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Abstract

Global technological leadership is increasingly determined by the ability to develop
advanced information processing and communication. Classical semiconductor tech-
nologies, which have underpinned modern electronics for decades, are approaching
fundamental scaling limits and are subject to growing geopolitical constraints on fab-
rication capabilities. In parallel, quantum technologies have emerged as a disruptive
alternative, offering to surpass classical systems in computation and secure communi-
cation, while also adding atomic-scale sensing capability. Realising these technologies
in practice requires scalable, robust, and miniaturised hardware platforms designed to
operate fully on-chip.

This thesis explores key building blocks necessary for quantum technologies. Here,
novel van der Waals (vdW) heterostructure devices are engineered for generation, exci-
tation, and control of quantum emitters in hexagonal boron nitride (hBN). Electrical con-
trol of emitter luminescence is achieved via the Stark effect, providing insight into defect
symmetry and quantifying controllable spectral tuning. Furthermore, electroluminescence
(EL) from hBN quantum emitters is demonstrated operating in a quantum tunnelling
regime, bypassing conventional p–n and p–i–n junction architectures. Lastly, electrical
generation of emitters is demonstrated using locally applied high electric fields, enabling
site-specific generation directly within device structures. Together, these results estab-
lish experimentally viable routes towards electrically generated, controlled, and driven
quantum light sources and position hBN as a promising platform for scalable quantum
photonic technologies.
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1

Introduction

This chapter introduces the motivation, scope, and objectives of the research presented in
this thesis. It outlines why the electrical generation, excitation, and control of hBN single
photon emitters represents a non-trivial and timely problem, and defines the specific aims
addressed in the following chapters. The chapter concludes with an overview of the thesis
structure.

1.1 | Motivation
The desire to understand and control the physical world has driven scientific progress for
centuries, from the formulation of classical mechanics to the development of modern elec-
tronics. At the beginning of the twentieth century, description of behaviour of matter at
sub-nanometre length scales revealed that nature operates in ways that cannot be captured
by classical descriptions alone and resulted in the emergence of quantum mechanics. Today,
research aims to harness quantum effects, such as particle spin, superposition, and entan-
glement, to enable a new generation of technologies, referred to as quantum technologies.
These are now actively being researched and developed by both academic and industrial
communities. Of particular interest are applications in communication, computation, and
sensing, which promise capabilities that extend well beyond those of classical systems. As
with the early development of classical electronics, realising this vision requires new physi-
cal hardware capable of reliably generating, manipulating, and reading out quantum states.

Light plays a central role in this effort. Photons are particularly attractive carriers of
quantum information due to their weak interaction with the environment and their ability
to transmit quantum states over long distances. Consequently, many quantum technologies
rely on precise control of light at a single photon level. Yet, generating and controlling
single photons remains a non-trivial challenge. The development of practical sources of

1



Chapter 1. Introduction 1.2. Document Structure

quantum light is therefore a critical bottleneck in the advancement of scalable quantum
photonic architectures. As a result, technological perspective implies a strong motivation
to realise fully integrated photonic platforms in which single photons can be generated,
excited, modulated, and detected fully on-chip. Ideally, single photon emitters should be
created at deterministic locations with reproducible emission energies, excited electrically to
minimise optical complexity, and actively tuned or controlled within a device environment.
Achieving this level of integration is essential for scalable quantum photonic systems, yet
remains an open challenge across many material platforms.

Among the various approaches to single photon generation, defect-based emitters in
wide-bandgap semiconductors have emerged as particularly promising candidates. hBN
has recently attracted significant attention as a host for bright and stable single photon emit-
ters that operate at room temperature. As a two-dimensional (2D) wide bandgap material,
hBN occupies a unique position at the intersection of quantum photonics and vdW elec-
tronics, offering opportunities for device integration and control that are difficult to realise in
bulk three-dimensional (3D) materials. Importantly, this platform enables alternative charge
injection strategies based on vdW heterostructures and quantum tunnelling mechanisms,
bypassing conventional p–n or p–i–n junction architectures that are inherently challenging
to implement in hBN due to the absence of native doping.

Despite these advantages, several fundamental and technological challenges remain.
The origin of many hBN emitters is still under active investigation, deterministic generation
of emitters with controlled properties remains elusive, and methods for electrical excitation
are only beginning to emerge. Addressing these challenges is essential for transforming
hBN single photon emitters from laboratory demonstrations into practical building blocks
for integrated quantum photonic systems. This thesis is therefore motivated by the need to
establish experimentally viable routes for the electrical generation, excitation, and control of
hBN single photon emitters within scalable vdW device architectures.

1.2 | Document Structure
This thesis is organised to progressively develop the conceptual background, experimental
methodology, and original contributions required to establish electrical generation, excita-
tion, and control of single photon emitters in hBN.

Chapter 2 presents the theoretical background and literature review necessary to con-
textualise this work. It introduces the broader landscape of quantum technologies and
the role of single-photon emitters as enabling hardware components. Fundamental con-
cepts of quantum light are developed through photon statistics and coherence functions,

2
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alongside experimental methods for verifying non-classical emission. The chapter then sur-
veys solid-state single photon emitters, with particular emphasis on defect-based systems in
wide-bandgap materials, and positions hBN as a promising platform for quantum photonic
architectures.

Following, Chapter 3 describes the experimental techniques and device fabrication meth-
ods employed throughout this thesis. It outlines the exfoliation, transfer, and assembly of
vdW heterostructures, alongside lithography and metal deposition procedures used to re-
alise electrically contacted devices. The chapter also introduces the optical characterisation
techniques, particularly confocal microscopy and its operating principles, which form the
basis for identifying and analysing single photon emitter characteristics under both optical
and electrical excitation.

Chapter 4 focuses on the electrical control of hBN single photon emitters via the Stark
effect. Specifically, B-centre emitters are integrated into tailored vdW device geometries that
enable controlled application of in-plane and out-of-plane electric fields. Resonant excita-
tion spectroscopy is used to probe field-induced energy shifts, providing insight into defect
symmetry and origin, while establishing electrical tuning as a viable route for spectral align-
ment of emitters.

Chapter 5 demonstrates electrically driven single-photon emission from hBN emitters.
Graphene–hBN–graphene heterostructures are engineered to sustain extremely high electric
fields, allowing charge injection via quantum tunnelling rather than conventional junction-
based architectures. The resulting EL is shown to be spectrally narrow, stable up to room
temperature, polarised, and of quantum nature, promoting hBN as a viable platform for
electrically excited quantum light sources.

Subsequently, Chapter 6 investigates the site-specific electrical generation of single pho-
ton emitters in hBN through high-field operation of multi-slot vdW devices. This chapter
analyses defect formation induced by electrical stress, identifies device operating regimes
that enable stable, prolonged electrical excitation, and outlines guidelines for optimum signal-
to-noise ratio of emitter EL. The results demonstrate a viable pathway towards on-chip
generation of single photon emitters directly within fabricated devices, enabling subse-
quent electrical tuning and operation without the need for external irradiation or high-
temperature annealing.

Finally, Chapter 7 summarises the main achievements of the thesis and discusses their
broader implications for quantum photonic technologies. Future research directions are out-
lined, including electrically tunable emitter–cavity coupling, electrically driven spin readout
and control.
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2

Background & Literature Review

This chapter introduces avenues of emerging quantum technologies, showing how they can
be realised with single photons and quantum states hosted in solid-state materials. It out-
lines the photon statistics and coherence functions required to characterise single-photon
emission, and surveys the landscape of solid-state emitters, with particular emphasis on
wide-bandgap defect-based systems. The chapter then presents hBN as a material platform
explored in this thesis for implementing next-generation quantum photonic architectures.

2.1 | Quantum Technologies
Optical technologies based on classical light sources, such as lasers and light emitting diodes,
have revolutionised the telecommunications infrastructure and modern devices and today
form the backbone of the internet. Now, the currently unravelling quantum revolution aims
to harness quantum properties of matter and light to enable a completely new class of tech-
nologies (Figure 2.1) [1, 2], which demand sources of non-classical light, also referred to as
quantum light that is comprised of a stream of single photons [3, 4]. Many of these quan-
tum technologies rely on single photon emitter systems, particularly in the solid-state [5,
6], which can interface with atomic spins [7] enabling a broad range of novel applications
including sensing [8] and storage [9].

Quantum computing is one of the most developed and highly publicised frontiers of the
quantum technology landscape [10]. Unlike classical computers, which encode information
in binary bits (0 or 1) using transistor-based logic gates, quantum computers use quantum
bits (qubits) that can exist in superpositions of 0 and 1. This property, combined with entan-
glement, allows for exponentially greater computational power in solving specific classes of
problems. Among various physical realisations, photons are particularly attractive as qubits
for optical quantum computing, where quantum gates are implemented through interfer-
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Figure 2.1: Quantum technology applications. Illustrations of quantum sensing, computation,
and communication as the three main aspects of technological applications. Reproduced from refer-
ence [5].

ence and entanglement of indistinguishable single photons [4, 11, 12]. However, achieving
fault-tolerant quantum computation requires single photons to be generated deterministi-
cally, with reproducible wavelength, high purity and indistinguishability. Nevertheless, in
recent years, photonic quantum computing has driven substantial investment, with startups
such as PsiQuantum [13], Quandela [11], and Xanadu [14] developing their own architec-
tures, while major technology companies including Google [15], IBM [16], and Microsoft [17]
pursue approaches based on superconducting qubits and other solid-state platforms.

In quantum communication, the most mature application is quantum key distribution
(QKD), which uses single photons to securely transmit encryption keys between two par-
ties [18, 19]. Since any attempt at interception disturbs the quantum state and introduces
errors, QKD offers a level of security unattainable with classical channels. The concept re-
lies on having exactly one photon per time bin, necessitating the use of true single-photon
emitters [5, 7]. When implemented in solid-state systems, single-photon emitters can also
offer spin control and memory capabilities. Spin-photon interfaces where a stationary qubit
(e.g., an atomic spin associated with a nearby emitter) is coherently coupled to a flying qubit
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(a single photon), forming long-distance quantum networks [7, 20]. They allow quantum
information to be stored in long-lived atomic spin states [21], entangled via photon inter-
ference [22], thus enabling qubit teleportation across distributed nodes [23]. Such systems
significantly advance modern communication technologies.

Quantum sensing represents another frontier of quantum technology, offering sensitivity
that surpasses existing technologies. Spin-active single-photon emitters can act as atomic-
scale sensors, as their spin states are highly susceptible to changes in the local environ-
ment. This sensitivity enables precise measurements of magnetic [24] and electric fields [25–
27], current flow [28, 29], pressure and temperature at the nanoscale [30, 31]. These capa-
bilities have also led to the emergence of dedicated quantum sensing companies such as
Qnami [32], which leverage spin-based quantum systems for applications in materials sci-
ence and bioimaging.

Deterministically generating and harnessing single photons unlocks a wide range of
novel technologies based on quantum light–matter interactions. Single photons serve as
essential building blocks across all three aspects of quantum technologies, enabling secure
communication, high-speed computation, and atomic-scale sensing. The following section
explores in detail the definition of single photons, their mathematical description, and the
physical systems used to emit them.

2.2 | Quantum Light
Single-photons, also referred to as quantum light, are electromagnetic fields whose prop-
erties cannot be fully described by classical electrodynamics. Of particular importance is
the generation of such single-photons, light fields composed of individual quanta, which
as discussed earlier, serve as fundamental building blocks for quantum communication,
computation, and sensing. In many applications, the emitted photons must also be indistin-
guishable, meaning sharing identical energy and polarisation.

Given the critical role of quantum light in emerging quantum technologies, significant
research over the past two decades has been dedicated to developing efficient, robust, and
scalable single-photon sources. This section will first outline the historical emergence of
quantum light, introduce the key statistical properties of photon emission, and describe
experimental methods for verifying true single-photon behaviour via intensity correlation
measurements.
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2.2.1 | Historical Context
At the beginning of the 20th century, light was still regarded purely as a continuous electro-
magnetic wave, fully described by Maxwell’s equations. However, this classical view led
to a major theoretical problem: it predicted that a blackbody should emit infinite energy at
ultraviolet (UV) frequencies, often recalled as the ultraviolet catastrophe. Yet, experimental
observations clearly contradicted this prediction, revealing a finite spectral profile instead.

In 1900, Max Planck introduced the idea that electromagnetic energy could only be emit-
ted or absorbed in discrete packets, or quanta, proportional to the light’s frequency [33].
This quantisation assumption is expressed as:

E = nhv (2.1)

where E is the energy, h is Planck’s constant, v is the frequency, and n is an integer represent-
ing the number of quanta. While this relation does not fully describe spectral distribution
of blackbody radiation, it successfully resolved the ultraviolet catastrophe and was initially
regarded as a mathematical necessity rather than as a fundamental property of nature.

A more profound shift came with Albert Einstein’s explanation of the photoelectric ef-
fect in 1905 [34]. By proposing that light itself consists of discrete particles, or photons,
Einstein provided a theoretical explanation consistent with experimental observations of
the quantised nature of electromagnetic fields. His work demonstrated that the energy of
ejected electrons depends on the photon energy, not on the intensity of the light wave, fun-
damentally challenging the classical wave model. This discovery laid the groundwork for
the development of quantum mechanics and ushered in a deeper understanding of the dual
wave-particle nature of light [35].

Today, it is understood that light can exhibit both classical and quantum behaviour de-
pending on how it is measured. Many phenomena, such as laser emission, are often approx-
imated by classical electromagnetic theory, while others, such as single-photon generation,
antibunching, and quantum entanglement, require a fully quantum description. As the goal
of this thesis is the study and engineering of quantum light sources, the next section intro-
duces photon statistics that distinguish classical from quantum regimes.

2.2.2 | Photon Statistics
When considering a stream of photons, their temporal characteristics can be used to statisti-
cally classify the nature of their source. Photon statistics describe the probability distribution
of detecting a given number of photons within a defined time window and distinguish be-
tween classical and non-classical light. These statistics are revealed through repeated obser-
vations of intensity fluctuations and photon arrival times, and form the basis for classifying
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emission into three primary regimes: super-Poissonian (thermal), Poissonian (coherent),
and sub-Poissonian (includes single-photon states) light.

Super-Poissonian light, such as that emitted from an incandescent bulb or blackbody
radiator, is chaotic in nature and consists of many incoherent electromagnetic modes fluc-
tuating in phase and amplitude. The resulting photon bunching behaviour, where photons
tend to arrive together in time, is described by a Bose–Einstein distribution:

Pn =
n̄n

(1 + n̄)n+1 , (2.2)

where n̄ is the mean photon number. This distribution exhibits large fluctuations (∆n2 = n̄+

n̄2), making the variance greater than the mean, characteristic of super-Poissonian statistics.

Poissonian light, most commonly emitted by lasers, exhibits no amplitude or phase
fluctuations over time. Nevertheless, the number of photons in a coherent state fluctuates
and follows a Poisson distribution:

Pn =
n̄ne−n̄

n!
. (2.3)

In this case, the variance equals the mean (∆n2 = n̄), indicating that photons are uncorre-
lated, neither bunched nor antibunched, and the intensity noise scales with the square root
of photon number.

Sub-Poissonian light is characterised by reduced photon number fluctuations (∆n2 <

n̄), indicating non-classical emission where photons are more regularly spaced in time. A
prominent example is a single-photon (Fock) state, for which the photon number is fixed. In
the ideal case:

Pn =

1 for n = 1,

0 for n ̸= 1,
(2.4)

This represents perfect antibunching and is a key requirement for quantum communication
and computing applications that rely on one photon per time bin.

Experimentally, distinguishing between statistical regimes, especially sub-Poissonian
light, is complicated by optical losses, background noise, detector inefficiencies, and limited
time resolution. These factors make photon number statistics alone insufficient, particularly
at low photon flux. To overcome this, time-resolved correlation measurements between pho-
ton detection events are used. This leads to the formalism of intensity correlation functions,
that provide quantitative metrics for identifying bunching, antibunching, and coherent light
sources, and will be discussed in the following section.
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2.2.3 | Coherence Functions and Photon Correlations
The statistical nature of light can be described using correlation functions, which quantify
how the electromagnetic field or intensity behaves over time or space. Coherence functions
express the degree of correlation between two (or more) points in the optical field. The nth

order coherence function describes correlations between 2n field values. These functions are
used in both classical and quantum optics, as they characterise the coherence properties of
light and enable experimental distinction between different types of light sources.

Two coherence functions are of particular importance. The first-order coherence func-
tion, g(1)(τ), characterises the ability of two parts of the field to interfere and is related to
the phase and amplitude stability of the light. The second-order coherence function, g(2)(τ),
measures the correlation between photon intensities at different times. While g(1)(τ) is rele-
vant for understanding phase coherence, relating to interference phenomena, g(2)(τ) verifies
the quantum nature of light. Moreover, g(2)(τ) also directly probes the source, quantifies its
purity, emission lifetime and reveals bunching dynamics.

Following, both g(1)(τ) and g(2)(τ) are derived from their classical definitions and show
how they translate into the quantum formalism used to characterise light from single photon
sources.

For classical electromagnetic fields, the first-order coherence function measures the cor-
relation between the electric field at time t and at a delayed time t + τ. Mathematically, it is
defined as:

g(1)(τ) =
⟨E∗(t)E(t + τ)⟩

⟨|E(t)|2⟩ (2.5)

Physically, it determines whether the light field can produce interference fringes – hence
it is a measure of phase coherence. An example arises from a classical monochromatic field
with single polarisation along a unit vector ϵ, constant amplitude E0, frequency ω and phase
φ that is described as

E(t) = E0ϵ · e−i(ωt−φ) (2.6)

and can be generally identified as light produced by an ideal laser. This leads to a fully
coherent g(1)(τ) function, expressed as g(1)(τ) = e−iωτ that evaluates to |g(1)(τ)| = 1. For
light sources producing incoherent photons, |g(1)(τ)| = 0. Thus, the decay of g(1)(τ) gives
the coherence time τc, linked to the spectral linewidth described as ∆ν = τ−1

c .

