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Abstract 

 

Quantum technologies face significant challenges despite years of research and development. 

To leverage the exceptional capabilities of these technologies, that enable faster computing 

and encrypted communication, a reliable single photon source is crucial. As discussed later 

in this thesis, defects in solid-state materials are among the most promising single photon 

sources. From colour centers in diamond to quantum dots, extensive studies have been 

conducted over the past decade to discover and utilize these emissions. Among the vast array 

of available sources, 2D materials are considered most favourable for quantum applications 

as they offer easy integration with photonic chips, localized and controlled creation of 

defects, high efficiency and spin-active properties. 

Diamond and silicon carbide have been intensely studied due to their bright and 

photostable emission. However, efficient integration remains a critical challenge. In contrast, 

atomically thin (2D) materials such as hexagonal boron nitride (hBN) lack dangling bonds, 

allowing for efficient integration with nanophotonic devices. hBN defects have demonstrated 

high efficiency in light-matter interactions and allow stacking into van der Waals 

heterostructures. Specifically, hBN can host ultra-bright single photon emission arising from 

point defects in the lattice. Despite these advantages, ongoing research is needed to fully 

understand and optimize the material, as it struggles with emitter blinking and stability issues 

that needs to be addressed for practical quantum applications. 
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In this thesis, I develop and demonstrate scalable approaches for creating and 

controlling quantum emitters in hexagonal boron nitride. I optimized low-pressure chemical 

vapor deposition (LPCVD) growth to produce uniform, crystalline hBN films capable of 

hosting single-photon emitters. I investigated homoepitaxial growth to understand how lattice 

coherence influences defect incorporation and emission quality. Through structured-defect 

engineering, I activated bright, stable visible emitters and systematically correlated their 

optical properties with synthesis conditions. I performed comprehensive optical 

characterization, including wide-field and confocal photoluminescence and lifetime analyses. 

Finally, I explored plasmonic coupling of spin-active boron vacancy defects to enhance light–

matter interactions and advance integration with quantum photonic devices. 

 



 

 



 

 

1  

Introduction 
 

 

1.1 Motivation 
Over the past century, science and technology have rapidly advanced due to major 

breakthroughs in information processing and transmission. These innovations have driven 

much of the progress in modern society. However, the accelerating demands for security and 

computational power are exceeding the capabilities of classical technologies. Modern fibre 

optics communication is effective yet vulnerable to eavesdropping and attacks, as both the 

encryption methods and the light signals used are susceptible to interception. As Moore's law 

approaches its limits, the continued reduction in transistor size and the evolution of traditional 

computing architectures are slowing down. This has led to the emergence of a demand for 

alternative approaches to computation and information security. 

Quantum communication and computing represent the next frontier in addressing 

these challenges, offering unprecedented possibilities in secure data transmission and 
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complex problem-solving through quantum supremacy. Photonic quantum communication 

relies on light-based quantum states, it’s a particularly promising field, as light can serve as 

both the medium of information transport and computation. Significant progress has already 

been made by leading researchers in this field, including breakthroughs in photonic quantum 

cryptography. Additionally, the demonstration of quantum computational advantage has 

further highlighted the progress made in this field. 

A critical catalyst of these technologies is the development of single-photon source 

(SPS) devices that emit individual photons on demand. SPS are essential for quantum 

cryptography, quantum key distribution (QKD) and quantum computing, they ensure 

integrity and reliability of quantum information systems. One of the most promising materials 

for this purpose is hexagonal boron nitride (hBN), which hosts optically active defects that 

can act as room-temperature single-photon emitters. Unlike other materials that require 

cryogenic environments to function, hBN offers a robust platform for quantum light 

generation under ambient conditions. 

The versatility of hexagonal boron nitride (hBN) as a two-dimensional material offers 

far beyond its application in SPS systems. With its wide bandgap, robust chemical stability, 

and seamless compatibility with other 2D materials, it stands out as a strong candidate for 

integration into quantum technologies. Despite its traditional role as a supporting layer in 2D 

heterostructures, recent discoveries have shown that defects within hBN can produce stable, 

bright single-photon emission, positioning it as a leading candidate for next-generation 

quantum photonic technologies. 

In this thesis, I will explore the synthesis, optical properties, and engineering of hBN 

to optimize its performance as a quantum light source. Particular attention will be given to 
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the growth of high-quality hBN films via chemical vapor deposition (CVD) and the 

engineering of defect structures to enhance single-photon emission. Additionally, advanced 

microscopy techniques will be employed to study the properties of hBN and its interaction 

with plasmonic systems, with the goal of developing scalable, reliable quantum emitters for 

photonic quantum technologies. 

 

1.2 Thesis Outline 

In Chapter 2, I present the fundamental concepts and a brief history of quantum 

physics as it has evolved over the years. This background information is crucial for 

understanding the results discussed in the following chapters. I will introduce quantum light 

and its history, followed by a detailed explanation of photon statistics and measurement 

techniques, including the Hanbury Brown-Twiss experiment. I then explore different 

quantum light sources and delve into the material and optical properties of hexagonal boron 

nitride (hBN) in particular. Finally, I will introduce various techniques used to grow and 

characterize hBN films. 

The remaining chapters of the thesis showcase the research conducted throughout the 

duration of my PhD. Chapter 3 and 4 consists of multiple experiments conducted to study 

and improve SPE creation. Chapter 5 presents published work achieved in collaboration with 

other researchers that master in the field. I am the first author or equal first author of any 

publications included in this thesis. 

