
Diamond based nanoelectronics and imaging 
  

A thesis submitted for the degree of Doctor of Philosophy at 

University of Technology Sydney 

Faculty of Science 

School of Mathematical and Physical Sciences 

 

Author 

Kerem BRAY 
 

Supervisors 

Prof. Igor AHARONOVICH 

Dr. Olga Shimoni 

Prof. Stella Valenzuela 
 

January 2019 

 



II 
 

Certificate of Original Authorship
I, Kerem Bray, certify that the work in this dissertation entitled, “Diamond based 

nanoelectronics and diagnostics”, has not previously been submitted for a degree nor has it 

been submitted as part of requirements for a degree except as fully acknowledged within the 

text.

I also attest that the dissertation has been written by myself. Any help that I have received in 

my research work and the preparation of the dissertation itself has duly been acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

dissertation.

This research is supported by an Australian Government Research Training Program 

Scholarship.

Signature of student:

Date: 1 August 2018

Production Note:

Signature removed prior to publication.



 

ii 
 

Copyright notice 
© Copyright by Kerem Bray 2018. All rights reserved. 

  



 

iii 
 

Acknowledgments 
 

Firstly, I would like to acknowledge and thank my supervisor, Prof. Igor Aharonovich, 

for allowing me to undertake my PhD and to be able to partake in the interesting fields of 

nanophotonics and material fabrication. I am thankful for your guidance and being 

available to lend aid with my academic difficulties. I have been able to learn a lot from 

your quick replies to many of my questions over the course of my candidature. Thanks to 

your mentorship, you have allowed me to grow as an experimental scientist and, for that 

I am grateful.  

I would also like to thank my co-supervisors Dr. Olga Shimoni and Dr. Stella Valenzuela 

and, in addition Prof. Milos Toth. You have motivated me with your helpful comments 

and advice. You made time to offer valuable help and encouragement while also allowing 

me to pursue additional research that has arisen. I thank you for all of your support.  

Additionally, I would like to thank Katie McBean for all her help in the lab, by training 

me on the various instruments around the Micro Analysis Unit (MAU), being available 

to answer my questions, as well as her invaluable help with the bureaucracy side of 

research. I also want to thank Geoff McCredie, Angus Gentle for their constant assistance 

around the MAU and vacuum labs. I am also thankful for Mark Berkahn for his assistance 

with the AFM and XRD machines.  

I would like to acknowledge and thank the collaborators whom I have worked with over 

the years. I am grateful to Hiromitsu Kato and his group at the National Institute of 

Advanced Industrial Science and Technology (AIST), Japan for their invaluable help with 

diamond doping. Additionally, I would like to thank Dr. Kumaravelu Ganesan from the 

University of Melbourne for his help with diamond implantation. I would also like to 

thank Prof. Alexander Kubanek from the University of Ulm for hosting me at your lab 

and collaborating with us over the years. Furthermore, I also would like to thank Asst. 

Prof. Dirk Englund at the Massachusetts Institute of Technology (MIT) for our fruitful 

collaboration on a wide variety of research projects.  

I would like to show my appreciation my fellow students at the MAU for their consistent 

support and creating a positive and enjoyable environment to work in. I would like to 

thank my fellow doctoral students for all the support and shared laughter, even in the most 



 

iv 
 

stressful of times. To the Device & Development (D&D) group for the wonderful nights 

of imagination where I were able to explore many scenarios, I would like to show my 

appreciation.  

To my partner Freya Whereat, thank you for all your patience through the past couple of 

years and supporting me through it all. You lifted me up through the stressful times.  

Lastly, to my mother Munerva Bray, thank you for your unconditional love and support 

through all of the years.   



 

v 
 

List of Publications 

Refereed journal publications 

1) K. Bray, R. Previdi, B.C. Gibson, O. Shimoni and I. Aharonovich, “Enhanced 

photoluminescence from single nitrogen-vacancy defects in nanodiamonds coated with 

phenol-ionic complexes”, Nanoscale, Vol 11, issue 11, 4869-4874, 2015 

2) K. Bray, R. Sandstrom, C. Elbadawi, M. Fischer, M. Schreck, O. Shimoni, C. Lobo, 

M. Toth, I. Aharonovich, “Localization of narrowband single photon emitters in 

nanodiamonds”, ACS Applied Materials & Interfaces, Vol 8, issue 11, 7590-7594, 2016. 

(Chapter 6) 

3) K. Bray, H. Kato, R. Previdi, R. Sandstrom, K. Ganesan, M. Ogura, T. Makino, S. 

Yamasaki, A. P. Magyar, M. Toth, I. Aharonovich, “Single crystal diamond membranes 

for nanoelectronics”, Nanoscale, Vol. 10, 4028-4035, 2018. (Chapter 4 and Chapter 5) 

4) K. Bray, A. Trycz, R. Previdi, B. Regan, G. Seniutinas, K. Ganesan, M. Kianinia, S. 

Kim, I. Aharonovich, “Single crystal diamond membranes containing germanium 

vacancy centres”, (arxiv) 

5) K. Bray, L. Cheung, K. R. Hossain, I. Aharonovich , S. M. Valenzuela, O. Shimoni, 

“Versatile Multicolor Nanodiamond Probes for Intracellular Imaging and Targeted 

Labeling”, Journal of Materials Chemistry B, Vol. 6, 3078-3084, 2018 (Chapter 7) 

6) T. T. Tran, J. Fang, H. Zhang, P. Rath, K. Bray, R. Sandstrom, O. Shimoni, M. Toth 

and I. Aharonovich, “Facile Self-Assembly of Quantum Plasmonic Circuit Components”, 

Advanced Materials, Vol. 27, issue 27, 4048-4053, 2015.  

7) T. T. Tran, K. Bray, M. J. Ford, M. Toth and I. Aharonovich, “Quantum Emission 

from Hexagonal Nitride Monolayers”, Nature Nanotechnology, Vol. 11, Issue 1, 37, 

2016.  

8) T. T. Tran, C. Zachreson, A. M. Berhane, K. Bray, R. Sandstrom, L. H. Li, T. 

