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Abstract 

Single-photon emitters are considered as a fundamental building block 

upon which many quantum-based applications are established. Of the 

many solid-state quantum emitters discovered, there exists three which 

garnered an increasing interest over the past few years; gallium nitride 

(GaN), germanium vacancy (GeV) colour centres in diamond, and 

quantum emitters in hexagonal boron nitride (hBN). Each of these 

solid-state emitter systems have unique advantages, making them 

intriguing candidates for quantum applications. However, there is still 

much to be understood regarding their optical properties and origin. 

Thus, the focus of this thesis is then established—to understand the 

origins of these solid-state sources through systematic studies of their 

growth and fabrication, followed by how they interact with the 

surrounding environment, and finally the modification of these 

interactions upon the addition of nanophotonic architectures. 

Two separate studies were done on quantum emitters in GaN. First, 

the effects of microstructure and growth mechanics on the formation 

of emitters in GaN were investigated through multi-spectroscopic 

analysis in a systematic study of various material properties. No 

observable correlation was recorded, suggesting the origin of emitters 

was of an extrinsic nature, rather than intrinsic. The second study 

detailed the characterisation of the optical properties of GaN SPEs 

through resonant excitation, approaching Fourier-transform-limited 

linewidths of ~250 MHz—the narrowest reported for these emitters.  

Next, a determination of the quantum efficiency (QE) of GeV colour 

centres in nanodiamond was performed by measuring and comparing 

radiative emission rates in a changing dielectric environment. 

Combined with Fourier-plane imaging of the resulting emission 
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patterns, a quantum efficiency of 22% was calculated from ensembles, 

several times higher than the SiV colour centre.  

Finally, two separate studies on hBN SPEs were performed—the first 

study demonstrating the creation of emitters with high-energy electron 

irradiation. In this study, different hBN multilayer and monolayer 

flakes were irradiated with electrons in the megaelectronvolt regime, 

resulting in emitter creation within the flat regions of the hBN flakes, 

areas not seen in prior methods. The second study details the 

hybridisation of hBN emitters with plasmonic nanospheres, assembled 

via an atomic force microscope. An enhancement resulted in a 

maximum count rate of approximately 5.8 M counts/second, with the 

linear transition dipole exploited to maximise coupling to the 

nanospheres. 

All of these studies serve to highlight the unique properties of their 

respective material systems, and further their development towards 

reliable integration with fundamental nanophotonic devices for 

applications in quantum information science.
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Chapter 1  

Background and Context 

1.1. Single-photon emitters for quantum 

applications 

The move to using photons as carriers of information allows for 

extended capabilities, tied to the unique quantum nature of light 

which, when manipulated, can allow for quantum devices based on 

these photons to perform complex calculations at unparalleled speed, 

performing operations which classical computing devices are simply 

incapable of1–4. Additionally, unique applications such as ultra-secure 

quantum cryptography, can be realised owing to its quantum nature. 

From these properties, follow their utilisation as a fundamental unit 

of information—the Qubit. As an analogue to the classical bit, it is 

able to possess the quantum superposition of two states in a Boolean 

registry of |0⟩ and |1⟩ with any infinite combination of their vectorial 

components 5–7.  
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Figure 1.1. Fundamental operating principle of a qubit visualised 
through a combination of the Bloch and Poincare  spheres. 

Photons have been regarded as the perfect candidate for encoding this 

data, as their properties such as polarisation and phase can precisely 

superimposed. This concept is visualised in Figure 1.1, showing the 

way polarisation or phase can be assigned values for quantum 

computational operations, through a combination of the Bloch and 

Poincaré spheres—showing the geometrical representation of a two-

level qubit and how it is translated to polarisation state, respectively8.  

What is then required is a method of producing streams of photons, 

at a frequency such that they can be manipulated at an individual 

level. Thus, single-photon sources (SPS) are at the forefront of 

research within the field of nanophotonics for a multitude of quantum 

computing schemes. Ultra-secure cryptography9,10, quantum 

simulations11, and precision metrology 12,13 are just a few possible 

implementations from which quantum emitters are foundational, 

following the new and upcoming paradigm shift towards nanoscale 

optics-based technology.  
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SPSs found specifically in the solid-state prove viable candidates when 

discussed in the context of quantum devices, combining the favourable 

optical properties of single atoms with the scalability and benefits of 

a solid-state system14. Such examples of currently studied solid-state 

systems include quantum dots (QDs)15,16, colour centres in diamond17–

19, point defects in silicon carbide (SiC)20,21, hexagonal boron nitride 

(hBN)22,23, and gallium nitride (GaN)24,25. These sources additionally 

feature advantages over existing single-photon sources. For example, 

they are deterministic, meaning that they will emit light of their own 

only upon its direct excitation—an on-demand operation initiated by 

the user. This is contrary to heralded sources such as those based on 

spontaneous parametric down-conversion (SPDC) with their 

stochastic method of operation, and thus a comparatively lower 

efficiency26. Another notable property is that solid-state sources are 

already encapsulated within a solid material, making for integration 

with other nanophotonic architecture a comparatively far less 

complicated affair compared to trapped atoms or molecules27,28—with 

these sources requiring complex arrangements such as large cryogenic 

trapping setups in order to operate—making them impossible to be 

integrated on-chip. Despite these advantages, challenges still arise 

during two distinct phases towards the successful integration of a SPS 

for quantum applications; its creation and hybridisation.  

Firstly, the creation of defect centres is largely non-trivial, with 

different materials requiring different methodologies – methodologies 

that are still misunderstood in materials such as hBN and GaN. 

Differing methods may result in different properties of SPSs such as 

photostability, brightness, and emission energy. The investigation into 

choosing the correct creation method to produce the most optimal 

characteristics can only be done through experimentation. In addition 

to producing usable SPSs, understanding the processes involved in 

defect creation allow the origins of the defect structure to be further 
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uncovered, a critical feature for their efficient operation, in-depth 

understanding, and the identification of suitable applications in each 

case.  

The second challenge is then its hybridisation with additional 

nanophotonic/nanoelectronic architecture, which is a vital step 

required on the path to mature quantum devices. Integration allows 

for the manipulation and enhancement of coupled SPSs. Varying 

nanophotonic components afford control over different types of light-

matter interactions such as waveguiding and tight-light confinement. 

A result of successful hybridisation can give rise to positive outcomes 

such as a reduced signal-to-noise ratio (SNR), and the creation of on-

chip optical circuitry.  

1.2. Aims and Motivations 

This thesis focuses on quantum emitters in three different forms of 

solid-state materials; bulk, nano-, and two-dimensional (2D) crystals, 

specifically, the challenges and enigmas associated with their origins 

during synthesis and optical manipulation. GaN, GeV colour centres 

in diamond, and hBN are of current interest for quantum-based 

implementations as these systems are each considered novel and 

upcoming in their respective material form—that is, bulk, nano-, and 

2D, respectively. Each of these three emitter systems have differing 

properties, which when exploited accordingly, highlight their potential 

depending on the application. However, with this newfound novelty, 

the need to uncover and further understand their underlying 

mechanisms and advance efforts towards their nanophotonic 

integration are of the utmost significance, should the intent be to 

utilise them for quantum-based applications—a need which this thesis 

aims to contribute to.  
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This thesis is split into two parts; Part I and Part II, spanning 

Chapters 1 through to 3 and 4 through to 8, respectively. The former 

aims to establish the theoretical groundwork associated within the 

field of quantum nanophotonics with single-photon emitters. The 

latter sections detail specific publications resulted from the Ph.D. 

candidature.  

Chapter 2 presents an introductory outline of the concept of single-

photons. The theoretical groundwork regarding the quantum 

definition of a photon is discussed, followed by the sources, which emit 

them at the single level. This chapter aims to define the fundamentals, 

which will be built upon in subsequent chapters.   

Chapter 3 then continues upon the theory discussed in Chapter 2, 

directly translating that which was reviewed, into the experimental 

techniques and procedures performed. Optical microscopy, and its 

associated principal theory will be established, as well as the 

techniques of confocal microscopy and Fourier-plane imaging, 

following suit. Analytical techniques used to characterise single-

photons are also explained—that is—time-correlated and time-tagged 

single-photon counting measurements, along with its necessary 

experimental apparatus. 

Chapter 4 is the first of three experimental chapters in this thesis, 

presenting an overview of the work performed on gallium nitride 

(GaN) and its quantum emitters. The first part of this chapter focuses 

on understanding the origins of quantum emitters hosted within the 

material, probed via varying growth procedures. This project was 

performed in collaboration with Prof. Rachel Oliver and Dr. Tongtong 

Zhu, from the Department of Materials Science and Metallurgy, from 

the University of Cambridge. The second part of this chapter details 

the contributing work done on the resonant excitation of GaN 

quantum emitters, to further uncover its optical characteristics. 
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Chapter 5 entails an overview of the work done on group IV colour 

centres in diamond, specifically the germanium vacancy (GeV). 

Experiments were performed to probe its quantum efficiency, allowing 

for further understanding into its photophysical properties.  

Chapter 6 contains the two separate works which revolve around 

quantum emitters in hexagonal boron nitride (hBN) and the nature 

behind their origins, as well as its potential for hybridisation and 

manipulation. The first part of this chapter concentrates on the 

creation of hBN defects using high-energy electron irradiation, and 

determining the various factors affecting its activation. The second 

part of the chapter then explores its hybridisation with plasmonic 

architectures, and the interactions involved between the two 

structures.  

Chapter 7 provides a summary of contributions made to published 

works, many in collaboration with external  research groups. These 

works were mainly performed on the study of hBN quantum emitters 

and are separated into subchapters based on their respective 

investigative goals. Specifically, inquiries into the origins of their 

defects, and their manipulation and hybridisation with additional 

nanophotonic structures.  

Finally, a summary is provided in Chapter 8, providing a list of the 

achievements made in this thesis as well as promising future directions 

which arose as a consequence of this thesis. 
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Chapter 2  

Single Photons 

Having covered the potential of photons for use in quantum 

communications, this thesis then delves into the derivation, and core 

fundamental concepts behind the photon. Within this section, these 

concepts will be discussed within the context of the quantised 

electromagnetic field. Following this, the theory of photon statistics 

will also be covered, an important property of light fields, crucial to 

many measurements discussed throughout this thesis. In particular, 

an emphasis will be put on discussing these fundamental phenomena 

within the context of single-photon emission. 

2.1. Introduction to the photon 

The theory of the photon was quantised and eventually accepted 

through a culmination of derivations from Max Planck, Albert 

Einstein, and Gilbert N. Lewis, with the formula for blackbody 

radiation in 1900, the explanation of the photoelectric effect in 1905, 

and coinage of the term ‘photon’ as the smallest unit of radiant energy 

in 1926, respectively. Over the decades, the definition of the photon 

has changed slightly and is now understood today in modern physics 

as the smallest discrete amount of energy from a quantised 

electromagnetic field with an energy of E, defined by the equation: 

 E = ℎ𝑣 Eq 2.1 

 

Where ℎ is Planck’s constant and 𝑣 is the photon’s frequency29. In 

classical physics, the theory of light can be predominately explained 

in the framework of Maxwell’s equations. However, upon discussion 
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of quantum phenomena such as photon antibunching and spontaneous 

emission, these equations can no longer sufficiently describe their 

behavior within a classical picture. As such, the quantisation of the 

electromagnetic field is necessary in order to provide a complete 

description of the photon, providing the mandatory groundwork for 

many other non-classical derivations.  

2.1.1. Quantisation of the electromagnetic field 

The quantisation of the electromagnetic field finds its origins with the 

classical description of a radiation field using Maxwell’s equations. For 

simplicity, the derivation is considered in terms of a field confined to 

a one-dimensional cavity along the z-axis with perfectly conducting 

walls at 𝑧 = 0 and 𝑧 = 𝐿, vanishing at the boundaries, taking the form 

of a standing wave—a single-mode field30. 

The field is assumed to be polarised along the x-direction, giving 

𝑬(𝑟, 𝑡) = 𝒆𝑥𝐸𝑥(𝑧, 𝑡), where 𝒆𝑥 is a unit polarisation vector. The 

magnetic field in the cavity in the y-direction is expressed as 𝑩(𝑟, 𝑡) =

𝒆𝑦𝑩(𝑧, 𝑡) 30–32. Maxwell’s equations can then be written as 

 ∇ × 𝑯 = 
𝜕𝑩

𝜕𝑡
 Eq 2.2 

 ∇ ∙ 𝑬 = 𝜇0𝜀0

𝜕𝑬

𝜕𝑡
 Eq 2.3 

 ∇ ∙ 𝑩 = 0 
Eq 2.4 

 

 ∇ ∙ 𝑫 = 0 Eq 2.5 

     

The single-mode field which satisfy Maxwell’s equations and its 

boundary conditions can then be expressed as 

 
𝑬𝑥(𝑧, 𝑡) = (

2𝜔2

𝑉𝜀0
)

1 2⁄

𝑞(𝑡)sin(𝑘𝑧) Eq 2.6 
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where 𝜔 is the frequency of the mode and k is the wave number related 

to the frequency according to 𝑘 = 𝜔 𝑐⁄ . Here, V is the effective volume 

of the cavity and 𝑞(𝑡) is the time-dependent factor with the dimension 

of length. The single-mode magnetic field  similarly satisfying 

Maxwell’s equations given the aforementioned boundary conditions 

are then 

 
𝑩𝑦(𝑧, 𝑡) = (

𝜇0𝜀0

𝑘
) (

2𝜔2

𝑉𝜀0
)  𝑝(𝑡)cos (𝑘𝑧) Eq 2.7 

     

Here, 𝑝(𝑡) = 𝑞̇(𝑡), and represents the canonical momentum for a 

‘particle’ of unit mass. Given the classical field energy, or Hamiltonian 

H, of the single-mode field is expressed as; 

 
𝐻 = 

1

2
∫ 𝑑𝑉 [𝜀0𝑬2(𝒓, 𝑡) +

1

𝜇0
𝑩2(𝒓, 𝑡)] Eq 2.8 

 
  

1

2
∫ 𝑑𝑉 [𝜀0𝑬𝑥

2(𝒛, 𝑡) +
1

𝜇0
𝑩𝑦

2 (𝑧, 𝑡)]  

     

and can then be rearranged in terms of Equations 2.5 and 2.6 such 

that 

 
𝐻 = 

1

2
(𝑝2 + 𝜔2𝑞2) Eq 2.9 

     

It can then be seen that the single-mode field is formally equivalent 

to a harmonic oscillator of unit mass, where electric and magnetic 

fields play the roles of canonical position and momentum, with some 

scaling factors in addition30–32. Having identified the canonical 

operators 𝑞 and 𝑝 for the classical system, using the correspondence 

rule they are replaced with their quantum operator equivalents 𝑞̂ and 

𝑝̂, such that these operators satisfy the canonical commutation 

relation; 

 [𝑞̂, 𝑝̂] = 𝑖ℏ Eq 2.10 

     

This transforms the electric and magnetic fields of the single-mode 

field, respectively, to 
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𝑬̂𝑥(𝑧, 𝑡) = (

2𝜔2

𝑉𝜀0
)

1 2⁄

𝑞̂(𝑡)sin (𝑘𝑧) Eq 2.11 

     

and 

 
𝑬̂𝑥(𝑧, 𝑡) = (

𝜇0𝜀0

𝑘
) (

2𝜔2

𝑉𝜀0
) 𝑝̂(𝑡)cos (𝑘𝑧)  Eq 2.12 

     

Respectively, the Hamiltonian becomes 

 
𝑯̂ = 

1

2
(𝑝̂2 + 𝜔2𝑞̂2) Eq 2.13 

     

As the canonical operators 𝑝̂ and 𝑞̂ are Hermitian, corresponding to 

observable quantities, introduced are then the non-Hermitian (and 

therefore non-observable) ladder operators (𝑎̂) and its Hermitian 

conjugate (𝑎̂†), in terms of position and momentum. 

 
𝑎̂ = 

1

(2𝑚ℏ𝜔)
1

2⁄
(𝜔𝑞̂ + 𝑖𝑝̂) Eq 2.14 

 𝑎̂† = 
1

(2𝑚ℏ𝜔)
1

2⁄
(𝜔𝑞̂ − 𝑖𝑝̂) Eq 2.15 

     

These terms are also known as the annihilation (𝑎̂) and creation (𝑎̂†) 

operators and will be further expanded later in Chapter 2.1.2. The 

electric field and magnetic field operators are then transformed to; 

 𝑬̂𝑥(𝑧, 𝑡) = ℰ0(𝑎̂ + 𝑎̂†) sin(𝑘𝑧) Eq 2.16 

 𝑩̂𝑦(𝑧, 𝑡) = ℬ0

1

𝑖
(𝑎̂ + 𝑎̂†) cos(𝑘𝑧) Eq 2.17 

     

Where ℇ0 = (ℏ𝜔/𝜀0𝑉)1 2⁄  and ℬ0 = (𝜇0/𝑘)(𝜀0ℏ𝜔3/𝑉)1 2⁄  represent the 

electric and magnetic fields, respectively, during the instance of a 

single photon. This term is used rather loosely as the average of these 

fields for a definite number of photons is zero, and is thus not entirely 

correct. Nevertheless, they provide a convenient measure of the 

fluctuations of the quantised field11.  
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The ladder operators satisfy the commutation [𝑎̂†𝑎̂] = 𝑎𝑎̂† − 𝑎̂†𝑎̂ = 1, 

thus resulting in the quantum Hamiltonian taking the form 

 
𝑯̂ = ℏ𝜔 (𝑎̂†𝑎̂ +

1

2
) Eq 2.18 

     

It is clear based on this representation, that the Hamiltonian of the 

quantised fields is in the form of a quantum harmonic oscillator, 

allowing all its known results to apply within a quantum picture30,33.   

2.1.2. Photon number states 

The concept of the number state representation allows us to quantify 

light fields by the number of energy quanta excited, expressed in terms 

of states labelled by 𝑛. These are also known as Fock states, and are 

usually expressed in Dirac notation as |𝑛⟩. Having defined the 

Hamiltonian of a quantised single-mode field, its solution is then 

expanded via Fock states and the ladder operators (𝑎̂) and (𝑎̂†). 

As recalled from equation 2.13 and 2.14, the ladder operators 𝑎̂ and 

𝑎̂† were introduced as quantum mechanical operators. In the context 

of a quantum harmonic oscillator, the raising operator (𝑎̂†) and 

lowering operator (𝑎̂) can be interpreted as adding or subtracting a 

quanta of energy to the oscillator system; frequently termed the 

creation and annihilation operators repectively. Applying 𝑎̂† on an 𝑛-

fold excited state |𝑛⟩ raises it to 𝑛 + 1 fold excited state |𝑛 + 1⟩,  

 𝑎̂† |𝑛⟩ = (𝑛 + 1)1 2⁄ |𝑛 + 1⟩ Eq 2.19 

     

while applying 𝑎̂ lowers the state to |𝑛 − 1⟩; 

 𝑎̂ |𝑛⟩ = 𝑛1 2⁄ |𝑛 − 1⟩ Eq 2.20 

     

Additionally, the ground state |0⟩ corresponds to the state in which 

no quanta are excited, implying that the number states can be built 

up from the ground state by repeated application of the creation 

operator: 
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|𝑛⟩ = 

1

(𝑛!)1 2⁄
(𝑎̂†)

𝑛
|0⟩ Eq 2.21 

     

As the energies of the harmonic oscillator are equidistant, the state |𝑛⟩ 

can also be interpreted as a single state with 𝑛 photons of energy ℏ𝜔. 

This is referred to as a photon number state, or Fock state. Such a 

state is comprised of the aforementioned creation and annihilation 

operators. Expanding on this, the number operator is introduced, 

which defines the total quanta of energy within the number state |𝑛⟩, 

 𝑛̂ = 𝑎†𝑎, Eq 2.22 

     

from which it can be further deduced that 

 𝑛̂|𝑛⟩ = 𝑛|𝑛⟩ Eq 2.23 

     

Fock states, in this respect, can be interpreted as the eigenstates of 

the number operator, which return a discrete number of photons 𝑛 

when acting on a state |𝑛⟩ within the corresponding mode.33 The 

concept of the Fock state is a significant understanding, which greatly 

simplifies the derivations of complex quantum phenomena such as 

photon antibunching, discussed later in Chapter 2.2.2 and 3.2.3. 
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2.2. Photon statistics 

Having described how light emitted from a source can be characterised 

in terms of individual quanta or photons, it is then understood that 

these quanta can be categorised temporally through the analysis of 

their arrival times at an arbitrary detector, along with their 

fluctuations through time. Generally considered, light sources can be 

classified into three primary distributions; chaotic or thermal light, 

coherent light, and antibunched light. In order to better understand 

the features of each source, it is helpful to compare the statistical 

properties of light emitted from different sources. 

2.2.1. Statistical classification of light 

Thermal Light 

Conventional macroscopic lamps, such as incandescent bulbs, emit 

thermal or ‘chaotic’ light. Its electric field is a superposition of many 

incoherent waves, all of which are assumed to share the same formal 

time-dependence with a random phase delay. A thermal source is 

known to possess strong fluctuations of its electric field, where 

statistically the number of photons in a given mode follows a Bose-

Einstein distribution of black-body radiation 

 
𝑃𝑛 = 

(𝑛̅)𝑛

(1 + 𝑛̅)1+𝑛
 Eq 2.24 

     

where (𝑛̅) is the average number of photons in the mode.  

Coherent Light 

The classical picture of laser light is defined as a wave with constant 

phase and frequency. Classically speaking, light emitted within this 

classification do not possess any fluctuations in its electric field. In the 

quantum representation of such a wave they are sometimes known as 

quasi-classical states when described in terms of the previously 
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discussed Fock states. The number of photons in a coherent state is a 

variable, which fluctuates according to a Poissonian distribution. The 

probability of finding n photons in the mode is given by 

 
𝑃𝑛 = 

𝑛̅𝑛

𝑛!
𝑒−𝑛̅ Eq 2.25 

     

Squeezed Light 

A squeezed light source is one which delivers a regular stream of 

multiple photons at uniform time intervals, with fluctuations in the 

number of photons emitted by a squeezed source weaker than those of 

a coherent state, following as what is coined as a sub-Poissonian 

distribution.  

 
𝑃𝑛 = {

 0, for 𝑛 ≠ 𝑛̅
1, for 𝑛 = 𝑛

 Eq 2.26 

     

Unlike thermal or coherent light, squeezed light does not follow any 

classical statistical distribution, and thus cannot be derived by any 

classical interpretation. Single photon sources produce squeezed light 

where each photon is emitted at intervals defined by the excited state 

lifetime of the source, in what is referred to as antibunched emission33. 

2.2.2. Second-order correlation function 

The second-order correlation function describes the temporal 

fluctuations of intensity in an electric field as a function of time, and 

can provide a quantitative way of determining the class of emission 

measured. In the case of a photon stream, emitting a photon at a 

certain time 𝑡 + 𝜏 (where 𝑡 is the time of the previously emitted 

photon), the function is expressed as 

 
𝑔(2)(𝜏) = 

〈𝜀∗(𝑡)𝜀∗(𝑡 + 𝜏)𝜀(𝑡 + 𝜏)𝜀(𝑡)〉

〈𝜀∗(𝑡)𝜀(𝑡)〉〈𝜀∗(𝑡 + 𝜏)𝜀(𝑡 + 𝜏)〉
  

 
 = 

〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉〈𝐼(𝑡 + 𝜏)〉
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where 𝜀(𝑡) and 𝐼(𝑡) are the time-averaged electric field and intensity 

of the light stream at time 𝑡. With the assumption that the source is 

emitting at a constant average intensity, the expression for g(2)(τ) is 

then given as 

 
𝑔(2)(𝜏) = 

〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 Eq 2.27 

     

Within a quantum mechanical setting, it is useful to frame the 

aforementioned operations in terms of photon number states, and the 

corresponding creation and annihilation operators, where 𝑛̂ = 𝑎̂†𝑎̂. 