In quantum optics, light is described using the electric field operator. Since the field is
quantised, instead of treating the electric field E(t) as a classical wave, it is promoted to an
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operator Ê(t) that acts on the quantum state of the field. For a single mode of the field, the
positive frequency part of the electric field operator is written as:

Ê(+)(t) = E â(t) (2.7)

and the negative frequency part as:

Ê(−)(t) = E ∗ â†(t) (2.8)

Here â(t) and â†(t) are the annihilation and creation operators of photons at time t. E
is a constant representing the field amplitude. Quantum mechanical form of the first-order
coherence function is then written as:

g(1)(τ) =
⟨Ê(−)(t)Ê(+)(t + τ)⟩
⟨Ê(−)(t)Ê(+)(t)⟩

(2.9)

Next, the second-order coherence function is described. It characterises light intensity
correlations at two time intervals separated by a delay τ. Classically, it is defined via the
electric field amplitudes as:

g(2)(τ) =
⟨E∗(t)E∗(t + τ)E(t)E(t + τ)⟩

⟨|E(t)|2⟩2 (2.10)

This equation can be rearranged to express the g(2)(τ) function in terms of intensities
[36–38]:

g(2)(τ) =
⟨I(t)I(t + τ)⟩

⟨I(t)⟩2 (2.11)

Different light sources exhibit distinct behaviour in their g(2)(τ) signatures. Thermal
light exhibits photon bunching, where photons arrive in clusters, leading to g(2)(0) = 2. Co-
herent light, such as that from an ideal laser, has no correlations between detection events,
resulting in g(2)(τ) = 1 for all τ. In contrast, single-photon emitters display antibunching,
where the probability of detecting two photons simultaneously vanishes due to the quan-
tum nature of the source. In this case, g(2)(0) = 0 and the function rises to 1 at longer
delays.

To express the second-order coherence function in quantum mechanical context, electric
field operators can be replaced with their operator equivalents, giving:

g(2)(τ) =
⟨Ê(−)(t)Ê(−)(t + τ)Ê(+)(t + τ)Ê(+)(t)⟩

⟨Ê(−)(t)Ê(+)(t)⟩2
(2.12)
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This form links the intensity correlation function directly to photon creation and annihi-
lation processes. In terms of photon number states, the zero-delay case simplifies to:

g(2)(0) =
⟨n̂(n̂ − 1)⟩

⟨n̂⟩2 (2.13)

Which, in turn, leads to a useful classification of light sources:

g2(0)


> 1 thermal (bunched) light

= 1 coherent light

= n−1
n n-photon Fock state (quantum)

(2.14)

Antibunching is a definitive signature of non-classical light and a key figure of merit
for evaluating the purity of single-photon sources. Ideally, a perfect emitter would yield
g(2)(0) = 0, although background light or multiple emitters in proximity can raise this value.
For example, two single-photon sources already elevate g(2)(0) to 0.5.

Experimentally, the measurement of g(2)(τ) is performed using a Hanbury-Brown and
Twiss interferometer [39], which splits the collected light into two paths directed to separate
avalanche photodiodes. Detection events are time-tagged, and correlations between the two
detectors are used to construct the histogram of delay times, from which g(2)(τ) is extracted.

2.3 | Quantum Light Sources
The ability to generate and control quantum light underpins the development of quantum
photonic technologies. A practical quantum light source must emit non-classical states of
light with high purity, brightness, and indistinguishability [5]. Over the past two decades,
significant efforts have focused on identifying and engineering systems capable of produc-
ing such states on demand [9]. These include isolated atoms [40, 41], trapped ions [42,
43], quantum dots [44, 45], nonlinear methods [46, 47], and defect-based solid-state sys-
tems [20, 48–55]. Among these, the latter, colour centres in wide-bandgap semiconductors,
have emerged as a promising platform due to their stability, scalability, and compatibility
with nanophotonic integration.

Current technologies seek quantum emitters tailored to specific requirements; thus, no
single source currently satisfies all performance metrics. Instead, different host systems and
types of single-photon emitters address distinct challenges with varying degrees of suc-
cess. That said, the "holy grail" remains the realisation of a stable, bright, room tempera-
ture single-photon emitter with spin, in the solid state, that is either readily integrable into
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existing foundries or compatible with complementary metal-oxide-semiconductor (CMOS)
platforms, and emits photons at telecommunication wavelengths.

This section introduces key classes of quantum light sources and provides a focused
discussion on defect-based emitters, particularly in materials relevant to this thesis.

2.3.1 | Overview of Quantum Light Sources
As a natural starting point, early demonstrations of quantum light phenomena were carried
out using isolated atomic systems, where sodium atoms were laser-trapped in high-vacuum
environments [40]. The emission from such a system inherently consists of single photons,
with near-ideal antibunching behaviour and long coherence times [43]. These properties
established trapped atoms and ions as textbook examples of quantum emitters. However,
their extreme sensitivity to environmental fluctuations, complex experimental setups, and
challenging scalability limited their practicality for quantum technologies.

To overcome these limitations, the field turned to quantum dot (QD) — nanoscale semi-
conductor islands that confine charge carriers in all spatial dimensions. QDs offered a
route toward integration and miniaturisation, while retaining single-photon emission prop-
erties [56]. They can be embedded into solid-state photonic structures such as microcavities
or waveguides, enabling enhanced light extraction and on-chip integrated photonics [57,
58]. Furthermore, QDs based on well established platforms such as GaAs benefit from ma-
ture growth and fabrication techniques [59]. However, QD systems pose their own chal-
lenges. Phonon-induced dephasing becomes significant above liquid nitrogen temperatures,
leading to degraded photon indistinguishability and antibunching values that fall outside
the single photon regime [60]. In addition, quantum dot growth is inherently inhomoge-
neous, making it difficult to fabricate two identical emitters [56]. Even small variations in
strain or dot size shift its emission wavelength, complicating large scale reproducibility.

To expand the range of host systems, researchers explored colloidal quantum dots [61],
organic molecules [62–64], and bound excitons in 2D materials such as in transition metal
dichalcogenides (TMDC) [65–68]. These systems offer the advantage of solution-processability,
facile integration, and compatibility with diverse substrates. Yet, quantum emitters in those
hosts often suffer from photobleaching [64, 69], blinking [70], or poor spectral stability [69],
and generally require cryogenic operation to suppress linewidth broadening and maintain
single photon purity [67].

In parallel, efforts emerged to harness nonlinear optical processes such as spontaneous
parametric down-conversion and four-wave mixing for quantum light generation [46]. These
sources probabilistically generate entangled photon pairs, which are widely used in funda-
mental quantum optics experiments and quantum communication protocols [71]. However,
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their stochastic nature and low brightness per pulse make them unsuitable for determinis-
tic, on-demand single-photon applications. Moreover, the requirement for post-selection or
heralding reduces overall efficiency and scalability.

In response to these limitations, research expanded to defect-based solid-state emitters,
particularly colour centres in wide-bandgap semiconductors [9, 72, 73]. Rather than isolat-
ing individual atoms in vacuum, these systems embed atomic-scale point defects within a
rigid crystal lattice. The resulting energy level structure mimics that of an isolated atom,
supporting discrete electronic transitions and enabling stable emission of single photons
even at room temperature. Importantly, reproducing the same defect within a given host
material allows for deterministic generation of emitters with identical energy level struc-
tures [5, 73]. As a result, the emission wavelength remains consistent across samples, an
essential criterion for scalable, on-chip quantum photonic integration [74].

Significant research was given to colour centres in diamond [75], notably nitrogen va-
cancy (NV) [73, 74, 76, 77] and silicon vacancy (SiV) [20, 78–80], which provide optically
addressable spin states, enabling applications in nanoscale sensing and quantum networks.
However, diamond itself presents integration challenges due to its chemical inertness that
makes nanofabrication difficult and limits development in industry standard foundries [74].
This has led to growing interest in materials with established global fabrication infrastruc-
ture (e.g., silicon [81–83]) or with materials compatible with CMOS processing (e.g., silicon
carbide [31, 84, 85], gallium nitride [86–88], silicon nitride [89]). Although these materials
host a range of quantum emitters, they still suffer from either non-deterministic creation or
strong phonon coupling, which, as in the example of silicon, limits operation of emitters to
cryogenic temperatures [81].

The recent discovery of quantum emitters in hBN provided an alternative path, partic-
ularly in 2D material quantum emitters. hBN defects offer room temperature stability [90],
high purity [91, 92], accompanied by bright and narrowband emission [90, 93]. hBN it-
self is chemically robust, isolating from environment, can be nanofabricated into photonic
structures, and, being a vdW materials, provides seamless integration into 2D materials het-
erostructures via deterministic stacking, making it well suited for exploring electrically and
optically driven emitters incorporated into novel 2D quantum optoelectronic devices [67,
94, 95].

Since the focus of this thesis is on emitters in hBN, defects in large bandgap semicon-
ductor, the following subsection covers operating principles and recent advances of defect-
based quantum light sources.
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2.3.1.1 | Operation Principles of Defects in Wide-Bandgap Semiconductors

Point defects in wide-bandgap semiconductors and insulators can localise electronic wave-
functions deep within the bandgap, forming discrete energy levels that closely resemble
those of isolated atoms [5, 75]. These defects may be intrinsic (vacancies or antisites), ex-
trinsic (substitutional dopants), or a combination of both (substitutional dopant next to a
vacancy), effectively acting as artificial atoms embedded within a crystalline host [5, 96].
Their localised orbitals confine electrons or holes, enabling optical transitions of a single
electron between quantised states, thus operating as a single-photon emitter. Figure 2.2a
shows a defect present in hBN lattice that consists of an impurity atom next to a vacancy,
thus forming sub-bandgap energy levels.

Excitation of the defect (either optical, electrical, or with electron-beam) promotes an
electron from ground to an excited energetic level. The subsequent relaxation back to the
ground state can produce a single photon whose energy corresponds to the energetic sepa-
ration of the electronic states (see Figure 2.2b). Because the defect resides within a crystal lat-
tice that includes vibrational modes of atoms, this process is governed by the Franck–Condon
principle (demonstrated in Figure 2.2c) where electronic transitions occur much faster than
nuclear motion, so the electron is excited between vibrational sublevels of the ground and
excited energy states [97].

Under off-resonant optical excitation, the pump photon energy promotes an electron
from the lowest vibrational sublevel of the ground energy state to a higher vibrational sub-
level of the excited energy state, provided that the vibrational wavefunctions overlap suffi-
ciently. Rapid phonon-assisted relaxation brings the electron to the lowest vibrational sub-
level of the excited energy state, from which it undergoes spontaneous emission back to the
ground energy state. This decay may occur directly into the lowest vibrational sublevel,
producing a sharp zero phonon line (ZPL) photon, or into higher vibrational sublevels of
the ground energy state, producing red-shifted phonon sideband (PSB) emission.

As a result, the photon energy corresponds not only to the difference between electronic
levels but is also modulated by vibrational coupling to the crystal lattice. This leads to
the appearance of a sharp ZPL accompanied by a broader PSB at lower photon energies.
Debye–Waller factor measures the ratio of ZPL intensity to the total emission.

The emission profile of a system is directly related to the excited-state lifetime of an
electron, typically in the range of nanoseconds for solid-state defect emitters. Lifetime and
spectral linewidth are fundamentally linked through the Heisenberg uncertainty principle,
which determines the lowest limit on the range of the transition energy. The relationship is
expressed as:

15



Chapter 2. Background & Literature Review 2.3. Quantum Light Sources

Figure 2.2: Illustrations of lattice defect that forms intra-bandgap energy levels and Frank-
Condon diagram. (a) Schematic of an example host crystal lattice, in this case hBN, which hosts
a defect consisting of an impurity atom next to a vacancy, thus creating sub-bandgap energy levels.
(b) Diagram of energy levels of a spin-active quantum emitter, where spin transitions go through a
metastable state and allow interfacing with nucleus spin. (c) Frank-Condon diagram of energy levels,
where overlaps of wavefunctions dictate probability of an electron transition between those levels
during an excitation event (absorption), and subsequent photoluminescence (fluorescence) through a
spontaneous electron decay, mediated via phonon transitions that give rise to PSB emission.

∆E, ∆t ≥ h̄
2

, (2.15)

which, in the frequency domain, gives the lifetime-limited (also referred to as Fourier-
limited) linewidth

∆νmin =
1

2πτ
, (2.16)

where τ is the excited-state lifetime. Although, shorter lifetimes correspond to broader
linewidths, they also allow higher emission rates, which are necessary for quantum photonic
architectures.

In solid-state emitter systems, however, the observed linewidth often exceeds the life-
time limit due to spectral diffusion [98–100], electric noise from local charge traps [101], and
electron–phonon interactions, with the latter giving rise to phonon sideband [5, 102]. These
govern the resulting spectral lineshape of an emitter. The ideal lifetime-limited transition
exhibits a Lorentzian lineshape, reflecting homogeneous broadening governed by the finite
excited-state lifetime. Inhomogeneous broadening mechanisms such as spectral diffusion,
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local charge noise, and strain fluctuations lead to a distribution of transition energies over
time, resulting in a Gaussian lineshape. In practice, the observed emission profile is often
described by a convolution of these effects (a Voigt profile), although in many cases it can
be approximated by either a Lorentzian or Gaussian function depending on the dominant
broadening mechanism.

Therefore, when investigating a single-photon emitter system, properties such as life-
time, spectral linewidth and shape, and phonon coupling jointly determine the suitability of
the defect for quantum applications. Emitters with short lifetimes, narrow (ideally lifetime-
limited) ZPLs, and high Debye–Waller factors are most desired as they enable bright, co-
herent, and spectrally pure single-photon emission. Furthermore, having metastable state
and access to a nearby atomic spin adds capabilities discussed earlier in this chapter, such
as sensing, quantum memory and networks.

2.4 | Hexagonal Boron Nitride
hBN is the central material platform explored throughout this thesis, serving both as a di-
electric building block in vdW heterostructures and as the host for quantum emitters. It is
one of the oldest known semiconductors, first synthesised in 1842 by W.H. Balmain [103].
Its appeal lies in a unique combination of properties: a wide bandgap, high chemical and
thermal stability, excellent mechanical strength, high breakdown field, atomically smooth
surfaces [104]. Additionally, it has strong vdW adhesion to other layered materials [105].
These characteristics make hBN a staple in vdW device fabrication; commonly used as a
pickup layer for deterministic flake transfer, a protective barrier against environmental con-
tamination, and an encapsulation layer that introduces a clean flat interface free from dan-
gling bonds or substrate-induced charge noise [106]. These properties have also established
hBN as a robust host of bright, narrowband, room-temperature quantum emitters [67, 107].
This section outlines the atomic structure and intrinsic material properties of hBN, and the
optical properties of defect-based quantum emitters.

2.4.1 | Material Properties
A single layer of hBN adopts a honeycomb lattice composed of alternating boron and nitro-
gen atoms, forming a centrosymmetric D6h crystal structure. The strong in-plane polar co-
valent bonds between boron and nitrogen arise from their large electronegativity difference,
and result in a wide bandgap of approximately 6 eV [108–110]. Although the bandgap is
indirect in bulk, the internal quantum efficiency of hBN emission can reach up to 40% [104].
In addition to its wide bandgap, hBN is also highly robust under ambient conditions and
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does not oxidise even under prolonged exposure to elevated temperatures. These properties
are preserved even as the number of out-of-plane hBN layers increases [109]. Adjacent lay-
ers are weakly coupled by vdW forces and generally exhibit an AA’ stacking, where boron
atoms sit above nitrogen atoms. This configuration locks layers in place, suppresses inter-
layer slippage, and maintains mechanical rigidity [104]. Unlike many other 2D materials,
the mechanical and electronic properties of hBN remain relatively insensitive to thickness,
contributing to its reliability as a dielectric material and protective layer.

While hBN exhibits excellent material properties for both photonic and electronic ap-
plications, certain challenges limit its broader scalability. Mechanical exfoliation from bulk
crystals remains the primary method for obtaining high-quality, defect-free flakes, but this
approach is inherently non-scalable and produces random flake sizes and thicknesses. Al-
though chemical vapour deposition (CVD) methods have enabled the growth of large-area
hBN films, these typically suffer from higher defect densities, smaller grain sizes, and lower
crystallinity compared to exfoliated flakes [111, 112]. Another fundamental limitation lies
in the difficulty of achieving intentional electronic doping, as no reliable method currently
exists for producing stable n-type or p-type hBN [113]. Despite significant research efforts,
doping remains fundamentally challenging due to the relatively deep valence band maxi-
mum and conduction band minimum of hBN, which cause most introduced impurities to
form deep trap states within the bandgap [113, 114]. This poses challenges for future device
designs that require active electrical control, as further explored later in this thesis. These
limitations underscore the importance of exfoliated, high-quality hBN for quantum emitter
studies and vdW device fabrication.

2.4.2 | Quantum Emitters
Point defects in hBN often form isolated sub-bandgap energy levels that behave as quan-
tum emitters. Since their first observation in 2016 [115], numerous single colour centres
have been reported, with emission wavelengths spanning UV to near-infrared (NIR) range.
Beyond being an attractive host of very bright and stable UV emitters [116, 117], hBN also
hosts three groups of quantum emitters in the visible-NIR range, which are more practical
for quantum optics, and comprise of the B-centre, the VB−, and the visible-NIR emitters.
Each group presents distinct advantages but brings unique limitations. Example room tem-
perature photoluminescence (PL) spectra of the three groups are presented in Figure 2.3.

2.4.2.1 | Overview and Challenges

The B-centre system offers multiple advantages, most notably its simple and high preci-
sion site-specific on-demand generation [118]. B-centres can be deterministically activated
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Figure 2.3: Room temperature PL spectra of hBN quantum emitters. The B-Centre has ZPL at
436 nm and VB− has broad emission centred around 820 nm, while other hBN emitters span visible-
NIR wavelength range.

by electron beam irradiation of hBN flakes that exhibit a characteristic triplet UV emission,
detectable via cathodoluminescence[116, 119, 120]. The atomic structure of B-centre is still
largely under debate, however, later in this thesis (Chapter 4) it will be shown that it con-
sists of either nitrogen or carbon interstitial configurations. Additional advantageous prop-
erties of the B-centre include photostable emission from cryogenic to room temperatures, a
highly polarised in-plane emission dipole, a high Debye–Waller factor, and coherent pho-
ton emission [118, 121, 122]. The B-centre shows a radiative lifetime of approximately 2 ns
and appears to lack metastable or charge-fluctuating states [123]. However, considering
the system’s high-energy emission (2.72 eV, corresponding to 436 nm) it imposes significant
challenges for photonic integration, as dimensions of the optical cavities must be small to
efficiently couple to modes at this wavelength [124]. Despite this, the B-centre remains an
attractive emitter platform due to its robustness, ease of deterministic creation, and abil-
ity to produce coherent, polarised single photons, which are promising for applications in
quantum information and quantum photonic architectures.