Taniguchi, K. Watanabe, I. Aharonovich, and M. Toth, “Quantum Emission from Defects 

in Single-Crystalline Hexagonal Boron Nitride”, Physical Review Applied, Vol 5, Issue 

3, 034005, 2016 



 

vi 
 

9) T. T. Tran, M. Kianinia, K. Bray, S. Kim, Z.-Q. Xu, A. Gentle, B. Sontheimer, C. 

Bradac, I. Aharonovich, “Nanodiamonds with photostable, sub-gigahertz linewidth 

quantum emitters”, APL Photonics, Vol. 2, Issue 11, 116103, 2017 (Chapter 6) 

10) S. Häußler, J. Benedikter, K. Bray, B. Regan, A. Dietrich, J. Twamley, I. 

Aharonovich, D. Hunger, A. Kubanek, “A Diamond-Photonics Platform Based on 

Silicon-Vacancy Centers in a Single Crystal Diamond Membrane and a Fiber-Cavity”, 

ArXiv, 2018.   

 

Conference presentations (Oral) 

K. Bray et al., “Localization of narrowband single photon emitters in nanodiamonds”, 

Diamond and Carbon Related Materials (DCM), 2016, Montpellier, France.  

Received Young Scholar Award for this presentation. 

K. Bray et al., “Localization of narrowband single photon emitters in nanodiamonds”, 

Conference on Optoelectronic and Microelectroni Materials and Devices (COMMAD), 

2016, Sydney, Australia.  

K. Bray et al., “Single crystal diamond membranes for nanoelectronics”, International 

Conference of Nanoscience and Nanotechnology (ICONN), 2018, Wollongong, 

Australia. 

 

Conference presentations (Poster) 

K. Bray et al., “Enhanced Photoluminescence from single nitrogen vacancy defects in 

nanodiamonds coated with phenol ionic complexes”, Australian Nanotechnology 

Network (ANN), 2015, Queensland, Australia. 

K. Bray et al., “Enhanced Photoluminescence from single nitrogen vacancy defects in 

nanodiamonds coated with phenol ionic complexes”, International Conference of 

Nanoscience and Nanotechnology (ICONN), 2016, Canberra, Australia. 

K. Bray et al., “Enhanced Photoluminescence from single nitrogen vacancy defects in 

nanodiamonds coated with phenol ionic complexes”, Conference on Optoelectronic and 

Microelectroni Materials and Devices (COMMAD), 2016, Sydney, Australia. 



 

vii 
 

K. Bray et al., “Localization of narrowband single photon emitters in nanodiamonds”, 

Conference on New Diamond and Nano-carbons (NDNC), 2016, Cairns, Australia.  

K. Bray et al., “Versatile Nanodiamond Probes for Intracellular Imaging”, Conference 

on New Diamond and Nano-carbons (NDNC), 2016, Cairns, Australia.  

  



 

viii 
 

Contents 
Certificate of Original Authorship .................................................................................... ii 

Copyright notice ................................................................................................................ ii 

Acknowledgments ............................................................................................................ iii 

List of Publications ........................................................................................................... v 

Refereed journal publications ........................................................................................ v 

Conference presentations (Oral) ................................................................................... vi 

Conference presentations (Poster) ................................................................................ vi 

Contents ......................................................................................................................... viii 

List of Figures .................................................................................................................. xi 

List of Tables ............................................................................................................... xxiii 

List of Abbreviations ................................................................................................... xxiv 

Abstract ............................................................................................................................. 1 

Preface ............................................................................................................................... 3 

 Introduction ..................................................................................................... 4 

1.1 Summary of thesis .............................................................................................. 6 

 Background ..................................................................................................... 7 

2.1 Diamond ............................................................................................................. 7 

2.2 Colour centres for quantum applications ............................................................ 8 

2.2.1 Nitrogen vacancy defect ............................................................................ 10 

2.2.2 Silicon vacancy defect............................................................................... 11 

2.2.3 NE8 defect ................................................................................................. 14 

2.2.4 Germanium vacancy defect ....................................................................... 14 

2.2.5 Tin vacancy defects...................................................................................15

2.3 Optical characterisation of defects ................................................................... 17 

2.4 Diamond devices .............................................................................................. 20 

2.5 Electroluminescence of diamond ..................................................................... 23 



 

ix 
 

2.6 Diamond photonics ........................................................................................... 29 

 Diamond membrane fabrication ................................................................... 31 

3.1 Diamond membranes ........................................................................................ 31 

3.1.1 Fabrication of diamond membranes .......................................................... 32 

3.1.2 Diamond overgrowth ................................................................................ 34 

3.1.3 Flip and thin .............................................................................................. 35 

 Single crystal diamond membranes for nanoelectronics .............................. 39 

4.1 Introduction ...................................................................................................... 39 

4.1.1 Fabrication of p-type diamond membranes............................................... 40 

4.2 Characterisation of diamond membranes ......................................................... 41 

4.2.1 Fabrication of vertical nanoscale p–n junctions ........................................ 43 

4.2.2 Characterisation of vertical nanoscale p–n junctions ................................ 44 

4.2.3 Characterisation of vertical p–i–ITO junctions ......................................... 48 

4.2.4 Characterisation of vertical p–i–n junctions ............................................. 51 

 Diamond electroluminescence ...................................................................... 59 

5.1 Improvements for electroluminescence generation .......................................... 61 

5.1.1 Homogeneous growth of SiV .................................................................... 62 

5.1.2 Smooth surface .......................................................................................... 62 

5.1.3 Variety of thickness .................................................................................. 63 

5.1.4 Variety of contacts .................................................................................... 64 

5.1.5 Large Voltage sweeping and pulsing ........................................................ 64 

5.1.6 Z-focal plane ............................................................................................. 65 

5.1.7 Increase temperature ................................................................................. 65 

5.1.8 Device configuration ................................................................................. 66 

 Narrowband emitters in nanodiamonds ........................................................ 78 

6.1 Localisation of narrowband single photon emitters in nanodiamonds ............. 78 

6.1.1 Narrowband emitters ................................................................................. 79 



 

x 
 

6.1.2 Characterisation of narrowband emitters .................................................. 80 

6.1.3 Nanodiamonds with photostable, sub-gigahertz linewidth quantum emitters

 90 

6.2 Results and discussion ...................................................................................... 92 

 Versatile Multicolour Nanodiamond Probes for Biological Intracellular 

Imaging and Targeted Labelling ................................................................................... 102 