This function can then be rewritten in terms of these quantum 

operators, yielding 

 
𝑔(2)(𝜏) = 

〈𝑎̂†(𝑡)𝑎̂†(𝑡 + 𝜏)𝑎̂(𝑡 + 𝜏)𝑎̂(𝑡)〉

〈𝑎̂†(𝑡)𝑎̂(𝑡)〉2
  

 
 = 

〈𝑛̂(𝑛̂ − 1)〉

〈𝑛̂〉2
 Eq 2.28 

     

This equation can then be evaluated for arbitrary inputs, where the 

input is the photon number state of a value 𝑛  

 
𝑔(2)(𝜏) = 

𝑛(𝑛 − 1)

𝑛2
 Eq 2.29 

     

The final equation takes Equation 2.28 and is evaluated for arbitrary 

inputs. Based on this equation, the same classifications mentioned 

earlier can be equated to values based on the second-order correlation 

function at a time difference of 𝜏 = 0. The table below shows the 

possible solutions to the second-order correlation function g(2)(τ) and 

their corresponding light source. 
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Light Source 
Solution at zero-

delay time 

Chaotic/Thermal light 𝑔(2)(0) > 1 

Coherent light 𝑔(2)(0) = 1 

Squeezed light 
𝑔(2)(0) = 1 −

1

𝑛

Table 2.1. Second-order correlation derivations for the three 

different classes of light 

Practically, the g(2)(τ) value of a light source can be interpreted as the 

probability to detect a second photon within the span of the given 

delay time. In the case of the aforementioned conditions, having a 

g(2)(τ) > 1 means an increased probability of detecting a photon 

directly after the first detection event been registered, which is referred 

to as bunching. g(2)(τ) = 0 means that the probability to detect a 

second photon is independent of the time difference to prior detection 

events. For g(2)(τ) < 1, the probability of detecting a second photon 

is even less than in the case of coherent light and is referred to as 

antibunching33. The methods by which these correlations are 

performed experimentally will be discussed further in Chapter 3.2.3.  

2.3. Quantum emission from single-photon 

sources 

Solid-state sources, lay the basis for various technologies such as light-

emitting diodes, lasers, and telecommunications. Such solid-state 

sources are capable of producing non-classical, antibunched emission 

– a coherent stream of individual photons at temporally separated

intervals, through the hosting of optically active defect centres. These 
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quantum emitters find themselves at the forefront of research and 

development into usable quantum-based devices and applications. 

Such applications require scalable platforms for the integration of 

SPSs—as such, solid-state materials provide an effective solution to 

the problem of integration and application combining the optical 

properties of atoms with the convenience and scalability of a solid-

state host system. Subsequently, the last decade has seen numerous 

advances in understanding the photophysical properties of SPSs, their 

efficient and controlled creation, and their integration with 

nanophotonic constituents. 

2.3.1. Photophysics of single-photon sources 

Single-photon emitters (SPEs) hosted within solid-state materials 

predominantly consist of either an intrinsic defect or a foreign 

substitutional atom embedded within the crystalline matrix of a host 

material. Upon the rearrangement of the lattice to facilitate this 

change, what follows is also a modification of its electronic structure—

an introduction of narrow energy levels within the bandgap of the host 

crystal. Upon excitation of the defect by sub-bandgap energy, the 

system can be promoted to the excited state where it will dwell for 

some length of time unique to that system. The electron will then 

undergo a relaxation from its excited state, emitting light during the 

process and producing a characteristic, sharp zero-phonon line (ZPL) 

energy, which may be broadened due to transitions to upper-electronic 

phonon ground states from an off-resonant excitation process. Often 

times, a phonon-side band (PSB) will also accompany the ZPL during 

emission, as exchanging of momentum occurs between the defect 

transitions and the lattice34. The entire transition process between the 

ground and excited state can be described using a Franck-Condon 

diagram, shown below in Figure 2.1. 
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Figure 2.1. Franck-Condon diagram showing the transition process 
between ground and excited states. E0 and E1 are the ground and 
excited states respectively, and qi is the normal mode of the lattice . 

The energy diagram shows the electronic transition with phonon 

coupling along the configurational coordinate qi—the normal mode of 

the lattice. The transition probability is determined by the overlap of 

the phonon wavefunctions of the energy levels34. The fluorescence 

emitted during this transition is the primary signal that is collected 

and manipulated. Most solid-state SPS will follow this general two-

level system, however, it will be shown later that other energy levels 

can also be introduced depending on the defect being probed.  

As mentioned, this thesis will have an emphasis on three specific 

material systems and their quantum emitters—GaN, GeV colour 

centres in diamond, and hBN. Each of these material systems are 

similar in that they can host optically active defect centres, displaying 

high single-photon purity. Additionally, there are also advantages 

bespoke to the specific material system as well. Table 2.2 below shows 

a brief summary of important properties from each material system, 
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along with other existing material systems and the optical properties 

of their emitter for comparison. 

Emitter 

System 

ZPL 

Range 

(nm) 

Excited 

state 

lifetime (ns) 

Average 

Count rate 

(counts/s) 

Unique 

property 

Defects in 
GaN 

600–750 
25

1085–1340 
35

Vis: ~1.5–3 
36

Tel: ~0.7–0.8 
35

4.27 × 105

36

Versatile 

growth 

GeV in 
Diamond 

GeV: ~604 
18

Bulk: ~1.4–5.5 
18

ND: ~5–25 
37

Bulk: 1.7 × 105

18

ND: 7.14 × 105

37

Homogenous 

optical 

properties 

Defects in 

Diamond 

NV-: 637 

SiV: ~740 
38

NV: ~12–22 

SiV: ~1 
38

NV: 1 × 106 

SiV: 3 × 106

38

Spin 

initialisation 

Defects in 
hBN 

570–780 
39

~3–6 
40

0.1–2.4 × 106

39

2D material, 

linear 

polarisation 

Defects in 

Silicon 

Carbide 

400–1800 
41

~1–4 
42

~2 × 106 
42

Easily 

integrated 

Quantum 

Dots 

200–1600 
43

Arsenide: ~1 
43

Nitride: ~0.3 
43

Arsenide: N/A 
43

Nitride: 1 × 107

43

Consistent 

physical 

properties 

Rare Earth 

Ions in YAG 

Atomic line 
44

~19 
45

~6 × 104

45

High photon 

purity 

Table 2.2. Brief summary of emitter systems. The systems in bold are 

covered in this thesis.   

As they are hosted within solid-state materials, there exists the 

advantages of such as briefly explained in Chapter 1.2. However, there 

are also significant challenges to address, largely stemming from the 

solid-state host. Typically, the complex mesoscopic environment of 

solid-state mediums adds to the complexity to the system bath, 

through phenomena such as trapped charges introduced with extrinsic 

atomic impurities. These manifest in the form of dephasing resulting 

in linewidth broadening, and inhomogeneous variability between 

photons from emitter to emitter14. Ultimately, this gives rise to 
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degradation of photon indistinguishability—a necessary property 

required for applications of quantum cryptography. The following 

chapters will then go into details behind three previously mentioned 

single photon sources, detailing their characteristics as well as 

shortcomings.    

2.3.2. Quantum emitters in Gallium Nitride 

III-nitride materials have been widely used within the solid-state 

industry, its utilisation spanning across many technologies including 

lighting, high-frequency high-power electronics, and laser science.24,46–

48 Gallium Nitride (GaN) is one such nitride which possesses a number 

of favourable physical characteristics which warrant it advantageous 

for a variety of solid-state applications—biocompatability49, non-

linear optical susceptibility50, and spontaneous piezoelectric 

polarisation51,52 being examples of its unique properties. It stands as 

one of the most widely studied and established III-nitride materials, 

with extensive application in white and blue-light emitting diodes53,54. 

GaN can exist in either a hexagonal (wurtzite) or cubic (zinc-blende) 

structure55. The wurtzite form consists of alternating layers of close-

packed (0001) Ga metal atoms and nitrogen atoms, in an AB stacking 

configuration [Figure 2.2 (a)]. The change in the sequence during 

growth can produce defects within the crystal, which are also known 

as stacking faults, a concept which will be explained later in this 

chapter. 
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Figure 2.2 Introduction to GaN. (a) Schematic of a unit cell of 

Gallium Nitride. (b) Emission from a GaN SPE via electrical 

excitation. Reproduced from Ref.53 ,54 .  

Synthesis of GaN 

Due to its widespread research, it has appropriately seen many 

variations of documented synthesis procedures, making for a strongly 

established database of techniques synthesising various forms of GaN 

from nanorods and nanowires to more unconventional structures such 

as the amusingly-named chestnuts, and durians53,56–58. Growth 

procedures can be categorised into two types, catalyst-assisted and 

catalyst free growth. The former method typically occurs via 

transitions introducing reactants and products through a vapour-

liquid-solid (VLS) process. It involves the introduction of vapour-

phase reactants into a catalytic liquid metal to form a supersaturated 

solution, and then finally a crystalline deposit of GaN59. Metal-organic 

vapour-phase epitaxy (MOVPE) and metal-organic chemical vapour 

deposition (MOCVD) using metal catalysts have been reported as 

methods for the growth of nanowires and nanorods, respectively60,61.  

There are also many instances of the latter approach being used, with 

examples in Metal-organic vapour-phase epitaxy (MOVPE), hydride 

VPE (HVPE), and plasma-assisted molecular-beam epitaxy 

(PAMBE) being used for growth of similar structures62–64.  
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Figure 2.3. Various growth of GaN showing the forms possible. (a) 

Schematic diagram of an MOCVD chamber used for synthesis of 

GaN. (b) Schematic illustration showing the MBE process used for 

GaN growth. (c) Upright standing nanowires of GaN. (d) ‘Durian-

shaped’ GaN structures, showing the more exotic forms possible.  

Reproduced from Ref.57,62–64   

Epitaxial methods such as those mentioned, result in the deposition 

of GaN as formed between the reaction of a Ga precursor with 

ammonia on a foreign substrate such as sapphire, GaAs, and SiC—

the main differences between them being the method by which the 

reactants are introduced65–67. In addition to the deposition of GaN 

onto the target substrate, the concept of doping can also be achieved 

through this method with additional foreign impurities—such as Mg 

for example—introduced in order to modify characteristics such as free 

carrier density, subsequently modifying conductivity68,69. Catalytic 

growth is evidenced to more efficiently promote NW growth, but is 

known to incorporate much more in the way of extrinsic contaminants 

as well as defects within its structure. Catalyst-free growth is designed 

to reduce these effects, showing to be the superior growth method for 

structures such as nanowires70. The synthesis of GaN itself is 

considered a desirable property, as the material is capable of being 
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grown onto any substrate of choice. Low-refractive index substrates—

necessary for mature nanophotonics—make for ideal substrates in 

integrated quantum circuitry and are indeed viable growth substrates 

for GaN, unlike other wide bandgap crystals such as diamond, or SiC.  

However, it should be noted that GaN—along with all other III-V 

semiconductors—suffer from material defects as a consequence of its 

bottom-up growth procedures. Faults in the crystalline structure 

during the growth manifest due to the lattice mismatch between the 

growth substrate and the grown material. In the case of GaN, these 

threading dislocations are known to cause material degradation over 

time58,71,72. However, they have also been hypothesised to be the source 

of quantum emission from GaN25, a phenomena which will be further 

explained in the following chapter as well as its dedicated study in 

Chapter 4.1.  

Quantum characteristics from GaN emitters 

Recently, GaN has been the subject of interest following the discovery 

of quantum emission hosted from defects within the lattice. GaN 

quantum emitters can be characterised by sharp, asymmetric ZPL 

lines spanning all throughout the visible region towards IR 

wavelengths. The ZPLs are shown to have differing energy and 

linewidths from emitter to emitter due to many possible variations at 

each defect—this will be further expanded upon in Chapter 4.1.6. The 

emission is both bright, and stable, with reports of emitters reaching 

count rates of 105 counts/s at saturation25,35,36.  
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Figure 2.4. Optical characteristics of GaN revealing quantum 

behaviour. (a) A range of (5) ZPLs measured from GaN. (b) A 

single GaN quantum emitter showing a ZPL at ~640 nm. Inset 

shows the corresponding autocorrelation function, with g(2)(0) < 

0.5, indicating quantum emission. (c) Cryogenic measurements of 

GaN emitters performed at 4 K and 300 K from top and bottom 

plots, respectively. (d) Pulsed autocorrelation measurement 

showing quantum emission. (a) and (b) are reproduced from ref. 

and (c) and (d) are reproduced from Refs.25,35 

As mentioned earlier, the source of this emission is still unknown, with 

hypotheses of its origin stemming from threading dislocations and 

stacking faults present in the crystal as a result of lattice direction 

mismatch between the GaN crystal and growth substrate16,71. Studies 

have proposed that characterised SPEs are localised close to extended 

defects formed around a cubic inclusion (Figure 2.5). These localised 

cubic inclusions are suggested to introduce a quantum well, for the 

conduction band electron due to the narrower bandgap of cubic GaN 

relative to wurtzite GaN.  The spontaneously polarised wurtzite 

matrix surrounds the cubic inclusion producing an electronic state 

with a localised electric field 73,74. Conversely, there have also been 
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studies which refute this argument—the details of which, as 

mentioned, to be discussed later in Chapter 4. 

 

Figure 2.5. Stalking faults and dislocations in GaN. (a) Schematic 

diagram of a cubic inclusion found in GaN. The red box indicates 

the cubic phase occurring between wurtzite phases. (b) AFM image 

of the surface of a GaN sample, showing threading dislocations 

terminating at the surface. Reproduced from Ref.25 

2.3.3. Germanium Vacancy Colour Centres in Diamond 

Diamond is a wide bandgap semiconductor, widely known for its 

extremely durable physical properties; a high melting point, chemical 

inertness, mechanical strength (Young’s Modulus), and 

biocompatibility being just a few examples of its beneficial qualities75–

77. Its wide 6 eV bandgap also allows the crystal to play host to over 

500 possible optical centres78, with PL ranging from the deep ultra 

violet (UV) into the infrared regions—its emission source lying within 

the numerous crystallographic impurities and defects arranged within 

the lattice79. Group IV defects in diamond specifically, have emerged 

as strong candidates for use in future quantum information processing 

(QIP) architectures based on numerous studies into their properties 
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80. These colour centres can be characterised by their specific defect 

structure  identified as group D3d symmetry [Figure 2.6 (a)], which 

involves a group IV element ⁠ (the substitutional atom, labelled ‘M’) 

positioned between its two nearest-neighbouring missing carbon atoms 

(the vacancy, labelled ‘V’) along the 〈111〉 direction in the diamond 

lattice81.  

 

Figure 2.6. Group IV colour centres in diamond. (a) Characteristic 

ZPL from the four currently studied Group IV centres. From left 

to right: PbV, GeV, SnV, and SiV. (b) Schematic illustration of a 

Group IV vacancy. The orange ball labelled ‘M’ represents the 

metal atom, and the grey balls labelled ‘V’ represent the 

neighbouring vacancies.  Reproduced from Ref.80 

Silicon vacancy (SiV) centres in diamond were observed as the first 

instance of the Group IV colour centres showing the aforementioned 

D3d symmetry configuration82. A past study of SiV defects grown via 

chemical vapour deposition (CVD), allowed for the isolation of the 

colour centre down to the single-defect level83. This allowed for 

further, more accurate studies into the photophysical properties, 

electronic structure, and spin and coherence values of the defect 

centre19,84–86. Generally, single SiV are shown to have stable, bright 

photoemission (exceeding 4 M counts/s at saturation), which was 

remarkably photostable and possessing a lifetime-broadened 

linewidth. This was understood to be due to its aforementioned 

inversion symmetry, which protects the optical transitions from local 
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electric field fluctutations81. Despite such advantages, the 

shortcomings of the SiV, namely its intrinsically low quantum 

efficiency and short spin coherence times, prompted studies into other 

Group IV defects to find suitable hosts with QIP applications in 

mind85. 

GeV synthesis and characterisation 

In 2015, the Germanium-Vacancy (GeV) was identified with optical 

signatures similar to that of SiV18. GeV colour centres can be 

incorporated into various forms of diamond through many different 

bottom-up growth techniques. Well-known diamond synthesis 

techniques include microwave-plasma assisted CVD and high-pressure 

high-temperature (HPHT) synthesis, the former producing single-

crystalline diamond films and the latter NDs87,88. Incorporation of 

GeV into this form of diamond can be achieved through the 

introduction of dopants, whether it be in gaseous form or via organic 

compounds containing Germanium89.  
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Figure 2.7. Various syntheses of GeV centres in diamond. (a) HPHT 
diamond synthesis. (b) Creation of GeV arrays via ion-
implantation. (c) Schematic of the fabrication technique for the 
integration of GeV centres into a single -crystal diamond membrane. 
(d) SEM image of a thinned diamond membrane containing GeV.  
Reproduced from Ref.87 ,90,91 

Additionally, having a non-silicon related colour centre also allows for 

higher incorporation control during doping, as silicon is known to be 

a common impurity during CVD diamond growth. GeV creation in 

existing bulk diamond by ion implantation has also been reported91. 

By using a focused ion beam (FIB), GeV ions were accelerated towards 

the surface of CVD-grown single crystal diamond at varying ion 

dosages, with increasing dosages resulting in a higher concentration of 

GeV centres [Figure 2.7 (b)].  
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Figure 2.8. Structural and photophysical characteristics of the GeV 

defect. (a) Schematic illustration showing the inversion symmetry 

of the GeV. (b) Electronic structure of the GeV colour centre, 

showing doubly-degenerate ground and excited states and the 

possible optical transitions between them. Reproduced from 

Ref.80,92 

Further refinement of the various synthesis techniques then eventually 

led to the creation of GeV centres at the single level, allowing a closer 

photophysical study of its quantum emitting properties. As mentioned 

earlier, the GeV defect structure is that of an inversion symmetry, a 

configuration referred to as D3d, [Figure 2.8 (a)] where the Ge atom 

sits between two carbon vacancies within the 〈111〉 direction as the 

principle three-fold rotation axis (C3)80,92.  

Like SiV, the GeV ground-state is a spin-half system, where spin-orbit 

coupling splits the ground and excited states, forming a four-level 

system via double-orbital degeneracy [Figure 2.8 (b)]. Spin-orbit 

coupling and Jahn-Teller interactions lift the orbital degeneracy, 

which lead to splitting once again of the ground and excited states 

degenerate energy levels, to form a double spin degeneracy 

(S=1/2)93,94. Their eigenstates possess corresponding optical and 

phononic transitions, which are spin conserving and only couple to the 

relevant orbital degree of freedom, allowing for the possibility of all-

optical coherent spin control schemes92. 
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Figure 2.9. Optical characteristics of GeV single emitters. (a) An 

example of the ZPL measured at cryogenic temperatures, revealing 

the four different optical transitions. (b) Measured autocorrelation 

function showing quantum emission with a g (2)(0) = 0.27. (c) 

Lifetime measurement of GeV colour centre in an ND showing an 

average lifetime of ~15 ns. Reproduced from Ref.92 

Optically speaking, the splitting of the ZPL at approximately 602 nm 

can be observed at cryogenic temperatures, uncovering four lines—

each associated with the four possible transitions [Figure 2.9 (a)]. 

Transition 1–3 is the dominating emission line, making up 

approximately 60% of the total GeV emission89,92.  Quantum emission 

has been reported from GeV colour centres, and is noted to be stable, 

and bright (exceeding 100k counts at saturation). The average 

emission lifetime varies depending on the sample the defect was 

incorporated into. Bulk GeV colour centres are measured to have a 

lifetime of approximately 4–5 ns91, while GeV centres in HPHT ND 

vary from diamond to diamond by a large margin of almost 20 ns, 

with lifetimes recorded anywhere between 6 to 26 ns37. This can be 
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attributed to factors such as ND size, changing the density of states 

surrounding the defect, as well as strain within the ND itself.   

2.3.4. Quantum emitters in hexagonal boron nitride 

hBN is a 2D van der Waals crystal with a wide bandgap of 6.03 eV. 

It possesses very durable physical properties—a high melting point 

and chemical stability. As such it has found many applications 

spanning industrial implementation as dry lubricants, binder and 

sealers, alongside commercial use in consumables such as cosmestics95–

97. In addition to its favourable physical and chemical properties, it 

also exhibits novel optical properties, making suitable its use in a 

broad range of optical and electro-optical applications. Its layered 

structure allow it to be cleaved down to monolayers and exfoliated 

onto other existing 2D materials (such as TMDCs) to form 

heterostructures, acting as effective encapsulants and gate 

dielectrics98. 

hBN emitter synthesis and charactersiation 

Recently, it has found a rise in its emergence following the discovery 

as a host for SPSs by T.T. Tran et. al. in 201540. In this study, emitters 

in hBN were ‘activated’ via thermal annealing at 850 °C in an Ar 

environment for 30 minutes, and was the first instance of the 

formation of the defect. Following this, further studies using plasma-

annealing in gaseous environments99, keV electron irradiation, pulsed 

laser ablation100, and localised strain fields were found to activate 

single emitters101. Figure 2.10 below shows a summary of all the 

aforementioned studies.  
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Figure 2.10. Summary of activation methods of quantum emitter s 

in hBN. (a) Thermal annealing method, showing schematic of 

annealing process. (b) Plasma irradiation showing confocal scans 

(left and middle) of flakes after irradiation, and an AFM map 

showing their creation at the grain boundaries. The red circles 

indicate the spatial position of the emitters. (c) keV electron 

irradiation of flakes, showing confocal scans with the spatial 

position of an emitter (white circle) before (left) and after (middle) 

irradiation. (d) Laser ablation of a flake showing the resultant PL 

scan with many luminescent spots  (e) Emitter activation using 

localised strain field, showing an AFM image of the flake over 

pillars. Reproduced from Ref. 99–101 

Upon excitation with a sub-bandgap source, emitters formed in hBN 

exhibit a sharp ZPL emission with a pronounced PSB doublet 

redshifted by approximately 160 meV from the ZPL (Inset Figure 

2.10). Characterised hBN emitters do not have a fixed ZPL such as 

SiV or NV, but instead emit across the spectrum, from UV to IR23,102–

104. Figure 2.11 below exhibit characteristic ZPL energies from hBN, 

from 532 nm CW excitation.  
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Figure 2.11. ZPL energies of characteristic hBN emitters. Inset 
illustrates the ZPL and PSB of the hBN emitter.  

Figure 2.11 exhibits characteristic ZPL energies from hBN, from 532 

nm CW excitation. Low energy phonon coupling from the crystal is 

the most likely cause of the asymmetry in the ZPL lineshape. There 

currently exists a surge in momentum surrounding the research into 

hBN emitters, despite the origins of the emitters still very much up to 

debate. Through first-principles and Direct Functional Theory (DFT) 

simulations performed, there have been theorised many potential 

atomic arrangements acting as the source for the hBN emission 

(Figure 2.12)105. 
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Figure 2.12. DFT calculations of potential defects responsible  for 

the quantum emission measured in hBN. The three most likely 

candidates as hypothesised from this ref. are the O BOBVN, CBVN , 

and NBVN. Reproduced from Ref.105  

In the first demonstration of an SPS from hBN, a defect complex 

comprised of a nitrogen vacancy adjacent to an anti-site nitrogen 

(NBVN) was hypothesised as the likely defect, based on DFT 

simulations accounting for the observable emission energies106. 

However, later studies following this will bring forth other potential 

defect arrangements such as the emitters in carbon-incorporated hBN 

having been reported as the potential defect in a study by Mendelson 

et. al107. These samples were grown through metal-organic chemical 

vapour deposition (CVD) and molecular beam epitaxy (MBE) in an 

attempt to understand the role of carbon in the defect emission, with 

results of DFT calculations and probing of numerous defect transitions 

suggesting that the emission originates from the negatively charged 

VBCN- defect. A new class of emitters involving negatively charged 

Boron Vacancies (VB-) have also been observed, showing defect 

emission and even spin-manipulation via ODMR measurements108,109. 

Additionally, coupling to the surrounding environment through 

processes such as host material strain can result in shifts of the ZPL 
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energies, subsequently resulting in the varying ZPL emission 

wavelengths23,110,111.  

 

Figure 2.13. Optical properties of quantum emitters from hBN. (a) 

Autocorrelation measurement showing quantum nature of the 

defect. (b) Fluorescence lifetime of the hBN defect.  

The quantum emission reported from defects in hBN, is the driving 

force behind the popularity of the material. Figure 2.13 (a) shows a 

second-order correlation measurement, used to probe the quantum 

nature of collected photoluminescence (PL). The measurement itself 

will be expanded upon in Chapter 3.2 and 3.3, however, in short, the 

histogram can be understood as the probability of detecting two 

photons simultaneously at both detectors, with an emissive source 

qualifying as a SPS so long as the minimum value of the histogram is 

below 0.5. The electronic structure of hBN emitters follow a three-

level energy system, consisting of a ground state, excited state, and 

metastable state40,112. These emitters undergo radiative relaxation 

from the excited state within a few nanoseconds, an example of which 

in Figure 2.13 (b) showing a time-resolved PL measurement indicating 

a lifetime of 7.4 ns. As a result of the short lifetime, emitters in hBN 

exhibit high saturated emission count-rates easily averaging over 1M 

counts, regarded as one of the brightest quantum emitters to date. Its 

emission showing also to be photostable at both ambient and high 

temperatures, with studies showing the single-photon emission from 
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room temperature up to 800 K113. Despite, a ZPL red-shift as 

temperature increases, the emission itself is photostable, void of PL 

fluctuations from maximum to zero (known as blinking).  

