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trace is collected from the ZPL using the same BP filter. e) Photon occurrence
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for clarity (see Figure 6.4). The same emitter yield two different values of g2(0)~ 0.24
vs g2(0)~0.65 for before and after the high-power-excitation blinking was induced,
TESPECTIVELY. 1eeiiiiiiiiieie ettt ettt et e e et eesbeetaeesbeenseeenseennes 133
Figure 6.2: Comparison of fluorescence trajectories of the same SPE before (black) and
after (red) high-power-excitation blinking was induced: [black] and [red] curves are
measured at the same excitation powers. Note how at lower excitation powers (50—
700 uW) the emitter shows reduced fluorescence intensity after blinking (a random
blinking event is shown in the graph for 2000-uW excitation). ..........cccceeeruveeennee. 135
Figure 6.3: Sequence diagram of how the second-order autocorrelation function g?(0) and
trajectory measurements were measured. First, the data is collected at low power of
0.1 mW (“before”), then the laser power is increased to induce blinking, and the same
optical measurements are repeated at lower powers (“after”). .......cccocveevviveenieenns 136
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Figure 6.5: Schematics of the transition kinetics before (a) and after (b) power-induced
blinking. After blinking, a new trap state (red) is formed as shown in (b). Transition
rates are indicated with x; where i,j = 1,2,3,4 indicate the ground, first electronic
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Figure 6.8: Spectroscopy and power-saturation analysis of stable and blinking emitters
analysed in the study. a) Photoluminescence spectrum of the stable emitter with ZPL
at 631 nm and FWHM ~8 nm. b) Saturation behaviour of the stable emitter collected
using excitation power of up to 4 mW. c) Photoluminescence spectrum of an emitter
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Saturation behaviour of the blinking emitter fitted with a three-level model. The
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a) Long time scale, excitation-power-dependent g’(r) characteristics of a stable
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Figure 6.10: Probability distribution of “on” (orange) and “off” (dark yellow) states of the
blinking emitter at different excitation powers. a—d) Semi-log plots of the “on” and
“off” time distributions of the fluorescence trajectories shown in Figure 6.9(c). The
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excitation power starting at 221.2 ms, 213.5 ms, 86.1 ms and 43.1 ms for power
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show dependence on excitation power and gave a mean characteristic decay time (zon)
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Figure 7.1: (a) Schematic illustration of a single crystal PIN diode with implanted Si-atoms
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Figure 7.2: (a) Electroluminescence map of an 80 pm x 80 um area showing luminescence
from the edge of the pillar. (b) EL spectrum from the circled bright spot of the EL
map. The EL spectrum is collected at a forward bias of 50V used to inject current of

2.9 mA into the device. (¢) Photoluminescence map of a 60 pm x 60 pum area,
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exhibiting comparable emission from around the edge of the pillar (d) PL spectrum
from the circled bright spot of the PL map. The excitation is performed using a 532
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Figure 7.3: (a) Electrical driven luminescence saturation measurement of the stable SiV
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Abstract

Abstract

Amanuel Michael Berhane
Spectroscopy of single photon emitting defects

in Gallium Nitride and Diamond

A single photon is among the few quantum mechanical systems that are finding
applications in myriad fields. The applications include serving as building blocks for the
ongoing endeavour to realise faster computers and secure communication technologies. As
a result, a variety of platforms are being inspected to generate single photons on-demand.
Point defects and complexes in wide bandgap semiconductors such as nitrogen-vacancy
(NV) and silicon-vacancy (SiV) centres in diamond, carbon antisite in Silicon Carbide
(SiC), etcetera, are shown to be reliable room temperature (RT), single photon emitters
(SPEs). Despite reports of several defect based SPEs in diamond and other semiconductors,
the exploration continues to find ideal sources for applications. The central part of this
work also focuses on the discovery and characterisation of novel SPE in the device

fabrication friendly material- Gallium Nitride (GaN).

The other important aspect in the study of SPEs is the method by which emitters are
excited. While optical technique via laser excitation is the standard approach, electrically
excited single photon generation is highly desirable for large-scale nanophotonic
applications. The second part of the work investigates electrically driven fluorescence from
SiV ensemble in diamond, whose properties so far, were only investigated using optical
excitations. Therefore, the thesis consists of two main parts. First, the discovery as well as
study of a new family of SPEs in GaN via optical excitation is covered. The second part

features electrically driven characterisation of SiV centre in diamond.
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Abstract

The RT stable, SPEs are discovered in GaN films using a confocal microscope. The
emitters are off-resonantly excited using a continuous wave (cw) laser of wavelength 532
nm. The centre of wavelength in the emission spectra spans a wide range of from around
600 nm to 780 nm. Also, a significant portion of the emission comes from the characteristic,
narrow zero-phonon lines (ZPLs) with the mean cryogenic and RT Full Width at Half
Maximum (FWHM) of around 0.3 nm and 5 nm, respectively. The nature of the defect
responsible for the emission is studied experimentally via temperature resolved
spectroscopy as well as numerical modelling giving a strong indication that the emitter is

a defect localised near cubic inclusions.

Absorption and emission polarisation properties from the SPEs in GaN is studied in detail
via polarization-resolved spectroscopy. High degree of linear, emission polarisation is
observed with an average visibility of more than 90 %. The absorption polarisation
measurement shows that individual emitters may have different dipole orientation. In
addition, brightness measurements from several of the SPEs in GaN show the average
maximum intensity of around 427 kCounts/s placing the emitters among the brightest
reported so far. A three-level model describes the transition kinetics of the SPEs
successfully which explains some of the observed properties of the emitters such as photon

statistics.

A small number of the SPEs in GaN show unusual photo-induced blinking. This blinking
is shown to be due to a permanent change in the transition kinetics of the emitters when
exposed to a laser power above a certain threshold. This is evidenced by the change in the
transition kinetics observed before and after blinking of SPEs. Combining long-time
autocorrelation measurement and photon statistics analysis, numerical values for power-

dependent blinking behaviours are determined.
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Abstract

The second major result in this work is the first electrically driven luminescence from the
negative charge state of Silicon-Vacancy (SiV"). The result was directly obtained by
measuring photoluminescence (PL) and electroluminescence (EL) spectra from SiV-
ensemble located in PIN diamond diode. The defect was incorporated into the diode via
ion implantation. Further characterisation shows that the saturation behaviour under excess
carrier injection yields similar results with when the defect is pumped optically by lasers.
Finally, charge state switching between the negative and neutral states of the defect was
also attempted by using reverse-biased PL elucidating transition dynamics of SiV centres

in diamond.

This work, therefore, reports new findings in the spectroscopic studies of defect based
single photon emission. Furthermore, it provides detailed photophysical studies which may
serve as a benchmark for future investigation of SPEs in GaN for multiple applications.
The results provide new platform as well as alternative excitation approach for the

application of defect based SPEs in nanophotonics.
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1 Introduction

In this chapter, the study of defect based single photon generation is introduced by first
highlighting the relevant technological applications. This is followed by a description of the
different platforms that are used to generate single photons. Notably, the advantage of using
optically active defects in wide bandgap semiconductors as single photon emitters (SPEs) is
emphasised. These advantages are further exemplified by a brief review of a famous defect
in diamond (i.e. NV centre) and its applications in different fields. By highlighting progress
and limitations in the study of defect-based SPEs so far, the motivation for this PhD project
and its contribution in moving the field forward is featured. Brief historical background on
the study of SPEs is provided to clarify earlier conception of photons as well as illustrate
experimental progress made since the first detection. Finally, specific objectives of this PhD

work and outline of the thesis are provided.
1.1 Motivation

The dual nature of light, namely wave- and particle-like, is established through multiple
experiments since its first theoretical conception[1-4]. This observation has allowed the study
of light in terms of its fundamental constituents — photons[5, 6]. Throughout this work,
photons are considered as single-mode constituents of a continuous electromagnetic wave of
light [5, 7]. As such, various light sources are categorised based on temporal statistics of
emitted photons at a detector. Among these sources is SPEs, which are identified by photon
coincidence where each photon arriving at a detector is separated by a characteristics time[8§].
Ideally, a single photon emitter ejects one photon on average with a variance of zero. In-depth
mathematical treatment of photon statistics from different light sources including SPEs is
provided in the following chapter. This sub-chapter, on the other hand, focuses on the major

applications that motivate the study of single photon emitters.
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While a wide variety of applications ranging from bio-markers to quantum metrology are
reviewed as potential fields of application for SPEs, the primary drivers are quantum
computing and quantum cryptographic technologies[8-10]. The ever-growing need for faster
computing devices has now led to exploring alternatives using quantum mechanical objects
as bits (qubits), where much quicker processing than possible using classical bits are
allowed[11, 12]. This advantage arises because qubits, unlike their classical counterparts,
have an additional possibility of existing in a superposed state of two bits forming a third
state. Thus, a network of three-bit systems does multiple computations at the same time,
which otherwise would be done one at a time using the two-bit systems. This oversimplified
statement grants future quantum computers the power to process large data and calculations
in much less time than possible today. As a consequence, significant strides towards building
the first quantum computers is underway backed by multibillion-dollar funds both from

private tech-giants as well as governmental agencies[13].

Among the primary quantum mechanical systems being pursued for application as qubits,
single photons travelling in a photonic circuit constitute an important one[11]. Photons, as
bosonic particles, don’t interact with each other, thus have the advantage of maintaining their
superposed state for more extended periods of time. However, because of the non-interactive
behaviour, it is also hard to have the quantum mechanical states of two photons interfere to
form the third superposed state. By using interferometer with a specific arrangement of 50/50
beam splitters (BSs), two-photon interferences can be achieved. Currently, such systems can
be designed on-chip to build photonic logic gates [14, 15]. The single photon, in this case, is
introduced by coupling external emitter to the circuit. For a controlled introduction of single
photons into the circuit, however, chip-mounted emitters are preferred. Thus, on-demand
generation of bright, single photons on a photonic circuit is one of the major challenges to

address when building a viable photonic logic gate.

The other application pursued using SPEs is quantum cryptography which promises absolute

security while exchanging encoded information. An example of such an unbreakable protocol
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is proposed in 1984 by Gilles Brassard and Charles Bennett[8, 13]. In this protocol, a sender
encodes a single photon with one of four polarisation directions to exchange message with a
receiver. If eavesdropper has been reading some of the polarisation states and re-sends some
of their own to mask the trapped states, the number of wrong readings increases at the
receiver’s end. This is because every reading by the eavesdropper changes the state of the
initially sent polarisation directions. Thus, it is impossible for an eavesdropper to crack the
key without leaving a trace if the keys are encoded with ideal single photons. However, if
pseudo-single photon emitter (sends two or more photons at times) is used to encode the
message, an eavesdropper can easily get the same polarisation information as the receiver
undetected by splitting some of the bunched photons using BS (without introducing additional
error to the communication). Thus, ideal single-photon emitters with photophysical properties

such as polarizability are vital for such application.

Consequently, a list of criteria has been set for an ideal SPE to fulfil. This includes[8, 16]:
1. On-demand or deterministic generation of single photons upon excitation.
ii.  Single photon emission with zero probability of multiphoton emission.
iii.  Photons from the same SPE should be indistinguishable; That is, the single photons
should have identical spectral and temporal properties.
iv.  Polarizability both in absorption and emission.
v.  Bright, photostable emission under different pumping powers.

vi.  Allows both electrical and optical excitation.

Thus, different platforms are investigated as potential SPE considering these and other idealist
criteria. These platforms include single neutral atoms, single ions, single molecules, quantum
dots and defects in wide bandgap semiconductors. This work focuses on the later, mainly
because wide bandgap semiconductors [17]:

- are transparent at the visible spectrum.

- host numerous optically active defects.

- allow on-demand excitation of SPEs at room temperature.
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- allow on-chip coupling of emitters to photonic components.

- serve as platforms for fabrication of integrated nanophotonic devices.

A benchmark semiconductor for the study of defect based single photon generation is
diamond, hosting hundreds of optically active defects[9, 10, 16]. Thus, a number of room
temperature stable SPEs have intensively been investigated for nanophotonic applications.
Most prominently, the Nitrogen-Vacancy (NV) defect in diamond has attracted interest both
for its optical as well as spin properties[18]. The NV-center forms when a substitutional
nitrogen atom traps a vacancy at an adjacent lattice site of diamond as shown in Figure 1.1
(a). This centre can be intentionally generated in bulk diamond as well as nanodiamonds via
nitrogen impurity incorporation using techniques like chemical vapour deposition (CVD) and
ion implantation. Under laser illumination, the NV centre fluoresces giving characteristic
spectrum. Two peaks one at 575 nm and 637 nm ZPL are known for this defect corresponding
to two charge states of the defect, namely, the Neutral (NV?) and negative (NV-) charge states,
respectively. The more attractive charge state of the two for application in quantum
technology is NV~ (see Figure 1.1 (a&b)) fulfilling most of the outlined criteria for an ideal
SPE. For example. NV~ is the only defect in diamond so far to demonstrate electrically
triggered single photon emission[19]. The immense interest towards NV"- centre is, however,
on its spin properties. That is, the electronic transition of the centre shows spin dependence,
which is manipulated to control spin read-out[ 18]. Nevertheless, the optical properties of the
centre remain essential where, for example, transform-limited linewidth with minimal
spectral diffusion is reported with the successful demonstration of two-photon
entanglement[20]. Other applications using single photon emission from NV-center include

fluorescence bio-imaging[21] and quantum metrology[22, 23].
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Figure 1.1: (a) Atomic structure of NV centre in the diamond unit cell (b) Spectrum from an NV centre
showing fluorescence peak of the NV~ at 637 nm.

While single photon emission from NV and other optically active defects continue to attract
interest, difficulties related to diamond processing hinders large-scale nanophotonic device
fabrication. As a result, colour centres in other fabrication-friendly, wide bandgap
semiconductors are explored with reports of SPEs from materials such as Silicon Carbide
(SiC)[24] and Zinc Oxide (ZnO)[25]. The other group of mature semiconductors are III-
nitrides ((Indium Nitride (InN), Aluminium Nitride (AIN) and Gallium Nitride (GaN)). III-
nitrides are microelectromechanical systems (MEMS) compatible with widespread use in
solid-state lighting [26], high-frequency and high-power electronics[27, 28] and laser
technologies[29].

The vital role of IlI-nitrides for the different applications emanates from their direct bandgap
with the Al-Ga-In-N system covering the entire visible spectrum as shown in Figure 1.2 [30].
Also, the strong covalent bond of IlI-nitrides matrix makes them resistant to applications in
high temperatures, high illumination or high currents conditions. In particular, gallium nitride
(GaN) features advantageous optical and electronic properties such as non-linear second order
susceptibility [31], biocompatibility[32] and a direct, wide bandgap[33, 34]. Thus, GaN is
increasingly being used as a platform for photonic integrated circuits (PIC)[35, 36] including
waveguides[37], microdisk cavities[38-40], and photonic crystals[41-43]. In addition, GaN is

the basis of a multi-million dollar efficient lighting industry underpinned by mature
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nanofabrication and growth technologies[44, 45]. As a polar material that grows in the
wurtzite phase, GaN exhibits spontaneous polarisation [30, 46, 47]. Moreover, due to its
symmetry, a strong piezoelectric polarisation is observed in GaN[46]. Thus, electronic and
optical property studies of the material typically take the polarity and polarisation properties

of GaN into consideration.

Band gap at 300K [eV]

Lattice constant [nm]

Figure 1.2: The bandgap energies and lattice constants of various direct and indirect bandgap
semiconductors including I1I-nitrides[48].

Commercial GaN films are mostly grown using heteroepitaxial growth methods such as
metal-organic chemical vapour deposition (MOCVD)[47, 49]. Due to the high growth
temperature requirement, which could reach up to about 1200 °C, only select few substrates
have been used to grow GaN films[30]. These include sapphire (0-Al2O3), polytypes of
silicon-carbide (SiC) and Silicon (Si). The large lattice mismatch, as well as difference in the
linear coefficient of expansion between GaN and the substrates, makes the growth of large,
high-quality films difficult. Standard dislocation density in GaN film grown using
heteroepitaxial methods is > 10% cm. High quality (with a dislocation density of about 10°
cm?) GaN film can also be grown homoepitaxially on GaN single crystal substrates using

high- pressure high-temperature (HPHT) technique[30]. Although such growth technique is
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limited to the growth of small surface area films, new fabrication approaches such as hybrid
vapour phase epitaxy (HVPE) have been used to grow 3-inch wafers with a film thickness of
around 300 - 400 um[30]. Also, the electronic property of GaN can readily be altered by
various doping elements. For example, achieving p-type conductivity in GaN had long been
an obstacle to progress in classical optoelectronics. This problem was resolved by successful
doping of GaN with Mg-atoms via hydrogen termination leading to the fabrication of the first

white LED[50]. The undoped free carrier concentration in GaN can reach up to > 10'® cm™,

Numerous structural and point defects are known to reside in GaN bulk, altering the
mechanical, optical and electronic properties of the material[51, 52]. Despite the extensive
studies of defects in GaN, experimental reports of defect-related single photon emission have
been lacking. In fact, RT single photon emission from III-nitrides have been restricted to few
reports of quantum dots (QDs) sources[53-55]. Consequently, the wealth of knowledge
behind bulk GaN material, processing and device fabrication has not been fully utilised by
the fast-emerging quantum technologies. The primary focus of this thesis is investigating
room temperature (RT) stable, defect-related SPEs in GaN films. Furthermore, detailed study
of the photophysics of the emitters will also be covered in this work, evaluating the properties
for nanophotonic applications. The results constitute essential findings that may allow the fast

realisation of integrated devices using the mature platform.

One of the criteria above for applications of SPEs is allowing electrically driven fluorescence.
This property is crucial because it allows large-scale, single photon-based technologies to be
controlled with existing electronics. Moreover, the underlying recombination mechanism of
electroluminescence (EL) is different from that of photoluminescence (PL), allowing a
complete study into the transition kinetics of defects. EL has been successfully demonstrated
for NV--centre in diamond by generating electrically driven single photons from PIN diamond
diodes[ 19, 56]. The NV centre can be controlled both optically as well as electrically making

it even more attractive centre for applications. As stated, however, diamond hosts several
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other defects that can serve as SPE such as Silicon-Vacancy (SiV) whose distinguishing
properties have been studied only through optical excitation so far. Thus, the next focus of
this thesis is studying the capability of electrically driven fluorescence from Silicon-Vacancy
(SiV) centres in the diamond diode. The results will establish the possibility of harnessing
unique attributes of the centre via electrical excitation and give the motivation to achieve

electrically driven single photon emission with narrow linewidth from SiV.

1.2 Background

The concept of a photon has been best described by considering an electromagnetic field
within a perfect resonator or cavity[5]. In such case, depending on the resonator or cavity size,
there can only be some allowed discrete spatial modes. A different picture arises when treating
time variation of the same allowed modes using classical and quantum harmonic oscillator
equations. In the latter case, a mode with the angular frequency, @ , can only be excited by
integer multiples of #® , where 4 is Planck’s constant[5, 8]. Thus, a spatial mode excited
into the n harmonic oscillations will have » number of photons, where 7 is an eigenvalue of
the oscillator number operator. The photons in a single mode are uniformly distributed
indicating that they are delocalized in time. In an open optical system, the standing-wave
modes for cavity correspond to wave packets travelling along a propagation axis. Similarly,
for a single photon propagation, the wave packet function is the product of % and the average
of its frequency distribution with some level of localisation[8]. While the theoretical
definition of a single photon does not entirely imply a localised state, experimentally a single
photon ionises a single current pulse upon hitting a photodetector[5]. Thus, a single photon
state can still be analysed by considering a wave of light and discrete detector as will be

presented in Chapter 2.

In the 1970s, interference experiments from different groups demonstrated an electromagnetic

field that required a quantum mechanical explanation[57]. This observation has served as
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evidence for the existence of a photon. Subsequent experiments in the 1980s have confirmed
the same results. Grangier, Roger and Aspect carried out correlation experiment using a 50/50
BS in 1986[58]. They proposed that a single photon can only be detected once. Therefore, a
single photon entering the BS can either be detected at the reflecting or transmitting the output
of the BS but not at both ends at the same time. As a result, they measured coincidence that
can only be explained by considering a single photon state (details in Chapter 2). The first
photon correlation experiment using two detectors, however, is reported by Hanbury Brown
and Twiss (HBT) in 1956[59]. Applying photomultiplier tube (PMT) as the detectors,
photocurrents were measured. The results show that current at the two PMTs increases
simultaneously. This positive correlation is a characteristic behaviour of photons and is
referred to as bunching. In a later experiment, they conducted the measurement by considering
individual photon counts instead of just the photocurrent where a reduced positive correlation
is observed[60]. This result has significantly helped subsequent experiments that

demonstrated the existence of a single photon state.

Today, second-order autocorrelation measurement of single photons is robust coupled with
development in detection technologies. Following the first single photon counting using
PMTs., Mclntyre developed Avalanche Photo Diodes (APDs) in the mid-1960s. This
development allowed single photon counting using solid-state detector[8]. The advent of
silicon-based APDs enabled high efficiency and low noise single photon counting in the
visible spectra with short measurement times. In this work, we use the elegant approach of
HBT by correlating coincidence using BS and APDs to detect the excitation of single photons

(details described in Chapters 2 & 4).

1.3 Objective

The general aim of this thesis is twofold: First, we study the spectroscopic characteristics of
the new defect based SPEs in GaN films. The study is done both by measurements using

spectroscopy where wavelength distribution of emission from the SPEs is characterised as



Introduction

well as time-dependent intensity correlation measurements. The emission properties are
investigated systematically both at cryogenic and room temperatures. The second part of the
thesis features the first electrical excitation of a well-known stable, colour centre in diamond,
namely, Silicon-Vacancy (SiV). The measurement is carried out on confocal microscopy by
comparing intensity maps as well as spectral characteristics from PL, EL and

Cathodoluminescence (CL) measurements.

Thus, the specific objectives of the thesis are to:

e Investigate defect related SPE in several GaN films grown on different substrates.
Also, indicate the possible defect system responsible for the emission via experimental
measurements and numerical calculations.

e Study the photophysical properties of the emitters in GaN using measurements such
as intensity saturation, polarisation and low-temperature spectroscopy.

e Investigate power dependent blinking behaviours in some of the SPEs in GaN.

e Investigate electroluminescence from SiV center in diamond.
1.4 Organization of the thesis

Following is the organisation of the thesis:

Chapter 1 provides the technological motivation for the study of defect based single photon
emission. The contribution of this work in moving the study and application of defect based
SPEs is highlighted. A history of the study of single photons as well as the evolution of their
experimental detection is also covered. Finally, the general and specific objectives of this
thesis are outlined.

Chapter 2 reviews fundamental topics required to cover the excitation and detection of single
photon emitters. The theory of single photon emission is covered in this chapter. Also, the
basics of optical and electrical excitation of SPEs is also provided. Finally, the different

mechanisms of blinking are summarised to frame later discussion on the topic.

10
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Chapter 3 describes defect based fluorescence in wide bandgap semiconductors. It covers
the formation of optically active point defects at equilibrium followed by a summary of prior
reports of SPE in GaN. Configuration coordinate diagram is used to illustrate the optical
transition in defects. In light of the SPE in GaN, the material properties and formation of
stacking faults are featured. Finally, diamond material properties, as well as defect-based
SPEs in diamond, are summarised. Particularly, a brief discussion on the electronic and
structural properties of SiV is provided.

Chapter 4 focuses on the first report of single photon emission (SPE) from various GaN films
grown on sapphire and SiC substrates. Spectroscopic and second-order correlation
measurements elucidate characteristic behaviours of the SPE. Preliminary evaluation of
emitters for applications in quantum technology is also provided. Finally, low-temperature
spectroscopy and a numerical model is used to indicate the defect system responsible for the
SPE.

Chapter S follows from the previous chapter and reports on the photophysics of the SPE in
GaN film. This is done via analysis of results from several emitters collected both at cryogenic
and room temperature. The results are discussed in the framework of comparing the
photophysical properties to established emitters in other semiconductors.

Chapter 6 describes unusual photo-induced blinking behaviour that some of the SPE in GaN
showed. By using fluorescence trajectory, second-order correlation and probability
distribution analysis, a mechanism responsible for the blinking is proposed. Furthermore,
characteristic decay time as well as “on” and “off” times are determined as a function of
excitation power.

Chapter 7 features the second main objective of this thesis which is to report the first
electrical excitation of SiV centre in diamond. By comparing optical and electrical excitation,
direct evidence of electroluminescence from SiV ensembles is provided. Furthermore, the
study of charge state switching in SiV is attempted by using reverse-biased
photoluminescence.

Chapter 8 concludes the major findings and contributions of the PhD work. In addition, a

proposal is included as a future direction to build on the work presented here.

11
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Accordingly, Chapters 1-3 give background into the field of defect based single photon
emission. These topics are followed by chapters 4-6, which cover the central contribution of
the thesis- discovery and characterisation of SPEs in GaN. Chapter 7 presents electrically
driven fluorescence from SiV defect ensemble in the diamond diode. The significant results

are summarised, and the broader context of the work is covered in Chapter 8.
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2 Fundamentals

This chapter provides the basics behind the major topics of this thesis. First, a mathematical
treatment of generation and detection of light in terms of the time distribution of its photons
is provided. The review is followed by basic descriptions of the mechanism behind optical
excitation of SPE using continuous wave (cw) lasers. One other alternative mechanism of
excitation- electrical excitation via excess carrier recombination at single photon emitting
defects- is also reviewed. Finally, the causes and mechanism behind single photon

fluorescence blinking are featured.

2.1 Photons as basis for quantum mechanical behaviour of light

The standard classical and semiclassical approach to mathematically model the distribution
of photons at detectors is through the correlation of intensities [6, 58, 59]. Such formulation
fundamentally relies on splitting light path using beam splitters (BS) leading to two detectors
from which time distribution of the respective intensities is correlated[58, 61]. This
arrangement constitutes an essential part of the HBT set-up[59]. As will be shown below,
however, intensity correlation could only describe some sources of light, namely chaotic and
coherent light sources, where the continuous electromagnetic field or its magnitude is
correlated in time. A comprehensive formulation is obtained using a quantum mechanical

approach where operators for intensity (or electric field) are correlated at the two detectors.

Thus, classical and semiclassical formulation of photon statistics of chaotic and coherent light
sources is presented underpinned by the second-order correlation of intensities. This approach
will help not only obtain characteristic correlation behaviours for chaotic and coherent light
sources but also helps appreciate the limitations of the approach in describing single-mode
light sources. This treatment is followed by the comprehensive, quantum mechanical

approach of second-order correlation of operators which will be shown to yield consistent
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results with the classical approach for chaotic and coherent light sources with the additional
advantage of rendering the full description of single photon emitters. In the end, the different
sources of lights will be demonstrated to show distinct photon correlation behaviours. More
importantly, characteristic description of single photon emitters will be covered which is the

focus of this work and will be used throughout the result chapters.
2.1.1 Classical and semiclassical approach for the analysis of photon statistics

Chaotic light sources also referred to as thermal light sources are characterised by the
emission of photons that are independent of each other resulting in random fluctuation of the
electric field and intensity. Examples of chaotic light sources include discharge lamp,
filament lamp, light bulb, etcetera where the photons distribution in time is bunched at
detectors as illustrated by “comb” diagram in Figure 2.1 (a). By focusing on the average
intensity fluctuations from such sources, the second-order correlation is constructed by
measuring the time at two detectors with a delay time, 7 , introduced on one of the channels.
The measurement can be attained by considering an ideal beam splitter where the chaotic light
beam is split into the detectors as shown in Figure 2.1 (b). Thus, for a stationary, chaotic
source, the average intensity fluctuation is given by the second-order correlation function as

[5, 57, 62, 63]:

2 {1+ 0)I@)
g (ﬂ—m (2.1)

where < > denotes time average, [ is the intensity as a function of times, ¢ and ¢+ 7 . Under

the stationary, chaotic source consideration, the time average and statistics average of photons

are the same and designated by the angle brackets. For delay time of zero, i.e. 7=0, the

(roF)
(1)

expression in equation (2.1) reduces to g’ (r = 0) = for a lossless beam splitter.

Applying Cauchy-Schwartz inequality, where <I (t)>2 < <[] (t)]2> , the second order-

correlation at zero delay time reduces to
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g (r=0)>1 (2.2)
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Figure 2.1: (a) Chaotic photon distribution at detectors. (b) beam splitter for photon correlation analysis
where an incident beam of light (7) is split 50/50 into a transmitted (7) and reflected (R) beams leading to
two detectors D1&D2. (c) shows the autocorrelation results for chaotic light source obtained after
intensity fluctuation at the two detectors is correlated in time by introducing delay (7 ) in the arrival
times in one of the beam paths (R or 7)[64].

This result shows that for a light beam with a fluctuating beam intensity, the g2 (r=0)>1.In

fact, for truly chaotic light source where the contribution of individual photons is insignificant
compared to a large number of fluctuating photons, it can be shown that g2(1' =0)=2, as

depicted in Figure 2.1 (¢)[59, 60, 65]. The arrival of photons in groups with the corresponding

fluctuation at detectors is referred to as photon bunching.

An ideal laser beam, on the other hand, is a coherent light source with stable intensity, where

<1 (t)>2 = <[I (t)]2> indicating that photons in such sources are uncorrelated to each other

(Figure 2.2 (a)). In such case, the intensity remains constant along the normal with the

autocorrelation function yielding g°(z =0) =1 as depicted in Figure 2.2 (b).

While the classical model of intensity fluctuation at detectors described the photon statistics
from chaotic and coherent sources very well as verified by experiments, a more accurate
approach that resembles detection mechanism is required. That is, in real detectors such as
photomultiplier tube (PMT) or Avalanche Photodiodes (APDs), the intensity is converted and

measured indirectly as photocurrent or photocounts. As such, a semiclassical approach which
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considers the electromagnetic field (chaotic and coherent light beam) and quantum

mechanical detectors have been demonstrated.

(a) (b)

Coherent light source 2
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Distribution of photons 00

T

Figure 2.2: (a) Coherent photon distribution at detectors. (b) shows the autocorrelation results for a
coherent light source obtained after intensity fluctuation at the two detectors is correlated in time by
introducing delay (7 ) in the arrival times in one of the beam paths (R or 7)[64].