The VB− colour centre is currently the only hBN quantum emitter with a well estab-
lished atomic structure. It consists of a missing boron atom (boron vacancy) combined with
an additional electron to form a negatively charged luminescent state [125, 126]. This crystal
configuration makes generation of VB− trivial, as ion irradiation deterministically produces
VB− centres in virtually any exfoliated hBN flake [127]. The emission wavelength of VB−

lies in the NIR range. However, a significant drawback is its strong phonon coupling to
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the hBN lattice, resulting in an extremely dim ZPL emission. To date, a single isolated VB−

quantum emitter has not been optically resolved. As a result, its emission spectrum remains
broad at both ambient and cryogenic conditions [126]. Nevertheless, VB− centres offer a
major advantage in possessing a spin-triplet (S = 1) ground state and a metastable energy
level, enabling optically detected magnetic resonance (ODMR). These properties allow PL
measurements alongside microwave control, making the VB− centre an atomic-scale, room-
temperature quantum sensor of temperature [30], pressure [30], and strain [128]. Recently,
integrating hBN VB− with vdW heterostructures extended sensing capabilities to detection
of electric and magnetic fields, and current flow within graphene channels [29, 129].

The third group is referred to as the visible–NIR emitters. As the name suggests, it en-
compasses a broad range of luminescent defects with ZPLs spanning between 400 nm and
850 nm. These centres have attracted significant interest due to their robustness, favourable
emission wavelengths, short radiative lifetimes (∼2 ns), highly polarised in-plane emission
dipoles, high photon purity and brightness, and narrow linewidths even at room temper-
ature [90, 93, 107, 130–132]. Many of these emitters can be activated through a variety of
methods, including high-temperature annealing [131], ion irradiation [133], strain activa-
tion [134], or physical damage [135, 136], making them experimentally accessible. However,
despite their practical advantages, the atomic structures responsible for most visible–NIR
emission lines remain unidentified [107, 137–139]. Consequently, current generation meth-
ods lack deterministic control over emitter position, ZPL wavelength, and linewidth. In
addition, visible–NIR emitters commonly exhibit spectral diffusion, charge-state instability,
strong electric field sensitivity, and blinking behaviour, particularly under high excitation
powers [99–101]. Although considerable progress has been made in stabilising certain emit-
ters [140], the lack of atomic-level control still limits their reproducibility and integration
into scalable quantum photonic architectures. Nevertheless, considering their excellent op-
tical properties, and more recently, the observation of room temperature spin with long
coherence times [141] in some visible–NIR centres, this group of emitters remains of high
interest within the community. Thus, further investigation into their origin, properties, and
deterministic generation is highly sought after.

2.4.2.2 | Optoelectronic Device Integration

Given the vdW nature of hBN, early efforts naturally focused on integrating quantum emit-
ters into heterostructure devices to enable electrical control. Initial demonstrations primar-
ily looked at the Stark effect to tune the ZPL energies of visible–NIR emitters. Depending
on the defect configuration and local symmetry, linear, quadratic, or V-shaped Stark shifts
were observed [142], reflecting the diversity of defect structures in hBN. For detailed de-
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scription and mathematical interpretation of Stark effect see Appendix A.1. Further stud-
ies reported very large ZPL shifts of several nanometres that remained resolvable even at
room temperature [143]. Yet again, this was only a case by case, depending on emitter.
However, since the B-centre corresponds to a single defect configuration, Stark tuning pro-
vides a powerful probe of its atomic structure, an approach explored in detail in Chapter 4.
Intriguingly, beyond dynamic wavelength control, vdW device architectures also offer a
route towards stabilising emission linewidth by suppressing local charge noise, enabling
near lifetime-limited emission, as recently demonstrated for visible hBN emitters in verti-
cal graphene–hBN–graphene stacks [140]. These show great potential in further research of
hBN emitter integration into electrical devices.

Beyond ZPL tuning, vdW heterostructure integration was also used to improve bright-
ness and stability limitations of visible–NIR hBN emitters. Electrical gating and Fermi-level
alignment were shown to enhance PL through charge-state control (see Figure 2.4a,b) [144,
146, 147], while in some cases emitter brightening was correlated with current flow [148],
suggesting alternative modulation pathways and leading to more research avenues. Most
device geometries employed graphite or graphene electrodes encapsulating hBN and gating
through silica substrate, although comparable Stark shifts and emission enhancements were
also observed using electrolyte gating [149]. Despite these advances, room-temperature
electrical control of emitter brightness and the controlled emergence of multiple ZPL tran-
sitions from a single emitter remain largely unexplored. Such capabilities would be par-
ticularly attractive for wavelength-multiplexed quantum light sources and are partially ad-
dressed in Chapter 6. Recent progress in graphene nanofabrication, including atomic force
microscopy (AFM) etching [150], further enables the creation of multiple independently ad-
dressable electrode gaps within a single heterostructure, allowing site-specific emitter gener-
ation across several locations in one device, a concept also explored in this thesis (Chapter 6).

Despite the rapid progress in electrical control and PL enhancement, EL from hBN quan-
tum emitters remained largely unachievable for several years following their discovery in
2016 [115]. This stems from the lack of dopants in hBN to create p-n or p-i-n junctions for
efficient charge injection. Instead, charge injection mechanism must rely on quantum tun-
nelling effects, bringing fabrication challenges, and necessitating high-quality heterostruc-
tures that are capable of sustaining large electric fields and current densities without degra-
dation. Furthermore, their operation had to be reliable enough to operate for hours to con-
duct measurements on quantum emitters, which given the young timeline of vdW materi-
als research, is still a highly active research area. While electrical excitation of hBN band-
edge states [151] and UV defects [152] was demonstrated in graphene–hBN–graphene de-
vices. Visible EL was recently shown in highly carbon-doped hBN (representative spectra
are shown in Figure 2.4c) [145], but it was limited to cryogenic operation and was of non-
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Figure 2.4: Literature examples for electrical control of hBN quantum emitters and electri-
cal excitation of visible ensembles of hBN emitters. (a) Illustration of a graphene-hBN gated
devices for charge state manipulation of hBN quantum emitters. (b) Cryogenic PL spectra of hBN
quantum emitter found in the device presented in (a) and showing bias dependent emission bright-
ness. Inset shows antibunching of the studied emitter. Reproduced from reference [144]. (c) Cryo-
genic EL spectra of ensembles found in carbon doped hBN flakes. Reproduced from reference [145].

localised non-quantum nature, originating from large ensembles of defects. Chapter 5 of this
thesis addresses this gap by demonstrating narrowband electrically driven emission cover-
ing the whole visible–NIR spectrum from hBN quantum emitters using vdW heterostruc-
tures. The chapter confirms quantum origin through antibunching in second-order corre-
lation measurements. Additionally, fabricated devices operate at room temperature and
still exhibit narrowband emission. Chapter 6 then further investigates robustness of these
systems, demonstrating stable electrical excitation over prolonged operation times up to
36 hours, and explores electrical generation and control of emitters under high- and low-
field conditions.
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3

Materials & Methods

The purpose of this chapter is to provide detailed information on the fabrication and optical
characterisations of electrical vdW devices. It will describe in detail the materials used, ex-
foliation and transfer techniques for stacking 2D layers, lithography and metal depositions,
and confocal microscopy.

3.1 | Materials
The quality of materials used in vdW heterostructure fabrication plays a central role in deter-
mining the performance and stability of the resulting quantum optoelectronic devices. This
section outlines the specific sources and properties of hBN and graphite crystals employed
throughout this work.

3.1.1 | hBN and Graphitic Materials
High-quality hBN crystals used in this thesis were provided by the National Institute for
Materials Science (NIMS), synthesised using high-pressure high-temperature growth meth-
ods. This process produces hBN with exceptional crystallinity, large lateral dimensions, and
low impurity concentration [108]. These characteristics make NIMS-grown hBN ideal for
fabricating vdW heterostructures, where hBN serves as a dielectric layer that both insulates
underlying materials from substrate-induced charge noise and provides environmental iso-
lation [106]. However, the high material quality also means that pristine NIMS hBN typi-
cally lacks native optically active quantum emitters. To address this, additional treatments
are applied. Prior to exfoliation, high-temperature carbon doping can be carried out at NIMS
to introduce luminescent centres [153]. Additionally, exfoliated flakes can be annealed under
specific gaseous environments to activate emitters within the flake [131]. Alternatively, com-
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mercially available lower-grade hBN (HQ Graphene) is more likely to host native emitters
after in-house annealing and are thus more suitable when quantum emission is the primary
objective.

Graphite crystals were sourced commercially (HQ Graphene). These high quality nat-
ural graphite crystals were used for exfoliation of monolayer and multilayer flakes that
served as conductive channels, tunnel contacts, or local gates in vdW heterostructure de-
vices. Throughout this thesis, the term graphene refers to exfoliated flakes of monolayer
graphene, while thicker flakes (few nanometres) are referred to as multilayer graphene.

3.2 | Experimental Methods
Detailed fabrication steps, transfer procedures, and characterisation results are provided
in the subsequent sections. General methods used for the integration of hBN single pho-
ton emitters into vdW heterostructures are discussed. In particular, exfoliation of hBN and
graphene flakes, aligned transfer techniques for stacking, optical and electron beam lithogra-
phies, and metal deposition.

Characterisation of the fabricated devices was carried out both electrically through current-
voltage measurements, and optically via confocal microscopy to probe the quantum emit-
ters.

3.2.1 | Exfoliation
Mechanical exfoliation has become a widely adopted method for producing high-quality
2D materials. Original exfoliation conducted by K. Novoselov and A. Geim involved direct
scotch tape exfoliation of small mesas of graphite [154]. Since then, the general approach
method has remained.

Bulk crystals of material are first placed on a scotch tape. The crystal is then thinned
down by exfoliating it onto several other scotch tapes. From that, when a thinned-down
crystal of a vdW material is pressed on the substrate, it experiences adhesion to both the
tape and the substrate. During peel-off process of the tape, adhesion between bottom flake
layers and the substrate holds the flake down while adhesion of the tape sticks to the top
layer of the flake. Upon exfoliation, the flake cleaves between its layers, thus separating the
flake into two pieces, with bottom layers staying on the substrate and top layers remaining
on the tape (Figure 3.1). As shown, exfoliation produces high-quality atomically clean vdW
flakes since crystals are cleaved along the basal plane.

Challenges associated with mechanical exfoliation include the lack of control over the
shape, size, and thickness of the resulting flakes, as well as their random distribution across
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Figure 3.1: Schematic illustration of exfoliation principle. Top layer of a vdW flake is peeling
off with the tape, while bottom layers are left on the substrate. Reproduced from reference [155].

the substrate. Since it is impossible to predict at which layer a crystal will cleave, achiev-
ing uniform or reproducible flake thickness is inherently difficult. This renders exfoliation a
non-scalable technique, although recently there has been progress in automating this process
with machine learning and robotics [156]. While commonly used 3M Scotch tape provides
sufficient tackiness to isolate flakes with atomically clean interfaces, it often leaves adhesive
residues around the exfoliated regions, necessitating additional cleaning steps. Addition-
ally, due to differences in interlayer bonding strengths among various vdW materials, exact
exfoliation techniques must be tailored to each material individually.

For exfoliating larger-area flakes, it is necessary to start with a large-area single crystal
that is placed on a master tape and thinned using additional tapes. Due to uneven adhesion
across the surface, crystals tends to fracture into smaller pieces during each thinning step.
Therefore, exfoliated thin flakes of any material are generally laterally smaller. Thus, using
larger crystals increases the likelihood of exfoliating thin flakes with larger lateral dimen-
sions.

Exfoliation of hBN typically involves placing few crystals on master tape, compared to
graphene, where a significantly larger crystal can be used by itself. Master tapes that contain
the original crystal are typically duplicated several times and thinned down. For hBN, tape
with a dense area of shiny crystals is desired. For graphene, large transparent crystals on the
tape are ideal. To aid exfoliation yield, surface of target substrate can be made more reactive,
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thus increasing its adhesion with exfoliated flakes. Common methods include pre-treating
the substrates in plasma or UV-ozone environments, or annealing at 150-200 ◦C. The for-
mer approach is commonly used, since exfoliation yield is still high, while flake adhesion to
substrates is weak enough for subsequent flake pickup used in device fabrication. Post ex-
foliation, majority of polymer residue from tape can be removed using hydrogen annealing
via the hydrogenation process [157].

Figure 3.2: Optical microscope image of exfoliated hBN, graphene and graphite flakes. (a)
hBN flake of typical uniform thickness, suitable as quantum emitter host. (b) Thin hBN flake of
typical thickness used as a capping layer in heterostructures. (c) Multilayer graphene flake showing
monolayer (1L), bilayer (2L), and trilayer (3L) regions. (d) Graphite flake used as a conducting layer
or contact material in device fabrication.
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Thickness of exfoliated flakes is typically identified via optical contrast using a white-
light microscope. hBN exhibits a characteristic colour pattern due to thin-film interfer-
ence, allowing for an approximate thickness estimation with nanometre-scale precision.
Graphene appears nearly transparent in the monolayer and few-layer regimes, while thin
graphite flakes (several nanometres thick) tend to display a consistent purple hue. Exact
thickness can be confirmed using Raman measurement and atomic force microscopy. Fig-
ure 3.2 shows representative hBN and graphene flakes used in device fabrication. The hBN
layer hosting quantum emitters typically ranges from 10 to 60 nm in thickness. Top and bot-
tom flakes of hBN used as protective buffers for devices, also referred to as capping hBN,
and are usually around 10 nm. They provide sufficient insulation from substrate doping
and environmental effects, and serve as a flat smooth substrate instead of silica to avoid
dangling bonds. Monolayer, bilayer, and trilayer graphene flakes offer excellent tunability,
while few nanometre thick graphite exhibits high conductivity. By combining these, vdW
quantum devices of almost unlimited configurations can be fabricated.

3.2.2 | hBN Emitter Generation

Generation of the three groups of hBN emitters explores different approaches, as discussed
earlier in Chapter 2, however, initial flake preparations follow the same procedure. To begin,
hBN flakes are mechanically exfoliated onto SiO2/Si substrates with 285 nm oxide layers.
The samples are then cleaned from residue following aforementioned annealing procedures.
A consecutive cleaning step of 2-3 hours UV/ozone treatment removes any leftover carbon
contamination. After this, the process depends on the group of emitters that will be gener-
ated. Given that the next chapter discusses optoelectronic devices for addressing B-centres,
while the following two chapters explore novel methods of generation hBN emitters via
electrical fields, B-centre generation method is briefly discussed here.

The flakes are annealed once more, this time for 1 hour at 1000 ◦C in a quartz tube
furnace in the N2 atmosphere set to a flow rate of 50 sccm and ramp heating rate of 120
◦C/min. The cool down to room temperature process is 3 hours. Flakes of desired thickness
are then screened via cathodoluminescence to find the characteristic UV triplet emission
that is indicative of hosting B-centres upon electron beam irradiation [119]. Finally, after
spot mode irradiation to generate arrays of B-centres and prior to device fabrication, flakes
are treated to 1 hour UV/ozone once more.
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3.2.3 | Align Transfer

Aligned transfer is a laboratory technique specifically developed for working with vdW ma-
terials. It enables deterministic pick-up and placement of flakes exfoliated onto new target
locations. The setup has optical imaging, similar to standard microscope, but incorporates
an additional three-axis arm designed to hold a polymer stamp used for lifting flakes from
their original substrates. The transparent nature of the polymer, combined with a cutout in
the arm aligned with the microscope’s optical axis, allows clear visualisation through the
stamp. This makes it possible to align the polymer precisely with a target flake. After pick-
ing up the top flake, the operator can then see through it to align and pick up next flake, and
so on, thus enabling construction of vdW heterostructures layer by layer. This method of-
fers micrometer precision in the placement of individual flakes and allows for deterministic
stacking of materials such as graphene and hBN with control over relative orientation and
lateral alignment, both of which are critical for emitter placement and junction geometry.

The transfer process is performed using a custom-built align transfer setup, shown in
Figure 3.3. A combination of lenses and a beamsplitter directs light from a white-light source
to the sample plane. Multiple objectives can be used, depending on the required field of
view and magnification. The sample rests on a micro-positioning rotating stage, with its
vertical height controlled by a high-precision motorised z-stage (0.0001 mm resolution). An
X-Y-Z micromanipulator is used to hold the arm that carries the polymer. The transpar-
ent polymer film, typically polyvinyl alcohol (PVA) or polypropylene carbonate (PPC), is
drop-cast onto a dome-shaped polydimethylsiloxane (PDMS) stamp (a few millimetres in
diameter and ∼1 mm in height) attached to a glass slide. This viscoelastic stamp is then
used to pick up and sequentially stack exfoliated flakes.

For heterostructure assembly, a capping hBN layer is usually picked up first, as it not
only protects the stack from environmental exposure but also adheres strongly to other lay-
ered materials via vdW forces [105], facilitating the subsequent pick-up of graphene, which
otherwise does not adhere well to polymers. Flakes are aligned and brought into contact
with the polymer at 40–60 ◦C. Once the full stack is assembled, it is released onto the target
substrate by melting the polymer at elevated temperatures (110–125 ◦C).

To achieve clean and smooth interfaces between vdW flakes, the polymer stamp should
be brought into contact gently, from a single edge and at a steep angle. This improves layer
uniformity, minimises the chances of trapping air bubbles, and reduces interfacial strain.
Precision over the approach angle can be achieved by incorporating additional two-axis
tilt control of the stamp arm. By ensuring atomically flat contacts, quantum tunnelling is
more uniform and quantum emitters within the stack experience consistent vertical cou-
pling across the heterostructure. For increased reproducibility and minimised contamina-
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Figure 3.3: Annotated image of an align transfer setup. Key components include a sample
mounted on a three-axis stage, which is imaged using a camera through an optically aligned white-
light illumination path and displayed on a desktop monitor. A temperature controller sets and moni-
tors the sample stage temperature. A second three-axis stage is used to position and align the polymer
arm for deterministic pickup and placement of vdW flakes.

tion, entire transfer process could be carried out in a cleanroom environment. Particularly,
air-sensitive materials may require a nitrogen glovebox.

3.2.4 | Lithography
Lithography was used to define metal contacts used for electrical connections to stacked het-
erostructures. Depending on purpose and resolution, two lithographic techniques were em-
ployed: standard UV photolithography for large-area patterning and electron beam lithog-
raphy (EBL) for precise alignment to smaller features with sub-micrometre accuracy. Each
method involves the same fundamental steps: coating substrate with a photosensitive re-
sist, exposing selected regions to a radiation source, and developing the exposed areas in a
chemical solution to define the desired pattern.
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In UV photolithography, the substrate is coated with a positive-tone photoresist (AZ1518)
that becomes soluble in developer upon UV exposure. UV light illuminates the sample from
above, through the mask that contains electrode pattern. In the exposed regions, incident
radiation induces a photochemical reaction that changes the molecular structure of resist, in-
creasing its solubility in developer solution. Since this method relies on optical shadowing,
the achievable resolution is limited by light diffraction and mask alignment accuracy, with a
typical UV lithography resolution limit of 1 µm. After exposure, the sample is developed in
AZ MIF 726 that selectively removes the exposed regions in the shape of the intended pat-
tern. This technique is well suited for defining alignment markers, contact pads, and other
features with dimensions in the micrometer range. Additionally, vdW flakes remain visible
beneath the resist prior to exposure, allowing the exposed area to be aligned directly to a
specific region of a flake or heterostructure stack.

