (b), Equation 3.64 provides a more accurate

measure of the TEM00 emission efficiency, giving B = 0.33.

Figure 6.11 shows cross-sections of the intensity distribution of the simulated geometry

for the TEM00 mode at 690 nm. The nanodiamond is visible on the planar mirror surface

with the concave mirror located below. The penetration of the electric field into the DBR
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stacks can also be seen. The analytic value of V = 3.71λ3 was found to be an overestima-

tion of the true mode volume, as the optical cavity length used includes the penetration

depth into the DBR stacks. The contribution to the mode volume of the field penetrating

into the DBRs is smaller than that of the field between the two mirrors. The simulated

mode volume was found to be 2.27λ3 when integrated over the whole TEM00 mode.

To determine the effective Purcell factor for the NV centre within this cavity geometry,

FP (λ) (Figure 6.10 (a)) is averaged over the NV centre’s emission spectrum S(λ) by

Equation 3.60. For an appropriate comparison to the experimental results, FP,eff for the

half-space and cavity geometries are normalised by FP,eff for free-space using Equation

3.61. The free-space result shows FP,eff = 0.075, meaning a suppression in the radia-

tive decay rate compared to bulk diamond. This value is comparable to the suppression

for the decay rate of a dipole within a nanoparticle compared to bulk predicted by Chew

(γnano ∼ 0.062γbulk). For the half-space and cavity effective Purcell factors, Equation 3.60

gives FP,hs = 0.104 and FP,cav = 0.114. Normalising by the free-space result (Equation

3.61) gives F ′P,hs = 1.37 and F ′P,cav = 1.52. With these values, Equation 3.63 gives γrad

= 0.14γnr and thus QE = 0.13. From the saturation measurements in Chapter 5, the

QE of NV232 was determined to be 0.18 ± 0.07. This is not the true QE as relative to

free-space the planar mirror enhances γrad by FP,hs = 1.37. Accounting for this enhance-

ment in Equation 3.1, gives the QE = 0.14 ± 0.05. Therefore, the result based on the

measured change in excited state lifetime gives QE = 0.13, which is within the error bars

of the measured experimentally measured value.

The simulated result of the dielectric environment of NV232 within the open access micro-

cavity reveals the low quantum efficiency as the reason behind the limited enhancement

in the decay rate from the Purcell effect. NV centres in nanodiamonds have also been

used in fiber-based cavity coupling experiments by Kaupp et al., reaching a cavity length
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of ∼ 350 nm (q = 1) [130]. With such a small cavity length and mode volume (V = 1λ3),

FDTD simulations predicted an effective Purcell factor of F ′P,eff = 11 for cavity coupled

emission relative to half-space emission. However, only a ∼3× reduction in the excited

state lifetime was observed (20 ns → 7 ns). Although NV centres are usually quoted to

posses quantum efficiencies up to 0.9, the lower than expected reduction in the excited

state lifetime suggested that QE = 0.2 for the NV centre used in that experiment. The

results from Kaupp et al. and NV232 provide further uncertainty to reported higher QE

values for NV centres in nanodiamonds [49]. A QE of 0.7 for the NV centre in bulk di-

amond has already being proposed to map the most frequently observed excited state

lifetimes in nanodiamonds to their local optical density of states [152, 153]. With this

assumption, the NV centre’s bulk radiative lifetime is ∼ 17 ns. Therefore, as a first ap-

proximation, the measured excited state lifetime of the defect in half-space can be related

to the QE by the Purcell factor:

QE =
τhs · FP,hs

17
(6.3)

For NV232, Equation 6.3 gives QE = 0.21. This result only provides a rough estimate

as the exact geometry of each nanodiamond is unknown. Especially given the fact that

parameters such as dipole position and orientation are also uncertain. It must be stated

that these results do not draw conclusions on the QE of NV centres in bulk diamond as

this has been more rigorously studied by various methods [44, 150, 154]. Nevertheless,

with the most commonly observed excited state lifetime of 30 –36 ns for NV centres in

nanodiamonds (Figure 5.10), these FDTD results support the limit proposed by Chew and

reveal the quantum efficiency of typically bright NV centres to be ≤0.25.
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6.4 NV25 Cavity Coupling

The results from the previous section revealed the importance of the NV quantum effi-

ciency on the magnitude of emission rate enhancement in the cavity. Over the course of

this thesis, bright NV centres under pulsed excitation were readily found in nanodiamonds

from the 100 nm sample, with prolonged emission stability. NV25 from this sample was

chosen for further characterisation and the results for this NV centre will be presented.

As with NV232, the measurements performed were carried out for NV25 on the planar

mirror facing the objective lens, before inversion and coupling to optical microcavities.

Apart from the larger size of the nanodiamond, the other key difference is the use of DBR

mirrors with peak reflectivity at 690 nm, which is more favourable for the collection of

the PSB of the NV centre. Therefore, improved collection efficiencies are expected. The

featured mirror was also fabricated to maximise reflectivity at 690 nm, with an initial size

of 300µm×300µm, before being FIB milled to a size of 100µm×100µm (Figure 4.3). This

step was crucial in order to reach the lowest mode index of q = 3.

Figure 6.12 shows the characterisation results for NV25 with the mirror facing the ob-

jective lens. These results were obtained using an 0.85NA objective lens. The CW HBT

measurement shows a dip zero time delay with g(2)(0) = 0.09. This sample was photo-

bleached over several days to remove the as much of the background contribution as

possible, resulting in the extremely low value of g(2)(0). The emission spectrum shows

a maximum at ∼690 nm, and this is due to the reflectivity of the planar mirror being

maximum at this wavelength. Therefore, it is expected that this should improve the col-

lection efficiency from NV25, also contributing to the enhanced S/B ratio seen in the

CW HBT measurement. The pulsed HBT measurement confirmed the result of the CW

HBT, displaying a single photon purity of 91%. The excited state lifetime was found to be

31.3 ± 0.5 ns, which is within the range for the most commonly observed excited state
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FIGURE 6.12: Characterisation of NV25 with the mirror facing the objec-
tive lens. (a) CW HBT measurement with a g(2)(0) = 0.09. (b) Emission
spectrum with a maximum at 690 nm. (c) Pulsed HBT measurement per-
formed at 5 MHz with a single photon purity of 91%. (d) TRPL measure-
ment showing an excited state lifetime of 31.3 ± 0.5 ns. (e) CW saturation
measurement showing a saturation count of 304 kcts/s. The inset shows
the polarisation measurement, with the NV defect angle at 23 ± 1 ◦ to the
plane. (f) Pulsed saturation measurement at 5 MHz showing a saturation
count of 195 kcts/s. The inset shows the result at 10 MHz with Isat =
296 kcts/s. The error bars for the pulsed saturation measurements are not

displayed as they are comparable to the Isat values.

lifetimes for this nanodiamond sample. The saturation count under CW excitation is 304

± 4 kcts/s. This measurement was performed at the optimal excitation polarisation for
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FIGURE 6.13: PL images of NV25 with the mirror facing towards (a) and
away (b) from the objective lens. The insets show a 5µm×5µm scan cen-

tred on NV25 for both scenarios.