The discussion presented here is based on [5, 57, 62]. In this model, the probability of
counting a photon (£ ) in detection time of At is proportional to the average intensity hitting

the detector and is given by:

PAt =n, (I,(1))At (2.3)

where 77, is the detection efficiency of detector ‘D1°. Now, for the two-detector system with
a lossless beam splitter described in Figure 2.1 (b) as well as the introduction of the delay

time of, 7, on detector D1, the combined photon counting probability is as follows:

PL(0)A =1, (1, (¢ + ), ()AL (2.4)

Thus, the second-order correlation function, g2 (), is given by dividing the combined

probability of detection by individual probabilities as:

2 _ P, (7)
g ()= PP, (2.5)

Solving Equation (2.5) at 7 =0, yields

2 P12(0) <11 (t)jz(t)>
=0)= = >0 2.6
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Therefore, the semiclassical consideration gives the same second-order correlation relation

for chaotic and coherent light sources as the classical approach. In a coherent light beam, the

photons are uncorrelated (do not fluctuate) with signature g’ (r=0)=1 at P,(0)=PP,.

Moreover, the second-order correlation function is also used to identify chaotic light sources
which show a positive correlation with g’ (r=0)>1 showing intensity fluctuates at both

detectors.

The classical and semiclassical approach to constructing intensity and photon count
correlations at detectors assume the wave-like electromagnetic property of light. However,
for a full description of the particle-like properties of photons, a quantum mechanical
formulation is required. Thus, in the following approach, second-order correlations are
constructed considering both a quantum mechanical light beam (single photons) and

detectors.
2.1.2 Quantum mechanical approach for the analysis of photon statistics

Consider the same beam splitter as in the classical and semiclassical cases above where the
incident beam now is quantised — the coincidence of photon-stream is split into the two
detectors as shown in Figure 2.3 (b). The discussion presented here is based on [5, 57, 66, 67]

and references therein. In this case, the second-order correlation function is expressed in terms

of intensity operators 7, and 7, with a delay time, 7 , as

o @i ern) (@l 0ala+0)a e+ 1)a o)
_ - 2.7
¢ (O) st +0)  (al 0a, o) al @+ )iyt +1)) @7

where &, and a, are the electric field annihilation and creation operators, respectively and

n,=a'a,. Also, now the average of the operators is understood as the expectation value,

1

which is the dot product of the operators. As the most important distinction between the
second-order correlations of different light sources occurs at zero delay time, 7 =0, further

discussion drops the time variable.
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Furthermore, the quantum mechanical system allows operators 4, and @, be expressed as the

linear superposition of input field operators (4, ) and vacuum field operator (4, ) (see Figure

2.3 (a)) arriving at the lossless beam splitter. For a choice of phase, it can be shown the

superposition is given by

a,=—=(a, -a,) (2.8)

(a) (b) ) (c)
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HERREENNEREN N > |/~
Distribution of photons a, gn
b1 Correlation T
card

Figure 2.3: Single photon distribution at detectors with a characteristic time spacing. (b) Field operators
at a beam splitter (c) Single photon autocorrelation function where the g’ (z =0) = 0. This is referred to

as photon antibunching[64].

Substituting equation (2.8) in (2.7) and using the additional commuter relation between field

F A

" —a/a, =1,the g’ (r =0)as a function of the number of photons (7 ) arriving

operators: 4,a,

at detectors is expressed as

(n(n-1) _(n*)={n)

g (r=0)= = (2.9)

(n)’ (n)’

Using the photon-number variance ( Arn®) given by the relation (An)* = <n2> - <n>2 , equation

(2.9) further reduces to
(An)2 — <n>
(n)’

g (r=0)=1+ (2.10)
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Considering that a photon-number variance is a whole number, equation (2.10) can be

expressed

g2(7=0)21—L for <n>21 (2.11)

)
Equation (2.11) already shows a new lower limit of O for <n> =1 that was not indicated when

the g°(r=0) is derived using both classical and semiclassical approaches. Following

characteristic g2 (z =0) values are obtained for different light sources.

Chaotic light source: The photon number probability, P(n), of such light source is given by
(n)’
P(ny=—>"— (2.12)
A+ (n)'

The variance that follows from this relation is given as

(An)? = {(n)” +(n) (2.13)
where the variance of chaotic states differs from the coherent counterparts by the mean square.
Substituting equation (2.17) in (2.10), the reduced second-order correlation function for
chaotic light source gives g (r=0)=2. Again, this result is consistent with the one obtained

using the classical and semiclassical approaches where photons arrive at detectors together at
the same time. This is bunching of photons, and it is a natural tendency of photons.
Experimentally, SPEs may appear to bunch when the coherence time between individual
photons is less than the time resolution of detectors. Such observation entails an important

property of the transition kinetics of the SPEs as will be discussed in Chapter 5.

To conclude, in a single photon, coherent and chaotic light sources, the nature of the photon

statistics can be deduced comprehensively using the quantum mechanical approach. Coherent

and chaotic light sources follow super-Poissonian ( (An)” > <n> ) and Poissonian ((An)* = <n>
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), statistics respectively. True single photon emitter with (An)* =0, on the other hand, follow
sub-Poissonian photon statistics with (An)” < <n>, for a time delay of zero; However,

depending on the transition kinetics of specific emitters, practical photon statistics of SPE

may deviate from sub-Poissonian statistics as will be discussed in subchapter 2.3.

Coherent light source: The statistics for this source can be expressed as a superposition of

single states |n) giving a coherent state |«) which is expressed in terms of annihilation
operator as a|a)=a|a). The conjugate product between the creation and annihilation
operator yields the expectation value of the coherent state, <n> , given by the relation [5]
(n)=(ala'ala)=(aln|a)= |05|2 (2.14)
Similarly, the expectation value of the mean-square coherent state,<n2> , can be shown to
yield
() = (alp|a) =|a|" +|of’ = (n)* +(n) 2.15)
where the photon-number variance is now
(An)? =|a|” = (n) (2.16)
Finally, substituting equation (2.15) in (2.10) gives the second-order correlation function for

a coherent state of g”(z =0) =1. This result is consistent with the one obtained using classical

and semiclassical approaches for coherent light sources as discussed before and shown in

Figures 2.2.

Single Photon Emitter (SPE): These group of light sources emit individual photons

separated by characteristic time as depicted in Figure 2.3 (a). Thus, for single photons, the

relation n|n)=1/n) holds where |n)is the single mode number state and eigenvalue of 1.

This shows that there is no uncertainty in the photon number of the single photons yielding
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variance of zero, (i.e. An> = 0) where now equation (2.11) can be reduced to a second-order
correlation of the form [5]

g r=0)=1-1 2.17)
n

where n=1, g’(t=0)=0. This is called antibunching, and it is a purely quantum
mechanical phenomenon violating the limit set by the classical and semiclassical approaches
before (g2 (r =0)=1). Antibunching behaviour of SPE under cw-laser excitation is illustrated

by the second-order correlation plot in Figure 2.3 (c).

Single photon emitters from defects in wide bandgap semiconductors are the central subject
of this work. Hence, extensive experimental results and discussion will be presented in
subsequent chapters. As it will be shown, the theoretical value of 2 (r=0)=0 may not be

achieved experimentally due to, for example, background contribution. However,

2’ (r =0)<0.5 is still considered to index a single photon emitter because higher photon

number (7=2) will result in g>(z=0)>0.5. The experimental interpretation of this

phenomenon is that a single photon cannot be measured at two detectors with zero delay time.
2.2 Excitation of single photon emitters

The focus of this thesis is the generation and detection of single photon emitters. The standard
experimental approach to detecting SPEs is by using the HBT set-up. This method relies on
50:50 beam splitter dividing the incident cascade of single photons into two detectors
(avalanche photodiodes) as shown in Figure 2.3 (b). By introducing a time delay at the
channel of one of the detectors, histogram of photon coincidence can be built based on arrival
time differences at the two detectors. Time-to-amplitude converter (TAC or correlation card)
is usually used to register and bin the detection events into the histogram shown in Figure 2.3
(c). The measurement obtained this way can be modelled well by using equation (2.7) where

delay time (7 ) is much smaller than the average arrival time difference at the two detectors
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ensuring small count rates. Under this condition, 2’ (r)in equation (2.7) corresponds to the

joint probability of detecting a photon at / and an immediately preceding photon at ¢ +7 .
While the time correlation measurement and HBT set-up will be discussed in more detail in
Chapter 4, it is clear the time difference between subsequent photons arriving at the BS affects

the histogram constructed when using such measurement.

In an ideal SPE, the generation of individual photons is separated by characteristic time,
namely the excited state lifetime [8, 68]. This is the amount of time it takes the excited state
to decay back to ground state emitting a photon upon recombination for every pumping cycle.
Thus, recombination mechanisms dictate the rate and thus the distribution of the coincidence
of photons at detectors. Two major factors that affect recombination mechanism in single
photon emitters are a number of energy levels involved in the transition kinetics of the SPE

as well as the excitation technique used to stimulate transition. Thus, expressing second-order
correlation function ( gz(z' )) in terms of lifetimes not only will it elucidate the transition
kinetics but also help determine the rate coefficients involved in the transition. The first part
of this section of the thesis, therefore, reviews the analysis of g2 (r) when a SPE is under cw
- laser excitation. The case of a two- and three-level single photon emitting system are
considered to obtain further relation of decay rates. As a result, the distinction in gz(r)

function when using a cw- laser excitation will be highlighted.

2.2.1 Continuous-wave (cw)-laser excitation of single photon emitters

Laser excitation of SPEs is normally carried out by focusing the beam via high-resolution
objectives. The beam waist of the focused laser is diffraction limited, where for visible lasers
the spot size reaching several hundreds of nanometers. Thus, the spot size covers a large area
on the sample exciting multiple SPEs that lie within its diameter. In such case, the total
fluorescence intensity at a time ¢ from multiple SPEs can be written as the summation of

individual intensities expressed as [69-71]
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I(t) = ﬁ“i‘, (r,») (2.18)

where i, is the intensity from individual emitter j located at 7; and N is the total number of

SPEs with the laser spot. Now, let’s re-write the normalised second-order correlation function

ignoring short time aberration caused by detector dead-time as

g’ ()= {1+ (2.19)

(1)

Thus, the numerator in equation (2.19) follows as

(IO +7))= <iz ; (rj,t)iik (7.t + 2')> (2.20)

Assuming individual emission events are independent of each other both in amplitude and

phase, intensity fluctuation average from the same source ( j = k ) can be separated from those

coming from different sources ( j # k ) yielding

(IO +1)) = N(i, (7,000 (1ot +7)) _ + NN =i, (7, )i (£ +7)) (2.21)

j= Jzk
with the average intensity from N emitters written as <I > =N <z> Now, discrete intensities
can be expressed in terms of probability of emission per time (p;(¢)) and collection
efficiency as a function of the respective location ( 77,(r;) ) as i; (r;,1)=n,(r;)p,; ) giving

(I)=N(n)p) (2.22)

Substituting equation (2.21) into (2.22) results in
(101t +71)) = N(p(t) p(t + D) n(r.tn(r £ +7)) o
+ NV =1((p, (O pe e+ 1)1, ), (1)) |

Considering individual emission events are independent, equation (2.23) can further be

simplified as
= N{p@)p(t+)n(r,0nr t+0)+ NN =1)(p*)(n*) (2.24)

Now the g°(7) can be written as
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_ N =D 1 (pp(+ ) (10 0mG 1+ )
NEON S (p) (n)’

Looking at the second term in equation (2.25), it indicates that detection efficiency varies if a

g’ (7) (2.25)

particle at position 7 at time ¢ moves to a new position 7' at £+7 . Thus, for a stationary

SPE (n(r.n(r' .t + 7)) = (1) reducing equation (2.25) to

, NN-1) 1 (p®p(t+7))
g (n)= —+— 3 (2.26)
N N (p)

Thus, the second-order correlation function is now expressed in terms of probability of

radiative emission at two different times.

a b
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Figure 2.4: Energy level diagrams illustrating transition kinetics with decay paths and corresponding rate
coefficients (a) two-level transition kinetics (b) three-level transition kinetics.

Consider now single photon emitters with a two- and three- energy level transition systems

as shown in Figure 2.4 (a&b). By looking at the two-level energy diagram in Figure 2.4 (a)

first, a particle is pumped from the ground state |1) to the excited state |2) using a cw-laser

of'a certain power. The particle’s transition rate to the excited state is k', . The excited particle
decays back to the ground state radiatively via the rate &,, emitting a photon. Looking closer

at this simple transition, the probability of being in state |2> at any time (p,(®)) is
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proportional to the probability of emission. Thus, detecting a photon at a time ¢ is proportional
to p,() (i.e. ap,(»)) at which time the system is back to the ground state |1). Thus, a
subsequent photon emission 7 time later depends on the time it took the system to reach the
ground state (¢). Therefore, the subsequent emission is proportional to p,(%,1;7). The

detection of a subsequent photon emission then follows with proportionality ap, (¢,1;7). This

consideration modified the probability term in equation (2.26) as [69, 72]

(pOp+1) _a’py()p,(tL7)) (P, (tLi7)) (2.27)

(p)’ a’ p; () ()

By going back to the two-level diagram, rate equations can be written for the population

dynamics as

M =—K,,p,(7)+ K, p,(7) (2.28)
dt
dp;f‘l') = K, p,(7) = K5, P, (7) (2.29)

where p, + p, =1, indicating there is no additional channel for decay. The rate equations

(2.28) and (2.29) are a system of linear differential equations and can be written in matrix

d(p@) (—Kk, &y |[p2(2)
E(pz (T)j - ( K, — KzJ [pz (7)] (230)

To solve this equation, eigenvalues, 4 , of the matrix 4 is determined using the relation

form as

—-K, K A 0
(A—AI) =0 where A= and Al =
K, —K 0 4
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with I as the identity matrix. Consequently, the two eigenvalues determined are 4, =0 and

a -a
A, =k, +K,, corresponding to eigenvectors of ( : J and [ 2j , respectively.
K12a, [ Ky, a,

Thus, the solution is then written as the linear combination of the exponential as

pi(7) 1 -1
=4q exp(0) +a, exp(—(xy, +&,,)7) (2.31)
P, (7) Kip /Ko, 1
L N ACONNE . : :
For the initial condition = , coefficients for the eigenvectors yield
p,(0) 0
K - K
a=—"—and a, = ——"— (2.32)
Ky T Ky Ky T Ky
Thus, giving linear differential equation written as
Ko K

(pl (T)J _ [ a, _azJ (exp(_ﬂqr)J _| K T Ky Ky T Ky {eXp(_llr)j (2.33)

P,(7) K, /Ky @y )\ exp(=4,7) Kip —Ki exp(—4,7)

K, T Ky Ky K5,

Solving equation (2.33) by recalling 4, =0

Kis Kis
——exp(0) ——————exp(—(«k, + &,,)7)
(P, (t1D) oy +15,, Kip + K, 0
P,() ST
Ky T Ky

(2.34)
=1-exp(—(x,, +&,,)7)
Hence, the second-order correlation function for a single photon emitter (N=1) in equation
(2.26) is re-written to give

&30 =1 exp(- (o + )0 = T exp(= 7)) (2.35)
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where the antibunching time constant 7, = % = %
1

. It can also be noted that
K]Z + K2l)

g’ (r=0)=0. Figure 2.5 (a) illustrates a typical histogram of photon coincidence as a

function of delay time built using TAC when recording single photons from ideal emitters

with two energy levels. However, due to background contribution, experimental
measurements deviate from the ideal case of g° (7 =0) =0 as shown in Figure 2.5 (b). Thus,
to account for the background, a scaling factor ( p ) is usually used modifying equation (2.35)
to [73]

g (1) =1-p* exp(~1/t,) (2.36)

where p = ; S and B are the signal and background counts. The physical origin of this

S+B

scaling factor will be discussed below for a three-level system.

—
QD
—

Coincidences

90 -45 0 45 90
Delay time (ns)

Delay time (tAPD1 — tAPD2)

Figure 2.5: (a) Schematics is showing coincidence statistics during a second-order correlation
measurement for a single photon emitter. (b) The real second-order function used to fit data with

background contribution offsetting g~ (0).

The same approach can be used to derive g’ (1) description in terms of radiative and

nonradiative lifetimes in the three-energy level of a single photon emitter depicted in Figure

2.4(b). In such systems, the excited state has an alternative decay path to the ground. That is,

first via K,; to shelving (triple) state, 3>, followed by non-radiative transition via &5, to the
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ground state,

1). While the transition from |3) back to |2) could occur, for most practical

cases this transition has the same effect as the transition from |3> to|1> , hence is neglected in

the following derivation. Such system describes single photon emission kinetics in a wide
variety of platforms including single molecules[71, 74], quantum dots (QDs)[75, 76] and

many defects in wide bandgap semiconductors[24, 77-80].

The full derivation of the three-level system is provided in [69]. Here, brief revision is
provided following the same steps as in the case of the two-level system before. Now the

matrix form of the rate equation is given by

p,(7) — K — Ky K31 p,(7)
E P, (@) |=| Ky —(Ky +Ky) 0 P, (7) (2.37)
p;(7) 0 Ky — K5, )\ 5 (7)

where additional rate coefficients are considered for the shelving state occupation probability,
P5. By using the same approach as the two-level system above, eigenvalues for the matrix of

rate coefficients are determined to yield

1 2
/11 = _(K12 + Ky + K3 + K3 +\/(K12 +’(21 +’(23 _K31) _4K12K23)

A, = %(Klz TRy Ty Ky — \/(Klz Ky Ky — Ky ) — 4K Ky (2.38)
A, =0
Considering much higher radiative decay rate to the ground state than the nonradiative decay
rate via the shelving state (i.e. K, >> K,; +Kj3,), the eigenvalues further simplify to

A =k, Ky, (2.39)
A, =Ky, +K23K12/(K12 +K,,) .

Now, the general solution for equation (2.37) in matrix form is given by
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p,(7) a, a, a;)\[exp(-47)
D7) |=|ay  ay  ay || exp(—=4,7) (2.40)

ps(7) ay Ky oy )\ exp(—As7)
The equilibrium population of the excited state |2> occur at f — o0 with eigen coefficients

corresponding to the eigenvalue (i.e.4,;, @,;and a@;;). Independent of the initial condition,

analytical solution for the coefficients yields,

KZIK%
a; =
(K21K31 + K12K31 + K12K23)

K, K
a,, =" % 2.41
3 (K21K3l + K12K31 + K12K23) ( )

KZIKz/
a3 =
(K21K31 + K12K31 + K12K23)

with p,(%) =a,;.

P (7) 1
Again, the initial condition | p,(7) |=| 0| is considered to solve for the rest of the
p;(7) 0
coefficients yielding
a :K%
2! (K, +K5;) (2.42)

.2
a21 - K12K23/(K21K31 + K12K3l + KIZKZS)(KIZ + KZI)
The normalisation then yields,

(p,(t1;7))

=1-(1+a)exp(—A4,7) +aexp(—A4,7) (2.43)
P, ()

Substituting this in equation (2.26) and solving for N=1 yields
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N(N -1 1
g2 (r)= ¥ +—((1+a)exp(—4,7)+aexp(—4,7))
N N
(2.44)
=1-(1+a)exp(—=A,7)+aexp(—4,7)
Thus, the second-order correlation function for a three-level system is given by
g’ (r) =1-(1+a)exp(—A,7) + aexp(—4,7) (2.45)

where
A =Ky, i,
/12 =Ky +K23K12/(K12 +K21)

a= K12K23/[K31(K12 + KZI)]

Equation (2.45) describes the second-autocorrelation function of an ideal SPE for a three-
level system where at g°(7=0) =0. Experimentally, the normalised g°(z) is obtained from the
photon coincidence number, c(?) , integrated over a period of T using a time bin width of w
as [81, 82]:

c(?)

(2.46)
R.R,Tw

g (D)=
where R, and R,are the count rates at each detector. This relation is fully correlated and
normalised to 1 for large integration periods following Poissonian distribution. In real
emitters, however, g°(r=0) value usually deviate from the zero-value indicating the presence
of uncorrelated background contribution ( p ) in the coincidence measurement. To correct for
this background count, the signal and background counts are measured independently. The

corrected second-order autocorrelation function ( g’ (7)) is then given by [82]:

(&) -(1-p) 047

g ()=

where p is the signal to background ratio. The other common cause for g?(r=0) to deviate

from zero is impulse response function (IRF) of detectors [81]. This is typically a Gaussian
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function with characteristic linewidth, which can be measured independently. The Gaussian

function can then be convoluted with equation (2.45) to correct for the IRF.

A clear distinction can be observed in the expressions of 2>(7) for a two- and three-level

system highlighting the difference in intensity fluctuations as consequence of transition

dynamics difference. The radiative decay for both level systems occurs as result of the

transition from the excited state,

2> , directly down to the ground state, |1>

via rate

coefficient, k,, as shown in Figure 2.4 (a)&(b). However, for the three-level system a non-

radiative decay via the shelving state,

3> , gives rise to the second exponential term in equation

(2.45) with decay rate, 4,. The non-radiative decay rate indicates that for a three-level

system, the intensity undergoes a “dark™ state decreasing the efficiency of single photon

emission. Experimentally, this is depicted by a drop in the g”(7) value in the short-time scale

of hundreds of ns as shown in Figure 2.6 (a).

(ﬂl)18 (b)
.01 7\-
| 18 A A2
©0.9 e
A
/
0.0~ ; - . . 0.0 ey —
90 45 0 45 90 10° 107 10°

Delay time (ns)

Delay time (s)
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/}\,2
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1.03 \1
1.02 SR S .
40 10° 10 10"

Delay time (s)

Figure 2.6: Antibunching characteristics of SPE in GaN with a three-level transition. (a) gz(z') vs delay

time generated using equation (2.44) by considering a correlation time of up to 100 ns. (b) g2 (7) vs delay

time generated using equation (2.44) by considering a correlation time of up to 15 £i5 . The antibunching

rate (/11 ) and fast non-radiative decay rate via shelving state (ﬂz ) are depicted occurring at different

time scales. (c¢) g2 (7) vs delay generated using double decay function for long periods of from a few L&

to 0.1 ms showing once again the 12 and additional long-lived, dark-state with rate 13 appearing once

again at different time scales.
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This is distinct from the g° () behaviour of its counterpart two-level SPE shown in Figure

2.5 (b), where g”(7) value remained constant along the normal. If the g”(7) from a three-

level SPE is correlated for more extended periods of time (~ up to a few ps), the drop in the

g (7) normalises as shown in Figure 2.6 (b). However, if additional shelving state (4 state)

that is weakly coupled to the antibunching is involved in the transition kinetics of the three-

level SPE, it will further reduce g°(7) showing a drop in long-timescale (us to min) as shown

in Figure 2.6 (c)[25, 83]. This is a significant relationship and will be used extensively to

demonstrate the transition kinetics of the novel single photon emitters in GaN in this thesis.

The basics behind electroluminescence from defects in wide bandgap semiconductor are the
focus of the second part of this section. This will be presented to frame the result presented
in chapter 7, where SiV centre in diamond showed fluorescence under injection of excess

carriers into its vicinity.

2.2.2 Electrical excitation of single photon emitters

The other increasingly explored technique of excitation is electroluminescence, where excess
carriers are injected into the single photon emitting systems resulting in radiative
recombination [19, 76, 84-87]. This technique is distinct from optical excitation technique
using mainly lasers (photoluminescence) discussed above, both in the way the external energy
is applied as well as recombination mechanism resulting in the emission of single photons.
Such excitation technique allows electrically controlled single photon generation promising
the realisation of large-scale integrated quantum devices. Also, using external voltage supply
to inject/withdraw current into the SPE reveals fundamental properties such as charge state

switching in emitters.

Electrically driven excitation requires incorporation of SPEs in the active region of a device

junction where efficient injection of excess carriers will be trapped by the emitters.
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Subsequent decay of trapped carriers with characteristic time will result in the emission of
single photons. Primary semiconductor junction structures for single photon emission are
presented. This is followed by a discussion of excess carrier trap and decay mechanism at

single photon sites.
2.2.2.1 PN Junctions: Current and single photon emitting diodes

For electrically driven single photon emission, recombination of excess charge carriers must
occur between energy levels of SPE. Thus, incorporation of emitters into classical devices is
inevitable to introduce excess carriers into the vicinity of the energy levels. Here, a simplified
review of the basics of common semiconductor junctions that are backbones for single photon
emitting diodes is covered to understand charge flow and driving forces behind excess carrier

injection.
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Figure 2.7: Energy band diagrams of two semiconductors that are n- and p-doped.. (a) Before contact
majority electrons reside in the conduction band (CB) of the n-doped semiconductors while majority holes
reside in the valence band (VB) and p-doped semiconductor. (b) At contact, majority carriers from both
sides diffuse into the opposite side to become a minority carrier before they recombine and dissipate.

Consider two semiconductors of the same kind that are doped differently (n-doped & p-
doped) and are brought to close contact as shown by the band diagram in Figure 2.7 (a). The
dotted line in the respective band diagrams represents the Fermi energy levels of the n-doped
(majority carrier electrons) and p-doped (majority carrier holes). Upon contact, however,

holes can diffuse to the n-side across the junction leaving behind acceptor-impurities in the
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p-side becoming a minority carrier as shown in Figure 2.7 (b)[88, 89]. This will, of course,
lower the Fermi energy level of the n-side and raises it on the p-side. The same conclusion
can be drawn considering electron-minority flow to the p-side leaving behind donor-
impurities in the n-side, but that is intuitive considering holes are the absence of electrons.
This diffusion process near the junction will result in recombination of majority carrier to
minority carriers resulting in conservation of charge via photon emission as well as

momentum.

The diffusion of carriers cannot continue forever, however, due to electric field build up
across the junction between the fixed acceptor- and donor-impurities[90, 91]. This inbuilt
field will screen charge flow pushing holes to p-side and electrons to n-side. This region,
which is devoid of carriers, is referred to as depletion region or the space charge region (SCR).
In other words, the minority carrier flow now has to overcome a potential barrier, V', , due to
the built-in electric field. This is expressed as band-bending in the band diagram shown in
Figure 2.8, with a potential step indicating the barrier for free carrier movement. Also, at
thermal equilibrium, the Fermi level of the system is the same everywhere indicated by the

broken black line in the middle.

CB

I
]
?;u
5
/_L
==

|
|
X |
len(NfJ Eg : XXX XXX XXX
|
|

I
I
|
® & @ —
CR

Figure 2.8: The band energy diagram with subsequent band bending when two semiconductors that are
n- and p-doped come in contact at equilibrium.
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Let’s now derive a quantitative description of the built-in potential, V,, at thermal
equilibrium. The difference in energy between of fermi level ( £, ) and the conduction (£.)

and valence ( E,) band is given by [89]

EC—Ef:KTln[N"]
' N

d

N
EfA—EV=KT11’1( ”]
y Na

where N_and N, are intrinsic carrier concentration and are material dependent parameters.

(2.48)

Whereas, N, and N, are electron and hole carrier densities, respectively which depend on
the doping levels of the n- and p-type semiconductors. 7 is the product of the Boltzmann
constant and temperature which yields 25 meV at RT. By looking at Figure 2.8, it can easily
be seen that

qV,=E, ~(E.~E,)—(E, - E,)

—E, —kTh| Ve || s (2.49)
N, N,
5, 20
d*Va

where ¢ is the charge of the minority carrier under consideration. This approach can be used

to determine the width of the SCR to a very good approximation.

Consider a junction formed from close contact of heavily-doped p-side and undoped side. As
described for PN-junction before, the excess holes will diffuse to the undoped side, leaving
acceptor atoms on the p-side. Once enough holes occupy states on the undoped side and
reaches an SCR width, d , the built-in electric field prohibit further charge flow as shown in
Figures 2.9 (a).
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Figure 2.9: (a) Junction between a heavily doped p-type (p**) semiconductor and undoped (intrinsic)
semiconductors. (b) Charge density vs. position for the junction in (a)

Now if we calculate the charge density ( p(x)) in SCR on both sides of the junction giving

+¢N, on the undoped side and —¢gN, on the p-doped side, where N, is the concentration of

holes. This is illustrated by the diagram in Figure 2.9 (b) where SCR is extending more into
the undoped side as it requires to accumulate charges for electrostatic field stopping further
diffusion and very little in the p-side as it is heavily doped. Thus, the width in the p-doped
side is %d , where for N, >> N, the density approaches Dirac-delta function (5(x)).

Using Gauss’s law, the electric field is related to charge density as

E(x) = i j () dx (2.50)

where ¢ is the dielectric constant of the semiconductor. Under the §(x) -function assumption

for the p-doped side, the integral could be written as

E(x) = é j gN ,dx (2.51)

with the electric field vanishing at the boundaries and beyond the SCR. Thus, the maximum

field in the depletion region is given by
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N,d
E_ =20 (2.52)

max
&

Assuming the maximum integral electric field is reached at the middle of the SCR, i.e. at d /2
, the potential drop due to band bending is given by

3 E_d 3 thaf2
2 2¢

v, (2.53)

Thus, the width of the SCR for the simplified junction considered above is given by

2¢V
d= /qjvb (2.54)
h

A similar approach can be used to calculate the width of SCR at thermal equilibrium for a

PN-junction giving

. \/25Vb (N, +N,) 2.55)

qz(NhNa)

Now let’s look at the currents flowing across the bands as result of carrier diffusion and
electric field. Diffusion current is driven by concentration difference of carriers on either side
of the PN-junction given by Fick’s first law as

Jayy =—9DVn (2.56)

where D and Vn are the diffusion coefficient and concentration gradient of carriers,
respectively. This is a movement of electrons to p-side constituting minority carriers and vice
versa for holes. The flow direction of such current is referred to as the forward direction (in
relation to diode application), and hence, the more common terminology for the flow of

carriers is forward current (/).

The other current flow is driven by the electric force on carriers by virtue of the built-in
electric field. Such current is referred as drift current and drives carriers in the opposite

direction than the forward current. As such, a current due to the built-in electric field is
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referred as reverse current ( /, ). In the absence of externally applied voltage (V,,, ), a forward

current is equal to the reverse current as illustrated in Figure 2.8. This is given as

J Ve =0=-j.V, =0) (2.57)
The “—" signifies the opposite flow direction of the currents. This means the PN-junction is
in dynamic equilibrium where all diffused carriers are compensated by the opposite flowing

drift current at all time under no external bias making the total net current vanish.

Now consider the PN-junction under externally applied voltage, where the system is contacted
at both ends as depicted by the grey-blocks in Figure 2.10. A positive voltage can be applied
contacting the positive terminal to the p-side of the device and the negative to the n-side[89].
In such way, electrons will flow out from the p-side while holes flow into the p-side and on
the n-side electrons repel flowing in and out from the region. This will affect the potential
step around the junction by lowering it on the p-side due to increased concentration of
electrons. It is important to remember the Fermi-energy level is no longer constant at the
junction. Also, the decrease in the potential step by AE due to the applied voltage means, the

equilibrium current flow due to the Boltzmann distribution of carriers (see equation (2.47) &

AE
(2.48)), will fall by e X7 giving a net forward current of

AE Ve

JrVa)=J; Vo =0) e Kl = Jr (Ve =0) e KT (2.58)

This is illustrated in Figure 2.10 (a) by using thick arrows to designate the forward currents

both electrons (conduction band) and holes (valence band).