Generally, one can expect all hBN emitters to have two common 

properties, namely, high brightness, and fully-polarised emission 

regardless of emission energies. The latter of which has been revealed 

through measurements on the emitters, showing a single linear 

transition dipole moment, evident through measurements of collected 

PL as a function of linear polarisation angle (Figure 2.14)40,114. Due to 

the 2D nature of hBN, the defect dipole is expected to be aligned in-

plane with the rest of the crystal, subsequently resulting in the 

collection of fully-polarised emission. Below shows several plots of 

intensity as a function of linear polarisation angle, collected for both 

absorption and emission. 

 

Figure 2.14. Linear polarisation of hBN emitters. (a) Linear 

polarisation of a hBN single-emitter, showing matching absorption 

and emission polarisation. (b) Another hBN single -emitter, but 

however showing slight mismatch between absorption and emission 

polarisation. (c) Four examples of the variation between mismatch, 
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and dipole orientation and their effect on emitter polarisability. 

Reproduced from Ref.100 ,111 ,114  

When measured at an excitation energy close to the ZPL (ΔE < 200 

meV), the absorption and emission dipoles can be expected to align 

with each other, following the Huang-Rhys model where polarisation 

selection rules are identical for both processes. Contrarily, an 

excitation energy higher than that of the ZPL (ΔE > 200 meV) will 

result in indirect absorption through intermediate states, resulting in 

non-radiative transitions occurring, exchanging momentum with the 

lattice and resultantly changing absorption and emission dipoles. The 

linear transition dipole found in hBN single emitters is yet another 

intriguing property possessed by the defect and can be exploited to 

great effect during integration with other components. The details of 

this will be expanded in Chapter 6.2 
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Chapter 3  

Measuring single photons 

The measurement of photons at the single level requires specialised 

techniques to help combat the low signal collected as well as the 

competing background luminescence, which is unfortunately never 

truly expelled. As all solid-state quantum systems are nanoscale 

optical systems, a method by which to selectively probe and collect its 

emission is required to characterise their properties. This chapter 

introduces the concept of optical microscopy, as well as more 

specialised techniques for the measurement of single photons in labs 

world-wide—that is; Fourier plane imaging, and time-correlated/time-

tagged single photon counting.  

3.1. Optical Microscopy 

The optical microscope stands as the of the oldest designs of 

microscope, its origins founded by early lens makers and has been 

widely used across an expansive number of scientific disciplines 

dedicated to imaging small objects, since its inception in the 17th 

century. Within this section, a brief overview of the basic operations 

of optical microscopy are detailed, followed by introductions to 

additional imaging methods—confocal microscopy, and Fourier-plane 

imaging—invaluable techniques for the photoluminescence 

measurements of quantum sources. 

3.1.1. The microscope objective 

The microscope objective serves as the core component used in PL 

imaging of nanophotonic sources and is the first and most important 



 

 

40 |  

M e a s u r i n g  s i n g l e  p h o t o n s  

 

lens system within a microscopic setup. The objective is directly 

responsible for controlling the amount of light collected and quality of 

the image observed. Figure 3.1 shows a schematic of the basic working 

principle of an objective lens, helping to visualise how images are 

transformed within the objective to produce a final larger image.  

 

Figure 3.1. Simplified schematic diagram showing how light travels 

through an objective to produce a magnified image, with the 

assistance of a sasquatch.  

Two primary components typically constitute a microscope objective; 

the objective lens itself which collects light and allows the projection 

of an infinity-corrected collimated beam, and the tube lens system 

which forms the intermediate image to be transformed115,116. The 

operation of the objective microscope is defined by a number of key 

properties, which must be taken into consideration for specific 

applications; 

Numerical aperture 

The numerical aperture of an optical system is a measure of the 

amount of possible incoming light which can be accepted. It is defined 

as the product of the refractive index of the medium (𝑛 = 1 for air) 

through which the input signal (𝑛) is received and the sine of solid 

angle (𝜃), given by: 

 𝑁𝐴 = 𝑛𝑠𝑖𝑛𝜃 Eq 3.1 

     

 



 

 

41 |  

M e a s u r i n g  s i n g l e  p h o t o n s  

 

 

Figure 3.2. Schematic illustration of an objective showing the focal 

length f, and the solid-angle, θ.  

An increase in the solid angle, results in an increase in the amount of 

photons collected. Air objectives can have NAs ranging from 0.2 up to 

the maximum of approximately 0.95. Liquid and oil-immersion types 

can further increase this, reaching up to 1.4 NA115,116. 

Magnification 

Magnification (M) in an optical microscope is dependent on the focal 

length of the tube lens (ftube), and the focal length of the objective (fobj) 

and is given by the relation: 

 
𝑀 = 

𝑓𝑜𝑏𝑗

𝑓𝑡𝑢𝑏𝑒
 Eq 3.2 

     

While increasing the magnification of an objective lens will allow one 

to observe finer details from a sample, there reaches a threshold where 

features themselves will not resolve further as they become limited by 

the diffraction limit115,116.  

Resolution 

Resolution (R) is the ability of the microscope to resolve features and 

is defined as the shortest distance between two points of an image that 

can be distinguished by the optical system. Three separate 

mathematical concepts are considered in the context of resolution; 
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Abbe’s diffraction limit, the point spread function (PSF), and the 

Rayleigh Criterion. At an optimally focused point of light determined 

by a circular aperture in a perfectly aligned system, a diffraction 

consisting of Gaussian spot will form with concentric circles in 

surrounding. This is known as an ‘Airy disk’, defined mathematically 

by the PSF. In the case of two distinct features (i.e. two Airy disks), 

the Rayleigh Criterion would be met if the two Airy Disks do not 

overlap and are easily distinguishable. Resolution is also wavelength 

and NA dependent, with resolution increasing while imaging with 

shorter wavelengths and higher NA components, as stated with the 

Abbe’s theory on diffraction. Combing these properties, the resolution 

of an optical system can be calculated using the formula; 

 
𝑅 = 

0.61𝜆

𝑁𝐴
 Eq 3.3 

     

In this case, the value 0.61 is a constant based on derivations from 

Rayleigh’s work on Bessel functions115,116. 

3.1.2. Confocal Microscopy 

Resolution in PL imaging can be marginally increased via the 

technique of confocal microscopy, which operates on the principle of 

increasing contrast between the fluorescent features imaged and the 

unavoidable, surrounding background luminescence. Figure 3.3 shows 

a schematic of a typical confocal microscope, with several key 

components labelled. 
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Figure 3.3. Schematic diagram of a typical confocal microscope with 

the key components labelled.  

The pinhole is the key component constituting a confocal microscope, 

responsible for the reduction in fluorescence background and 

increasing image resolution. It does so by only allowing a small plane 

of focus to pass through to the photon detectors, while rejecting all 

other light rays focused at other planes. Optical fibres used to collect 

and direct emission towards the detectors may also serve as a confocal 

pinhole in some setups. Additionally all background light rays which 

do not pass through the pinhole are subsequently also rejected. 

Optimal background reduction and resolution is achieved through the 

correct choice of pinhole size, D, determined by the equation; 

 
𝐷 = 

𝜆𝑓

𝑟
 Eq 3.4 

     

where λ, f, and r are the excitation wavelength, focal length, and beam 

radius, respectively. To complete the confocal microscope, a scanning 

system used to raster an image is usually also implemented, of either 

sample-scanning or laser-scanning configurations117,118.  

3.1.3. Fourier plane imaging 

Fourier plane or back-focal plane (BFP) imaging is another imaging 

technique commonly used in the measurement of single molecules, 

which provides an alternative set of data that conventional PL image-

plane microscopy cannot produce. Imaging at the Fourier plane of an 

optical system reveals emission wavevector information, which is 
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useful when understanding light-matter interactions and how certain 

nanophotonic components can modify emission directionality.  

 

Figure 3.4. Schematic illustration of a Fourier transform using a 
lens system. An object illuminated by a collimated light source will 
undergo a Fourier transform as the image travels through a lens. 
The resultant intensity distribution will appear at the back -focal 
plane.  

Figure 3.4 shows a conceptual schematic of a Fourier transform using 

a lens. An object illuminated by a collimated wave will be projected 

onto the image plane 𝑓(𝑥, 𝑦) using a lens (L1). A second lens (L2) will 

then perform a Fourier transform of the image, at a plane which is 

transverse to the rear focal point of the system—the BFP. At this 

point, all propagated light waves entering the system will intersect 

and contain scalar field information of phase and amplitude, 

manifesting as an intensity distribution—directly related to the 

Fourier transform of the object plane, given as 

 
𝐸(𝑥, 𝑦 ∶ 𝑧) = ∬ 𝐸̂(𝑘𝑥, 𝑘𝑦; 𝑧)𝑒𝑖[𝑘𝑥𝑥+𝑘𝑦]𝑑𝑘𝑥𝑑𝑘𝑦

∞

−∞

 Eq 3.5

    

During the transform, each point on the object plane before the lens 

(𝑥, 𝑦) is mapped into its reciprocal (𝑘𝑥, 𝑘𝑦) in momentum space on the 

back focal plane116,119. From the distribution in k-space, one can 
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visualise the vectors of the light waves as they travel through space 

and the resultant far-field emission patterns produced from the source.  

Experimentally, the back-focal plane of an optical microscope setup 

differs from objective to objective, but is commonly positioned within 

the housing and is not accessible—typically requiring relay optics to 

‘transport’ the image to a suitable and more easily viewable point in 

the system. 4f lens arrangements are most common in performing this, 

however, other relay lens systems involving a single lens are also 

possible as shown below in Figure 3.5119.  

 

Figure 3.5. Examples of various setups used for back -focal plane 

imaging. From top to bottom; Betrand lens before image plane, 

Bertrand lens after image plane, Modified 4F relay, alternate relay 

configurations. Legends; TL: tube lens, IP: image plane, BFP: back -

focal plane, Obj: Objective. Reproduced from Ref.119 

Characterisation of single-defects using BFP 

BFP imaging proves an invaluable tool in the characterisation of 

single-defects and can reveal much about physical and electronic 

structure. Dipole arrangement, 3D orientation, and intensity can all 

be determined through the far-field emission pattern, although many 

factors influence the observed intensity distribution, including; 

objective solid angle, and refractive index of the medium through 

which it is measured. Figure 3.6. shows simulated examples of the 

varied aforementioned factors.   
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Figure 3.6. Simulated images of a single -defect in BFP, showing the 
effects of changing conditions. (a) and (b) highlight the changes in 
NA, while (c) and (d) show the change in refractive index as light 
travels through their respective mediums.  

In the case of single defects, the orientation of the dipole in 3D can be 

easily resolved considering its radiation pattern. Figure 3.7 (a) shows 

an emitter with a linear-transition dipole moment. It is expected to 

produce a taurus-like emission pattern orthogonal to its transition 

dipole.   

 

Figure 3.7. BFP from a single dipole. (a) Schematic illustration of 
a single-dipole emission pattern. The pink lobes represent the 
electron wavefunction, while the blue ring indicates its emission 
pattern. (b) Far-field intensity distribution as a function of 
azimuthal dipole angle. (c) Far-field intensity distribution as a 
function of radial dipole angle . 
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Figure 3.7 shows simulated far-field radiation patterns of a single-

dipole with varying radial (θ) and azimuthal (Φ) angles. The intensity 

distributions produced in BFP can be fitted to corresponding θ and Φ 

angles, allowing the determination of the dipole orientation in 3D—a 

technique used commonly in practice for the measurement of single 

dipoles as well as coupled systems37,75,76,79,81.  

3.2. Single-photon collection and analysis 

In addition to the techniques mentioned above, there exist specialised 

methods used when probing and characterising the quantum 

characteristics of light sources. From the theoretical foundations in 

Chapter 2, the experimental component will then be explained and 

discussed within this section.  

3.2.1. The Hanbury-Brown and Twiss interferometer

Originally created to measure the distance between celestial objects, 

the Hanbury-Brown and Twiss (HBT) interferometer has been 

adapted for correlative measurements and is a staple of all quantum 

PL measurements—one of the main measurements responsible for 

identifying and characterising quantum emission. Figure 3.8 shows a 

typical schematic of a HBT interferometer, commonly seen integrated 

into the collection pathway of a confocal setup.  

 

Figure 3.8. Basic schematic and working principle of a HBT 
interferometer. A 50:50 beam splitter sends the collected emission 
towards two APDs, where they are correlated as a function of time 
differences between detection at one end and the other. The 
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resultant histogram which follows can be fitted with the 

autocorrelation function, where quantum emission can then be 

determined. 

Modern day avalanche photodiodes (APDs) are capable of very high 

SNR and are sensitive enough to detect single photons, and are the 

primary detection device used in all single-photon counting 

measurements120. However, there is a minimum time interval that 

exists between consecutive counts in order for the detector to record 

the signals as two separate events—known as dead-time. Thus, the 

HBT interferometer collects the photon stream and sends it towards 

a 50:50 beam-splitter whereby it is split equally into two APDs. The 

inputs of the two APDs will initiate an electronic pulse to a correlator 

card which records the pulses in two separate channels, the ‘start’ and 

‘stop’ channels. The former will initiate a high-resolution timer, while 

the latter will stop said timing and from this, overcomes the dead-

time of a single detector33,121,122. The product is a histogram of times 

between start and stop signals from which, the g(2)(τ) autocorrelation 

function of the emission can be extracted, based on the concepts 

expanded upon in Chapter 2.2.2. 

3.2.2. Time-correlated single-photon counting 

The measurement of the temporal properties of single photons can be 

performed using time-correlated single-photon counting (TCSPC), or 

its most commonly referred ‘lifetime’ measurements. By utilising 

single-photon detectors and the ultra-fast electronics given by the 

correlator card, one is capable of measuring the arrival times of 

photons down towards picosecond time scales121. Lifetime 

measurements require the excitation of the quantum emitter with a 

pulsed excitation source, followed by measuring the arrival of the 

subsequently emitted photons relative to the initiation of the 

excitation pulse. Single-photon sources specifically require specific 

pulse settings—the total time of a single pulse must be less than the 
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average lifetime of the SPS, while the interval between pulses must be 

greater than that average lifetime. What results is a cumulative 

measurement of total arrival times, showing a distribution of events 

which can be fitted to various exponential functions, depending on the 

system measured. 

3.2.3. Time-tagged single-photon counting 

Time-tagged single-photon counting allows for the determination of 

quantum emission, through the implementation of the theory 

grounded from Chapter 2.2.2—now experimentally referred to as the 

g(2)(τ) autocorrelation function. Recounting the solutions for the 

second-order correlation measurement, a single-photon emitter can be 

determined with the expression g(2)(τ) = 1 −
1

𝑛
, describing the 

probability of detecting two photons at a specific delay time 𝜏. Based 

on this equation it is widely accepted that a single-photon source can 

be defined by the autocorrelation function at zero-delay time less than 

0.5 (g(2)(τ) < 0.5), with a perfect source without any background 

luminescence equaling zero. This manifests as a characteristic dip 

when fitting the g(2)(τ) autocorrelation function to the second-order 

correlation histogram. Quantum emitters radiating through a two-

level system will experience photon antibunching, however it is also 

possible to experience photon bunching at longer time scales, 

manifesting as values of g(2)(τ) > 1 at non-zero delay times at high 

pump powers33,123. An example of this is shown in Figure 3.9 (a), 

showing the g(2)(0) measurement of an NV- colour centre exhibiting 

photon bunching. 
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Figure 3.9. g(2)(τ) measurements on NV- colour centres. (a) Three 
separate autocorrelation measurements performed as a function of 
excitation power, showing bunching at higher powers. (b) Three -
level energy model, explaining how transitions to a longer -lived 
metastable state causes bunching mechanisms. Reproduced from 
Ref.124 

This can be explained by introducing a third, longer-lived energy level, 

often referred to as the metastable state. The basic schematic of a 

three-level energy diagram is shown in Figure 3.9 (b). Here, E1, E2, 

and E3 represent the ground, excited, and metastable states 

respectively, while the k-constants represent the transition rates 

between its corresponding labelled energy levels. The evolution of 

population dynamics is therefore given by125: 

 𝑑

𝑑𝑡
(

𝑛1

𝑛2

 𝑛3 
) = (

 𝑘12 𝑘21 0
𝑘12 −𝑘21 − 𝑘23 𝑘32

0 𝑘23 −𝑘32 
) ∙ (

𝑛1

𝑛2

 𝑛3

) Eq 3.6 

     

with the initial conditions 𝑛1 = 0, 𝑛2 = 𝑛3 = 0 at 𝑡 = 0, indicating 

that the photon has just been emitted and the system is thus prepared 

in its ground state. For systems of this nature, the spontaneous 

emission probability of a photon is proportional to 𝑛2(𝑡), which can 

be expressed in terms of the second-order autocorrelation function 

through normalisation of 𝑛2(𝑡) to 𝑛2(𝑡 → ∞). By disregarding the non-

radiative transitions from the metastable to ground state (𝑘31), the 
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autocorrelation function in a three-level system can then be expressed 

analytically as: 

 𝑔(2)(𝜏) = 1 + 𝑐2𝑒
−(

𝜏
𝜏2

)
+ 𝑐3𝑒

−(
𝜏

𝜏3
)
 Eq 3.7 

     

where the decay times and their coefficients are given by: 

 𝜏2,3 = 2 𝐴 ± √𝐴2 − 4𝐵⁄  Eq 3.8 

 
𝑐2 = 

(1 − 𝜏2𝑘23)

𝑘32(𝜏2 − 𝜏3)
 

Eq 3.9 

 

 𝑐3 = −1 − 𝑐2 Eq 3.10 

     

with 

 𝐴 = 𝑘12 + 𝑘21 + 𝑘32 + 𝑘23 Eq 3.11 

 𝐵 = 𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32 Eq 3.12 

     

Through these terms, the steady-state population of the excited state, 

level 2 is then expressed by 

 𝑄2(𝑡 → ∞) = 𝑘23𝑘12/𝐵 Eq 3.13 

     

indicating saturation behaviour as a function of the pump rate 𝑘12. 
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Part II 

Creation and Manipulation 

of Quantum Emitters 
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Chapter 4  

Quantum emitters in Gallium Nitride 

Single-photon emitters in GaN are gaining interest as attractive 

quantum systems due to well-established techniques for growth and 

nanofabrication of the host material, and remarkable chemical 

stability and optoelectronic properties as mentioned earlier in Chapter 

2. Here, two separate studies were undertaken to further understand 

the nature of the quantum emitters hosted in GaN. The former, to 

uncover the origins and nature of quantum emitters during their 

creation, and the latter as a study into its fundamental optical 

properties and their feasibility as sources for quantum applications. 

In Chapter 4.1., a systematic analysis of single-photon emitters across 

various samples produced under different growth conditions was 

performed. Explored, are the effects which intrinsic structural defects 

(dislocations and stacking faults), doping, and crystal orientation in 

GaN have on the formation of quantum emitters. The relationship 

between the position of the emitters and the location of threading 

dislocations is characterised via spectroscopy through PL 

measurements, atomic force microscopy (AFM), and 

cathodoluminescence (CL). It was found that quantum emitters do 

not correlate with stacking faults or dislocations; instead, they are 

more likely to originate from point defects or impurities whose density 

is modulated by the local extended defect density. 

Chapter 4.2. details the investigation into the photophysical properties 

of GaN with the demonstration of resonant excitation of its quantum 

emitters. The emitters are shown as stable under non-resonant 

excitation and exhibit nearly Fourier-transform-limited lines of ~250 
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MHz under coherent excitation, the narrowest reported to date for 

GaN. 

4.1. Effects of microstructure and growth on 

quantum emitters in gallium nitride 

4.1.1. Introduction 

As discussed earlier in Chapter 1, non-classical SPEs are one of the 

most fundamental components of quantum-based technologies—

quantum computation, simulations, metrology, and communications  

being examples of such. Having stable, scalable, emitters with 

favourable optical properties are necessities for these applications, and 

is thus the reason why GaN has attracted much attention as a 

potential candidate as mentioned in Chapter 2.3.2. GaN offers the 

unique opportunity—which is the focus of this study—to explore and 

understand the nature of the quantum emitters located within its 

crystalline matrix, while potentially allowing for the design of 

strategies for controlling and ultimately engineering their properties126. 

This aspect is key, as controlling the quality—e.g., the accurate 

positioning of the emitters, the indistinguishability of the generated 

photons, as well as the ability to efficiently extract them from the 

crystalline matrix—is one of the major challenges many of the 

identified solid-state SPEs are still facing due to the complexity of the 

mesoscopic environment of the host material.  

Growth of GaN on non-native (other than GaN) substrates also means 

that the large lattice as well as thermal expansion mismatch between 

the substrate and GaN can result in the formation of extended defects 

[e.g., threading dislocations (TDs)] and stacking faults, with the 

dominant defect depending on the growth orientation. In addition, 

foreign atoms can be readily introduced in the GaN matrix during 
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synthesis.127,128 Although GaN devices seem to be remarkably robust 

to extended defects compared to many other semiconductors, TDs do 

result in a deterioration of the optical and electronic performance 

observed in GaN devices58,72—e.g., through carrier scattering and 

nonradiative recombination processes.  

However, it is still unknown whether they play any role in the 

formation of quantum emitters. It has previously been hypothesised 

that the formation of GaN quantum emitters is associated with 

extended structural defects created during GaN epitaxy. To test this 

hypothesis and explore the nature of the quantum emitters, a 

systematic study of a number of GaN samples differing from one 

another in their density of TDs, the presence or absence of stacking 

faults, their doping, growth orientation, and geometry was performed. 

A detailed optical and spatial analysis of the quantum emitters found 

in each sample was provided. Following this, a detailed investigation 

into the spatial correlation between the emitters found by PL and the 

position of the TDs in the GaN lattice identified by CL and atomic-

force microscopy (AFM) was then performed. 

4.1.2. Growth of GaN samples 

Eight different GaN samples were analysed, labelled A–H, each one 

synthesised under specific growth conditions. The goal was to 

explore—and potentially tailor—the effects different parameters 

would have on the formation of quantum emitters in GaN. Each one 

of the eight samples was thus synthesised to control for a set of specific 

characteristics:  

 Density of dislocations  

 Doping of the matrix with extrinsic impurities expected to create deep-

level states  

 Growth substrate  
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 Orientation of the grown GaN material itself and hence the nature of 

the dominant extended defect  

The samples were grown using metal-organic vapour phase epitaxy 

(MOVPE) on two different substrates, sapphire and silicon129,130. The 

growth of crystalline material via metal-organic vapour phase epitaxy 

involves the reaction between two gaseous precursors, brought into a 

chamber with a non-reactive carrier gas. Surface reactions from the 

precursor species results in the incorporation of elements into a new 

epitaxial layer of crystalline material, while byproducts of the growth 

reaction are ejected back into space131. A schematic of the basic 

principle behind the growth is shown in Figure 4.1. 

 

Figure 4.1. Schematic illustration of the MOVPE process used to 
synthesise GaN.  

For GaN growth in these instances, trimethylgallium (TMGa) and 

ammonia (NH4) were the precursors used. Parameters such as 

pressure, III-V ratio, and reaction temperature were modified for each 

growth, with the intention to explore the effects of certain properties 

on the formation of emitters—the details of them are as follows. 
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Density of dislocations:  

Samples A, B, and C 

These samples are c-plane (0001) GaN, which were deliberately grown 

under different conditions to have a substantial difference in the 

density of TDs in the GaN epitaxial layer: Sample A to have a high 

dislocation density of ~5 × 109 cm−2 (HDD) and Sample B a low 

dislocation density of ∼3 × 108 cm−2 (LDD). An even lower density of 

TDs (∼3 × 107 cm−2 in this case) can be achieved using epitaxial lateral 

overgrowth (ELOG), Sample C. The intent for these samples is to 

establish whether the number and position of crystallographic 

extended defects correlate with the number and position of deep defect 

states in the material, which has been the object of thorough, yet non-

definitive, research132. It was noted that these samples are not 

expected to contain any significant density of extended stacking faults, 

although nm-scale stacking faults may occur when mixed dislocations 

dissociate. This comment is based on transmission electron microscopy 

studies of samples grown under similar conditions across a period of 

more than 10 years. Stacking faults are only typically seen in these c-

plane materials either very occasionally in the region immediately 

adjacent to the GaN/sapphire interface, or when the growth is 

disrupted by a regrowth interface or heterostructure133. Neither of the 

latter two points is relevant to these samples. 