NV25 and the angle of the NV defect to the optical axis was found to be 23 ± 1 ◦.

Figure 6.12 (f) shows the saturation measurement for NV25 performed under pulsed

excitation at 5 MHz with Isat(5MHz) = 195 (± 193) kcts/s. As previously mentioned,

due to the low power of the pulsed laser, the saturation power can not be reached and

so the error bars for the values of Isat under pulsed excitation at low excitation rates are

large. Regardless, the fit passes through the recorded data points with a good agreement.

The collection efficiency was determined using the observed emission spectrum and in-

tegrating the wavelength dependent collection parameters over the spectrum yielding

〈ηcoll〉 = 0.751. For NV25, the quantum efficiency on the planar mirror is estimated as

QE = 0.16 (± 0.15). Although the error bars for this value are large, the value is in good

agreement with that of NV232, with the key difference in count rate being due to the

enhanced collection by the 690 nm mirror. The saturation measurement was repeated

at 10 MHz giving Isat = 296 (± 168) kcts/s. Therefore, it is expected that NV25 should

show comparable enhancements within the cavity environment compared to NV232.
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FIGURE 6.14: Cavity sweeps and saturation measurements as a function of
mode index for β = 4 µm (a) and β = 8 µm (b) cavities. The insets show
the saturation measurements for the TEM00 q = 3, 4, 5 of each feature.

The excited state lifetime at each mode index is also noted.

Figure 6.13 shows the 60µm × 60µm PL images for the region of planar where NV25 is

located, with the mirror facing towards (a) and away (b) from the objective lens. The in-

set images show the proximity of NV25 to the FIB marked registration features. This has

previously proved to be an issue due to slight de-lamination of the mirror coatings near

these marks. Fortunately NV25 appeared to be sufficiently far away from the registration

features. Figure 6.13 (b) inset shows a bright emitter to the top right of NV25. This bright

emitter provides an alignment source for the optimisation of the excitation and collection

paths of the confocal microscope when the mirror is inverted. With NV25 located, the

featured mirror can now be placed behind the emitter and the cavity length closed. NV25

was coupled to cavities with radii of curvatures of β = 4 and 8 µm.

The cavity was closed around the defect for both feature sizes resulting in the enhance-

ment of the count rate through the planar mirror. Figure 6.14 (a) and (b) shows the

oscillations observed as the cavity modes sweep through NV25’s emission spectrum. The
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lowest mode index reached with both cavities was q = 3, corresponding to a cavity length

of ∼ 940 – 960 nm. For the β = 8 µm feature, the increase in count rate with decreasing

cavity length occurs at a longer cavity length than the β = 4 µm feature. This is because

stable cavity modes begin to form at cavity lengths comparable to the radius of curvature.

Once the modes form, the rate of enhancement with decreasing cavity length is greater

for the β = 4 µm feature. The excited state lifetime and saturation counts were recorded

at the mode indices q = 3, 4, 5 for both features to map the enhancement of the cavity

coupled emission (Figure 6.14).

The cavity coupling of NV25 to the β = 4 and 8 µm features has resulted in decreases

in the measured excited state lifetime (Figure 6.14). These enhancements are greater

for the β = 4 µm feature, with even the q = 5 mode (τ = 28.7 ± 1.0 ns) showing a

smaller excited state lifetime than the q = 3 mode (τ = 30.6 ± 0.3 ns) for the β = 8

µm feature. This is explained by the mode volume of these features at their respective

mode indices. For the β = 4 µm feature at q = 5, the mode volume from Equation 3.23

gives V = 2.66λ3, compared to V = 3.71λ3 for the β = 8 µm feature at q = 3. However,

the TEM00 saturation count is also dependent on the solid angle enclosed by the mode.

Therefore, the lowest mode index will always provide the largest saturation count. The

TEM00 coupling efficiency of the β = 8 µm feature at q = 3 (46%) is comparable to that

of NV232 (47%), with a similar decrease in excited state lifetime.

As the β = 4 µm feature gave the greatest enhancements, the upcoming results are ob-

tained with this feature. Compared to NV232, this experiment was performed in a differ-

ent laboratory in which the floor did not deliver the same vibration stability. Therefore,

the cavity modes recorded over an integration time of 10 s displayed linewidths of 2 –

3 nm and a significant Gaussian character. Figure 6.15 (a) shows the TEM00 mode for

NV25, with a linewidth of 1.7 nm. This cavity mode is fit with a pseudo-Voigt function
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FIGURE 6.15: (a) Emission spectra of the TEM00 mode showing a linewidth
of 1.7 nm. The inset shows the full emission spectrum for NV25. (b) CW
saturation measurements for the full emission spectrum of NV25 and the

TEM00 mode.

which is a linear combination of Lorentzian and Gaussian peaks. The mode in Figure 6.15

(a) displays 35% Lorentzian character and 65% Gaussian character. The saturation mea-

surement for the TEM00 mode gave a saturation count of Isat = 172 ± 9 kcts/s, meaning

57% of the total emission is coupled into this single mode. This is a ∼10% increase in

the coupling efficiency for the β = 4 µm compared to 46% for the β = 8 µm feature. The

spectral density of photons has increased from 4.3 kcts/(s nm) to 101.2 kcts/(s nm) for

the 4 µm feature - a 23.5 times enhancement. The β = 8 µm feature gave a 20.5 times

enhancement to 88.1 kcts/(s nm).

The CW and pulsed HBT measurements for the cavity coupled emission can be seen in

Figure 6.16. The inset of 6.16 (a) shows a 5µm×5µm PL image of the TEM00 emission.

The near registration features are no longer visible and with NV25 remaining as the only

distinguishing feature. Even the extremely bright defect close to NV25 is no longer visi-

ble. As with NV232, the filtered emission from the single mode increases decreases the
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of NV25’s half-space amd TEM00 emission. The inset of (a) shows the PL

image of the TEM00 emission.

minimum of the CW HBT from g(2)(0) = 0.09 to 0.04. The pulsed HBT measurement seen

in Figure 6.16 (b) also showed this change, with the single photon purity increasing from

91% to 96%. More interestingly, the change in excited state lifetime is also visible with

the cavity coupled emission decaying quicker than in the half-space measurement. The

inset of Figure 6.16 (b) is shown on a log scale, emphasising the reduction background

level of the TEM00 emission.