For reverse bias, the negative terminal is connected to p-side increasing the potential step
around the junction as shown in Figure 2.10 (b). Thus, Boltzmann distribution of carriers at
equilibrium is not affected by the reverse bias with all random motion leading to carriers
reaching the edge of the potential step will fall to the other side of the junction as illustrated
in Figure 2.10 (b) yielding [89]
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Figure 2.10: The PN-junction under external bias at the contact terminals of the semiconductors. (a)
Forward bias where the positive terminal of the external voltage source is connected to p-side of the device
while the negative to the n-side. (b) Reverse bias where the negative terminal of the external voltage source
is connected to p-side and vice versa.

However, the carrier falls a larger potential step if the device is increasingly reverse biased.
Consequently, the high stored energy in the falling electrons transfers into an ionizing more
electron-hole pair. This leads to a cascade effect which results in the fast generation of carriers
referred as avalanche multiplication. This will be observed by a very sharp increase in the
reverse current at given reverse bias leading to a phenomenon known as avalanche

breakdown.

The total current in the device is then the difference in the forward and reverse currents of

electrons and holes given by

Vet 9Vt

JV)=Gr=J)e U =iy =Jo, (e K7 =D+ j, (e &7 —1)  (2.60)
where J, and j,, are the reverse currents for electrons and holes, respectively. Equation

(2.60) is commonly referred as the diode equation and characterised by the conventional

current-voltage (IV) curve. It can be shown that the reverse current is given by

. gLn;
Jeny, = TN— (2.61)

ace(dop)
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where 7; is the intrinsic concentration, N, 1S acceptor or donor concentration, L is the

diffusion length and 7 is the lifetime. Thus, modifying the diode equation as

Ln? e Ln?> Ve
JV) =T e+ L ek (2.62)
TNace TNdop

While PN-junctions are discussed to obtain insight into semiconductor device properties such
as band bending and current flow, various other junction structure can be realised depending
on the desired choice of semiconductor, fabrication technique and application. For Single
Photon Emitting Diodes (SPED), PIN-diode structures made from diamond and Gallium
Arsenide (GaAs) have been demonstrated [19, 56, 84].

2.2.2.2 Single photon emitting diodes (SPEDs) and PIN-junction

Single photon emitting diodes (SPEDs) are characterised by the quantum nature of light they
emit indexed by antibunching under HBT measurements [17, 19, 84]. Unlike the classical
Light emitting diodes (LEDs) where radiative emission results from multiple electronic
transitions from the conduction band to valence band by excess carriers, SPEDs generate
single photons via transitions in the isolated electronic transition of an exciton pair[19, 92,
93]. This has been achieved by integrating different SPE platforms in classical LED
structures. For instance, by embedding Indium Arsenide (InAs) QDs into the intrinsic layer
of GaAs PIN-diode, single photon electroluminescence is demonstrated[84]. A similar
structure using PIN-Gallium Nitride (GaN) nanowires is also used to generate electrically
driven single photons by inserting Indium Gallium Nitride (InGaN) quantum dot in the
intrinsic layer[55]. Nevertheless, EL of single photons from QDs is predominantly carried at

cryogenic temperatures.

Defect-based SPEs can be incorporated into classical diode structures and be operated at RT,
allowing scalability and integration of quantum devices with existing technologies[19, 56]. It
is vital, however, to make sure that the excess carrier injection will result in the SPE site

avoiding other recombination channels. Therefore, particular attention is needed while
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preparing junctions and recombination active sites for electrically driven single photon
emission. One of the few successfully implemented device structure for SPED is PIN
junctions where an intrinsic (i) semiconductor is sandwiched between a p- and n-type

semiconductors [19, 56, 84, 94].

The band bending process of a PIN junction at equilibrium is schematically shown in Figure
2.11, where the same principle as for a PN-junction applies[95]. A clear distinction in PIN
diodes is their sizeable intrinsic layer over which the depletion region (SCR) resides on both
ends of the junction (P-I and I-N). There are peculiar properties of PIN diodes due to the
large intrinsic layer: First, the excess carriers injected spend more time in the intrinsic layer
(long diffusion length) making rectification less in PIN junctions[96]. This is an apparent
advantage for applications in photovoltaics and photodetectors where the current is withdrawn
from the device before photogenerated excitons recombine. SPEDs also benefit from the long
diffusion length in PIN-diodes where the probability of excess carriers being trapped at SPE
site increases undergoing single photon transition kinetics. Under low forward bias, the total

current is governed by the diode equation for PN-junctions given in equation (2.62).

However, for high-level injection, the intrinsic region is flooded with carriers from the doped
sides of the device, with a large built-in electric field increasing conductivity. This can be an
added advantage for SPEDs where excess carrier concentration once again increases the
probability of charge transition at SPE site. However, if the single photon emitter form
agglomerates within the intrinsic layer, the flood of injected carriers will be captured by the
cluster leading to unwanted multiple photon emission. This high-injection flooding also
means PIN diodes have low reverse recovery time, making the diode hard to switch off. If
reverse-biased appropriately, however, excess carriers can be removed from SPE site

allowing the study of charge state switching.
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Figure 2.11: Schematic process illustrating band bending via carrier diffusion at equilibrium is illustrated
for the PIN structure shown in the inset. The same steps as the PN-junction follower, where now three
semiconductors are involved (p-type, intrinsic and n-type).

By now, a clear distinction in optical (using lasers) and electrical (excess carrier injection)
pumping of SPE must have been drawn. The former uses sub-bandgap laser directly that
drives electron transition in the isolated SPE energy states. In the case of the latter, excess
charge carriers are injected via external voltage source involving conduction and valence band
of the semiconductor from which subsequent trapping at SPE occurs. Thus, electrically driven
transitions for single photon emission has to take into consideration transitions from
conduction (valance) band to SPE site which is best described by a modified Shockley-Read-

Hall (SRH) recombination via a third state within indirect bandgap semiconductors.
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Figure 2.12: Schematic illustration of single photon emission at the charged defect site. (a) a hole is
trapped by a defect state that has an electron in its ground state. (b) The successive decay of the trapped
state from the excited to the ground state of the decay results in single photon emission switching the
charge state to neutral. Subsequent electron trap by the defect switches it back to its negatively charged
ground state.

Consider the third state (SPE) in this case is a defect state in an indirect semiconductor that
has one electron in its ground state (e.g. negative charge state of Nitrogen-Vacancy in
diamond (NV~)). This naturally attracts excess minority holes crossing the SCR into its
excited state altering the charge state as illustrated in Figure 2.12 (a). Thus, relaxation of the
trapped hole to the ground state results in characteristic single defect electroluminescence
(Figure 2.12 (b)). It is important to note that charge state of the defect is altered into a neutral
charge state during the electrically driven single photon emission losing its electron in the
ground state via the radiative recombination[93]. Subsequently, the defect returns to its
negative charge state by trapping electron from conduction band (Figure 2.12 (c)). This
mechanism of electrically driven emission can be treated using SRH model by first

considering the rate of electron decay from conduction band to the SPE state given by[89, 93]
R, =cyn, [ Nps (2.63)
where ¢, is the electron capture rate, 7,1s the electron density, f is the number of neutral

ground states and Ngpg is the number of SPE per unit volume. The hole decay rate is

expressed in a similar way as

R,=c,n,(1-x—f) Ny (2.64)

43



Fundamentals

where ¢, is the hole capture rate, 7, is the hole density and (1—x— f) N, is the negative

charge state per unit volume with x as the population of the neutral excited state. The re-
emission of trapped electrons and holes back to the conduction and valence band from the

defect either via thermal and illumination mechanisms can then be expressed as
G, =e, (1=x—f) Ngps (2.65)
and

G,=e, x Ngps (2.66)
With e, and e, as the re-emission constant for electrons and holes. The rate of hole relaxation

from the excited state to the ground state, x,, , with a lifetime 7 , is given by

by = Y x Ny (2.67)
while the emission of a hole into the excited state (electron trap by the ground state) is given
by

ki, =e,f Ngps (2.68)
where e, is the re-emission constant from ground state to the excited state of the neutral state

of the defect via thermal or illumination mechanism. Now the rate of decay from each energy
level is given by the sum of all population and depopulation rates from the respective bands

or states given by

dn ext ext
dte =G, —R,+G; =e,(1-x—f)Ngpg—c, n | Nyps +G,
%ZGM_RL,-FG;ﬂ =e, X Ngps—c, n,(1=x = f) Ngps + G
AUNses) _ G R 41y —x, e (1= x— ) Nope—c, 11 f Nope
r (2.69)
+Nsvs/ e f Nogs
d(xN.
(xdtSPS) =R, =G, +K,-K, =¢, nh(l_x_f) Nsps

e, xN+e f Nopg—Nors/
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With G and G:"is the generation of excess carriers (electrons and holes) via external

electrical pumping. Local equilibrium of transition between bands and energy states of SPE

dn, :%:0 and d(/Ngps) _ d(xNgps)
dt dt dt

the difference in the recombination and generation rates of electrons and holes is equal. i.e.,

implies that = 0. Similarly, at local equilibrium

G,—R, =G, —R,. Assuming a vanishing re-emission (generation) rate from the defects, it

can be shown from the above analytical steps that the recombination rate at the SPE is given

by

(2.70)

1
Reps = ¢ 1 1
/ + / +7
cd ne Cu ne
Where ¢ is the quantum efficiency, and the capture rates are given by the products of capture

cross-sections and group velocities (i.e. C,u,) = T ) Vaw )- As stated above, for some defects

only the neutral charge state of the defect shows electroluminescence. The negative charge
state switches to the neutral every time it captures the hole. This is demonstrated
experimentally for the NV centre in diamond where only the neutral charge state showed

electrically driven single photon emission.

However, this is not always the case where in some defects electrically driven luminescence
from the charged state remains a possibility. Another defect in diamond, namely Silicon-
Vacancy (SiV) is an example of the negative charge state showing single photon
electroluminescence. In this case, the negative charge state of SiV (SiV") only has one
electronic state in its ground state. When it traps a hole from a valence band, it's energetically
favourable to switch to the neutral charge state (SiV?)[93]. On the other hand, when the SiV?°
traps an electron from conduction band in its excited state, it switches to excited SiV- which
upon relaxation emits a photon as illustrated in Figure 2.13. The experimental results of
electrically driven luminescence from SiV constitute part of this thesis and recombination rate

discussed above holds for the SiV defect as well.
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Figure 2.13: Schematic illustration of single photon emission at the charged defect site. (a) a hole is
trapped by a defect state that has an electron in its ground state switching to neutral charge state. (b) The
neutral charge state then traps an electron in its excited state turning to the excited negative charge state
of the defect. (c) Relaxation of the excited negative charge state emits a photon.

Finally, a brief discussion into another excitation mechanism that results in fluorescence of
defects via recombination of excess carriers at the SPE site much like the electroluminescence
above: cathodoluminescence. This technique relies on the excitation of the semiconductor by
exposing it to an electron beam. In such case, a high-energy electron beam ionises the
semiconductor generating plenty of carriers in both the conduction and valence band.
Subsequent capture of decaying excess carriers at defect sites results in fluorescence.
Interestingly, the charge states that showed luminescence when driven electrically show
fluorescence under cathodoluminescence as well. For example, NV and SiV- can be observed
under cathodoluminescence measurements with ease while their counter charges states (NV-
and SiV%) remain in the dark state similar to experimental results using electroluminescence.
Although detailed study comparing cathodoluminescence and electroluminescence
techniques for SPE system is required, it appears excitation via electrical beam can be used
to confirm which charge state of a single photon emitting defect would show fluorescence via
excess carrier recombination. This is important because unlike electroluminescence,
cathodoluminescence does not require device structure for excess carrier injection. Hence, it
can be used as a fast approach to identify defect charge states that will fluoresce upon carrier

capture.
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2.3 Photon statistics and fluorescence blinking

When considering single photon emitters as building blocks for quantum technologies, one
of the primary criteria is fluorescence stability[97]. This is indexed by occurrence statistics of
photon events at a given time interval while the SPE is under laser excitation. Considering
the two- and three-level transition kinetics described in subsection 2.2.1, the single photon
occurrence events follow Poissonian statistics under cw-laser excitation. That is if the
fluorescence time trace is measured by binning the histogram in few ms, it remains constant
along a specific photon count for as long the measurement lasted. On the contrary, if a certain
mechanism disrupts the transition cycle of the excited state of the SPE, the fluorescence time
trace will show a sporadic rise and fall in the photon counts within comparable binning
time[98]. This is known as photon (fluorescence) blinking/intermittency, and it is a very
common phenomenon in many single photon emitting systems including defects in wide
bandgap semiconductors[24, 99, 100]. Although fluorescence blinking is easy to index from
measurement and is ubiquitous in different single photon emitting systems, the underlying
mechanisms of the cause remain far more complicated and manifold leading to a different

hypothesis.

Despite the lack of a unified description for the mechanism of transition kinetics disruption,
charging and discharging of the SPE is the accepted cause of dark (“off”-) and bright (“on”-

state[92, 101, 102]. That is, an excited SPE will have its charge conserved locally as long as
an electron stayed within its energy levels. The eventual radiative decay of the excited state
to the ground state leads the SPE to remain in the bright state. In this context, decaying down
non-radiatively even via a shelving state, for example in the case of three-level transition
kinetics in section 2.2.1, introduces a dark state in the photon statistics. This, however, usually
occurs in a much shorter time interval, nanoseconds (ns), rarely affecting some crucial
applications. On the other hand, many other mechanisms trap the excited electron for more
extended periods of time (ms to min), leaving the SPE charged. This charged SPE remains in

the dark state until a mechanism forces an electron to decay down to the ground state
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preparing it for subsequent transition cycle. Next, a brief review of some of the relevant

models proposed for charging and discharging processes of SPEs will be summarised.

2.3.1 Charging and discharging mechanisms of blinking SPEs

2.3.1.1 Quantum jump and auger ionisation model

The quantum jump model best describes what has been discussed so far as a three-level

system with a shelving state (|3> ) in addition to the ground (|1> ) and excited state (| 2> ). This

is a fast process with the sporadic dark state occurring for every non-radiative decay of the
excited state via a shelving state observed both in the blinking of QDs and single
molecules[103, 104]. While this is a simplified model, it can be extended to a system with
more than one shelving state where the dark transition between these states keeps the SPE in
the “off” state for longer periods. This process is illustrated in Figure 2.4 (b). Consistent with

the rate model derived considering the three-level transition in subsection 2.2.1., the “on”-

and “off”-times in this model are constant, and their probability density ( £, ) is given by a

single exponential of the form[105]

T
P(T,,,T,) = exp (————) (2.71)
(Tons Togy)

where 7,, and 7, are the characteristic “on”- and “off”’-times of blinking.

Another fast charging and discharging model for blinking is the Auger ionisation where unlike
a one-photon absorption described before, a two-photon absorption leads to recombination of
one-pair and ejection of an electron as illustrated in Figure 2.14 (a)[106, 107]. Until another
electron comes into the energy level of the SPE recovering the ground state, the emitter
remains charged and in the dark state. The probability densities in this case also are given by
the single exponential of the form given in equation (2.71). This model is used to describe
fluorescence blinking in defect related SPEs in SiC [24] and diamond[99]. Recently, we
observed this mechanism to be responsible for excitation dependent blinking of SPEs in GaN

constituting one of the major results in this thesis (Chapter 6)[100].
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2.3.1.2 Spatial diffusion model

This model is demonstrated for blinking in QDs which considers wondering away of the
excited state via some diffusion process into the crystal lattice leaving the QD SPE charged
as depicted in Figure 2.14 (b)[108]. The charged SPE will remain in the dark state until the
electron returns to its energy levels. The diffusion time it takes the electron to return, however,

varies thus leading to a probability density that’s given by a power law of the form

3

P(t,,.7,,) 7,2 2.72)

The power law indicates that the “on”- and “off’- times vary for each charging and
discharging process following the variation in the diffusion time. It is also important to note
that the diffused electron may never return leaving the SPE in a permanent dark state. Such

power induced permanent switch-off in emission is referred to as photobleaching.

2.3.1.3 Fluctuating electronic states model

This model starts by considering a trap state for holes near the valence band of QDs as
depicted in Figure 2.14 (¢)[109]. The conduction band has energy levels (1P, and 1S, in
Figure 2.14 (c)) with a uniform distribution of electronic state. Upon excitation, electron
transition from 1S, to 1P, leads to a hole localisation at a trap state as indicated in the Figure

2.14 (c). Subsequent excitation results in emission only when electron transition and hole trap

rates are not in resonance. If these transitions are in resonance, however, cyclic process of de-
excitation from 1P, to 1S, and auger assisted, the dark transition from trap state to valence

band occurs leaving the emitter in the dark state. The probability density of the “on”- and
“off”- states are given by the power law in equation (2.72) indicating non-ergodicity in the

process.
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Figure 2.14: Charging and discharging mechanisms in SPE leading to “off” and “on episodes. (a) Auger
ionisation model (b) Spatial diffusion models (¢) Fluctuating electronic state model.

While these and more models of blinking are primarily proposed for QDs transitions, they are
reviewed here in the context of a defect-related single photon blinking in GaN. This is because
of the substantial experimental, and theoretical evidence gathered that indicate the SPEs in
GaN are strongly affected by a cubic inclusion in the wurtzite GaN. The cubic inclusion acts
as s a localised quantum well, where confinement in one dimension occurs. Thus, blinking
models although proposed for QDs, they can be applied in the context of cubic inclusion
influenced by defect luminescence in GaN. Furthermore, despite the difference in the
proposed models, all of them have key, standard features for blinking. Next, the key features

are summarised based on reviews in [98, 102, 110].
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2.3.2 Key parameters of blinking measurements

I1.

I11.

Probability density of “on”- and “off”’- times: This parameter is a weighted
number of bright and dark event durations as an SPE undergoes fluorescence

trajectory over a given measurement time[103, 110]. If the event duration falls

exponentially with time, the semi-log plot of the probability density of “on” - (P,,)
and off- (P,;) yield a linear curve. The deterministic probability density gives

characteristic times in which the system spends on the bright and dark state[ 105]. This
is especially important in understanding single photon transition dynamics indicating
the existence of trap states[24, 99]. Also, determination of the values of “on” and “off”
times allows comparison with radiative and non-radiative decay rates giving insight
into the intricate nature of transition kinetics of SPEs[100, 111]. However, most other
systems such as QDs, single molecules show a power-law probability density
indicating the phenomena has no average time characteristics[101, 106, 109, 112].
This complicates the nature of charging and discharging process where more than one
physical phenomenon must usually be considered to explain observations.
Excitation light dependent phenomenon: fluorescence blinking is observed when
the SPE is under light illumination where the fate of de-excitation determines whether
the emitter fluoresce, or undergoes episodes of “on” and “off” state or even
bleach[102]. This feature is common to all blinking behaviours [113]. In fact, some
SPEs show excitation power dependent blinking behaviours. That is, below a certain
excitation laser power threshold, emitters show stable fluorescence which
dramatically changes into blinking emission when the power is increased above the
threshold[100]. This phenomena will be discussed in detail in Chapter 6.

Relation to spectral diffusion: Spectral diffusion is instability in emission frequency
(wavelength) of the zero-phonon line (ZPL) in the spectra of an SPE[114]. Spectral
diffusion has been linked to a similar phenomenon that causes fluorescence blinking
[114-116]. This is easily observed by simultaneously recording the fluorescence time

trace and the spectrum, where the dark state duration is seen to correspond to the

51



Fundamentals

disappearance of the ZPL. Conversely, the appearance of ZPL peak is coupled with
the bright state duration.

IV. Relation to local electric fields: The modulation of the “on” and “off” durations have
been linked to fluctuations in local electric fields [116-118]. The modulation is
demonstrated by controlling the durations by applying the external electric field thus
affecting the local dielectric permittivity. The cause is believed to be similar to that of

what causes spectral diffusion, which is charge reshuffling around the SPE.

2.3.3 Blinking measurements and data analysis

2.3.3.1 Photon binning histograms

This analysis technique is directly obtained from fluorescence trajectory where photons are
binned into similarly sized histograms building a profile for as long as the measurement lasts
[102, 103, 110, 113]. This is limited by the shortest bin size of the photodetector or counter,
where dark peaks are distinguished by a sudden fall in intensity. Counting the number of “on”

and “off” peaks, the probability density analysis can be constructed[103].
2.3.3.2 Probability density of “on”/ “off” times

Probability density (£, ;) can be obtained from the photon-binned histograms by first

setting a threshold of photon counts. This is usually 2 or 3 times the background count[103].
All peaks lying above the threshold are counted as “on” events and all peaks below the
threshold as “off” events[103, 110]. In multilevel blinking, more than one threshold may be

used to distinguish between the different “on” events. Subsequently, by making exponentially

spaced time bins and weighting the nearest events, the weighted P, , - (s™") can be obtained.

Linear forms of P, ,, can be obtained by plotting semi-log (for exponential relations) or log-

log (for power-law relations).
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2.3.3.3 Second-order autocorrelation (g’ (7)) analysis

In subchapter 2.1., it is shown that by measuring the photon count fluctuations as a function

of delay times at two detectors, the second-order autocorrelation function (g’ (7)) is used to

characterise the nature of the photon source. Recall equation (2.19) where g*(7) is expressed
in terms of normalised intensity (/ ) fluctuations. For single photon emitters, this function at
short delay times (0 to 1000 75 ) can be used to characterise rates for processes such as photon
antibunching and fast non-radiative via shelving states. The former is a result of the radiative
decay of a single excited state while the latter corresponds to a fall in intensity (/(¢+7) ) as
result of reduced photons arriving at detectors. Similarly, the different processes discussed as
a mechanism for blinking above cause long-lived dark states (a few s to min ). Thus, the

different blinking processes with corresponding characteristic “on” and “off” times will show

on the g°(r) function as rates where all significant dark states are indexed by a drop in the
signal. By determining the rates for this blinking time, an elegant comparison can be made
with the probability density. In this thesis, such approach and analysis techniques will be used

to study power induced blinking behaviour of a SPEs in Chapter 6.

This chapter covered the fundamentals behind excitation and generation of single photon
emitters. The other relevant background required to understand the results presented in this
work is defect fluorescence in wide bandgap semiconductors. The following chapter provides

more basics on defect based single photon fluorescence.
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3 Detfect related luminescence: single photon
emission from wide bandgap semiconductors

Wide varieties of nanomaterials including QDs[119-122], single molecules[71, 74, 123],
single ions [124, 125] can serve as single photon emitters. Each with own distinguishing
materials characteristics, exhibit single photon emission via excitation and relaxation cycles
between their energy levels. Furthermore, many of these platforms require a cryogenic
operation for on-demand generation of stable, single photons limiting their application.
Optically active defects in different wide bandgap semiconductors have the advantage of
emitting RT stable single photons [9, 10, 17]. Optical transition in defects can be induced by
using light excitation as well as injection of the excess carrier as discussed in the previous
chapter. This chapter begins by covering brief description of point defect formation in
semiconductors. Optical transitions at defect energy levels that define spectroscopic and
associated photophysical properties are then discussed. In this framework, subsequent
sections focus on reviewing earlier theoretical as well as experimental works on optically

active defects in GaN and diamond when used as SPEs.

3.1 Optical properties of point defects

3.1.1 Equilibrium point defect formation

Pont defects (PD) also referred to as 0-dimensional defects are the simplest forms of defects
in crystals[126, 127]. These defects can form by removal or rearrangement of lattice
constituting atoms in which case are referred to as intrinsic point defects. Alternatively, point
defects may form by intentional or unintentional incorporation of impurity atoms into the
crystal lattice during or post crystal growth. Point defects formed this way are referred to as
extrinsic point defects. The most common intrinsic defects are vacancies and self-interstitials.
The former is formed in the most straightforward case when an atom is removed from the

original crystal lattice leaving atomic sized vacant space in the lattice sites while the latter is
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formed when constituting atom moves to occupy a lattice site in between a regularly arranged
lattice structure. This is referred to as self-interstitial indicating that the re-positioning is
carried out by the lattice constituting atom. In case of extrinsic point defects, impurity atoms
can occupy an interstitial site (interstitials) or lattice sites (substitutional). The PDs form at
thermal equilibrium and their structure may not always be as simple. For example, instead of
just one atom being removed from a lattice site or re-positioned into the interstitial site,
multiple atoms can carry out these re-configurations forming extended vacancies or
interstitials[ 127]. In crystals that are composed of more than one atom type, some lattice
constituting atoms could be positioned in the site of other atoms forming point defects referred
to as antisite. Thus, the seemingly simple point defect formation in semiconductors can

become far more complicated.

An important manifestation of point defect formation is charge state. When an atom is
removed to form a vacancy in semiconductors, for example, charge neutrality in the crystal
will be disrupted due to lost charge[127]. Thus, a charge must be added at the vacancy site or
a site in the crystal to conserve the total charge in the semiconductor. The existence and type
of a charge near a point defect define its charge state. The charge state depends on the Fermi
energy level of the semiconductor and thus affects the electronic (optical) property of the
semiconductor. Let’s re-consider doping, a concept already introduced in subchapter 2.2.2.1,
as a process of incorporating extrinsic impurity atoms to the bulk of a semiconductor altering
the electronic property. Acceptor dopant with two charge states: neutral concentration, ¢, and
ionised state with concentration, ¢, gives a total impurity concentration, cg, where co = ¢+ ¢

. The ionised state concentration is then given by[127]

¢ =c"(1- f(E,E;T)) (3.1
where the term 1 f(E,, E;T) refers to the probability that the electronic energy state, £,

of the acceptor dopant is not occupied by an electron. Thus, for a semiconductor with Fermi

energy level, £, at temperature T, the ionised concentration is expressed as
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(1 —exp( L 3.2
¢ =c( GXP(T)) (3.2)

Similarly, point defects will have a defined electronic state that may or may not be occupied

by electrons within the bandgap of the host semiconductor. The concentration of point defects,
¢, , which is the ratio of the number of point defects, n , to the total number of crystal atoms,
N, is given by

n G,
¢, =— = exp(——= 3.3
= p( KT) (3.3)

where G is Gibbs free energy of point defect formation. It can be expressed in terms of
formation enthalpy, H ., and formation entropy, S,, as
G.=H,-T.S, (3.4)
Now, the concentration of charged point defect, for example, a vacancy within the
semiconductor is given by
¢, =c¢, eXp(ﬂ) (3.5)
KT
Therefore, the charge state of point defects depends on the Fermi level and temperature, in
addition to the formation energy and entropy[127]. Thus, the spectral properties of a defect

are expected to vary among the different charge states.

Furthermore, equilibrium formation of point defects usually refers to a local equilibrium
where the Gibbs free energy will be minimum at some locality without requiring absolute
minima for the whole crystal. The local equilibrium can break, for example, when the sample
is annealed at high temperature or irradiated allowing point defect kinetics such as movement
of'a localised point defect, generation of new defects as well as the annihilation of interstitials

with vacancies.

56



Defect related luminescence: single photon emission from wide bandgap semiconductors

3.1.2 Electronic states of defects

The introduction of defects not only shifts the Fermi energy level but also perturbs the
periodic potential of the semiconductor forming a highly localised electronic state[128].
Depending on the degree of perturbation, the defect electronic states could be shallow or deep
levels. Example of shallow defect levels is electronic states created by most dopant elements
leading to minor perturbation in the periodic potential of the semiconductor. On the other
hand, point defects and defect complexes form deep levels within the band gap of a
semiconductor causing significant perturbation on the periodic potential. That is, a vacancy
(missing atom) for instance is a strong, local perturbation in the otherwise periodic potential
of the semiconductor. The presence of a vacancy, thus, requires the participation of the energy
states of neighbouring lattice atoms or attracts impurity atom locally forming electronic

states[ 128].

In case of shallow dopant impurities, the majority of the valence electrons involved in bonding
with the host lattice[129]. Excess electrons that didn’t involve in the bonding, then, stay in
the vicinity of the dopant due to Coulomb interaction with excess positive charges in the
nucleus. This forms Coulomb perturbation Hamiltonian that resembles a Hydrogen
atom[129]. Thus, the energy levels for a shallow impurity are approximated by Bohr energy
levels of Hydrogen in a crystal with reduced mass and binding energy. For deep level defects,
however, the perturbation is severed and extends over several lattice constants[129]. Thus,
the interaction of several atoms has to be considered in defining the energy levels that lie deep

in the band gap of the semiconductor.

Consider point defects formed with defined, local electronic states in the bandgap of a
semiconductor. If an optical transition is allowed between the excited electronic states to the
ground state, the point defect will emit a characteristic light. Such defects are said to be

optically active and referred to as colour centres [72, 127, 128]. These are the basis for the
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study of defect based quantum optics and nanophotonics in different wide bandgap

semiconductor including GaN and Diamond.

Looking more closely at the transition that leads to the emission of light, two primary
processes take place: the absorption and emission of light by the defect. Figure 3.1 shows a
configuration coordinate diagram that depicts the ground (£,) and excited (E.) vibronic states
of a typical defect in the bulk of a semiconductor. Upon absorption of excitation light, a
transition from the ground state to the excited state occurs. At absolute zero (7= 0K), only
m=0 can be populated where all other phonon related states are expected to disappear[72].
From this ground state, excitation to any one of the vibronic excited states could occur with a
probability of [128]

w,=8"e"/n! (3.6)

where S is the Huang-Rhys (HR) factor, n is the occupied excited vibronic level. The

absorption spectrum in such case corresponds to
E=FE,+nhw 3.7
where £, the energy difference between the ground and excited state and @ the phonon

frequency corresponding to the »n™ vibronic excited state. That is, the most probable
transition, also referred to as Franck-Condon, after absorption is from A to B, where
subsequent relaxation to C occurs by emitting 7 = § = 3 phonons. A decay down to D releases
a photon followed by another phonon-assisted (m = .S = 3) relaxation to the ground state,
m=0. On the other hand, a pure electronic transition without phonon involvement could occur
between m=0 and n=0. This is termed as a zero-phonon line (ZPL) indicating the absence of

phonon involvement in this transition.