7.1 Introduction .................................................................................................... 103 

7.2 FNDs in cells .................................................................................................. 104 

 Summary and Outlook ................................................................................ 126 

8.1 Outlook ........................................................................................................... 127 

Bibliography .................................................................................................................. 130 

 

  



 

xi 
 

List of Figures 
Figure 2.1. A graphical representation of a diamond membrane p-i-n diode connected to 

a power supply. The intrinsic layer contains a uniform optically active layer of SiV 

defects. .............................................................................................................................. 8 

Figure 2.2. The bandgap energies and lattice constants of various direct and indirect 

bandgap semiconductors including III-nitrides [56]. ZnO, SiC, hBN and diamond have 

been added for comparison. .............................................................................................. 9 

Figure 2.3. (a) Illustration of a crystallographic lattice model of the NV defect in diamond 

showing a substitutional nitrogen atom near a vacancy site. (b) A PL spectrum showing 

the NV0 and NV- centre ZPL at 575 nm and 637nm, respectively, along with its wide 

phonon sideband. (c) A crystallographic model of the SiV defect in diamond consisting 

of a single silicon atom near two vacancies. (d) A PL spectrum showing a ZPL peak at 

738 nm with a visible phonon sideband. (e) A crystallographic model of the GeV defect 

in diamond consisting of a single germanium atom near two vacancies. (f) A PL spectrum 

showing a ZPL peak at ~602 nm with a visible phonon sideband. (g) A crystallographic 

model of the SnV defect in diamond consisting of a single tin atom near two vacancies. 

(h) A PL spectrum showing a ZPL peak at ~619 nm with a visible phonon sideband.[58].

 ......................................................................................................................................... 14 

Figure 2.4. A spectra map of various diamond colour centres. The length of the lines 

corresponds to the width of the emitter’s emission including the PSB. The intrinsic carbon 

interstitials (TR12) has a ZPL of ~470 nm while the H3 centre consisted of two nitrogen 

atoms with a lone vacancy and emits at 503 nm. An unidentified emitter with a ZPL of 

532 nm is shown. The so-called ST1 centre is also unidentified defect from the diamond, 

consisting of a ZPL of ~550 nm and allows optical manipulation of its spin as indicated 

by the arrow. Two separate ZPLs are observed when europium (Eu3+) is incorporated 

into the diamond lattice, they correspond to allowed radiative transitions. The NiSi is a 

Nickel-Silicon complex showing emission with a ZPL between 767-775 nm [137]. .... 16 

Figure 2.5. A schematic diagram of (a) a two-level system and (b) a three-level system, 

 are the transition rates from level x to level y. (c) Is an example of a  function 

where the red curve denotes a single photon emitter, , and the black curve is 

when . ................................................................................................................ 19 



 

xii 
 

Figure 2.6. Schematic diagram of a confocal microscope with a spectrometer and HBT 

interferometer. BS – Beam splitter, APDs – avalanche photodiodes. ............................ 20 

Figure 2.7. Energy band schematics of two materials that are p-doped and n-doped. (a) 

The majority of holes are located in the valance band (VB) of the p-doped material while 

the majority of electrons reside in the conduction band (CB) of the n-doped material. (b) 

When the materials come into contact, the majority carrier in the n-doped and p-doped 

material diffuse to the opposite side, to become minority carrier before they recombine.

 ......................................................................................................................................... 24 

Figure 2.8. A band energy schematic showing band bending when an n-doped and p-

doped material are in contact and at equilibrium. The space charge region (SCR) is empty 

of carriers. EG is the band gap of the material. ................................................................ 25 

Figure 2.9. Schematic illustration of a photon being emitted at a charged defect site. (a) 

A hole is trapped by a defect state that has an electron in its ground state. (b) An 

immediate decay from the excited state to the ground state, of the trapped state, emits a 

photon. This turns the charge state neutral. (c) An electron travels to the decay state, 

changing it from a neutral to a negatively charged state to repeat the cycle. ................. 28 

Figure 3.1. Schematic of the process used to engineer single crystal diamond membranes. 

(a) Single crystal, undoped CVD diamond is implanted with He+ ions (1 MeV,  

ions/cm2) to create a damaged layer ~ 1.7 μm below the surface (b). (c) The sample is 

annealed at 900oC and (d) electrochemically etched to lift off the diamond membranes. 

(e) The membranes are transferred onto a Ti coated silica substrate using a liquid transfer 

process. (f) A top-down optical image (false colour) of a membrane that has been lifted 

off. Inset: height profile that shows the membrane is ~ 1.7 μm thick. ............................ 33 

Figure 3.2. SEM images of the lifted diamond membranes showing (a-e) the various 

degrees of induced strain of the diamond membranes to cause curling of the sample. (f) 

SEM image of a diamond membrane that has shattered due to induced stress from 

handling the sample......................................................................................................... 33 

Figure 3.3. (a) The transferred diamond membrane is placed on a SiO2 substrate to act as 

a source for SiV colour centres. (b) The sample is epitaxially overgrown using an 

MPCVD to create (c) a layer of single crystal diamond. (d) The overgrown layer contains 

SiV colour centres, as shown by the peak at 737 nm. ..................................................... 35 



 

xiii 
 

Figure 3.4. (a) The membrane is flipped and placed onto a sapphire substrate. (b) The 

damaged layer is removed by ICP-RIE in the presence of CF4 and O2, leaving (c) only 

the epitaxially grown single crystal diamond layer. (d) SEM image of the lifted diamond 

membrane after piranha cleaning. (e) SEM image of the diamond membrane after CVD 

grown and (f) shows the membrane after ICP-RIE thinning. ......................................... 36 

Figure 3.5. Structural characterisation. (a) Raman spectroscopy of the diamond 

membrane using a 633 HeNe laser shows the characteristic single crystal diamond peak 

at 1332 cm-1. The curve was fit with a Voight function to show a FWHM of 8.3 cm-1. (b) 

Lateral AFM scan show the surface roughness of the membrane after lift-off, after 

thinning and after an overgrowth to be ~2.5 nm, ~1.5 nm and ~ 1.5 nm respectively. (c) 

TEM image of an overgrown diamond membrane (~250 nm in thickness) transferred to a 

copper TEM grid. Inset: higher magnification image of edge region. Scale bar 20 nm. (d) 

Diffraction pattern from the diamond membrane in (c) indexed to the [001] zone axis. 37 

Figure 4.1. Boron-doped diamond membranes. (a) Optical image of a thin boron doped 

diamond membrane. Inset: height profile that confirms the membrane is ~ 200 nm thick. 