The CW saturation measurement shown in Figure 6.15 (b) revealed 56% of the total

emission spectrum was coupled to the TEM00 mode. This value should also be reproduced

under pulsed excitation. Figure 6.17 (a) shows the saturation measurement for NV25

under pulsed excitation at a repetition rate of 10 MHz. For the TEM00 mode, Isat = 141

kcts/s, compared to 296 kcts/s for half-space emission. This measurement was performed

at 10 MHz due to the decrease in excited state lifetime seen in Figure 6.17 (b). A 13%

decrease in the excited state lifetime was observed, from 31.3 ns on the planar mirror to

27.1 ns in the cavity. Therefore, an excitation rate of 10 MHz is ∼3 excited state lifetimes,

giving NV25 sufficient time to relax from the excited state. Under pulsed excitation,
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only 47% of the emission was coupled to the TEM00 mode for both 5 MHz and 10 MHz

excitation rates. The reason behind the discrepancy between CW and pulsed excitation

is the switching between two excitation sources in-situ while the emitter coupled. This

system did not possess any sort of feedback mechanism and relied purely on passive

stabilisation. The removal of a laser during the switch usually led to some misalignment.

Also, the pulsed laser path also requires slight realignment each time and this proves

extremely difficult when concerning filtered cavity coupled emission. Therefore, with a

more optimised switching system for the excitation sources, a 56% coupling efficiency is

also expected under pulsed excitation.

6.5 NV-Cavity Single Photon Source Specifications

The brightest NV open-cavity coupling results were reported by Kaupp et al. using the

fiber-based optical cavity with a metallic coating on the planar mirror [130]. This metal-

lic coating (33 nm) reduced the penetration depth into the planar mirror, decreasing the
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mode volume (V = 1 λ3 ), thereby increasing the interaction of the electric field with the

emitter. This device produced ∼ 2 × 106 kcts/s under CW excitation after the first lens,

but the auto-fluorescence from the metallic planar mirror limited the lowest g(2)(0) val-

ues to ∼0.2. In addition, the cavity linewidth at the lowest mode index (q = 1) was ∼16

nm, giving a spectral density of 125 kcts/(s nm). For NV25, the detected spectral density

under CW excitation is 101 kcts/(s nm), increasing to 268 kcts/(s nm) when taken after

the objective lens, with g(2)(0) = 0.04. Although the cavity system used in this thesis did

not reach the same mode index for NV25, the linewidth of mode and extraction efficiency

of the cavity coupled emission improve significantly on the results from previous reports

[109, 129, 130, 161].

In order to reach the q = 2 index, further processing of the plinth (as in Figure 4.3) is

required to reduce the dimensions to below 50µm × 50µm. This index has been reached

on a single occasion for a previous experiment, with the cavity mode at 690 nm for a β

= 4 µm feature possessing a linewidth of 2.5 nm when integrated over 10 s. The q = 2

mode has an NA of 0.51, and so the total mode would be collected by the objective lens

(NA = 0.85). Figure 6.14 (a) shows the enhancement of the count rate with decreasing

mode index for the β = 4 µm cavity. From this, a detected saturation count of >200

kcts/s under pulsed saturation at 10 MHz is expected. This corresponds to a count rate

of >531 kcts/s after the obective lens, or a device efficiency of 〈N〉 >5.3 %. These pre-

dicted values are underestimated, and based purely off an increased collection efficiency

without the inclusion of further enhancement in the cavity emission rate by the Purcell

effect.
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6.6 Conclusion

In conclusion, single NV centres in nanodiamonds have been successfully coupled to open-

access microcavities. The cavity was found to increase the spectral density of photons into

a single mode, far beyond simple simple filtering. The NV232 cavity system comprised

of a nanodiamond from the 50 nm sample with mirrors with peak reflectivity at 640 nm.

The results were obtained at the q = 3 mode index for a feature with radius of curvature

β = 8 µm, with the cavity inducing only a negligible change in emitter’s excited state

lifetime. Although the TEM00 mode is the mode chosen for optimal extraction of photons

from the cavity, the rate of emission in the cavity is dependent on all the modes. There-

fore, FDTD simulations were used to determine the true Purcell factor for the NV centre

inside the optical microcavity. With consideration of the QE, the Purcell factor obtained

from the simulation was found to be in good agreement with the experimentally observed

change in excited state lifetime. Despite this small change in excited state lifetime, the

cavity does provide efficient channelling into the cavity modes, with a coupling efficiency

of 47% for the TEM00. Under pulsed excitation at 5 MHz, the TEM00 emission yielded a

saturation intensity of 61 kcts/s into a single mode of linewidth 1.4 nm. This corresponds

to a detected efficiency of 1.22% with a single photon purity of 97%.

Following this, nanodiamonds from the 100 nm sample were also characterised with

several candidates located. NV25 was chosen and then coupled to an optical microcavity

with peak reflectivity at 690 nm and radius of curvature 4 µm with improved results.

With the use of 100 nm nanodiamonds in combination with 690 nm mirrors, this sys-

tem will offer increased photo-stability in addition to an enhancement in the cavity decay

rate. The coupling efficiency was measured as 0.57 of the half-space emission intensity

into the TEM00 mode with a linewidth 1.7 nm. The cavity coupled emission delivered a

measured single photon purity of 96%. With a reduction in the dimensions of the plinth,
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the q = 2 mode index can be reached. It is estimated that at this cavity length, >66% of

the half-space emission will be coupled into a single mode, giving a device efficiency of

〈N〉 > 5.3% at 10 MHz. The triggered single photon count rate after the objective lens is

predicted to be >531 kcts/s.
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7|
Hexagonal Boron Nitride Single Photon Source

7.1 Introduction

This final experimental chapter will present the characterisation of single defects in hexag-

onal boron nitride (hBN). hBN possesses outstanding chemical and thermal stability, with

its large bandgap playing host to quantum emitters in the visible region. These promising

attributes make hBN a favourable material towards the development of a room temper-

ature single photon source. Although the exact nature of these defects are yet to be

determined, they have been identified as a strong alternative to the NV centre for use as a

single photon source. These defects were prepared with the fabrication method detailed

in Section 4.3.3, with three total samples produced by Toan Trong Tran at the University of

Technology Sydney. I will discuss results from each of these samples, including a spectral

survey which shows large variations in the ZPL position and linewidth. The single emit-

ters located within these samples show a wide range of photo-luminescence behaviour

and highlight the unspoken experimental difficulty associated with hBN defects. Cavity

coupling of these defects has been attempted with limited success, and the reasons for

this will be discussed. The half-space and cavity enhanced results for the defect known as

hBN40 will be presented in further detail. Finally, these results will be compared to the

most recent demonstration of a hBN-cavity system with the key differences explained.
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FIGURE 7.1: PL image of the registration grid featuring several hBN de-
fects. (a) The initial PL image shows numerous bright spots and strong
background auto-fluorescence. (b) The final PL image was taken following
several PL measurements, and a total of 140 hours of photo-bleaching at
a laser power of 1.4 mW. All of the previously circled points are no longer

visible.