Thus, at low-temperature spectral measurement, ZPL is expected to dominate the spectrum
surrounded by satellite phonon sidebands (PSB). The PSB transition, both acoustic and
optical phonons modes, increases with increasing temperature. In addition, the linewidth or

more precisely the Full Width at Half Maximum (FWHM) of a ZPL is narrow showing the
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only lifetime limited homogenous broadening. This is, however, usually not achievable in
real crystals due to other inhomogeneous broadening mechanisms such as crystal strain and
spectral diffusion due to charge fluctuations[72]. Even more common is increased electron-

phonon coupling at higher temperatures leading to ZPL broadening.

Energy

o
»

q

Figure 3.1: A typical configuration coordinate diagram of a defect showing electronic transitions together
with vibrational levels.

The Huang-Rhys factor, S, indexes the fraction of emission coming from the ZPL by

comparing it to the fraction coming from the phonon-side bands (PSB) at 7= 0K as
Ly =1, exp(=S) (3.8)

where [,,, and I, , are the ZPL and total intensities. Looking at Figure 3.1., the phonon-

‘
assisted absorption occurs at higher energy than the phonon-assisted emission with
symmetrical middle energy value for the ZPL. This is referred as the Stokes shift, and its
width is given by

Eabs -k

emiss

=2Shw (3.9)
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where £, and E

emiss

are the phonon-assisted absorption and emission energies. The width
of the PSB ( A) can also be expressed in terms of the Huang-Rhys factor as

AN =5.6(hw)’S (3.10)
S is calculated from equations (3.8), (3.9) & (3.10) could vary for certain defect systems
indicating the presence of non-linear electron-phonon coupling. This leads to energy
degeneracy which no longer can be described by the configuration coordinate model. Such

phenomenon is also referred to as the Jahn-Teller effect in which the symmetry of phonon-

assisted absorption and emission energy around the ZPL also break [128-130].

Another critical factor in the absorption and emission paths is the dipole orientation of the
defect system. This entails that optical transitions in the configuration coordinate model
depend on the polarisation direction of the excitation and emission[72]. Furthermore, in the
Franck-Condon approximation of the model, the absorption and emission are expected to have
identical properties following the mirror symmetry around the ZPL described earlier. The

polarisation properties are well described by[131, 132]
1(#) = a+bcos”(§) (3.11)

where a, b and ¢ are offset parameter, initial intensity amplitude and angle between excitation

and dipole orientation, respectively. Thus, the maximum ([, =1(¢=0)=a+b) and minimum

(I, =1(¢=90")=a) polarisation directions should be the same for both absorption and

emission. However, this is not always the case where the orientation of maximum absorption
and emission axis are different subtending a non-zero angle as will be seen in Chapter 5. This
non-zero relative orientation of the absorption and emission dipole has recently been
expressed in terms of the Stokes shift described in equation (3.9) for SPE, where large
misalignment angles gave higher stokes shift values[133]. This is believed to be due to the
involvement of the additional electronic state in the absorption and emission mechanisms

deviating from the simple two-state configuration coordinate model.

60



Defect related luminescence: single photon emission from wide bandgap semiconductors

3.2 Single photon emitters in III-nitrides

Defects in IIl-nitrides ((Indium Nitride (InN), Aluminium Nitride (AIN) and Gallium Nitride
(GaN)) have been extensively studied in light of the materials technological importance[51,
52]. Nevertheless, the plethora of optically active defects in III-nitrides remained unavailable
for use as single photon emitters. This may be due to difficulty in identifying defect structures
responsible for observed fluorescence signatures or challenges of isolating a defect in the GaN
matrix to avoid emission from ensembles. As a result, the generation of single photons from
[II-nitrides was limited to InGaN QDs as wells GaN QDs in nanowires[53-55]. However,

QDs operate as good SPEs mainly at cryogenic temperatures and perform poorly at RT.

This thesis reports results of the first bright RT stable, defect based SPEs from GaN films
grown on different substrates in Chapter 4. The single photons from GaN hold promising
attributes for applications in quantum technologies as can be deducted from the photophysical
results featured in Chapter 5. However, the responsible defect(s) in GaN that emits single
photons is still not fully known limiting further improvement of single photon properties.
These exciting new results and lack of knowledge about the symmetry and structural nature
of the SPE, have motivated the following review of two prior theoretical works on isolated

defects in GaN and AIN that showed single photon emission[134, 135].
3.2.1 An optically active isolated defect in cubic GaN

First-principle calculations predict the existence of a defect in cubic GaN that can be optically
excited and its spin states manipulated using microwaves|[134]. The defect is composed of a
substitutional oxygen atom at nitrogen site (Ox) and a neighbouring gallium vacancy (Vga)
forming complex Va.On. It is shown for energy optimised arrangement of the defect in the
3C-GaN, VG.On shows C, symmetry. This means upon polarisation dependent
measurements; this defect should show high emission visibility and strong dependence on

absorption polarisation. Also, it is suggested that high-temperature annealing of the 3C-GaN
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leads to the formation of the defect complex (VgaOn), which is more favourable than the two

point defects forming apart from one another (Vga + On).

It is shown that the defect can form in either of four different charge states, namely +1, 0, -1

or -2, depending on the position of the Fermi energy level ( £, ). For example, in a p-doped
3C-GaN with E, ranging between 0.20 eV to 0.75 eV, the formation energy of the neutral
charge state (VGaOn® ) is minimal. On the other hand, V.On~ forms for E , higher than 1.21

eV. The different charge states of the defect correspond to different spin configurations of the

ground state.

Finally, the configuration coordinate diagram for the neutral charge state of the defect is
plotted as shown in Figure 3.2 (a). Absorption energy of 1.29 eV, as well as, phonon-assisted
emission energy of 1.19 eV is calculated. The ZPL energy is predicted to be at 1.27 eV. These
values indicate that efficient excitation and emission of the neutral charge state occurs in the
infrared spectral range. This excitation energy is lower than required to excite common

defects in diamond such as Nitrogen-Vacancy (NV) centre.
3.2.2 An optically active isolated defect in wurtzite AIN

A similar study on wurtzite AIN demonstrates an isolated defect that can be manipulated
optically[135]. This is a defect complex comprising of Aluminum vacancy (Vai) and a
substitutional Oxygen at a nitrogen site (On) giving VaiOn. Spectroscopic study of these

emitters indicates that this defect complex is a deep level acceptor. Like the Vg.On in 3C-

GaN discussed above, the VaiOn has C; symmetry.

Similarly, four stable charge states, +1, 0, -1 and +2, are determined for VaiOn at different
Fermi levels. For Fermi levels ranging between 0.43 eV to 1.02 eV, the neutral charge state
(VaiOxN®) of the defect complex is stable indicating that this defect is most likely to be found
in p-type AIN. The concentration of this defect is calculated yielding around 5.9 x10'? cm?.
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The configuration coordinate diagram of the neutral charge state of the Va1On is shown Figure
3.2 (b). As indicated, absorption and emission energy of 0.73 eV and 0.53 eV is calculated
with associated Franck-Condon shifts of 0.64 eV and 0.09 eV, respectively. The ZPL energy
of VaiON? is estimated to be approximately 0.64 eV. Once again, the spectra from the defect

complex ViOn in AIN is in the low energy infrared spectral range.
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Figure 3.2: Configuration coordinate diagram of the neutral Vc.On in 3C-GaN (a) and the neutral VaiOn
in WZ AIN (b). The corresponding absorption, emission and ZPL transition are indicated for both systems
with calculated energies.

Another defect type that plays an important role in the optical properties of semiconductors
is stacking fault (SF). In the past, the study of SF related fluorescence was mainly focused on
its role in the band to band transition of classical devices such as LEDs[136]. More recently,
however, SF related single photon emitters are being reported in different materials. It is
shown, for example, by controlled growth of Indium Phosphate (InP) nanowire with two
interfacing crystal phases, an electronic transition that led to single photon emission can be
generated[137]. Also, the recent report on single photon electroluminescence from SiC

assigned the origin of the SPE to transitions between a point defect and localised SF[92].
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The novel defect-related SPEs in GaN reported in this thesis are also strongly linked to
electronic transitions that involve SFs based on experimental results as well as numerical
calculation presented in Chapters 4. In the next subchapter, therefore, the structure and
electronic properties of SF, mainly in GaN, will be reviewed in the framework of the SPE

results discussed in Chapters 4, 5 & 6.

3.3 Optical properties of stacking faults

3.3.1 Formation of stacking faults (SFs)

Stacking faults (SF) are among the different structural defects forming during growth and
processing of semiconductors [138-140]. This defect type commonly occurs due to
agglomeration of point defects (vacancies or interstitials), affecting the preferred sequencing
of crystal atoms in the lattice site [127]. To illustrate this further, let’s consider a cross-
sectional view of a hexagonal close-packed lattice (hcp), where each bonded (thin black lines)

coloured circles represent a plane, labelled A and B in Figure 3.3.
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Figure 3.3: Illustration of a cross-sectional view on hexagonal sequencing of lattice atoms on two planes
A and B.

Now if vacancies agglomerate by some removal mechanism of the plane A atoms, the
sequencing will change from abababa to abaBBab as shown in Figure 3.4. That is, due to the
agglomeration of vacancies in plane A, atoms in plane B relax and become neighbours
forming the stacking faults. These are two-dimensional defects with corresponding formation

energy. As can be seen, stacking faults terminate at dislocations, an essential property to the
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determination of stacking faults via wet etching in semiconductors such as Silicon Carbide

(SiC)[141-143].
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Figure 3.4: Illustration of stacking faults creation by agglomeration of vacancies in a hexagonal matrix.

Alternatively, stacking faults can form via agglomeration of interstitials as shown in Figure
3.5. That s, interstitials agglomerate on the plane of their own changing the sequencing from
abababab to abABBaba creating the faulty plane. Once again, the boundary of this kind of SF
is a dislocation. A stacking fault formed from an agglomeration of interstitials is commonly
referred to as extrinsic SF. Whereas, the ones formed from an agglomeration of vacancies is
known as intrinsic SF[127]. A stacking fault formation due to the insertion of the extra plane
or agglomeration of vacancies could result in a cubic faulty plane surrounded by a hexagonal
lattice. This 1s termed as cubic inclusion and may have different width depending on the
number of agglomerated interstitials or vacancies [144-146]. In some semiconductors, such
as gallium nitride (GaN), cubic inclusions modify the local electronic states of the hexagonal

crystal in turn affecting optical behaviours as will be seen further below[52, 147, 148].
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Figure 3.5: Illustration of stacking faults creation by agglomeration of interstitials in a hexagonal matrix.

65



Defect related luminescence: single photon emission from wide bandgap semiconductors

3.3.2 Stacking faults in III-nitrides

While GaN grows in the wurtzite (WZ) phase at equilibrium having hcp crystal structure, it
can also grow in the metastable zinc-blend (ZB) with cubic close packed (ccp) structure as
shown in Figure 3.6 (a)&(b)[52]. Although both crystal structures have the same tetrahedral
coordination, stacking sequence differs in the third-nearest configuration (Figure 3.6). Thus,
the WZ exhibits ABABAB along the (0001) plane direction while the ZB exhibits ABCABC
in the (111) plane direction. Stacking faults in WZ GaN is a result of the inclusion of localized

7B segments in WZ matrix.

Waurtzite Zinc-blende
Figure 3.6: Wurtzite and Zinc-blende crystal phase stacking sequence.

There are three types of SFs identified in GaN as depicted in Figure 3.7[52].

a) Intrinsic ;- could form due to agglomeration of vacancies which change the WZ
sequencing such that all second bilayers will be the same. That is the WZ
sequencing changes from ABABABAB to cubic inclusive ABABCBCB. This

stacking only has one breach of the WZ sequence.
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b) Intrinsic I>- occurs due to agglomeration of vacancies at substrate interface
causing atomic steps. In this case, the WZ has two breaches in its stacking

changing to the sequencing of the form ABABCACA.

c) Extrinsic E- common in nanostructures, occurs due to agglomeration of

interstitials with WZ now having three breaches in its stacking leading to the

sequencing of the form ABABCABA.

@Ga
®N

mPpmOWOm
w>mworo P
[ §

>W>WO» o>

Figure 3.7: Schematics is showing the three main stacking faults, I, I> and Iz in GaN.

Each of these cubic inclusions have distinct formation energies where I; requires the least and
E the largest. Thus, the cubic inclusion of type I; is the most common to form during the
growth of GaN crystals. The burgers vectors (b) of the partial dislocation in which the cubic

inclusion I;, I and E terminate are, b:é[20§3] , b:%[IOTO] and b:%[OOOI],

respectively[52, 149].

3.3.3 Electronic states of stacking faults

Local discontinuity caused by the inclusion of stacking faults (cubic zinc blends (ZB)) in
otherwise hexagonal matrix induces offsets in the band gap energy at the cubic inclusion
site[145-147]. This will introduce local electronic states at the inclusions whose
characteristics depend on the general properties of the materials in discussion. Here,

electronic states induced by cubic inclusions in WZ GaN is considered. With near band edge
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emission (NBE) energy of 3.478 eV for WZ GaN and 3.276 eV for ZB GaN, the offset in
band gap energy at the cubic inclusion site is around 202 meV|[52]. This step-in energy at the
WZ/ZB interface induces quantum confinement to excitons (bound electron-hole pairs) at
different localities of GaN. Thus, excitons are now confined in one-dimension where cubic
inclusions act as 2- dimensional quantum wells (QWs)[145]. Furthermore, wurtzite phase of
GaN exhibits spontaneous polarisation due to its singular polar axis while the zinc blend does
not. This discontinuity in polarisation at the ZB/WZ interface results in electric field in the
cubic inclusion. One of the manifestation of such field in the cubic inclusions is having QWs
with triangular band profiles as depicted in Figure 3.8[150]. Also, the localised electric field
is proved to be responsible for the experimentally observed red shift in luminescence as well

as spectral diffusion by a mechanism known as a quantum confined stark effect (QCSE)[52].

hexagonal cubic hexagonal

~ CBM

VBM

Figure 3.8: Schematics of a triangular band line up due to local cubic inclusion in otherwise hexagonal
matrix.

An exciton within the QW can be treated like a hydrogen atom (Figure 3.8)[ 144]. Thus, using
Bohr approximation of the atom, the Bohr-radius (the separation between the electron and

hole) is given by

a, = (3.14)
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where « is the semiconductor permittivity, u" = l/(% + %1 ) is the reduced mass of the
e h

electron-hole pair, 7 is the reduced Planck’s constant and eis the charge of the electron.

Typical values for the Bohr-radius of excitons are much smaller than the dimensions of the

semiconductor, and they indicate the strength of the confinement. At the cubic inclusions

where excitons are confined, the energy levels are quantised. The effective binding energy of
the excitons in a quantised level is given by

ue

“ T iR’

(3.15)

where for a fixed QW width and general parameter values for GaN, i.e., m, =0.75m, ,

m, =0.22m, and x =9.6, exciton binding energy (AE, ) of 25.1 meV and Bohr-radius (a,,
) of 29.9A can be calculated. These values indicate that excitons bound in cubic inclusion in

GaN are room temperature stable having AE, value slightly lower than 7" (~ 25 meV).

The other important factor in calculating luminescence energy from cubic inclusion is the
width (or thickness) of the stacking faults. One approach to determine the width of the
inclusion is to count the number of breaches in the hexagonal sequencing as described in

subsection 3.3.1[52]. Thus, for the three types of inclusions described before, the thickness
corresponds to 1, 2 and 3 bilayers or 0.5C,, C and 1.5C(where C,is the C -lattice constant).
The second approach counts the number layers that follow the cubic sequencing of ABC[52].

As such, the three types of inclusions yield thicknesses of 3, 4 and 5 bilayers or 1.5C,, 2C,

and 2.5C,. The peak energy from each inclusion varies where from I;, b and I5 yield 3.40-

3.42 eV, 3.32-3.36 eV and 3.29 eV, respectively[52]. Also, the luminescence has narrow

linewidth unless broadened by other mechanisms.
While luminescence peak energy shifts are ascribed to specific cubic inclusions, all the

reported redshift so far have been in meV from the NBE of the WZ GaN as discussed before.

In the next chapter, we report room-temperature, single photon emitters believed to be related
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to cubic inclusion in GaN. The luminescence from these emitters ranges from the visible to
the infrared spectral range. This is far from the cubic inclusion shifted emission, and a model
is proposed to explain the substantial shift in luminescence peak as will be presented in
Chapter 4. Below we focus on a reported list of mechanisms that cause small shifts from cubic

inclusion emission to frame the further discussion on the topic.

Coupling with point defects: The presence of impurities in the vicinity of a cubic inclusion
is proposed as a factor to influence the luminescence wavelength by affecting the localisation
of the exciton as illustrated in Figure 3.9[52]. It is shown that donor impurities in GaN as far
away as 10 nm couple with the cubic inclusion shifting the luminescence from SF of type I
by 9 meV. When the calculation is repeated by placing the donor impurities at the centre of
the inclusion, the shift is pronounced yielding 53 meV. A similar conclusion was arrived by

considering acceptor Mg-impurities in GaN located near cubic inclusions.

The range from which the cubic inclusion can couple to impurity atoms can reach up to
20nm[52]. Thus, for standard doping densities of up to 10'7cm, the cubic inclusion can
couple to multiple impurities. Hence, upon excitation, multiple impurity states can be
populated at a time. For low excitation density, narrow line widths of only a few meV are
observed suggesting only the deepest donor-cubic inclusion states are excited. On the other
hand, for high excitation density, the linewidth could reach 20 meV indicating that a large

number of impurity states are excited[52].

One of the widely-reported indexes for the presence of cubic inclusion related luminescence
in GaN is the S-shaped temperature dependence of the peak energy in the temperature range
of 10 and 75K[52, 151-155]. The first red-shift occurs due to vibrational redistribution of
charges within the localised states followed by blue shift due to deep-transitions as there are
few phonon-coupled states at that temperature. Further heating activates more phonon states,
thus red shifting the luminescence as in the case of free excitons. Such temperature dependent

shift is among the most potent evidence considered in our discussion of the novel single
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photon emitters in GaN. Also, this behaviour is reported for SF related luminescence in

ZnO[156].

Strain-induced shifts: This refers to shifts in luminescence energy of the cubic inclusion due
to relaxation and contraction of the host matrix[52, 157]. This is common in most
semiconductors including GaN where compressive strain leads to blue shift while tensile
strain leads to redshifts[ 158, 159]. Also, mechanical forces that induce a change in the band
gap energy of the semiconductor will induce a change in the peak energy of the cubic

inclusion, which is intuitive considering their identification as QW.
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Figure 3.9: Schematics of triangular band line up of a cubic inclusion in a hexagonal matrix with point
defects in the vicinity.

Stacking-fault bundling: as the name suggests, this refers to shift in peak energy and
linewidth broadening of cubic inclusion related luminescence due to the closeness of SFs
from one another[52, 155]. If the spacing between SFs is close enough, the electronic states
of each QW will couple. Although the bundling of SFs is presented as a random occurrence,
continuous InGaN QWs are artificially engineered to redshift the free exciton luminescence
of GaN for light emitting diode (LED) applications. Calculations considering 3, type I1 SF
with inter-distance of less than 5 nm yield shifts in peak energy by up to 40 meV. Also,

excitation of such bundled SFs leads to spectral broadening.
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Intersections of SFs and QWs: The intersection of SFs and QWs leads to confinement in
two-dimension forming 1-dimensional quantum wire[ 160, 161]. This is reported in non-polar
direction grown AlGaN and InGaN QWs which leads to an additional peak that is redshifted
from the QW emission line[154]. Polarization dependent measurements were used to

demonstrate the one-dimensional characteristics of the emission.
3.4 Colour centres in diamond

Diamond, known to most for its high aesthetic value, have unique material properties that
attract different industrial applications. For example, due to its extreme hardness with the
highest Young's modulus of around 1 TPa, it can be used for machining of very hard, non-
ferrous materials[72]. Furthermore, its high thermal conductivity of around 2x10° W/mK
coupled with high electric resistivity makes diamond useful for application as a heat sink. The
wide bandgap (~5.5 eV) of diamond has made it a useful material in semiconductor
electronics with applications ranging from UV-sensors to metal-semiconductor field effect
transistors[72]. Although there are still challenges to reach desirable levels of n-type
conductivity in diamond, good p-type conductivity can be achieved via boron doping[72,
162]. Different optical components are also made from diamond benefiting from its wide
range of transmission (from UV to IR) and a high index of refraction (~2.4- the highest for
visible light). The main advantage of using diamond for all these applications is that it allows
operations under extreme conditions due to the materials hardness, chemical inertness, wear

resistance and high thermal conductivity.

The sp’- hybridisation of carbon atoms with tetrahedral symmetry forms a diamond. The
crystal unit cell, shown in Figure 3.10, is composed of two-face centred cubic lattices, offset
by a vector a/4 in each direction where the lattice parameter a is around 3.57 A[163]. The

extreme hardness of diamond emanates from its very high density (~ 3.5 g/cm?) and the high
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strength of the covalent carbon-carbon bond. The heat transport in diamond is via phonons

resulting in much higher thermal conductivity despite its very large band gap[72].

Figure 3.10: Schematic illustration of the diamond unit cell.

Putting the elegant material properties to different applications was hampered for a long time
by the natural scarcity of diamond mineral, which can only be mined from few places on earth
with lithospheric mantle possessing the necessary high-pressure high-temperature (HPHT)
conditions[163]. In 1955 researchers converted the ambient condition stable allotrope of
carbon, namely graphite, under the HPHT (hundreds of kbar of pressure and at ~ 2000 °C)
condition to synthesise diamond in a laboratory for the first time[162, 163]. This synthetic
diamond can have sizes of up to 1 mm and has all the mechanical attributes of the natural
diamond[162]. Since then, cheaper alternatives of fabricating diamond such as chemical
vapour deposition (CVD) and detonation nanodiamonds have been demonstrated[164].
Today, high quality, CVD grown, a free-standing polycrystalline diamond wafer of diameters
reaching 120 mm - 140 mm, as well as a single crystalline diamond of size 8 x 8 x 2 mm, are
commercially available[165, 166]. The gasses flowing into the CVD chamber are methane

and hydrogen where the hydrogen terminates dangling carbon bonds from methane
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preventing the formation of sp’- hybridised graphite at temperatures more than 2000 °C[9].

This growth technique also allows easy incorporation of impurity atoms during growth where

they will be flown into the chamber as additional gasses.

Single crystalline diamond can be grown homoepitaxially on a diamond substrate. This
growth results in natural properties of diamond but are slow and not suitable for growing large
size wafers. On the other hand, heteroepitaxial growth on non-diamond substrates can give
large size diamonds, but the growth will have a higher concentration of imperfection such as
grain boundaries[72]. Imperfections in diamond crystal play an important role both in its
mechanical and physical properties. For example, the presence of impurity atoms increases
the hardness and wear resistance of diamond due to their contribution in restricting the motion
of dislocation in the crystal[72, 162]. In addition, the high thermal conductivity is affected by
the presence of dislocations in the diamond crystal because phonons scatter off the defect[72].
The presence of impurity defects also change the appearance of diamond by varying the
colour [162]. For example, HPHT grown diamonds usually have yellow hue due to the high

concentration of nitrogen impurity.

Figure 3.11: Atomic structure of (a) NE8-(b) Cr-related defects in diamond.

More importantly, the hundreds of optically active defects in the bulk of diamond affect the

physical and other properties of the material depending on their type and concertation [10,
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162]. Under laser excitation, a number of these point defects demonstrate single photon
emission spanning a wide wavelength range[10, 16]. While the NV is the most prominent
centre for quantum applications with attractive spin and optical properties as introduced in
Chapter 1, several other defect-based SPEs are being discovered in diamond[162]. Also,
extrinsic defects that are deliberately incorporated into the diamond lattice can serve as SPEs.
For example, Nickel ions were successfully placed in the diamond lattice via ion implantation
as well as incorporation during diamond growth[10, 167]. The incorporated Nickel forms
different defect complexes in the diamond lattice, of which the Nickel-Nitrogen complex
(NES) is identified as SPE[10]. The atomic structure of the NE§ is shown in Figure 3.11
depicting a Nickel atom surrounded by four Nitrogen atoms and two vacancies. The centre of
the ZPL for NES is reported to range between 782 to 802 nm. Another example of an ion
species that is incorporated as defect-based SPE in diamond is Chromium (Cr). Although the
atomic structure of Cr-center in diamond is not identified conclusively, a theoretical study
indicates Cr atom strongly bonded to adjacent carbons and substitutional nitrogen (or sulfur)
atom (shown in Figure 3.11 (b)) may be responsible for the emission[10, 80]. The ZPL for Cr
related emission ranges from 740-790 nm. A summary of spectral properties of few defect-

based SPE in diamond is shown in Figure 3.12.
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Figure 3.12: A map illustrating the spectral characteristics of a few of the identified SPE in diamond. The
length of the lines corresponds to a range of emission from the respective SPE including the PSB. The
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intrinsic carbon interstitials (TR12) emit with at ZPL of around 470 nm while the H3 centre consisted of
two nitrogen atoms and a vacancy emits at 503 nm. At ZPLs of 532 nm and 734 nm, SPE with unidentified
origin is reported. The so-called ST1 centre is also unidentified SPE from the diamond with ZPL at
around 550 nm and allows optical manipulation of its spin as indicated by the arrow. By incorporating
europium (Eu®") in the diamond lattice, fluorescence emission with two separate ZPLs corresponding to
allowed radiative transitions in the impurity is reported. The NiSi is a Nickel-Silicon complex showing
emission with ZPL between 767-775 nm[10].

The applicability of these single photon emitting defects for quantum technologies relies on
the different criteria outlined in Chapter 1. One of the critical requirements stated is that an
SPE should allow electrically triggered excitation. So far, however, RT stable single photon
electroluminescence from diamond defects is only reported from NV-center making the

centre among the most desirable together with its other valuable characteristics.

Silicon-Vacancy (SiV) centre is perhaps the second most investigated SPE in diamond [20,
168-170]. This is may be due to the centre’s distinguishing photophysical characteristics at
RT as well as its successful incorporation in both bulk and nanodiamonds [171-173]. Thus,
symmetry and electronic structures of SiV is somehow understood. However, electrically
excited single photon fluorescence from SiV was lacking in the literature. The first electrical
excitation of the SiV ensemble will be presented in Chapter 7. In this subchapter,
incorporation and electronic properties of SiV in a diamond diode will be discussed in light

of the results in Chapter 7.
3.4.1 Incorporation of SiV center in diamond

Silicon (Si) atoms are unintentionally present in CVD grown diamonds; incorporated from
the chamber window and wall which is left as residue after the use of silicon substrates[16].
This usually results in forming agglomerated SiV centres with low density which rarely shows
single photon emission. Nevertheless, such incorporation can be used for proof-of-principle
studies[174]. High-temperature heating (annealing) of the diamond sample can lessen the
agglomeration effect by diffusing vacancies around. The linewidth of SiV narrows down to

0.03 nm after annealing at 1100 °C approaching the transform-limited linewidth[9].
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However, for scalable nanophotonic applications, deterministic incorporation of the centre
into the diamond matrix is vital. Delta doping of diamond with Silicon-atoms has been
demonstrated to yield a controlled generation of SiV centre during homoepitaxial, microwave
plasma CVD growth of ultrapure diamond film[9, 175]. The substrate used was a <001>
oriented HPHT diamond on top of which a 60 pm film was grown. SiC substrate was placed
underneath a molybdenum sample holder to serve as a source of the Si-atoms in addition to
the quartz window. The concentration of Si introduced into the plasma and incorporated
during growth is estimated to be < 1 ppb. The SiV centre generated this way produced stable
SPEs that showed no spectral diffusion[175]. Also, with SiV centre approaching the
transform-limited linewidth, spectral overlap from a randomly chosen centres of more than
91% is reported[175]. A successful coupling of the centre with a solid immersion lens is also
demonstrated. Emission rates of up to 6 x 10° counts/s is reported for CVD incorporated SiV
during nanodiamonds growth[9]. However, the spectrum showed diffusion with the ZPL

ranging from 730 to 750 nm.
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Figure 3.13: (a) Atomic structure of SiV centre in Diamond (b) Spectrum of SiV- in diamond (c) electronic
structure of SiV" centre in diamond.

The other important approach to generating point defects is ion implantation, where ion
species such as Cr, Si, Xe are accelerated into the diamond target[176-178]. An easy to use
simulation- the stopping and range of ions in matter (SRIM) - has been developed to estimate
ion penetration range. SRIM is also used to estimate the density of created defects for choices
of implantation energy and ion species. The recipe for optimal latterly resolved Si*" ion

implantation has been developed and abundant single photon emitting SiV centres have been
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generated[72]. To improve the lateral resolution, ion implantation can be carried out under
mask[179]. The mask is developed using electron beam lithography. Ion implantation can
also be used to dope wide variety of semiconductors including diamond. SiV centre from ion

implantation usually has low emission rates of around several 1000 counts/s.

Ion implantation induces undesired damage to the target creating carbon interstitials and

vacancies as the accelerated ion energies typically exceed the binding energies of the target.
The damage changes the sp” - binding into the ambient stable sp”-binding of graphite[179].

If the damage results in the creation of vacancy concentration of more than about 10%? cm™,
the diamond sample is said to have been graphitized. This threshold could be higher for ion
implantation energy in the range of MeV where deeper ion localisation is accompanied by
higher pressure from the undamaged surface prohibiting the expansion of damage to larger
areas[179]. To recover the damage caused by ion implantation, the annihilation of interstitials
and vacancies created during the damage is required. However, there is a significant
discrepancy in the annealing temperature required to move carbon interstitials (50 K) and
vacancies (700 K)[179]. Hence, extra carbon may be required during the annealing process.
Also, annealing of diamond is usually carried out under vacuum to avoid oxidation of the

diamond surface.

3.4.2 Structural and optical properties of SiV centre

This thesis will not discuss the details of this topic (see [180] for a detailed discussion). It,
however, highlights essential points to frame results in Chapter 7. The fluorescence from the
SiV centre was first identified in 1980 via CL spectroscopy of CVD grown diamond at around
738 nm, which later was assigned to silicon-related defect[181]. The assignment was carried
out by implanting various ion species (~ 25) into a natural diamond where the signature
luminescence (~738 nm) is only observed after Si ion implantation[162]. Further
investigation, however, showed that ion implantation would also result in another, optically

active, a damage-related defect known as General Radiance (GR1) line which emitted at

78



Defect related luminescence: single photon emission from wide bandgap semiconductors

around 743 nm. However, upon annealing diamond above 800 °C, the GR1 line is observed
to disappear[182]. To probe the actual source of the 738 emission, a Si impurity incorporated,
CVD grown diamond was irradiated with electron beam[128]. After the irradiation, the
sample showed both silicon-related luminescence at 738 nm as well as GR1 line emission at
743 nm. Annealing the sample above 800 °C, the GR1 line disappeared whereas the Si-related
luminescence intensity increased dramatically[183]. This result was explained as, at elevated
temperature the vacancy migrated to form more SiV centres, thus increasing the overall
luminescence count. The same argument also explained the earlier observation of the
quadratic relation between the implanted Si ion dosage and CL intensity [181]. This
observation was used to prove the existence of a vacancy in the structure of the silicon-related

defect.