In Chapter 3, I present the experimental results gathered and analysed after the 

LPCVD growth of hBN. In the first section of the chapter, a parameter sweep was conducted 

to optimize the film growth, aiming to achieve single-photon emitters (SPEs) within a high-
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quality and uniform film. This section outlines the optimal conditions required to incorporate 

stable and brighter SPEs in the film. The following part of the chapter focuses on another 

crucial aspect of growth i.e., studying the effect of growth chamber and corresponding 

environment on the quality of hBN growth.  

Chapter 4 investigates the overgrowth of hexagonal boron nitride (hBN) on 

mechanically exfoliated hBN flakes via chemical vapor deposition (CVD). The aim is to 

assess the potential for homoepitaxial growth and interface continuity. Detailed analysis of 

surface morphology and thickness evolution is presented. Raman spectroscopy, Atomic 

Force Microscopy (AFM), and SEM were used to evaluate growth quality. Further optical 

measurements included photoluminescence (PL) and second-order autocorrelation 

measurements to test the SPE incorporation. The findings demonstrate conditions under 

which layered epitaxy is maintained, providing insights into scalable fabrication of high-

quality hBN films.  

Chapter 5 demonstrates successful integration of hBN defect with plasmonic gap 

cavity. In this publication we show successful boron-vacancy (VB
-) defect creation using 

Focused ion beam (FIB). I am an equal first author of this publication with Noah Mendelson.  

Chapter 6 includes the conclusion of the thesis and a summary of the work done so 

far. It also includes ideas for future work that could be conducted to further research and 

understanding of hBN film and SPEs. 

In the appendix, I present the effects of carbon incorporation in hBN films during 

growth. This work was completed in collaboration, with the films grown overseas, while I 

characterized the properties of the films and incorporated single-photon emitters (SPEs) 

using confocal microscopy, including second-order autocorrelation measurements. The goal 
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of the paper is to demonstrate the precise control of defect structures in hexagonal boron 

nitride (hBN) to achieve tailored emission properties in single-photon emitters (SPEs) for 

integration into on-chip quantum devices. 



 



 

 

2  

Background  
 

This chapter lays the conceptual foundations for understanding quantum light sources 

that arise from defects in two-dimensional (2D) materials, with particular emphasis on 

hexagonal boron nitride (hBN). The ability to generate single photons reliably and on demand 

is central to the development of quantum technologies, where precise control over the 

properties of light is indispensable. In emerging fields such as quantum computing and 

quantum key distribution (QKD), single-photon emitters serve as the building blocks for 

secure communication and scalable quantum architectures. 

The discussion begins by outlining the physical principles of single-photon emission 

and the distinction between classical and quantum light sources. It then introduces hBN, 

describing its atomic structure and intrinsic material properties before reviewing the main 

approaches to its synthesis, ranging from high-pressure methods to chemical vapor 

deposition and molecular beam epitaxy. Following this, the chapter explores the role of 
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defects in hBN as hosts for single-photon emission, focusing on how their optical properties 

enable new 

 

Figure 2.1: Atomic Structure of Hexagonal Boron Nitride (hBN). Atomic structure of monolayer 

hBN showing the hexagonal arrangement of alternating boron (B) and nitrogen (N) atoms. The two-

dimensional honeycomb lattice is defined by the primitive lattice vectors â₁ and â₂, with a single B–N pair 

forming the basis of the unit cell. The structure is isomorphic to graphene but with broken inversion symmetry 

due to the distinct atomic species. Reproduced from [1]. 

avenues in quantum photonics. Finally, attention turns to the experimental techniques—

microscopy and spectroscopy—that make it possible to visualise, characterise, and 

manipulate such emitters at the nanoscale. Together, these elements establish the framework 

required to interpret the results and discussions presented in later chapters. 

 

2.1 Quantum Light  

The move from classical to quantum light sources represents more than an incremental 

advance in optics; it has altered how photons are studied and applied. Classical sources such 

as lamps, LEDs and lasers produce light with statistical fluctuations that, while useful impose 
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limits on precision.2–4 Quantum sources, by contrast, allow control at the single-photon level, 

where emission events can be timed and measured one by one. 

This capability matters in practice. Quantum illumination has been tested in 

environmental sensing and biomedical imaging, often showing stronger sensitivity than 

classical beams because correlations between photons carry extra information.5–8 Perhaps the 

most publicised application lies in communication. Quantum key distribution (QKD) encodes 

information into single photons, relying on entanglement and uncertainty: any interception 

disturbs the signal and is immediately apparent.9–12 For encryption of sensitive data, this 

physical guarantee is stronger than conventional mathematical ciphers. 

At the heart of these developments is the single-photon emitter. Such emitters differ 

from ordinary light sources by exhibiting antibunching which proves that photons emerge 

one at a time. The challenge is not only to produce them but to ensure brightness, spectral 

stability and indistinguishability. These demands drive ongoing work with quantum dots, 

diamond colour centres, and two-dimensional materials such as hBN.13–20 

2.1.1 History 

One of the most significant shifts in modern physics was the recognition that light is 

quantized. This idea first appeared in 1900, when Max Planck investigated blackbody 

radiation and proposed that electromagnetic energy is not continuous but emitted in discrete 

packets, later termed quanta. His model was designed to resolve inconsistencies in the 

classical thermal radiation theory, it laid the foundation of quantum mechanics and 

challenged long-standing views of light as a purely wave-like phenomenon. 

Einstein advanced this concept in 1905 through his explanation of the photoelectric 

effect. He showed that light interacts with matter as discrete particles, now understood as 
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photons, rather than as a smooth electromagnetic wave. This provided strong experimental 

evidence that energy is delivered in finite units, initiating what became the quantum 

revolution. The dual wave–particle description of light emerged directly from these results. 