7.2 Single Emitter Survey

7.2.1 Sample 1

The preliminary characterisation of defects in hexagonal boron nitride from the first sam-

ple (Sample 1) provided an insight into the complications involved with using these de-

fects as a single photon source. Specifically, the issue of photo-stability of these defects

is rarely discussed, despite presenting a significant impediment to the development of a

single photon source device. The hBN samples were transferred onto DBR mirrors with

a peak reflectivity of 97.5 ± 0.5% at 640 nm. Figure 7.1 shows the PL image of a re-

gion on the planar mirror coated with hBN nanoflakes. The initial image in Figure 7.1 (a)

shows numerous hBN defects emitting within the 580 – 740 nm window. Defects showing

single photon emission are circled in red, and these were chosen for further character-

isation. Due to substrate auto-fluorescence, the area was gently photo-bleached under
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FIGURE 7.2: Continuous wave HBT measurements of single defects in hBN
from the region circled in Figure 7.1. The black dashed line represents the

value of g(2)(0) = 0.5.

CW excitation at a power of 1.4 mW over 140 hours in total. This lead to the eventual

loss fluorescence from all the chosen defects (Figure 7.1 (b)), in combination with the

use of excitation for the measurement of emission properties. Figure 7.2 presents the CW

HBT measurements from the circled emitters in Figure 7.1 (a). All of these chosen defects

show single photon emission with g(2)(0) < 0.5. The steepness of the central dip indicates

different excited state lifetimes, which will be directly measured later.
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FIGURE 7.3: Spectral survey of single defects in hBN within the 580–730
nm window. The data has been normalised for comparison. The insets
show the count trace measured simultaneously with the emission spectrum

over two minutes.

Figure 7.3 shows the emission spectra of these defects recorded over two minutes. As

varying photo-stability was observed, the count trace recorded at the same time to map

stability onto their spectra. The emission spectra resemble those reported by Tran et al.

[32] showing ZPLs of varying widths between 600 – 700 nm. The defects with a narrow

emission ZPL (such as hBN10) are typically associated with multi-layer hBN material,

and are expected to display improved photo-stability compared to defects with broader
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FIGURE 7.4: Pulsed HBT measurements of the surviving hBN defects. The
insets show the TRPL measurement giving the excited state lifetime of each
defect. The pulsed HBT measurement for hBN10 was recorded an an exci-

tation rate of 20 MHz.

ZPLs (hBN101). Despite this, both of these defects display good photo-stability, varying

in intensity by ± 4 kcts. Defects such as hBN10 and hBN22 present ideal emission spectra

which would be more favourable towards cavity coupling, with large DW factors of 0.69

and 0.64 respectively. The emission spectrum for hBN102 features a "hump" on the left

of the ZPL maximum, which may indicate the presence of a second defect with different

ZPL position on the same nanoflake. However, the CW HBT from Figure 7.2 shows pre-

dominatly single photon emission with g(2)(0) = 0.15.
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Following the previous measurements under continuous excitation, the pulsed laser was

used to excite the defects to record pulsed HBT and TRPL measurements. Once sub-

ject to the pulsed laser, hBN9 and hBN22 displayed intermittent fluorescence and photo-

bleached within 30 seconds. Therefore no measurements under pulsed excitation could

be performed. For the remaining defects, the pulsed HBT and TRPL measurements can be

seen in Figure 7.4. These results show promising single photon purities compared to the

CW HBT, all with purities ≥74%. hBN102 shows the most impressive result, with a single

photon purity of 96%. The excited state lifetime of these defects show a range between

1–7 ns, typical for hBN defects [32, 72, 73].

The photo-stability of the remaining defects was found to degrade following the com-

pletion of the measurements in Figure 7.4. hBN10 and hBN102 photo-bleached leaving

only hBN101 and hBN106 remaining. Figure 7.5 shows the recorded count trace and PL

image of hBN101 and hBN106 before and after measurements performed under pulsed

excitation. Figure 7.5 (a) shows that hBN101 remained stable with the count rate remain-

ing near-constant over the both before (main, ± 4 kcts/s) and after (inset, ± 4 kcts/s)

measurements. A PL image of hBN101 was taken following exposure to the pulsed laser

(Figure 7.5), showing a typical image for the emission from a point source. For hBN106,

the pulsed laser induced severe instability as seen in Figure 7.5 (c) inset. The instabil-

ity increased significantly from ± 6 kcts/s to ± 115 kcts/s. This instability is visible on

hBN106’s PL image (Figure 7.5 (d)), where several dark spots and lines appear over the

central maximum of the scan. This is due to the variation in PL intensity as the excitation

laser scans over hBN106.

As many applications require triggered single photon generation over prolonged time

periods, the instability of these defects under pulsed excitation is an important obsta-

cle. Two-dimensional materials generally oxidise in ambient conditions, with the stability
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FIGURE 7.5: (a) Count trace for hBN101 before pulsed excitation, recorded
for 2 minutes. The average PL intensity is I = 167 ± 4 kcts/s. The in-
set shows the count trace following measurements under pulsed excitation
showing I = 179 ± 4 kcts/s. (b) PL image of hBN101 showing a typical
bright spot. (c) Count trace for hBN106 before pulsed excitation showing
I = 543 ± 6 kcts/s . The inset shows the count trace following measure-
ments under pulsed excitation. The PL signal is now unstable with I =
620 ± 115 kcts/s. (d) PL image of hBN106 showing flickering of the PL

intensity as the laser scans over the sample.

controlled by the oxygen dissociative absorption barrier. As the nanoflakes are typically

a few atoms thick, small variations on the nanoflake surface can lead to large changes in

the photo-physical properties, even in the absence of photo-excitation. Vogl et al. demon-

strated hBN photo-stability over 8 months with monthly measurements of PL intensity

and spectra [73]. The sample was left in ambient conditions when not in use and showed
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an increasing linewidth over the eight months. These oxygen plasma-created defects

displayed power dependent photo-stability under continuous wave excitation. For the

defects in Figure 7.4, the average power of the pulsed laser used to perform the measure-

ments is low (Pave ∼ 0.45 mW). However, the peak power of each laser pulse is extremely

high (Ppeak ∼ 500 mW). With such a large amount of power incident in a short period of

time (100 ps), the laser could feasibly induce interactions between the defect and surface

or atmospheric species which can fill the vacancy - thereby quenching emission. All of

the hBN defects presented in this section eventually photo-bleached, and no cavity cou-

pling could be performed. Isolating the hBN nanoflakes from the environment (such as

by encapsulation) may improve the photo-stability of the defects, but the encapsulating

material must not affect the defects within the nanoflakes.