The definitive structural description of SiV centre is mainly studied using theoretical models
consolidated by experiments. The widely accepted structure of SiV now is: a Si impurity splits
two vacancies forming the Si-divacancy as illustrated in Figure 3.13(a)[16]. The SiV centre
has an accepted two charge states (see Chapter 2): The negative-charge state (Si1V~) with the
ZPL at around 738 nm and the neutral-charge state (SiV°) with luminescence peak around
~946 nm[169, 184]. This was first deducted from UV excitation of SiV centre, where the
fluorescence from SiV~ disappears into a dark state[183]. This was explained as a charge
transfer from SiV- to a dark neutral charge state. The observation was further consolidated
through electron paramagnetic resonance (EPR) measurement of a high purity diamond
sample with SiV centre, where an emission at 946 nm is detected and assigned to SiV° [184].
Furthermore, annealing the sample led to increased luminescence from SiV-and reduced
luminescence from SiVC. This was explained as a charge transfer from neutral charge state to
the negative charge. Exciting the sample with a UV laser yielded the inverse relation. In
Chapter 7, we will present consistent results via electrical control of charges at the SiV-

ensemble where reduced intensity is observed when charges are withdrawn from the centre.
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The SiV- has been investigated at RT showing attractive spectral properties such as most of
the fluorescence is concentrated in the ZPL with FWHM of 0.7 nm as shown in Figure
3.13(b)[78, 170]. The centre has weak phonon sideband that extends up to 750 nm with the
HR-factor of ensembles ranging from 0.08 to 0.24. The excited lifetime of the centre is around
1 ns with relatively low quantum efficiency[16]. The transition kinetics of SiV~ centre was
fully described considering a three-level model [78]. That is, there exists at least one shelving
state (metastable state), for the excited state as a decay step to the ground state (see Chapter
2 for details). While the luminescence study of SiV centre so far was mainly carried out via
excitations using electron beam (CL) or off-resonant light (laser of various wavelengths),

Chapter 7 presents the first electrical excitation of the centre (EL).

Furthermore, polarisation and excitation photoluminescence (PLE) measurements at
cryogenic temperature showed that the electronic structure of the centre is composed of split
ground and excited state yielding (see Figure 3.13(c)) four distinct ZPL lines [175, 185, 186].
Indistinguishable photon generation from two distant SiV- centres is demonstrated[187],
indicating the capabilities of two-photon entanglement using the centre, which is a
prerequisite for quantum computation using photons (see Chapter 1). Finally, spin-state

manipulation via spin-photon interaction is demonstrated for both SiV-and SiV° [188, 189].

So far, the background behind the study of single photons, excitation mechanisms, as well as
defect-based single photon emission, is featured. We will now proceed to present the main
contributions of this work by first disclosing novel single photon emitters from defects in

GaN.
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4 Spectroscopy of single photon emitting
defects in GaN

Single photon emitters play a central role in many photonic quantum technologies some of
which are discussed in Chapter 1[190, 191]. A promising class of single photon emitters
consists of atomic colour centres in wide bandgap crystals, such as diamond[192, 193] silicon
carbide[ 194] and hexagonal boron nitride[ 195]. However, it is currently not possible to grow
these materials as sub-micron thick films on low-refractive index substrates, which is
necessary for mature photonic integrated circuit technologies. Hence, there is great interest in
identifying quantum emitters in technologically mature semiconductors that are compatible
with suitable heteroepitaxy. Here, we demonstrate robust single photon emitters based on
defects in GaN: a semiconductor that can emit light over the entire visible spectrum. We show
that the emitters can be found in a variety of GaN wafers, thus providing easy access for
further fundamental study and technological development. We propose a theoretical model to

explain the origin of these emitters based on cubic inclusions in hexagonal gallium nitride.

In this chapter, we report room temperature (RT), bright, stable single photon emitters (SPEs)
in GaN films that do not require any post-growth sample treatments. The emitters are defects
that are optically active in the visible/near-infrared (NIR) spectral range, and the zero-phonon
lines (ZPL) span a wide range of wavelengths. They were found in 5 GaN wafers that have
different doping types, doping levels, and are grown on various substrates using Metal

Organic Chemical Vapor Deposition (MOCVD).
4.1 Materials and structural analysis

To identify and characterize the SPEs, we analyzed 5 GaN samples grown on sapphire and
silicon carbide (SiC). The wafers used in this work where grown by MOCVD, and have the
following structures: Sample A: 2-um-thick Mg-doped (Mg >1x10%° c¢cm3)/ 2-pm-thick
undoped GaN/ Sapphire (from Suzhou Nanowin Science and Technology Co., Ltd.); Sample
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B: 2-um-thick GaN/Sapphire; Sample C: 20-nm-thick p++ GaN:Mg (1.5x10%° cm™) / 0.5-um-
thick p GaN:Mg (1x10'® ¢cm)/ 8-um-thick n GaN:Si (1.7x10'¢ ¢cm3)/ 0.2-um-thick n++
GaN:Si (2x10'® cm3)/ 5-um-thick n++ GaN:Si (7x10'® cm)/ Sapphire; Sample D: standard
LED structure; Sample E: 23-nm-thick AIGaN/ 1-nm-thick AIN/ 1.2-um-thick GaN/ SiC.

Sample Optical microscope image

AFM image

(Sample size) (scale bar is 20um)

A

(I1cm X 1cm)

B

(Icm X 1cm)

C

(I1cm X 1cm)
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20.00 nm

D

(Icm X 1cm)

5.00 nm

E

(Icm X 1cm)

Table 4.1: Optical microscope and AFM images of Sample B — E.

Optical images and atomic force microscope (AFM) scans of the different samples is
presented in Table 4.1. Also, the crystalline quality of the GaN samples was evaluated using
X-ray diffraction (XRD) measurements. Summary of the measured structural parameters of
the samples is provided in Table 4.2. For all samples, the surface roughness is below 1 nm
(Table 4.2) indicating the single crystalline nature of the samples. This is consolidated by the

FWHM values from the X-ray measurements shown in Table 4.2.

Sample XRD FWHM (0002) AFM rms (nm)
degree arcsec
A 0.182 653.5 0.9
B 0.181 650.2 0.8
C 0.224 807.5 0.7
D 0.0640 230.3 0.8
E 0.118 426.1 0.5

Table 4.2: XRD data of the (0002) and AFM measurement of Sample A — E.
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Additional structural analysis is conducted on sample A using Raman spectroscopy where
backscattering from the c-plane of the sample is measured. Figure 4.1 shows the result where
two known modes in WZ GaN: E; (E2b, Ex'') phonon modes at 144 cm™! and 569.6 cm™.
Also, the longitudinal A1 (A (LO)) is shown at 735.6 cm™'. While the mode at 417 cm™ is
from sapphire, 1368 cm™' and 1398 cm™! are possibly from optical overtones and combination
modes. As expected for a WZ GaN, the E>" mode has high intensity and narrower FWHM of
3.22 em! further showing the quality and single crystal nature of the film.

The presence of morphological defects in sample A is investigated by etching it in molten
KOH. The sample was etched for 15 mins in a crucible containing molten KOH and was kept

on a hotplate at temperatures of around 350 °C as read from a thermocouple.
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Figure 4.1: Raman spectroscopy of sample A showing known phonon modes for WZ GaN and sapphire.

The resulting topography of the sample is analysed using an optical microscope (OM) and
scanning electron microscope (SEM) images as shown in Figure 4.2. After etching, the OM
images show many dark stripes as shown in Figure 4.2(a). Further inspection of the dark
stripes using SEM reveals visible surface morphologies which are agglomerated along a line
(Figure 4.2(b)). A closer look on the morphologies with SEM (inset of Figure 4.2(b))) shows

known structural defects such as threading dislocation agglomerates with different types of
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etch pits. Although this morphology is known after KOH etching of MOCVD grown GaN,

why the defects are agglomerated along a line is not yet clear.

(2) | (b)

Figure 4.2: Post KOH sample topography analysis using (a) Optical microscope image with a scale bar of
100 pm (b) Scanning electron microscope (SEM) image with a scale bar of 10 pm with an inset magnifying
the etched area with a scale bar of 100 nm.

4.2 Experimental setting

The spectroscopy measurements on all samples were performed using a scanning confocal
microscope. The micro-photoluminescence set-up (uPL), illustrated in Figure 4.3, enables
high spatial resolution scans resulting in intensity map. In this work, a cw-green laser of
wavelength 532 nm (Gem 532™, Laser Quantum Ltd.) is used as the excitation (Aexc) source.
The laser beam is expanded to overfill the objective for optimum focusing. This is done by
using two lenses, L1 (plano-convex) & L2 (spherical) in a Keplerian telescope arrangement
as shown in Figure 4.3. Most of the measurements presented in this work are done with a
filling factor of around 2. The beam then undergoes reflections at a Mirror (M1), a 532-nm
dichroic mirror (532-nm laser BrightLine™, Semrock Inc.) and an X-Y piezo scanning mirror
(FSM-300TM, Newport Corp.). Before it is focused onto a sample by a high-numerical-
aperture (NA= 0.9, Nikon) objective lens, the beam passes through relay lenses (L3 & L4) to
correct for aberration. High resolution scanning at the sample is carried out with the motorised

X -Y piezo scanning mirror (SM).
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To remedy the introduction of unwanted circular or cylindrical polarised light into Aexc from
different components on the set-up, a quarter waveplate (4/4) is fixed after the first mirror
(M1). The quarter waveplate is optimized to dampen counts arising from cylindrically
polarized light. In addition, a half waveplate (4/2) is placed after the quarter waveplate to

rotate the polarization form of the excitation for absorption dependent analysis of SPEs.

The detected wavelength (Adet) from the emitters is first filtered from excitation laser with the
dichroic mirror (DM) and then by an additional 568 nm long-pass filter (SemrockTM)
labelled as F1 in Figure 4.3. Finally, the detected signal is focused into a graded-index fibre
with a core size of 62.5 um, where confocality arises. Like the excitation hand, a quarter
waveplate is fixed after the DM to dampen elliptically polarised components in the detected
photons. In addition, a visible polariser (P1) is rotated to analyse emission polarisation of

SPEs.

A fibre splitter then leads the coupled signal either to a spectrometer (Acton SpectraPro™,
Princeton Instrument Inc.) for spectroscopic measurements or an integrated Hanbury-Brown
and Twiss (HBT) interferometer for intensity fluctuation measurements (i.e., for proof of
single photon emission). The CCD cooled spectrometer with a focal length of 300 mm is
equipped with plane gratings of 300 g/mm, 600 g/mm and 1200 g/mm. At blaze wavelength
of 500 nm, the 300 g/mm grating has a dispersion of 10.4 nm/mm with CCD spectral
resolution 0.4 nm. The dispersion range and CCD spectral resolution for 600 g/mm are 5.1
nm/mm and 0.2 nm, respectively. For 1200 g/mm grating, the dispersion and resolution
further refines to 2.38 nm/mm and 0.1 nm. The spectrometer comes with adjustable entrance
slit which can be varied from 10 pm to 3 mm. In our case, the entrance slit is used to insert

the other end of the collection fibre ferrule.

The HBT set up is composed of two avalanche photodiodes (Excelitas Technologies™) and
a time-correlated single-photon-counting (TCSPC) module (PicoHarp300™, PicoQuant™)
as shown in Figure 4.3. A delay line of 100 ns is introduced on the BNC leading to one of the

APDs. TCSPC is used in a start-stop mode to collect short time correlation profiles
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accumulating histograms up to 200 ns. For long autocorrelation times, the TCSPC is operated

in T2-mode which allows, fast correlation of up to a few seconds.
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Figure 4.3: Schematics of confocal microscopy setup. The addition of two avalanche photodiodes and a
time-correlation card illustrates the integrated HBT setup for single photon detection.

4.3 Spectroscopy of SPEs in GaN at room temperature

Figure 4.4 (b) shows a typical 60 pum X 60 pm fluorescence map with localised, bright spots
labelled E1-E8, corresponding to isolated emission spots in Sample A. This map is obtained
from a 1 cm? sample using an excitation power of 300 pW (measured before the microscope
objective). Analysis of other regions of sample A indicates an average of 1 emitter per

25 um?.

Figure 4.4(c) summarises fluorescence scans of GaN Samples B-E, which consist of the layer
structures shown in the insets. Sample B was grown directly on sapphire, C and D on sapphire
overgrown with different GaN/InGaN epilayers, and Sample E was grown on SiC (see

subchapter 4.1 for details). The circles in Figure 4.4 (c) indicate SPEs. Isolated bright spots
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were found in each sample, though the density varied across the samples. We note that the

samples were chosen randomly, with no specific growth requirements, to ascertain the

widespread presence of SPEs in epitaxial GaN.

(a) Sample A (b)

p-GaN
. GaN

/ Sapphire!

(C) i) Sample B | ean ii) Sample C J€8Y i) Sample D ﬁ

Sapphire Sapphire Sapphire

iv) Sample E _ GaN

Figure 4.4: Defects in GaN wafers. a) 10 pm x 10 pm AFM image of Sample A. The surface roughness is
< 1nm. The scale bar is 2 pm. Inset is the structure of Sample A depicting 2 pm Mg-doped GaN layer on
2 pm undoped GaN film grown on sapphire by MOCVD. b) 60 pm x 60 pm confocal fluorescence scan of
Sample A obtained using a 300 uW excitation laser power. The scale bar is 5 pm. ¢) 40 pm x 40 pm
confocal fluorescence scans of Samples B-E under 100 pW excitation power: i) 2 pm, undoped GaN, ii)
0.5 pnm, Mg-doped GaN on 13.2 pm, Si-doped GaN, iii) GaN LED structure, iv) 1.2 pm, undoped GaN.
Samples B-D are grown on sapphire. Sample E is grown on silicon carbide. The bright spots inside the
white circles indicate localised emitters. Insets: schematic diagrams of Samples A-E.

Figure 4.5(a) shows RT photoluminescence (PL) spectra from emitters E1-E5 where distinct
ZPL wavelengths of 640 nm, 657 nm, 681 nm, 703 nm and 736 nm are obtained. All spectra
are measured under the same excitation power of 100 pW. The 696 nm luminescence peak
corresponds to the ruby Cra® emission and is present in all spectra taken from the samples

grown on sapphire. Additional representative RT spectra from emitters on Sample A
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including E6-E8 are shown in Figure 4.6 further consolidating the variation in the peak ZPL

wavelength.
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Figure 4.5: Single photon emitters in GaN. a) Room temperature spectra from emitters E1-ES (shown in
Figure 4.1b) reveal distinct ZPL wavelength of 640 nm, 657 nm, 681 nm, 703 nm and 736 nm. The peak
at 696 nm is the Cra’ emission from the sapphire substrate. b) Histogram of the zero-phonon line
wavelength distribution and c) the corresponding FWHM distribution measured from emitters in sample
A. d) Typical PL spectra and g> measured from emitters in Samples B-E.

The histogram in Figure 4.5(b) shows the ZPL wavelength distribution of 93 emitters with
distinct spectra in Sample A. The bin width of the histogram is 10 nm as small differences in
peak position can be caused by strain variations throughout the sample[170]. However, the
ZPL wavelengths span more than 170 nm, suggesting a different primary mechanism for the

broad distribution seen in Figure 4.5(b). A likely mechanism is proposed further below.
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Figure 4.6: Room temperature spectra from emitters in GaN Sample A. Representative spectral
characteristic of 16 different emitters collected from 5 different scans. 532 nm green excitation laser with
a power of 100 pW - 250 W was used, and each spectrum was integrated for 10 s. Spectra from emitters
E6, E7 and E8 (see Figure 4.1b) are also included and labelled accordingly. The wavelength of each ZPL
is specified (the emission at 696 nm corresponds to the ruby line in sapphire and is present in all the
spectra).

The histogram in Figure 4.5(c) summarises RT ZPL line width distribution from 93 emitters
in Sample A, with a median full width at half maximum (FWHM) of ~ 5 nm. Fits of the ZPL
peak shape reveal an asymmetry caused by a low energy tail which may be caused by coupling
to phonons. The ZPLs are narrower than the RT line width of the NV[196] centre in diamond
and comparable to other defects in diamond (e.g. the SiV[197] and the Cr-related[176]).
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Similar RT spectra are collected from SPEs in the other four samples to check if the
observation is consistent across the different samples. As shown in Figure 4.5 (d)-(g),
emission with narrow linewidth is observed from the respective samples. Distribution of both
ZPL and FWHM of SPEs in Samples B, C, D & E are shown in Figure 4.7, indicating that
similar spectral behaviours are observed as in Sample A. Therefore, it can be concluded that
the underlying mechanism for single photon emission in the 5 GaN samples is the same
regardless of inter-sample differences such as thickness, electronic grade as well as substrate

used for growth.
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Figure 4.7: Histogram of the zero phonon line wavelength distribution and the corresponding FWHM
distribution measured from emitters in samples B(a,e), C(b,f), D(c,g) and E(d,h). In 40 pm X 40 pm area,
an average of 6~7 emitters (Sample B), 3~4 emitters (Sample C), 1~2 emitters (Sample D and E) are found.

While we are confident emission from all the samples have the same origins, it is not yet clear
that the observed fluorescence is indeed from the GaN films. To confirm this, three pieces of
Sample A were etched using chlorine reactive ion etching (RIE). The first sample was softly
etched with ICP and RF powers of 1000 W & 30 W, respectively. The gasses flown were
Chlorine (CI), Hydrogen (H2) and Argon (Ar) with rates of 20:4:4 sccm and DC bias of 62 V.
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The etching was carried out in two steps under same parameters: The first round lasted for 2
min resulting in etch depth of ~100 nm followed by 4 min of soft etch giving total etch depth
of around 300 nm. The pressure and temperature during this etching round were kept at 60
°C and 4 mT, respectively. The second piece was strongly etched in two rounds with ICP and
RF powers of 1000 W & 200 W, and final round of soft etch at ICP/RF powers of 1000/30
W.
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Figure 4.8: PL spectra from samples that were etched using chlorine reactive ion etching (RIE) to depths
of 300 nm, 4 pm and 6 pm. As shown, after 300 nm etch, emitters were still resolved with representative
fluorescence at 736 nm (black). However, after 4 pm (red) and 6 pm (pink) etching, no fluorescence can
be observed except the chromium line in sapphire at 696 nm. PL from a sample that was not etched shows
the familiar narrow line luminescence 684 nm (blue).

Under strong etch conditions, the etch rate was 400 nm/min where all other conditions were
the same as during the etching of the first sample. After etching the sample for 10 min (4 um
deep) the sample looks mostly grey indicating the GaN layer was removed with very little
patches of residual fringes. The third sample was strongly etched under the same conditions
as the second sample for 15 min resulting in etch depth of around 6 um deep where the sample
now appear entirely grey indicating the underlying sapphire surface. Subsequent PL analyses

show that the emitters were still present -after the 300 nm etch process, but no localised
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fluorescence was observed if the 4 um GaN epilayer was completely removed by the etch
process as shown in Figure 4.8. This confirms that the emitters do indeed originate from GaN
layer. Also, the ruby Cr-related luminescence at 693 nm strongly pronounced on the 6 pm

etched sample.

4.4 Room temperature second-order autocorrelation measurements

Photon emission statistics of all emitters in the histograms were analysed using the HBT
interferometer described in section 4.2 under excitation laser power of 50 uW (see Chapter 2
for details on HBT setup). Bright spots resolved with spectra in all the samples showed
antibunching photon statistics, where the second-order autocorrelation measurement ( g° (T))
at zero delay time (t = 0) shows that g?(0) < 1 (see Chapter 2 for details). In particular,
single photon emitting bright spots E1-E5 in Sample A (see Figure 4.4(a) and 4.5(a)) are
identified with characteristics g%(0) <0.5 as shown Figure 4.9. Spots E6-E8 in sample A also
exhibit antibunching but the g2(0) values exceed 0.5 (Figure 4.9). The second-order

correlation measurement are fitted with the equation:
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Figure 4.9: g2 (7) characteristics of 8 emitters in Sample A. Emitters E1-ES are single photon emitters

with g%(0) < 0.5, whereas E6-E8 show antibunching with g”(0)>0.5. All autocorrelation
measurements were taken with a 50 pnW, 532 nm laser and are not background corrected.
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) \y 7]
g’ (@) =1-A+a)e " +ae ™ (4.1)
where a, 71 and 7; are the scaling factor for bunching, excited state lifetime and metastable

state lifetime, respectively. This expression is the same as equation (2.45) only re-written in

terms of decay times.
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Figure 4.10: Background corrected g2 (7) characteristics of emitters E6-E8 in Sample A are shown in (a)
— (c¢). E6 have strong de-shelving state that results in a weak signal to noise ratio and consequently
g°(0)>0.5. Additional background corrected g’(7) characteristics from six more single photon

emitters in Sample A are provided through (d) - (i). All second-order correlation measurements are taken
at excitation laser power of 50 pW.
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After background correction, the g2(t)- characteristics from E6-E8 improved as indicated by
the reduced values of g2(0) in Figure 4.10. Additional background corrected g2(t)-
characteristics of SPEs from Sample A are included in Figure 4.10. Unlike defect related
emitters in Diamond[186, 198, 199] where ensemble of emitters showed strong spectra but
not antibunching, the bright spots resolved in the GaN films always show antibunching i.e.,
show g2(0) < 1. This indicates that the system responsible for the emission single photons

in GaN is strongly localized emitting only few photons.

Similarly, RT spectra and corresponding autocorrelation measurements from typical emitters
in Samples B-E are shown in Figure 4.5 (d). Additional second-order correlation from
multiple SPEs in each sample are provided in Figures 4.11-4.14. The pervasiveness of the
SPEs in different GaN samples demonstrates that our findings are not limited to a rare defect
found in select few ultrapure samples. While the abundance of SPEs in the different GaN
samples without prerequisites for material preparation is ideal for proof-of-concept studies,
controlled positioning of the centres is required for implantation of the centres for different
applications. This, however, requires identification of the origin of SPEs where the structural

and electronic properties will then be determined.

50 25 00 25
Delay time (ns)

Delay time (ns)

Figure 4.11: g2 (7) characteristics of 7 emitters in Sample B. All 7 emitters are single photon emitters

with g”(0)<0.5. Each antibunching characteristic correspond to the 7 circled bright spots in the
confocal map shown in Fig. 1d (i).
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Figure 4.12: g2 (7) characteristics of 3 emitters in Sample C. All 3 emitters are single photon emitters

with g2 (0) <0.5. They correspond to the 3 circled bright spots in Figure 4.1d (ii).
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Figure 4.13: g2 (7) characteristics of 3 emitters in Sample D without background correction (a-c) and
after background correction (d-f).
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4.5 Low-temperature Spectroscopy and second-order correlation
measurements of SPEs in GaN

We now proceed to characterise the SPEs at cryogenic temperatures to learn more about their
optical transitions and to gain insight into the microscopic origin of the emissions. We start
by surveying single emitters at cryogenic temperatures in Sample A. In this subchapter,
without loss of generality, luminescence wavelengths are converted to corresponding energy

values for ease of visualising small shifts in ZPLs.
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Figure 4.15: Low-temperature (4 K) spectroscopy and photon emission statistics of quantum emitters in
GaN. a) Representative spectra from 6 emitters with ZPL peak energies of 1.796 eV (E1), 1.834, 1.852 eV
(E2), 1.895 eV, 1.908 eV and 1.981 eV (E3). b) ZPL peak energy distribution of 19 emitters with a mean
value of (1.869+0.064) eV. c¢) Histogram showing the FWHM distribution of the emitters in (b) with mean
linewidth value of (3.39+1.12) meV. All measurements were taken with an excitation laser power of 100
pW. d-f) Second-order autocorrelation measurements for the three emitters labelled E1-E3 in (a) under
an excitation power of 50 pW. The curves are fitted with three-level, second-order autocorrelation
functions and show that the emitters E1-E3 are single photon emitters with g*(z=0) values of 0.30, 0.27
and 0.18, respectively.

Figure 4.15(a) shows spectra from 6 emitters selected at random using an excitation laser

power of 100 pW, at 4 K. Distinct ZPLs are obtained for each of the emitters. The distribution
of ZPL peak energy from 19 more emitters is shown in Figure 4.15(b). The ZPL position
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ranges from 1.736 eV to 1.983 eV with a mean of ~ (1.869+0.064) eV. The histogram is
similar to the one discussed above for spectroscopy of SPEs at RT (which has a mean of
~1.824 ¢V), illustrating that the mechanism responsible for the observed ZPL energy range is
unaffected by temperature changes. A histogram of the FWHM of the 19 emitters at 4K is
also shown in Figure 4.15(c) with the mean linewidth of ~(3.39+1.12) meV, which is
approximately 7 times smaller than the calculated mean linewidth at RT. The additional
narrow peak from Cr impurity in the sapphire substrate is shown at 1.789 eV. We did not
observe spectrometer-limited linewidths, and the broadening is most likely caused by

coupling to phonons or ultrafast spectral diffusion (see Chapter 5 for more details).

To further characterize the SPEs, we focus on emitters E1, E2, and E3 shown in Figure
4.15(a), with ZPLs (FWHM) of 1.796 eV (1.6 meV), 1.852 ¢V (2.4 meV) and 1.981 eV (2.3
meV), respectively. Figure 4.15 (d)-(e) shows g?(7)- characteristics for long correlation times
of up to 15 us. The single-photon nature of the light emitted from E1-E3 is revealed by g°(7=0)
values of 0.30, 0.27 and 0.18, respectively. The deviations from zero are due to background
fluorescence and detector jitter. The data can be fitted optimally with equation (4.1)/ (2.45)
which is the three-level model with a long-lived metastable state (see Chapter 2). The scaling
factor for bunching (a), excited state lifetime (71) and metastable state lifetime (72) are

calculated as fitting parameters of g2(7)- curves. These values are summarized in Table 4.3.

El E2 E3

a 1.44 1.71 0.12
71 (ns) 1.29 1.55 0.76
7 (ns) 118 732 353

Table 4.3: Parametric values a, 71 and 72 obtained by fitting the second-order autocorrelation functions
of E1, E2 and E3, assuming the three-level system dynamics.

Although the bunching behaviour is different for each one of the emitters, it is clear that a
shelving state observed at RT in section 4.10 persists at cryogenic temperatures. More

extended second-order photon correlation measurements of up to 0.1 s from E1-E3 (shown in
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Figure 4.16) confirm the absence of additional, long-lived metastable states, with the g°(7)

profiles remaining constant along the normal up to 0.1 seconds.
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Figure 4.16: (a-c) Long time fluorescence correlation measurements for E1, E2 and E3 under an excitation
power of 50 uW. The fit (red) for all the three g7(z) characteristics is a double exponential decay function
giving the least chi-square value indicated by the respective inset figures. g?(z) starts with the bunching
height corresponding to an ns-shelving state in each of the emitters, but drops to normal and remains
constant for the measurement times scale range of up to 0.1 seconds. This is consistent with previous
observation of stable SPEs in GaN.

Figures 4.17-4.19 show spectral properties of EI-E3 as a function of the change in the
temperature range of 4K to RT. Strikingly, the ZPL energy of emitters in GaN exhibit an
unusual S-shape (inverted S-shape) dependence on temperature which is unlike most known
solid-state emitters. To investigate this unusual behaviour, in detail, the temperature resolved

spectra of E1-E3 were first fitted with a Gaussian curve of the form:
A _2*(E_EZPL )?
——¢ 42
N 7 77 (4.2)
2

where w is the width and 4 is a fitting parameter. The FWHM is calculated as 1.178* w .

I(E) =

The fitting yields the minimum y* values where peak ZPL energy, as well as FWHM of the

three emitters, are extracted at different temperatures.
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Figure 4.17: (a) Temperature-dependent spectroscopy of E1 showing both ZPL peak shift and linewidth
broadening. There is a visible phonon mode 3.1meV away from ZPL up to temperature of 80K (b)
Spectrum at 290 K of E1 plotted in a separate panel for better visualisation. (¢) ZPL peak shift at low
temperature showing the usual S-shaped temperature dependence for E1. (d) Corresponding linewidth
broadening as a function temperature shown only up to 100 K for E1.
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Figure 4.18: (a) Temperature-dependent spectroscopy of E2 showing both ZPL peak shift and linewidth
broadening. A phonon mode is also shown here around 8 meV away from the ZPL up to 60K (b) Spectrum
at 290 K of E2 plotted in a separate panel for better visualisation. (¢) ZPL peak shift at low temperature
showing the usual S-shaped temperature dependence for E2. (d) Corresponding linewidth broadening as
a function temperature shown only up to 100 K for E2.
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Figure 4.19: (a) Temperature-dependent spectroscopy of E3 showing both ZPL peak shift and linewidth
broadening. A phonon mode is activated beginning 20K around 3meV away from the ZPL (b) ZPL peak
shift at low temperature showing the usual S-shaped like temperature dependence for E3. (c)
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Corresponding linewidth broadening as a function temperature shown only up to 100 K for E3.

The extracted peak values from the fit are used to plot the temperature resolved ZPL shift (
AE,, (T)) for E1-E3 as shown in Figure 4.20 (a-c). The shift is calculated simply by
AE,, (T)=E,,, (T)-E,, (4K) , where £, (T) and E,p, (4) are peak ZPL energy values

at given temperature and 4K, respectively. Now, we want to compare the unique ZPL shift

observed in GaN emitters to other customary mechanisms in solid-state emitters such as the

NV defect in diamond.

Lattice contraction: This is the most common cause of instability in peak energy in

atomic defects such as SiV and NV centres in diamond, where strain field shifts the
ZPL peak energy. AE,, (T) shift due to lattice contraction shows temperature
dependence proportional to 7. However, the temperature dependence of the ZPL

shifts of E1-E3 are poorly fitted with 7* (blue line) showing divergence both at low

and high temperature. This indicates that lattice contraction could not be the dominant

factor causing ZPL shifts in GaN emitters.
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Figure 4.20: ZPL shift and linewidth broadening in GaN emitters (a-c) ZPL peak shift of emitters E1-E3
as a function of temperature where the shift showed S-shaped temperature dependence (Figure 4.17-4.19).