For instances where a custom or high-precision pattern is required, EBL approach can
be used. EBL is performed inside a scanning electron microscope (SEM), where a tightly fo-
cused electron beam is scanned over the sample surface, allowing for high-resolution imag-
ing by detecting backscattered or secondary electrons. The same beam can be repurposed
for lithography by selectively exposing a resist-coated sample. Unlike UV lithography, EBL
does not require a physical mask; instead, patterns are digitally defined and written by con-
trolling the beam deflection. A beam blanker is used to rapidly switch the beam on and
off within each write field, enabling selective exposure of arbitrary shapes with nanometre
precision. Commonly used resist is a positive-tone polymethyl methacrylate (PMMA) A5,
which becomes more soluble in developer after electron exposure due to chain scission of
its polymer backbone. Similar to UV lithography, the resist can be spin-coated over the het-
erostructure, however, the non-conductive nature of polymers prevents direct imaging of
flakes in SEM. This necessitates the use of pre-fabricated metal alignment markers beneath
the resist to perform accurate EBL on vdW flakes. Despite this constraint, high resolution
and patterning flexibility of EBL make it ideal for defining small features over heterostruc-
tures or in confined geometries where conventional UV lithography is insufficient.

3.2.5 | Metal Deposition
Metal deposition onto lithographically patterned heterostructures was carried out using
thermal evaporation. In this technique, both sample and deposition metal are loaded into a
high-vacuum chamber, with the sample mounted face-down on a rotating stage at the top
of the chamber, while the target metal is placed at the bottom in a resistive boat (typically
made of tungsten). Bias is applied on the tungsten boat, thus flowing current which heats
up the boat due to its high resistivity. At sufficiently high current levels, the boat reaches
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temperatures sufficient to melt and evaporate the metal. Vaporised atoms travel upwards
and condense onto the cooler surface of the sample, forming a uniform thin film. This pro-
cess allows for smooth, low-energy deposition that minimises thermal damage to sensitive
materials such as monolayer graphene, which can degrade or oxidise under elevated tem-
peratures [158–160]. As a result, thermal evaporation is a preferred technique for metal
deposition onto vdW materials.

Standard procedure involves deposition of a thin sticking chromium layer first, which
has higher adhesion to silica compared to gold. A gold layer is then deposited on top to
form low-resistance electrical contacts that remain stable under ambient conditions. Typical
metal thicknesses are 5–10 nm for the adhesion layer and 40–90 nm for the gold layer. Prior
to deposition, bare silica substrates are cleaned using a brief oxygen plasma treatment to
remove resist residues and improve metal adhesion. The metal is evaporated using a ther-
mal evaporator system operating at a base pressure below 1 × 10−7 mbar. After deposition,
samples are immersed in acetone at 50 ◦C for eight hours for lift-off, dissolving the resist and
removing unwanted metal on top of it. Acetone is cleaned with a gentle isopropanol rinse
to assist the lift-off process without damaging the underlying flakes. Fabricated devices are
then inspected under an optical microscope.

3.2.6 | Confocal Microscopy
Optical characteristics of hBN quantum emitters can be probed using PL spectroscopy, em-
ploying a standard widefield PL microscope. These systems consist of two optical paths,
laser excitation and emission collection, aligned through a single microscope objective. A
beamsplitter or dichroic mirror is used to separate the two paths, acting as a filter that re-
flects the excitation laser while transmitting the longer-wavelength emitted light. PL pho-
tons are directed to detectors such as spectrometers or high-sensitivity cameras. Typical
objectives in such setups have moderate numerical apertures (e.g., NA = 0.6), allowing
widefield imaging of the sample surface. However, this also results in the collection of
fluorescence from a larger spatial area and out-of-focus regions. Since quantum emitters
are atomic-scale, diffraction-limited photon sources, proper characterisation of individual
emitters requires a confocal microscopy setup.

The term confocal refers to the configuration in which the focal plane of the excitation
beam at the sample is optically conjugate to the focal plane of the detector in the collection
path. Additionally, a confocal system achieves optical sectioning and improved resolution
by placing a spatial pinhole in the image plane before the detector. This pinhole transmits
only light originating from the focal volume, while rejecting out-of-focus background. Op-
timal pinhole diameter corresponds to one Airy unit, derived from the point spread func-
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tion (PSF) of a microscope, and is defined by the size of the diffraction limited spot produced
by the objective lens. The Airy disk diameter is given by:

dAiry = 1.22 · λ

NA
(3.1)

where λ is emission wavelength and NA is numerical aperture of the objective. High-NA
objectives (typically NA ≥ 0.9) are used to minimise the Airy disk size, thereby maximis-
ing resolution, enhancing photon collection efficiency, and improving signal-to-background
ratio, which are key factors in resolving and analysing single quantum emitters.

Since a confocal microscope uses two effective lenses, an objective for excitation and
a collection lens before the pinhole, their magnification must be taken into account when
evaluating microscope confocality. Because the Airy disk is formed at the sample plane
while the pinhole is placed at the conjugate image plane, its projected size must be scaled
by the system magnification, such that the projected Airy disk diameter becomes:

dproj = 1.22 · λ

NA
· ( flens

fobj
) (3.2)

To ensure optimal confocality, the physical pinhole placed at the image plane should closely
match this projected Airy disk diameter. A pinhole that is too large allows more out-of-focus
light, while one that is too small reduces signal throughput.

In fibre-based confocal systems, where PL collection light is coupled into a fibre, the
pinhole is effectively replaced by either the core or the mode field diameter (MFD) of the
collection fibre. For a multimode fibre, the core diameter determines the effective pinhole
size, and Equation 3.2 still applies. In the case of a single-mode fibre, the MFD defines the
effective pinhole. Confocality is then evaluated by comparing the MFD to the projected Airy
disk size:

Con f ocality =
MFD
dproj

(3.3)

For single mode fibres, MFD is typically well-matched to the projected Airy disk, giving a
confocality close to 1, which provides optimal spatial filtering. Multimode fibres, by con-
trast, have larger cores, leading to higher confocality values (e.g., 2–3), which increases sig-
nal collection at the cost of reduced background rejection. The choice between single-mode
and multimode collection depends on the measurement type, signal strength, and noise tol-
erance.

Confocal microscopy becomes substantially more powerful with the addition of sample
scanning capability. Having the excitation and collection spots focused to near the diffrac-
tion limit means that raster-scanning this small spot across the sample allows the construc-
tion of spatial emission maps capable of resolving multiple emitting systems across a large
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area. There are two methods for achieving this. The first relies on a high-precision piezo-
electric nanopositioner stage that physically moves the sample in front of the objective in
the X-Y plane with nanometre resolution. This approach, while precise, is relatively slow
and may exhibit hysteresis or drift, making it difficult to return to the exact same position
repeatedly. The second method keeps the sample stationary and uses galvanometric or scan-
ning mirrors to optically steer both the excitation and collection beams simultaneously. This
configuration requires a pair of identical lenses positioned in a 4f configuration between the
scanning mirror and the objective. As shown in Figure 3.4, the lenses are spaced such that
the first is one focal length from the scanning mirror, the second is one focal length from
the back focal plane of the objective, and the two lenses are separated by 2f. In this setup,
angular deflections introduced by the scanning mirror are converted into lateral translations
at the sample image plane, enabling distortion-free, diffraction limited scanning across the
field of view. The same principle applies in the collection path, preserving spatial alignment
with the detection pinhole or fibre and maintaining confocality throughout the scan.

Figure 3.4: Schematic illustration of a scanning confocal microscope. Optical paths and com-
ponents of a scanning confocal microscope used to study quantum emitters. Relay system is the 4f
dual lens configuration. Reproduced from reference [90].
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Layout demonstrating the complete excitation and collection optical paths is also shown
in Figure 3.4, along with other key components of the system. The excitation path may in-
clude polarisation control elements, such as waveplates or polarisers, which are useful for
optimising excitation coupling into quantum emitter systems. The collection path typically
incorporates long-pass or band-pass filters to suppress background fluorescence or residual
laser scatter before photons are directed to either fibre-coupled avalanche photodiode de-
tector (APD) or a spectrometer. The former have high sensitivity and fast temporal response
allowing for individual photon detection via generation of a measurable avalanche current
from a single absorption event. APDs are thus commonly used for spatial emission mapping
and second-order correlation experiments.

34



4

Electrical Control of hBN Quantum
Emitters

This chapter investigates the integration of hBN B-centres into vdW-based electrical de-
vice heterostructures to study their response to externally applied electric fields via the
Stark effect. Because hBN is a two-dimensional material, electric fields must be applied
both out-of-plane and in-plane with respect to the defect. Consequently, two device ar-
chitectures were fabricated, each designed to provide a field along one of these directions.
photoluminescence excitation (PLE) spectroscopy was employed to resolve the ZPL shifts
of the B-centre under applied electric fields. This work reports extremely low susceptibility
to out-of-plane fields, while in-plane fields produced a well-defined quadratic Stark shift.

Results presented in this chapter were published in Physical Review Applied titled “Stark
Effect of Blue Quantum Emitters in Hexagonal Boron Nitride” [161] and provide an insight into
the structure of the B-centre as well as serve as a guideline for dynamic ZPL tuning for
coupling B-centre to optical cavities or other emitters.

4.1 | Context
Quantum emitters in hBN are recognised for their brightness and robustness with regard to
high temperature and harsh environments [90, 135, 162–166]. Most recently, optical access
to spin properties for some of these defects was demonstrated at room temperature [9, 125,
167–169]. Moreover, the vdW structure of the host crystals provides compelling opportuni-
ties for the development of quantum technologies based on quantum emitters in hBN [170,
171]. However, broad adoption of hBN quantum emitters in integrated quantum photonics
has been limited by inhomogeneous broadening of the emission lines.
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The dominant cause of inhomogeneous broadening is fluctuating electric fields result-
ing from charge transitions in the vicinity of quantum emitters. The fields interact with the
electric dipoles of the defects and give rise to spectral diffusion. The effect has been stud-
ied extensively in various solid state systems, such as NV centres in diamond [172], point
defects in silicon carbide, and rare earth doped crystals [173]. In the case of hBN, this in-
teraction is very strong for some emitters, and has been used to realise massive Stark shifts
through the use of applied electric fields [142, 143, 174]. As a result, defects with inver-
sion symmetry have been explicitly excluded during theory calculations when searching for
possible candidates of quantum emitters in hBN.

To this end, some work has focused on eliminating spectral diffusion by surface passi-
vation and by optical repumping [175, 176]. A lifetime limited linewidth was achieved for a
defect in hBN by charge manipulation or depletion using heterostructure devices [140]. An
alternative approach to overcome spectral diffusion is to identify point defects with small
or ideally zero permanent electric dipole moments, such as the SiV centre in silicon carbide
or centrosymmetric defects such as group IV defects in diamond [177, 178]. The absence of
a permanent electric dipole moment in these defects results in reduced sensitivity to electric
fields and small inhomogeneous linewidth broadening.

Recently, the B-centre in hBN was identified as being spectrally stable with a narrow
emission centred at 436 nm [118, 179]. These defects can be created deterministically using
electron beam irradiation and have been associated with the presence of UV emission at
4.1 eV [119]. Interestingly, the B-centres exhibit stable single photon emission at cryogenic
temperatures with spectral diffusion that is negligible compared with that of other quantum
emitters studied to date in hBN [121]. Sub-gigahertz linewidths have been measured in
this group of quantum emitters in the absence of applied electric fields or post processing
treatments.

This work investigates the Stark shift of B-centre quantum emitters in hBN. Coherent
excitation to measure the Stark shift upon applying in-plane and out-of-plane electric fields
is used to characterise the electric dipole interaction for B-centres. Building on these results,
a discussion on implications for defect symmetry and density functional theory are used to
identify the likely defect structure. These results constitute an important step toward iden-
tifying spectrally stable quantum emitters in hBN and are particularly valuable for creating
site specific quantum emitters that are resonant with optical cavities or with other quantum
emitters.
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4.2 | Results
B-centres are created by exposing mechanically exfoliated hBN flakes to a focused electron
beam using a commercial scanning electron microscope. Single B-centres are identified us-
ing an autocorrelation measurement as shown in Figure 4.1b. While the emission energy of
single photon emitters in hBN spans a broad spectral range, from the UV region to the NIR
region, the ZPL of B-centres is centred consistently at 436 nm as in Figure 4.1c, varying by
less than 1 nm [118, 121]. To measure the linewidth of these emitters, the sample is cooled
to 5 K. By scanning the ZPL with a narrow continuous-wave laser, the full width at half
maximum (FWHM) of this particular B-centre is found to be 1.91 GHz. In this resonant PLE
measurement, the wavelength of a narrow excitation laser is tuned across the ZPL transition
while recording the phonon sideband emission intensity. As the laser becomes resonant with
the optical transition, an increase in PL signal is observed, producing a resonance peak as a
function of excitation frequency. The linewidth is extracted by fitting this resonance profile,
with repeated scans averaged to account for spectral diffusion and temporal fluctuations of
the emitter. The resonant PLE scan shown in Figure 4.1d is the average of ten individual
scans over the ZPL to account for temporal fluctuations of the emission. The best peak fit is
Gaussian, indicative of inhomogeneous broadening caused by spectral diffusion.

Note that the range of spectral diffusion observed in PLE measurements differs between
emitters, but is insufficient to be observed in PL spectra acquired with a spectral resolution
of 130 GHz. This degree of inhomogeneous broadening is small compared with that of other
emitters studied previously in hBN, indicating an inherent insensitivity of the B-centres to
environmental effects such as electric field fluctuations in the hBN lattice.

To characterise the interaction of B-centres with an external electric field, Stark shift of
the B-centre ZPL was measured. A detailed description of physical and mathematical in-
terpretation of the Stark effect is provided in appendix A.1. Here, the Stark shift ∆E has
a first order dependence on the electric field F characterised by ∆µperm, the difference in
permanent dipole moments between the ground and excited states, and a second order de-
pendence characterised by ∆α, the difference between the polarisabilities of the ground and
excited states. This relation has the form [178, 180]

∆E = −∆µpermF − 1
2

∆αF2 (4.1)

Here, higher order Stark shifts related to hyperpolarisabilities are not considered as their
contribution is negligible. A nonlinear electric field dependence is observed when the linear
term vanishes, either due to the vanishing permanent dipole moment in both the ground
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Figure 4.1: Characteristic B-centre quantum emission. (a) Schematic illustration of hBN crystal
lattice with an emitter. (b) Room temperature autocorrelation measurement of a single B-centre in
hBN emitting photons at 436 nm wavelength. The solid line is a fit to the data. (c) Cryogenic PL
spectrum of the same B-centre. (d) Resonant excitation of the B-centre, with a Gaussian fit yielding
a linewidth of 1.91 GHz.

state and the excited state or due to the perfect cancellation of the permanent dipoles of the
ground and excited states. The latter is less frequent and appears only in special cases [181].

Two devices were engineered to apply in-plane and out-of-plane fields to B-centres.
First, vertical device (which produces an out-of-plane electric field) was fabricated by trans-
ferring a 36 nm hBN flake containing B-centres over gold electrodes, as shown in Figrue 4.2a.
An optical image of the fabricated vertical device is shown in Figure 4.2b. The hBN flake
containing B-centres is highlighted with a blue line around its periphery. As a top contact,
multilayer graphene (MLG) was used because of its semitransparency, although a capping
hBN layer was also introduced on top to protect MLG from oxidation. The MLG and cap-
ping hBN layers are indicated by black and yellow lines, respectively. The device was loaded
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into a cryostat, and the measured leakage current was limited to a few tens of nanoamperes
at biases from -15 V to 15 V applied to the electrodes as shown in Figure 4.2c.

The emission polarisation of the candidate B-centre is measured to determine that the
emission dipole is aligned in-plane, and hence that the vertical structure was applying an
electric field perpendicular to the transition dipole. The inset in Figure 4.2d shows a strong
linear polarisation visibility of 0.83, indicating the transition dipole is predominantly in-
plane.

When applying the out-of-plane electric field to the emitter, a small linear Stark shift as
observed is shown in Figure 4.2d. Strength of the externally applied field Fmac = Vg/d does
not directly correspond to the microscopic field experienced by the defect due to dielectric
screening and local polarisation effects within the hBN lattice. To account for this, the local
electric field at the emitter site is estimated using the Lorentz local field approximation [142]:

F = (ϵhBN + 2)
Vg

3d
(4.2)

where ϵhBN = 3.76 is the out-of-plane dielectric constant [182], Vg is the applied potential
field, and d = 36 nm is the electrode gap, equal to the thickness of the hBN flake containing
the B-centre. A relatively large electric field is required to produce the observed ZPL shift.
A linear fit yields a sensitivity of 0.01 GHz per MV.m−1, or 2 mD, indicating that the per-
manent dipole moment between ground and excited states is either very small or oriented
predominantly within the plane of the hBN lattice, and hence perpendicular to the electric
field. Similarly, the lack of an obvious quadratic dependence suggests that the system has
a low transition polarisability in the out-of-plane direction. The emission linewidth is ap-
proximately constant (Figure 4.2e), and does not change systematically with applied electric
field, confirming that heating caused by the leakage current is negligible. Note that for this
particular B-centre, emission intensity gradually decreases with increasing negative bias,
until PLE emission is no longer observable, which occurs below -200 MV.m−1. Similar be-
haviour has been observed in other quantum emitters in hBN and was attributed to charge
transfer caused by tuning of the Fermi level [144, 146].