The term “photon” was introduced in 1926 by Gilbert Lewis, giving formal identity 

to these quanta of the electromagnetic field. Each photon carries energy that scales with its 

frequency, described by the relation: 

                                                           𝐸 = ℎ 𝑣                                 (2.1) 

 

where, h (6.62607015×10−34 J s) is Planck's constant.15,21-22  

This principle now underpins modern quantum electrodynamics, photonics, and quantum 

information science, linking foundational physics to applied technologies. 

2.1.2 Photon Statistics 

Photon statistics provide a rigorous framework for distinguishing between different kinds of 

light sources by analysing how photons are distributed over time. Instead of focusing solely 

on average intensity, this approach considers fluctuations and correlations in photon arrival, 

which reveal whether a source is governed by classical physics or exhibits fundamentally 

quantum behaviour. This classification into thermal, coherent, and single-photon emission 

regimes has become foundational for modern optics and quantum photonics. 

Thermal Light generated by incandescent lamps, discharge tubes, or sunlight, is governed 

by a super-Poissonian distribution. In such cases, emission events are correlated, 

producing photon bunching, where photons arrive in bursts rather than independently. The 

variance of photon counts greatly exceeds the mean, leading to significant noise in intensity. 
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This arises from the random fluctuations of phase and amplitude that characterise thermal 

radiation. Although thermal light lacks quantum utility, its statistical description is vital in 

understanding classical emission sources. 

Coherent Light: produced by lasers, exhibits a Poissonian distribution. Here, photon 

arrivals are independent, and the variance equals the mean photon number. This means that 

while photons are not anti-bunched, they retain a stable phase relationship, providing 

coherence across long distances and timescales. This property underlies the extraordinary 

usefulness of lasers in applications ranging from fibre-optic communication to high-precision 

metrology. Nevertheless, the Poissonian character means there remains a finite chance of 

multiphoton events, limiting their use for strictly quantum-secure applications. 

Single Photon Sources: display sub-Poissonian statistics, where photons are emitted one at 

a time, separated by well-defined intervals. This antibunching effect has no classical analogue 

and arises directly from quantum mechanical principles. Such behaviour makes single-

photon sources indispensable for quantum key distribution, quantum logic operations, and 

advanced sensing. Recent developments have demonstrated single-photon emission from 

quantum dots, colour centres in diamond, and defects in layered materials such as hexagonal 

boron nitride. 

The Poisson function describes the probability P(X) of a given number of events 

occurring within a fixed time interval.  

                                                𝑃(𝑋 = 𝑛) =
𝑒−𝜆𝜆𝑛

𝑛!
                                                      (2.2) 
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In equation 2.2, λ is the expected number of photons, e is Euler’s constant, and n is the 

detected photon count. For thermal sources, variance greatly exceeds the mean, confirming 

bunching behaviour. 

 

Figure 2.2: Schematic of three types of light sources. (a) Photon bunching in a thermal source with 

a super-Poissonian distribution. (b) Random photon spacing in coherent light. (c) Photon antibunching in a 

single-photon source. (d) Corresponding second-order intensity correlation functions. Reproduced from [25]. 

 

For coherent sources, variance equals the mean, consistent with independent arrivals. For 

single-photon emitters, variance falls below the mean, providing evidence of antibunching. 

These statistical signatures are not merely abstract concepts but can be measured 

directly through correlation experiments. The second-order autocorrelation function, g(2)(τ), 

serves as the primary diagnostic tool. At zero-time delay, distinct values are observed: 

• Thermal light: g(2)(0) > 1, indicating bunching. 

• Coherent light: g(2)(0) = 1, corresponding to independent events. 

• Single-photon sources: g(2)(0) < 0.5, unambiguously indicating antibunching. 
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 and quantum emission. Such measurements have become standard in verifying new quantum 

emitters, including those in hexagonal boron nitride and other two-dimensional materials. 

 

 

Figure 2.3: Photon number distributions for three regimes of light. (a) Thermal state with average 

photon number of 1 (left) and 5 (right), showing high variance and photon bunching. (b) Coherent state with 

averages of 1 and 5, displaying a Poisson distribution. (c) Single-photon state with averages of 1 and 5, 

showing strong suppression of multiphoton events. Reproduced from [26].  

 

In thermal light sources fig 2.3 (a), the distribution is broad, with high likelihood for 

multiple photons, consistent with noisy intensity fluctuations. For coherent light fig 2.3 (b), 

the probability is peaked at one photon but remains finite for higher counts. For single-photon 

sources fig 2.3 (c), the probability distribution is sharply narrowed, confirming suppression 
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of multiphoton events. Together, these statistical and experimental signatures provide a 

robust framework for identifying new quantum emitters and assessing their suitability for 

integration into quantum photonic devices. 

 

2.1.2.1  Photoluminescence emission 

Photoluminescence (PL) spectroscopy has become one of the most widely used 

techniques for probing quantum emitters because it allows researchers to study light–matter 

interactions in a direct and relatively simple way. The basic process involves three steps: 

absorption of an incoming photon, excitation of an electron into a higher energy state, and 

subsequent relaxation back to the ground state with the release of another photon. When such 

emission originates from a localised defect site, the transition can occur one photon at a time, 

which makes PL particularly effective for identifying single-photon emitters (SPEs). 

            

Figure 2.4: Photoluminescence (PL) spectroscopy schematic of a Two-level system.  

PL spectroscopy offers significant advantages for 2D materials, as their planar 

structure allows for easy integration with photonic and electronic systems. The reduced 
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dielectric screening enhances light-matter interactions, improving the efficiency and 

brightness of single-photon emission. By engineering defects in various 2D materials, the 

emission wavelength can be tailored for specific applications, making them ideal for quantum 

photonics and emerging technologies. 