Doping of the matrix via extrinsic impurities:  

Samples D and E 

These samples were grown with the intent to study the effects of 

extrinsic doping during growth, i.e., whether impurities—which in 

wide-bandgap materials can result in the formation of deep-level states 

in the bandgap—would create optically active colour centres within 

the GaN host matrix14,134. Samples D and E were synthesised to 

intentionally contain a high concentration of Carbon (C-doped) at 1.5 
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× 1019 cm−3 and Iron impurities (Fe-doped) at 1 × 1018 cm−3, 

respectively. 

Emitter formation with respect to the substrate:  

Sample F 

This sample was synthesised to investigate the formation of emitters 

in relation to the substrate on which the GaN structure was grown 

on. In this respect, GaN is a favourable choice as the wide availability 

of different methods of GaN growth allows for its synthesis on a 

variety of different substrates. Specifically, Sample F consists of n-

doped, c-plane GaN grown on silicon. This resulted in an estimated 

threading dislocation density of 2 × 109 cm–2. 

Orientation of grown GaN:  

Samples G and H 

Samples G and H were synthesised to explore the effect of crystal 

orientation on the potential creation of optically active defects. Sample 

G is nonpolar (11-20) GaN, while Sample H is semipolar (11-22) GaN. 

Heteroepitaxial nonpolar and semipolar GaN are known to contain 

large densities of partial dislocations and stacking faults but stacking 

faults may be considered the dominant extended defect. Sample G has 

an estimated TD density135 of 3 × 1010 cm−2 and a basal plane stacking 

fault density of 3 × 105 cm−1 , while Sample H has an estimated TD 

density135 of 4 × 109 cm−2 and a basal plane stacking fault density of 

2 × 105 cm−1. Hence, these samples can be used to probe if stacking 

faults are playing any role in the formation of SPEs in GaN. Moreover, 

the unintentional impurity incorporation rate in semipolar material is 

faster than in the nonpolar one so that the doping in the nonpolar and 

semipolar sample will also differ, with a much higher density of oxygen 

impurities in the semipolar sample136. 
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Figure 4.2. Schematic and topographical characterisation of all GaN 

samples investigated. [(a)–(h)] Schematics of c-plane HDD GaN (a), 

c-plane LDD GaN (b), c-plane ELOG GaN (c), C-doped GaN (d), 

Fe-doped GaN (e), n-doped GaN grown on silicon (f), nonpolar GaN 

(g), and semipolar GaN (h). [(a ′)–(h ′)] Topographical AFM scans 

for each corresponding sample. The threading dislocation density 

(TDD) is noted for each topographical scan.  Reproduced from 

Ref.126 

4.1.3. Optical Characterisation 

In order to probe quantum emission from SPEs in GaN at room 

temperature, PL measurements were performed on all of the eight 

samples. The samples were characterised in a lab-built confocal 

microscope (details can be found in the Appendix). Briefly, the 

specimens were excited with a 532 nm continuous wave laser through 

a 0.9 NA air objective. The emitted light was collected back through 

the same objective, spectrally filtered and sent either to a spectrometer 

or to two avalanche photodiodes (APDs) arranged in a Hanbury 

Brown and Twiss (HBT) interferometer configuration for single-
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photon detection. The PL spectroscopy measurements carried out on 

the eight samples are summarised in Figure 4.3. 

 

Figure 4.3. PL analysis of the emitters found in the GaN samples. 

[(a)–(h)] Representative PL spectra of various spots taken from 

each sample. Sample A, B, E, and H show distinct peaks associated 

with the PL of single emitters, while samples C, D, F, and G display 

a rather broad PL signal (the sharp peak in F is the Raman peak 

from the silicon substrate). [(a ′)–(h ′)] Corresponding 10 × 

10 µm2 confocal scans where the spectroscopy measurements were 

conducted. Specifically: HDD GaN [(a) and (a ′)], LDD GaN [(b) 

and (b ′)], ELOG GaN [(c) and (c ′)], C-doped GaN [(d) and (d ′)], 
Fe-doped GaN [(e) and (e ′)], GaN on Si [(f) and (f ′)], nonpolar GaN 

[(g) and (g ′)] and semipolar GaN [(h) and (h ′)]. All spectra were 

acquired upon excitation via a 532 nm CW laser. Reproduced from 

Ref.126 

All samples grown on sapphire substrates displayed an intense 

background PL emission peak at 695 nm—which is known to be due 

to chromium impurities in sapphire137. Samples A, B, E, and H showed 

strong PL emission at other wavelengths. Figures 4.3 (a), (b), (e), and 

(h) show the spectra collected from each sample—the analysed areas 
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are displayed in the corresponding confocal scans [Figures 4.3 (a′), 

(b′), (e′), and (h′)]. Note that due to the high background signal, the 

emitters could not be clearly identified in the PL confocal scan; 

spectroscopy measurements were thus relied on to isolate the 

individual emitters. Samples A (HDD) and B (LDD) showed a high 

density of emitters with zero phonon line (ZPL) wavelengths ranging 

from 570 nm to 750 nm. Sample E (Fe-doped) showed distinct PL 

emission peaks at ∼710 nm and ∼750 nm, but the density of emitters 

was qualitatively lower than that observed in Samples A and B. In 

samples C, D, F, and G no emitters but only broad PL emission 

[Figures 4.3 (c), (d), (f), and (g)] was observed [note: the sharp peak 

in Figures. 4.3 (f) is the Raman peak from the silicon substrate]. 

 

Figure 4.4. Optical analysis of emitters in GaN. [(a)–(d)] Depth-

resolved PL measurements of emitters in HDD (a), LDD (b), Fe -

doped (c), and (d) semipolar GaN. The yellow line indicates the 

boundary between the GaN surface and air. All depth scans were 

probed with 532 nm CW excitation . [(e) and (f)] Spectrum of 

representative emitters in LDD GaN chosen for autocorrelation 

measurements. The red box indicates the bandwidth of the collected 

signal after filters were used to eliminate background emission. [(g) 

and (h)] Corresponding second-order autocorrelation 

measurements g (2)(τ) of the emitters in (e) and (f) showing their 

quantum nature [i.e.,  g(2)(0) ≤ 0.5]. Spectroscopy and 

autocorrelation measurements were performed with 532  nm CW 

excitation. Reproduced from Ref.126 
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To gather more information about the origin of the PL signal from 

the various samples, a more detailed analysis was conducted. For the 

HDD Sample A, LDD Sample B, Fe-doped Sample E, and semipolar 

Sample H the depth along the z-axis (orthogonal to the surface) at 

which the emitters were located in the GaN crystal were measured. 

This was achieved by collecting consecutive spectra of each emitter at 

multiple z-positions by varying the sample-to-objective distance in the 

confocal microscope. The plots from reference emitters in LDD, HDD, 

Fe-doped, and semipolar samples are shown in Figures 4.4 (a)–(d). 

Interestingly, it was observed that the emission in the HDD, LDD, 

and Fe-doped samples did not originate from emitters at the surface 

of the GaN crystal but rather from centres located deeper in the 

material, ∼1–2 μm beneath the surface. Studied were also the photon 

statistics of the PL emission with a HBT interferometer to investigate 

the presence of single-photon sources. For the emitters in Sample A 

(HDD), values were measured for the second-order autocorrelation 

function g(2)(τ = 0) < 1 (not background-corrected), yet not < 0.5—

considered indicative of single-photon emission. This suggests that in 

this sample the centres are clustered groups of at least a few emitters 

per confocal spot area (linear size ~500 nm). Single-photon emitters 

were instead found in Sample B (LDD). Figures 4.4 (e) and 4.4 (f) 

show typical PL spectra from isolated emitters in the LDD GaN 

sample. As state above, the peak at 695 nm [Figure 4.4 (e)] originates 

from chromium impurities in the sapphire and has been excluded from 

the autocorrelation measurement by applying a filter in the collection 

path—the spectral window analysed is shaded in red in Figure 4.4 (e) 

and 4.4 (f). The relevant second-order autocorrelation measurements 

are displayed in Figure 4.4 (g) and 3 (h) which shows values for g(2)(0) 

of 0.38 and 0.42, respectively (values are not background-corrected)—

indicative of the quantum nature of the emitters. 
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4.1.4. Correlation between quantum emitter formation and 

material defectivity 

The comparison between the spatial positions of the quantum emitters 

and threading dislocations were then drawn. Whilst the HDD and 

LDD samples (Samples A and B, respectively) were grown under the 

same conditions, indicating the nature of the emitters is likely the 

same, it is worth noting that the two samples involved different early 

stages of the growth, which results in different impurity incorporation 

into the region adjacent to the GaN/sapphire interface. However, the 

depth of the emitters identified from the confocal PL measurements 

does not correspond to this near-interface region and at the relevant 

depth both samples have similarly low oxygen concentrations of 3 × 

1016 cm−3. The two samples mainly differ in the density of the TDs—

these being higher in the HDD sample than in the LDD one—which 

seems to correlate with the corresponding density of emitters—again 

higher in the HDD sample than in the LDD one. To quantify this 

precisely, the confocal scans (5 × 5 μm2 area) of the two samples were 

analysed and the total number of emitters were compared directly 

[Figures 4.5 (a′) and (b′)]. In the HDD Sample A, 53 spots were 

identified containing emitters vs the 17 of the LDD Sample B—the 

results of this comparison shown below in Figure 4.5.  
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Figure 4.5. Confocal PL maps showing the difference in emitter 
density between (a) HDD and (b) LDD GaN. Spatial positions of 
emitters are indicated with white circles.  

These amount to values for the planar density of emitters ≥ 2.1 × 108 

emitters/cm2 and ≥ 0.7 × 108 emitters/cm2 for samples A and B, 

respectively. Simultaneously, the dislocation densities estimated from 

the growth process for the HDD and LDD GaN samples were ∼5 × 

109 and ∼3 × 108 dislocations/cm2, respectively. Analysis of these 

results suggests that a higher density of TDs corresponds to a higher 

density of emitters, with the caveats that the overall density of 

emitters is significantly lower (∼4–25×) than that of the TDs, and that 

the TDs-to-emitters correlation is nontrivial—in the analysis a ∼17× 

increase in TDs between Sample B and A corresponds to only a ∼3× 

increase in emitter density. Note that for Sample A, due to the 

inability to identify single emitters clustered within the resolution 

limit of the confocal spot, the total number of emitters is 

underestimated—in fact, each bright spot in the confocal scan 

contains a few emitters, as indicated by the value of the second-order 

autocorrelation measurement: 0.5 < g(2)(0) < 1. Undoped LDD 

samples typically contain about 50% edge and 50% mixed TDs (of 

which 50% of the mixed dislocations are undissociated and 50% are 

dissociated). Given that there was no observable correlation between 

emitters and the presence of stacking faults (see Figure 4.6)138, it is 

unlikely that mixed type dissociated dislocations relate to emitters. 
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Hence, the density of emitters may correlate more closely with the 

density of mixed type undissociated dislocations. It was noted that for 

the ELOG sample, which shows no emitters, the dislocation density 

varies periodically in bands across the surface and might thus be 

expected to exhibit corresponding bands of emitters, but this effect is 

absent. Overall, the data suggests a link between dislocations and 

emitters—yet not a simple one-to-one correlation. It should be 

highlighted here that these data provide no evidence for the previously 

hypothesised link between emitters and stacking faults25 since there is 

no evidence for the presence of extended stacking faults in these 

samples and the samples with a significant stacking fault density show 

few or no emitters. On the other hand, no emitters were found in 

Sample F that was grown on silicon, despite a similar dislocation 

density to Sample B. This again suggests the relationship between the 

emitters and TD density is nontrivial and on a practical level suggests 

that sapphire may be the better substrate to use when trying to 

engineer emitters. 

4.1.5. Spatial correlation of emitters and threading 

dislocations 

To further analyse the relationship between dislocations and emitters, 

a multi-microscopy approach was employed to link the specific 

structural defects and optical signatures of those quantum emitters in 

GaN and carried out correlated characterisation of the GaN samples 

via CL and AFM and combined them with the photoluminescence PL 

data. The idea was to pinpoint the potential role of TDs on the 

formation of luminescent quantum emitters—i.e., establishing whether 

there is a direct spatial correlation between the positions of the 

emitters, characterised by PL, and the position of any TDs, measured 

by AFM and CL. Figure 4.6 summarises the result for Sample B 

(LDD), chosen for reference. In the figure, the same region is analysed 
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with the different techniques. Figure 4.6 (a) is an AFM scan of the 

area: crystallographic defects terminating at the surface (blue circles) 

are visible as pits with a diameter of < 10 nm. In this scan, mixed 

TDs are visible, but the smaller pits related to edge TDs are not 

resolved. Figure 4.6 (b) is the corresponding CL image: the dark spots 

arise due to nonradiative recombination at the dislocations’ sites139 

and relate to both mixed and edge TDs. Hence, where the CL image 

black spots and AFM blue dots both show a feature in Figure 4.6 (c), 

it is likely to be a mixed dislocation, whereas when the CL image 

shows a feature which is not present in the AFM one, it is likely to be 

an edge dislocation. The density of TDs measured via CL is ∼4 × 108 

cm−2 and is consistent with the value of ∼3 × 108 cm−2 estimated from 

the growth process. In Figure 4.6 (b), the overlaid red dots indicate 

the positions of the emitters measured separately in PL. Figure 4.6 (c) 

is an overlay of all these measurements and highlights a few interesting 

aspects. 

 

Figure 4.6. AFM, panchromatic CL, and PL measurements of LDD 
Sample B correlating the position of threading dislocations with the 
optical properties of GaN emitters. (a) AFM image of the 
characterised grid showing the positions (blue circles) of the 
dislocations as they terminate at the surface. Inset shows a 
magnified region in the grid specifically identifying a characteristic 
threading dislocation as imaged by AFM. (b) CL image of the s ame 
area. The (red dots) indicate the position of single photon emitters 
(SPEs) as characterised separately by confocal microscopy under 
532 nm CW laser excitation (confocal scan not shown). The TDs 
appear as (black spots) in the CL image. (c) Overlay of images (a) 
and (b) showing the correlation between surface features spatially 
characterised in AFM (blue dots) and CL (black spots), and 
emitters characterised in PL (red dots).  Reproduced from Ref. 126 

(a)

1 μm

(b) (c)

1 μm 1 μm
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There were observed to be no obvious correlation between the position 

of the emitters detected in PL [red dots in Figure 4.6 (c)] and the 

dislocations measured by AFM and CL [blue dots and black spots in 

Figure 4.6 (c), respectively]. Thus, the possibility that TDs result in 

discrete states in the bandgap which localise the electron-hole pair can 

be excluded. If they did, in Figure 4.6 (c), every blue dot (AFM) would 

align with a black spot (CL) and a red dot (PL). Hence, one must 

consider why the TD density might correlate with the emitter density, 

without a direct spatial correlation between the two. One possibility 

is that the subsurface TD structure is not reflected in the CL and 

AFM measurements; thus, transmission electron microscopy (TEM) 

was used to investigate the structure of the TDs at the depth from 

which the emitters have been identified to originate in the confocal 

PL studies (1–2 μm below the top surface).  

 

Figure 4.7. TEM analysis. Cross-sectional TEM images of Sample 

B (LDD), observed along the 11̅00 zone-axis and diffraction 

conditions 𝒈 = 112̅0 [(a) and (b)] and 𝒈 = 0002 [(c) and (d)]. Edge-

type dislocations are visible under 𝒈 = 112̅0 but not when 𝒈 = 0002. 

Inversely, screw-type dislocations are visible under 𝒈 = 0002 but not 

when 𝒈 = 112̅0—none could be seen in this image. Mixed -type 

dislocations can be seen under both conditions. Note that for all 

images, the GaN/sapphire interface is located very close to the 

bottom of the image and original GaN surface is located close to 

the top of the image. Reproduced from Ref.126  

Figure 4.7 shows the results of such TEM analysis for two different 

regions of the LDD sample, with Figure 4.7 (a) and (b) (𝒈 = 112̅0)  
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showing both edge and mixed dislocations, and Figure 4.7 (c) and (d) 

(g = 0002) showing only mixed dislocations (note that screw-type 

dislocations would be visible under g = 0002, if any). In all cases, the 

TDs run roughly vertically and are observed at a depth of 1–2 μm 

below the surface; very little bending is seen so that the CL and AFM 

images may be expected to be representative of the dislocation 

positions at this depth. At greater depths (3–5 μm below the surface, 

close to the GaN/sapphire interface) significant dislocation bending is 

observed, which relates to the 3D growth step used to reduce the 

dislocation density. However, the available data provide no evidence 

that these dislocations—which lie within the c-plane of GaN, and do 

not thread—contribute to the formation of quantum emitters. 

4.1.6. Potential mechanisms behind emitter formation 

As noted above, whilst the most obvious difference between the LDD 

and HDD GaN is the dislocation density, the 3D growth mode used 

to generate LDD GaN does result in unintentional incorporation of 

oxygen in the near interface region. Whilst the average thickness of 

this unintentionally doped layer is only about 1 μm, this unintentional 

doping might extend further into the film, in places. For the HDD 

GaN, where no 3D growth step is used, the unintentional doping 

throughout the film is low. For the ELOG sample, inclined facets 

which encourage the incorporation of unintentional dopants can 

persist for several microns, resulting in a layer of unintentionally n-

doped material of significant thickness. Hence, samples with a higher 

incorporation of unintentional dopants, i.e., samples with a higher 

density of shallow donors, tend to have a lower density of point defects 

that can potentially act as quantum emitters. (The one exception to 

this is the semipolar sample, in which some emitters are seen despite 

a high density of unintentional doping. However, this sample is 

altogether atypical since the emitters are observed at the surface in 
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this case—while the subsurface for all the other samples—and these 

emitters may thus have a distinctly different origin). 

Given the lack of correlation between the actual dislocation position 

and the emitters, but the fact that there is a correlation between the 

emitters and the dislocation density, one must then consider whether 

extrinsic impurities or point defects might be the source of the 

emission and then ask how the density of such impurities away from 

the dislocations might be affected by the dislocation density. The 

following considerations hint at a potential interpretation. Local 

variations in dislocation density affect the strain state of the film, 

altering bulk and/or surface diffusion coefficients. Changes to the bulk 

diffusion coefficient could affect the diffusion of impurities from the 

sapphire into the GaN film, whilst changes to the surface or bulk 

diffusion coefficients may affect independently the density of non-

impurity point defects. Processes occurring at surfaces will also be 

affected by changes to the surface morphology and it was noted that 

HDD GaN films are rougher, with more distorted step edges than LDD 

or ELOG films, potentially providing more sticking sites for impurity 

atoms and hence altering the incorporation rate of sparse impurities 

from the gas phase. (The low density of emitters indicates that such 

impurities must exist at such a low concentration that they could not 

be detected by secondary ion mass spectrometry or other typical 

compositional analysis techniques). Additionally, it was remarked that 

the structure of the emitters formed by the extrinsic defects could be 

complex—e.g., involving atoms and vacancies—and such that the 

point defects could annihilate and/or not be optically active at the 

boundary regions formed by dislocations or the surface. All these 

considerations are consistent with the observation that the emitters 

seem to form separately from the dislocations and away from the 

surface. 
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4.1.7. Conclusions 

To summarise, a systematic study was carried out on a number of 

GaN samples with different characteristics tailored through different 

synthesis conditions. The goal was to study the effect of certain 

specific parameters—density of the dislocations, doping with foreign 

atoms, structure, and orientation of the grown GaN material—on the 

formation of single quantum emitters. No correlation was found 

between stacking faults and emitters; instead, what was found was a 

rough— although not one-to-one—correlation between the number of 

emitters and the density of dislocations. However, the emitter 

locations and the dislocation sites are spatially distinct. Hence, it was 

suggested that emitters relate to an as-yet-unidentified impurity or 

point defect in GaN whose density is affected by the extended defect 

density. Future engineering of single photon sources based on GaN 

will thus require engineering of both the impurity and extended defect 

density of these materials. Nevertheless, the application of expensive 

bulk substrates, which tend to have low extended defect densities and 

a high density of unintentional n-dopants is likely to be unnecessary. 

Instead, efforts to engineer these devices can focus on widely available 

GaN epitaxial layers on sapphire. This study contributes to the 

growing knowledge base behind the origins of these emitters and sets 

forward additional studies. 
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4.2. Resonant excitation of quantum emitters 

in gallium nitride 

4.2.1. Introduction 

Advanced quantum nanophotonics technologies rely on the ability to 

resonantly excite quantum emitters to achieve Fourier transform 

(FT)-limited linewidths4,16,21. Despite progress in room temperature 

characterisation of defects in GaN, coherent (or resonant) excitation 

properties of the emitters in GaN have not been reported to date. 

Coherent excitation provides essential information about the emission 

linewidths and photophysical properties of the emitters. It is the most 

crucial step toward the generation of indistinguishable photons, 

entanglement, and realisation of coherent control of the emitters’ 

quantum states. Here the optical properties of quantum emitters in 

GaN were studied at cryogenic temperatures under both coherent and 

incoherent excitation. The emissions have a full width at half-

maximum (FWHM) of ~1.08 THz (~2 nm) under non-resonant 

excitation and exhibit stable emission. Resonant excitation yields 

nearly FT-limited lines with a FWHM of ~250 MHz. 

4.2.2. Cryogenic optical characterisation of the GaN emitter 

During experiments, a 4.2 μm thick low-defect-density layer of hetero-

epitaxial GaN grown with no intentional doping by MOVPE on a c-

plane sapphire substrate was used, synthesised using the same 

methods explained in Chapter 4.1. Here, the focus of characterisation 

was on the emitters in the visible spectral range. The experimental 

optical setup was similar to that shown in Chapter 4.1., with the 

exception of a different excitation source being a 707 nm titanium 

sapphire (Ti:SAP) laser, and a cryogenic chamber used to house the 

sample for low-temperature measurements. In the detection path, the 
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laser was rejected with a 715 nm long-pass filter and emissions in the 

spectral range of 720–900 nm was collected. All measurements during 

this work were performed at 10K. 

 

Figure 4.8. PL of emitters under non-resonant excitation. (a) A 

high-resolution spectrum of an emitter excited using a 300  μW, 707 

nm laser. The inset shows the structure of the GaN sample: 4.2 μm 

of c-plane GaN grown on a sapphire substrate. (b) Successive PL 

spectra of the same emitter collected every second, demonstrating 

stable emission with negligible spectral diffusion.  Reproduced from 

Ref.106 

A high-resolution PL spectrum of an emitter in GaN is shown in 

Figure 4.8 (a). It exhibits a sharp zero phonon line (ZPL) at 746 nm 

with a FWHM of 2 nm. To check the emitter’s stability under the 

same excitation conditions, successive PL spectra were measured over 

90 s using a 1 s acquisition time. As shown in Figure 4.8 (b), spectral 

diffusion is very subtle, and the PL is stable within the time resolution 

of the measurement. This is highly advantageous for scalable 

applications of quantum emitters, where photostability is considered 

a prime factor for practical devices. 

4.2.3. Resonant excitation of GaN emitters 

Next, the coherent excitation of the emitter was performed to gain 

insights into the natural linewidth and broadening mechanisms of the 
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ZPL. Resonant photoluminescence excitation (PLE) is an optical 

scanning technique which involves the excitation of a luminescent 

defect with a sweeping range of excitation wavelengths and measuring 

the resultant PL. The PL itself is only produced from above-bandgap 

excitation, and thus can give insights of its optical mechanisms 

through its absorption.  

 

Figure 4.9. PL under coherent excitation. (a) Resonant PL 

excitation measurement of the emitter in Figure 4.8. The 

experimental data have been fitted with Gaussian (orange) and 

Lorentzian (violet) functions with FWHMs of 310 and 219 MHz, 

respectively. (b) PL emission of the emitter under fixed coherent 

excitation. The dashed line is the threshold used for calculating the 

on–off ratio of 0.13. Reproduced from  Ref.106 
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The average lifetime of emitters in GaN has been reported to be 2.5 

ns21, yielding an FT-limited linewidth of ∼65 MHz. For this particular 

emitter, a measured  lifetime of ∼1.1 ns was recorded, which 

corresponds to ∼150 MHz. The same continuous-wave Ti:SAP laser 

(50 kHz linewidth; MSquared) was swept over 5 GHz using a step size 

of 20 MHz to coherently excite the emitter shown in Figure 4.8. The 

excitation laser was filtered with a 750 nm long-pass filter and the PL 

emission in the phonon sideband was collected. A resonant excitation 

spectrum recorded at 5 μW is shown in Figure 4.9 (a). Experimental 

data (red dots) were fitted with both Lorentzian (violet) and Gaussian 

(orange) functions with linewidths of 219 and 310 MHz, respectively. 