7.2.2 Sample 2

The second hBN sample (Sample 2) studied in this project presented more photo-stable

defects with interesting properties. Figure 7.6 (a) shows the camera image of the region

on the planar mirror where the stable defects were found. It was suggested that defects

found in such areas with transfer residue remaining were more encapsulated from the

environment. The sample was pre-characterised at the University of Technology Sydney

to show the presence of sufficiently stable emitters with narrow emission spectra located

within such areas. Figure 7.6 (b) shows the corresponding PL image. The residue visible

on the webcam image is also present in the PL image. Several bright and photo-stable

defects were found in this region, but only two (hBN38 and hBN86) showed potential

single photon emission. These defects are circled in red.

The properties of hBN38 and hBN86 are presented in Figure 7.7. The emission spectra

of these defects showed the presence of another strong transition close to the main ZPL
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FIGURE 7.6: Webcam (a) and PL image (b) of the region where single hBN
defects were found in Sample 2. The residue from the transfer process
is clearly visible on both images. The positions of hBN38 and hBN86 are

circled in red.

(Figure 7.7 (a) and (b)). It was assumed that there were two defects contributing to

the emission spectra and CW HBT measurements showed g(2)(0) values of 0.75 and 0.67

respectively for the full emission spectrum (Figure 7.7 (c) and (d)). Pulsed HBT measure-

ments recorded at an excitation rate of 20 MHz also showed single photon purities of 45%

and 64% (Figure 7.7 (e) and (f)) for the full spectrum. Bandpass filters with a bandwidth

of 10 nm were used to isolate the strongest ZPL transitions at 627 nm for hBN38 and 673

nm for hBN86, resulting in improved single photon characteristics. For this filtered emis-

sion, the CW HBTs showed decreases in the g(2)(0) values to 0.15 and 0.25. The single

photon purities were also found to increase to 82% and 94%. As the filtered emission

shows improved single photon purities under both CW and pulsed excitation, the weaker

features in the emission spectrum of hBN38 and hBN86 originate other emitters within

the same nanoflakes.

With single photon emission now confirmed, pulsed saturation measurements were per-

formed for the filtered emission to estimate the QE of these defects. The excitation rate
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FIGURE 7.7: Emission spectra and HBT characterisation of hBN38 and
hBN86. The results for hBN38 are on the left column (a,c,e) and hBN86 on
the right (b,d,f). The filtered results were obtained using bandpass filters
(640 nm and 690 nm) which were rotated to move the band to the peaks

at 627 nm (hBN38) and 673 nm (hBN86).

used is 10MHz and the saturation behaviour displayed in Figure 7.8 is fit with Equation

4.6. For hBN38, Isat(10MHz) = 328 ± 161 kcts/s and for hBN86, Isat(10MHz) = 343 ±

170 kcts/s. Their single photon efficiencies at the detectors (Equation 5.1)are then 3.28%

(hBN38) and 3.43% (hBN86). The collection efficiencies are calculated from the filtered

emission spectra in Figure 7.7 (a) and (b) using Equation 3.28, with 〈ηcoll〉(hBN38) =

0.78 and 〈ηcoll〉(hBN86) = 0.50. The system efficiency was found to be ηsys = 0.36 ±
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FIGURE 7.8: Pulsed saturation measurements for the filtered emission for
hBN38 (a) and hBN86 (b). The insets show the TRPL measurement for

each defect.

0.02. Using Equation 4.7, QE(hBN38) = 0.12 ± 0.06 and QE(hBN86) = 0.19 ± 0.09.

These QE values are comparable to those for the brightest NV centres in nanodiamonds

measured in Chapter 5. TRPL measurements showed excited state lifetimes of 4.60 ±

0.08 ns for hBN38 and 5.47 ± 0.42 for hBN86 (Figure 7.8 insets). Therefore, unlike NV

centres, these defects can be excited at rates up to ∼50 MHz while maintaining the same

single photon emission efficiency.

Despite the presence of the secondary ZPL on their emission spectra, the narrow linewidth

of hBN38 and hBN86 will allow the cavity mode to enhance their specific ZPLs, while

suppressing off-resonant emission. This will improve the single photon purities measured

compared to the filtered half-space emission. The sample was inverted and these defects

were relocated. Cavity coupling was attempted but unfortunately, stable cavity modes

could not be formed, meaning no enhancement was observed. The presence of the trans-

fer residue is likely to be the cause of scattering. The dark circular objects seen in Figure

7.6 (a) were thought to be made of either PMMA from the transfer process, or silicon

from the original substrate where the nanoflakes were deposited on. The sample was
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FIGURE 7.9: Webcam (a) and PL image (b) of the region in Sample 3
where single hBN defects were found. The PL image is taken with a ×100
0.8NA lens. The residue from the transfer process is clearly visible on the
webcam image, but not on the PL image. The positions of defects with

narrow emission spectra are circled in red. hBN40 is circled in green.

soaked in acetone for over 12 hours and no change in the webcam or PL image was ob-

served. Therefore, the residue is likely to be formed from silicon islands which were not

completely etched away in the first step of the process outlined in Figure 4.7.

7.2.3 Sample 3

The results from Section 7.2.2 were extremely promising due to the location of photo-

stable emitters. However, improved sample processing was required such that cavity

coupling could be achieved. The final sample to be discussed in this thesis (Sample 3)

provided both bright narrow emitters with sufficient photo-stability for all measurements

to be performed. Figure 7.9 shows the webcam (a) and PL image (b) of an area within

the FIB marked grid where promising defects were found. The webcam image still shows

dark spots from the transfer process. However, this material is not visible on the PL

image, and may have less of an effect than in Sample 2. Figure 7.9 (b) shows the posi-

tion of six promising single defects circled in red. These defects survived ∼160 hours of
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FIGURE 7.10: Emission spectra and HBT characterisation of six hBN de-
fects in Sample 3. The emission spectra all show sharp ZPLs between
620–640 nm. The CW HBT measurements all show g(2)(0) < 0.5, indica-

tive of single photon emission.

photo-bleaching at a laser power of 1.4 mW without any degradation in photo-stability

or emission properties. Figure 7.10 shows the spectral profile of these six emitters. All

the defects display sharp ZPLs between 620 – 640 nm. The CW HBTs show mostly single

photon emission with g(2)(0) < 0.5. The emission spectra of hBN41 and hBN42 show

the clearest ZPLs with no other discerning features. Subsequently, they also display the

best g(2)(0) values. The best defect chosen for further characterisation is hBN40, which is
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circled in green in Figure 7.9 (b).