In practice, PL measurements can be carried out in continuous-wave or pulsed 

excitation modes. Each approach provides different insights: steady-state spectra give 

information on emission energy and linewidth, while time-resolved PL can reveal 

fluorescence lifetimes and coherence properties. Mapping emission intensity across a flake 

further makes it possible to locate individual quantum emitters and study how they are 

distributed within a sample. Taken together, these capabilities explain why PL remains 

central in the study of defect-based emitters. 

 

2.1.2.2  Hanbury Brown-Twiss Experiment 

While PL reveals emission characteristics, it does not on its own prove that photons 

are emitted individually. For that purpose, the Hanbury Brown–Twiss (HBT) experiment is 

indispensable. Originally developed for measuring stellar light, it is now the standard tool for 

identifying single-photon behaviour. 

In a typical HBT setup fig. (2.5), light from the emitter is divided by a 50:50 

beamsplitter and directed to two detectors usually avalanche photodiodes (APDs). The 

detection events are then processed using time-correlated single-photon counting (TCSPC), 

which records arrival times with picosecond precision. From these data, the second-order 

autocorrelation function, g(2)(τ) is calculated. 
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Figure 2.5: Schematic of Hanbury Brown and Twiss interferometer.  

The diagnostic power of this method is clear: thermal sources show g(2)(0) > 1, 

coherent sources yield g(2)(0) = 1, and single-photon emitters fall below 0.5, providing 

evidence of antibunching. In practice, experimental imperfections, detector noise, and 

background signals can push values away from these theoretical limits, but measurements 

consistently below unity are taken as proof of quantum emission. 

APDs though fast, suffer from dead time i.e., the period after a detection event when 

the detector is temporarily unresponsive. This would be a serious limitation if only one 

detector were used. By splitting the incoming photons across two detectors, the HBT design 

effectively removes this problem, allowing accurate coincidence measurements. 

Taken together, PL spectroscopy and HBT correlation form a complementary toolkit. 

PL establishes the spectral and spatial features of an emitter, while HBT confirms its quantum 

character. These techniques underpin almost all experimental studies of defect-based single-
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photon sources and continue to provide the benchmarks for evaluating their performance in 

emerging quantum technologies. 

 

2.1.3 Quantum Light Sources 

The nitrogen–vacancy (NV) centre in diamond is one of the most extensively studied 

quantum defects. Structurally, it is a point defect with C3v symmetry, composed of a 

substitutional nitrogen atom adjacent to a lattice vacancy aligned along the [111] 

crystallographic axis. NV centres are distinguished by their sharp zero-phonon lines (ZPLs), 

appearing at 637 nm for the negatively charged state (NV−) and 575 nm for the neutral state 

(NV0). Considerable progress has been made in enhancing photon collection from NV 

centres through the use of solid immersion lenses, micro-fabricated structures, and optical 

resonators.27 Other important diamond defects include the silicon-vacancy (SiV−) centre, first 

identified in the early 1980s, which emits at 738 nm with a narrow ZPL but suffers from 

limited quantum efficiency and short spin coherence times. More recent work has uncovered 

additional group-IV defects such as the germanium-vacancy (GeV), tin-vacancy (SnV), and 

lead-vacancy (PbV) centres. 

Group-IV defects present several advantages over NV centres. Their inversion 

symmetry suppresses sensitivity to local electric field fluctuations, which reduces spectral 

diffusion and allows for nearly lifetime-limited optical emission. This symmetry also ensures 

more reproducible emitter properties, supporting the scalability of quantum devices. In 

practice, their sharp ZPLs provide enhanced optical coherence and make them easier to 

integrate with photonic structures. However, these centres still face limitations, notably their 

relatively low quantum efficiency.28 
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Figure 2.6: Quantum Light sources (a) NV defect structure (top-left) and corresponding optical 

emission (top-right) Group IV colour centre structure and the corresponding PL emission. (b) PL spectra 

from monolayer and multilayer hBN (top-left), the defects act as SPE, evident by the antibunching curves 

(bottom). PL spectra from monolayer WSe2 (top-right) and the g(2) curve from the corresponding defect 

(bottom). (c) Schematic of Single Walled Carbon Nanotubes (SWCNTs) demonstrating creation of controlled 

defects. (d) GaAs nanowire with embedded InAs QD (left), SEM image of the structure (middle). PL spectra of 

the photonic nanowire QD with increasing power (right). Reproduced from [27,28,29,30,31] 

Over the past two decades, two-dimensional (2D) materials have emerged as an 

alternative host platform for single-photon emitters (SPEs). Transition metal dichalcogenides 

(TMDCs) and hexagonal boron nitride (hBN) are of particular interest. While TMDCs can 

host quantum emitters, their operation is generally restricted to cryogenic temperatures. In 

contrast, hBN defects exhibit stable emission at room temperature owing to deep defect states 

within the bandgap. These emitters combine high brightness with efficient light extraction 

and straightforward integration into photonic devices. Among reported 2D emitters, hBN 
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stands out as one of the brightest, achieving high photon flux with low excitation power. 

Nevertheless, further work is required to fully resolve their electronic structures, in contrast 

to diamond colour centres, which have been studied in depth.17,29 

Semiconducting carbon nanotubes (CNTs) have also been demonstrated to host SPEs. 

Their combination of electronic and mechanical properties makes them attractive for use in 

optomechanical circuits, and their emission wavelengths overlap with the telecom band, 

supporting integration with fibre-optic systems. However, CNT based emitters typically 

require cryogenic cooling, as they are prone to spectral instability, including blinking, 

bleaching, and dephasing. Efforts continue to improve their brightness and stability.30 

Semiconductor quantum dots, such as InAs/GaAs, are regarded as excellent single-

photon sources because of their strong optical characteristics and their ability to deliver 

photons on demand, sometimes even at room temperature. Yet, much like carbon nanotubes, 

maintaining quantum coherence generally requires cryogenic cooling. Quantum dots remain 

highly promising for future applications in quantum communication and computing. By 

contrast, colour centres in materials such as hexagonal boron nitride (hBN) and transition 

metal dichalcogenides (TMDs) can emit single photons efficiently at room temperature. 