The data is fitted with polynomial functions of the form 7 (blue) and a7 > + bT"* (red) where the later
yield better fits at high temperature. (e-f) Shows the corresponding linewidth broadening of E1-E3 with

increasing temperature. These trends are fitted with functions of the form 7T 3 (blue), T > (red) and T !

(green) with T . yields reasonable fits for E1&E2.

e Phonon coupling: The other probable factor shifting ZPLs is phonon coupling of the
electronic transition in addition to the lattice contraction. Such ZPL shifts are shown
to follow a polynomial temperature dependence of the form a7> +bT* . This model
produces better fits (red line) for ZPL shifts of E2&E3 at higher temperature values
(> 100 K) as shown in Figures 4.20 (b&c). This indicates that while phonon coupling
plays a role in the demonstrated blue shift of the mean ZPL peaks of GaN SPEs with
decreasing temperature, the primary cause of the S-shape (inverse S-shape)

dependence at lower temperatures is still unclear.

The S-shaped shift in the ZPL wavelength peak is also observed regardless of GaN film
structure (Sample A & B) as shown Figure 4.21.
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Figure 4.21: (a) Temperature dependence of the ZPL position of other emitters in Sample A and sample
(B). ZPL wavelength shows ‘S-shaped’ dependence.

Turning our discussion to the linewidths of E1-E3, it is already stated none of the SPEs are
spectrally limited at temperature value of 4K. This may already indicate the existence of a
broadening mechanism other than the homogenous, phonon scattering (see Chapter 3). This
is further consolidated by the temperature resolved FWHM results of E1-E3 shown in Figure
4.20 (e-f) where the data deviates from known phonon scattering models (shown by the solid
coloured lines). The data were fitted with monotonic temperature dependence functions of the
form 7°(red line), 7° (blue line) and 7”7 (green line). For E1, 7 dependence produced a fit
with least y” value showing more divergence at low-temperature values. This indicates that
the dominating linewidth broadening mechanism is not homogenous. Furthermore, E1l
showed the most substantial broadening of the three emitters with increasing temperature
where phonon modes disappear into the broadened ZPL as shown in Figure 4.20 (a&b). E2
showed similar broadening as E1, depicted in Figure 4.20 (a,b&d) where 7" fitting yield the
least y? value. On the other hand, E3 showed the least linewidth broadening of the emitters
where all of the monotonic fits showed the largest deviation from the temperature dependence
data. The temperature dependent linewidth measurements of E1-E3 strongly indicate that
spectra in GaN SPEs are mainly determined by a mechanism that causes inhomogeneous

broadening.
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The emitters in GaN exhibit an unusual ‘S-shaped’ dependence, suggesting that the emitters
are not simple atomic defect centres, but have an alternate origin. Furthermore, the broad
spectral spread of ZPL wavelengths across individual wafers and between the same wafers
suggests that the emitters are associated with growth defects rather than a particular impurity

(such as the NV defect in diamond).

4.6 The role of stacking faults in the single photon emission from GaN
films

Point defect agglomeration during growth of wurtzite GaN can lead to the formation of
stacking faults (SF) with varying widths spanning a few angstrom to 10 nm (see Chapter 3
for details)[200, 201]. Figure 4.23 (a) is a schematic illustration of a 5-bilayer cubic inclusion
in a 12-bilayer slab of wurtzite GaN, forming stacking faults. Consequently, localised cubic
inclusions introduce a quantum well for conduction band electron due to the narrower band
gap of cubic GaN relative to wurtzite GaN. The cubic inclusion is surrounded by the
spontaneously polarised wurtzite matrix, resulting in electronic states with a localised electric
field[145, 202]. These electronic states with a strong electric field act as effective triangular
quantum well structures, altering the local optical properties of GaN [145, 203, 204]. The

presence of SFs in the GaN films investigated here is observed using CL spectra.

Low-temperature depth-resolved CL spectra is measured at 80 K from two spots on sample
A. The CL spectra from spot 1 & 2 are shown in Figure 4.22 (a) and (b), respectively. The
insets show penetration depth as a function of electron beam energy calculated by Monte
Carlo simulation. As depicted, the band edge luminescence from Sample A shows peak
energy of 3.3 eV with shoulder peak of around 3.2 eV indicating a shift from the literature
value for wurtzite GaN by 0.1 eV. While the shifted spectra with the shoulder are indicative
of the presence of stacking faults in the GaN films[52, 149], the peak energy is lower than
reported before[52]. This may be due to the luminescent defect localisation in the valence

band which further red shifted the band-edge emission peak-energy.

104



Spectroscopy of single photon emitting defects in GaN

Furthermore, CL intensity from spot 1 increased with penetration depth as shown in Figure
4.22 (a). This is due to the large interaction volume at higher beam energies. However, the
spectral intensity from Spot 2 at a penetration depth of 465 nm (15 keV) is lower than it is at
241 nm (10 keV) as shown in Figure 4.22(b) with the shoulder peak missing at a depth of
around 465 nm. This may be because at depths of around 241 nm (10 keV) luminescent SF
with a peak energy of 3.2 eV is present. On the other hand, the luminescent SF is absent at
depth values of around 465 nm (15 keV), hence lower CL intensity regardless of the large

interaction volume.
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Figure 4.22: Depth-resolved cathodoluminescence (CL) from two spots on sample A at 80 K: (a) CL
spectra using different beam energies to obtained depth-resolved CL from spot 1. In depths between
around 78 nm to 465 nm, CL peak of 3.3 eV dominates while at 761 nm deeper into the sample CL peak
of 3.2 eV dominates. Same electron beam power of around 60.5 pW is used at the different depths. The
inset shows depth estimation using Monte Carlo simulations for the different beam energies. (b) A similar
measurement as in the case of (a) but on the spot 2. This measurement has also yielded a similar result
with 3.3 eV peak dominating till depths of around 465 nm where 3.2 ¢V dominates at depths around 761
nm.

Also, the presence of SFs and their role in the observed quantum emissions is supported by
the observed “S-shaped” temperature dependence of the ZPL wavelength seen in Figures 4.20
&4.21. The ZPL blue-shifts as T is increased from 10 K to 30 K, and red-shifts as T is
increased beyond 30 K. This has been reported previously for band-edge excitons in c- and
a-plane grown GaN[205-207], where the blue shift is explained by an exciton transition from

a shallower energy level of conduction band quantum wells to holes in the valence band. It
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can occur due to carrier reshuffling within the stacking faults by lattice strain or location of
extrinsic atoms in the vicinity of a stacking fault[205]. The redshift at temperatures greater
than 30 K can arise from thermal activation of additional bilayers, allowing deeper quantum-
well-potential-bound exciton transitions[208, 209]. An alternative explanation for the redshift
is a delocalisation of holes in the valence band and recombination with stacking-fault-bound
electrons [205, 210]. The temperature dependent ZPL shift between Sample A and Sample B
is shown in Figure 4.20 & 4.21 may be caused by a different strain field around carriers
leading to a reshuffling that leads to shallower (sample A) or deeper (Sample B) radiative

transitions.

4.7 A numerical model of the origin of SPE in GaN

Based on the experimental results presented in preceding chapters, we attribute the
antibunched photon emissions reported here to the radiative recombination of an exciton
bound to a point defect that resides inside or next to a stacking fault. In our model, the hole is
tightly localised to the defect site whereas the electron is loosely bound by a Coulomb
interaction introduced by the localised hole in the optically allowed lowest-energy excited
state of the point defect. This localisation modifies the stacking fault’s triangular potential
profile acting on the electron as illustrated in Figure 4.23(b). We solve a quasi-one-
dimensional Hamiltonian of this potential [92] where we applied fundamental material
parameters of wurtzite and cubic GaN such as the band gaps, band alignments, effective
masses of the hole and electron, dielectric constants, and steepness of the triangular well
caused by spontaneous polarisation. The resulting calculated energy of the exciton is assumed

to be the ZPL energy of the emitter.
4.7.1 Modelling parameters

The energy of the excited states is calculated in a quasi-one-dimensional potential line-up
determined by the properties of cubic inclusions in wurtzite GaN. Most importantly, the

electric field change at the cubic-hexagonal boundary for GaN is Ae=2.9 MV/cm [184].
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General material properties of GaN (effective masses of electrons and holes, as well as
dielectric constant) are taken from literature. When the point defect is positioned at the side
and nearly halfway between the middle plane of the cubic inclusions, the binding energy (Ep)
between the electron and hole of the exciton exhibits a maximum of 35 meV[195]. This
arrangement of defects in relation to the cubic inclusions results in the most attractive
potential for the electron. However, it decreases to considerably lower values than that
corresponds to room temperature (ca. T,=26 meV) if the point defect is outside the cubic part.
In the lowest energy excited state, the hole is strongly bound whereas the electron is loosely
bound by the Coulomb-potential introduced by the hole. Thermal excitations of this lowest
energy excited state may break the bound exciton by promoting the electron to the conduction
band. If this effect occurs, then the defect will be charged and will not be optically active
anymore. By assuming an instantaneous ionisation process of the conduction band electron,

the thermal stability of the bound exciton may be calculated following Boltzmann law of the

form exp(i—b). We calculated this Boltzmann-factor for each defect site that provides a

statistical weight, i.e., the relative concentration of the optically active centers that can be
detected in the experiments at room temperature. By combining the afore-mentioned trend in
the calculated binding energies and the weight of the point defects as a function of their
location, the point defects located far from the cubic inclusions can be excluded from the

family of optically active centers operating at room temperature.
4.7.2 Modelling results

By fixing the thickness of the cubic inclusion to 5 bilayers and setting the localisation
potential of the hole so that the latter yields a ZPL wavelength of 680 nm for the point defect
in pure wurtzite GaN. The simulation gives rise to the spectral spreading between 600 nm and
705 nm (see Figure 4.23(c)) if point defects are distributed uniformly between -4 nm to 4 nm
with respect to the middle of the cubic inclusion. The calculated binding energy, i.e., the
Coulomb-coupling in the corresponding exciton depends on the actual location of the point

defects and goes up to 35 meV. The relative signal intensities are weighted according to the
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thermal stability of the excitons at room temperature for each defect location that leads to the
final ZPL distribution of the emitters in Figure 4.23(c). The modelling results are in good
agreement with the experimental data, both in terms of ZPL energies and ZPL distribution.
More information about the modelling is given in the supporting information. While strong
experimental and numerical evidence indicate that radiative recombination of an exciton
bound to a point defect in GaN is responsible for the single emitters, further investigations
are required to confirm this hypothesis. It is also important to note that the observed emitters
are different from GaN or InGaN quantum dots, which have been isolated and shown to
exhibit quantum emissions [54, 55]. These sources operate at room temperatures and originate

from crystal size confinement of the QDs.

4.8 Conclusion

To conclude, we showed that GaN is a promising host of bright SPEs in the visible and near-
infrared spectral ranges. In particular, we demonstrated that these emitters are prevalent in
broad range GaN films grown on sapphire and SiC substrates. Low-temperature studies and
subsequent Hamiltonian parametrised calculations suggest that the quantum emitters are
defects localised near an extended stacking fault formed due to a cubic inclusion. The model
suggests that generation and, potentially, control of the emitter wavelengths may be possible
by the intentional introduction of cubic layers in the GaN growth process. A dedicated growth

technique can also be used to precisely control the lateral position of each emitter.

This chapter featured the first report of single photon emitting defect in GaN as well as
provided evidence of defect system that might be responsible for the emission. To evaluate
the potential of the newly found emitters for different applications, detailed study on the
photophysics is required. The following chapter provides a detailed study of the photophysics
of SPEs in GaN both at cryogenic and room temperatures.
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Figure 4.23: Numerical wavelength calculations: a) Schematic illustration of stacking faults generated by
a cubic inclusion in wurtzite GaN. b) Location of the exciton in the cubic inclusion which spans S bilayers
and is shown in a total slab of 12-bilayers of GaN. The potentials applied to the electron, and the hole is
the conduction band minimum (green curve) and valence band maximum (purple curve), respectively.
The hole (red circle on the valence band maximum) is pinned by a point defect, while the electron is
delocalized across the inclusion according to the density profile shown in blue. ¢) Wavelength distribution,
spanning 600 to 705 nm, based on model Hamiltonian GaN parameterised calculations for a defect
arrangement along the cubic inclusion shown in Figure 4.23(b).
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S Photophysics of single photon emitters in
GaN

In this chapter, we present photophysical analysis from several SPEs in GaN at cryogenic and
room temperatures. First, RT fluorescence trace of emitters from Samples A-E is presented
to determine stability under different laser power. This is followed by saturation behaviour
study of the SPEs in different GaN samples to compare count rate dependence on excitation
power. Also, RT maximum average brightness of ~(427+215) kCounts/s is measured from
the saturation measurement of several emitters in Sample A. Based on second-order
correlation measurements at different fractions of the saturation power, the transition kinetics
of SPEs in GaN is determined. The transition kinetics is studied both by considering a
shelving state that depends linearly as well as non-linearly on excitation power. The rate
analysis of the transition is used to determine radiative and nonradiative lifetimes of 6 emitters
in Sample A. Polarization measurements on 14 emitters are used to determine visibility as
well as relative orientations of the emission and absorption polarisation. The preferred

orientation of absorption dipole of the SPEs in GaN crystal is also estimated.

The low-temperature study focuses on the three emitters (E1-E3) in sample A whose
spectroscopy is already presented in subchapter 4.5. Time-resolved PL measurements from
E1-E3 reveal that the FWHM at 4 K determined before is three orders of magnitude broader
than the transform-limited widths. The SPEs are further investigated using time-resolved
spectroscopy at 4K to determine the role of spectral diffusion on the inhomogeneous
broadening observed before. The results underpin some of the fundamental properties of SPE
in GaN both at cryogenic and RT and define the benchmark for future work in GaN-based

single photon emission.
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5.1 RT fluorescence time-trace and saturation behaviours of SPEs in GaN

5.1.1 Florescence intensity trajectory of SPEs in GaN
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Figure 5.1: Long-time fluorescence stability of emitters from sample A (a,b,c), B(d),C(e), D(f) and E(g).
The emission intensity was measured using excitation laser power of 3 mW (much higher than saturation
powers) and a time bin of 50 ms.

Photostability of the SPEs is studied by recording PL intensity versus time under cw laser
excitation. This is referred to as fluorescence time trace of intensity or fluorescence intensity
trajectory. Here, the measurement was carried out under excitation power of 3 mW over 10
minutes of continuous acquisition using detector time bin of 50 ms. Figure 5.1 (a)-(g) shows
fluorescence time trace obtained from 3 SPEs in sample A (Figure (a)-(c)) and one from each

of the 4 other samples (Samples B-E) discussed in Chapter 4. Most of the emitters studied in
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this work were stable with few showing blinking (see Chapter 6 for details). However, no

bleaching was observed under our experimental conditions.

5.1.2 Saturation behaviour of SPEs in GaN

RT power dependent brightness of SPEs is investigated in Samples A-E via saturation
measurements where background subtracted, average count rates are determined as a function
of excitation power. First, the brightness properties of 3 SPEs from sample A with
corresponding emission line and g?(T) - characteristics are shown in Figure 5.2. The power-

dependent emission intensities are fitted using the relationship:

I=1, P
P+P

sat

(5.1)

where /I, is the maximum intensity, and Py, is the saturation power yielding 503, 703, 474
kCounts/s at 613 uW, 1.3 mW, 1.6 mW, respectively. These intensity values are comparable
with other single emitters in bulk materials[176, 194]. Furthermore, it shows brightness as
well as saturation power variation between SPEs in the sample. To investigate the variation
in the saturation behaviours of SPEs in Samples B-E, four more measurements are conducted
as shown in Figure 5.3. After fitting the background corrected, saturation behaviour using the
same equation, maximum brightness of 160, 200, 300 and 150 kCounts/s at saturation powers
0f 660, 1200, 410 and 910 are measured for the SPEs in Samples B-E, respectively. The result
demonstrates that the saturation behaviour between SPEs in GaN is comparable indicating

that the absorption and emission mechanism in these family of emitters is similar.

While the background corrected, brightness values of SPEs in the different samples presented
so far give an idea of the maximum intensity, estimation of lower bound in intensity via g° —
corrected data is important[211]. This is because by considering the ideal case of g?(0) =0,
the effect of uncorrelated background on the total count rate can be corrected. In this manner,

a relative intensity can be estimated for the single photon emitters at different excitation
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powers. The two approaches of saturation behaviour determination are compared for an

emitter in Sample A with ZPL wavelength of 657 nm.
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Figure 5.2: Spectral characteristics of 3 emitters in Sample A. All 3 are single photon emitters with
g2 (0) < 0.5 as shown in the insets of each spectra. The power dependent brightness behavior of emitter

with spectra shown in (a) is given in (b). Similarly, brightness behavior of emitter whose spectra is shown
in (c) is provided in (d) and of (e) is shown in (f). Maximum intensity and saturation power of (b), (d) and
(f) is given in the inset of their respective figures.

Figure 5.4 shows the saturation behaviour of the emitter obtained using two different
approaches[211]. In the first approach, the saturation data are corrected for background and
fitted (red points and line) with equation (5.1), which yield a maximum intensity /., of 501

kcounts/s at a saturation power of 930 pW.

Alternatively, the single photon emission rate can be estimated using g° — corrected data as
described above[211]. At an excitation power of 50 uW, the emitter yields antibunching dip
at zero-delay time (ggy,(t = 0)) of 0.331. The normalized g,,(t) can be corrected for

background [211]:
ggxp(T) = giZ(T)pz +1- pz (5.2)
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where g?(t) is the pure antibunching function and p is the ratio of single photon emission

rate (R) to total count rate (T') (cf. equation (2.46)).
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Figure 5.3: Saturation characteristics of the emitter from Sample B-E. Fluorescence intensity of emitters
from sample B (a), C (b), D(c) and E (d) as a function of excitation power. The background-subtracted
saturation curve (red) yields a maximum intensity of 160, 200, 300 and 150 kCounts/s at a saturation
power of 660, 1200, 410 and 910 nW, respectively.

Ideally, antibunching of an SPE satisfies the condition gl-z (t = 0) = 0, and the expression
R =T(1— g2,,(t =0))"?2 follows from Equation (5.2). Substituting experimental values

for T and ggxp (r = 0) at different excitation powers, the single photon emission rate (R) is

determined for the emitter.

In Figure 5.4, the blue dots show single photon emission rate of the emitter versus excitation

power. Fitting this curve with the power model defined by Equation (5.1), a single photon

114



Photophysics of single photon emitters in GaN

emission rate of 203 kcounts/s is obtained at saturation power of 313 pW (solid blue lines).

Both methods independently confirm the high brightness of these emitters.
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Figure 5.4: Fluorescence intensity of emitter E2 as a function of excitation power. The background-
corrected saturation curve (red) yields a maximum intensity of 501 kCounts/s at a saturation power of
930 uW. The g’-corrected saturation curve (blue) yields a lower bound on the maximum single photon
emission rate of 203 kCounts/s at a saturation power of 313 pW.

To understand the variation in P, and I, values among different SPEs between the same
sample and among different samples in detail, the saturation behavior is studied for 9 more
emitters in GaN. We measured the brightness of 9 SPEs and extracted the maximum
fluorescence intensity of each emitter. Figure 5.5 (a) shows an example of background-
corrected, power-dependent saturation behavior for a representative emitter in Sample A as
fitted with equation (5.1). The emitter has a RT ZPL at 1.818 eV with I, and Py yielding
~105 kCounts/s and ~558 pW, respectively.

The histograms in Figure 5.5(b) summarises the maximum intensity and saturation power for

8 additional emitters. The mean value of maximum intensity, /., is ~(427£215) kCounts/s,

where all emitters are excited using a 532-nm cw laser. This is comparable to other emitters
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in 3D crystals and can be further improved by employing solid immersion lenses or nanoscale
pillars [212-215]. The significant standard deviation observed in the mean fluorescence
intensity, as well as the saturation power, ~(1270+735) uW, may arise from discrepancies in
the effective absorption of the off-resonant excitation by the different emitters due to their

multiple orientations in the film, as will discussed in detail below[78].
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Figure 5.5: Saturation behaviours of emitters in GaN at room temperature. a) Background-corrected
fluorescence intensity versus power from a representative emitter with a ZPL at 1.818 eV, and a maximum
intensity of ~105 kCounnts/s at a saturation power of 558 pW. b, c) Statistical distribution of the maximum
intensity and saturation power from 8 emitters, with a mean value of ~(427+215) kCounts/s and
~(1270+735) n'W, respectively.

5.2 RT transition Kkinetics analysis of SPEs in GaN

Optical transitions in the GaN defects that exhibit single photon emission have all shown
strong power dependent bunching behaviour (See Figure 5.6 & 5.9). This indicates that
radiative luminescence in these SPEs results from at least a three-level relaxation process that
involves a metastable state. A quick recap of the three-level (blue box in Figure 5.7) system
is provided here (see Chapter 2 for details). Upon photon absorption, ground state, 1, is
coupled to excited state, 2, via excitation rate coefficient, k;,. In a two-level system, photon
emission results when the excited particle relaxes to the ground state, with a relaxation
coefficient k,;. In the case of a three-level transition, photon emission results, when the
excited particle undergoes radiative relaxation to ground state from excited state, 2, with rate

coefficient k4. Relaxation rate coefficient, k3, is the non-radiative channel where no photon
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will be emitted as long as the particle remains in the metastable state, 3. Thus, optical
transition systems involving at least one metastable state should show power dependent
characteristic as depopulation of particles from the metastable state changes with excitation

power.
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Figure 5.6: Power dependent antibunching characteristics of the three emitters presented in Figure 5.2
with spectral peak at 647 nm, 679 nm and 690 nm is provided in (a) (c) & (e) respectively. As shown,
emitters show power dependent bunching characteristics in the three emitters.

First, power dependent antibunching characteristics of an emitter from sample A will be
measured to calculate rate coefficients and elucidate particle population dynamics. Figure 5.8
displays power dependent second-order autocorrelation data with fits generated using the
three-level model equation of g?(7) (Equation (4.1)/(2.45)). All data set are normalized to 1
assuming that at very long-time photon statistics would follow Poissonian distribution. The
lifetimes 14, T, and scaling factor a are obtained as parameters from the power dependent
antibunching fits. The values for different pumping powers are shown in Figure 5.8 (b), (c)
& (d). In addition, lifetimes and scaling factor at zero and infinitely high powers are obtained
after fitting data points with single and double decay exponents, respectively. The values are

1,%= 4.74 ns, T;°= 1.04 ns; 1,°= 53.28 ns, 1,%°= 12.47 ns; a° = 0.035, a®=0.66; where
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superscripts 0 and oo designate power at zero and infinitely high-power values. Parametric

values are related to rate coefficients as[78]:

Figure 5.7: Schematic diagram illustrating three-level optical transitions. 4, denotes transition
coefficient from ground state, 1, to excited state, 2. Relaxation coefficient k', represent spontaneous

emission, whereas K. is the metastable state, 3, populating rate coefficient and x ,, is de-shelving from

metastable state to ground state. The red box further illustrates an alternate pathway for intensity
dependent de-shelving from state 3 to a new excited state, 4.

_ 2
Ty = 5.3
12= /) 4 VATT B (53)
where
A =Kiy + Ky + Koz + K313 B = KiaKaz + Ki2Kzq + Kazkzq + KazKsg
_ 1-17k3q (5 4)

K31(T2—T1)

Considering a metastable state that is constant (no dependence on pumping powers), Ki,,
K,1, K3 and k3, are calculated using relations of lifetimes and scaling factor at zero and
infinitely high powers[69]. Accordingly, k,;= 162.6 MHz, k,3= 162.6 MHz, and k3;= 48.5

MHz. Using this relation k1, = oP ; where ¢ is the absorption cross-section and is constant
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in three-level system[78, 216]. Hence, using o= 0.12 MHz/ uW, equations (5.3) & (5.4),
power dependent characteristics of T4, T, and a are plotted as blue dashed-line in Figure 5.8.
Clearly, three-level consideration with a constant metastable state does not properly fit the
power dependent trends that the parametric values showed in this emitter. Alternatively,
power-dependent de-shelving, where transitions from the metastable state to a new state, 4, is
considered as indicated by red-box in Figure 5.7. Thus, k3, is no longer constant and is given

by a sub-linear relation of[78]:
d.
K31 = P_:; + K3 (5.5)

where k3, is power independent. In this case, rate coefficients are given by:

—5—(1+a%®)

0 0
1 T3 5

0
K3; ==, d=
31 Tg’ 1+a®

> K23 =$_Kg1 —d; Ky = é_KB
Similar to the three-level consideration, the rate coefficients are calculated for lifetimes and
scaling factor at vanishing powers. Results yield k3;= 18.9 MHz, d = 49.2 MHz, k,3= 12.3
MHz and k,;= 198.8 MHz. While K, still linearly depends on power, o can no longer be
determined from saturation power[78]. Therefore, ¢ and o are unknowns that will be
determined via fitting the power dependent data of t;, T, and a. The fit calculated this way is
shown in Figure 5.8 with the bold red lines. As can be seen, the extended model generates
better fit for power dependent parametric values of the lifetimes, where o= 1.07 MHz/uW
and c= 7.43 mW. Furthermore, these values, although prone to error, clearly depict the
existence of metastable states in the optical transition of the emitter. The value of k3, is
comparatively higher than reported for SiV defect in diamond showing shorter time in
metastable transition [78]. In addition, the large discrepancy between ¢ and Pg,; in this emitter

indicate maximum intensity may not depend on the saturation of the metastable state.
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Rate coefficients generated using this model can be used to calculate the quantum efficiency
of this particular emitter. The quantum efficiency (ng) is related to the maximum intensity
count of the emitter (/) as:

K
o= NaetNqe 1++23 (5.6)

k9, +ad)

where detection efficiency (nget) for our set-up is approximated to be around 20%[195].
Rearranging equation (5.6) and plugging the values, the quantum efficiency of 9 % is

calculated for this emitter.
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Figure 5.8: Power dependent single photon behaviour of the emitter. a) Measured g2 (7) with different

powers b), ¢) and d) show that radiative lifetime, 7,, metastable non-radiative lifetime, 7, , and scaling

factor for bunching, a, extracted from fitting the g2 (7) function for different powers in (a).

Considering the similarities in the power dependent antibunching characteristics as well as
maximum intensity in all emitters investigated, similar quantum efficiency is expected for all
emitters. However, this value deviates from the true internal quantum efficiency of the
emitter, first due to the approximate estimation of rate coefficients. More importantly, factors

such as calculation of I, only based on ZPL (without considering the percentage of emission
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from phonon sidebands) and background luminescence are discussed in literatures to offset

the value of quantum efficiency determination using such approach [78].

Although the extended model generates fits that describe transition dynamics in GaN emitters,
improved model that describe the power dependent nature of parameters is still required. One
widely used model that yields a better description of the transition kinetics in GaN emitters is
described in Subchapter 2.2.1. For the quantitative analysis of the transition kinetics using
this model, power dependent second-order correlation measurements are taken from 6
emitters E1-E6 as shown in Figure 5.9. The measurements reveal bunching statistics at
intermediate time scales for increasing excitation powers, further confirming the involvement
of shelving states in the transition kinetics of SPEs at RT. The strength of the bunching
behaviour at different values of Py, varies between emitters, as expected from the substantial

differences in saturation behaviours discussed above.

The data is well fitted using a second-order autocorrelation equation (2.45)(red line)[69] with
a, A1, and 4> are the scaling factor for bunching, radiative and non-radiative decay rates,
respectively. After extracting a, 41, and 4> as fit parameters for each emitter in Figure 5.9, the
power dependence is plotted. Figure 5.10 is the power dependence of a, 11, and 4> for E1-E6.
By finding the best fit for the power dependent behaviours of the parameters, insight is
obtained into the transition kinetics of SPE.

The parameters A1, A2 and a are expressed as (See chapter 2 for details)[81, 217]:

A =K+ Ky, (5.7)
Ay =iy + sl (5.8)
(K, +K5)
KK
a= 12523 (5.9)

K31(K12 +K21)

where k12, k21, k23 and k31, are the rate coefficients for the transitions between coupled states

|1>—[2>, [2>— [1>, |2>—> |3>and [3> — |1>, respectively. The expressions |1>, |2> and |3>
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represent the ground, excited and shelving states, respectively. The linear relationship

o . 1 . :
between excitation power, P, and x> is given by k,, = ak,, P = O'h— where « is the fitting
v

. : . I . . :
parameter, 0 is the absorption cross-section and o is the photon flux with / being the
v

intensity of excitation, /4 is Planck’s constant and v the excitation frequency. In the case x31
depends linearly on P, the relation &, = x5, (1+ SP) holds. «;, is a constant rate coefficient

when the system is not absorbing power and [ is the fitting parameter signifying the

magnitude of dependence of the shelving state on the excitation power.
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Figure 5.9: Power-dependent antibunching characteristics of the six emitters E1-E6. While all emitters
showed power-dependent bunching behaviour, the strength of bunching at intermediate time scales
occurs at different fractions of the excitation power. The antibunching behaviours are well fitted (red
curve) using second-order autocorrelation function for three-level systems.
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Figure 5.10: Power-dependent properties of the decay rates 41, 42 and the scaling factor « for the 3 emitters
E1-E6 measured at room temperature. The data points (black dots) are fitted well (red lines) by
considering three-level transition Kinetics.

Fitting the power-dependent behaviours of 41, A2 and a for each emitter in Figure 5.9 via the
three-level transition kinetics model, we determine the characteristic rate-coefficients and
relevant parameters. Table 5.1 summarises these values for each emitter together with their
corresponding ZPL energy. The non-radiative decay in E2 and E3 occurs via a power-
dependent shelving mechanism with a positive value for f. On the other hand, the non-

radiative decay in El occurs via a power-independent shelving state where f = 0. The
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difference in the value of £ indicates a different dependence of absorption cross-section for

the individual shelving state, with varying excitation power.
The excited state lifetime, 7|,,, is calculated for the 6 emitters using the expression 7, =

(k) +K,,) " [218]. As shown in Table 5.2, emitters in GaN have short lifetimes with
moderate variation between them. Also, x21 is ~2—40 times larger than x»3, indicating the
strong propensity of the excited state to decay radiatively to the ground state, rather than via
the ‘dark’ shelving state. One of the advantages of the rate analysis, using this approach, is
that it allows us to estimate the metastable lifetime (T\3>) separately from the excited state

lifetime. The quantity T is given by %( or %{0 in the case of a power-dependent shelving
31

31

state[218].
SPE ZPL s, K Ky 5 a B
(eV) (ns™) (ns™) (ns) | (nsh (u™) (™)
El 1.934 0.678 0.127 0.024 - 9.27x10* 0
E2 1.818 0.268 0.046 - 0.021 | 3.31x10* | 3.29x10°
E3 1.826 1.039 0.521 - 0.043 | 1.65x10* | 3.49x10*
E4 1.787 0.665 0.015 - 0.027 | 5.10x10* | 5.33 x10*
E5 1.797 0.510 0.088 - 0.012 | 6.99 x10* | 1.95x10
E6 1.839 0.385 0.026 - 0.028 | 2.96 x10* | 9.88 x10**

Table 5.1: Rate coefficients extracted for the selected three SPEs by fitting their power-dependent
parameters in Figure 5.10. The quantities xi2, x21, 23 and 31 are the rate coefficients for transitions

between coupled states ‘1) - ‘2> , ‘2> - ‘1>, ‘2> - ‘3> and ‘3> - ‘1> , respectively. All emitters except E1

show a power-dependent shelving state. a and f are linear fitting parameters for the power dependence
of x12 and 31, respectively.