(b) An I-V curve of the lifted off boron doped membrane (~1.7 μm) exhibits a threshold 

of ~ 10 V. (c) An I-V curve of a 200 nm thick, boron doped membrane exhibits an on-set 

threshold of ~ 8 V. Both I-V curves show semiconducting behaviour. Inset: IV curve of 

an undoped diamond membrane showing insulating behaviour with negligible μA 

currents. (d) SEM image of the diamond membrane. ..................................................... 42 

Figure 4.2. Electrical measurements of a (a) 1.7 μm boron doped diamond membrane 

after electrochemical etching, showing a threshold voltage at ~20 V and a breakdown 

voltage of ~30 V with a current of 0.3 mA. (b) Log (I) vs (V) rectification curve of the 

boron doped diamond membrane showing a rectification ratio of ~9. (c) An I-V curve of 

the thinned (~300 nm) boron doped membrane, showing a similar on-set and breakdown 

voltage along with its (d) Log (I) vs (V) rectification curve with a ratio of ~6. ............. 43 

Figure 4.3. SIMS analysis from a bulk element 6 doped diamond. Secondary ion mass 

spectrometry measurement of CVD grown phosphorus doped diamond. Hydrogen, 

nitrogen, and boron exhibit background noise while Phosphor shows a doping 

concentration of ~1018 atoms/cm2 (blue curve) while the boron shows background noise 

(red curve.) ...................................................................................................................... 44 



 

xiv 
 

Figure 4.4. Engineering of vertical p-n junctions. (a-b) Schematic of the process used to 

produce single crystal p-n diamond membranes. (a, b) Bulk boron doped diamond that 

was implanted with He ions to create a graphitic channel is overgrown with diamond to 

create a phosphorus doped n-type layer represented by the dark green colour in (b). Inset, 

the lifted-off entire p-n diamond membranes. (c) Electrical measurements of the lifted 

off, 1.9 μm thick PN membrane showing diode behaviour at ~10 V and (d) an I-V curve 

of the thinned (~300 nm) p-n membrane, showing a similar on-set voltage. ................. 45 

Figure 4.5. Log (I) vs (V) rectification curves of (a) 1.9 μm p-n diamond membrane after 

electrochemical etching, showing a high rectification of ~18300 and (b) a thinned ~ 300 

nm p-n membrane showing a rectification ratio of ~30. The ratio was determined by 

dividing the value at which the current plateaus at an identical forward and reverse bias. 

(c, d) Another set of rectification curves from the same 1.9 μm and 300 nm p-n diamond 

membrane showing rectification ratios of 10100 and 20, respectively. .......................... 46 

Figure 4.6. Electrical measurements of a (a) 1.9 μm p-n diamond membrane after 

electrochemical etching, showing a threshold voltage at ~8 V and a breakdown voltage 

of ~10 V with a current of 2 mA. (b) Log (I) vs (V) rectification curve of the p-n diamond 

membrane showing a rectification ratio of ~25. (c) An I-V curve of the thinned (~300 nm) 

p-n diamond membrane, showing a threshold voltage of ~ 9 V along with its (d) Log (I) 

vs (V) rectification curve with a ratio of ~12. ................................................................. 47 

Figure 4.7. (a) An optical image of the overgrown membrane (200 nm p-type base with 

100 nm of intrinsic layer with SiV centres). (b) Schematic diagram of the hybrid 

diamond/ITO device. (c) The p-i-ITO membrane is semiconducting with an on-set 

voltage of ~ 10V. (d) Log (I) vs (V) rectification curves of a p-i-ITO diamond membrane 

showing a rectification ratio of ~3000. ........................................................................... 49 

Figure 4.8. Electrical measurements of a bulk boron doped diamond. (a) A schematic 

diagram of the bulk boron doped diamond with an intrinsic layer of SiVs and a sputtered 

layer of n-type ITO. (b) The p-i-ITO diamond is semiconducting with an on-set voltage 

of ~ 9V. Inset: Log (I) vs (V) rectification curve of the p-i-ITO bulk diamond showing a 

rectification ratio of ~560. ............................................................................................... 50 

Figure 4.9. Vertical standalone single crystal diamond p-i-n device. (a) An optical image 

of the p-i-n membrane containing a layer of SiV emitters in the intrinsic region. The 

circles are the metal contacts on the top n-type surface. (b) Schematic diagram of the cross 



 

xv 
 

section of the p-i-n diamond device. (c) The p-i-n membrane shows diode-like behaviour 

with an onset voltage of ~ 11V. Inset: Log (I) vs (V) rectification curve of the p-i-n 

diamond membrane showing a rectification ratio of ~ 106. ............................................ 52 

Figure 4.10. Band diagram of the p-i-n diamond device. (a) Diagram illustrating when the 

Titanium comes into contact with the n-layer of the diamond membrane. EEF is the 

effective fermi level, EF is the fermi level and WTi is the work function of titanium. (b) 

Schematic energy band diagram of the p-i-n diamond membrane at equilibrium. The 

boron and phosphorous energy levels were taken as 0.36 and 0.57 eV respectively. .... 53 

Figure 4.11. Electrical measurements of a 2μm thick p-i-n membrane showing 

semiconducting behaviour with (a) an on-set voltage of ~ 30V. (b) Log (I) vs (V) 

rectification curves of a p-i-n diamond membrane showing a rectification ratio of ~26. (c) 

The p-i-n diamond membrane after thinning to ~300 nm, showing an on-set voltage of 

~26V and (d) a rectification ratio of ~23. ....................................................................... 54 

Figure 5.1. EL of an all diamond membrane p-i-n diode device. (a) A schematic diagram 

of the cross section of the p-i-n diamond device, reprinted for clarity. (b) 

Photoluminescence (blue) and electroluminescence (red) measurements recorded at room 

temperature showing a characteristic emission from the same SiV colour centre at ~737 

nm. ................................................................................................................................... 60 

Figure 5.2. Rough surface. Optical microscopy image of a membrane that underwent 

MPCVD overgrowth to produce an array of squares of varying dimensions. ................ 63 