Their defect states generate localized electronic levels within the bandgap, providing stable 

and well-controlled photon emission.31 

 

2.2 Hexagonal Boron Nitride (hBN) 

Hexagonal boron nitride (hBN) was first prepared in 1842 by the English chemist 

W.H. Balmain.32 At that stage its significance was not at all obvious, and for much of the 

nineteenth century it attracted limited attention. Only in the middle of the twentieth century 
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did its structure begin to be clarified. Researchers then recognised that it shares a layered 

architecture very similar to graphite, though with quite distinct electronic behaviour. From 

that point onwards hBN was examined both as a useful ceramic, valued for its high thermal 

stability, chemical inertness, role as a lubricant and more recently as a material with unusual 

quantum optical properties. A key reason for this renewed interest is its ability to host atomic-

scale defects that can function as single-photon emitters. 

Structurally, hBN is crystalline and has a two-dimensional honeycomb network of 

alternating boron and nitrogen atoms.33 The bonds are partly ionic because of the 

electronegativity contrast, which makes them different from the purely covalent bonds in 

graphene. Its wide indirect bandgap, near 5.9 eV, explains why it behaves as an excellent 

insulator and why it is stable under high temperatures. Mechanically it is extremely strong: 

the Young’s modulus is close to 0.865 TPa and the fracture strength around 70 GPa. 

Importantly, these mechanical values do not vary much with layer thickness, showing that 

the interlayer coupling remains robust across different forms of the crystal. 

 

2.2.1 Material Properties 

Hexagonal boron nitride (hBN) features a honeycomb lattice structure, much like 

graphene, with alternating boron and nitrogen atoms bonded together. Within each layer, 

boron and nitrogen atoms form bonds that are mostly covalent with a degree of ionic 

character. Weak van der Waals forces dominate between the layers of hBN (interlayer), with 

a minor ionic contribution.34–40 This difference between strong in-plane and weak out-of-

plane bonding gives hBN both rigidity and flexibility. Unlike graphene, which usually shows 

AB stacking, hBN follows an AA′ sequence where boron in one layer lies above nitrogen in 

the next.41 This stacking reinforces registry between layers and contributes to its stability. 
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Stacking also changes other behaviours. As more layers are added, dielectric strength 

increases, making hBN an attractive choice for insulating layers in advanced electronics.42–

44 On the other hand, thicker crystals experience more phonon scattering, which tends to 

reduce thermal conductivity, and the material remains effective at dissipating heat. Because 

of its strong bonding within the planes and insulating nature, hBN is widely used as a 

protective coating or encapsulant in van der Waals heterostructures, preserving the qualities 

of materials like graphene without degrading them.45,46 

 

Figure 2.7: Schematic representation of the structural diversity of boron nitride (BN) materials, showing 

various crystalline phases. hexagonal (h-BN), cubic (c-BN), rhombohedral (r-BN), and wurtzite (w-BN)—as 

well as nanostructured forms including BN nanosheets (BNNS), nanoribbons (BNNR, with zigzag and 

armchair edges), nanotubes (BNNT), and fullerenes. Adapted and modified from Ref. [55]. 

The lattice parameters of hexagonal boron nitride are approximately 0.25 nm in the 

basal plane and 0.333 nm along the c-axis. These dimensions permit, though not without 

considerable difficulty, the isolation of monolayer and few-layer flakes by mechanical 

exfoliation, high-energy ball milling, or chemical solvent–assisted techniques. In comparison 

with graphene, the stronger interlayer adhesion of hBN introduces additional challenges to 

exfoliation; nevertheless, high-quality thin layers have been reliably produced.47 
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Because of its wide bandgap of ~5.9 eV, bulk hBN exhibits negligible absorption 

across the visible and near-infrared spectrum, giving it a characteristically white appearance 

in powdered or crystalline form. This electronic structure, coupled with its intrinsically low 

defect density, makes hBN a highly suitable substrate for other two-dimensional materials 

such as graphene and transition-metal dichalcogenides, where it improves carrier mobility by 

reducing charge scattering at the interface.47,48 In addition, its moderate dielectric constant 

allows it to act as an atomically thin tunnelling barrier, supporting precise electron transport 

while effectively suppressing leakage currents. In few-layer form, hBN retains strong 

insulating behaviour, thereby enhancing the performance and stability of transistors, 

photodetectors, and other layered optoelectronic systems.49 

The thermal transport properties of hBN are equally remarkable. Depending on 

crystalline alignment, thickness, and purity, the in-plane thermal conductivity has been 

reported to vary between approximately 300 and 2000 W·m⁻¹·K⁻¹.50 This high conductivity 

is generally attributed to the light atomic masses of boron and nitrogen in combination with 

the rigidity of the B–N bonds, which promote efficient phonon transport pathways. In 

monolayer form, the absence of interlayer phonon scattering further enhances conductivity, 

frequently surpassing that of multilayer specimens.  

 hBN monolayer has an in-plane stiffness of roughly 267 N·m⁻¹. This value is a little 

lower than the ~335 N·m⁻¹ recorded for graphene, the value is still very high compared with 

the majority of other layered or bulk crystalline materials.231 In practice, this means that hBN 

sheets can withstand considerable stress without structural failure, while also keeping their 

form across different thicknesses. Together with its unusual thermal conductivity and its 

resistance to chemical degradation, these mechanical properties make hBN a material that 
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can be pushed into a variety of advanced applications. Current research already points to 

roles in nanoscale heat spreading, transistor stabilisation, and more recently in experimental 

quantum electronic devices, where both strength and stability are required alongside 

insulating behaviour. 