The Gaussian function yields the better fit, with χ2 of 230, versus 305 

for the Lorentzian fit. This indicates that broadening of the ZPL is 

likely caused by spectral diffusion rather than homogeneous 

broadening mechanisms such as interaction with lattice phonons140. 

Note that the room temperature spectrum is broadened due to 

thermally activated phonons. 

The effect of spectral diffusion on emission under coherent excitation 

is shown in Figure 4.9 (b). For this measurement, the laser was tuned 

to the optical transition energy of the emitter, and the PL was 

acquired for 10 min. Note that in Figure 4.9 (b), the PL intensity trace 

is shown for 5 min to clearly illustrate the intermittency of the 

emission. The spectral diffusion was quantified by analysing the time-

resolved PL intensity under resonant excitation. The blue dashed line 

shows the threshold of 400 counts/s used to define on and off times 

under resonant excitation. Over 10 min, the emitter was excited 

coherently for ∼80 s (τon), and the rest of the time the emitter was off 

resonance due to spectral diffusion. The τon∕τoff ratio of 0.13 shows that 

the emitter is on resonance 13% of the time. Note that there was no 

observable power dependence of the spectral diffusion, with blinking 

dynamics recorded using a much lower excitation power of ∼500 nW. 
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The spectral diffusion may occur due to charge fluctuations induced 

by the laser field, and can be mitigated dynamically using Stark shift 

tuning141. However, even under these conditions, given the high 

brightness and the high Debye–Waller factor of these emitters, one 

would expect more than 1 × 105 photons/s on resonance from the ZPL, 

which is suitable for practical devices. 

4.2.4. Conclusions 

In conclusion, GaN single-emitters were excited coherently and shown 

its potential as novel quantum systems. Near FT-limited linewidths of 

~250 MHz were observed, and spectral diffusion was quantified. The 

results show its susceptibility to manipulation and pave the way for 

integrated quantum photonic circuitry based on GaN and provide 

important information on emerging quantum emitters in this material. 
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Chapter 5  

Quantum emitters in diamond colour 

centres 

Colour centres in diamond—especially group IV defects—have been 

advanced as a viable solid-state platform for quantum photonics and 

information technologies. In this chapter, the photodynamics and 

characteristics of germanium-vacancy (GeV) colour centres hosted in 

high-pressure high-temperature (HPHT) diamond nanocrystals are 

investigated. Through BFP imaging, the far-field radiation pattern of 

the investigated emitters are analysed and a cross-dipole emission 

strongly aligned along one axis, derived. This information in 

combination with lifetime measurements, allowed for the extraction of 

the decay rate statistics of the GeV emitters and their quantum 

efficiency, estimated to be ~(22 ± 2)%. Understanding the quantum 

efficiency of a quantum source is a crucial figure of merit which 

determines its responsivity as an on-demand source of single photons.  

In this particular study, the results offer further insight into the 

photodynamic properties of the GeV centre and confirm its suitability 

as a desirable system for quantum technologies.   
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5.1. Photodynamics and quantum efficiency 

of germanium vacancy colour centres in 

diamond 

5.1.1. Introduction 

Discussed in Chapter 2, was the suitability of diamond colour centres, 

specifically group IV colour centres, as hardware for many solid-state-

based quantum applications—including quantum networks, QIP, and 

sensing. Their structural, and resultantly optical characteristics, are 

responsible for the intrigue into their integration, again as discussed 

earlier in Chapter 2—that is, split-vacancy configuration and thus 

electric-field strain insensitivity.  

In this work, the characterisation of GeV centre photodynamics hosted 

in high-pressure high-temperature (HPHT) NDs both in ensemble and 

single-emitter measurements were carried out. Performed, were PL 

and lifetime spectroscopy analyses and Fourier-plane imaging to 

determine the far-field radiation pattern of the emitters. These 

techniques were then combined to produce an approximated estimate 

of the quantum efficiency (QE) of an ensemble of GeV emitters. This 

was achieved by mapping the emitters’ radiative component (𝑘𝑟) of 

their total decay rate (𝑘𝑟 + 𝑘𝑛𝑟) onto changes in the emitters’ PL 

lifetime as their surrounding dielectric environment is controlled142,143.  

5.1.2. Materials and Methods   

The NDs containing GeV centres were fabricated via HPHT at the 

Institute for High Pressure Physics, Russian Academy of Sciences, 

Moscow87. The process involved the use of naphthalene (C10H8) mixed 

with germanium, under 8 to 9 GPa of pressure and at temperatures 
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> 1600 K, and resulted in high-quality ND crystals (size ~60 nm), 

containing Ge-related colour centres, including germanium-vacancy 

(GeV) centres.  

For characterisation, NDs were dispersed on a transparent glass 

coverslip (22 mm × 22 mm, thickness 0.13 to 0.16 mm; Ted Pella), 

which had been laser scribed with a 5 × 5 unit grid consisting of 50 

μm × 50 μm squares to facilitate the identification and localisation of 

target emitters. Optical characterisation was performed using a lab-

built confocal microscope, with confocality achieved via a 4f lens 

system and a pinhole (50 μm) positioned within the collection path. 

Excitation of the emitters and collection of their PL signal was carried 

out with a 1.4 NA oil-immersion objective. Spectroscopy, lifetime, and 

second-order autocorrelation measurements were carried out with a 

spectrometer and two avalanche photodiodes (Acton SpectraPro, 

equipped with a PIXIS 256 camera; Princeton Instruments) and two 

avalanche photo diodes (Count T; Laser components) connected to a 

correlator (TimeTagger 20; Swabian). A 532 nm CW laser (SPL-532, 

Shanghai Dream Lasers Technology) was used as the primary 

excitation source for all optical experiments, and a 512 nm pulsed laser 

(PiL051-FS, Advanced Laser Diode Systems GmbH) employed for the 

lifetime measurements. Samples were probed in CW at an intensity 

measured at the back aperture of the objective of 500 μW while pulsed 

excitation was performed under an average power of 20 μW, with a 

repetition rate of 20 MHz. Fourier plane imaging was performed 

through an additional optical pathway utilising a 4f lens configuration 

and 0.5× magnification at the electron-multiplying CCD (EMCCD) 

camera (Oxford Instruments iXon Ultra 888). The size of the 

individual diamond nanoparticles was determined via AFM.  
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To fit the BFP images, first an analytical calculation was performed 

on the sum of two BFP intensity distributions originating from crossed 

linear dipoles positioned above a glass cover slide using the equations 

from Ref. 86. The residues to the experimental data were minimised 

using the sequential least-squares programming algorithm with four 

free parameters: the in-plane angle (𝛷) and out-of-plane (𝜃) of one 

dipole, the rotation angle of the perpendicularly oriented dipole, and 

the relative amplitude of the two dipoles.  

5.1.3. Optical characterisation of GeV colour centres 

Characterisation was performed on NDs containing either ensembles 

or single GeV centres. Figure 5.1 (a) is the AFM image of the 

investigated NDs, which are (65.0 ± 4.4) nm in diameter, and Figure 

5.1 (b) shows their PL spectrum [in this case from nanodiamond 3, as 

labeled in Figure 5.1 (a)]. The sharp peak at ~602 nm corresponds to 

the ZPL emission wavelength of the GeV centre. The inset Figure 5.1 

(b) displays the second-order autocorrelation measurement, g(2)(τ), 

which was used to identify single emitters, g(2)(0) < 0.5. For this 

particular emitter, the g(2)(0) value was measured to be (0.37 ± 0.02), 

evaluated with a timing jitter of 500 ps.  
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Figure 5.1. Characterisation of nanodiamonds containing single 
GeV defects. (a) AFM scans of three separate nanodiamonds, 
identified by white circles. The correspondingly numbered plots to 
the right show line scans from AFM, confirming their average 
height of approx. 65 nm. (b) Characteristic optical spectra of a 
single GeV defect found in nanodiamond 3 as shown in (a). Inset 
shows its g(2)(τ) autocorrelation function, showing g(2)(τ) = 0.37—
indicating single-photon emission. Reproduced from Ref.37  

Analysis was then performed on the emission properties of the 

fluorescent NDs hosting single GeV emitters. The photoemission from 

individual centres is stable and reaches saturation intensities of ~105 

to 106 counts/s. The single emitter in Figure 5.1 (b) is representative 
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of the surveyed emitters. It displays a saturation intensity 𝐼∞ = 7.14 ×

105 counts/s—determined as 𝐼∞ = (𝐼∞𝑃) (𝑃𝑆𝑎𝑡 + 𝑃)⁄  with 𝑃𝑆𝑎𝑡 being 

the excitation power at saturation. 

 

Figure 5.2. Summary of the optical properties of characteristic NDs 

containing GeV centres. (a) Kinetic spectra measurement of a single 

GeV emitter, showing photostable emission at 604 nm (FWHM ~ 

4.27 nm) for 500 s at 10-s integration time intervals. (b) Saturation 

measurement of the emitter. The extracted saturation intensity is 

𝐼∞ = 7.14 × 105counts/s. Histograms of the (c) emitter lifetime, (d) 

emitter ZPL position, and (e) FWHMs of the fitted ZPLs. The 

dotted lines represent the average values of their respective 

dataset. Each histogram represents a sample size of 18 individual 

emitters. Reproduced from Ref.37 

Figure 5.2 (c) summarises the distribution of lifetimes measured for 

18 individual NDs containing GeV centres; Figures 5.2 (d) and (e) 

show the distribution of their ZPL emission wavelength and full width 

at half maximum (FWHM). The measured lifetimes varies 

substantially among centres spanning over the range ~6 to 25 ns 

[Figure 5.2 (c)], with an average value of (13.8 ± 2.3) ns and consistent 

with previous reports144. The lifetime of the GeV defect in bulk 

diamond has been measured to be ~1.4 to 5.5 ns18,91. Considerably 

long lifetimes in NDs are expected for some colour centres, e.g. the 

NV centre145. The NV possesses a non-inversion symmetry and thus 

fluctuating electromagnetic fields (e.g., due to traps on the diamond 
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surface) may influence its lifetime significantly. On the other hand, 

the SiV defect in NDs exhibits very similar values of measured lifetime 

(~1 to 2 ns), even in NDs just a few nm in size. The fact that the GeV 

centre shows more variability in lifetime values than the SiV—despite 

sharing the same crystallographic symmetry—has been suggested to 

derive from its higher QE. A higher QE would make the GeV more 

sensitive to changes in the local photon density of states, resulting in 

the lifetime varying more widely from ND to ND.  

5.1.4. Back-focal plane imaging of single GeV centres 

A detailed analysis of the radiation pattern of GeV emitters was 

performed, with a Fourier imaging setup shown below in Figure 5.3. 

Specifically, a 4f optical relay system to image the BFP of the 

objective onto an EMCCD camera. 

 

Figure 5.3. Schematic diagrams for BFP imaging. (a) Schematic of 

optical pathway within the confocal microscope responsible for BFP 

imaging. (b) Schematic illustration showing the 4 f setup used and 

the lengths between each f . 
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The corresponding light intensity distribution is representative of the 

far-field radiation pattern of the emitter and can thus be used to map 

the in-plane angle (𝛷) and the out-of-plane angle (𝜃) of the emitting 

dipoles in the sample plane. For each GeV colour centre, a crossed-

dipole far-field radiation pattern is expected, where the dipole moment 

aligned along the symmetry axis of the defect is dominating86. This, 

however, has never been shown experimentally thus far. Figure 5.4 

shows the experimental [Figure 5.4 (a)] and calculated [Figure 5.4 (b)] 

BFP radiation pattern for three typical NDs containing each a single 

GeV centre. The theoretical fit to the experimental BFP images 

highlights that the intensity distributions are consistent with the 

expected crossed-dipole emission, dominated by a single dipole 

moment. The calculated, best-fit-to-the-data values for the angles 𝛷 

and 𝜃 of the crossed dipoles embedded in the NDs are randomly 

distributed with respect to the glass surface, it is expected that both 

𝛷 and 𝜃 will vary from crystal to crystal. Note that before each 

measurement, the single photon nature of the GeV centre was 

confirmed using second-order autocorrelation measurements. 

 

Figure 5.4. BFP analysis of three individual GeV single -photon 

emitters. (a) BFP images measured experimentally for each 
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individual emitter. (b) Corresponding simulated 2 -D dipole fits. 

The fitted in-plane (𝛷) and out-of-plane (𝜃) angles of the crossed 

dipole (subscripts 1 and 2) for each GeV centre are indicated 

explicitly. Reproduced from Ref.37 

5.1.5. Calculation of quantum efficiency 

Theoretically, quantum efficiency can be calculated through a set of 

equations which describe the total radiated power from a dipole 

emitting in front of a plane interface. The total radiated power 𝑃 

radiated by the dipole is defined as the time-average of the normal 

component of the energy flow density through a surface enclosing the 

source and can be given as 𝑃(𝑧0) 𝑃∞⁄ , where 𝑃(𝑧0) and 𝑃 is the total 

radiated power within the first medium and second medium, 

respectively. The expression for the total radiated power can be 

broken into two separate components; 

 [𝑃(𝑧0) 𝑃∞⁄ ]⊥ = 1 ± 3
𝑛 − 1

𝑛 + 1
[(𝑧0̅)−3𝑠𝑖𝑛𝑧0̅ Eq 5.1 

   −(𝑧0̅)−2𝑐𝑜𝑠𝑧0̅  

 [𝑃(𝑧0) 𝑃∞⁄ ]∥ = 
1

2
{1 + [𝐿(𝑧0) 𝐿∞⁄ ]⊥}  

   ∓3
𝑛 − 1

𝑛 + 1
[(𝑧0̅)−3𝑠𝑖𝑛𝑧0̅ Eq 5.2 

     

Where the ⊥ and ∥ symbols represent the emission perpendicular and 

parallel to the interface, respectively, 𝑧0 denotes the distance from the 

interface for which 𝑧0̅ = 4𝜋𝑧0 𝜆1⁄  for power radiated by dipoles close 

to the surface (𝑧0 ≪ 1). The upper and lower signs are valid for the 

electric and magnetic dipoles, respectively. From Equations 5.1 and 

5.2, the total radiated power can then be expressed by 

 [𝑃(𝑧0) 𝑃∞⁄ ] = cos2𝜃 [𝑃(𝑧0) 𝑃∞⁄ ]⊥  

   + sin2𝜃 [𝑃(𝑧0) 𝑃∞⁄ ]∥ Eq 5.3 

     

The total flux radiated can then be expressed in terms of spontaneous 

emission rates, and is thus given by 
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 [𝜏(𝑧0) 𝜏∞⁄ ] = [𝑃(𝑧0) 𝑃∞⁄ ]−1 Eq 5.4 

     

where 𝜏 is the lifetime of the emitting dipole.  

5.1.6. Quantum efficiency of GeV colour centres 

From the information taken from BFP imaging, the QE of the GeV 

centres were then calculated. On average, the GeV centre is brighter 

than the SiV, as was reported by numerous groups85,91,92. However, 

the value of the QE was never determined experimentally. The 

method to determine the QE relies on modifying, in a controlled 

manner, the electromagnetic interaction between the emitters and the 

surrounding dielectric environment. In general, the total decay rate 

(𝜏) of an emitter is given by the sum of its radiative (𝑘𝑟) and 

nonradiative (𝑘𝑛𝑟) components, with the ratio 𝑘𝑟 𝑘⁄  determining the 

emitter’s QE. Of these decay rates, only the radiative one (𝑘𝑟) 

depends on the local density of states (LDOS). Therefore the design 

of the experiment can be done such that the LDOS can be 

deterministically altered and the value of 𝑘𝑟 can be extracted from 

the corresponding change in excited state lifetime, 𝜏 = 1/𝑘. 

Specifically, for an emitter in an unbounded dielectric medium of 

refractive index 𝑛, the transition probability 𝑘𝑟 is governed by Fermi’s 

golden rule 𝑘𝑟 ∝ 𝑛𝑘𝑟
0, where 𝑘𝑟

0 is the decay rate in vacuum—so long 

as the emitter is at a distance 𝑑 > 𝜆 from any dielectric medium of 

refractive index n, the transition probability 𝑘𝑟 can be determined 

from (and strongly depends on) the distance 𝑑, the dipole orientation 

(polar angle 𝜃 with respect to the normal to the interface), and the 

refractive indexes at the interface. Conversely, the nonradiative decay 

rate 𝑘𝑛𝑟 is assumed constant, regardless of d. This means that the PL 

lifetimes measured for the same emitter located close to (𝑑 < 𝜆) or far 

from (𝑑 ≫ 𝜆) a dielectric interface should vary due solely to a 
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difference in the rate 𝑘𝑟. This ultimately allows for the determination 

of 𝑘𝑟, 𝑘𝑛𝑟, and the emitter QE from simple lifetime measurements.  

 

Figure 5.5. Schematic illustration of the sample and setup 

arrangement for the measurement of QE: in the first step of the 

experiment (cf. text in Chapter 5.1.2.) the NDs lie on a transparent 

coverslip in air; in the second step of the experiment they are 

covered with a 1.5-μm thick layer of PMMA acting as an unbound 

dielectric medium. Reproduced from Ref.37 

Figure 5.5 shows the schematic arrangement of the performed QE 

measurement. For the first step of the experiment, a suspension of 

NDs (average size s = 65 nm) in ethanol-water solution. The 

suspension was dispersed on a marked glass coverslip and the lifetime 

of the GeV(s) in individual NDs were then measured. Figure 5.6 (a) 

shows the characterisation of one such ND containing an ensemble of 

GeV: the initial measured excited state lifetime is 𝜏1 = 𝑘1
−1 =

(8.3 ± 0.4) ns (purple trace). 
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Figure 5.6. Measured QE of GeV ensembles. Top: Filtered 
spontaneous emission lifetime measurements before (purple trace) 
and after (orange trace) deposition of ~1.5  μm of PMMA. Bottom: 
Simulated values for the ratio between radiative rates as a function 
of PMMA thickness for parallel (orange trace) and perpendicular 
(purple trace) dipole orientations. Inset figure shows the simulated 
values for the range 0 to 200 nm. Reproduced from Ref.37 

For the second step of the experiment, a thick (~1.5 μm) layer of 

polymethyl methacrylate (PMMA) was used as a dielectric material 

to surround the NDs. Since the glass and the PMMA have a similar 

refractive index (npmma = 1.49 and nglass = 1.52), after the PMMA 

deposition, the NDs can be considered embedded in a homogenous 

medium with a refractive index n ~ 1.5 μm. The PMMA on top serves 

the purpose of ‘removing’ the glass-air interface, such that the NDs 

are effectively considered embedded in an unbounded medium with 

refractive index, n = 1.5 μm. The lifetime measurements were repeated 

on the same NDs surveyed in the first step, which were identified by 
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means of the reference laser-scribed grid on the glass substrate. 

Following the PMMA deposition, the measured excited state lifetime 

is 𝜏1 = (8.3 ± 0.4) ns as measured at the previous step due to the 

change in the average radiative decay rate of the emitters. Defined, 

was the quantity 𝛽 = 𝑘2
−1 𝑘1

−1 = 𝜏2 𝜏1 = (0.85 ± 0.06)⁄⁄  ns as the ratio 

between the overall decay rates after and before the PMMA 

deposition. It was noted that the measurement of the lifetime was 

carried out on an ensemble rather than on a single GeV centre.  

Unfortunately, this hypothesis could not be directly tested, 

considering the following points affecting the outcome of the 

measurement; 

(i) Diamond colour centres are not stable within ~2 nm from 

the surface146 

(ii) Only colour centres ~2.5 nm from the surface might be 

subject to modifications occurring at the interface147 

(iii) Assuming a uniform distribution of GeV centres in a 

nanodiamond that, in this case, has an average radius of 

32.5 nm, geometrical considerations would determine that 

only ~4% of the colour centres in a nanoparticle might be 

affected by any physicochemical change occurring locally 

at the ND-PMMA interface 

(iv) Only ~25% would be subject to interaction with the 

surface. It follows that about ~1% of the colour centres in 

the ensemble in each ND would experience an actual 

change in their nonradiative decay rate 𝑘𝑛𝑟 (and hence 

measured lifetime). Even ignoring the 4% error after (i)-

(iii) is within the resolution of the lifetime measurement 

(~5%) 
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Nevertheless, the QE of the GeV colour centre was then calculated 

using JCMwave (a full vectorial maxwell solver) to calculate the ratio 

𝛼 = 𝑘𝑟1 𝑘𝑟2⁄ . This solver allows for the calculation of the power P 

radiated by a dipole, which is proportional to the radiative decay rate: 

𝑘𝑟 ∝ 𝑝, and thus gives 𝛼 = 𝑝1/𝑝2 Figure 5.6 shows the calculated 𝛼 as 

the thickness of the PMMA layer varies in the range 0–1.5 μm. Note 

that ɑ is determined both for the in-plane (𝜃 = 90 °, denoted as 𝛼∥) 

and the out-of-plane (𝜙 = 0 °, denoted as 𝛼⟂) dipole orientation. This 

is necessary as the lifetime measurements are carried out on ensembles 

of GeVs and there was thus a need to account for the random 

orientation of each emitter within the nanodiamond. Weighted factors 

were used for the out-of-plane and in-plane components, 1/3 and 2/3 

respectively, and determined the isotropic value 𝛼𝑖𝑠𝑜 = 1/3𝛼⟂ +

2/3𝛼∥ = 0.35. By combining the values for the ratio 𝛽 and 𝛼 an 

estimate for the quantum efficiency can be obtained142,143. 

 𝑄𝐸 = 𝑘𝑟/𝑘  

  = (1 − 𝛽)/(1 − 𝛼𝑖𝑠𝑜) Eq 5.5 

  = 0.22 ±  0.02  

     

This value for QE is approximated, as the measurement could be 

optimised further. Firstly, in the simulation the refractive index of 

diamond, ndiam = 2.4, which is higher than that of PMMA and glass 

(nglass ~ nPMMA ~1.5), is not taken into account. A complete analysis 

would have to consider a total of three interfaces: diamond-air, 

PMMA-air, and diamond-PMMA—potentially affecting the total 

radiative decay rate of the GeV centres. This problem could be 

alleviated by using, instead of glass and PMMA, a dielectric material 

(e.g. TiO2) with a refractive index closer to that of diamond (nTiO2 = 

2.4)—provided that the material does not mask the PL signal from 

the GeV emitters. 
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Additionally, probing a single photon emitter rather than ensembles 

is desirable as it would remove the approximation associated with 

averaging over an ensemble of emitters. This however requires the 

photon extraction efficiency from a single GeV centre to be high 

enough to be detected, practically, even after the deposition of a thick 

layer of dielectric material. Techniques such as bullseye cavities could 

in principle be employed148. Alternatively, it should be possible to do 

shallow implantation of GeVs into bulk diamond, and then 

consequently overgrow a thick diamond layer to meet the requirement 

for two different dielectric environments149. 

5.1.7. Conclusions 

To conclude, the properties of the GeV centre in HPHT nanodiamonds 

was characterised, both in ensemble and single-emitter measurements. 

It was found that both the position and linewidth of the GeV ZPL 

emission are stable due to symmetry protection of the GeV molecular 

configuration. The results are compatible with previous reports of SiV 

and GeV centres in nanodiamonds. However, a relatively large spread 

of measured lifetimes (~6–25 ns) was found. This was attributed to 

the variability of sample-dependent differences likely related to the 

variance in the local photonic density of states. Back-focal plane 

imaging of single GeV centres was performed followed by the 

combining of experimental and theoretical data, allowing the 

reconstruction of the orientation of each centre, specifically the in-

plane and out-of-plane angles of the emitting dipole(s) in the sample 

plane. Finally, an approximated method was discussed to measure the 

quantum efficiency of an ensemble of GeV centres based on simple 

photoluminescence lifetime measurements. It was determined that the 

value of the QE of the GeV to be (22 ± 2)%. It was noted that this 

value is an approximation and ways to obtain a more precise estimate 

are discussed. 
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Chapter 6  

Quantum emitters in hexagonal boron 

nitride 

Colour centres in hBN have been the subject of much attention, 

intrigue, and intense scrutiny following their newfound potential as 

sources for quantum applications. Favourable optical and physical 

properties are the reasons for its growing popularity as discussed in 

Chapter 2.3.2. However, studies into the true origins of its emitters 

are still largely ongoing. This chapter entails the work of two separate 

studies; the first with the aim of gaining insight into the origins of the 

emitters, and the second an example of its integration with additional 

nanophotonic constituents to manipulate its optical properties. 