Next, lateral device was fabricated for application of in-plane electric fields, as shown
in Figure 4.3a and Figure 4.3b. hBN flake with thickness of approximately 100 nm is trans-
ferred onto an interdigitated gold electrode pattern. The local electric field is assumed to be
predominantly in the plane for emitters positioned equidistant between two neighbouring
electrodes, so the field strength at the emitter is taken to be equal to the maximum field
strength given by the electrode geometry. As with the vertical device, here the local applied
electric field is approximated by Equation 4.2, although it is now appropriate to use the in
plane dielectric constant ϵhBN = 6.93 [182], while d = 2 µm is given by the separation of the
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Figure 4.2: Vertical structure for investigation of the out-of-plane Stark effect. (a) Schematic
of the structure with hBN between the bottom gold electrode and a top MLG electrode. (b) Microscope
image of the vertical device. Scale bar 20 µm. Coloured outlines show the edges of each layer. (c)
Current-voltage characteristic measured at 5 K. (d) Emission polarisation of the examined emitter,
with a polarisation visibility of 0.83. (e) PLE linewidth under applied electric field and shift of ZPL
where a linear fit yields a gradient of 0.01 GHz per MV.m−1.
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electrodes. Figure 4.3b shows an optical image of the hBN flake overlaying the gold elec-
trodes. The hBN flake is then irradiated by an electron beam to generate B-centres in the gap
between the electrodes. PL characterisation of the emitter is performed after confirming that
the lateral device does not show any detectable leakage current, as shown in Figure 4.3c.

In contrast to out-of-plane electric field, the lateral device produces a clear quadratic
shift of the emitter ZPL, as shown in Figure 4.3d. The shift magnitude per unit electric field
strength is more than 200 times greater than the corresponding shift in the vertical device
which implemented the in-plane electric field. Measurement of the emission polarisation,
presented in the inset in Figure 4.3d, shows that for this particular emitter, the light is lin-
early polarised at an angle of 18° with respect to the direction of the local applied electric
field. Assuming that the optical transition dipole moment is aligned parallel to the polari-
sation of the emitted light [178], projection of the optical transition can be estimated relative
to the applied electric field. Using Equation 4.1 to fit the ZPL data in Figure 4.3d, obtain
∆µ = 0.10 D for the difference in permanent dipole moments between the ground and ex-
cited states, and ∆α = 1078 Å

3
for the corresponding difference in polarisability along the

local field direction. A positive transition polarisability indicates that the excited state has
greater polarisability than the ground state [180]. These results suggest that the B-centre has
a relatively small permanent transition dipole moment, and a large transition polarisability,
relative to visible emitters studied previously in hBN [142, 143, 174]. No correlation is ob-
served between the applied electric field and the B-centre linewidth or maximum intensity.

In the same lateral structure, a second emitter was found to also display quadratic ZPL
dependence in response to the applied electric field, though smaller in magnitude. Results
for both emitters found in the lateral structure are compared, in Figure 4.4, with two pub-
lished Stark shift values for the change in permanent dipole moment and the change in
polarisabilities of longer wavelength quantum emitters in hBN. Noh et al. [142] reported
values of -0.22 D and 149 Å

3
for the transition dipole moment and the polarisability, respec-

tively. Nikolay et al. [143] obtained values of around 2.1 D and 770 Å
3

for the transition
dipole moment and the polarisability, respectively. The values of ∆µperm obtained in this
study lie between those described in the literature, around the 0 D mark. The polarisabil-
ity values are also comparable in magnitude to those reported in the literature, although a
negative value is obtained for the second emitter, likely due to both strain [178] and the ori-
entation of the applied field [180, 183]. This further suggests that the Stark response of the
B-centre is dominated by the polarisability term, while the contribution from the difference
in permanent dipole moments is comparatively small.

Using these results, geometry and composition of the defect can be proposed. Point
group symmetry determines whether a permanent electric dipole moment can exist. In
particular, the presence of inversion symmetry (as in D3d) enforces a zero permanent dipole
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Figure 4.3: Lateral structure for investigation of in-plane Stark effect. (a) Schematic of a lat-
eral structure with hBN between two gold electrodes. (b) Microscope image of the lateral device. Scale
bar 50 µm. An hBN flake is positioned on top of interdigitated gold electrodes, with gap separations
of 2 µm. (c) Current-voltage characteristic measured at 5 K. Inset: Confocal map scan. (d) Emission
polarisation of the examined emitter, with a polarisation visibility of 0.77. The electric field is closely
aligned with the emission dipole. (e) PLE linewidth and shift of ZPL under applied electric field. A
quadratic with linear component model (Equation 4.1) is used to fit the raw data, yielding ∆µ =

0.10 D and ∆α = 1078 Å3.
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Figure 4.4: Comparison of components of the transition dipole moment for emitters in hBN.
Values at L1 correspond to the first B-centre examined in the lateral device. Values at L2 correspond
to the second emitter in the same device. The other values are taken from Noh et al. [142] and Nikolay
et al. [143].

moment, as any dipole would be reversed under inversion and must therefore vanish. In the
case of D3h symmetry, although inversion symmetry is absent, combination of threefold ro-
tational symmetry and horizontal mirror symmetry constrains the charge distribution such
that any in-plane or out-of-plane dipole components cancel. As a result, defects with D3h

symmetry can also exhibit a vanishing permanent dipole moment.

The absence of a permanent dipole can be a consequence of defect symmetry. Indeed,
group IV vacancy complexes in diamond may possess D3d symmetry, where the inversion
symmetry element of the group ensures a vanishing permanent dipole for these defects. The
nonlinear Stark effect was recently reported for several such complexes in diamond [178].
The D3d point group symmetry of hBN does not contain inversion symmetry. However, the
combination of the threefold rotation symmetry and the in-plane reflection symmetry may
also forbid the presence of a permanent dipole. With the use of symmetry arguments, the
defect that exhibits a nonlinear Stark effect due to the absence of a permanent dipole must
have D3h point group symmetry in both the ground state and the excited state.

The observation of a nonlinear Stark shift helps us to narrow down the possible point
defect configurations that may give rise to the B-centre quantum emission in hBN. The
simplest configurations that have D3h symmetry are in-plane single site defects, such as
antisites, substitutional impurities, and vacancies. Boron and nitrogen vacancies are well
known in the literature [184, 185], but according to the current understanding of these de-
fects, they are not related to the B-centre in hBN. Furthermore, exclude both antisite and
carbon interstitial defects. These defects form strong sp2 hybrid bonding states with the
neighbouring atoms, within the valence band of hBN. The defect states that appear in the
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Figure 4.5: Density functional theory modelling. (a) Schematic representation of the nitrogen
split interstitial defect. (b) Schematic representation of the C2

N defect. (c) The electric field dependence
of the ZPL energy of the nitrogen split interstitial defect as obtained from first principles calculations.

band gap for these defects are related to the pz state of the antisite or the substitutional car-
bon. Because of the lack of other defect states in the band gap, the possible optical transitions
involve excitations from the valence band to the conduction band of the host.

For more complex defects, the symmetry requirements are fairly restrictive. In-plane two
site defects can be ruled out due to the lack of threefold rotation symmetry. Consequently,
the CBCN defect (associated with the 4.1 eV emission) and related defects can also be ruled
out.

Next, consider interstitial defects. The most favourable configuration of the nitrogen
interstitial is a split interstitial configuration [184], where two out-of-plane nitrogen atoms
sit at a nitrogen site, as depicted schematically in Figure 4.5a. The negative charge state of the
defect retains its D3h symmetry in the first optical excited state and possesses no permanent
dipole in the ground and excited states. In Figure 4.5c, the ZPL energy is calculated at
the Perdew-Burke-Ernzerhof level of density functional theory. It depends nonlinearly on
the electric field, which is in qualitative agreement with conducted measurements [186–
188]. Note, however, that the B-centres are generated by electron irradiation of hBN flakes
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characterised by the 4.1 eV emission that is associated with carbon [119]. Therefore, consider
a related atomic structure obtained by replacing the two nitrogen atoms with two carbon
atoms as shown in Figure 4.5b. This configuration is referred to as C2

N . Interestingly, this
configuration adopts D3d symmetry, exhibits similar properties of a nitrogen split interstitial
defect, and can be obtained from CBCN by the addition of a boron interstitial as

CBCN + Bi → C2
N + 2.0 eV. (4.3)

Alternatively, dissociation of the 4.1 eV emitter due to the electron irradiation as pre-
viously suggested [119, 121] may lead to interstitial carbon atoms, which could recombine
with a carbon substitutional defect and form the C2

N complex as

CN + Ci → C2
N + 2.8 eV. (4.4)

The positive energy gain of the reconstruction of the defects ensures the stability of C2
N

in both processes. Furthermore, since interstitial boron and carbon atoms are both mobile at
room temperature [184], the formation of the C2

N defect may happen without any annealing
step and may happen solely due to electron irradiation.

4.3 | Summary
In conclusion, the emission tunability of B-centre quantum emitters in hBN is investigated
through the use of two separate devices used to generate in-plane and out-of-plane electric
fields. The transition energy is influenced by out-of-plane fields, but the magnitude of the
observed linear Stark shift is small relative to the linewidth. In contrast, in-plane electric
fields produce significantly greater ZPL modulation, yielding a clear quadratic Stark shift
response. Using these results, this chapter provides insight into the possible atomic structure
of defects responsible for the reported B-centres in hBN. Results suggest that the electric
field response of the defect is predominantly within the plane of the hBN lattice, which may
lead to decreased sensitivity to local field fluctuations that cause spectral diffusion.
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5

Electrical Excitation of hBN Quantum
Emitters

Advancing fabrication methods from previous chapter, here, multi-slot graphene–hBN de-
vices are engineered specifically to enable application of very high electric fields that pro-
mote quantum tunnelling of both types of charge carriers into hBN layer hosting emitters.
It is shown that upon simultaneous injection of electrons and holes, strong EL is observed
from hBN colour centres. The emission is localised, polarised, is of quantum nature, dis-
plays a spectral profile that closely matches optically excited hBN quantum emitters, and
remains stable even at room temperature.

Results presented in this chapter were published in Nano Letters under the title “Narrow-
band Electroluminescence from Colour Centres in Hexagonal Boron Nitride” [189], representing a
key milestone in hBN emitter research as the first demonstration of non-classical EL from
hBN colour centres and room temperature operation.

5.1 | Context
Colour centres in wide bandgap materials such as diamond or silicon carbide offer a unique
opportunity to realise scalable quantum photonic circuitry [3, 12, 67, 72]. The colour centres,
commonly referred to as “artificial atoms” or defects, can often be engineered on demand
and exhibit narrowband (∼few nm) emission, even at room temperature. In most cases, the
defects possess a ground and an excited state deep within the bandgap of the host crystal,
which prohibits charge carrier thermalisation and hence enables room temperature opera-
tion. Luminescence from the defects is commonly induced by using optical excitation. How-
ever, for many applications, specifically for on-chip quantum devices and scalable quantum
circuitry, electrical excitation of emitters is highly sought after [12, 72, 190, 191].
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Electrical excitation of quantum dots [192, 193], molecules [194, 195], or carbon nan-
otubes [196] has been thoroughly investigated but is limited mostly to cryogenic tempera-
tures. The EL from these systems relies on electron and hole injection using standard p-n or
p-i-n junction geometries. On the other hand, EL from solid state defects in wide bandgap
semiconductors is in its infancy, due to the challenges in efficiently doping these materials
and achieving appropriate charge injection. So far, only a few platforms have been explored
in the context of EL, limited to defects in diamond [197, 198] and silicon carbide [199], while
also relying on p-i-n mechanism. Furthermore, even in these systems, on demand fabri-
cation of optically active defects within a nanoscale vertical or lateral electrical junction
integrated with a photonic resonator has remained elusive. To this end, vdW materials
offer a fascinating opportunity to design a new generation of nanoscale quantum circuitry
with electrically driven light sources [200–202]. hBN – the only wide bandgap vdW crys-
tal – exhibits a unique feature in its ability to host a variety of optically active defects [107,
115]. Preliminary EL studies from hBN have been attempted; however, the emission was
mostly confined to the near band edge (>5.5 eV) at the ultraviolet spectral range [151]. Crit-
ically, these band-to-band or band-to-defect recombination pathways typically result in a
spectrally broad emission, which is not ideal for quantum applications. In this context, EL
from narrowband defects at the visible and near-infrared spectral range would be highly
desired for scalable quantum applications. Furthermore, most existing attempts to generate
EL from hBN defects, were limited to cryogenic temperatures [145], which hinders practical
room temperature operation, often needed for quantum sensing applications.

This chapter addresses this long-standing goal and realises vdW heterostructure devices
that exhibit EL from hBN across the visible and the NIR spectral ranges. Employing vertical
tunnel junctions of graphene-hBN-graphene, efficient electrical excitation of deep defects
in hBN is achieved, with a persistent EL up to room temperature. Remarkably, localised
emission that is fully polarised and stable over hours of operation was observed, making
the emitters suitable for practical applications. The second order correlation measurement
verifies the nature of these defects and confirms their quantised light emission. This work
marks a turning point for the future employment of hBN and vdW heterostructures in on-
chip, integrated quantum technologies [3, 67, 72, 190].

5.2 | Results
Figure 5.1a schematically illustrates device structure in which monolayer graphene, hBN,
and monolayer graphene are vertically stacked to form a tunnel junction. Figure 5.1b shows
an optical microscope image of a representative device. For an emissive layer, hBN crystals

48



Chapter 5. Electrical Excitation of hBN Quantum Emitters 5.2. Results

Figure 5.1: EL device to trigger hBN emitters in a vdW heterostructure. (a) Schematic illus-
tration of the vdW device. An emissive layer of hBN is stacked between the top and bottom graphene
electrodes. (b) Optical microscope image of a heterostructure device. The hBN emissive layer is high-
lighted with a white dashed line. Top (T-Gr) and bottom (B-Gr) graphene electrodes are marked with
black dashed lines. Blue lines indicate top (T-hBN) and bottom hBN (B-hBN).

(white dashed line labelled as emissive layer) with thicknesses over 20 nm were used to
prevent direct tunnelling between graphene electrodes. Black dashed lines indicate top and
bottom graphene electrodes (labelled as T-Gr and B-Gr, respectively). The heterostructure is
encapsulated with additional hBN layers, at the top (T-hBN) and bottom (B-hBN).

To begin, EL from defects at cryogenic temperatures (10 K) was first measured. Ap-
plication of bias voltage resulted in prominent EL from hBN emitters with ZPL transitions
centred at 490 and 801 nm, respectively, as shown in Figure 5.2(a, b). The intensity of the
EL increases with an increased tunnelling current. Importantly, however, both spectra reach
saturation as clearly shown in Figure 5.2c. Unlike traditional excitonic or bandgap emis-
sion from delocalised states, EL from individual defects is expected to saturate, as observed
in the results. For the two different defects shown here, the saturation current varies, from
under 1 to a few µA, depending on the immediate local electrostatic environment. Addition-
ally, EL was measured from colour centres emitting at 4.1 eV, which form large ensembles in
hBN crystals (Figure 5.3). In contrast to the previous saturation behaviour from few isolated
emitters with ZPL at 490 and 801 nm, high-density defect clusters show a linear increase
in EL intensity as a function of injection current. This provides evidence that the intensity
saturation in Figure 5.2c is due to the limited number of defect sites.

To investigate the electrical excitation mechanism, current-voltage (I-V) characteristics of
devices (Figure 5.2d) at a temperature of 10 K were recorded. Due to the ultrawide bandgap
of hBN (∼6 eV), the Fermi level in graphene and band edges of pristine hBN exhibit large
energy barriers which mostly do not allow carrier injection under low electric fields [203]. It
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was found that the devices in this work show a drastic increase of current from an applied
voltage of ∼12.3 V eventually exceeding 1 µA (orange solid line in Figure 5.2d). Concur-
rently, voltage-EL intensity (V-L) characteristics (magenta circles in Figure 5.2d, correspond-
ing to the 490 nm defect shown in Figure 5.2a) show that EL intensity increases exponentially
from a voltage of ∼18 V.

Field emission model can be used to analyse electrical characteristics of the graphene-
hBN-graphene heterostructures as schematically described in Figure 5.2f. The band diagram
uses monolayer graphene electrodes, for which the linear dispersion and bias-dependent
Fermi level shift are appropriate. For the case of high-quality hBN with low impurity den-
sity, previous studies [203, 204] show that the current is dominated by Fowler-Nordheim
tunnelling of holes at the interface of graphene and hBN (blue arrow in Figure 5.2f). The
tunnelling current satisfies the following equation where ln(I/V2) and 1/V hold a charac-
teristic linear relationship [205]:

ln
(

I
V2

)
= ln

(
Aeffq3m

8πhΦBm∗d2

)
−

8π
√

2m∗Φ3/2
B d

3hq
· 1

V
(5.1)

V and d represent the bias voltage and insulator thickness, respectively. Ae f f is the ef-
fective tunnelling area; q is the elementary charge; h is the Planck’s constant; m is the free
electron mass; m∗ is the effective mass of the charge carriers in the insulator; and ΦB is the
tunnelling barrier height for charge carriers at the electrode-insulator interface. Tunnelling
current in the fabricated device (orange solid line in Figure 5.2e) shows excellent linearity
between ln(I/V2) and 1/V under high bias voltage. The slope is determined by the tun-
nelling barrier height (ΦB). Assuming the effective mass of 0.5m for holes in hBN [203], most
of the devices exhibit a barrier height of ∼1.7 eV, which is close to high-quality hBN without
defects (∼1.8 eV). Therefore, the I-V characteristics of the fabricated devices are consistent
with Fowler–Nordheim tunnelling, with hole injection from graphene into the valence band
edge of hBN being the dominant contribution to the current. The slightly reduced barrier
height in the devices is potentially due to trap assisted tunnelling. A detailed analysis of
Fowler-Nordheim tunnelling in graphene-hBN heterostrcutres and the effects induced by
defect-assisted mechanisms are provided in appendix B.1. On the other hand, tunnelling
injection of electrons (red arrow in Figure 5.2f) requires higher voltages than holes because
of the larger barrier height (i.e., Φe

B > Φh
B) [203, 204]. As a result, EL can emerge at higher

voltages than the tunnelling current (Figure 5.2d). Then, considering the EL process itself,
charge injection may occur via both band-edge states and in-gap defect states. Following
injection, electrons and holes can travel through the hBN layer and be captured by lumi-
nescent defects, where recombination gives rise to the observed emission. The schematic
in Figure 5.2f represents a simplified illustration of the carrier injection and recombination
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Figure 5.2: Electrical excitation mechanism of hBN colour centres in vdW heterostructures
at cryogenic temperatures (10 K). (a) EL spectrum of an emitter with ZPL at 490 nm. (b) EL spec-
trum of an emitter with ZPL at 801 nm. (c) EL intensity-current characteristics of emitter in (a) and
(b). All spectra are taken at 10 K temperature. (d) I-V characteristic and applied voltage-dependent
EL intensity of a visible emitter at temperature of 10 K. (e) Fowler-Nordheim plot corresponding to
the I-V characteristics in (d). (f) Schematic illustration of the electrical excitation mechanism of the
colour centre emission in monolayer graphene encapsulated hBN.

pathways.