2.2.2 Optical Properties 

In addition to its more established industrial uses, such as lubricants and thermal 

insulators, hexagonal boron nitride (hBN) has become increasingly significant within 

photonics and quantum optics. The turning point was the observation of ultraviolet (UV) 

emission and lasing from bulk crystals, which at the time appeared to support a direct-

bandgap interpretation.48 Subsequent studies, however, argued instead for an indirect 

bandgap,52–54 which has complicated the picture and left aspects of its optical behaviour under 

debate. Much of the uncertainty stems from the strong role of excitons, phonons, and defect-

related states, all of which influence the observed spectra in ways that are not always 

straightforward to separate experimentally. For example, impurity-bound excitons are often 

found to dominate lower-energy emission features, yet their microscopic origin is not yet 

universally agreed upon. 

Beyond these band-structure considerations, hBN displays another remarkable 

property i.e., natural hyperbolicity.37 This arises from the pronounced anisotropy in its 

refractive indices. When driven in the mid-infrared or terahertz range, the material sustains 

surface phonon–polaritons (SPPs), which can confine light well below the diffraction limit. 

Such behaviour enables applications ranging from sub-diffraction imaging to nanoscale 

waveguiding, areas where conventional dielectrics are far less effective. The capacity to 

control and manipulate light at this scale has placed hBN among the leading candidates for 

advanced nanophotonic systems. 
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Figure 2.8: hBN Lattice, Excitonic Spectra, and Thickness-Dependent Band Structure. (a) Schematic of the 

hexagonal boron nitride (hBN) lattice with N (orange) and B (purple) atoms. (b) Fundamental absorption (8 

K) and photoluminescence (83 K) spectra of bulk hBN showing pronounced excitonic features; weak Fabry–

Pérot fringes from ~213–224 nm visible in the absorption trace. Vertical bars mark the peak positions (labels 

indicate the 1s and 2s excitons). (c) Layer-dependent electronic band structures for 1–5 layers and bulk along 

M–K–Γ (bulk includes T₁), with the colour scale denoting orbital character from out-of-plane pz (dark) to in-

plane px/py(light). With increasing thickness, hBN evolves from a direct-gap monolayer to an indirect-gap 

bulk crystal. Adapted and modified from Ref. [48,51,67]. 

Equally important is the discovery that hBN can host highly stable single-photon 

emitters (SPEs). Since the first reports, it has been shown that a wide spectral range from the 

ultraviolet through the visible and into the near-infrared can be covered by defect-related 

emission. These SPEs stand out for their exceptional brightness and stability: emission rates 

often exceed one million photons per second, and plasmonic coupling can increase output 
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further.56,57 The thin, layered geometry of hBN is also advantageous, as emitters sit close to 

the surface and light extraction is more efficient compared to bulk hosts such as diamond. 

Within the growing catalogue of hBN defects, ultraviolet emitters and the negatively 

charged boron vacancy (VB
⁻) have drawn particular interest. The VB

⁻ defect is notable not 

only for its near-infrared emission but also for its triplet ground state, which offers potential 

for spin–photon interfacing at room temperature.58,59 Additionally, hBN-based emitters are 

strongly tunable. Both local strain and external electric fields have been used to shift emission 

wavelengths and modulate intensity, a feature that is highly desirable when integrating SPEs 

into scalable quantum photonic circuits. 

Taken together, these studies emphasise that the optical behaviour of hBN cannot be 

described by a single phenomenon. Instead, it reflects a combination of excitonic 

recombination, hyperbolic polaritonic modes, and defect-mediated single-photon emission. 

The field continues to evolve quickly, with ongoing work in defect identification and control 

likely to determine how far hBN can be pushed as a foundation for quantum photonics and 

related technologies. 

 

2.2.2.1 Defects in hBN  

Hexagonal boron nitride (hBN) has gained substantial interest owing to its unique 

optical and electronic characteristics, particularly its capacity to host optically active defects. 

These colour centres are localised disruptions in the hBN lattice that can emit single photons 

at room temperature, making them highly valuable for quantum information technologies. 56, 
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60 The wide bandgap of hBN (~ 6 eV) enables these defects to act as stable emission centres, 

typically detected across the visible to near-infrared spectrum. 61 

Identifying and characterising various defects in hBN is vital for understanding their 

roles in light emission and for engineering tailored quantum light sources. 62–63 Such defects 

may occur naturally during crystal growth or be deliberately introduced through approaches 

such as ion implantation, chemical vapour deposition (CVD), or electron beam irradiation. 64 

Each defect type produces a distinct zero-phonon line (ZPL) in photoluminescence spectra, 

making spectroscopy a primary tool for defect identification. 65 

The most widely studied point defects in hBN include the boron vacancy (VB
⁻), 

nitrogen vacancy (VN), antisite complexes, and carbon or oxygen-based impurities. 66 The 

negatively charged boron vacancy is a spin-active defect with a triplet ground state, 

accessible via optically detected magnetic resonance (ODMR). Unlike other visible centres, 

VB
⁻ consistently shows a photoluminescence peak near ~ 850 nm when excited with a green 

laser. 67 Although many reports describe bright single-photon emission in hBN, there is no 

conclusive experimental evidence attributing this emission to isolated VN defects, with most 

claims resting on indirect comparisons between PL spectra and density functional theory 