Figure 5.3. Characterisation of a vertical p-/silicon-i-n+/ITO device. (a) An optical 

microscopy image of the diamond membrane device. The circles are the n-type contacts 

on the membrane. (b) The p-/silicon-i-n+/ITO membrane shows diode-like behaviour with 

an on-set voltage of ~9V. Inset: Log (I) vs (V) rectification curve of the p-/silicon-i-

n+/ITO diamond membrane showing a rectification ratio of ~600. (c) Schematic diagram 

cross section of the p-/silicon-i-n+/ITO diamond device. The intrinsic diamond layer is 

300 nm and the ITO layer is 100 nm thick. (d) A confocal map of the p-/silicon-i-n+/ITO 

membrane device containing SiV emitters in the intrinsic diamond layer. (e) The PL 

spectra were collected using a RT CW 532 nm 0.5 mW excitation sources and exhibit the 

characteristic SiV emission peak at ~737 nm. The EL were recorded from the same points 

using a positive bias at both RT and 300OC and only show background emission. ....... 67 



 

xvi 
 

Figure 5.4. Characterisation of a vertical n+/silicon-i-p-/ITO diamond device. (a) An 

optical microscopy image of the diamond membrane device. The circle is the p-type 

contacts on the membrane. (b) The p-i-n membrane shows diode-like behaviour with an 

on-set voltage of ~10V. Inset: Log (I) vs (V) rectification curve of the p-i-n diamond 

membrane showing a rectification ratio of ~2800. (c) Schematic diagram cross section of 

the n+/silicon-i-p-/ITO diamond device. The intrinsic diamond layer is 300 nm and the 

ITO layer is 100 nm thick. (d) A confocal map of the n+/silicon-i-p-/ITO membrane device 

containing a layer of SiV emitters in the intrinsic layer. (e) The PL spectra were collected 

using a RT CW 532 nm 0.5 mW excitation sources and exhibit the characteristic SiV 

emission peak at ~737 nm. The EL were recorded from the same points using a positive 

bias at both RT and 300OC and only show background emission. ................................. 69 

Figure 5.5. Characterisation of a vertical p-i-n diamond device. (a) An optical microscopy 

image of the diamond membrane device. The circles are the n-type contacts on the 

membrane. (b) The p-i-n membrane shows diode-like behaviour with an on-set voltage 

of ~9V. Inset: Log (I) vs (V) rectification curve of the p-i-n diamond membrane showing 

a rectification ratio of ~7600. (c) Schematic diagram cross section of the p-i-n diamond 

device containing a 300 nm layer of SiV emitters in the intrinsic layer. The sputtered ITO 

layer is 100 nm thick. (d) A confocal map of the p-i-n membrane device. (e) The PL 

spectra were collected using a RT CW 532 nm 0.5 mW excitation sources and exhibit the 

characteristic SiV emission peak at ~737 nm. The EL were recorded from the same points 

using a positive bias at both RT and 300OC and only show background emission. ....... 70 

Figure 5.6. (a) Schematic cross-sectional diagram of the p-i-n diamond device. The device 

contains a 300 nm intrinsic layer, ~100 nm of ITO, ~100 nm of titanium, ~30 nm of gold 

and ~30 nm of nickel. (b) Confocal map of the p-i-n membrane device. (c) 

Photoluminescence (Blue) and electroluminescence (black) recorded at room 

temperature, showing the characteristic emission from the same SiV colour centre at 737 

nm. ................................................................................................................................... 71 

Figure 5.7. EL measurement of the p-i-n device shown in Figure 5.6a showing two 

additional spots that underwent a forward bias of 9 V, a current flow of ~4 mA that were 

collected for 300 seconds. I observe EL from the intrinsic SiV colour centres as shown 

by the characteristic peak at 737 nm. Additionally a background spectrum was collected 

under the same conditions with a current several orders of magnitude smaller, showing 

no peak. The spectra are shifted for clarity. .................................................................... 73 



 

xvii 
 

Figure 5.8. (a) Confocal map of the membrane device under CW laser and pulsed current 

excitation. (b) A confocal map collected under a pulsed 9V bias with an on/off pulse with 

of 5 μs. (c, d) Photoluminescence excitation of a SiV colour centre at a variety of 

continuous voltages between 0 V and 11 V in 0.5 V steps. (e, f) Photoluminescence 

excitation of the same emitter under 5 μs on/off pulsed excitation of between 0 V and 20 

V in 1 V steps. ................................................................................................................. 74 

Figure 6.1. Nanodiamonds on a silicon substrate. (a) PL spectrum from a single 

nanodiamond containing morphological defects. (b) PL spectrum from a nearly perfect 

nanodiamond crystal. Insets in panels a and b are SEM images of the nanodiamonds and 

schematic illustrations of their geometries. Scale bars in both images are 500 nm. (c) PL 

spectrum from a different nanodiamond with morphological defects showing a narrow 

line at 700 nm. (d) Second-order autocorrelation function g2(τ), recorded from the 

spectral region indicated by dashed lines in panel c. The dip at zero delay time indicates 

a single photon emitter. The solid red line is a fit to the data. The samples were grown on 

a silicon substrate, and the strong emission at 738 nm corresponds to the SiV centre. Peak 

assignments: SiV = silicon vacancy, SiV PSB = silicon vacancy phonon sideband, X = 

CVD related peak at 630 nm, and the arrows indicate narrow-band emitters studied in this 

work. ............................................................................................................................... 81 

Figure 6.2. Nanodiamonds on an iridium substrate. (a) PL spectra recorded from 

individual nanodiamond that do (blue) and do not (red) contain morphological defects. 

(b, c) Corresponding SEM images of the defective and pristine nanodiamonds. Scale bars 

in both images are 500 nm. The spectra were recorded using a fixed excitation power. 