Following, detailed optical properties of the electrically driven colour centres were in-
vestigated. Measurements were carried out at a temperature of 10 K, to provide a better
signal-to-noise ratio of the narrowband emitters observed in EL. Figure 5.4a shows a nar-
rowband EL from a defect with a ZPL at ∼519 nm. Under electrical excitation, full emission
polarisation profile of the same defect is shown in the inset of Figure 5.4a. The EL exhibits
an apparent dipole emission pattern. A linearly polarised photon emission is a common
feature of visible single photon emitters in hBN [132, 206]. The high visibility value of the
dipole pattern suggests that the ZPL emission could stem from a single colour centre, which
is reinforced by the idea of a single electric dipole transition between ground and excited en-
ergy states [132, 207]. These results also indicate that the optical transition dipole moment is
largely in-plane, which is common for most emitter classes in hBN [132, 207]. Example spec-
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Figure 5.3: I-L characteristics of colour centres in hBN. (a) Near-ultraviolet EL spectra from
large ensembles of colour centres at 4.1 eV. (b) Visible EL spectra from few isolated colour centres.
(c) I-L characteristics of large defect ensembles in (a) (empty squares) & few isolated colour centres
emission in (b) (filled squares). All EL spectra are taken at a temperature of 10 K. Schematics of
luminescence processes for large defect ensembles (d) and few isolated colour centres (e). Large defect
ensembles provide a large density of states which are not saturated under current injection. Few
isolated colour centres can be readily saturated by small current injection due to limited density of
states.

tra of other electrically excited emitters with ZPLs spanning visible to NIR spectral ranges
are shown in Figure 5.5. Additional analysis of polarisation measurements, highlighting
their significance to the localised nature of the observed colour centres, is presented in Fig-
ure 5.6. All of the observed narrow EL lines in fabricated devices exhibit fully polarised
emission, a convincing indication of the single photon emission nature of the defects. Next,
optical stability was examined, taking the 519 nm along with 493 nm and 549 nm colour
centres. The measurement is presented in Figure 5.7 as a colour map of spectral acquisi-
tions with over 3 min of total duration. All three colour centres maintained their ZPL centre
wavelength fluctuations below 0.7 nm, with FWHM values of 519 and 493 nm colour centres
remaining below 2 nm. Note, that all three colour centres showed no reduction in lumines-
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cence intensity over the duration of the whole measurement, highlighting stability of the
device and electrical excitation method.

To unveil photon statistics of the emitted light from hBN colour centres and further con-
firm their non-classical nature, second order autocorrelation measurement was conducted
on an electrically driven emitter with a ZPL at ∼492 nm (Figure 5.4b). The acquired his-
togram resulted in a subtle dip at zero time delay, τ = 0. The dip can be better visualised
by the binned data that falls below the average counts line at τ = 0, signifying quan-
tised photon emission from this colour centre. Interestingly, the 492 nm colour centre dis-
played bunching characteristics, therefore a three-level system g(2)(τ) function of the form

g(2)(τ) = 1 − (1 + A) · e
−|τ|
τ1 + A · e

−|τ|
τ2 was used, where A is the bunching amplitude, and

τ1 and τ2 are antibunching and bunching lifetimes, respectively. The fit parameters yielded
lifetimes of 11.7 and 11.8 ns for τ1 and τ2, respectively. The strong bunching could be at-
tributed to background emission or detector artefacts, such as afterpulsing. Nevertheless,
a resulting value of g(2)(0) = 0.77 ± 0.05 (without a background correction) was observed,
where the uncertainty was obtained by propagating the covariance of the fitted three-level
model parameters. This demonstrates non-classical light emission from an isolated or a
small ensemble of emitters.

hBN defects are well-known to exhibit narrowband quantum emission under optical ex-
citation even at room temperature [90]. Therefore, EL operation of fabricated devices was
conducted at 300 K. To begin, a common spatial EL emission profile was observed on a
wide-field microscope. Under bias voltage of 24 V, strong and localised EL signals were
present, shown in the luminescence image (Figure 5.8a). Emissions are mostly located in-
side and near the overlapped region of top and bottom graphene electrodes where charge
carriers are injected into hBN defects. A weak signal outside the junction area is attributed
to carrier diffusion and leakage paths into a nearby slot. This emission remains significantly
weaker and does not contribute to the primary defect-related luminescence discussed here.
Exemplary EL spectra from emitters are shown in Figure 5.8(b-d). The emitter in Figure 5.8d
was further analysed in Figure 5.9, where the sharp emission centred around 521 nm was
attributed to the ZPL transition of the defect in hBN [90, 203]. A Lorentzian fit to the ZPL
reveals a narrow FWHM linewidth of 16 meV (3.50 nm). The second prominent sideband
feature at 560 nm is the defect’s PSB, red-shifted from the ZPL by 171 meV, typical of the
high energy optical phonon modes in hBN [208]. Within the same device, other colour cen-
tres spanning a range of emission energies were also electrically excited. The conducted EL
measurements on hBN colour centres revealed that the emitters maintain the same signa-
ture emission profiles, as during optical excitation even at room temperature. The emission
consists of narrowband ZPL transition accompanied by less intense contribution from its

53



Chapter 5. Electrical Excitation of hBN Quantum Emitters 5.2. Results

Figure 5.4: Optical properties of electrically driven hBN colour centres at cryogenic temper-
atures (10 K). (a) EL spectrum of hBN colour centre with ZPL emission at 519 nm and inset show-
ing the linear emission polarisation profile of the emitter. (b) EL spectrum of hBN colour centre with
ZPL emission at 492 nm. Inset displays the second order autocorrelation measurement of this emitter,
where light pink is raw acquired data to which the fitted g(2)(τ) function yields g(2)(0) = 0.77. For
clearer presentation, binned data and histogram average value were added as dark pink and dashed
orange lines, respectively.
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Figure 5.5: 10 K EL emission spectra of colour centres spanning visible to NIR wavelength
range. (a-d) panels represent one EL spectra each of individual hBN colour centres observed from
the same device. Double Lorentzian fits indicate ZPL centre wavelength values of 423 nm, 625 nm,
787 nm, and 801 nm for (a), (b), (c), and (d), respectively.

acoustic modes and displays in-plane polarisation.

To highlight the stability of fabricated heterostructure devices to electrically excite hBN
colour centres, a series of measurements was conducted for extended time periods on each
device. An evaluation of electrically driven luminescence characteristics and emission sta-
bility of colour centres is described in the bottom panels of Figure 5.8, focusing attention to
a colour centre with ZPL positioned at 518 nm. As seen in Figure 5.8d, the EL spectrum dis-
plays two dominant features: a higher energy, narrow peak, which is attributed to a localised
acoustically broadened ZPL transition, and a lower energy PSB centred around 564 nm. The
stability measurement consisted of recorded EL spectra with 1 min intervals over 23 min,
underscoring the consistency of the luminescence in terms of intensity and wavelength po-
sition. The fit parameters of the ZPL line, discerned via a triple Lorentzian fitting approach
on the spectra, are elaborated in Figure 5.8(e-g). The ZPL is described by the first Lorentzian
peak of the total fitting function, which displays a centre wavelength within one nanometre
fluctuation, with a FWHM value of ∼5 nm (∼25 meV) over the whole time period. Addition-
ally, during the measurement, intensity of the ZPL also maintained its brightness, as evident
from the consistent EL intensity, which is derived from photon counts. Both heterostructure
devices and colour centres showed outstanding stability.

Lastly, possible origin of the observed emissions is proposed. It is known that carbon-
doped hBN flakes host a variety of carbon-related defects spanning the UV to the visible
range. Specifically, carbon dimers are responsible for 4.1 eV UV emission [137], while donor-
acceptor pairs [209], double-site [139], and more complex clusters of carbon and vacancy
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Figure 5.6: 10 K EL emission polarisation profiles of visible colour centres. (a) Spectrum of
hBN colour centre with 506 nm ZPL centre wavelength position taken at 30 V with 23 ∼A current.
(b) Polar plot displaying emission polarisation profile of the 506 nm colour centre. (c) Spectrum of
hBN colour centre with 620 nm ZPL centre wavelength position taken at 30 V with 23 µA current.
(d) Polar plot displaying emission polarisation profile of the 620 nm colour centre.

configurations can produce emissions in the visible range. The high carbon concentration in
the emissive layer hBN flakes used in the fabricated devices suggests that the observed tran-
sitions most likely originated from defects consisting of a system employing carbon atoms.
The spectral composition of the emission supports this statement, as the ZPL transition is
accompanied by two phonon sideband modes with the energy detuning values resembling
those in the reported literature [210]. It is also common for hBN visible range colour centres
that produce highly polarised linear emission to form C2v symmetry defects [211].
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Figure 5.7: Cryogenic temperature 210 seconds measurement of EL stability of visible colour
centres, conducted at 30 V with 23 µA current. (a) Colour map plot of stability measurement that
consists of continuous spectrum acquisitions with 10 seconds integration time each and wavelength
range of 480 nm to 560 nm. (b), (c), and (d) describe fluctuations of ZPL, its FWHM and its
intensity, respectively, as a function of time for the 519 nm colour centre shown in pink in (a) and in
Figure 5.4a. (e), (f), and (g) show fluctuations of ZPL, its FWHM and its intensity, respectively, as a
function of time for the 493 nm colour centre. (h), (i), and (j) show fluctuations of ZPL, its FWHM
and its intensity, respectively, as a function of time for the 549 nm colour centre.
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Figure 5.8: Room temperature EL measurements of hBN colour centres. (a) Spatial profile of
the EL emission, localised inside and near the graphene overlap region. hBN is highlighted with a
white solid line. Gray dashed lines indicate top and bottom graphene electrodes. (b,c) Representative
EL spectra from two colour centres found in two separate devices. (d) Exemplary EL spectrum of a
colour centre used for the stability analysis. (e-g) Extracted centre wavelength, FWHM and intensity
values, respectively, of the ZPL transition over 23 min duration with each data point representing a
60 s long spectrum acquisition. Time-averaged FWHM corresponds to ∼5 nm (∼ 25 meV).
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Figure 5.9: ZPL and PSB calculation of colour centre in Figure 5.8b. The horizontal axis is the
spectral energy relative to the ZPL energy 2.38 eV (521.08 nm).

5.3 | Summary
To summarise, vdW heterostructure consisting of hBN and graphene layers were engineered
and exhibited stable EL from colour centres in hBN, persistent even at room temperature.
Remarkably, the emission spanned the visible and NIR spectral ranges, which are areas of
interest for quantum technologies. Device performance was carefully analysed through in-
vestigation of electrical current and luminescence as a function of voltages, which assigned
the major electrical excitation mechanism to tunnelling injections of electrons and holes.
These results usher in a new era in electrically driven vdW devices for on-chip quantum
technologies [67] and propel hBN as a material of choice to realise these devices. This work
advances the hBN colour centres in quantum applications by laying important groundwork
for future development of hBN quantum devices. The vertical heterostructure stacking is
also compatible with large scale engineering [67], as well as integration with on-chip pho-
tonic waveguides and cavities, to then couple the circuit components.
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6

Electrical Generation of hBN Quantum
Emitters

This chapter explores additional capabilities enabled by the developed device architectures,
with a particular focus on electrical generation of quantum emitters (colour centres) in hBN
using locally applied electric fields. It is demonstrated that colour centres can be generated
and subsequently electrically excited at the junction of electrodes, allowing for spatially
localised emitter arrays. The device operating regimes required for controlled emitter for-
mation, minimised background emissions, and prolonged electrical excitation are outlined
in detail.

Results presented in this chapter were published in journal ACS Applied Materials & In-
terfaces [212] titled "Electrical Generation of Color Centers in Hexagonal Boron Nitride" and serve
as practical guidelines for reliable operation of novel quantum optoelectronic devices.

6.1 | Context
Solid-state crystals are an attractive platform for advancements in quantum technologies [5,
67, 94], as they host crystal lattice defects that function as quantum emitters [12, 72]. De-
fects formed within wide band gap materials may introduce midgap energy levels that are
isolated from the electronic bands. These levels consist of excited and ground states that
can be optically addressed to generate narrowband single photons, even at room tempera-
ture [102]. Wide band gap materials also enable site-specific creation of colour centres with
reproducible ZPL transitions [118, 119, 213], corresponding to electron decay from the ex-
cited state to ground state of the isolated two-level system. These properties, combined with
various optical protocols, make such systems suitable for applications in quantum commu-
nication [3, 12, 80], electric and magnetic field sensing [24–26], and qubit generation [214].
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For integration into on-chip quantum photonic circuits, electrical excitation of colour
centres is desired [191, 192]. This is typically realised in materials with well-established
doping techniques for the creation of p-n junctions [197–199]. hBN, as a vdW material, is
particularly suitable for integration into on-chip quantum photonic circuits, enabling the re-
alisation of compact solutions [215]. However, the large band gap (∼6 eV) of hBN causes
challenges for p- or n-type doping. Instead, hBN offers an alternative pathway to colour
centre EL, leveraging the layered nature of vdW materials and exploiting quantum mecha-
nisms for charge injection. Furthermore, hBN has been a well-established platform host of
bright, high-purity colour centres spanning the visible to NIR wavelength range [90, 107,
207]. Yet, their electrical excitation is still in its infancy and has only seen progress in re-
cent years due to the complexity of charge injection and stable colour centre excitation. Few
studies applied different approaches of charge injection into the hBN layer for electrical ex-
citation of its colour centres [145, 189, 216]. Thus, it is critical to further investigate not only
the electrical excitation, but also the field-driven generation of hBN luminescent defects and
the underlying device physics governing their formation. Understanding defect dynamics
under high localised electric fields enables spatially deterministic creation of emitters within
vdW heterostructures. Future works could then explore novel on-chip devices that use less
destructive emitter generation methods via more advanced electrode engineering for precise
generation of defects within a few nanometre scale.

This chapter shows fabrication of quantum tunnelling vdW devices to enable charge in-
jection into hBN layers. Series of experiments were performed aimed to identify the electric
field strengths required for generation of colour centres. Electrical characterisation of the
devices was carried out to quantify changes in the electrical properties of hBN devices con-
current with defect generation. Time-resolved analysis highlights spontaneous appearance
of luminescent colour centres as well as charge trap generation at high applied electric fields.
Generated emitters displayed very narrowband ZPL transitions at cryogenic temperatures
with their wavelength mapped as a function of the applied electric field. Additionally, de-
tailed saturation analysis showed the importance of optimising device operation in order
to minimise background emissions and ensure prolonged stability of both colour centres
and devices. Lastly, this chapter reports on the observation of room-temperature electrical
control of PL intensity from an electrically generated colour centre.

The study provides a guideline for generation and excitation of hBN colour centres with
electric fields. Optimal conditions for minimised background and prolonged device oper-
ation are discussed. Room-temperature electrical control of PL was observed, highlighting
future research directions.
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6.2 | Results
hBN EL devices were fabricated using a dry transfer technique, as detailed in Chapter 3.
The devices consisted of an emissive layer of hBN with a thickness ranging from 20 to
40 nm, sandwiched between monolayer graphene sheets forming vertical devices. An elec-
tric field was applied across graphene layers to enable charge carrier injection, electrical
generation, and excitation of colour centres within the hBN layer. Figure 6.1a illustrates the
structure of the hBN EL device, highlighting the applied electric field that facilitates charge
tunnelling and excitation of luminescent colour centres present in hBN. As discussed in pre-
vious works [151, 189, 203, 204], injection of both charges in hBN devices with low-impurity
density mainly follows Fowler-Nordheim tunnelling mechanism [205] at cryogenic temper-
atures, as indicated in equation 6.1.

ln
(

I
V2

)
= ln

(
Aeffq3m

8πhΦBm∗d2

)
−

8π
√

2m∗Φ3/2
B d

3hq
· 1

V
(6.1)

where I is the tunnelling current, V is the bias voltage, Ae f f is the effective tunnelling
area, q is the elementary charge, m is the free electron mass, ΦB is the tunnelling barrier
height for charge carriers at the electrode and the insulator interface, h is Planck’s constant,
and m∗ is the effective mass of charge carriers in the insulator. A linear relationship between
ln(I/V2) and 1/V indicates the Fowler-Nordheim tunnelling mechanism when the equa-
tion is further formulated. Additional details on this analysis are in Appendix B.2. Note,
that after operating the devices in high-field regime, which is above the stable region, for
an extended period and generating numerous defects, the I-V characteristics undergo sig-
nificant changes and follow a defect-related tunnelling mechanism rather than the pristine
Fowler-Nordheim tunnelling behaviour [217–220]. This chapter focuses on two distinct op-
erating regimes of the hBN EL device: low and high electric fields. In the high-field regime
(≳ 0.75 V.nm−1), electrical charge injection generates hBN colour centres and electrically ex-
cites them for a short period of time (within 1 h). The low-field regime allows for prolonged
excitation (several hours) of the generated luminescent defects. Generation of colour cen-
tres may arise from either the formation of new defects or changes in charged states of other
pre-existing defects via electrical doping within the hBN emissive layer. This behaviour
is schematically depicted in Figure 6.1b, where the low-field regime is represented by the
excitation of only a few pre-existing colour centres, while the high-field regime shows the
appearance of EL of additional colour centres alongside continued excitation of the original
centres. Notably, non-luminescent defects are also formed during this process.

Throughout this chapter, carbon-doped hBN, hBN:C was used. Carbon incorporation in-
troduces a higher density of defect states, increasing the probability of defect activation and
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Figure 6.1: vdW device illustration, electrical characterisation, and room-temperature
colour centre EL spectra. (a) 3D illustration of the hBN colour centre EL device. (b) Schematic of
operation of hBN EL devices. A low applied electric field excites pre-existing colour centres within
the hBN layer (left), while a high electric field generates new colour centres and charge traps as well
as produces EL from the same and newly generated colour centres. (c) Typical I-V characterisation
behaviour of a device prior and post colour centre generation. (d) Time evolution of a device operated
in high-field regime (0.83 V.nm−1) at room temperature. Highlighted white dashed line shows initial
appearance of a high-energy (390 nm) narrowband emission peak. Within a few minutes, lower-
energy emission at 519 nm appears while the narrowband 390 nm peak disappears, leaving dimmer
broadband emission in that region. Spectra of the highlighted transition section are shown in (e) and
offset vertically for clarity. Each spectrum corresponds to 60 s acquisition interval within the 12-20
minute range in (d).
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formation of luminescent colour centres under applied electric fields. The I-V characteristics
of the device were measured up to approximately ∼1 µA and are summarised in Figure 6.1c.
The green curve represents the pristine hBN:C I-V behaviour during initial device operation,
prior to the formation of observable defects. The purple curve represents I-V characteristics
after colour centres generation at 10 K. When an electric field is applied, the device response
exhibits two distinct regions, where one region is dominated by leakage current and the
other is governed by tunnelling current. Upon observing colour centres generated by elec-
tric fields, turn on voltage – bias at which current begins to increase drastically via field
emission in the low-field regime – produces an observable shift (vertical dashed lines). This
shift can occur in both directions attributed to charge trap generation or the filling of ad-
ditional defect states [144, 146], suggesting that the charge-related properties of the device
have been altered as a result of the electrical interactions between defects within the device.
However, the device retains the I-V characteristics of the pristine hBN:C I-V, meaning that
it continues to operate similarly despite the formation of low density defects.