(DFT) simulations. 68 This remains an emerging research area, requiring further advances in 

combined spectroscopy, atomic-resolution microscopy, and spin-resolved methods to clarify 

the microscopic role of VN in hBN luminescence. 69 

Antisite defects, where boron and nitrogen atoms exchange lattice positions, generate 

more complex spectral features owing to their varied atomic configurations.70 Carbon-related 

centres, formed from substitutional or interstitial carbon, add to the defect diversity and are  
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Figure 2.9: Monolayer hBN Point Defects and Local Bond Distortions (VN, VB, O-related complexes). (a) 

Schematic of a single nitrogen vacancy in monolayer hBN (VN). (b) Single boron vacancy (VB). (c) Oxygen 

substituting a nitrogen site (ON). (d) VNON complex (oxygen at a neighbouring N site adjacent to a nitrogen 

vacancy). (e) VBON complex (oxygen at a neighbouring N site adjacent to a boron vacancy). Blue, pink and 

red spheres denote B, N and O atoms, respectively. The dashed segment marks a representative nearest 

neighbour B–N bond length in each relaxed structure (a–e: 1.469, 1.417, 1.427, 1.471 and 1.391 Å), 

highlighting defect-induced bond contraction/elongation around the defect core. Adapted and modified from 

Ref. [83]. 

frequently linked to visible single-photon emission. In addition, more complex defects such 

as vacancy clusters or foreign impurities (oxygen or carbon incorporated into the lattice) 

introduce further electronic levels and local disorder. This expanding defect complexity 

makes precise identification and analysis increasingly challenging. 71–74 

Recent research has connected specific spectral emissions with atomic defect types. 

For instance, ultraviolet (UV) and deep-UV (DUV) emission has been attributed to boron-

related defects, whereas near-infrared (NIR) emission is often correlated with carbon 

impurities in the lattice. 71, 75 Understanding such links is crucial for tuning hBN’s optical 

response in quantum photonic systems.  
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Table 2.1: Summary of common defect types in hBN and their optical signatures. 

Defect Type ZPL Origin Identification 

Boron Vacancy VB
- 850 nm 

Ion implantation 

e- irradiation 

CVD [66-67] 

PL 

ODMR 

RAMAN 

 

Nitrogen Vacancy Visible - NIR 
CVD/ MBE  

Irradiation [68-69] 

PL 

DFT 

 

Antisite (B N) Broad Visible range 
Growth  

Irradiation [70] 

PL  

RAMAN 

 

C- defects Visible - NIR 
Substitutional 

CVD [71, 75] 

PL 

STEM 

 

O impurities UV - Visible 

Incorporation during- 

(CVD or Annealing) 

[71-74] 

PL 

STEM 

EPR 

 

Blue Centres 
 436 nm  

UV link ( 305 nm) 

e- beam Irradiation 

[76-82] 

PL 

Stark Tuning 

 

 

One particularly studied class is the “blue” colour centres in hBN, which show sharp 

single-photon emission with a ZPL around 436 nm. These blue emitters were first identified 

in high-quality hBN by Shevitski et al., who demonstrated electron-beam activation and 

reversible switching behaviour consistent with atomic colour centres. 76 Later work achieved 

deterministic and site-controlled fabrication of the 436 nm centres using focused electron-

beam irradiation and confirmed their association with a UV defect at ~305 nm. 77 Follow-up 

investigations examined coherence, resonant behaviour, and Stark-shift properties under 

cryogenic conditions, revealing narrow homogeneous linewidths, resilience to moderate 

electric-field noise, and identifying phonon-driven dephasing and spectral diffusion as key 

coherence-limiting mechanisms.78–80 Studies on robustness and post-processing (e.g., 



Chapter 2 

 
56 

annealing, carbon-doping) refined fabrication protocols and emphasised the role of carbon 

precursors in improving emitter yield. 81 Quantitative optical analysis (quantum efficiency 

and lifetime measurements) showed promising brightness and moderate quantum yield for 

these so-called B-centres.82 Recent theoretical work employing hybrid-DFT and many-body 

approaches has proposed possible atomic models, including the negatively charged nitrogen 

split-interstitial, as the microscopic origin of the 436 nm emitter, though definitive 

experimental proof at the atomic scale is still pending. 74 

A rapidly developing area involves engineered defect creation to produce on-demand 

quantum emitters. Strategies such as focused ion irradiation and laser-based writing allow 

precise spatial control of defect density and positioning.83 Moreover, the emission properties 

of these centres can be tuned by external strain or electric fields, offering dynamic control 

for quantum devices.84 

Advanced characterisation techniques including cathodoluminescence (CL), Raman 

spectroscopy, and electron paramagnetic resonance (EPR) are routinely combined with PL 

studies to probe the structure and electronic states of hBN defects.72, 85–86 Additionally, 

scanning transmission electron microscopy (STEM) enables direct imaging of defect sites, 

providing atomically resolved insights into their structure and distribution.87–88 

In conclusion, the identification and manipulation of specific defect types are crucial 

to unlocking hBN’s potential as a quantum light source. Through advanced spectroscopic 

and microscopic analysis, researchers are moving towards deterministic design of single-

photon emitters with optimised performance, strengthening hBN’s position as a leading 

platform for emerging quantum technologies.71–74, 89 
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2.3 Synthesis of hBN film  

 

The synthesis of hexagonal boron nitride (hBN) films has seen significant 

advancements due to their unique properties and broad application potential in various 

technological fields, including optoelectronics and quantum computing. Different growth 

techniques have been explored, each with its own advantages and limitations. 