The arrows indicate narrowband emitters studied in this work. ..................................... 83 

Figure 6.3. Two additional examples of photoluminescence spectra recorded from 

individual nanodiamonds grown on (a) silicon and (d) iridium along with their 

corresponding SEM images. Nanodiamonds with morphological defects are shown in (b, 

e), while nearly-perfect nanodiamonds are shown in (c, f). Scale bars on the SEM images 

are 500 nm. All the spectra were recorded using the same excitation power. ................ 84 

Figure 6.4. a) Histogram of wavelength centres from the narrowband emitters. b) 

Histogram of emission FWHM values from the narrowband emitters ........................... 85 

Figure 6.5. Comparison between single crystal and nanodiamond growth. (a) SEM image 

of a corner of the overgrown diamond membrane and nearby nanodiamonds that grew 



 

xviii 
 

spontaneously on the silicon substrate and contain morphological defects. The scale bar 

is 2 μm. Inset: optical image of the diamond membrane prior to growth; the scale bar is 

200 μm. (b) PL spectra recorded from the membrane and the adjacent nanodiamonds. 

Spectra normalised to SiV peak. Peak assignments: SiV = silicon vacancy, SiV PSB = 

silicon vacancy phonon sideband, X = CVD related peak at 630 nm, and the arrows 

indicate narrowband emitters studied in this work. ........................................................ 86 

Figure 6.6. Deterministic removal of morphological defects from a single nanodiamond. 

(a) Schematic showing selective etching of an individual nanodiamond. (b, c) SEM 

images of the diamond crystal before and after electron beam induced etching. The red 

circle denotes the etched diamond. The contrast around the diamond is the substrate that 

did not fluoresce. Scale bars in both images are 500 nm. (d) PL spectra collected before 

(blue curve) and after (red curve) the etch process. Spectra normalised to SiV peak. Peak 

assignments: SiV = silicon vacancy, SiV PSB = silicon vacancy phonon sideband, X = 

CVD related peak at 630 nm, and the arrows indicate narrowband emitters studied in this 

work. ............................................................................................................................... 87 

Figure 6.7. SEM image sequence showing deterministic EBIE of a CVD grown 

nanodiamond on a silicon substrate. The scale bar is 500 nm. The bottom row shows 

reduced-area-EBIE demonstrating selective removal of a specific nanodiamond region.

 ......................................................................................................................................... 88 

Figure 6.8. (a) SEM image showing several MPCVD-grown nanodiamonds on a sapphire 

substrate. The nanodiamonds are 0.3– 1 μm in size. (b) A typical PL spectrum showing 

both SiVs and a near-infrared emitter recorded at room temperature. (c) ZPL distribution 

of the colour centres in MPCVD-grown nanodiamonds analysed in this study. A 700-nm, 

CW laser at 300 μW was used to excite the colour centres at 80 K. (d) Confocal PL map 

recorded with 700-nm laser excitation at 300 μW with a bandpass filter (785 ± 22) nm 

and acquired at 10 K. The bright spot corresponds to a nanodiamond hosting a single 

emitter. The bottom inset shows the cross-sectional intensity analysis (dotted line) 

revealing a FWHM of 0.44 μm, consistent with emission from a point-source. (e) 

Normalised PL spectrum taken from the colour centre in (d) (blue trace) with a 300 g/mm 

grating. The inset (red trace) shows a higher resolution spectrum taken from the same 

emitter (with an 1800 g/mm grating). The measurements were conducted at 10 K. (f) 

Second-order autocorrelation function (red open circles) acquired for the emitter with a 

bandpass filter (785 ± 22) nm. The black solid line is the fitting (see main text) for the 



 

xix 
 

g(2)(0) function. The measurement was carried out at 80 K. The value of 0.26, without any 

background correction, indicates that the emission is from a single emitter. ................. 91 

Figure 6.9. (a) Power-dependent fluorescence saturation curve (red open circles). The fit 

(solid red line) produces values of , , and of 420 kcounts/s, 210 kcounts/s, 

and 960 μW, respectively. The measurement was acquired with a bandpass filter (785 ± 

22) nm. (b) Spectra showing maximum (red trace) and minimum (blue trace) emission 

polarisation from the emitter and taken with the use of a linear polariser. The data were 

taken using excitation laser power of 300 μW with 5s acquisition time. The visibility was 

determined to be 0.83. The inset shows a visibility statistic from 10 randomly chosen 

emitters. (c) Emission linewidth as a function of temperature for the emitter from 117 K 

to 295 K. The linewidths were obtained by fitting the Lorentzian function to the PL 

spectra. The experimental data are in red open circles while the blue, green, and purple 

solid lines are T3, T5, and T7 power law fits, respectively. (d) Emission photostability as 

a function of time shows stable fluorescence. The bin time is 20 ms, the excitation 

wavelength and power are 700 nm and 1 mW, respectively. Measurements in (a), (b), and 

(d) were conducted at 10 K. ............................................................................................ 94 

Figure 6.10. (a) Resonant photoluminescence excitation measurements on the single 

emitter with a ZPL peak at 779.61 nm. The excitation power used was 5 μW. Only 

photons from the PSB were collected using a long-pass filter. The experimental data are 

plotted as open red circles. The data were fit with either a Lorentzian (green line) or 

Gaussian (blue line) function. The measurement was done at 10 K. (b) Time-resolved PL 

measurements (red open circles) of the same single emitter measured at room 

temperature. A single-exponential fit gives rise to a lifetime of 1.1 ns for the emitter’s 

excited state. The measurement was done with a 675-nm pulsed laser (100 μW, 10-MHz 

repetition rate, 100-ps pulse width). ................................................................................ 96 

Figure 6.11. Spectral stability measurements taken from the emitter at 300 μW (a) and 3 

mW (b). All the spectra shown were normalised. (c) Power-induced linewidth broadening 

measurements for the same emitter with laser power increasing from 10 μW to 3 mW. 

The open markers and solid lines are experimental and fit data, respectively. The red 

semitransparent arrow serves as a guide to the eye for the shift in the spectra. (d) 

Lorentzian-fit FWHM of the linewidth of the emitter with respect to the pump power 

from (c). The data are fit to a power function. The spectral broadening is evident. ....... 98 



 

xx 
 

Figure 7.1. Synthesis of SiV containing FNDs. (a) Silicon substrate seeded with 

detonation nanodiamond (4-5 nm) is subjected to CVD plasma using a standard 

hydrogen/methane gas mixture to produce highly dense polycrystalline diamond thin 

film. (b) SEM micrograph (inset) shows diamond thin film of SiV containing FNDs 

crystals. The CVD diamond film was isolated and was subjected to the BASD process. 