El E2 E3 E4 ES E6
71 (09) 1.2 32 0.6 1.5 1.7 24
) 417 47.6 233 37.0 83.3 35.7

Table 5.2: Calculated values of the excited state (7, \2>) and metastable state lifetime (7 ‘3>) for the 6 emitters
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5.3 Polarisation properties of SPEs in GaN

In this subchapter, we focus on the polarisation analysis of the SPE in GaN at RT. Polar plots
of polarization data from the three SPEs presented in Figure 5.2 (a), (c¢) &(e) are shown in
Figure 5.11 (a) (b) & (¢), respectively. The absorption (excitation) polarisation profiles shown
in each plot [green] are measured by first placing a half-wave plate on the excitation path of
the confocal set-up (See Figure 4.3). Then, spectra are taken by rotating the half waveplate to
change the angle which in turn changes polarisation form of the excitation laser. This is
because the angle is subtended between the polarisation direction of the original excitation
laser and the axis of the polariser, where each rotation results in a different polarisation form.
Thus, each of the green data points in Figure 5.11 corresponds to the maximum intensity of
the spectrum at the corresponding rotation angle of the half-wave plate. In this way, the

excitation polarisation dependence of the SPE is analysed.

To analyse the polarisation direction of the emitted photon, first, the half-wave plate was fixed
at an angle where maximum absorption intensity occurs for each emitter. Then, by rotating a
visible polariser mounted in the collection path of the set-up, the spectrum is collected at each
rotation angles (see Figure 4.3). As a result, we obtain the emission polarisation profile for
the representative emitters [red] in Figure 5.11 by plotting the maximum emission spectra
intensity as a function of rotation angles. As shown, intensity variations of the 3 emitters are

recorded as a function of rotating excitation [green] or emission [red] polarisation direction.

In this polarisation analysis set-up, under a cross-polarized condition where all linear
polarisation forms should be dampened, residual intensity counts were still detected. This
residual count is due to unwanted optical ellipticity introduced by birefringent components
such as the dichroic mirror, the sample (GaN) as well as the high-NA objective. This is
corrected by introducing quarter waveplates on both excitation and detection pathways (See
Figure 4.3). That is, quarter waveplates on the excitation and emission end will be rotated and
fixed to minimise residual intensity count on detectors under cross-polarised condition. Thus,

all polarisation measurements afterwards are ride off unwanted residual intensity.
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The polarisation data are fitted with the function I(¢) = a +bcos’(¢) where a, b and ¢ are offset

parameter, initial intensity amplitude and angle between excitation and dipole orientation,

respectively[132]. Fitting the emission polarisation of the 3 emitters with this function, we
determine the minimum (/; =1(¢=90")=a) and maximum ([, =1(¢=0)=a+b) of the
emission (absorption) polarisation to be at ~135° (60°) and ~40° (140°), respectively. Such
analysis of polar plots is useful as it allows for easy determination of the dipole polarisation
visibility, as well as the relative orientations of the absorption and emission polarisation for
individual emitters [219-221]. The polarisation visibility is given by the intensity contrast
equation:

1:% (5.10)

which, with regard to the emitter shown in Figure 5.11, yields excellent emission polarisation

visibility of 99 %, 99 % and 94 %.

b c
— Excitation ( ) 120 90 60 Excitation ( ) 120 90 60—Excitation
0 _— Emission — Emission —— Emission

150 30 150 30
180 0 180 0
210 330 210 330
240 570 300 240 570 300 240 570 300

Figure 5.11: Polarization characteristics of the 3 emitters in Sample A. The polarisation measurement for
emitters whose spectral characteristic is presented in Figure 5.2 (a), (¢c) & (e) is shown here as (a), (b) and
(c) respectively. Green curves represent excitation polarisation while red represents emission polarisation.

To further consolidate the observed polarisation behaviours, we carried out similar
measurements on 14 additional emitters. Figure 5.12(a) shows a polar plot from the additional
representative emitter with an RT ZPL at 1.818 eV. The emission (absorption) polarisation
direction for the representative emitter occurs at ~135° (60°) and ~40° (140°), respectively.
The absorption and emission polarisation visibility of 34% and 79% are calculated. Notably,

the absorption is not fully polarised, while the emission is. We carried out similar
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measurements for the 14 additional emitters. Figure 5.12(b) shows the histogram of their
percentile visibility in absorption (green) and emission (red). Interestingly, we observe a
significant discrepancy in absorption polarisation visibility, which ranges between 26% and
94% with the mean value at~(574+26)%. The rather broad distribution of absorption dipole
visibility results in the large distribution of laser power required to saturate the emitters, as
discussed before. This significant difference in excitation visibility, as well as saturation
behaviour, indicates that the orientation of the dipole varies from emitter to emitter, with weak
absorption polarisation visibility being likely the result of the dipole having significant out-

of-plane components in the 3D crystal[132, 221].

On the other hand, a mean emission polarisation visibility of ~(91+11)% is obtained for the
same emitters. This visibility is a reliable indicator that these emitters in GaN are linearly
polarised (ideal case ~100% for a single dipole). We attribute the deviation from the ideal
value of the visibility to fluorescence aberrations arising from residual birefringence and

imaging through a high-NA (0.9) objective [131, 132].
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Figure 5.12: Room-temperature polarisation spectroscopy of emitters in GaN. a) Absorption (green) and
emission (red) polarisation profiles from an emitter with a ZPL at 1.818 eV, exhibiting polarisation
visibilities of 34% and 79%, respectively. b) Polarization visibilities of 14 emitters showing that while the
emitters are strongly polarised in emission, they show variable degrees of absorption polarisation. c)
Histogram of the difference in orientation between absorption and emission polarisation.

The relative orientation between the absorption and the emission dipoles is further analysed
for the 14 emitters showing a misalignment ranging from -110° to 120° as shown by the
histogram in Figure 5.12(c). This is expected, considering that the emitters are believed to be
point defects located in cubic inclusions. Consequently, for off-resonant excitation,

absorption may involve a transition to an excited state of the inclusion. The emission
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transition, however, involves only the highly localised levels of the defect thus, giving a more

distinct radial emission direction compared to that of absorption.
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Figure 5.13: Maximum absorption angles for the 14 emitters shown in Figure 5.6. a) Scatter plot of the
maximum absorption axis of the 14 emitters. b) Fundamental lattice directions of the wurtzite unit cell,

showing that the maximum in angular distribution in (a) corresponds to the (11001 jattice direction of
wurtzite GaN.

To elucidate the nature of the preferential excitation axis, the maximum absorption
polarisation angle is measured for the 14 emitters and is compared to the wurtzite crystal plane
directions in Figure 5.13(a). The angle spans all directions, with a maximum occurrence at
~140°, which corresponds to the [1 TOO] lattice direction of the (0001) wurtzite GaN, as shown
in Figure 5.13(b). The rotational orientation of the sample was deduced by considering that
the sample is mounted with the unit cell along the (0001) plane almost parallel to the
excitation field. In this arrangement, rotating the excitation polarisation through 180° sweeps
all planes of the hexagonal unit cell. Hence, the highest occurrence angle of 140° which
corresponds to the lattice plane direction [1100] is believed to contain the highest density of
cubic inclusions. Furthermore, the highest absorption visibility of 94%, is observed from an
emitter with an orientation angle of ~16°, which corresponds to a minimal out-of-plane
orientation. This is expected since confined exciton separation occurs along the c axis, where

the excitation is aligned parallel to the ¢ axis[92].

128



Photophysics of single photon emitters in GaN

5.4 Low-temperature photophysics of SPE in GaN

The SPEs E1-E3 whose low-temperature spectroscopy is presented in Chapter 4 will be
further investigated here. The photostability of these emitters was first checked using the
fluorescence time trace measurement as shown in Figure 5.14. First, time-resolved PL
measurements were carried out on the SPEs using a 532-nm pulsed excitation laser with a
pulse width of 32 ps (Figure 5.15). Double-exponential fits (red lines) of the experimental
data yielded lifetimes of 1.6 ns, 2.7 ns and 2.0 ns (where the fast decay component of each fit
corresponds to the system response). Based on the measured lifetimes, the calculated Fourier
transform limited linewidths, 7, of emitters E1, E2 and E3 are 0.4, 0.2 and 0.3 peV,
respectively. These values are roughly three orders of magnitude lower than the measured

linewidths presented in chapter 4 for E1-E3.
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Figure 5.14: Fluorescence time trace measurements and corresponding photon statistics of the three
emitters E1, E2 and E3 from in Figure 5.1 (main text) under an excitation power of 100 pW. All three
emitters are stable with single-photon statistics. The higher noise level observed on the time trace of E2 is
due to sample drift during measurement.

A similar, significant deviation in the natural linewidth has been reported previously in off-
resonantly excited single GaN and InGaN quantum dots (QDs), and it is associated with
spectral diffusion [25, 26]. The primary cause for spectral diffusion in QDs is charge
fluctuations, which are likely exacerbated in GaN by the large in-built electric field caused
by the spontaneous and piezoelectric polarisation of GaN [25, 27]. Hence, we attribute the
ZPL broadening seen in Figure 4.15 to ultrafast spectral diffusion (at pus- or ns-time scales).
Ultrafast spectral diffusion has been reported as a mechanism for broadening in other

materials such as SiC and diamond [12, 28].
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Figure 5.15: PL decay time measurements of quantum emitters in GaN obtained at 4 K using a 532-nm
pulsed excitation laser. a-c). Double exponential fits (red line) of the background-corrected measurements
yield excited state lifetimes of 1.6, 2.7 and 2.0 ns for emitters E1, E2 and E3, respectively.

To gain more information on ZPL stability, we performed time-resolved spectroscopy (Figure
5.16). The mean ZPL peak position for emitters E1-E3, at an excitation power of 50 pW, is
(1.796+0.0002) eV, (1.852+0.0005) eV and (1.98140.0002) eV, showing that the ZPLs are
stable and there is no substantial spectral diffusion at a time-scale of seconds. Thus, faster (us

to ns) measurements are required to probe the aforementioned ultrafast spectral kinetics.
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Figure 5.16: Time-resolved PL spectra of the emitters E1-E3 obtained at 4 K using an excitation power of
50puW. a-c) ZPL peak energy (left) measured every second for 2 minutes. The spectral maps show the
bright yellow points as the peaks of the ZPL corresponding to the integrated spectrum (top) for each
emitter. A stable mean ZPL peak energy of (1.796+0.0002) eV, (1.852+0.0005) eV and (1.981+0.0002) eV

is observed for E1, E2 and E3, respectively.

5.5 Conclusion

To conclude, we carried out detailed photophysical analysis of SPEs in GaN at cryogenic and
room temperatures. It is shown that most emitters are photostable under excitation powers
much higher than the saturation. Some emitters showed unique blinking behaviours

motivating the work covered in Chapter 6. Saturation behaviour of SPEs was measured,
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showing brightness difference among emitters with an average saturation count rate of
~(427£215) kCounts/s. The emitters transition kinetics was also described well using a three-
level system. Polarization measurements from multiple emitters show high mean emission
visibility of more than 90% and varying strength in the absorption cross-section under

excitation with a linearly polarised, off-resonant laser.

While the FWHM of GaN emitters is significantly narrower at 4 K than at RT, the FWHM
does not approach the Fourier Transform-limited linewidths. Ultrafast spectral diffusion is
the most likely explanation for the line broadening where future experimental investigation
using approaches such as correlation interferometry should confirm this hypothesis[222].
This work evaluates SPEs in GaN highlighting the bottlenecks that might hinder their
immediate implementation for quantum applications. The following chapter focuses on a

peculiar blinking behaviour observed in some of the SPEs in GaN.
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6 Photo-induced blinking in a solid-state
quantum system

In this chapter, we report on an unusual, photo-induced blinking phenomenon of SPEs in
gallium nitride (GaN). This is shown to be due to modification in the transition kinetics of the
emitter, via the introduction of additional laser-activated states. We investigate and
characterise blinking effect on the brightness of the source and statistics of the emitted
photons. Combining second-order correlation and fluorescence trajectory measurements, we
determine the photo-dynamics of the trap states and characterise power dependent decay rates
and characteristic “off’-time blinking. These results shed lights on understanding solid-state

quantum system dynamics and, specifically, power-induced blinking phenomena in SPEs.

Fluorescence blinking also referred as fluorescence intermittency, is usually an undesired but
ubiquitous phenomenon in most quantum light sources, including quantum dots (QDs)[102,
113, 223], defects in wide-bandgap semiconductors [24, 78, 99] and single molecules [112,
224, 225]. Blinking arises when, upon laser excitation, a fluorescent centre undergoes
sporadic jumps between “dark” and “bright” states in the photo-emission[223] (see Chapter
2 for details). This phenomenon is identified by the random fall (“off”/“dark™ state) and rise
“on”/”’bright” state) in photon counts during a long time (milliseconds to hours) fluorescence
photostability measurements. Although the cause of the “dark” state has been rigorously
studied in various fluorescent systems, a universal physical mechanism that explains blinking

has not yet been pinned down [102, 106, 111, 226-228].

The clear majority of the new family of single-photon emitters (SPEs) in Gallium Nitride
(GaN) display photo-stable fluorescent emission with single-state photon statistics as
described in Chapter 5. Interestingly, however, approximately 5% of the emitters start

showing blinking once the power of the excitation laser rises over a certain threshold.
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Here, we investigate the nature of this excitation-induced blinking behaviour of SPEs in GaN,
at room temperature. Unlike most known SPEs where blinking occurs across all excitation
powers without altering its photodynamics, in the present work we report on a previously
unexplored behaviour where blinking only occurs above a particular excitation threshold and
the emitter’s photodynamics is permanently altered without bleaching. By combining
transition kinetics analysis and fluorescence correlation measurements at short (nanoseconds)
and long (millisecond) time scales, we gather new insights into the blinking mechanism.
Furthermore, we propose a mechanism to explain this behaviour in the attempt to generalise
the phenomenon and extend the description of such laser-induced blinking to another solid

state SPEs.

6.1 Excitation power dependent blinking of SPEs in GaN
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Figure 6.1: Excitation power-induced blinking of an SPE in GaN. a) RT spectra of the SPE taken under
200-uW power excitation; the ZPL lies at 647 nm with an FWHM of ~4 nm. b) Fluorescence trajectory of
the same emitter. The time trace is collected from the ZPL with 630 = 30 nm bandpass filter for 2 minutes.
¢) Occurrence statistics of the number of photon counts in (b) over a time of 2 minutes. The emitter shows
stable emission d) Fluorescence trajectory of the same emitter excited with S mW. The time trace is
collected from the ZPL using the same BP filter. ¢) Photon occurrence statistics of (d) at the same
excitation power of 5 mW, with notable blinking. Time binning in (a-e) is 50 ms. f) The g?(zr) measured for
the same emitter before (red), and after (blue) the blinking was induced with high-power excitation; the
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g°(t) curves in (f) are taken with 100 pW excitation power. The blue curve is offset vertically by 1 for
clarity (see Figure 6.4). The same emitter yield two different values of g2(0)~ 0.24 vs g°(0)~0.65 for before
and after the high-power-excitation blinking was induced, respectively.

SPEs in Sample A (i.e. 2-um thick Magnesium-doped GaN layer on 2-um undoped GaN
grown on sapphire) are used for this study. The SPEs were isolated at RT using a custom-
made confocal microscope which is equipped with the HBT interferometer for second-order
autocorrelation (g%(t)) measurements (see subchapter 4.2 for details). A 532-nm, cw laser was
used for excitation by focusing it to spot size of ~ 450 nm using a 0.9 NA objective, and the

laser power was measured at the entrance pupil of the objective (filling factor ~ 2).

Figure 6.1(a) shows PL spectrum of an isolated SPE excited with 200 uW of laser power, at
room temperature. The emitter displays a characteristic emission with ZPL at 647 nm and
FWHM of ~4 nm. Figure 6.1(b) shows the emitter’s fluorescence stability, measured at 3
mW. The corresponding occurrence statistics of the emission intensity is shown in Figure
6.1(c). The photon distribution follows a single state photon statistics at an excitation power

of 3 mW[229].

For this particular centre, a 5S-mW excitation induces a sudden change in the photon statistics,
which starts displaying a marked blinking behaviour as illustrated in Figure 6.1(d). The
photon statistics of the emitter at 5 mW (Figure 6.1(e)), shows three distinct states, in contrast
to the single state photon statistics of the same emitter at 3 mW (Figure 6.1(c)). We note that
this blinking did not result in bleaching of the emitter during the time frame of this
characterisation. The fluorescence trajectories — before and after the blinking is induced — for
different excitation powers as shown in Figure 6.2. The average value of intensity for each

excitation power is tabulated in Table 6.1.
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Figure 6.2: Comparison of fluorescence trajectories of the same SPE before (black) and after (red) high-
power-excitation blinking was induced: [black] and [red] curves are measured at the same excitation
powers. Note how at lower excitation powers (50-700 uW) the emitter shows reduced fluorescence
intensity after blinking (a random blinking event is shown in the graph for 2000-uW excitation).

Excitation Power Average Intensity Average Intensity
@w) Before blinking [x103] After blinking [x103]
(counts/s) (counts/s)

50 0.472 0.123
100 0.815 0.295
200 1.209 0.613
500 2.199 1.307
700 2.582 1.727
900 3.059 2.817
1100 3.354 3.639
2000 4.139 2.939
3000 4.194 4.943

Table 6.1: Background-corrected intensity values at different excitation powers before and after blinking.
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Prompted by the unusual blinking characteristics of the SPEs, the g?(r) measurements were
taken at different excitation powers before and after blinking, using the HBT interferometer.
Figure 6.1(f) shows two g*(t) curves of the same SPE taken at an excitation power of 100 pW
before (red) and after (blue) blinking was induced. The sequence diagram shown in Figure

6.3 illustrates how the measurement was carried out.

“Before” “after”
5mW

Blinking

0.1 mW 0.1 mW

Figure 6.3: Sequence diagram of how the second-order autocorrelation function g®(0) and trajectory
measurements were measured. First, the data is collected at low power of 0.1 mW (“before”), then the
laser power is increased to induce blinking, and the same optical measurements are repeated at lower
powers (“after”).

The autocorrelation curves in Figure 6.1(f) are re-plotted in two separate panels and are
presented in Figure 6.4 (b&c) for better visibility of the change in the absolute antibunching
characteristics. Remarkably, the photon statistics before and after the induced blinking are
different, with the emitter showing — beyond the expected bunching at intermediate time
scales due to the high excitation power — a reduction in the contrast of the g%(0) function (g°(0)
= 0.65 after, vs 0.24 before). This indicates that the transition dynamics of the emitter is

permanently modified.
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Figure 6.4: (a) RT spectra of the SPE taken under 200-uW power excitation before (red) and blue (after
blinking). (b)&(c) are replots of autocorrelation curves in Figure 6.1(f) on two separate panels for better

visualization of the absolute change in the antibunching dip as well as bunching curves before and after
blinking.

We argue that the change is caused by the activation of a trap state which provides an
additional, nonradiative transition pathway to the ground state before the system can be re-
excited. This is illustrated in the level diagram in Figure 6.5[230, 231]. Note that this
behaviour is dramatically different from that of other solid-state emitters — e.g. the NV centre
in diamond — where high excitation simply results in an increased population of its metastable

state, and the photo-dynamics is preserved[232-234].
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Figure 6.5: Schematics of the transition Kinetics before (a) and after (b) power-induced blinking. After
blinking, a new trap state (red) is formed as shown in (b). Transition rates are indicated with x;; where i,j
=1,2,3,4 indicate the ground, first electronic excited state, metastable and induced trap state, respectively.
Continuous and dashed arrows indicate radiative and non-radiative transitions, respectively.
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While the presence of a newly photon-activated state is revealed via reduced average intensity
and g(0) value after blinking, the three states blinking observed in Figure 6.1(b)&(c) can no
longer be resolved via the 50 ms fluorescence trajectory measurement shown in Figure 6.2.
This is due to fast decay from the state, 4, to the ground state via strongly coupled decay
coefficient k41 making the “off”-state duration much shorter to be detected by 50 ms bin. One
mechanism that facilitates fast depopulation from a trap state is auger-assisted decay process,
where the subsequent addition of a charge state knocks the former to the ground state (see
subchapter 2.3 for details)[109, 235, 236]. This is consolidated by the three distinct photon
states shown Figure 6.1(d,e) where multi-level blinking is due to the power-law distribution

as a result of fluctuating non-radiative process.
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Figure 6.6: g°(0) measured from the SPE before and after blinking at increasing powers. Individual curves
are shifted vertically for comparison purposes. For powers, 50-700 pW, the bunching effect at

intermediate time scales is more pronounced in the ‘after blinking’ case than the ‘before blinking’ one.
See main text.
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The power dependent second-order correlation measurement before and after blinking are
background corrected and fitted with the three-level model given in equation (2.45). 41 and />
are fitting parameters for radiative and non-radiative decay rates while a is a scaling factor
for bunching as defined before. At this excitation power, g(0) = 0.24 and 0.65 ‘before’ and
‘after’ blinking, respectively. The deviation from zero is due to background fluorescence
which is relatively strong in GaN. While the contrast in g*(0) is reduced after the power-
induced blinking has occurred, it is still the same SPE, only with a much lower signal to noise
ratio (i.e. reduced brightness as per the additional dark shelving state). This confirmed by the
spectral characteristics before and after blinking depicted in figure 6.4(a) where the peak

energy did not show a shift. Additional power-dependent g°(7) -curves before and after

blinking are shown in Figure 6.6 indicating the same behaviour of enhanced bunching after

the emitter starts blinking.

6.2 Transition kinetics and saturation analysis of SPE in GaN before and
after blinking

To study further the changes in transition kinetics of the emitter, we analyze brightness and
transition kinetic before and after blinking. Figure 6.7 shows plots of power-dependent
intensity values for the SPE before and after the blinking was induced. The plots are fitted
with a three-level saturation model given in equation (5.1). Before blinking, /. is ~527
kcounts/s at Pst~660 nW. The same center showed two different saturation behaviours before
and after blinking. After the blinking is induced, the emission intensity at excitation powers
<900 uW is slightly lower than it was before blinking (for the same powers). This is consistent
with the model we propose of a laser-activated trap state compounding the non-radiative
transition. At excitation powers >900 uW, the effect of the additional trap state on emission

intensity is overall reduced due to rapid depopulation to the ground state [77, 216].

The transition kinetics analysis is carried out by extracting 41, 4> and «a as fit parameters from

the background-corrected, power-dependent g?(t) measurements before and after blinking as
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shown in Figures 6.6 (a)&(b). Figures 6.7 (b)-(d) display the extracted 41, 42 and a as a
function of excitation powers, before and after blinking was induced. The power dependence
of 41, 42 and a is fitted by assuming a three-level model with a shelving state that depends
linearly on the excitation power for both ‘before’ and ‘after’ blinking which is described in

detail in Chapters 2&4[69, 81, 237].

a b
(g-)\ = Before blinking ( ) + Before blinking
© 5.11— After blinking of 271 e Afterblinking
‘J)’ - - Fit for both
B 1 71 <
P 17 0.9
£0.01 _ : : : : : :
0 1 2 3 0 1 2 3
Power (mW) Power (mW)
(€) g6l —— Before biinking] (d) Before blinking
—— After blinking | After blinking
- 3.3 -,
2o03] o° ©2.21,
<
B If""v&ﬁ\l‘,

0 1 2 3
Power (mW) Power (mW)

Figure 6.7: Excitation-power dependent parameters of the emitter. a) The brightness of the emitter before
(red) and after (blue) blinking is shown as the average photon counts at different powers. Before blinking,
at saturation power (Psat) ~660 nW, the highest intensity of 527 kcounts/s is obtained. After blinking, the
saturation behaviour is fitted with a three-level model showing a remarkably different curve. b—d) Power-
dependent characteristics for the fit parameters 7, , 7, , a, respectively, for the g?(z) function. These

values are extracted as parameters from the g?(z) function fitting (Figure 6.6). A three-level model with
linear power dependence for the shelving state described the transition kinetics before blinking (red fitting
lines) accurately. After blinking, however, the same model fails to fit 12 and « as highlighted by the blue
lines in (¢) and (d).

Using the relations in equations 5.7-5.9 and accounting for the excitation-power-dependent

31, values for 41, A2 and a (Figures 6.7(a)-(c)) are fitted both for the before and after blinking
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case. The model worked well before the emitter blinked for all the three parameters giving
rate coefficient values of x21 = 736.1 MHz, x23 = 412.7 MHz, x%; = 6.8 MHz and fitting
parameters o = 67.9 mW-! and # = 12.4 mW-!. The high value for k3 is common in GaN SPEs
and explains the propensity of the excited state to decay non-radiatively via a shelving state,
as well as the bunching behaviour at intermediate time scales, observed even at low excitation
powers. Also, the ratio x»3/x31 decreases with increasing excitation power showing fast
depopulation of the shelving state. After the emitter blinked, the model fitted A; with same
fitting parameter o= 67.9 mW-!, showing that the radiative decay pathway remained unaltered

even after the emitter blinked.
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Figure 6.8: Spectroscopy and power-saturation analysis of stable and blinking emitters analysed in the
study. a) Photoluminescence spectrum of the stable emitter with ZPL at 631 nm and FWHM ~8 nm. b)
Saturation behaviour of the stable emitter collected using excitation power of up to 4 mW. ¢)
Photoluminescence spectrum of an emitter that showed power induced blinking with ZPL at 652 nm and
FWHM ~6 nm. d) Saturation behaviour of the blinking emitter fitted with a three-level model. The
radiative transition is unaffected by the blinking behaviour.
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These results suggest that whatever the nature of the laser-induced change in the emitter might
be, such change does not alter, in a detectable manner, the first excited electronic state. In
contrast, the consideration of a shelving state that linearly depends on excitation power fails
to fit the power dependent behaviours of 4> and a after the emitter blinked, showing a more
complex behaviour. This is also in accord with the pronounced bunching behaviour at
intermediate time scales observed for the emitter at low powers after the induced blinking.
Therefore, the laser power has induced a permanent change in the transition kinetics of emitter

by introducing a shelving state.

6.3 Long correlation time g?(r)-measurements of a blinking SPE in GaN

While rate analysis and brightness characterisation hint to a permanent change in the photo-
dynamics of the emitter, more direct evidence for the power-induced trap state is required.
We, therefore, recorded long time-fluorescence correlation behaviours for two different
emitters in the time range of a few microseconds to 0.1 seconds — one that exhibits absolute
photostability and another one that exhibits blinking at higher excitation powers (similar to
the one characterised earlier). The spectra and saturation behaviours of the two SPEs is shown

in Figure 6.8.

Figure 6.9(a) shows power-dependent, long-time-scale correlated g*(z) from the photostable
SPEs. Each measurement is fitted with exponential decay function that holds the least chi-
square value, where the decay rate determines the bunching behaviour [239]. In this case, no
significant (compared to noise level) decay rates can be observed at the microsecond-to-

millisecond time scale. The g*(7) is fitted with the single exponential of the form, g*(r)=1+A
e {0 extract the decay rate, 4, , from the shelving state in the ns range at different powers.
Note that the radiative decay rate, 4,, is not shown in this measurement as correlation starts

from a few microseconds. As shown, the g(r) remains constant along the normal line during
the measurement time for all excitation powers. Thus, the stable emitter is fully described by

a three-level model showing no additional trap state at long correlation time.
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The same set of measurement and analysis is carried out for an emitter that exhibited
excitation-dependent blinking. In this case, g*(r) measurement at long time scales shows a
strong dependence on the excitation power as evident from Figure 6.9(b), where an extra
decay channel appears at the ms scale. A qualitative difference can also be spotted with
increasing power. At 100 uW, g%(7) remains constant along the normal at the ms scale — much
like the stable emitter at all excitation powers. At higher excitation powers, starting from 500

uW, g°(t) shows additional bunching decay in the ms range[229].
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Figure 6.9: Power-dependent long lifetime fluorescence of a stable and a blinking emitter. a) Long time
scale, excitation-power-dependent g°(7) characteristics of a stable emitter. The best fit is determined using
a single and double exponential decay function with the least chi-square value. g?(z) starts with monotonic
decay that corresponds to ns shelving state but remains constant for the measurement time scale range of
microseconds to 0.1 seconds. b) Long time scale g?(z) characteristics of a power-induced blinking emitter
at different excitation powers. Fitting the g’(r) characteristics at excitation powers of 100 uW is done
using single exponential decay function where g?(z) remained constant along the normal; whereas, for
excitation power of 500-2000 pW, the emitter showed an additional bunching curve in the ms range with
the height increasing with power. ¢) Fluorescence photostability and photon occurrence statistics under
50-ms binning for the emitter in (b) with increasing excitation power. The emitter, initially stable with
near-Poissonian statistics, starts blinking for excitation powers >500 pW.