Chapter 6.1 explores the high-energy (∼MeV) electron irradiation as 

a means to generate stable SPEs in hBN. Four types of hBN flakes 

were investigated—namely, high-purity multilayers, isotopically pure 

hBN, carbon-rich hBN multilayered and monolayered hBN. It was 

then found that electron irradiation increases emitter concentrations 

dramatically in all samples. Furthermore, the engineered emitters are 

located throughout hBN flakes (not only at flake edges or grain 

boundaries) and do not require activation by high-temperature 

annealing of the host material after electron exposure. The results 

provide important insights into controlled formation of hBN SPEs and 

may aid in identification of their crystallographic origin. 
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Chapter 6.2 presents the assembly of quantum nanophotonic systems 

with plasmonic resonators and is important for the fundamental 

studies of single photon sources as well as for on-chip information 

processing. The controllable nanoassembly of gold nanospheres with 

ultra-bright, narrow-band quantum emitters in 2D layered hBN are 

demonstrated. An AFM tip was utilised to precisely position gold 

nanospheres to within close proximity of the quantum emitters and 

the resulting emission enhancement and fluorescence lifetime 

reduction was observed. The extreme emitter photostability permits 

analysis at high excitation powers, and delineation of absorption and 

emission enhancement caused by the plasmonic resonators. A 

fluorescence enhancement of over 300% is achieved experimentally for 

quantum emitters in hBN, with a radiative quantum efficiency of up 

to 40% and a saturated count rate in excess of 5 × 106 counts/s. The 

results are promising for the future employment of quantum emitters 

in hBN for integrated nanophotonic devices and plasmonic based 

nanosensors. 

6.1. Effects of high-energy electron 

irradiation on quantum emitters in 

hexagonal-boron nitride 

6.1.1. Introduction 

SPEs in hBN have so far been observed in a range of materials, 

including bulk crystals150,151, mechanically exfoliated multilayers, 

liquid-exfoliated flakes152,153, nanotubes, and other 

nanostructures99,154. As mentioned earlier in Chapter 2.3.4, hBN 

samples often require high-temperature post-growth annealing for 

stable emitters to be observed, and it is not clear whether the 
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annealing treatments create emitters or activate pre-existing defects. 

Recent efforts showed that plasma treatment, ion implantation, or 

strain can potentially be used to create/activate emitters152,155,156. 

However, emitters in hBN possess a broad range of photophysical 

properties, and the atomic structure of the defects is a matter of 

debate105,157. In addition, emitters in large-area mechanically 

exfoliated flakes are often located at grain boundaries or interfaces, 

and emitters in large-area monolayers are sparse152,153,155. 

In this work, the effects of high-energy (2 MeV) electron irradiation 

on a range of hBN samples was investigated (summarised in Table 

6.1)158–160. The electron exposure generates SPEs, via either the 

generation of new defects or optical activation of existing defects, and 

the generated emitters were characterised using photoluminescence 

(PL), time-resolved measurements, and photon correlation analysis. 

The results suggest that the electron irradiation process can be used 

to engineer optically active defects without the need for high-

temperature annealing and that the emitters can be located within the 

hBN flakes rather than just flake edges or grain boundaries. Finally it 

was shown that, upon MeV electron irradiation, single emitters can 

be created in large-area hBN monolayers—a task that has previously 

been elusive. The results provide important insights into controlled 

generation of SPEs in hBN and will aid future studies of the atomic 

structure of the defects.  

6.1.2. Experimental Section 

hBN sample preparation 

Four different types of samples were prepared, and their methods are 

correspondingly listed as follows:  

 Multilayer hBN flakes from high-purity hBN (purchased 

from HQ Graphene) 
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 Multilayer flakes from carbon-enriched hBN 

 Multilayer flakes made from isotopically enriched boron-10 

(99.2% 10B) 

 hBN monolayers (purchased from Graphene Supermarket) 

that were grown by chemical vapor deposition (CVD).  

High-purity flakes purchased from HQ graphene were synthesised by 

reacting fused boric acid with urea to form B2O3·xNH3 and then heated 

further in ammonia to 900 °C. The product was further heated in a 

nitrogen atmosphere at 1500 °C, allowing it to crystallise on a 

substrate surface. The isotopically enriched 10B flakes were grown with 

a high-purity Ni−Cr metal mix with enriched 10B powder in an 

alumina boat at 1550 °C for 24 hours under an atmosphere of forming 

gas and nitrogen in a 1:4 ratio. It was subsequently cooled at a rate 

of 1 °C/h until 1500 °C, whereby it was quenched to room 

temperature. This sample is referred to as 10B in during this chapter. 

The multilayer samples were mechanically exfoliated with scotch tape 

onto silicon substrates and baked at 450 °C in air to remove residual 

adhesives and other unwanted carbonaceous material. Monolayer hBN 

grown on Cu foil by CVD was cut into small squares and transferred 

onto Si substrates. The foils were then coated with poly(methyl 

methacrylate) (PMMA) to provide a platform to facilitate adhesion of 

the sample. The PMMA film containing the monolayer was then 

undercut by chemical etching of the Cu substrate with iron nitrate, 

leaving the polymer layer floating above. The film was transferred to 

a silicon substrate and heated to 120 °C for 20 min to promote 

adhesion, before being washed with acetone to dissociate the polymer. 

MeV electron irradiation 

Electron irradiation was performed with a Cockcroft-Walton 2 MV 60 

kW electron accelerator at the National Institutes for Quantum and 
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Radiological Science and Technology, in Japan. The general operation 

of Cockcroft-Walton accelerators utilise electric fields for the 

acceleration of charged particles. A high-voltage source is used to 

create an electric-field gap, from which charged particles are 

accelerated through and towards the sample. A schematic of the 

electron accelerator used is shown below in Figure 6.1 (a). 

 

Figure 6.1. Schematic diagram of the Cockcroft -Walton electron 
accelerator used for the MeV irradiation. (b) External image of the 
accelerator. Reproduced from Ref.161 

The samples were wrapped in Al foil and placed on a water-cooled Cu 

plate for the irradiation process (no temperature variation was 

observed). The cooling ensured that the sample temperature was kept 

fixed at approximately room temperature (∼25 °C) during electron 

processing. Irradiation was performed at atmospheric conditions. The 

as-prepared samples were irradiated at 2 MeV with a fluence of 1 × 

1015/cm2 for all hBN samples.  

Optical characterisation 

The irradiated samples were characterised using a home-built confocal 

PL setup with a 532 nm excitation laser. Details of the apparatus have 

been provided in the Appendix (Figure A.1). The autocorrelation 

measurements were not background-corrected. Cryogenic 

measurements were performed at 10 K using a Janis ST500 cryostat 

system integrated with a high numerical aperture objective and three-

axis piezo sample positioning system. 
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6.1.3. Optical characterisation of hBN emitters 

Figure 6.2 details PL characterisation of emitters in a high-purity, 

single-crystal, multilayer flake of hBN after MeV electron irradiation 

with and without annealing. Figure 6.2 (a) shows a confocal PL scan 

of a flake after electron irradiation. This flake did not contain any 

single luminescent centres before electron exposure. After electron 

irradiation, there was a high density of single luminescent emitters 

within the flake. A representative spectrum is shown in Figure 6.2 (b), 

with a ZPL ~590 nm and PSB, red-shifted by ~54 nm. 

 

Figure 6.2. Effects of electron irradiation and on high-purity, single 

crystal, multilayer flakes of hBN. (a) Confocal PL map of an 

irradiated flake. (b) Typical PL spectrum of an emitter formed in 

irradiated flakes. (inset) The corresponding second -order 

autocorrelation function. (c) PL map of a different region of the 

flake obtained after high-temperature annealing. (d) Typical PL 

spectrum of an emitter obtained after electron irradiation and 

thermal annealing. (inset) The second-order autocorrelation 

function. Both spectra were collected at 0.3 mW for 10 s at room 

temperature. All scale bars are 5 μm. Reproduced from Ref.162 
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The quantum nature of the emission is confirmed by measuring the 

second-order autocorrelation function, g(2)(τ), as shown in the inset. 

The dip at zero delay time, g(2)(τ) ≈ 0.26, is indicative of a single-

photon emitter. Figure 6.2 (c) shows a confocal PL scan of a different 

region of the same irradiated flake after an additional annealing step 

performed at 750 °C under 1 torr of argon for 30 min. Figure  6.2 (d) 

shows a representative spectrum of an emitter obtained after 

annealing (performed after electron irradiation). The quantum nature 

of the defect is once again confirmed by the g(2)(τ) function [Figure 

6.2 (d) inset]. Overall, the electron irradiation process created a 

distribution of ZPL energies, with preferential creation of luminescent 

defects emitting at ∼600 nm when excited with a 532 nm laser. There 

are no substantial, systematic differences between the properties of 

emitters created by electron irradiation only, annealing only, or a 

combination of irradiation and annealing. The annealing treatment 

can both create and destroy emitters, as has been reported previously. 

6.1.4. Spatial characterisation of hBN MeV emitters 

Currently, attempts to deterministically engineer single emitters in 

hBN have resulted with emitters located predominantly at edges and 

grain boundaries153,155,156. In contrast, the MeV electron irradiation 

can produce emitters both at edges/boundaries and in the central, flat 

areas of flakes. This spatial characterisation of emitters is detailed in 

Figure 6.3. Figure 6.3 (a) shows an optical image of a large 

multilayered hBN flake that was subject to MeV electron irradiation. 

The thickness of the flake is 28.4 ± 0.4 nm as confirmed by an atomic 

force microscope (AFM; see inset). Confocal PL maps of the same 

flake reveal emitters localised within the flake [white circles in Figure 

6.3 (b)]. No grain boundaries or edges are visible near the emitters. 

The morphology of the flake is further confirmed by a high-resolution 

AFM scan, as shown in Figure 6.3 (c). Figure 6.3 (d) shows a 
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representative spectrum from one of the formed emitters, labelled “1” 

on the confocal map. The inset is a corresponding second-order 

autocorrelation function, confirming the quantum nature of the 

emitter (g(2)(τ)  = 0.12). It was noted that a subsequent annealing 

treatment destroyed all of the emitters shown in Figure 6.3 and 

generated new emitters located at flake edges and grain boundaries.  

 

Figure 6.3. Spatial characterisation of emitters in electron-

irradiated, high-purity multilayer flakes of single -crystal hBN. (a) 

Optical microscope image of a flake. (inset) An AFM line scan 

showing that the average thickness is ∼30 nm. (b) Confocal PL scan 

showing emitters created by electron irradiation. The emitter 

positions are shown by white circles on the confocal map. Note, this 

is the same hBN flake as in (a). (c) AFM image of the same flake 

showing the positions of the emitters in (b) (white circles). Note 

that all emitters shown here are on the flat region of the flake. (d) 

PL spectrum of emitter 1. (inset) The corresponding 𝑔(2)(𝜏) 

autocorrelation function. All scale bars are 5 μm.  Reproduced from 

Ref.162. 
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6.1.5. Effects of MeV irradiation on varying defect structure 

To further investigate the effects of high-energy electron irradiation, 

a comparison was performed between hBN samples grown in the 

presence of carbon (i.e., BN doped to a C concentration of ∼1 × 1019 

cm−3) and samples grown under standard conditions but using the 10B 

isotope. The isotope is not important for the experiments, as there 

was no intention to study spin or phononic effects. However, this 

sample serves as a useful reference material to the high-purity hBN, 

since the atomic structures of the emitters and the roles of impurities 

are uncertain. PL spectra of emitters found in these flakes exhibit 

characteristics that are similar to the ones in the high-purity hBN. 

Figures 6.4 (a), (d) shows three PL spectra recorded from emitters in 

10B and carbon-doped hBN, respectively. Most of the emitters have 

zero phonon line energies in the range of 580−600 nm and a clear 

phonon sideband. The sharp edge around 565 nm is due to a bandpass 

filter used in our measurements. Figure 6.4 (b), (e) confirms the 

antibunched nature of the emitters. Only one example is shown for 

clarity; however, most emitters found in the samples showed 

antibunching. Figure 6.4 (c), (f) shows the stability curves that 

confirm the emission is photostable and does not exhibit blinking or 

bleaching (i.e., temporary or permanent intensity reduction to zero). 

Note that there was no annealing step involved in generating these 

emitters, and likewise, no emitters were found in the pristine 10B and 

carbon-doped hBN samples. 
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Figure 6.4. Optical characterisation of emitters in electron-

irradiated 10B and C-doped hBN samples. (a) Typical luminescence 

spectra of emitters in 10B. (b) Second-order autocorrelation 

function of an emitter with g(2)(0) = 0.43, indicating single-photon 

emission. (c) Corresponding stability curve of the aforementioned 

emitter. (d) Typical luminescence spectra of emitters in C -doped 

hBN. (e) An example of the second-order autocorrelation function 

of an emitter, with g(2)(0) = 0.29. (f) Corresponding stability curve 

of the emitter. All optical characteri sation was performed at room 

temperature with 532 nm continuous wave excitation. All spectra 

were collected at 0.2 mW for 10 s. The gradual intensity fluctuation 

(c, f) is due to sample drift.  Reproduced from Ref.162 

It has been suggested that carbon may play a role in these emitters. 

Our results do not support this assumption, as no significant, 

systematic differences was found between the quantity (see Table 6.1) 

and optical characteristics of emitters in the carbon-doped material 

and the other flakes investigated in this study.  

Cryogenic PL measurements were performed on emitters in electron-

irradiated flakes to see whether the ZPLs approach spectrometer-

limited resolution and have the potential to be used for advanced 

quantum optics experiments163,164. These PL measurements were 

taken at 10 K using a 707 nm excitation source. Figure 6.5 (a), (b) 

shows two examples of ZPLs from the emitters, with a full width at 

half-maximum (FWHM) of 0.18 ± 0.05 nm and 0.35 ± 0.05 nm, 

respectively. Most of the studied emitters exhibit spectral fluctuations 
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on the time scale of seconds, as shown in Figure 6.4 (c), (d), 

respectively. These results are consistent with emitters studied in 

samples that were not processed by electron irradiation and in 

commercially available multilayers163,165. 

 

Figure 6.5. Low-temperature measurements of emitters found in 

electron-irradiated, high-purity, single-crystal multilayer flakes. (a, 

b) Typical PL spectra recorded from two SPEs. (c, d) Spectra from 

the same emitters measured as a function of time. The emitters 

exhibit spectral diffusion. All measurements were performed at 10 

K. Reproduced from Ref.162 

Finally, CVD-grown monolayers of hBN were studied. The monolayers 

were transferred from copper onto a silicon substrate (see 

experimental methods in Chapter 6.1.2). Figure 6.6 (a) shows an 

atomic force microscope (AFM) image with a step of ∼0.79 nm 

corresponding to an hBN monolayer. The white spots on the 

monolayer are PMMA residue from the transfer process. PL scans 
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reveal a relatively high density of single and ensemble defects after 

electron irradiation (see Table 6.1). Figure 6.6 (b), (c) shows a typical 

example of a confocal map and a spectrum from a single emitter within 

the monolayers. The emitters have similar characteristics to those in 

large multilayered flakes in terms of their emission wavelengths, 

FWHM, and PSBs. Annealing for 1 h at 750 °C under 1 torr of Ar 

results in the formation of new emitters within the monolayers. Figure 

6.6 (d, e) shows a confocal map and PL from single emitters observed 

in an annealed monolayer, respectively. The annealing process 

destroyed the previously characterised emitters while simultaneously 

creating new ones. In general, emitters in monolayer hBN are less 

stable, more susceptible to being destroyed/ deactivated by annealing, 

and exhibit more blinking and photobleaching under laser excitation 

than emitters in multilayer flakes of hBN, all likely due to a lack of 

encapsulation by the host material. 

 

Figure 6.6. Effects of electron irradiation on hBN monolayers. (a) 
AFM line scan showing an average monolayer thickness of 0.79 ± 
0.40 nm. (b) PL scan of an area where a hBN monolayer was 
deposited. (c) Typical PL spectra of emitters formed by electron 
irradiation. (d) PL scan of the same region of the monolayer after 
high-temperature annealing. (d) Typical PL spectra of emitters 
formed after annealing of the irradiated samples. Reproduced from 
Ref.162 
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Table 6.1 summarises the quantities of emitters found in all samples 

after MeV electron irradiation and in control samples that were not 

irradiated but were instead subjected to the annealing treatment (1 h 

at 750 °C under 1 torr of Ar). Clearly, electron irradiation is a 

promising method to create emitters without the need for annealing. 

The irradiation treatment consistently produced more emitters than 

the annealing process and has the potential to generate emitters away 

from hBN flakes edges and grain boundaries. The samples that were 

investigated include C-enriched hBN, and the results do not support 

the hypothesis that C plays a role in the atomic structure of the 

emitters105. Another important observation is that only one ‘type’ of 

emitter was observed in all of the samples, all of which were either 

large flakes of mechanically exfoliated multilayers or large monolayers 

of CVD-grown hBN. Conversely, emitters in small, liquid-exfoliated 

flakes of hBN (supplied by Graphene Supermarket) can be broadly 

classified into two groups, the second of which is characterised by 

longer ZPL wavelengths and weak/negligible phonon sidebands. The 

absence of such emitters from all samples investigated in the present 

study suggests that they have a different atomic structure. On a 

practical level, the promising high-energy electron irradiation 

technique presented here will likely accelerate understanding of the 

nature of single emitters in hBN and their deployment in devices. 
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Statistics of emitter formation after M eV electron Irradiation 

M eV irradiated Annealed only 

High-purity hBN 

multilayers 
~9 emitters per flake 1–2 emitters per flake 

10B-enriched hBN 

multilayers 
~8 emitters per flake 1–2 emitters per flake 

Carbon-enriched hBN 

multilayers 
~5 emitters per flake 1–2 emitters per flake 

CVD-grown hBN 

monolayers 
~5 emitters per area ~3 emitters per area 

Table 6.1. Overall emitter statistics across all four samples. All 

flakes (and areas) were chosen to have a similar size of ~20 μm, 

and at least five flakes of each type were scanned to generate the 

statistics.  

6.1.6. Conclusions 

To conclude, the effects of MeV electron irradiation on SPEs in hBN 

were studied. The results conclusively show that MeV irradiation can 

greatly enhance the formation of SPEs in hBN, without the necessity 

for a further annealing step. It was also showed that, upon irradiation, 

the emitters can form in the flat areas of the hBN flake. Finally, our 

work showed a similar distribution of emitters in carbon-rich hBN and 

high-purity hBN, therefore suggesting carbon may not be involved in 

the crystallographic structure of the defects. These results are 

promising to develop a reliable procedure for engineering SPEs in hBN 

and unveiling their crystallographic structure. 



 

 

105 |  

Q u a n t u m  e m i t t e r s  i n  h e x a g o n a l  b o r o n  

n i t r i d e  

 

6.2. Nanoassembly of quantum emitters in 

hexagonal boron nitride and gold 

nanospheres 

6.2.1. Introduction 

The hybridisation of quantum emitters and photonic constituents is 

highly sought after to control the nature of quantum light and the 

realisation of integrated quantum photonic circuits166–174. Key 

requirements for these hybrid systems include robust SPEs which are 

bright and optically stable, as well as photonic resonators that can be 

readily engineered39,40,110,111,175,176. SPEs in layered hBN have great 

potential for applications such as secure communications and various 

quantum computing schemes thanks to their properties—as discussed 

previously in Chapter 2.3.4.  

It is therefore interesting to further study the enhancement of these 

SPEs via the Purcell effect. Achieving such an enhancement, however, 

requires a maximal spectral overlap between the cavity resonance and 

the source emission as well as spatial positioning of the emitter in the 

maximum of the cavity electromagnetic field. Plasmonic nanoantennas 

are advantageous among a variety of optical resonators due to their 

broad spectral resonances, which make spectral matching between the 

optical mode and an emitter substantially less complicated168,177–179. 

The fundamental theory regarding plasmonic structures will be briefly 

explained further in Chapter 6.2.3. Their small mode volumes give rise 

to very high light confinement, resulting in correspondingly high 

Purcell factors. However, enhancement via these means can only be 

achieved at the nanoscale, requiring accurate nanoassembly methods. 

An AFM provides a promising solution to undertake this challenge by 
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virtue of its capability in manipulation of nanosized objects166,176,180.  

So far, manipulation of metallic nanoparticles towards SPEs using the 

AFM technique has been realised only for nanodiamonds that contain 

nitrogen vacancy (NV) centres. However, these emitters are 

broadband, with ∼100 nm fullwidth at half-maximum (FWHM) and 

are not linearly polarised which diminishes their potential for practical 

applications. Other systems such as quantum dots (QDs) or single 

molecules offer narrower lines, but they photobleach under high 

excitation powers and therefore offer only moderate emission count-

rates. 

In this work, these issues are sidestepped by the coupling of a bright, 

narrowband SPE in hBN to plasmonic gold nano-spheres. Single and 

double-plasmonic particle arrangements were realised experimentally 

by placing gold nanospheres in close proximity to a precharacterised 

SPE in hBN using an AFM tip181. Coupling the SPEs to gold 

nanospheres modifies the spontaneous emission and enables an ultra-

bright source of non-classical light. A reduced fluorescence lifetime 

accompanied by a photoluminescence (PL) enhancement is observed 

in power-dependent PL measurements. The new hybrid system 

constitutes one of the brightest SPEs available to date with more than 

5 × 106 counts/s that operate reliably at room temperature. These 

results help to highlight the potential of the plasmonic enhancement 

of SPEs hosted by 2D layered materials for future applications in the 

photonic integrated chip technology. 

6.2.2. Characterisation of hBN quantum emitters 

The investigation is initialised with a thorough characterisation of the 

relevant optical and physical properties. A schematic of an optically-

active defect—the antisite nitrogen vacancy (NBVN)—in a 2D hBN 

lattice is shown in Figure 6.7 (a). 
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Figure 6.7. Optical characteristics of the luminescent hBN defect. 

(a) Schematic illustration of the nitrogen-antisite vacancy centre, 

NBVN . (b) AFM image showing the morphology of the hBN flake 

used for plasmonic coupling. The flake dimensions span 

approximately 560 nm in x and 440 nm in y, at their respective 

widest points. Inset: confocal PL image of the hBN SPE. The scale 

bar is 1 μm (c) Fluorescence spectrum of the hBN SPE. The emitter 

ZPL is at 578 nm with a FWHM of 2.33 ± 0.04 nm. Inset shows the 

second-order autocorrelation function with 𝑔(2)(0)  =  0.24, indicating 

single photon emission. (d) Polar graph of emission showing linearly 

polarised emission. The linear transition dipole is orientated at 67° 

with respect to the north pole of the flake with an orientation as 

observed in (a) All optical measurements are performed with a 532 

nm laser at room temperature.  Reproduced from Ref.181 

This defect has been proposed as a likely candidate for SPEs in hBN, 

but remains a matter of debate in the literature (see Chapter 2.3.4). 

Emitters which are embedded in isolated flakes were chosen for this 

study. Figure 6.7 (b) shows an AFM image of a typical hBN flake 

with in-plane dimensions of approximately 560 nm in x and 440 nm in 

y, at their respective widest points. The height of the flake is similar 

to that of the nanosphere, with a vertical thickness of ∼84 nm. This 

is shown below in Figure 6.8. 
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Figure 6.8. AFM characterisation of the hBN flake hosting the 

emitter and the gold nanosphere, it was to be coupled to. (a) AFM 

scan of both Au nanosphere and hBN flake. AFM line scans of both 

the (b) Au nanosphere, and (c) hBN flake, showing similar z-

thickness between both nanostructures.  Reproduced from Ref.181 .  

The inset of Figure 6.7 (b) is a confocal PL image taken from the same 

flake revealing the bright emission corresponding to the NBVN defect. 

The optical characteristics of an emitter embedded in the 

aforementioned flake are shown in Figure 6.7 (c). A room temperature 

PL spectrum of the emitter reveals a sharp ZPL at 578 nm which is 

in the typical range for SPEs in hBN with a FWHM of (2.33 ± 0.04) 

nm. The PSB is also visible at 635 nm and is spectrally separated from 

the ZPL by over 40 nm from peak to peak. The Debye–Waller (DW) 

factor for this emitter is 0.75, as calculated from the ratio of ZPL 

emission to total emission. For the measurements throughout the 

manuscript, spectral filtering was performed to further isolate the ZPL 

and reduce transmission of the signal from other background sources 

with a 20 nm tuneable optical bandpass filter. The luminescence 

centre is shown to produce antibunched emission characterised by its 

second-order correlation function, exhibiting a g(2)(0) value of 0.24 

[Figure 6.7 (c), inset)] The deviation from zero is attributed to the 

residual background and the detector jitter. The dip below 0.5 is a 

clear signature for single-photon emission. The linearly polarised 

emission transition dipole of the SPE was measured and fit to a cosine 

function, cos2(θ), as shown in Figure 6.7 (d). The emission is linearly 
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polarised at an angle of 67° with respect to the y-axis. The y-axis is 

aligned at 0° and the x-axis is aligned at 90° [Figure 6.7 (b), inset]. 