Next, by using a scanning confocal microscope, spatial map of EL photon counts inten-
sity was recorded when the device is operated in both low and high electric field regimes.
Figure 6.2 contains an optical microscope image as well as a confocal microscope EL inten-
sity map of one of the devices. From Figure 6.2b, low photon counts on the detector originate
from well-defined tunnelling regions that are primarily at graphene edge overlaps and the
surrounding area where carriers can diffuse due to the current spreading. The bright lumi-
nescence region confined to a single confocal spot corresponds to a locally positioned colour
centre that is electrically excited. Within this single confocal spot, if the device is operated at
a high electric field, over time newly generated luminescent defects spontaneously appear
and slowly degrade in emission intensity. Studying further time resolved EL appearance of
hBN colour centres. For example, Figure 6.3 shows that after some time has elapsed since
the device was turned on, a colour centre peak emerged at 490 nm. Over time, peak intensity
decreased because the device was still operated in a high-field regime. Prolonged excitation
at high-field or excessively large-field magnitudes is also able to quench colour centres due
to a multitude of effects including charge doping [144, 146, 147], breaking of bonds [221],
and more. Further, this chapter shows that it is possible to extend electrical excitation of
generated colour centres up to 36 h if the electric field strength is lowered post genera-
tion. Interestingly, these luminescent defects can also exhibit dynamic behaviour, emitting
higher-energy photons initially, before undergoing a permanent rapid shift to a lower energy
transition. This phenomenon is illustrated in Figure 6.1d,e. Under a high electric field oper-
ation, the hBN EL device initially exhibits negligible emission. After approximately 15 min,
a distinct peak emerges at 390 nm, corresponding to high energy emission. Within 4 min, the
emission transitions to a lower-energy ZPL centred at 517 nm. Figure 6.1d presents spectra
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Figure 6.2: Optical and EL imaging of the fabricated device. (a) Annotated optical image high-
lighting gold contacts connecting graphene electrodes in the heterostructure stack. Slot indices are
labelled. (b) Confocal microscope raster scan of EL intensity captured with an avalanche photodiode
detector. The observed luminescent regions correspond to the graphene overlap areas and are primar-
ily localised along the edges of the electrode slot (Slot 1 in (a)), where charge injection occurs. Note,
(a) and (b) are not to scale with each other.

acquisitions showing this progression during high-field operation, while Figure 6.1e is the
highlighted section of individual spectra.

The mechanism of colour centre generation under high electric fields is likely governed
by a combination of factors. Under strong electric fields, highly energetic carriers can induce
local bond breaking or atomic rearrangements within the hBN lattice, forming new defect
complexes. In parallel, charge states of existing non-emissive defects can be modified, ac-
tivating optical transitions. The observed time-dependent spectral evolution suggests an
interplay between defect creation, charge trapping, and local electric field redistribution
within the device.

As discussed prior, application of a high electric field results in the generation of colour
centres that are also electrically excited. Emission wavelength distribution of these colour
centres spans the visible to NIR range. The scatter plot representing ZPL transition wave-
lengths as a function of applied electric field at which the colour centres first appeared is
shown in Figure 6.4a. More than half of the observed electrically generated colour centres
have ZPL transition wavelengths falling within the 500-624 nm range. Interestingly, the
electrical field generation method showed a high chance of generating colour centres with
emission wavelengths in the range of 499-503 nm, which can occur anywhere within the
range of 0.75 V.nm−1 to just above 1 V.nm−1. Also note that generation of colour centres
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Figure 6.3: Room temperature time-resolved EL of hBN colour centres. (a) Time-resolved EL
spectra recorded at 1-minute acquisitions with the device operated in high field regime. (b) High-
lighted EL spectra from the dashed white box region in (a) during the 19-32 minutes time frame,
showing appearance of a strong luminescent peak around 490 nm. (c) Time-resolved EL peak inten-
sity of a colour centre extracted from the spectrum in (b). (d) Corresponding current values according
to each spectrum in (b) recorded simultaneously with the EL measurements.
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typically required a mean electric field of 0.88 V.nm−1. Figure 6.5 investigates the depen-
dency of ZPL values of generated colour centres on hBN thickness and across different de-
vices. In the thickness range of 20-45 nm, the results confirmed that there is no specific
relationship between these parameters, except for their distribution within the visible to
NIR range. Tunnelling current values were not included in this analysis because tunnelling
current conditions can vary drastically and are rather determined by the changing defect
density and electronic environment of the hBN layer. Since the high-field regime also forms
charge traps, tunnelling current magnitude is reduced upon generation of defects within
hBN [221]. However, emissive hBN layer is 20-40 nm thick and consists of many layers al-
lowing for generation of multiple new different colour centres over time within the volume
of a confocal focus. Throughout this period, other defects in hBN are constantly generated,
continuously altering electrical properties of hBN. As a result, depending on the condition
of the emissive hBN layer, the tunnelling current value at which a colour centre is created
varies more significantly than the electric field.

The generated colour centres commonly exhibit very narrowband emission transitions
that are often spectrometer limited at a 300 L/mm grating, as demonstrated in the spectra in
Figure 6.4b. From the previous work, it was shown that emissions exhibit double Lorentzian
profiles that consist of a ZPL and a phonon sideband [189] and can be expressed in the form

L(x) = a1 ·
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2
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2

(6.2)

Here, ai are amplitudes, wi are width parameters, and ci are central frequencies of the
first and second Lorentzian components, respectively. Such a profile is commonly main-
tained for most colour centres throughout the visible to NIR spectrum regardless of the
ZPL energy and is also demonstrated in this work with the obtained FWHM values in Fig-
ure 6.4c,d falling below 0.26 nm. The plotted spectra in Figure 6.4c,d were acquired in low
and high applied electric fields, respectively, highlighting that such narrowband transitions
occur in both regimes.

When the devices are operated in a high-field regime, in addition to generating and elec-
trically pumping hBN colour centres, a second type of emission that spans broadly across
the visible spectral range is also produced. Figure 6.6a shows three representative spectra
obtained from an EL device at three distinct electric field regimes, highlighting two emission
components that are particularly obvious during high-field operation. This work reports on
observation of a broad emission spectrum that begins to dominate above 0.8 V.nm−1 and
likely arises from thermal emission due to current flow in tunnelling regions or from transi-
tions between sub-bands and midgap defects [145]. In contrast, the narrowband emission is
characteristic of hBN colour centres, originating from localised defect states that emit pho-
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Figure 6.4: Electric field parameters for generating colour centres and representative EL
spectra. (a) Scatter plot representing wavelength distribution of colour centres generated at a speci-
fied electric field. More than half of the colour centres have transitions within the 500-624 nm range,
as shown by the interquartile range shade. The mean electric field for generating colour centres in
hBN is 0.88 V.nm−1. (b) Selected representative spectra of generated colour centres spanning the
whole visible to near-infrared range. (c,d) High-resolution spectra of those in (b), acquired in low-
and high-field regimes, respectively. Double Lorentzian fits were used for fitting, yielding FWHM
values of 0.17 and 0.25 nm for colour centres at 551 and 813 nm, respectively. Measurements con-
ducted at 10 K.
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Figure 6.5: ZPL values of generated colour centres across multiple devices. (a) ZPL wave-
lengths as a function of varying hBN active layer thickness. Each colour of the scattered plot corre-
sponds to the same device. (b) and (c) ZPL wavelengths distribution as a function of applied electric
field at which they were first observed, acquired from two different devices.

tons through electronic transitions. As the electric field increases, the narrowband emission
remains spectrally distinct, while the thermal emission becomes increasingly dominant in
intensity. These observations emphasise the presence of two entirely different mechanisms
contributing to the emission spectra within the tunnelling region of a device. It is impor-
tant to consider the broad emission as it contributes a significant number of counts to the
spectrum, particularly at high electric fields. This introduces challenges when performing
measurements on single colour centres, such that an appropriate electric field operating
regime must be carefully determined to minimise contribution of the background emission
while ensuring efficient excitation of colour centres, as depicted in Figure 6.6.

The two emission mechanisms are further investigated by analysing their dependencies
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Figure 6.6: Thermal and electrically driven colour centre emissions. (a) Three representative
spectra taken at different electric field regimes; minimal field showing no emission, low field showing
only colour centre EL, and high field showing both thermal and colour centre emissions. Thermal EL
counts obtained from within the blue shaded region are plotted in (b,c) against the electric field and
current, respectively. Colour centre EL counts obtained from double Lorentzian fits of the narrowband
peak plotted in (d,e), respectively. The blue shaded region in (e) highlights data points that are past
the saturation current value. (f) Semilogarithmic plot of current and EL counts of both colour centre
and thermal emissions against the applied electric field. Vertical dashed lines indicate the same electric
fields at which representative spectra in (a) were acquired. Measurements conducted at 10 K.

on the electric field and current, represented in Figure 6.6b-f. The broad thermal emission
(green) exhibits a strong nonlinear increase in emission intensity as a function of applied
electric field while having a more linear slope with applied current. In contrast, the nar-
rowband colour centre emission (blue) shows a distinct saturation behaviour as a function
of current that is characteristic of luminescent defects and is governed by the relationship
C = C∞ I

I+ISAT
that yields a finite saturation luminescence counts value C∞, where I and ISAT

represent tunnelling current prior and at saturation, respectively. This limit is imposed by
the rate of change of the population of a ground energy state and the spontaneous decay of
electrons from the excited state. The rate of spontaneous decay is dependent on the proper-
ties of the system that govern the lifetime of an electron in an excited state until it relaxes to
the ground state via photon emission. The studied colour centre saturates at approximately
9 counts with 4.42 µA of tunnelling current flowing through the emissive hBN layer.

The semilogarithmic plot in Figure 6.6f summarises the interplay between these two
mechanisms. As the current increases exponentially with the electric field, thermal emis-
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sion is absent until ∼0.75 V.nm−1, after which it begins to rapidly increase in counts and
dominate emission spectrum contribution at fields above 0.8 V.nm−1. Contrarily, the colour
centre has a lower emission turn-on electric field, ∼0.68 V.nm−1, and follows a smaller gra-
dient slope. These observations further confirm that the two emission components arise
from fundamentally different physical processes, with the broadband photons likely being
due to thermal emission, while the colour centre luminescence is tied to quantum defect
luminescence.

This work also investigated the dynamic response of colour centres and devices to ap-
plied electric fields. In these measurements, the electric field was varied over time while
simultaneously recording the colour centre emission and tunnelling currents, as presented
in Figure 6.7.

Figure 6.7a first examines the behaviour of a colour centre over time as the electric field
changes. A colour centre was generated within the emissive hBN layer prior to the measure-
ment by operating the device at 0.75 V.nm−1 for 10 min. The top panel shows the electric
field variation over 14 min: starting at 0.69 V.nm−1, increasing to 0.78 V.nm−1, decreasing to
0.58 V.nm−1, and increasing again to 0.88 V.nm−1. The corresponding emission counts from
the colour centre (bottom panel) exhibited a dynamic response to the applied electric field,
revealing that no luminescence was observed below a threshold field value of 0.68 V.nm−1.
It is also demonstrated that the same colour centre was switched back into the luminescent
state if the applied electric field was above the threshold value. However, at extreme electric
fields, nearing 1 V.nm−1, the colour centre would permanently switch off its luminescence.
This behaviour is highlighted past the 13.5 min mark, when EL from this colour centre has
disappeared.

Continuous increase of applied bias in the high-field regime typically resulted in per-
manent switching off of colour centres. Furthermore, extended operation of devices in a
high-field regime also caused a similar effect, although it was often delayed. Thus, in ad-
dition to optimising operating conditions to minimise background contributions, it is also
essential to map out safe electric field ranges to preserve colour centre emission. Figure 6.7b
quantifies the time for which individual colour centres remained active at specific electric
fields. Measurements repeated across multiple colour centres revealed that fields around
0.78 V.nm−1 rapidly quenched their emission. In contrast, reducing the electric field below
0.72 V.nm−1 allowed for a significantly prolonged operation. These optimised conditions
achieved continuous electrical excitation of a single colour centre for up to 36 h.

To further investigate the dynamic response of devices to applied electric fields, tun-
nelling current was monitored over time as the electric field was varied. These measure-
ments are depicted in Figure 6.7c-g. The tunnelling current exhibited a rapid response to
changes in the applied electric field, adjusting instantaneously to a new set electric field.
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Figure 6.7: Device and colour centre time dynamics over varying electric fields. (a) Time
dynamics of EL from a colour centre at varying electric fields over time. Colour in the top panel
corresponds to electric field strength. (b) Time dependence of colour centres continuously measured
at specified electric fields. (c) Plots of tunnelling currents over time at varying applied electric fields
during measurements of a device. Measurements conducted at 10 K.

73



Chapter 6. Electrical Generation of hBN Quantum Emitters 6.3. Summary

Application of a high electric field on hBN EL devices results in a multitude of physical
changes of the emissive layer, which could be observed via tunnelling current behaviour.
At high electric fields, tunnelling current would begin to drop, likely due to generation of
charge traps. This is particularly noticeable at very high electric fields, above 0.9 V.nm−1,
where a severe current drop is observed within a time span of less than 10 min (Figure 6.7c).
The effect also persists at slightly lower electric fields (>0.8 V.nm−1) but with more gradual
reduction in current. In contrast, electric fields below 0.8 V.nm−1 tend to maintain stable
current values over time; in fact at 0.78 V.nm−1, the current fluctuated around 2.7 µA for
28 min, demonstrating stable device operation under these conditions.

Last section of this chapter reports on observation of room temperature PL charge state
control of an electrically generated colour centre under applied electric fields. While similar
behaviour was observed from hBN colour centres [144, 146], this work demonstrates a corre-
lation at room temperature. Figure 6.8 summarises the observed phenomena where a device
hosting a colour centre with an emission energy of 432 nm demonstrated that, in PL mea-
surements, applied electric fields varied the intensity of the colour centre and induced the
appearance of an additional lower-energy peak within the 580-655 nm wavelength range.
The intensity of this lower-energy peak exhibited dependence on the polarity of the applied
electric field, with positive bias applied on the top graphene electrode enhancing the emis-
sion counts and negative bias reducing them. This effect was also observed, though with a
lesser gradient, for the 432 nm peak. This is summarised in Figure 6.8b,c, where black points
show mean intensity values at certain fields. Furthermore, the spectral position of the lower-
energy peak was not fixed, shifting the ZPL transition within the 580-655 nm range. Interest-
ingly, at sufficiently high positive bias (0.29 V.nm−1), two distinct lower-energy peaks were
observed alongside the persistent 432 nm peak. This behaviour could be attributed to an
additional charge state present in the studied system [144, 146, 222].

6.3 | Summary
To summarise, engineered hBN EL devices were investigated for their ability to generate
colour centres under applied electric fields. This was evident through I-V and time-resolved
spectral and current analyses that showed formations of other non-luminescent defects,
such as charge traps. This chapter highlighted the electric fields necessary for generation
of visible to NIR wavelength range narrowband colour centres. Most importantly, this
work determined the best conditions for operating tunnelling devices with minimised back-
ground and prolonged operation of both colour centres and devices. These findings con-
clude that generated colour centres are most optimally measured at electric field strengths
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Figure 6.8: Room-temperature PL measurement of the colour centre under applied electric
fields. (a) Spectra of the colour centre acquired under varying applied electric fields. (b) Max in-
tensity counts extracted from double Lorentzian fits of the peak at 420 nm. (c) Max intensity counts
extracted from double Lorentzian fits of peaks around 600 nm. In cases where two peaks are observed,
peaks with the highest intensity are recorded. Black points in (b,c) are average intensity values at
corresponding electric fields. Error bars are calculated using standard error of the mean.

in the range of 0.68-0.71 V.nm−1. Within this range, the thermal background emission is
absent, while colour centres and devices are stable on an hours-long time scale. Electrically
generated colour centres also demonstrated room-temperature electrical control, an avenue
for future research. This chapter advances the ongoing progress toward on-chip integration
of quantum optoelectronic vdW systems based on hBN.
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7

Conclusions & Outlook

This chapter summarises the key results and contributions of this thesis and places them
within the broader context of quantum photonics research field. The main results are con-
solidated in thesis summary, highlighting advances in the electrical generation, excitation,
and control of hBN quantum emitters. The chapter then outlines prospective research direc-
tions enabled by this work, focusing on electrically tunable and electrically driven quantum
emitter systems as building blocks for future on-chip quantum technologies.

7.1 | Thesis Summary
This thesis explored generation, excitation, and control of hBN quantum emitters through
their integration into novel vdW quantum optoelectronic heterostructures. By combining
engineering of electrical devices based on 2D material building blocks with confocal spec-
troscopy, results presented here position hBN as a scalable solid-state platform for on-chip
quantum photonic technologies.

A comprehensive theoretical and experimental framework was first established to define
quantum light using coherence functions and intensity correlations. Distinction between
classical and non-classical light was introduced through photon correlation measurements,
providing key theoretical concepts and experimental metrics required to identify and bench-
mark single-photon emitters. These methods were subsequently employed throughout this
thesis to characterise hBN emitters under both optical and electrical excitation.

Defect-based quantum emitters (colour centres in wide-bandgap materials) were re-
viewed as promising building blocks for emerging quantum technologies, positioning hBN
as a particularly attractive host for quantum light sources. In contrast to bulk 3D materials,
hBN supports bright, pure, and stable single-photon emission at room temperature, with
emitters exhibiting high Debye–Waller factors and, crucially, compatibility with vdW het-
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erostructure – an advantage leveraged throughout this thesis. Key challenges associated
with hBN quantum emitters were addressed by introducing a novel method for emitter
generation based on locally applied high electric fields within integrated devices. Device
operating regimes were systematically analysed to enable controlled defect formation while
preserving long-term electrical stability and minimising background emission. The gener-
ated emitters exhibited optical signatures consistent with established hBN colour centres,
demonstrating a viable pathway towards on-chip generation of quantum emitters without
the need for external irradiation or high-temperature annealing. Using this electrical gen-
eration approach, ZPL emission wavelengths typically fell within the 500-642 nm range.
While precise deterministic control over ZPL energy remains an open challenge, methods
described here showed emitter generation site-specifically (within graphene electrode slots).
This highlights the scalability of this approach and already ensures direct integration into
electrically tunable architectures.