This is direct evidence for a power-induced change in the emitters photodynamics with an
activation of the fourth state. Note that using a standard autocorrelation function at short delay
times, this decay at ms timescales cannot be noticed, and will simply be manifested in a higher

bunching (see Figure 6.1(f)). However, to describe this system precisely, an additional state
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in the system should be introduced. Using the g?(z) with double decay functions for excitation
power in the range 500-2000 uW, we determined characteristic decay times for the longer
decay channel of 371 ms, 222.4 ms, 181.8 ms and 110.4 ms at 500 uW, 1000 uW, 1500 uW
and 2000 uW, respectively. The decay time of the induced trap state decreases with increasing
excitation power, showing rapid depopulation from the newly activated trap state at higher
excitation powers. This is consistent with the observed reduction of blinking events with

increasing power and similar intensity after blinking was induced (as per in Figure 6.9(c)).
6.4 Probability density distribution of blinking SPE in GaN

Figure 6.9(c) shows the fluorescence photostability analysis corresponding to the blinking
emitter displayed in Figure 6.9(b): binning time is 50 ms and excitation powers are 100 pW,
1000 uW and 2000 uW. As per before, to the right of each photostability time trace, the
corresponding photon statistics is displayed, with 1000 photon binning. At 100 uW, the
emitter showed stable emission with the intensity trace displaying no “dark™ state
interruptions as well as minimal photon statistics deviation from single state photon statistics.
Upon further increase of the excitation power from 500 uW to 2000 uW, long timescale
blinking set in with the fluorescence photostability showing clear “on” and “off” times. The
alternating “on” and “off” events are observed on the photon statistics, with the occurrence

of the “off” states decreasing with increasing excitation power.

To quantify the “on” and “off” times at different excitation powers, the probability density
distribution P [zon] and P [7ofr] were plotted by setting a threshold intensity on the fluorescence
trajectories of the blinking (Figure 6.9(¢c))[101]. In the fluorescence time-trace, above and
below the set threshold the emitter is considered to be “on” (7on) or rather “off” (zofr),

respectively.

T
P(Ton > To ) ~ eXp( ) (6 1)
i ( T, Toff)

This relation shows a linear distribution on log-linear plots as displayed in Figure 6.10 for

different excitation powers. Unlike the widely-reported power-law dependence of the
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probability density distribution on the zon and 7o [101, 109, 240, 241], te single exponential
decay of the form shown in equation (6.1) is observed for both “on” and “off” times in the
emitters we analysed [24, 105]. From these plots, the characteristic decay times for zon and 7ot

are determined for the excitation-dependent blinking, discussed above.
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Figure 6.10: Probability distribution of “on” (orange) and “off” (dark yellow) states of the blinking
emitter at different excitation powers. a—d) Semi-log plots of the “on” and “off” time distributions of the
fluorescence trajectories shown in Figure 6.9(c). The probability distributions of both the “on” and “off”
times at all excitation powers show exponential decay, as indicated by the linear trend on the semi-log
plots. The “off” probability distributions hold characteristic decay time (z.fr) that drop with increasing
excitation power starting at 221.2 ms, 213.5 ms, 86.1 ms and 43.1 ms for power excitation in the range 50—
2000 nW. Conversely, the “on” time distribution did not show dependence on excitation power and gave
a mean characteristic decay time (7on) of (548+137) ms.

For excitation powers in the range of 500-2000 uW, characteristic “off’-time, zofr, were
measured to be ~221.2 ms, 213.5 ms, 86.1 ms and 43.1 ms, respectively. The decline in the

“off” times with increasing power is consistent with the fitting at the long time scale of g*(7)
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and with the reduced blinking at high powers due to faster depopulation from the activated
trap state.

Conversely, the probability distribution of “on” times did not show a significant dependence
on the excitation power, yielding a mean “on” time (zon) of (548+£137) ms. The weak
dependence was also observed in the fluorescence statistics, where the “on” event occurrence
remained the same while the “off”” event decreased. This suggests that the depopulation of the
new trap state possibly leads to a population of another shelving state. This is indicated by
the rate coefficient, x43, in Figure 6.5. However, because the original shelving state and the
induced trap state are weakly coupled in time, as demonstrated already via the second-order
autocorrelation function analysis of the transition kinetics, the effective increase in “on” times

are not significant.

6.5 Conclusion

In conclusion, this chapter covered a comprehensive investigation of excitation, power-
dependent blinking of SPEs in GaN. It is demonstrated that the excitation power permanently
activates trapping states which act as additional shelving states associated with blinking. This
is in contrast to known emitters in solids that, upon higher excitation power, populate the
same shelving/metastable state, and remain stable. Unlike quantum dots and single molecules
which bleach under high excitation laser powers, SPEs in GaN only showed blinking. Overall,
this chapter helps to shed more light onto a rather complicated phenomenon — blinking in
solid state SPEs — and emphasises that standard three-level models may not always be ideal

to describe the photo-dynamics of such systems.

This chapter concludes part of the thesis that covered optical excitation and study of novel
SPEs in GaN. Next chapter features electrical excitation of SiV centres in diamond PIN diode.
This is a first such demonstration and gives insight into the charge dynamics behind the SiV

fluorescence.
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7 Electrical excitation of silicon-vacancy in
single crystal diamond

The study of SPEs in GaN presented in Chapters 4-6 was mainly conducted using lasers in a
PL set-up. One of the primary future objectives is to achieve electrical excitation of these new
family of emitters in GaN. This has been achieved on the matured defect in diamond- the NV
centre [19]. In this chapter, we demonstrate electrical excitation from ensembles of the other
well-established centre in diamond, namely Silicon-Vacancy (SiV). The results and
discussion presented here motivate further work on electrically driven single photon emission

both in GaN and diamond.

While SiV centres have been studied in detail under optical excitation, electroluminescence
(EL) properties of this centre in a single crystal diamond remain unexplored. Electrical
excitation is crucial since it opens pathways to engineer scalable devices employing
electrically driven emitters and realise efficient packaging on a single chip[19, 242, 243].
Furthermore, it enables studying charge injection and dynamics between various charge states
of a particular defect[19, 56, 244, 245]. In this chapter, we report on electrical excitation of
engineered SiV ensembles in a single crystal diamond. In particular, we show that the same
emission is obtained using optical and electrical excitation—a unique feature that has not been

demonstrated in single crystalline diamond yet[246].

The SiV centres were incorporated using ion implantation into an intrinsic (i) region of a p-i-
n single crystal diamond diode. By comparing the typical PL spectroscopy to electrically
stimulated emissions from the same SiV centre, direct evidence of electrically driven emission
from the ensembles is provided. The capability of electrically exciting SiV ensembles in
diamond allows us to the study charge state switching in the defect directly by injecting and
withdrawing excess charge carriers. The results are consistent with previous charge state

switching reports in SiV ensembles via UV excitation[ 183] and annealing of the centres [184].
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Therefore, the realisation of the first EL from SiV- ensembles assists in understanding the
electronic properties of the defect as well as serve as a step towards electrically driven SPEs

from the centre, which is not achieved yet.

7.1 Ton implantation of Si**in diamond PIN diode
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Figure 7.1: (a) Schematic illustration of a single crystal PIN diode with implanted Si-atoms and an optical
image of the device. The diameters of the n-type diamond mesa are 120 pm, and the metallic contacts on
top are 100 pm. (b) Monte Carlo depth profile of ion-implanted Si-atoms into diamond obtained using
SRIM calculations. The end of range is estimated at 820 nm. (c¢) I-V-characteristic plot is showing diode
rectification at a forward threshold voltage of 43V at room temperature. The inset shows Log-Linear
curve of the same data set.

The starting material is a single crystal diamond PIN diode[19, 56]. The diode structure
consists of a p-type diamond substrate layer of thickness 0.5 mm, an intrinsic diamond layer
of 10 um, and 0.5 pm n-type diamond mesas. Detailed growth conditions were described
elsewhere[19]. As a contact electrode, 30 nm Ti/100 nm Pt/200 nm Au was deposited on both
the n- and p-type sides of the device. Figure 7.1(a) shows the schematic of the device (left)
and the optical microscope image of an array of devices on the chip where a row of 120 pm

diameter circular mesas are primarily investigated in this study (right). The reason for the
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choice of these row of mesas is twofold: appropriateness for probe electrodes used for the
experiment and efficient devices with less heat loss compared to larger mesas. The dark circle
around the n-type layer is a two-dimensional image depth resolution depiction of the pillar

height.

To introduce the silicon ions (Si**) into the diamond, ion implantation is employed. Monte
Carlo simulation is used to estimate the implantation energy so that the silicon atoms will
predominantly reside within the i-region of the device. Figure 7.1(b) shows the SRIM
simulation under 1.5 MeV acceleration energy, which results in approximately 820 nm end
of range. A small dose of 1x10'! atoms/cm? is implanted over the whole area of the sample.
The diode property of the device is then characterised via /-V rectification curve under
forward bias, and the result is shown in Figure 7.1(c). The threshold forward current of 0.89
mA at room temperature corresponds to the current density of 7.9 A/cm? at the specific device
showing rectification at the threshold voltage of 43 V. The devices probed here have lower
rectification ratio of ~10%[19]. The high threshold voltage driving a relatively low current
density into the device is attributed to the high specific contact resistance between

phosphorous doped n-type diamond mesas and top side contacts[247].

7.2 EL and PL excitation of SiV ensembles in diamond diode

EL from the fabricated SiV ensembles is carried out using an external voltage source to inject
carriers and scanning confocal microscope (described in subchapter 4.2) with a high
numerical aperture objective (0.7, Nikon, x100). The collected light is passed through a
dichroic mirror and focused onto a graded-index fibre with a core size of 62.5 pm that acts as
a confocal aperture. The collected emission splits into an avalanche photodetector and a
spectrometer. PL measurements were carried out on the same set-up using a continuous wave

532 nm excitation laser.

Figure 7.2(a) and (b) show the EL confocal map as well as corresponding spectra from bright

centres identified at the edges of the mesas under a current of 2.9 mA. The EL map indicates
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the recombination zone with lower carrier concentration in the i-layer of the device. The
bright circular luminescence observed around the pillar agrees with EL studies from ion
implanted NV-centres in similar diamond samples[19]. The EL spectrum in Figure 7.2 (b)
corresponds to bright spot circled on the map as shown in Figure 7.2(a). This spectrum shows

a ZPL at 738 nm which corresponds to the ZPL of the SiV- ensemble in diamond.
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Figure 7.2: (a) Electroluminescence map of an 80 pm x 80 pm area showing luminescence from the edge
of the pillar. (b) EL spectrum from the circled bright spot of the EL. map. The EL spectrum is collected
at a forward bias of 50V used to inject current of 2.9 mA into the device. (c) Photoluminescence map of a
60 pm x 60 pm area, exhibiting comparable emission from around the edge of the pillar (d) PL spectrum
from the circled bright spot of the PL map. The excitation is performed using a 532 nm cw-laser at 867
[TAYA

Figures 7.2(c) and (d) show the confocal PL map and corresponding spectra of the devices
under optical excitation using a 532-nm laser at 867 uW. Like in the case of the EL
measurement, bright spots are observed at the edges of the mesa. The measured PL spectrum

exhibits a similar peak at 738 nm. This is direct evidence that an ensemble of SiV~ color center
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is excited both optically and electrically in a single crystal diamond. The broad signal in the
range of 750-800 nm is attributed to the phonon sideband of the SiV. All the EL and PL
measurements were recorded from the same device. All the devices showed similar
characteristic behaviour in both EL and PL. The observation of the same centre with the same
charge state both optically and electrically in diamond is important for practical device
engineering and is an advantageous feature of the SV~ defect. Indeed, while NV centres were
excited electrically, only the NV charge state is visible under electrical excitation while the
NV~ defect can be triggered optically [19, 245, 247]. Second-order autocorrelation
measurements were attempted from several scans to identify single photon emitting SiV
centres both using PL and EL. However, we could not find isolated SiV centre under this ion-
implantation conditions. Nevertheless, the proof-of-concept that SiV centre can be excited

electrically is established.

7.3 Saturation and stability behaviours of SiV ensembles under excess
carrier injection

Figure 7.3 shows the saturation measurement of SiV- ensembles plotted as a function of

1
applied current. The fitting equation is given by r =r,,, T 7’ where r is arbitrary EL count
+

sat
rate for injection current (/), 7sa 1S the maximum electrically driven luminescence count rate
that can be attained in this device at saturation current of I the electrical equivalent
formulation of the PL saturation behaviour discussed in Chapters 4-6. The results suggest
that 7. 1s ~6.8 kCounts/s. The emission intensity is not strong which is expected considering

fluorescence of SiV centres prepared via ion implantation are dim [171, 177, 248].
Electrical stability of the SiV- centre under forward bias is also studied, to ensure a constant

emission of photons is generated. Figure 7.3 (b) shows that EL count rates as a function of

time for fixed injection of 2.5 mA current. The emitters remain stable for the duration of the
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measurement (minutes), with no blinking or bleaching being observed. The stable emission

is useful for studying the SiV- ensemble for longer periods under excess carrier injection.
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Figure 7.3: (a) Electrical driven luminescence saturation measurement of the stable SiV vacancy together
with fitting curve indicated by the solid red line. (b) Shows stability measurement from the negative
charge state of SiV centre when 2.5 mA of current is injected into the device. The colour centre showed
stable emission for more than 6 min.

7.4 Charge switching between ensembles of SiV- and SiV*

We studied the behaviour of the SiV ensemble under forward and reverse biased PL
measurements. These studies were fruitful to understand the switching dynamics of the NV
defect in diamond[56, 244]. For the case of the NV centre, applying negative bias under
constant green excitation resulted in switching the NV state from the negatively charged to
the neutral state. Figure 7.4 shows intensity varying emission from SiV centres as a result of
forward and reverse biasing under 532 nm excitation laser. The bias voltage is varied between
52 V and -100 V injecting a different amount of forward and reverse current to the sample.
As expected, under forward bias PL, the intensity of the SiV- ZPL decreases with a decreased
bias voltage. Under an increased reversed bias, the SiV- ZPL intensity further decreases—
likely due to injection of holes into the defect. As shown, however, no clear evidence of SiV°
emission at ~946 nm was observed under these conditions[249]. This can be explained by the
relatively low quantum efficiency of this defect. Similar results are reported via photochromes

of diamond under UV excitation [183] where intensity in SiV- ensembles became dim
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suggesting charge migration into the neutral charge state. Under annealing, the reverse is
observed, where the intensity in SiV® ensemble decreased whereas SiV- ensembles
increased[184].

Finally, CL of SiV ensembles was measured from the same sample at different electron beam
fluences as shown in Figure 7.4 (b). Two primary observation are deducted: First, we are
indeed probing ensembles of SiV centres where upon decreasing the beam energy, the CL
intensity falls as well. This indicates that the smaller interaction volume means fewer centres
to be excited resulting in low CL intensity. In addition, CL spectra only showed signatures of
SiV- centres. This is consistent with charge state studies of NV, where under EL and CL
measurement only the neutral charge state is observed while the negative charge state
remained in the dark. As discussed in Chapter 2, this may be due to the prohibition of certain

charge states to fluoresce under excess charge recombination.
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Figure 7.4: (a) Forward and reverse biased PL. measurement show reduction in the intensity of the SiV-
ZPL. The bias voltage is varied between 52 V and -60 V. In forward bias, higher injection of carriers
excites more centres resulting in higher luminescence intensity from SiV- centre. As the reverse current
increases, intensity from SiV- decreases due to injection of holes into the centre. Charge switching to SiV*,
however, is not observed with emission around 946 nm. (b) CL spectra from SiV ensemble at different
electron beam fluence.
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7.5 Conclusion

To summarise, electrical excitation of ensembles of SiV- centres in a single crystal diamond
is demonstrated. The electrically driven emission is stable at room temperature and can be
detected under current density injection of 7.9 A/cm?. Forward and reverse biased PL
measurement combined with EL measurements have provided insight into the excitation
mechanisms of the SiV- colour centres. However, the SiV® was not observed. Similarly,
electrically driven single photon emission from single SiV centres was not also achieved.
Further work is, therefore, required to understand the dynamics of this defect under electrical
excitation. Also, investigation of ways to improve the creation efficiency of the SiV emitters

using ion implantation is also required to achieve electrical excitation of a single SiV centre.
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8 Summary and outlook

This work featured spectroscopic study of defect based single photon emission from GaN and
diamond. As such, it is separated into two main parts: The first part reports on a new family
of defect based SPE in GaN studied mainly by using PL spectroscopy. Various photophysical
properties of the SPEs are investigated both at cryogenic and room temperatures elucidating
major attributes as well as bottlenecks for applications. The second part of the thesis focuses
on RT electroluminescence study of SiV ensembles in the diamond device. This previously
unreported observation is also used to study charge state dynamics at the defect centre. In this
chapter, we summarise relevant findings and results in the two main topics. Finally, the
outlook is provided to motivate further work on the topic as well as point future directions for

possible applications.

8.1 Defect-based single photon emitters in GaN

The primary finding in this work is the new, room temperature stable SPEs in GaN. These
emitters are resolved abundantly in different GaN wafers regardless of the choice of substrate
for growth or the electronic grades of the films. Structural analysis of the different wafers
shows that all films are single crystalline, wurtzite GaN. The emitters are also readily resolved
in excess from commercially obtained wafers without post-processing requirements showing
the extent of robustness in these family of emitters. The ease of accessing the room
temperature stable SPE in the commercially available material (GaN) makes them ideal for

proof of concept studies.

In this work, the SPEs were resolved on 5 different pieces of GaN films cut from wafers with
different structures and electronic properties including a PN and PIN diodes. Four of the
wafers were grown on sapphire while the other is grown on SiC substrate. To confirm

emission was indeed from the GaN layer, one of the samples was etched, stripping it off the
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GaN film. Post-etching spectroscopy confirms that no SPE can be found from the underlying

sapphire substrate. This is a direct proof that the emitters indeed are from the GaN film.

Properties of the SPEs in GaN were investigated using spectroscopic as well as second-order
autocorrelation measurements. Time-dependent intensity behaviour of the emission is also
studied. Both cryogenic and room temperature spectral characteristics from several of the
SPEs on the 5 GaN films indicate that these emitters have narrow ZPL with weak phonon
sidebands. The average FWHM is around 5 nm at RT and 0.3 nm at 4 K. As indicated by the
average linewidth values at 4 K, however, none of the emitters showed spectrally limited
linewidth. The result hints the presence of an underlying broadening mechanism. This
property hampers the applicability of the new family of SPEs for quantum technologies.

Possible workarounds for this problem are suggested as an outlook.

Furthermore, the distribution of ZPL peak energies (wavelengths) from several SPEs in GaN
shows a wide range - extending from the visible to NIR. This is observed within a sample and
across all the samples. Similar behaviour was observed at cryogenic temperatures where the
mean ZPL peak value in energy showed a slight blue shift. Although multiple emitters with
the same peak wavelengths can be found on the sample, locating them before the second-
order correlation measurement is not currently possible. Thus, excitation of any two centres
has a high probability of resulting in two distinct peak wavelengths. This further hinders
applicability, for example, in quantum computation where indistinguishable photon sources

are required.

Quantum nature of the SPEs in GaN are studied by measuring second-order correlation
functions from isolated bright spots in a confocal scan at cryogenic and room temperature.
Several emitters across the 5 samples have shown strong antibunching giving direct evidence
of single photon emission. The SPEs studied are efficiently excited using off-resonant (532
nm), low excitation powers (50 uW). The strength of the antibunching varies from emitter to

emitter due to strong background contribution from the GaN matrix. Interestingly, all emitters
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resolved showed antibunching. That is, we could not find a bright spot with distinct spectra
that didn’t show antibunching. This is contrary to other atomic SPEs where ensemble in the
centres would result in bright spectra and show no antibunching due to the multiple photon
emission. This indicates that the origin of the quantum light source in GaN can only allow
electronic transition that results in at most a few photon emission. While the ability to excite
bright, SPEs with low laser power is attractive, the strong background contribution dampens

the single photon purity.

Another peculiarity in the spectroscopy of SPEs in GaN was revealed using temperature-
resolved PL. The ZPL peak energy shift was recorded at different sample temperatures
showing a non-monotonic change that is best described as “S-shaped” (inverted “S-shaped”).
Similar studies in other defect based SPEs such NV and SiV in diamond showed monotonic
dependence on the temperature. In fact, S-shaped temperature dependence in IlI-nitrides and
other semiconductors is associated with stacking fault related luminescence. It is, therefore,
believed that the electronic transition resulting in single photon emission from GaN films
involves SFs. The presence of SFs in at least one of the GaN samples is experimentally
confirmed using low-temperature CL spectroscopy, where a red shift in band edge

luminescence is observed indicating the presence of a cubic inclusion.

Numerical model Hamiltonian calculations, parametrised with GaN material properties were
performed to further elucidate the involvement of cubic inclusions (SFs) in the electronic
transitions of the SPEs. For a choice of cubic inclusion width in WZ GaN matrix, the ZPL of
an optically active defect can be fixed. In our case, it was 680 nm which is consistent with the
average ZPL peak observed experimentally. As the defect moves relative to the centre of the
cubic inclusion, the ZPL peak energies also change. This is also consistent with the
experimental observation where broad span in peak energies are observed. Therefore, the
origin of the SPEs in GaN is tentatively assigned to exciton transition involving optically
active point defects located within variable distances from the centre of localised cubic

inclusion in the vicinity.
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Following the first report of SPEs in GaN, a detailed study of the photophysical behaviour is
conducted. First, RT fluorescence stability of the SPEs under different excitation powers was
studied. Majority of the SPEs across the 5 samples showed absolute photostability while a
few showed blinking. None of the emitters in the samples studied showed photobleaching.
The average photon count at different power was also used to investigate the brightness of the
emitters in the different samples. The average maximum intensity of ~(427+215) kCounts/s
is calculated making the SPE in GaN among the brightest bulk emitters recorded. The
saturation power showed considerable variation between different emitters with an average
value of ~(1270+£735) uW. The stability and brightness of the SPEs are attractive for room

temperature applications.

Power dependent second-order autocorrelation measurements were also conducted to study
the bunching behaviours of the SPEs. The results reveal that transition kinetics of the stable,
emitters in GaN involves at least one shelving state as depicted by increased bunching with
increasing power. The power dependent bunching parameters where successfully described
by using three-level kinetic transition model. The kinetics is described both by considering
linear, and sublinear shelving (metastable) states power dependence, where the later yield
better results. Based on the kinetics analysis, excited state and metastable lifetimes were also

calculated allowing insight into intra-energy level dynamics.

Another essential photophysical characteristics for SPEs is sensitivity to light direction.
Polarisation-resolved spectroscopy measurement carried out on multiple SPEs in GaN shows
linear polarisation with a very high degree of emission polarisation visibility (~ (91+11) %).
The absorption polarisation, on the other hand, showed little visibility of ~ (57+26) % with
substantial variation between emitters. This is consistent with the observed variation in the
saturation power among the different emitters. The relative orientations of absorption and
emission polarisation direction were analyzed showing a significant misalignment. This is

believed to be due to the off-resonant excitation where absorption to a much higher state than
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the state from which radiative decay occurs is allowed. Absorption polarisation orientation

relative to crystal axis is also determined where most of the SPEs seem to gravitate towards
[1100] lattice plane direction of the hexagonal GaN unit cell. The high degree of emission

polarisation is attractive for quantum cryptographic applications.

To understand the cause of spectral broadening, time-resolved PL was studied on three, stable
SPEs. The results yield that the transform limited linewidths of 0.4, 0.2 and 0.3 peV. The
values are three-orders of magnitude narrower than determined with the grating, resolution of
the spectrometer. This further consolidates the presence of strong broadening mechanism.
One such mechanism is spectral diffusion, which we checked for the SPEs in GaN using time-
resolved spectroscopy. However, emitters showed little or no spectral diffusion in the ms
timescale. Thus, the broadening is strongly suspected to be due to ultrafast (us to ns) spectral
diffusion. This is determinant making these family of SPEs hard to use for quantum

technology application at this stage.

Finally, some of the emitters in GaN showed unusual photo-induced blinking behaviours.
That is, the photon statistics from these emitters vary from single state photon statistics to
multiphoton statistics with increasing power. This abnormal behaviour in defect based SPEs
was studied in detail in this work. The transition kinetics from one emitter shows distinct
behaviours before and after blinking with a substantial difference in the non-radiative decay
rate behaviours. This was coupled with reduced brightness in emission after blinking. By
combining power dependent fluorescence projectile and second-order autocorrelation
measurements, characteristic decay rates, as well as blinking times, are determined as a
function of excitation power. This vital insight indicates that the transition kinetics of some
of the emitters can be permanently altered using excitation power above a certain threshold.
This may be due to photothermal activation of dangling bonds which then act as a shelving

state.
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The first part of the thesis focuses on the discovery and comprehensive characteristic of
emitters in GaN film. Now, we move to summarising the second part of the thesis which is to

characterise an already known defect in diamond using electroluminescence.

8.2 Electroluminescence from Silicon-Vacancy in diamond

This part of the work focused on incorporating SIV centres in diamond and demonstrate the
first electrically excited fluorescence from the centre. The starting device was as-prepared
PIN single crystalline diamond. The SiV centres were incorporated by ion implanting Si
atoms into the intrinsic layer of the device based on simulation. The /V-characteristics of the
device was measured after ion implantation yielding a current density of around 7.9 A/cm? at
the threshold voltage of ~ 43 V. This corresponds to rectification ratio of around 10* which is
small compared to /V-characteristics of a similar device used in a different study (~10°). This
is believed to be due to the quality of contacts used which in our case was worsened by ion

implantation.

After annealing to mitigate implantation damage, the device was scanned first under laser
excitation using the confocal set-up. After identifying the defect luminescence as SiV™ by
taking spectra, the laser is then blocked. At this stage, the same device is scanned under excess
carrier injection using external voltage source. Going to the same bright spot where the PL
was taken, we measure the EL. This way direct evidence of RT electroluminescence from
SiV- ensembles were obtained. Nevertheless, we were unable to demonstrate
electroluminescence from an isolated SiV- centre, which is a well-known single photon
emitter. This could be due to a few reasons. First, the ion implantation recipe may not have
been the right one to create isolated defects, where implanted species form agglomerates. It
may also be that we did not trigger our excess carrier injection as a result exciting several SiV
centres within a wide area. Finally, our detection efficiency of the count rate from a single,

ion implanted SiV centre is expected to be very low.
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The stability and saturation behaviours of the SiV ensemble were further investigated under
excess carrier injection. The ensemble remained stable showing no sign of blinking or
bleaching under current injection of 2.5 mA. The maximum brightness measured around the
same current injection is 6.8 kCounts/s. This is expected considering that ion implanted SiV

centres are dim.

Finally, charge state switching between the neutral and negatively charged states of the SiV
ensemble is investigated using short-circuited PL. That is, while the SiV ensemble is under
the green laser excitation, the device was reverse biased, enabling withdrawal of carriers from
the ensemble. An increase in the reverse bias resulted in reduced PL intensity showing excess
carriers are being taken away from the centre. This result is consistent with earlier charge
state switching studies using annealing and UV excitation centres. However, the neutral

charge state remained in the dark state in our measurement.

In summary, we reported the first defect related, RT stable SPE in GaN. We further
investigated the spectroscopic behaviours of the SPE both at cryogenic and room temperature.
This was followed by the photophysical studies of the emitters where both attributes, as well
as bottlenecks, are identified by evaluating the emitters for quantum technology applications.
Population dynamics analysis is used to understand the transition kinetics in the emitter as
well as investigate unique photothermal induced blinking behaviours. The emitters show great
potential for quantum applications pending more work to improve the spectral properties. The
second part of the thesis reported the first electroluminescence from SiV ensembles. Next, we
present future directions that we believe will take the present work to the next step based on

our cumulative observation during the study.
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8.3 Outlook

While the new emitters in GaN show promising potentials for different cutting-edge
technologies, major bottlenecks that need to be addressed are identified. First, it is already
stated that these emitters span a wide wavelength range and are spectrally broadened where
the cause is assigned to fast spectral diffusion. If the fast-spectral diffusion is indeed caused
by internal local electric field, it might be possible to twin it by applying external electric field
as well as mechanical strain [250-252]. The second approach is cavity coupling of emission
to improve the linewidth broadening [253, 254]. For appropriate cavity design, however,
knowledge of luminescence peak and absorption polarisation are minimal requirements,
which currently are both hard to determine before measurement. Thus, fundamental work to
determine the exact nature of the SPE, as well as its absorption mechanism, is vital. Excitation
photoluminescence is also believed to reveal more properties of the emitters, especially on

the absorption polarisation mechanisms.

The other problem, which might also have a contribution on the previous ones, is background
fluorescence from the GaN matrix. This is a common problem in other bulk wide bandgap
semiconductors as well due to the large transparency window where the usual approach to

alleviate it is to fabricate nanostructure that contains the emitters [211, 255].

One interesting direction to pursue is optically detected magnetic resonance (ODMR) study
of the emitters to evaluate whether the transition in these defects can be manipulated for spin
qubit applications [256, 257]. More importantly, it will be interesting to see if emitters in GaN
can serve as a capable single photon emitting diodes (SPEDs) by attempting electrical
excitation. This demonstration will have made GaN as vital material for quantum LEDs

(QLEDs) as it 1s for classical LED[136].

Another significant result in this work is laser power induced blinking in some of the GaN

emitters. While exciting insight is gained in the possible mechanism causing the blinking via
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power dependent measurements, many more questions remain unanswered in this regard. For
example, if the photothermal process is indeed the cause of blinking at above threshold
excitation powers, then heating the sample even at a higher temperature will exasperate the
process. Even more deterministic is to identify stable emitters and irradiate them with an
electron beam to see if the photo-dynamics changes. Other factors known to affect blinking
in systems like QDs and single molecules are surface states, size of the systems or the matrix
in which the QD or single molecules reside[ 102, 113]. The absence of these factors in solid-
state emitters such as the ones studied here may be manifested in the distinct probability
distribution of blinking times. For instance, while probability distribution of “on”- and “off”-
times in systems like QDs usually follows a power-law distribution, reports of blinking from
NV[99] in diamond, Cs;V¢ in SiC[24] and now defects in GaN show exponential probability
distribution with characteristic times. Therefore, comparative study of blinking from various
single photon emitters may be the way forward in finding a universal mechanism of photon

intermittency.

Finally, while electrical excitation from SiV ensembles in diamond is demonstrated, single
photon electroluminescence from the centre is still lacking. Thus, a primary direction here
would be to trigger SiV centres in diamond to generate electrically driven single photons[19].
Upon achieving this primary goal, electrically driven SPEs from arrays of the diamond device

can be pursued.

As hinted in Chapters 2&7, the other exciting aspect of the study of excess carrier
recombination at single photon emitting defects is the relation between CL and EL. Both
techniques rely on carrier trapping at the defect site and seem to show consistent spectral
results regardless of the way the excess carrier is generated. For example, charge states whose
spectra are readily resolved when using CL are also revealed when using EL. Conversely as
well, charge states that don’t show fluorescence under CL also don’t show it under EL. This
is the case both for NV and SiV defects in diamond in our observation. Although theoretical

report expresses this as expected[93], there are few reports that contradict such
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conclusion[19]. Thus, comparative study of the charge state switching using EL and CL in

single photon emitters is required for clarity.
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