The degree of polarisation, defined as 
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
 (where Imax and Imin

are maximum and minimum intensities, respectively), is 0.83. Such a 

high degree of polarisation is advantageous for applications in 

quantum technologies. 

6.2.3. Integration with plasmonic nanostructures 

The optical properties of SPSs can be drastically manipulated and 

enhanced through its integration with cavities182–184. Plasmonic 

cavities, in particular, have distinct advantages. Upon excitation of a 

metal nanostructure, the collective excitation of its surface electrons 

will induce the formation of either a surface plasmon polariton (SPP) 

or localised surface plasmon (LSP), of which confines optical modes. 

This confinement results in a higher local density of states within that 

field (LDOS), which acts as additional decay channels through which 

an electron can spontaneously decay through. This is the fundamental 

concept, behind the coupling of quantum emitters to plasmonic 

structures—using the emission from the SPE to resonantly drive the 

excitation of those plasmons, which will then result in a higher LDOS, 

and hence enhancing the emissive properties of the SPE, so long as 

the emitter itself is physically within the confines of the plasmons. 
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Figure 6.9. Examples of plasmonic enhancement in various 

configurations. (a) Particle-on-mirror configuration consisting of 

CdSe/ZnS QDs between a 75 nm Ag nanocube and 50 nm thick Au 

film. The schematic (left), TEM image (middle), and resultant 

lifetime reduction (right) from the configuration. (b) In -plane 

dimer configuration comprised of single NV colour centres in 

approx. 25–30 nm nanodiamonds, and two 50 nm Au nanospheres.  

The simulation of the configuration (top panel) shows from l eft to 

right, the uncoupled, single -particle, and double-particle 

arrangements. The results of the configuration (bottom panel), 

show saturated count rate enhancement (left), and second -order 

autocorrelation functions of the single (middle), and double (right) 

particle arrangements. Reproduced from Ref.167 ,169 ,185  

Many studies have been performed on the coupling of various types of 

metal nanostructures (typically noble metals such as Au or Ag, as 

they provide superior absorption-cross sections for emission within the 

visible range), such as nanospheres and nanocubes, to emission from 

various sources25,171,186–190. Various configurations are noted, such as 

out-of-plane particle-on-mirror, and in-plane dimer configurations. 

Additionally, more complex plasmonic structures such as bullseyes 

and arrayed metasurfaces have also been shown to enhance 

emission178,191. Figure 6.9 shows examples of instances where 

plasmonic enhancement is successful—typically manifesting as a 
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reduction of emitter lifetime, accompanied by an enhancement in its 

saturated count rates.  

6.2.4. Theoretical modelling of plasmonic enhancement 

The theoretical fluorescence enhancement is then investigated, by 

positioning one and two gold nano-spheres in close proximity to the 

emitter using the finite difference time domain (FDTD) method. 

Refractive indices of the Au nanoparticles were taken from Ref.192 The 

coordinate system with respect to the gold particle is shown in Figure 

6.10 (a).  

 

Figure 6.10. 2 FDTD simulations of the hybrid gold particle -hBN 

emitter system. (a) Schematic showing orientations of the axes with 

respect to the gold nanoparticle. (b) Excitation enhancement as  a 

function of distance from a nanosphere surface. Inset: an FDTD 

simulation of the electric field intensity of a gold nanosphere 

excited by x-polarised light. (c) Radiated power enhancement as a 

function of distance between the nanosphere and the dipole emitter. 

3D plot of the Purcell factor as a function of distance from the 

dipole emitter having (d) x-polarisation and (e) y-polarisation, 

respectively. The calculated region corresponds to the navy 

coloured region in (a).  Reproduced from Ref.181 

The fluorescence enhancement originates from both excitation 

enhancement (𝛾𝑒𝑥𝑐 𝛾𝑒𝑥𝑐
0⁄ ) and spontaneous emission enhancement 

(𝛾𝑠𝑝 𝛾𝑠𝑝
0⁄ ). A separate simulation of the local enhancement of the 
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excitation laser field was performed initially. A 532 nm plane wave 

with x-polarised light excites localised surface plasmons on a single 

gold nanosphere with a diameter of 50 nm. Note that 50 nm gold 

nanospheres are used both in simulation and experiments, and its 

absorption cross-section overlaps well with the emission spectrum of 

the hBN SPE, shown below with Figure 6.11. While the ZPL of the 

emitter does not couple on resonance with the Au NP as is the 

intention, it still emits within the tail of the absorption spectrum still 

allowing the emission to drive the plasmons on the surface.   

 

Figure 6.11. Absorption spectrum of 50 nm Au nanospheres . 

Reproduced from Ref.181 

The local excitation enhancement by the gold nanosphere versus the 

distance from the particle is plotted in Figure 6.10 (b). Because 

localised plasmonic fields are most intense near the metal surface, as 

shown in the optical field intensity profile in the inset of Figure 6.10 

(b), the local excitation enhancement decreases with increasing 

distance from the metal surface. Additionally, the radiative 

enhancement factor, defined as the power radiated into the free space 

in the presence of the metal sphere (𝑊𝑟) divided by that in the absence 

of the sphere (𝑊0), is plotted in Figure 6.10 (c). Aside from the 

excitation enhancement, the radiative decay rate of the quantum 

emitter is also enhanced by the Purcell effect. The spontaneous 
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emission rate enhancement caused by a gold nanosphere (𝛾𝑠𝑝) relative 

to the emission rate in the free space (𝛾𝑠𝑝
0 ) is shown in Figure 6.10 (d) 

(y-polarisation) and Figure 6.10 (e) (x-polarisation). Here, the emitter 

dipole is assumed to have an emission peak of 580 nm, which matches 

the experimentally studied hBN quantum emitter. The hBN refractive 

index of 𝑛𝑥 = 𝑛𝑦 = 1.84 and 𝑛𝑧  =  1.72 is used for the purpose of the 

simulation. Quantum emitters which are x-polarised and 

perpendicular to the metal surface show higher enhancement than 

those that are y-polarised. The largest theoretical Purcell factor 

reaches up to 1200, however, the value decreases rapidly as the 

distance between the emitter and the gold increases. Quantum 

emitters in hBN flakes are known to be in the vicinity of the flake 

edges, which is an advantage for plasmonic coupling. Nevertheless, 

determining the precise location of an emitter beyond the diffraction 

limit is challenging. Therefore, in this study, the goal was to 

manipulate one gold particle to the vicinity of the emitter first, 

followed by an additional gold particle in order to achieve a greater 

enhancement. 

6.2.5. Nanoassembly with AFM 

In addition to materials characterisation, the AFM has also been 

proven a powerful and precise tool for the nanomanipulation and 

assembly of integrated optical components. The operation of the AFM 

involves the scanning of an AFM probe across a sample surface. This 

AFM probe consists of a sharp tip located at the vertex of a flexible 

cantilever, which protrudes from a mounting plate. The tip rasters 

across the surface of a sample, and the resultant intermolecular 

interactions between the surface of the sample and the tip will then 

cause a deflection of the cantilever. A feedback mechanism from the 

detector will then adjust a piezoelectric scanner which maintains 

either a constant force or deflection (height) between the tip and the 



 

 
114 |  
Q u a n t u m  e m i t t e r s  i n  h e x a g o n a l  b o r o n  
n i t r i d e  

 

sample surface. Figure 6.12 shows a schematic describing the basic 

working principle of an AFM. 

 

Figure 6.12. Schematic of the working principle of AFM. A tip 
connected to a flexible cantilever will move upon interaction with 
a sample surface as it performs a raster scan. A feedback system 
(laser) will record the effects of cantilever movement by a detector 
(photodiode) which will be translated to an image. The feedback 
system will adjust its eight accordingly from relayed information. 
The process repeats and an image will be produced.  

To realise and delineate the absorption and emission enhancements 

modelled in Figure 6.11 experimentally, an AFM (Dimension 3100) 

was used to couple gold nanospheres to the hBN quantum emitter 

that was pre-characterised in Figure 6.9. Gold nanospheres were 

physically manipulated by a direct contact with the AFM tip and 

moved in small increments towards the hBN flake, as is illustrated in 

Figure 6.12. 
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Figure 6.13. Nanomanipulation of gold spheres for plasmonic 
coupling using an AFM tip. (a) Schematic illustration of the 
movement of a gold sphere towards an SPE in hBN using an AFM 
tip. The movement of the gold sphere is induced by the physical 
contact between the t ip and the particle. The luminescent defect 
(red) is embedded within the hBN flake (purple). (b) Initial 
positioning of the gold sphere in close proximity to the hBN flake 
hosting the SPE. The red arrow indicates the direction of 
movement. (c) The final arrangement of the gold sphere and the 
hBN nanoflake after positioning. The particle is in contact with the 
flake. (d) Schematic illustration of the movement of the second gold 
sphere to the same hBN flake. (c) The second sphere (on the right) 
and its movement direction shown by the red arrow. The 
orientation of the image has been shifted counter -clockwise [with 
reference from (b)–(c)] by several degrees in order to align the 
particle for movement towards the flake. (f) The final position of 
the second particle in contact with the flake. All scale bars are 250 
nm. The hBN flake was false-coloured for clarity. Reproduced from 
Ref.181 

Initially, a single gold nanosphere is moved into the position to couple 

a plasmonic cavity with the SPE embedded within the flake [Figure 

6.13 (b) and (c)]. This particular arrangement is denoted as the ‘single 

particle’ configuration. A second gold sphere was then manipulated to 

the hBN flake in a similar fashion [Figure 6.13 (d–f)]. Similar to the 

‘single particle’ configuration, the movement of the second particle 

into the position with the AFM can be seen in Figure 6.13 (d–f). The 

resulting arrangement was referred to as the ‘double particle’ 

configuration. The second nanosphere is moved to align with the 
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transition dipole angle as shown in Figure 6.9 (d) in order to maximise 

the plasmonic coupling effect as predicted with the simulation results 

in Figure 6.10. This transition dipole angle was deduced from the 

orientation of the flake relative to nearby reference markers. It was 

also noted that despite the second particle not completely aligning 

with the first particle, it is still positioned within the maximum 

emission field when cross-referenced from both the AFM image and 

the polarisation measurement 

6.2.6. Characterisation of Purcell enhancement 

Next was the detailed optical characterisation of each configuration 

(pristine SPE, “single” and “double” particle) using a lab-built confocal 

microscope and a HBT interferometer setup (see Appendix Figure 

A.1). Time-resolved PL from this hBN SPE shows a reduction in 

emission lifetime from τpristine = 4.92 ns to τsingle = 2.68 ns, for the 

single-particle arrangement, and consequently, a further emission 

decay to τdouble = 1.54 ns for the double-particle arrangement. The 

data are plotted in Figure 6.13 (a) and (b), showing spontaneous 

emission rate enhancement factors of 1.84 and 3.19 for the single and 

double-particle arrangements, respectively. The decrease in emission 

lifetime is attributed to the confinement of the electric field, which 

results in an increase in the local density of states. Double-exponential 

functions are used to fit the lifetime data, where the first exponent 

accounts for the background and the instrument response time, and 

the second exponent corresponds to the emitter lifetime. Note that a 

distribution of lifetimes was not expected in this case, as reported by 

Akselrod et. al.170, since only a single quantum emitter was probed 

rather than an ensemble. 
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Figure 6.14. Characterisation of the optical response from 
plasmonic coupling. Data from a pristine emitter, a single particle 
arrangement, and a double particle arrangement are shown in pink, 
purple and teal, respectively. (a) A comparison between time -
resolved PL measurements of pristine and single particle 
configurations, and (b) double particle arrangement. (c) A 
comparison of fluorescence saturation curves between the pristine, 
single particle, and double particle arrangements. (d) Second -order 
autocorrelation functions for the three configurations. All g (2)(0) 
values are below 0.5, confirming single photon emission. All 
measurements were recorded at room temperature.  Reproduced 
from Ref.181 

The measured lifetime is comprised of the radiative and non-radiative 

components: 1/𝜏𝑡𝑜𝑡 = 1 𝜏𝑟⁄ + 1 𝜏𝑛𝑟⁄ . Therefore, to confirm that the 

lifetime reduction seen in Figure 6.14 (a) and (b) is caused primarily 

by an increase in the efficiency of radiative decay channels, the 

saturation intensities were determined from the PL versus laser power 

curves shown in Figure 6.14 (c). Background emission from stray light 

during the experiment is evident throughout the measurement, but is 

of negligible effect for this measurement, as saturated count rates are 
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several orders of magnitude higher than the measured background. 

The saturation measurements were then fitted with the following 

equation:  

 𝐼 = 
𝐼∞𝑃

(𝑃𝑆𝑎𝑡 + 𝑃)
 Eq 6.1 

     

where 𝐼∞ is the saturated count rate and 𝑃𝑆𝑎𝑡 is the saturation power. 

The saturated count rates are 2.89 × 106 counts/s and 5.79 × 106 

counts/s for the single- and double-particle arrangements, 

respectively. This translates to overall enhancement factors of 1.55 

and 3.10 relative to the uncoupled, pristine hBN emitter which 

exhibits a saturated intensity of 1.87 × 106 counts/s. A comparison of 

the measured decay rate enhancement with the saturated intensity 

enhancement reveals that the latter originates primarily from the 

enhancement of the radiative decay channel. Remarkably, the hybrid 

quantum plasmonic system generates almost ∼6 × 106 counts/s, 

representing one of the brightest room temperature SPEs in a layered 

material reported to date, associated with a modest Purcell 

enhancement of three. Other room temperature SPEs that exhibited 

more than a million counts/s under ambient conditions using an air 

objective include the silicon vacancy (SiV) defect in diamonds83 and 

pristine hBN flakes that reach ∼3 × 106 counts/s193. 

To confirm that the quantum nature of the emitter is preserved, the 

second-order autocorrelation function, g(2)(τ), was compared for the 

three configurations. Figure 6.13 (d) shows the plots of the g(2)(τ), 

offset vertically by 0.5 for clarity. The g(2)(0) value across the three 

datasets is consistent with minimal changes within the uncertainty of 

the measurements, with values of g(2)(0) = 0.24, g(2)(0) = 0.26, g(2)(0) 

= 0.31 for the pristine, single, and double particle arrangements, 

respectively. Similarly, this measurement also features background 

emission, again from stray light as well as a combination of detector 
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timing jitter and the instrument response function (IRF) of the 

system. Should the g(2)(τ) function be convoluted, taking into account 

the IRF, as well as detector jitter, the g(2)(0) will have been a further 

reduced value than was measured, as values such as APD dead times 

will no longer contribute to the correlative data. In this case, due to 

the very short lifetimes and the finite time response of the system 

jitter, the reduction in lifetime is not evident in the g(2)(τ) functions 

and hence were not applied during the measurement. For further 

analysis of the hybrid system, PL enhancement in the un-saturated 

regime can be approximated by the following term:  

 𝐸𝐹 ∝ 𝜂 × 𝛾𝑒𝑥𝑐 × 𝑄𝐸 Eq 6.2 

     

where η is the collection efficiency, γexc is the excitation rate, and QE 

is the quantum efficiency of the emitter in the coupled system170. For 

the studied configurations, changes in collection efficiency were 

expected to be negligible with a high NA objective lens (NA = 0.9) 

for the pristine and the coupled emitter configurations168. Below the 

saturation threshold, the net enhancement has an excitation 

contribution caused by strong localisation of fields around the metal 

nanosphere which serves to increase the absorption of the excitation 

laser by the coupled system. This typically manifests an increase in 

the slope of the saturation curve172. It was noted that emitter count 

rates measured beneath saturation, at 300 μW, are higher than the 

saturated enhancement factors with enhancement factors of 1.69 for 

the single particle and 4.18 for the double particle arrangements. This 

difference was attributed to increasing excitation enhancement onset 

by an increased absorption cross-section upon the introduction of the 

nanospheres. It was also noted that the power, at which the system 

begins to saturate, decreases with the second nanosphere addition. 

Measurements show saturated power values of 0.88 mW, 0.78 mW, 

and 0.57 mW for the pristine, single particle, and double particle 
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arrangements, respectively, supporting the claim mentioned. On the 

other hand, above the saturation threshold, the emission is 

proportional to the radiative lifetime;  

 𝐸𝐹∞ ∝ 𝜂 × 𝛾𝑟 × 𝑄𝐸 Eq 6.3 

     

For the case of the double sphere, 𝜏𝑑𝑜𝑢𝑏𝑙𝑒  =  1.54 𝑛𝑠, 𝑃𝑆𝑎𝑡 ∼ 5.79 × 106 

counts/s and the setup efficiency (from objective lens to the detector) 

of our experimental setup is estimated at ∼2%, yielding a high 

radiative quantum efficiency of ∼40%. 

6.2.7. Conclusions 

In summary, the coupling of SPEs in layered hBN to plasmonic gold 

nanospheres were successfully demonstrated. The accurate nanoscale 

manipulation of the gold nanospheres by an AFM tip was used to 

realise two hybrid coupled systems comprised of a quantum emitter 

in hBN, and one and two gold nanoparticles. An emission 

enhancement associated with a lifetime reduction was observed, 

yielding an impressive overall count rate from a single emitter of more 

than 5 × 106 counts/s at room temperature. The presented technique 

can be applied to a range of hybrid plasmonic–photonic systems for 

studying other 2D materials, such as transition metal 

dichalcogenides194,195, and exfoliated hBN monolayers. One particular 

goal is to engineer the emitters deterministically at the tip of a 

triangular shaped flake. This can in principle be achieved by growing 

high quality hBN that has a triangular structure and then locally 

forming the emitters using electron or ion beam irradiation. The two 

gold spheres can then be manipulated to create a horizontal gap 

cavity, and achieve an optimum enhancement. Such a procedure in 

emitter positioning, assembly and improvements in collection 

efficiency are expected to yield even higher count rates, which will be 

very attractive for practical devices. 
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Chapter 7  

Contributed works 

As Chapters 4 through to 6 recount the four first-author papers 

undertaken during the Ph.D. program, this chapter recounts the 

publications performed in collaboration with colleagues from other 

research groups. These projects, again, revolve around the two main 

objectives of this thesis—understanding the creation of solid-state 

quantum emitters, and how they interact with their surrounding 

environments upon integration. During this chapter, the primary 

authors of their corresponding publications can be identified with the 

(†) symbol.  

7.1. Contributed works on the creation of hBN 

emitters 

7.1.1. Revealing multiple classes of stable quantum 

emitters in hexagonal boron nitride with correlated 

optical and electron microscopy 

Fariah Hayee†, Leo Yu, Jingyuan Linda Zhang, Christopher J. Ciccarino, 

Minh Nguyen, Ann F. Marshall, Igor Aharonovich, Jelena Vučković, 

Prineha Narang, Tony F. Heinz, Jennifer A. Dionne 

Nature M aterials 19, 534-539 (2020) 

During this study, the direct correlation between quantum emission 

from hBN and localized strain was drawn, through a combination of 

PL, CL, and nanobeam electron diffraction measurements196. The 

study was performed on a sample size of 40 emitters, observing ZPLs 

in both PL, and CL ranging between 540 to 720 nm.  
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Figure 7.1 shows the correlated optical and electron-beam 

characterisation of hBN quantum emitters. A CL-TEM setup was 

used to identify emitters through high-angle annular dark-field 

(HAADF) imaging paired with panchromatic-CL measurements. 

Additionally coupled to this system is a HBT interferometer as well, 

to measure quantum emission. Spectra from single emitters were 

recorded from specific regions [Figure 7.1 (d)], and their emission 

characterised in PL, and CL were compared [Figure 7.1 (f)]. 

Additional studies of other emitting centres shows a total of four 

distinct types of defects, classified based on the properties of ZPL 

energy and range, strain, and finally CL-PL correlation. The results 

of these are shown in Table 7.1.  

Class 

ZPL 

centroid 

(nm) 

PL and physical characteristics 

1 580  Matched PL-CL spectra

 Large strain variation

2 615  Shifted PL-CL spectra

(100 meV)

 Negligible strain variation

3 705  Shifted PL-CL spectra (200meV)

 Minimal strain variation

4 660  No observable CL signature

(either no quantum efficiency or

>450 meV shift)

 Non characterizable strain

variation

Table 7.1. Summary of results from PL-CL study. 
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By analysing and correlating these properties, the study serves to 

provide further expand the understanding into what affects the 

properties of these emitters.  

Figure 7.1. Summary of results. (a) Schematic illustration of the 

CL-TEM setup used for characterisation. (b) Various optical (i), 

PL (ii), and CL (iii, iv) of characterised flakes hosting quantum 

emitters, with specified regions, 1 and 2. (c) PL spectra, with region 

showing the filtered emission sent towards the detectors for (d) 

second-order autocorrelation measurements. (f) The same emitter 
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shown in (c), as excited in PL from region 1 and 2. (g) STEM-

HAADF images of region 1, showing the regions of highest intensity 

indicated by the boxes, as well as their corresponding higher 

magnification image. (h) Corresponding spectra measured from 

those boxes. Reproduced from Ref.196 

7.1.2. Single photon emission from plasma treated 

hexagonal boron nitride 

Zai-Quan Xu†, Christopher Elbadawi, Toan Trong Tran, Mehran Kininia, 

Xiuling Li, Daobin Liu, Timothy B Hoffman, Minh Nguyen, Sejeong Kim, 

James H Edgar, Xiaojun Wu, Li Song, Sajid Ali, Mike Ford, Igor 

Aharonovich 

Nanoscale, 10(17), 7957-7965, (2018)  

Among the fabrication techniques employed to create hBN emitters, 

plasma treatment can be utilised with great effect to activate single 

defects in the material. This particular study investigates the effects 

of plasma treatment combined with thermal annealing as a method to 

produce single emitters of hBN, in a high density, and is the first 

instance of such99. A two-step process fabrication process involving 

thermal annealing and plasma irradiation of Ar and O2 was performed 

on tape-exfoliated hBN single-crystal flakes.  

First, the flakes were annealed at 850 °C, activating emitters, to show 

that the following plasma irradiation method is the dominant process 

responsible for emitter generation in high volume. Figure 7.2 (a) and 

(b) show confocal scans of an annealed target flake before and after 

plasma treatment, showing a clear increase in the amount of emitters 

generated. The optical properties of these emitters are characteristic 

of hBN emitters, showing sharp ZPLs, and single emitters with 

average lifetimes around 2.4 ns [Figure 7.2 (c), (d), and (e)].  Following 

this plasma treatment, an additional thermal annealing step was also 

performed in order to stabilise the emitters [Figure 7.2 (f)]. It was also 

noted that these emitters appeared only on the grain boundary.  
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Figure 7.2. Characterisation of plasma-activated hBN single 

emitters. Confocal scans of annealed flakes (a) before, and (b) after 

plasma annealing. (c) Spectrum of an emitter at room temperature 

(red) and at cryogenic temperatures (black). (d) Lifetime 

measurement of a single emitter, with its g(2)(τ) autocorrelation 

function inset. (e) Saturated countrate measurement of the same 

single emitter in (d). (f) Stability of the hBN emitters before (top) 

and after (red) annealing. Reproduced from Ref. 99  

The study serves to give further insights into the origins of the 

emitters, through the interactions between the oxygen plasma and 

hBN and variations of the annealing stages. From the results, it is 

hypothesised that the accelerated ions from the plasma process are 

capable of breaking N-B bonds, and thus creating N vacancies in the 

hBN lattice. Once generated, these vacancies are expected to be filled 
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with O atoms upon exposure to air—strongly suggesting that oxygen 

plays a role in the emitting defects.  

7.1.3. Facile assembly of hexagonal boron nitride 

nanoparticles by cryogenic exfoliation 

Ngoc My Hanh Duong†, Evgenii Glushkov, Andrey Chernev, Vytautas 

Navikas, Jean Comtet, Minh Anh Phan Nguyen, Milos Toth, Aleksandra 

Radenovic, Toan Trong Tran, and Igor Aharonovich 

Nanoletters, 19(8), 5417-5422, (2019)  

Combining the optical properties of hBN solid-state emitters with the 

extended applications of nanoparticles to realise applications in 

imaging, sensing, and drug-delivery was the main driving force behind 

this project. In this study, hBN nanoparticles were produced via a 

scalable cryogenic exfoliation technique resulting in the synthesis of 

particles below 10 nm197. Commercially purchased hBN powder 

underwent a cryogenic exfoliation technique involving its soaking in 

liquid nitrogen for one hour, before immediately dispersing into a 

room-temperature solvent (water:IPA in a 1:1 ratio) [Figure 7.3 (a)]. 