7.3 hBN40 Single Photon Source

7.3.1 hBN40 Half-space Characterisation

The results of Section 7.2.3 show Sample 3 to provide the most ideal defects out of the

three samples discussed so far. With all the defects circled in Figure 7.9 (b) displaying

sufficient photo-stability, further characterisation was performed on hBN40. These results

are displayed in Figure 7.11. The CW HBT measurement shows a dip at zero time delay

with g(2)(0) = 0.21 (Figure 7.11 (a)), the lowest g(2)(0) value out of all the emitters in

Section 7.2.3. The emission spectrum shows a single ZPL transition at 651 nm with a

FWHM of 3.8 nm (Figure 7.11 (b)). This linewidth corresponds to a Q-factor of Q ∼ 171,

much larger than the typical Q-factors for NV centres (Q ∼ 10). The pulsed HBT mea-

surement was performed at 10 MHz and shows a small peak at zero-time delay, yielding a

single photon purity of 95% (Figure 7.11 (c)). Unlike for NV25 (Figure 6.12), the single

photon purity under pulsed excitation is not analogous with the CW g(2)(0) value. As the

electronic structure of the defect in hBN is unknown, continuous wave excitation may in-

duce additional emission processes which limit the minimum of g(2)(0). However, under

pulsed excitation, the short pulse length (∼100 ps) and time delay between excitation

events may favour the strongest transition leading to a high single photon purity.

Figure 7.11 (d) shows the TRPL measurement for hBN40. The excited state lifetime was

found to be 2.70 ± 0.02 ns. With such a short excited state lifetime, hBN40 can be excited

at up to 80 MHz (12.5 ns time delay) while still allowing the excited state population

to fully decay. The CW saturation count is 2.1 ± 1.1 Mcts/s (Figure 7.11 (e)). This

measurement was not taken to saturation in order to keep the emitter stable, resulting in
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FIGURE 7.11: Characterisation of hBN40. (a) CW HBT measurement
shows g(2)(0) = 0.21. The green line represents g(2)(0) = 0.5 (b) The
emission spectrum shows the ZPL at 651 nm with a FWHM of 3.8 nm.
(c) Pulsed HBT measurement performed at 10 MHz shows a single photon
putirty of 95%. (d) TRPL measurement showing an excited state lifetime
of 2.70 ± 0.02 ns. (e) CW saturation measurement showing Isat = 2.1 ±
1.1 Mcts/s. The inset shows the polarisation measurement, with the defect
displaying strong polarisibility and an angle of 73 ± 3 ◦ to the plane. (f)
Pulsed saturation measurement at 10 MHz showing a saturation count of

878 kcts/s.

the large error bars. The inset of (Figure 7.11 (e)) shows the polarisation measurement of

hBN40. hBN40 showed large polarisibility with the emission intensity reducing by ∼90%

when the excitation laser polarisation is rotated perpendicularly to the defect axis. The



178 Chapter 7. Hexagonal Boron Nitride Single Photon Source

-30 -20 -10 0 10 20

x axis (µm)

-20

-10

0

10

20

30

y 
ax

is
 (µ

m
)

0

5

10

15
× 10 4 × 10 3

-20 -10 0 10 20 30

x axis (µm)

-20

-10

0

10

20

30

y 
ax

is
 (µ

m
)

0

5

10

15(a) (b)

(cts/s) (cts/s)

FIGURE 7.12: PL images of Sample 3 with the mirror facing towards (a)
and away (b) from the objective lens. The previously circled defects are all

visible with the mirror facing away from the objective.

defect angle was calculated by Equation 4.9 to be a = 73 ± 3 ◦. (Figure 7.11 (f)) shows

the saturation measurement for hBN40 under pulsed excitation at 10 MHz. Although the

pulsed laser power was not sufficient to reach saturation, Equation 4.6 gives Isat = 876

(± 819) kcts/s. The error bars are comparable to the Isat value due to the insufficient

power of the pulsed laser. For hBN40’s half space emission, the single photon detection

efficiency is 〈N〉 = 8.76 %, much larger than the values obtained for NV232 (〈N〉 = 2.58

%) and NV25 (〈N〉 = 3.9 %). Using Equation 3.28, the collection efficiency for hBN40’s

emission is 〈ηcoll〉 = 0.60, with the quantum efficiency approximated by Equation 4.7

to be QE = 0.4 (± 0.37). Even though the error bar on the QE value is large, the

observed count rate at the maximum laser power (485 kcts/s) is much greater than those

of NV232 (135 kcts/s), NV25 (169 kcts/s), hBN38 (248 kcts/s) and hBN86 (262 kcts/s),

even when accounting for the differing collections efficiencies. Therefore, hBN40 must

possess a higher quantum efficiency justifying the calculated value of QE = 0.4.
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FIGURE 7.13: (a) PL spectra of the half-space and cavity coupled emis-
sion. The inset shows the TEM00 mode to possess a linewidth of 1.4 nm.
(b) CW HBT measurement for the half-space and cavity-coupled emission.
The cavity-coupled emission shows g(2)(0) = 0.18. (c) Pulsed HBT mea-
surement of hBN40’s half-space and cavity-coupled emission, showing a
slight increase in purity to 96% when coupled to the cavity. (d) TRPL mea-
surement showing a 13% decrease in the excited state lifetime to 2.35 ±

0.02 ns when coupled to the cavity.

7.3.2 hBN40 Cavity Coupling

Following the characterisation of hBN40, the sample was inverted and hBN40 was relo-

cated. Figure 7.12 shows the 60µm × 60µm PL images with the planar mirror facing

towards and away from the objective lens. Both of these images were taken with a 100×

0.8 NA air objective lens. The sample was photo-bleached further for 60 hours at 2.8

mW to reduce the background on the back-side of the planar mirror. Despite the lack of
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coverslip correction, all the previously circled defects are visible in the inverted image,

including hBN40. The featured mirror (99.997% reflectivity at 640 nm) was then aligned

behind hBN40, with the 8 µm feature from Figure 6.1 chosen for cavity coupling. The

distance between the two mirrors was closed until the q = 3 mode index was reached.

From here, the measurements in Figure 7.11 were repeated to determine the effect of the

cavity on the emission properties of hBN40. Unfortunately, once cavity coupled, hBN40

did not remain photo-stable and a full characterisation could not be completed. The re-

sults obtained are presented in Figure 7.13.

Figure 7.13 (a) shows the cavity coupled spectra from the 8 µm cavity. Due to hBN40’s

already narrow emission spectrum, minimal PL intensity was observed unless the TEM00

mode was located at the ZPL (651 nm). The TEM00 linewidth was measured to be 1.4

nm. The CW HBT for the cavity coupled emission showed a slight decrease in g(2)(0) to

0.18. Due to the narrower TEM00 linewidth, a bandpass filter was not needed to isolate

the single mode. With the use of a ∼8 nm bandpass filter, the g(2)(0) value is expected to

drop further. The pulsed HBT measurement also showed a negligible increase in single

photon purity to 96% for the cavity coupled emission. The inset of Figure 7.13 (c) is

plotted on a log scale and shows the background baseline between τ = ± 100 ns to de-

crease to a lower value for the cavity coupled emission compared to half-space emission.