This thesis then investigated electrical control of quantum emitters via the Stark effect.
By integrating B-centres into specific vdW heterostructures, in-plane and out-of-plane elec-
tric fields were applied to probe the energy-level response of emitters. Resonant excitation
spectroscopy was employed with results showing that out-of-plane electric fields produced
weak energy shifts, while in-plane fields yielded a clear quadratic Stark response, with ZPL
shifts reaching orders of magnitude larger than the natural linewidth. These are consistent
with a centrosymmetric defect structure, supporting a split-interstitial model composed of
either nitrogen or carbon atoms. Furthermore, these outline relevant field geometry for ef-
fective electrical tuning of the B-centre ZPL, establishing Stark control as a viable route for
spectral alignment of emitter ZPL, a critical requirement for emitter-cavity coupling and
multi-emitter interference.

A central result of this thesis is the demonstration of EL from hBN quantum emitters.
Graphene-hBN-graphene heterostructures were fabricated and engineered to sustain ex-
tremely high electric fields, to enter a regime where quantum tunnelling prevails for charge
injection of both electrons and holes into hBN layer. The resulting emitter EL was shown to
be spectrally narrow, stable up to room temperature, polarised, and importantly of quantum
origin, with emission characteristics closely matching those of optically excited hBN quan-
tum emitters. This result represents a significant milestone, demonstrating an alternative
route of electrical excitation of quantum emitters that bypasses conventional p–n or p–i–n
junctions architectures by exploiting quantum tunnelling in novel materials, such as vdW
heterostructures.

Taken together, the results presented in this thesis establish hBN as a versatile and promis-
ing material platform for quantum photonics. By demonstrating electrical generation, exci-
tation, and control of its quantum emitters using novel vdW device architectures, this work
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bridges a critical gap between fundamental emitter physics and practical quantum optoelec-
tronic integration. The insights gained here lay the groundwork for future developments in
electrically driven single-photon sources, tunable quantum emitters, and integrated vdW
quantum photonic systems, with proposed future research directions described in the fol-
lowing section of this chapter.

7.2 | Outlook and Future Directions
Although the results of this thesis demonstrate substantial progress towards electrically
generated, controlled, and excited quantum emitters in hBN, certain limitations are also
revealed and must be addressed to realise practical quantum optoelectronic devices. Specif-
ically, the current EL device performance remains limited in efficiency and brightness, with
photon extraction being significantly lower compared to optically excited hBN emitters. In-
tegration with photonic resonators, such as inverse patterned metasurfaces, presents an op-
timal route towards enhancing emission rates and collection efficiency. Furthermore, as
shown in Chapter 6, operation at high electric fields introduces significant background emis-
sion, limiting single photon purity in this regime. And while device stability was shown to
be robust over extended periods under optimised conditions, high-field operation required
for emitter generation introduces charge traps and non-radiative defects, prematurely de-
grading the device. In addition, emission energies of electrically generated emitters remain
stochastic, limiting control over ZPL wavelengths. These challenges could be addressed
by optimising charge injection mechanisms through the use of alternative vdW electrode
materials [216] or by incorporating electrical gates [223–226].

Nevertheless, this thesis showed that integrating quantum emitters into engineered elec-
trical devices offers a powerful route for overcoming numerous limitations, including inho-
mogeneous emission wavelengths, linewidth broadening, inefficient photon emission, site-
specific generation, and scalability. Electrical control enables additional functionalities, such
as active wavelength tuning, charge-state manipulation, deterministic generation and exci-
tation, while also providing a pathway towards fully on-chip operation. Ultimately, scal-
able quantum photonic technologies will require platforms in which generation, excitation,
control, and detection of single photons are all achieved electrically within integrated pho-
tonic architectures. This motivates continued research into novel quantum optoelectronic
devices that combine low-dimensional materials, such as vdW heterostructures, with solid-
state quantum emitters. Results presented in this thesis advance in this path with future
experimental directions outlined below.
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7.2.0.1 | Electrical Control

Control of emission wavelength of a quantum source is a key enabling capability for scalable
quantum photonic technologies. In solid-state systems, emitter-to-emitter variations in ZPL
energies are unavoidable, even for nominally identical defects such as the hBN B-centre, due
to local strain, charge fluctuations, and nearby defects in the host lattice. A direct next ex-
perimental step enabled by the results of this thesis is electrical tuning of individual B-centre
emitters into resonance with nanophotonic optical cavities using in-plane electric fields. In
practice, it is highly unlikely that a B-centre generated within a cavity will be naturally res-
onant with the cavity mode. Therefore, Stark effect tuning provides a practical route for
achieving spectral alignment of the two. Cavity coupling would lead to enhanced pho-
ton extraction efficiency and controlled, directional routing of quantum light into on-chip
photonic modes. A second promising direction involves electrical tuning of two spatially
separated B-centres into mutual resonance, enabling entanglement of two distinct quantum
systems via photon interference. Achieving electrically controlled emitter–emitter spectral
alignment would represent a significant step towards multi-emitter quantum photonic cir-
cuits, distributed quantum networks, and scalable sources of entangled photons based on
hBN.

Beyond spectral tuning, electrical fields offer access to additional degrees of freedom in
emitter control. As shown in Chapter 6, electric fields can influence charge-state dynamics
of hBN quantum emitters, leading to the emergence of multiple ZPL transitions at several
well-spaced energies, while also enhancing their emission brightness. This behaviour opens
the possibility of electrically programmable emission spectra from a single emitter, which
could be exploited for multiplexed quantum light generation, wavelength-division quan-
tum communication, or reconfigurable on-chip quantum light sources.

Electrical control also provides a pathway towards improving photon indistinguishabil-
ity, a key requirement for quantum interference applications such as optical quantum com-
puting and entanglement generation. Charge noise is one of the major sources of ZPL broad-
ening in hBN emitters [100, 101]. Recent demonstrations using vdW heterostructure de-
vices have shown that local charge noise can be suppressed leading to near lifetime-limited
emission from visible hBN emitters [140]. Applying similar device engineering strategies
to the B-centre is expected to reduce spectral diffusion and bring emission closer to its nat-
ural linewidth. This would enable two-photon interference experiments with substantially
improved indistinguishability compared to earlier demonstrations [122], positioning the B-
centre as a competitive candidate for qubit generation.
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7.2.0.2 | Electrical Excitation

Electrical excitation of quantum emitters further advances towards fully integrated quan-
tum optoelectronic devices. While this thesis has demonstrated electrically driven quantum
emission from hBN emitters, an important future direction is the extension of electrical ex-
citation schemes to quantum systems with access to spin.

In recent years, hBN has seen rapid progress within the community as a host of mul-
tiple classes of spin-active quantum emitters. These include spin-1 systems such as the
VB− centre [125], single spin-1 emitters in thin CVD hBN films[141, 169], and more recently
spin-complex systems consisting of defect pairs that simultaneously exhibit both spin-1 and
spin-1/2 transitions [227]. The latter are of particular interest as they have recently enabled
optically detected nuclear magnetic resonance schemes, attracting significant attention due
to their spin physics and potential applications in quantum storage [227]. Furthermore, sim-
ilar defect signatures have been observed in other wide-bandgap materials, such as gallium
nitride [88], highlighting the relevance of these systems across material platforms.

A natural next step is the investigation of spin readout under electrical excitation, en-
abling electrically driven optically detected magnetic resonance (EL-ODMR) in hBN. In
such systems, qubit states are encoded in the spin sublevels of the defect ground state. These
spin-dependent transitions can be coherently manipulated using microwave fields and elec-
trically read out via current detection. Achieving spin-dependent EL would allow electri-
cal spin initialisation, manipulation, and readout, while eliminating bulky external optical
components. This opens the possibility of a quantum device architecture that combines site-
specific emitter generation, excitation via tunnelling charge injection, and spin-state readout
on a fully on-chip platform. Advancements in engineering of integrated quantum opto-
electronic vdW heterostructure devices further bring solid-state emitters towards practical
quantum technologies.
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Stark Effect

This appendix provides theoretical background relevant to Chapter 4, where the response
of quantum emitters to externally applied electric fields is investigated. In particular, it in-
troduces the physical interpretation of the Stark effect in perspective of quantum emitters
and outlines the mathematical framework used to interpret experimentally measured en-
ergy shifts.

A.1 | Theoretical Description
Stark effect describes the shift of an energy level in the presence of a static electric field.
An electric field interacts with electric dipole and shifts its energy depending on how the
dipole is oriented relative to the field. When the dipole aligns with the field, the system’s
energy is reduced. In a quantum system each energy orbital has a spatial distribution of
electric charge set by its wavefunction. An applied electric field interacts with this charge
distribution and modifies the energy of the state. Thus, optical transition energies (e.g., ZPL
of an emitter) become field dependent.

Two distinct physical contributions arise. First, if an emitter has a permanent electric
dipole moment along the field direction, the energy shifts linearly with field. This is a di-
rect analogue of a compass needle in a magnetic field, where the permanent dipole interacts
linearly at first order. Second, even if the permanent dipole is small or symmetry forbids it,
an applied field can polarise the charge distribution, inducing an additional dipole propor-
tional to the field. This induced response produces a quadratic energy shift and is quanti-
fied by the polarisability of the system. In solid-state quantum emitters, both effects can be
present because crystal fields, strain, and local symmetry breaking can generate non-zero
permanent dipoles and strong polarisabilities.
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Experimentally, Stark effect is quantified by measuring optical transition energy at zero
field and under various applied electric fields. Relevant result is therefore the difference of
energy shifts between ground and excited states. This leads to a linear contribution propor-
tional to the change in permanent dipole moment between the two states, and a quadratic
contribution proportional to the change in their polarisability. These parameters provide
insight into the electronic structure and local symmetry of the emitter. This is because a cen-
trosymmetric defect has symmetric charge distribution compared to a non-centrosymmetric
defect, thus Stark shift responses of the systems will be either mostly quadratic or linear,
respectively.

An intuitive way to conceptualise this behaviour is by comparing an inversion symmet-
ric system to one that already possesses a permanent electric dipole moment. In the former
case, the permanent dipole moment µ is zero, however, an applied electric field F can induce
a dipole whose magnitude will be governed by the system’s polarisability α. In contrast, a
system already with an intrinsic dipole moment µ will experience a direct first-order interac-
tion with the applied field F. As a result, the electric-field-induced energy shift of a quantum
system can be expressed as

∆E(F) = −µF − 1
2

αF2 (A.1)

Since optical spectroscopy probes the energy difference between the excited and ground
states of a quantum emitter, the Stark shift of an optical transition is given by the difference
between their individual energy shifts. This modifies Eq. A.2 to

∆E(F) = −∆µpermF − 1
2

∆αF2 (A.2)

where ∆µperm and ∆α are the differences in permanent dipole moment and polarisability
between the excited and ground states. To highlight, the linear Stark term reflects an intrinsic
asymmetry of the defect, while the quadratic term reflects how easily its electronic wavefunctions are
distorted by an external electric field.
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Quantum Tunnelling

This appendix is particularly relevant to chapters 5 and 6. It provides a detailed discussion
of charge injection mechanisms in monolayyer graphene-hBN devices, outlining the differ-
ent tunnelling processes by which electrons and holes are injected from graphene into the
hBN layer. Fowler-Nordheim tunnelling is compared with alternative mechanisms, trap-
assisted tunnelling and Poole-Frenkel emission. Temperature dependent I-V measurements
are presented to identify the dominant transport mechanism across different temperature
regimes. In addition, the electrical characteristics of fabricated devices are compared prior
and post emitter generation, revealing a reduction in the effective tunnelling barrier height,
which is indicative of defect formation and creation of charge traps within hBN layer.

B.1 | Charge Injection Mechanisms
Electrical injection mechanism analysis begins with Figure B.1a, where charge carriers can
be injected into hBN via Fowler-Nordheim tunnelling, trap-assisted tunnelling, and Poole-
Frenkel emission [217].

Fowler-Nordheim tunnelling (FNT) describes field-induced tunnelling of charge carri-
ers under a strong electric field. Applied bias bends the energy bands sufficiently to allow
carriers to tunnel directly from graphene electrode into the conduction or valence band of
hBN without the involvement of intermediate states. The resulting current exhibits a strong,
non-linear dependence on the electric field and is typically dominant in high-quality, low-
defect dielectrics at large fields, where direct tunnelling through the barrier is energetically
favourable.

Trap-assisted tunnelling (TAT) occurs when defects or impurities within hBN bandgap
introduce localised electronic states that facilitate multi-step tunnelling. Charge carriers can
tunnel from the graphene electrode into a defect state and subsequently tunnel onward into
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the hBN bands or nearby defect. This mechanism effectively lowers the apparent tunnelling
barrier. TAT is strongly dependent on defect density and becomes increasingly significant
in devices where structural imperfections or electrically generated defects are present.

Poole–Frenkel emission (PFE) is a thermally assisted transport mechanism in which
charge carriers are emitted from trapped states into the conduction or valence band under
an applied electric field. Applied electric field reduces Coulombic potential that confines
trapped carriers, thus lowering the activation energy required for emission. PFE exhibits
a pronounced temperature dependence and is typically observed at elevated temperatures,
under moderate electric fields and in materials with high density of charged traps.

For high-quality hBN and in high electric field, FNT applies, in which case I-V character-
istics are dominated by tunnelling current of holes in the heterostructures of graphene-hBN-
graphene. This is because tunnelling barrier for holes is smaller than for electrons [203, 204].
Figure B.1b shows I-V characteristics of a representative Device 1 that used carbon-doped
hBN (hBN:C) and displays rapid current increase beyond 10 V. Figure B.1c compares tunnel
barrier heights for four hBN:C devices (including Device 1 from Figure B.1b) to a pristine
hBN device. Compared to pristine hBN (high quality hBN) device, Device 1 in Figure B.1c
shows slightly smaller barrier height. This is caused by the high density of defects present
in hBN:C layer, which effectively reduce tunnelling barrier height, as schematically shown
in Figure B.1a. Although most commonly observed I-V characteristics are of Device 1 and
Device 2 in Figure B.1c, however, it is also possible to record I-V characteristics of Device 3
and Device 4 with significantly lower barrier heights, indicating an even higher density of
defects.

As discussed earlier, in the case of FNT, I-V characteristics are independent of temper-
ature [205]. Therefore, it is possible to simulate I-V curve using the Fowler-Nordheim for-
mula. The current relationship can be described via B.1. A linear relationship between
ln(I/V2) and 1/V is observed when equation B.1 is further formulated into equation B.2).
Both expressions include constants applicable to an hBN based devices, where I is tun-
nelling current, V is bias voltage, Ae f f is the effective tunnelling area, q is elementary charge,
m is free electron mass, ΦB is tunnelling barrier height for charge carriers at the electrode
and the insulator interface, h is the Planck’s constant, and m∗ is the effective mass of charge
carriers in the insulator.

I =
Aeffq3mV2

8πhΦBm∗d2 · exp

[
−

8π
√

2m∗ Φ3/2
B d

3hqV

]
(B.1)
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(B.2)
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Figure B.1: Electrical characteristics at the interface of graphene and hBN. (a) Schematics
of carrier injections via field mission processes. (b) Temperature dependence of I-V characteristics of
hBN:C Device 1. (c) Fowler-Nordheim plot of I-V characteristics for various devices.

Having defined Fowler-Nordheim model, continue onto simulation of the I-V charac-
teristic of fabricated devices. Figure B.2 compares experimental I-V (a,b) and simulated I-V
(c,d) of pristine hBN and hBN:C, respectively. The simulated curve in Figure B.2c produces
results consistent with those observed in pristine hBN device (Figure B.2a), yielding an ex-
perimental barrier height (ΦB) of approximately 1.8 eV.

Moving on to hBN:C device, where I-V characteristics are strongly affected by the pres-
ence of defects at higher temperatures. In Figure B.2b, fabricated device exhibits systematic
current increase as temperature increases. This behaviour can be explained by PFE through
defects as schematically illustrated in the inset of Figure B.2d. In the PFE mechanism, tunnel-
injected charge carriers to defects can be thermally excited and drifted under applied electric
field. Thus, defect barrier height is estimated to be ∼ 1 eV via the Arrhenius plot (Figure B.3).
Based on the PFE model, simulation of I-V characteristics of the device (Figure B.2d) shows
a good agreement with the experimental data (Figure B.2b) [218]. Although hole injection
is assumed for the simplicity in the analysis, deep-level defects can also assist tunnel injec-
tion of electrons which is of interest for the future research. Additionally, it is important
to note that high voltage operation for prolonged periods of time can significantly alter I-V
characteristics as shown in chapter 6 and discussed further in this appendix.
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Figure B.2: Temperature dependence of electrical characteristics at the interface of graphene
and hBN. (a), (b) Experimental temperature dependence of I-V characteristics of pristine hBN
device and hBN:C device respectively. (c), (d) Simulated I-V characteristics of pristine hBN and
hBN:C respectively.

Figure B.3: Temperature dependent tunnelling mechanism analysis of Device 1. Arrhenius
plots at an applied voltage of 13 V to 18 V from 10 K to 290 K.
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Figure B.4: Fowler-Nordheim plot corresponding to the I-V characteristics of hBN het-
erostructure device for electrical generation and excitation of emitters. After generating hBN
colour centres, tunnelling current (blue dots) shows a change compared to a newly fabricated unmea-
sured device (green dots).

B.2 | Electrical Characterisation of Emitter Generation
Electrical properties, in particular I-V measurements were conducted on devices prior and
post any optical measurements. Field emission model is employed to analyse character-
istics of fabricated devices. Based on the results of the previous studies where the same
heterostructure was used [151, 189, 203, 204], Fowler-Nordheim tunnelling [205] was con-
sidered the dominant mechanism at low impurity densities. Figure B.4 represents a Fowler-
Nordheim plot based on I-V characteristics a heterostructure device engineered for electrical
generation and excitation of hBN emitters.

Here, the data shows a clear linear relationship when the Fowler-Nordheim plot is ap-
plied. Notably, this relationship persists both prior and post optical measurement, with the
device retaining I-V characteristics similar to pristine state. This indicates that the device
continues to operate consistently despite the formation of observable defects. Furthermore,
while FNT remains the dominant mechanism, a slight reduction in barrier height is ob-
served, indirectly indicating the additional formation of defects as we have also confirmed
through optical measurements in Chapters 5 and 6.
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