(c) To remove residual particles and graphite, the diamond solution then underwent strong 

acid reflux for 24 hours, washed through centrifugation with water to produce SiV FNDs 

in solution for use in intracellular bio-imaging (d). ...................................................... 106 

Figure 7.2. Characterisation of fabricated diamond films and particles. (a) Raman spectra 

of CVD grown diamond particles with a 633 HeNe laser. It shows the characteristic 

silicon and diamond peak at 520 cm-1 and 1333 cm-1 respectively. Inset: Photo of the 

processed CVD grown particles in aqueous solution. (b) Raman spectra of processed 

FNDs after purification, exhibiting the Raman diamond peak at 1333 cm-1. (c) 

Photoluminescence spectra of CVD grown diamond particles at RT using a 532 nm 

excitation source, it shows the characteristic SiV emission at 738 nm. (d) 

Photoluminescence spectra of processed FNDs showing that they still host bright SiV 

colour centres. ............................................................................................................... 107 

Figure 7.3. Characterisation of different types of FNDs. (a) Normalised, typical room 

temperature spectra of SiV (red) and NV (blue) colour centres under a 532 nm excitation 

source. Two spectra can be clearly separated based on their optical properties. (b) Particle 

size distribution by number of SiV (red), NV (black) and NV containing FNDs with TAT 

(blue) showing sizes <150 nm in diameter. .................................................................. 108 

Figure 7.4. A cell viability assay for FNDs samples of varying concentrations (5 μg/mL 

– 100 μg/mL) in CHO-K1 and macrophage cells with controls after (a and c) 4 and (b and 

d) 24 hours of incubation at 37OC. The small fluctuations are not statistically significant, 

indicating that the FNDs are non-toxic to the CHO-K1 and macrophage cells. Error bars 

represents standard deviation of at least three different samples (SD, n=3). ................ 111 

Figure 7.5. Confocal laser scanning microscopy of fixed CHO-K1 cells. Cells containing 

FNDs hosting (a) both SiV and NV-TAT were imaged using confocal microscopy using 

a 561 nm excitation collected by a spectrometer. The NV (blue circles) and SiV (green 

circles) colour centres are labelled for clarity. Scale bar 10 μm. Spectra were obtained 

from the circled FNDs and exhibited a strong (b, c) NV and (d) SiV emission. The NDs 



 

xxi 
 

containing NV defects have a red false colour while the SiV defects have a purple false 

colour. ........................................................................................................................... 113 

Figure 7.6. Confocal laser scanning microscopy of fixed CHO-K1 cells. Cells containing 

FNDs hosting SiV (a-d), NV (e-h), both SiV and NV-TAT (i-l) and control CHO-K1 cells 

(m-p) were imaged using confocal microscopy. 405 nm excitation (a, e, i, m) shows the 

NucBlue stained nucleus of the cells. 561 nm excitation collected by a spectrometer (b, f, 

l, n) shows the bright emission from the various FNDs colour centres (localised red 

spheres). A number of the NV (blue circles) and SiV (green circles) colour centres are 

labelled for clarity. The NV emitters preferentially accumulate at the periphery of the 

nucleus, while the SiV emitters are dispersed throughout the cell cytoplasm. A wide field 

image (c, g, k, o) and merged (d, h, l, p) image shows the cellular membranes and scanned 

area of interest. The scale bars are 10 μm. .................................................................... 115 

Figure 7.7. Bright field image merged with fluorescence confocal laser scanning 

microscopy imaged of fixed CHO-K1 cells. Cells containing FNDs hosting both SiV and 

NV-TAT were imaged using confocal microscopy equipped with a 561 nm excitation 

laser and emission collected by a spectrometer.  Randomly selected 9 spots were 

characterised to reveal their spectral signatures. Spectra were obtained from the circled 

FNDs number 1, 2, 4 and 5 represent SiV NDs spectral emission, while spectra from spots 

number 6, 7, 8 and 9 are originated from NV NDs emission. Scale bar is 10 μm. ....... 116 

Figure 7.8. 3D reconstruction of confocal raster scan of CHO-K1 cells hosting (a) SiV 

(b) NV (c) both SiV and NV-TAT containing FNDs. 405 nm laser excitation (a, e, i, m) 

shows the NucBlue stained nucleus of the cells, 561 nm laser excitation was used to 

reduce cell auto-fluorescence and maximise the collected signal from the FNDs particles. 

Different angle from the 3D reconstruction of CHO-K1 cells can be seen in Figure 7.10.

 ....................................................................................................................................... 117 

Figure 7.9. 3D z-stack of CHO-K1 cells hosting FNDs. 3D constructed z-stack images of 

CHO-K1 cells hosting (a) SiV (b) NV (c) SiV and NV-TAT containing FNDs and (d) 

control cells were imaged under 561 nm excitation to reduce cell auto fluorescence and 

maximise the collected signal from the FNDs particles. Scale bar 20 μm.................... 118 

Figure 7.10. 3D reconstruction of confocal raster scan of CHO-K1 cells hosting (a) SiV 

(b) NV (c) both SiV and NV-TAT containing FNDs and (d) control cells. 405 nm laser 

excitation shows the NucBlue stained nucleus of the cells, while 561 nm laser excitation 



 

xxii 
 

was used to maximise the collected signal from the FNDs particles. Fluorescence from 

SiV FNDs is dispersed throughout the cell except nucleus, while fluorescence from NV-

TAT FNDs is clearly segregated in a perinuclear area of cells. .................................... 119 

Figure 7.11. 3D reconstruction of confocal raster scan of U937 cells induced to 

macrophages hosting (a) SiV (b) NV (c) both SiV and NV-TAT containing FNDs and (d) 

control cells. 405 nm laser excitation shows the NucBlue stained nucleus of the cells, 

while 561 nm laser excitation was used to maximise the collected signal from the FNDs 

particles. Fluorescence from both FNDs is dispersed throughout the cell except nucleus.

 ....................................................................................................................................... 120 

Figure 7.12. Uptake time study for FNDs hosting NV and SiV colour centres. The cells 

hosting the FNDs particles were fixed after (a) 5 min, (b) 30 min, (c) 60 min, (d) 180 min 

and (e) 300 min, they were imaged with a 561 nm excitation source. The top line shows 

only the nucleus of the cells stained with the blue stain (NucBlue). The second row shows 

fluorescence emission from only the FNDs inside the CHO-K1 cells (as confirmed by 

spectral analysis). The third row is an overlay of the first two rows (nucleus and FNDs 

only) along with a wide field image showing the outline of the cells with grey lines. The 

FNDs are initially dispersed (a) but over time agglomerate near the cell nucleus (b-e). 