The TRPL measurement for hBN40’s cavity coupled emission showed a 13% decrease in

excited state lifetime from τ = 2.70 ± 0.02 ns to τ = 2.35 ± 0.02 ns.

Even though a saturation measurement could not be completed, a count rate of I = 1

Mcts/s was detected at an excitation power of 0.45 mW under continuous wave exci-

tation. The count rate at this excitation power in half-space is taken from Figure 7.11

(e) to be 1.18 Mcts/s. The excitation power within the cavity is unknown as the trans-

mission 532 nm light oscillates between 0.33≤ Pcav ≤1 of the half-space power (Figure
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4.17). As a first approximation, the 532 nm transmission into the cavity is assumed to be

unity. The detected spectral density within the cavity is then 714 kcts/(s nm) compared

to 308 kcts/(s nm) in half-space at this power. Unlike for NV232 (Section 6.3) and NV25

(Section 6.4), the results in Figure 7.13 were collected with an air-objective lens without

cover slip correction. The use of a coverslip corrected lens was found to increase detected

count rates by ∼12% due to improved aberration correction. With this correction, the

detected count rate into the cavity mode (1.12 Mcts/s) is now comparable to the half-

space value (1.18 Mcts/s). Although not at saturation, a count rate of 1.12 Mcts/s into

the TEM00 mode corresponds to a spectral density of 800 kcts/(s nm), ∼8 times larger

than the values measured for NV232 and NV25.

7.3.3 Discussion

As hBN40 is a relatively narrow emitter (DW ∼ 0.85), with the cavity mode at the ZPL

position, non-resonant emission is greatly suppressed. Equation 3.53 then provides a

much more appropriate estimate of the Purcell factor compared to broad emitters such as

the NV centre. From Equation 3.15, the Q-factor of hBN40 is Qem = 171, while for the

cavity, Qcav = 465. Using Equation 3.54, the effective Q-factor is then Qeff = 125. The

TEM00 mode volume is given by Equation 3.23 to be V = 3.85λ3. Therefore, Equation

3.53 gives FP,eff = 2.47, much larger than the measured ratio of excited state lifetimes.

FDTD simulations were used to gain a clearer understanding for this limited reduction.

The hBN nanoflake was modelled as a cylinder with a diameter of 200 nm and thickness

of 10 nm, with a refractive index of n = 1.8 [65]. The dipole was placed in the centre, 5

nm above the planar mirror surface. As described in Section 3.5.1, the Purcell factors for

the nanoflake in free-space, on the planar mirror and within the cavity were determined.

Equation 3.60 gives a free-space Purcell factor of FP,fs = 0.55, FP,hs = 0.87 and FP,cav

= 1.82. Relative to free-space, the half-space and cavity effective Purcell factors are then
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F ′P,hs = 1.58 and F ′P,cav = 3.31. The simulated cavity Q-factor and mode volume are

Q = 561, and V = 2.68λ3. The experimentally measured value of Qcav = 465 shows a

broader cavity mode than expected, most likely due to scattering from the residue of the

transfer process.

Using the simulated mode volume (V = 2.68λ3) and experimentally measured Q-factor

(Qcav = 465), Equation 3.53 gives FP,eff = 2.96. This is only a ∼10% discrepancy from

the value of F ′P,cav calculated from Equation 3.61. As FP,cav/FP,hs = 2.09, the excited

state lifetime is expected to decrease by this value. However, Figure 7.13 (d) shows the

excited state lifetime within the cavity decreased by only 13%. With the values of F ′P,i

for the half-space and cavity emission, Equation 3.63 gives γrad = 0.10·γnr, making QE

= 0.09. From the saturation measurement in Figure 7.11 (f), the quantum efficiency of

hBN40 on the planar mirror was estimated as QE = 0.4. As this value is features γrad

enhanced by F ′P,hs = 1.58, the true QE from this measurement is QE = 0.30 (± 0.28).

The inconsistency between the value obtained from the change in excited state lifetime

and saturation measurement may potentially be explained by features in hBN’s electronic

structure which remain unknown [32, 76].

For systems such as the NV centre, non-resonant excitation (532 nm) leads to an elec-

tronic transition to higher vibronic level of the electronic excited state, followed by rapid

relaxation (∼ps) to the ground vibronic level of the electronic excited state (as seen in

Figure 3.1). Therefore, the vibration-assisted relaxation does not affect the radiative de-

cay. For hBN defects, the excitation wavelength has been shown to affect the quantum

efficiency [76]. This infers the presence of at least one another electronic state which

possesses its own individual lifetime, and may provide an alternative decay pathway to

the ground excited state. Vogl et al. have also coupled single defects in hBN to open

microcavities [85]. With an effective Q-factor of ∼93 and mode volume 1.76λ3, FP,eff
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= 4.07 was calculated using Equation 3.53. A reduction of 2.83 in the excited state was

observed, yielding a quantum efficiency of QE = 0.51. The key difference between the

results for hBN40 and the work of Vogl et al. is the excitation wavelength. For hBN40, a

532 nm excitation source was used with the ZPL at 651 nm. While for Vogl et al., excita-

tion at 522 nm was used for a defect with a ZPL at 566 nm. For simplicity, these energies

will be converted to eV. The energy difference between the ZPL and excitation sources

are 0.42 eV for hBN40 and 0.18 eV for Vogl et al. Therefore, for hBN40, this increased

detuning may be ample for excitation to alternative excited states, affecting the observed

cavity dynamics of the system.

7.4 Conclusion

This chapter has characterised the properties of numerous defects in multi-layer hexago-

nal boron nitride. These defects were found to present several favourable properties for

use as single photon source, including narrow emission spectrum, polarised excitation

and emission, short excited state lifetimes and high single photon purities. However, they

did not provide sufficient photo-stability for prolonged measurements, especially under

pulsed excitation. The most stable defect was hBN40, allowing the full half-space char-

acterisation to be performed. hBN40 displayed all the ideal characteristics often reported

with hBN defects and was successfully coupled to a feature with β = 8 µm. The cavity

coupled emission showed a ∼2.5 times increase in the spectral density of photons into

a single cavity mode. Despite this system possessing a relatively high effective Q-factor

(Qeff = 125), only a 13% decrease in the excited state lifetime was observed. FDTD

simulations were used to estimate the quantum efficiency, but with a disparity compared

to the measured value obtained by the saturation measurement. As the exact electronic

structure is unknown, this difference was attributed to the presence of other electronic

states in the bandgap which can be reached by non-resonant excitation. Although further
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work is required to elucidate first the presence, and then dynamics of the other electronic

states within the hBN bandgap, these additional levels provide an explanation for the

limited decrease in the excited state lifetime observed for hBN40. Ultimately, the poor

photo-stability of these emitters will limit their functionality to laboratory experiments,

and they are are yet to display sufficient robustness for use in a practical device. Novel

fabrication methods or the use of a suitable encapsulating material are being studied

further, and could yet provide a means to acheive photo-stable defects in hBN.
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8|
Conclusions and Outlook