This results of the rapid change in temperature results in peeling-off 

of the hBN flakes and formation of small cracks in the intralayer, 

facilitating the breakdown of hBN powder into small nanoparticles 

[Figure 7.3 (b)]. The different sizes of the nanoparticles created could 

be separated from one another into three size class via differing 

membrane filters and centrifuge speeds. Figure 7.3 (c) shows the size 

distributions as a result of the separation process in AFM, with 

average size distributions of 119.5 ± 46.0, 20.5 ± 10.6, and 5.14 ± 1.40 

nm for samples S1, S2, and S3, respectively.  
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Figure 7.3. hBN nanoparticles. (a) Schematic showing the cryogenic 

exfoliation process for hBN powder into nanoparticles. (b) AFM 

images of the nanoparticles as separated into  three classes based 

on size. They are labelled S1, S2, and S3. (c) Statistics regarding 

the size distribution of their respective class. Reproduced from 

Ref.197 

The optical properties of these hBN flakes containing single emitters 

was then performed, showing the existence of single emitters across all 

three classes. Additionally, a study on its blinking characteristics as a 

function of particle size was also performed, recording on-off times 

through the use of wide-field imaging and single-molecule localisation 

microscopy (SMLM) (Figure 7.3). There was no observed correlation 

between particle size and blinking, as there was no significant 

difference between the three samples.  
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Figure 7.4. Optical characterisation of the hBN emitters. Optical 

properties of emitters as taken from the three classes (a) S1, (b) 

S2, and (c) S3. The characterisation comprises of spectra (top), 

g (2)(τ) autocorrelation function (middle), and histograms  of 

antibunching dip values as extracted from samples from their 

respective class (bottom). (d) Widefield fluorescence imaging and 

SMLM from sample S2. (e) Time trace of a localised emitter, 

showing an example of the detected ON and OFF times. (f) 

Normalised distribution of ON/OFF times for the localised 

emitters, calculated form the analysis of the time traces, shown in 

(e). (g) Histogram of the frequency of transitions from OFF to ON 

states and vice versa per emitter. Reproduced from Ref.   

The results of this work demonstrate the fabrication of hBN 

nanoparticles as small as 3.0 ± 0.7 nm, capable of hosting point defects 

which act as photostable single photon emitters. SMLM studies 
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revealed the emitter photodynamics, showing their potential as 

fluorescent markers for bioimaging applications as well as a platform 

for super-resolution imaging and quantum sensing.  

7.1.4. Grain dependant growth of bright quantum emitters in 

hexagonal boron nitride 

Noah Mendelson†, Luis Morales, Chi Li, Ritika Ritika, Minh Anh Phan 

Nguyen, Jacqueline Loyola-Echeverria, Sejeong Kim, Stephan Götzinger, 

Milos Toth, Igor Aharonovich 

Advanced Optical Materials, 9(1), 2001271, (2021) 

Bottom-up approaches to 2D material fabrication has two primary 

advantages over top-down fabrication methods—namely, the ability 

to fabricate large scale thin films (cm scale) with a controlled 

thickness, and the ability to manipulate the photophysical properties 

of the incorporated SPEs during growth. During this study, the 

incorporation of quantum emitters during chemical vapour deposition 

growth on nickel substrates were investigated. Following this, the 

system was then integrated with a planar dielectric antenna198. 

A low-pressure CVD growth of hBN on polycrystalline Ni foils show 

a selective incorporation of hBN emitters grown specifically on (001) 

grains in the Ni, despite growth in all grain orientations. Figure 7.5 

(a), (b), and (c) shows optical, SEM, and electron back-scatter 

detection (EBSD) images, respectively, displaying the polycrystalline 

growth of the hBN. Quantum emitters were observed from these 

samples, with the emitters only appearing within the (001) direction 

in the Ni grain. This is conveyed, respectively, in Figure 7.5 (d) and 

(e), showing a characteristic spectrum, an inset g(2)(τ) autocorrelation 

function, and widefield fluorescence image with grain boundaries and 

directions labelled. The reason for this preferentiality is hypothesised 

to be due to the variations in diffusion and subsequent supply of 

atomic species during growth, varying depending on grain orientation 

of the Ni catalyst.  
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Figure 7.5. Characterisation of hBN thin films grown on Ni 

substrate. Specific area of the hBN as viewed on (a) optical 

microscope, (b) SEM, and (c) EBSD maps. (d) Spectra of emitter 

with inset autocorrelation function. (e) Wide -field image of hBN 

film with defined grains marked by broken white lines. (f) 

Schematic illustration of experimental setup used. (g) Simulated 

power density (light red region), and collection efficiency (red line) 

as a function of the collection angle for the antenna integrated hBN 

SPE. (h) Saturation curves for 3 separate hBN SPEs. (i) 

Corresponding g(2)(τ) collections for the 3 emitters in (h).  

Reproduced from Ref.198. 

A planar dielectric antenna (PDA) was then integrated with the 

grown hBN to enhance collection efficiency from the source. Figure 

7.5 (f) shows the schematic illustration of the PDA design used, 
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consisting of hBN atop a glass coverslip coated with a 250 nm layer 

of MgF2. Figure 7.5 (g) shows simulated values of collection efficiency 

and relative power density from an in-plane linearly polarised dipole 

in hBN as integrated with the PDA. It was found that more than 84% 

of the fluorescence emission is channelled, when coupled with a high-

NA (1.46) oil-immersion objective. Three separate emitters from the 

arrangement were measured showing saturated count rates of 3.92, 

2.27, and 2.59 M counts/s, and their quantum emission preserved 

[Figure 7.5 (h) and (i), respectively].  

In summary, hBN SPEs were grown on polycrystalline Ni foil and 

were demonstrated to be incorporated preferentially into hBN on Ni 

(001) grains. Additionally, the hybridisation of this system was 

performed to create a structure with a high collection efficiency. All 

of these serve to highlight the potential hBN has as a source device 

integration. 

7.2. Contributed works on the manipulation of 

hBN emitters 

7.2.1. Observation of Fourier transform limited lines in 

hexagonal boron nitride 

Andreas Dietrich†, Markus. Bürk, Elena E Steiger, Lukas Antonuik, 

Trong Toan Tran, Minh Anh Phan Nguyen, Igor Aharonovich, Fedor 

Jelezko, Alexander Kubanek 

Physical Review B, 98, 081414(R), 2018 

As prime building blocks for integrated quantum photonics, SPEs are 

required to be free from spectral diffusion, dephasing, or competing 

phonon processes—approaching Fourier limited lines. In this 

fundamental study, single defect centres and their spectral properties 

were thoroughly examined through manipulation with resonant-

excitation across 627 different defect centres199.  
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Figure 7.6. Methods and characterisation of hBN single defe cts 
linewidths. (a) Schematic of experimental setup used to 
characterise optical and quantum properties of hBN defects. A 0.9 
NA air-objective was used with a 532 nm CW laser was used for 
off-resonant excitation, while a CW Matisse DS dye lase r was used 
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for resonant excitation. (b) Confocal scan of an example emitter in 
hBN flakes with off-resonant excitation. (c) Off -resonant spectrum 
and g(2)(τ) autocorrelation function of the emitter marked in (b). 
(e) Histogram of 627 individual ZPLs, with inset figures showing 
the distribution of linewidths before (orange) and after (red) 
annealing. DFT functional theory was used to calculate possible 
defect arrangements, with their most likely wavelengths highlighted 
below the x-axis. Reproduced from Ref.199  

A schematic of the experimental setup used for optical 

characterisation is shown in Figure 7.6 (a)—a confocal microscope 

integrated with a continuous flow cryostat. hBN flakes mounted on a 

silver mirror were cooled to liquid-helium temperatures, where their 

spectra and quantum nature are probed, via a spectrometer and HBT 

interferometer respectively—the results of which shown in Figure 7.6 

(b)–(d). A total of 627 emitters were recorded, with the histogram of 

their individual ZPLs shown in Figure 7.6 (e).   

Figure 7.7. Characterisation of FT limited lines with an example 
emitter. (a) PL spectrum of the investigated emitter at an emission 
wavelength of 713 nm with an additional emitter at 755 nm. Inset 
shows PSB, with the aid of a 750 nm LP filter. (b) Blinking 
characteristics of the emitter when excited on-resonance. (c) 
Statistics of ON time of the fluorescence traces, disclosing a time 
constant of 0.37 s for spectral instabilities. Inset shows a 2D map 
of the emitter in resonant excitation, showing minimal fluctuations 
of the fluorescence signal. (d) PL spectrum (blue trace) showing an 
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inhomogeneous linewidth of ∼293 GHz, with the histogram of the 

PLE lines revealing an inhomogeneous linewidth of ∼67.5 GHz. (e) 

Examples of four emitters exhibiting linewidths within an error of 

the natural linewidth of 55 MHz.  

Off-resonant excitation reveals an average linewidth of 213 GHz, post 

annealing across the entire sample of emitters. Following this, 

resonant excitation was performed with a tuneable CW dye laser, 

further reducing this linewidth. An emitter with a ZPL emission line 

at 713 nm was used as an example to show this reduction, with a 

narrow inhomogeneous linewidth of 293 GHz [its ZPL displayed in 

Figure 7.7 (a)]. The PL signal from its resonant excitation was 

collected from its PSB, with the phonon peak at ∼785 nm, 

corresponding to a known phonon mode of hBN at 187 meV as 

reported from prior studies. The linewidth during resonant excitation 

was collected by performing PLE line scans at a faster rate than the 

characteristic diffusion time of the emitter, at τ = 0.378 s [Figure 7.7 

(c)]. The resultant normalised spectral width was shown to be 67.5 ± 

9.5 GHz, which when further processed [including filtering out of all 

data showing blinking as displayed in Figure 7.7 (b)], resulted in a FT 

limited linewidth of Γnat = 55.26 ± 0.19 MHz, given the emission 

lifetime of 2.88 ns. 39 other ZPL lines recorded are shown to lie within 

an error margin of the natural linewidth of 55 ± 10 MHz—with four 

examples of those in Figure 7.7(e).  

In summary, FT limited, single-photon emission from defect centres 

in hBN were observed, free from significant spectral diffusion or 

spectral instability for upwards of 30 seconds. This platform of hBN 

demonstrates the compatibility of such systems to facilitate 

indistinguishable photons of up to GHz rates.  
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7.2.2. All-optical control and super-resolution imaging of 

quantum emitters in layered materials 

Mehran Kianina, Carlo Bradac, Bernd Sontheimer, Fan Wang, Toan 
Trong Tran, Minh Anh Phan Nguyen, Sejeong Kim, Zai-Quan Xu, 
Dayong Jin, Andreas W. Schell, Charlene J. Lobo, Igor Aharonovich, 
Milos Toth 
Nature Communications, 9, 874 (2018) 

The thorough understanding of the level-structure of a quantum 

emitter is most crucial for employing such a source for integrated 

devices. Knowing the system’s photodynamic processes allows for the 

control of its properties such as electron state population, and 

selectivity of certain transitions—which, when exploited, can expand 

its scope of application. During this study, a series of systematic 

experiments were designed to further uncover information regarding 

the complex level structure and photodynamics of hBN quantum 

emitters—specifically, the existence of a class of emitter with a fast-

decaying intermediate and long-lived metastable state accessible from 

the first excited electronic state200.  

 

Figure 7.8. Optical characterisation of a hBN emitter. PL spectrum 
of a single defect under 675 nm excitation. (b) g(2)(τ) second-order 
autocorrelation measurement, showing a dip at g(2)(0) = 0.25. (c) 
Saturation curve of the emitter under excitation with a 708 nm 
laser. (d) PL spectra of the single defect under three excitation 
conditions: low-power (532 nm CW, green trace), high-power (675 
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nm CW, purple trace), and a combination of the two (red trace). 
(e) Non-linear increase of the emitter brightness upon linear 
increase of 532 nm excitation power, coincident with the 675 nm 
excitation laser. Reproduced from Ref.200 

An emitter with a ZPL at 778 nm was characterised with a 675 nm 

CW laser and probed for quantum emission and saturation, as shown 

in Figure 7.8 (a), (b), and (c), respectively. Additional 

characterisation of its emission intensity from three excitation schemes 

(532 nm CW at 10 μW, 675 nm at 300 μW, and a combination of 

both) reveal a non-linear response [Figure 7.8 (d)]. Further 

investigation of the photophysics via long autocorrelation 

measurements, reveal the presence of additional 

intermediate/metastable state energy levels, allowing for the 

repumping of system back to the excited state and decaying 

radiatively. This in turn, explains the non-linear response observed in 

Figure 7.8 (d).  

 

Figure 7.9. Photophysics of the single emitter introduced in Figure 
7.8. along with its super-resolution imaging. (a) Long 
autocorrelation measurements under excitation with a 675 nm laser. 
(b) Schematic of the four-level electronic system, unique to this 
class of emitter. (c) Schematic diagram of the coincident GSD 
setup. Super-resolution images using the (d) single vortex -beam 
scheme, and (e) coincident vortex-beam scheme. Reproduced from 
Ref.200 
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Having established the novel photodynamics of this class of emitter, 

its properties were then manipulated to realise and demonstrate a new 

modality of far-field, sub-diffraction fluorescence nanoscopy. Two 

schemes using a modified version of negative ground-state depletion 

(GSD) was used to exploit spatially modulated light beams with 

bright and dark gradients to selectively image emitters at a resolution 

below the diffraction limit. Figure 7.9 (c) shows the schematic diagram 

of the excitation schemes; the first using a vortex-beam as the 

excitation source, while the other using a coincident pair of two vortex 

beams. GSD imaging allows for the ‘switching off’ of the emitters 

around the doughnut null, as the beam shelves the system into a long-

lived dark state. The result of this scanning technique is a high-null-

high emission pattern, allowing for a spatial resolution much lower 

than the calculated diffraction limit of the system. Additionally, it was 

found that the resolution would further decrease with increasing 

vortex-beam excitation power. In this scheme, a resolution of 87 ± 10 

nm was achieved. The resolution was then reduced further with the 

addition of a lower-power 532 nm repumping vortex beam allowing 

for the quicker shelving of the system, resulting in a resolution of 63 

± 4 nm—well below the calculated resolution limit (~460 nm).  

In summary, the optical manipulation of hBN emitters were achieved, 

selectively inducing the population of specific energy levels. There was 

a discovery of unique properties including non-linear behaviour and a 

four-level system consisting of an intermediate shelving state. This 

energy system was then exploited in an example of super-resolution 

imaging, showcasing the potential of this system for specialised 

applications in sub-diffraction nanoscopy.  
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7.2.3. Integrated on chip platform with quantum emitters in 

layered materials 

Sejeong Kim, Ngoc My Hanh Duong, Minh Anh Phan Nguyen, Tsung-Ju 
Lu, Mehran Kianinia, Noah Mendelson, Alexander Solntsev, Carlo 
Bradac, Dirk R. Englund, Igor Aharonovich 
Advanced Optical Materials, 7, 23 (2019) 

Efficient integration of quantum light sources can be achieved with 

photonic resonators to realise waveguiding and enhancement. In this 

study, hBN quantum emitters are successfully coupled to dielectric 

waveguides using a pick-and-place approach201. 

Figure 7.10. Coupling of hBN emitters to AlN waveguides. (a) 
Schematic illustration of the hBN flake hosting quantum emitters, 
integrated with an AlN waveguide. (b) AFM scan of the flake on 
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the waveguide. (c) Corresponding cross -sectional line-scans of the 

height of the waveguide (black trace) and the hBN flake on top of 

the waveguide (red trace). (d) Collection scheme, where the emitter 

is measured directly (labelled A). The filtered spectra and inset 

second-order autocorrelation function are to the right. (e) 

Collection scheme, where the emitter is measured from the grating 

coupler (labelled B), along with its corresponding filtered spectra 

and inset second-order autocorrelation function to the right.  

Reproduced from Ref.201 

Figure 7.10 (a) depicts a schematic diagram integrated hBN/AlN 

waveguide. The hBN defect hosted within the flake sits on top of the 

waveguide, and its emission is coupled to the structure’s transverse 

electric mode. Figure 7.10 (b) and (c) show AFM scans of the 

waveguide and hBN, and their respective height maps. Towards the 

end of the waveguide is a grating which acts as an antenna to facilitate 

either coupling, or—in this case—outcoupling of the guided light. 

Optical characterisation of the emitter was performed at both ends of 

the waveguide, measuring at the hBN flake itself, and at the grating 

outcoupler. The results show a successful coupling of the emission, 

however with a low coupling efficiency of ~7% and the quantum 

emission diminished due to the decrease in SNR.  

Despite these, the results show an example of the successful 

integration of hBN emitters with dielectric nanophotonic structures. 

Its light can be spatially manipulated through waveguiding, 

transporting the light from one position to another, showing the 

potential for its use in integrated on-chip optical circuits. 
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Chapter 8 

Conclusions and outlook 

8.1. Summary of thesis 

During this thesis, quantum emitters in three solid-state materials—

GaN, diamond, and hBN—have been investigated for applications in 

QIP. In this respect, the presented works have been separated into 

two distinct parts, considered crucial for the journey towards mature 

nanophotonic devices. The former details the creation of single-photon 

emitting defects and the understanding of their origins, while the latter 

presents fundamental studies regarding the manipulation of their 

optical properties, leading then into its integration with additional 

nanophotonic constituents. 

The high-yield and reliable creation of bright photostable quantum 

emitters is the first crucial step towards the fabrication of 

nanophotonic devices. Understanding the material properties and 

growth dynamics which create these emitters help to further the 

understanding behind the emitters origins—of which are still areas of 

debate and intrigue for many quantum emitter systems. 

Of these systems is GaN, a semiconductor hosting SPEs with the 

unique property of flexibility in growth. The effects of growth 

conditions and microstructure were investigated, with the correlation 

between threading dislocations and spatial positions of the quantum 

emitters in mind. It was found that the correlation is non-trivial, 

showing a disparity between dislocation density and emitter density, 

but not no spatial correlation. The new-found hypothesis in this case 
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is that the quantum emitters in this material are related to extrinsic 

impurities introduced during growth.  

hBN is another material system hosting SPEs with favourable optical 

properties—namely a high brightness, and pure linearly polarised 

quantum emission—making it a strong candidate for quantum 

applications. The effect of high-energy, electron irradiation on the 

creation of quantum emitters were characterised. MeV electrons were 

accelerated towards several different types of hBN flakes, with the 

intention to make vacancies by ejecting atoms from the lattice. The 

result of this is the high-yield creation of quantum emitters across the 

flakes, and crucially on the flat regions of the hBN flake—an area 

which prior methods were unable to achieve. Both of these studies 

serve to provide further insight into the origins of the emitters in their 

respective emitter system, through their methods of creation.  

Following the understanding and fabrication of these quantum 

emitters, the next crucial step is then to manipulate their optical 

properties to enhance and modify its emission. This can be realised by 

changing the local densities of states surrounding the emitter, a 

modification achieved through the integration with nanophotonic 

cavities.   

A fundamental study was performed on GeV colour centres in 

diamond, quantifying the effect of changing local densities of states 

has on its internal QE—a value not yet characterised experimentally. 

The study involved a modification of the thickness of the dielectric 

environment surrounding the host crystal (in this case was the 

polymer PMMA), resulting in a correspondingly different local density 

of states. By comparing emission lifetimes at different points of 

PMMA thickness, the internal QE of a system can be calculated. In 

this instance, ensembles were used to approximate an internal QE of 

~22%. 
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Finally, another fundamental study was performed on hBN SPEs, 

with their coupling to a gold spherical nanocavities. Plasmonic cavities 

can produce nanoscale mode volumes of highly confined densities of 

states, resulting in very minute coupling arrangements, and large 

enhancement when coupled to the plasmonic field. Through exploiting 

their linear transition dipole emission orientation of hBN emitters, a 

larger majority of the light emitted can be coupled to an Au 

nanosphere, allowing for a more efficient configuration. AFM was used 

to push the Au nanospheres into close proximity within ~20 nm of 

the host flake, resulting in a characteristic reduction of emitter lifetime 

by a factor of 3.19, and an enhancement of saturated emission 

countrate by a factor of 3.09—resulting in an overall countrate of over 

5.8 M counts. This was an important study which shows the large 

potential hBN possesses as a source for integrated devices. This was 

again reinforced with the seven studies described in Chapter 7. These 

studies aim to show how emission from quantum sources can be 

manipulated and enhanced through a modification of its surrounding 

environment. 

 

8.2. Outlook and future directions 

The studies presented throughout this thesis highlight the strengths 

and advantages which make solid-state quantum emitters a promising 

class of source for applications requiring quantum nanophotonic 

architecture. Naturally, these fundamental studies provide a 

foundation for further research, advancing their respective fields. 

Possible suggestions for potential future work and its outlook is 

detailed within this section for each respective project. 

Despite numerous studies on quantum emitters in GaN, the field itself 

is still in its infancy, with the origins of its emission still largely 
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unknown. Additional fundamental studies on different techniques of 

growth and deterministic incorporation of extrinsic impurities would 

be beneficial to more accurately determining the source of its emission. 

Ultra-pure growth procedures combined with direct ion implantation 

could be a precise method of testing the effect of individual impurities 

for their correlation to emitter creation. One of the main milestones 

with GaN is—as with any solid-state system—to find the origins of 

the emitter. However after determining this, the next milestone will 

involve exploiting the elaborate and diverse growth procedures to 

create distinct structures on choice substrates for quantum 

applications. Localised emitter formation for integrated on-chip 

nanophotonic devices is well sought-after, and can potentially be made 

possible through the use of GaN and its emitters.   

Similarly for quantum emitters in hBN, its unknown origins warrants 

further studies allowing for the deterministic creation of quantum 

emitters. Extended fundamental studies involving the controlled 

introduction of impurity atoms and monitoring the spectral signatures 

of the resultant emitters would greatly benefit the understanding of 

its origins. Additionally, having seen the capabilities of the material 

system when coupled to additional nanophotonic constituents, more  

exotic structures such as waveguides and resonators, both plasmonic 

and dielectric, would further advance the field and bring the 

realisation of integrated hBN sources one step closer. An example of 

this could be a reduction of its lifetime, approaching the dephasing 

time of the emitter through highly confined cavity modes, to acquire 

indistinguishable photons.  

The study on GeV revealed its high QE compared to SiV and shows 

its promising properties for quantum devices. Having a high QE 

results in more efficient emission of high purity single-photons, critical 

for quantum nanophotonic applications. Upon cementing the solid 
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foundations for this quantum system, it would then be advantageous 

to begin integration and interfacing of this material system with 

additional nanophotonic architecture to further enhance and 

manipulate its emission. The potential amalgamation with nano-

constituents such as waveguides (dielectric or plasmonic), various 

cavity designs, as well as contacts for electrical manipulation, is 

extensive and abundant as seen in many works involving 

nanodiamonds. All of these arrangements further the progress towards 

realising GeV colour centres for nanophotonic devices for quantum 

applications.  
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Appendix 

This section details the technical procedures and schematics of the 

experimental and analytical methods necessary for the measurements 

of data presented in this thesis.  

Second-order autocorrelation normalisation and background 

correction 

The procedure for analytically normalising g(2)(τ) autocorrelation data 

follows the works presented by Beveratos et. al202. The raw correlation 

data can be expressed in terms of coincidence count rate c(τ) counted 

during a time T within collection bins of width w, given by 

 𝐶𝑁
𝑐𝑤(𝜏) = 𝑐(𝜏)/(𝑁1𝑁2𝑤𝑇)  

     

where N1,2 are the count rates at their respective detector. The 

normalised coincidence rate 𝐶𝑁
𝑐𝑤(𝜏) is then corrected for the 

background light B, and can then be expressed as 

 𝑔(2)(𝜏) = [𝐶𝑁
𝑐𝑤(𝜏) − (1 − 𝜌2)]/𝜌2  

where ρ = S/(S + B) is the relation expressing signal to background 

ratio, measured independently in each experimental run by measuring 

the count rate close to the emitter.  
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Figure. A.1. Schematic illustration of confocal microscope used for  
all optical characterisation of single -photon emitters. Legend: TL – 
Thorlabs, ND – Neutral density, LP – Long-pass, NP – Newport. 
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