Scale bar 10 μm. Co-localisation study of FNDs against primary LAMP1 (f) proteins 

stained the endosomes or lysosomes. Secondary anti-mouse Alexa Fluor 488 antibodies 

were used to visualise primary LAMP1. Scale bar 20 μm. ........................................... 122 

 

  



 

xxiii 
 

List of Tables 

Table 2-1 Comparison of optical and physical properties between Si-Vs, NVs, QDs and 

fluorophores [138]–[142]. ............................................................................................... 17 

Table 2-2. Material properties for silicon (Si), 4H-silicon carbide (4H-SiC), gallium 

nitride (GaN), natural diamond and CVD grown diamond [151], [152]. ....................... 22 

Table 4-1. A summary of the electrical properties of the fabricated diamond membranes 

in this thesis. .................................................................................................................... 55 

Table 4-2. A summary of the electrical properties of varying diode structures in the 

literature, compared to the fabricated diamond membranes. .......................................... 58 

Table 5-1. A table summarising the performance of diamond membranes. The main 

parameters of size, optical activity (PL), EL and whether the membrane is free standing 

or attached are provided. *The membrane was attached to a large polycrystalline diamond 

frame ............................................................................................................................... 61 

Table 6-1 Comparison of optical properties between SiVs, NVs, GeV colour centres and 

the narrowband emitters [16], [17], [102], [142], [303]–[305]. .................................... 101 

Table 7-1. Characterisation of various FNDs samples through DLS using a 633 nm HeNe 

laser source. Standard deviation was calculated based on measurements of at least three 

different samples ........................................................................................................... 108 

Table 7-2. Co-localisation test for control and stained cells. The LAMP1 shows co-

localisation as the Pearson’s R value tends towards 1. ................................................. 124 

 

  



 

xxiv 
 

List of Abbreviations 
 

Abbreviation Meaning 

AFM Atomic Force Microscope 

APD Avalanche Photo Diode 

BASD Bead-Assisted Sonication Disintegration 

CB Conductance Band 

CHO Chinese Hamster Ovarian  

CL Cathodoluminescence 

CPP Cell Penetrating Peptide 

CVD Chemical Vapour Deposition 

CW Continuous Wavelength 

EBIE Electron Beam Induced Etching 

EL Electroluminescence 

FIB Focused Ion Beam 

FWHM Full Width at Half Maximum 

GaN Gallium Nitride 

GeV Germanium Vacancy 

HBT Hanbury Brown and Twiss 

HPHT High Pressure High Temperature 

DW Debye-Waller 

ICP-RIE Inductively Coupled Plasma - Reactive Ion Etching  

IR Infrared 

LEDs Light Emitting Diodes 

MEM Micro-Electromechanical System 



 

xxv 
 

MPCVD Microwave Plasma Chemical Vapour Deposition 

ND Nanodiamond 

NIR Near Infra-Red 

NV Nitrogen Vacancy 

PL Photoluminescence 

QDs Quantum Dots 

QE Quantum Efficiency 

SCR Space Charge Region 

SEM Scanning Electron Microscopy 

SiC Silicon Carbide 

SiV Silicon Vacancy 

SnV Tin-Vacancy 

SPE Single Photon Emitter 

SPS Single Photon Source 

SRIM Stopping and Range of Ions in Matter 

SIMS Secondary Ion Mass Spectrometry 

STED Stimulated Emission Depletion 

TEM Transmission Electron Microscope 

UV Ultraviolet 

VB Valance Band 

ZPL Zero Phonon Line 

 



1 
 

Abstract 
To investigate new pathways for numerous quantum technologies it is necessary to efficiently 

fabricate various interesting materials. Single photon sources that are optically and electrically 

triggerable are the fundamental building blocks required to push the boundaries of several 

applications, such as realising secure communication technologies. Accordingly, various 

platforms are being investigated for generation of single photon emitters (SPEs). Diamond is 

one platform of great interest, due to its ability to host several photostable, optically active SPE 

defects that can operate at room temperature. Numerous diamond defects have been studied 

extensively, including the Nitrogen vacancy (NV), Silicon vacancy (SiV) and, recently, the 

Germanium vacancy (GeV) colour centres. All were shown to be robust room temperature 

SPEs. Despite promising reports on quantification and applications of diamond-based defects, 

the search continues to find an emitter that can excel at most applications.  

Another important factor for the utility of colour centres is the method of excitation. While 

optical pumping is common practice, the ability to electrically excite emitters is highly desired 

for optoelectronic applications. Several reports exist on the fabrication and characterisation of 

electrical device structures of various materials, including Gallium Nitride, Silicon Carbide, 

Zinc Oxide and diamond defects. The central part of the thesis delves into the fabrication of 

high aspect ratio, thin, nanoscale, conductive diamond membranes hosting SiV colour centres, 

which demonstrate key advantages, such as being easily transferrable to a variety of structures. 

Secondly, I investigate unknown narrowband SPEs in diamond nanocrystals, which are 

preferable for nanophotonic, quantum communications and bio-imaging applications. The 

origin of the narrowband emission is determined to be point defects localised at extended 

morphological defects in individual nanodiamond particles. Furthermore, a highly polarised, 

narrowband, possessing sub GHz optical linewidths was observed at cryogenic temperatures.  

Finally, I exploit the optimal fluorescent, chemical and biocompatibility properties for multi-

colour tagging of CHO-K1 and U937 cell lines using both NV- and, for the first time, SiV 

diamond colour centres, to investigate their intracellular properties. The non-toxic SiV 

diamond nanocrystals initially dispersed throughout the cell interior while tagged NV 

nanocrystals localised close to the nucleus. 

Therefore, this work reports new findings in spectroscopic studies of diamond-based colour 

centres that can be excited optically and electrically. Furthermore, it provides detailed evidence 
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which forms the building blocks for future investigation into diamond-based devices and SPEs 

for a wide variety of applications. The results presented in this thesis therefore provide a new 

and interesting platform for applications using defect based nanophotonics.  
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