This section will firstly summarise the main experimental results presented in the preced-

ing chapters, before discussing the future prospects of this work. The room temperature

cavity coupling of single defects in nanoscale diamond and hexagonal boron nitride has

been demonstrated. The single photon emission properties of these defects, in combina-

tion with cavity enhanced emission, provides a means to create a triggered single photon

source device, capable for use in non-laboratory environments. The experimental meth-

ods used to determine key device parameters such as the saturation count, excited state

lifetime, quantum efficiency and emission spectrum were established, allowing a direct

comparison between their half-space and cavity enhanced properties. The experimental

configuration used to create this emitter-cavity system was shown, including the deter-

ministic protocol used to optimise emission into the cavity modes. These defects were

firstly characterised in the absence of the cavity to determine their emission properties.

Single NV centres were readily found within nanodiamonds, and a good supplier of high

quality material has been sourced. The emission spectra showed the NV centres from this

material did not display NV0 character, maintaining the negatively charged state over pro-

longed high-power exposure. A small sample of NV centres within nanodiamonds from

the 100 nm sample have been shown to provide the required robustness for a functioning

device. These NV centres displayed photo-stability over the equivalent of 1000 hours of

device operation. The device efficiency was found to decrease with increasing excitation
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rate, with this relationship being described by the recovery lifetime τrec – where τrec was

found to be similar to the excited state lifetime. As NV centres in nanodiamonds mostly

showed excited state lifetimes between 30 – 36 ns, to maintain the highest efficiencies,

the device excitation rate is limited to ∼10 MHz. The quantum efficiency of the brightest

NV centres within this project were estimated as 0.25, contrary to previous reports show-

ing quantum efficiencies of up to QE = 0.9 for single NV centres in nanodiamonds [49,

152, 153].

The cavity coupling of single NV centres to open-access micro cavities led to an enhance-

ment in the spectral density of photons. Two sets of results were presented, using cavities

with peak reflectivities at 640 nm (NV232) and 690 nm (NV25), both reaching the q = 3

mode index. The results for the β = 8 µm feature from both of these systems were similar,

displaying a coupling efficiency of ∼47% into the TEM00 mode and a ∼2% decrease in

the excited state lifetime. FDTD simulations of the cavity system were found to be in good

agreement with the measured change in excited state lifetime, when considering the QE.

In addition, the TEM00 linewidth showed little inhomegenous broadening, with a mea-

sured Q-factor of 485 compared to 505 from the FDTD simulation. For the 690 nm cavity,

a β = 4 µm feature was also coupled to NV25 with improved results. The fraction of emis-

sion coupled into the TEM00 mode was 56%, with a detected single photon purity of 96%.

The spectral density of photons after the first lens was measured to be 268 kcts/(s nm),

the highest of any NV-based single photon source to date. Defects in hexagonal boron

nitride were also studied, and found to provide even more favourable optical properties

to be enhanced by the cavity. All the emitters surveyed eventually photo-bleached and

did not show the required photo-stability for a robust device. The best hBN defect charac-

terised in this project was hBN40, which displayed single photon emission into a narrow

ZPL (3.8 nm) with DW factor of 0.9. The cavity coupled results showed a 13% decrease

in the excited state lifetime and an observed spectral density of 800 kcts/(s nm). Further
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work is required to stabilise the emission, especially under pulsed excitation. Therefore,

at present, defects in hBN are not as suitable for a practical single photon source device

compared to NV centres in nanodiamonds.

With further processing of the plinth, the mirror separation can be further reduced, al-

lowing the q = 2 mode index to be reached. Conservative results for this geometry were

estimated, with an expected device efficiency of 〈N〉>5.3% and single photon flux of

>531 kcts/s under triggered excitation at 10 MHz for NV25. The brightest NV centre

characterised during this project provided a saturation count of 276 kcts/s at an exci-

tation rate of 5 MHz, corresponding to an estimated quantum efficiency of 0.22 on the

planar mirror. With such an emitter, the NV-cavity device at the q = 2 mode index is

estimated to deliver single photon count rates approaching 1 Mcts/s at an excitation rate

10 MHz – a device efficiency of 10%. While these specifications are very distant from

the sources described in Section 2.4.3, this NV-cavity system offers a relatively simple

and robust means for the production of high purity single photons. This will provide a

relatively cheap device which researchers may use for the development of more complex

experiments and technologies.

The results of this project have led to the development of a prototype single photon source

device, in collaboration with the Fraunhofer Centre for Applied Photonics. The device will

comprise of a solid-state emitter embedded in a microcavity module, housed in a temper-

ature stabilising unit. The NV centre has been chosen as the emitter and along with the

cavity, it forms the key component of the device. The manufacturing process follows the

process detailed in Section 4.7. The individual components which will form the module

are shown in Figure 8.1 (a), with the complete module shown in Figure 8.1 (b). A new

confocal microscope has being built for the construction of this module. Two 3-axis piezo-

electric stages will be used to optimise the coupling to a chosen emitter as seen in Figure
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(c)

(a) (b)

Plinth holderPlanar 
mirror Complete module

FIGURE 8.1: Schematics of the NV cavity module. (a) Exploded-view draw-
ing of the individual components which form the module. The planar mir-
ror and plinth holder are labelled. (b) The complete module where all
the components are fixed together around a cavity coupled emitter. (c)
The two 3-axis stages used to optimise coupling to a chosen emitter, and
glue the module components together. The blue ring comprises of UV-
LEDs to cure the adhesive once the desired cavity coupled configuration is

acheived.

8.1 (c), before the components are all glued together by a UV-cured adhesive. Figure 8.2

presents the schematics of the full device. The pre-aligned module will be placed in a

housing unit with minimal optics. A fiber coupled excitation is focused on the emitter

(green path) resulting in the emission of cavity coupled photons (red path). This device

is relatively simplistic compared to the larger apparatus involved with other cryogenic de-

vices, proving an accessible tool for experiments which require a source of single photons.
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(b)

(a)

FIGURE 8.2: Schematics of the complete single photon source device from
side (a) and aerial view (b).

To conclude, solid-state single photon sources provide a promising approach to develop

future photonic quantum technologies. To deliver such technologies based on these sys-

tems, vast improvements in the emission and collection properties of are required. These

improvements continue to occur through the use of optical microcavities, as well as the

discovery of novel single photons sources. This thesis has demonstrated the open-access

microcavity as an increasingly favourable platform for the realisation of a robust efficient

room-temperature triggered single photon source.
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