 

2.3.1 High Pressure High Temperature (HPHT)  

 

The high-pressure high-temperature (HPHT) remains the definitive method for 

producing benchmark quality hexagonal boron nitride (hBN) crystals. By recreating the 

thermodynamic window in which sp² bonded BN is stable at GPa pressures and temperatures 

exceeding ~1500 °C, HPHT growth yields colourless, low defect platelets whose deep UV 

optical response has underpinned both the fundamental physics of excitons in hBN and most 

relevant device demonstrations in the hBN history 90, 91, 96, 100. Although wafer scale films are 

not achievable by HPHT and the process is capital and expertise intensive, it establishes the 

quality benchmark against which more scalable thin-film routes (CVD & MOVPE) are 

judged. The central trade-off is therefore clear, unmatched crystal quality and optical purity 

versus intrinsic constraints on lateral size and throughput 90–93.  

In a canonical HPHT run, carefully purified boron and nitrogen charges are combined 

with a nitride flux inside a hexagonal BN (hBN) crucible, the assembly is loaded into a multi-

anvil (cubic-anvil, belt, or toroidal) press, pressure is raised into the 3–6 GPa range and 

temperature is driven to roughly 1500–1950 °C. After the charge dissolves in the molten flux, 

hBN crystal nucleates and re-precipitates under a mild axial thermal gradient that maintains 
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solute transport during an isothermal or slightly undercooled dwell, typically of order 1–12 

hr. Controlled cooling promotes domain coarsening and reduces defect incorporation. The 

assembly is then quenched, depressurized and the crystals are recovered by dissolving the 

flux (often via acid/base cleaning) before any optional post-growth anneal.  

 

Figure 2.10: HPHT Growth of hBN and Room-Temperature Optical Response. (a) High-pressure, high-

temperature (HPHT) crystal growth process. (i) Schematic of the cubic-anvil high-pressure apparatus 

containing the growth cell. (ii) Cross-sectional illustration of the Mo capsule assembly showing the h-BN 

source, molten solvent, and graphite furnace used to promote crystal growth. (iii) Pressure–temperature 

phase region for crystal formation, with experimental data points indicating h-BN and c-BN domains (inset: 

recovered crystal batch). (iv) Optical micrograph of a representative hexagonal BN crystal (~500 μm lateral 

dimension). (b) UV absorption spectrum of h-BN at 300 K, showing a sharp absorption edge near ~6 eV 

corresponding to the wide bandgap of the material. Reproduced from [85,90]. 

 

While the precise window depends on the solvent chemistry, Ba–BN solutions are usually 

operated near 4.5– 5.5 GPa and 1500–1650 °C. Mg–B–N routes reach higher temperatures 

and involve a well-documented MgNB₉ intermediate, the overall sequence of dissolution, 
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transport under gradient, and re-precipitation is consistent across reports and is now 

considered standard practice for HPHT hBN 91–93.  

Flux chemistry dictates much of the materials outcome. Barium boron nitride solvents 

(often summarized as Ba–BN or Ba₃B₂N₄ families) have long been associated with ultra-low 

contamination, routinely producing hBN with oxygen and carbon concent rations below 

~10¹⁸ cm⁻³ and sharp deep-UV band edge signatures. Such Ba flux crystals are the ones 

historically used to establish excitonic luminescence near ~215–225 nm and to demonstrate 

lasing-like behaviour at cryogenic temperatures, results that catalysed the modern wave of 

deep-UV hBN optoelectronics 90–91, 100. Magnesium-based solvent routes (Mg–B–N) have 

clarified the mechanistic pathway through the MgNB₉ phase and offer higher-temperature 

operation with vigorous mass transport but require care to avoid parasitic phases and to 

maintain stoichiometry. Most recently, strontium-based nitride solvents (e.g., Sr₃B₂N₄) have 

emerged as a credible alternative, yielding transparent single crystals with lateral sizes 

approaching ~1.2 mm at ~4.5 GPa/1500 °C this development underscores that solvent design 

remains an active and fruitful lever for quality and size, even within the size constraints 

imposed by the press capsule 92–94.  

Capsule thermal gradients and transport kinetics imprint directly on crystal 

morphology and output. With minimized thermal inhomogeneity and good solvent wetting, 

single growth cycles routinely produce platelets 0.5 – 3 mm across and tens to hundreds of 

micrometres thick. Consistently, the Sr-flux variant reports ~1.2 mm platelets at 4.5 

GPa/1500 °C, reflecting efficient mass transport and clean interfacial kinetics.  Larger sizes 

are predominantly capped by crucible dimensions, solvent volume and the stability of the 

thermal gradient over multi-hour dwells. Thus, HPHT is not a wafer-film technique. Its 
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practical role is to supply high-quality bulk hBN from which flakes are mechanically 

exfoliated and then transferred onto target substrates.92–94 

Quality metrics recorded on HPHT hBN are widely considered the gold standard for 

bulk material. Raman spectroscopy exhibits the archetypal E₂g phonon near 1366 cm⁻¹ with 

narrow full-width at half-maximum, reflecting low disorder and minimal strain in the grown 

crystals. Electron and x-ray diffraction reveal sharp hexagonal symmetry with strong (002) 

texture and minimal mosaic spread.  

 

 

Figure 2.11: Mg-Doped hBN Crystal Structure and Characterization. (a) Atomic lattice model of pristine 

hexagonal boron nitride (hBN). (b) Schematic representation of Mg incorporation into the hBN lattice. (c–d) 

Optical microscope images of synthesized Mg-doped hBN crystal fragments, showing transparent platelet 

morphology with lateral dimensions of up to ~2 mm. (e) X-ray diffraction (XRD) pattern confirming the 

characteristic (002), (004), and (006) reflections of layered hBN. (f) Raman spectrum displaying the E2g

 phonon mode centered at 1367.1 cm−1 with a full width at half maximum (FWHM) of 8.2 cm−1, indicative of 

high crystallinity. Reproduced from [93]. 
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Most distinctively, deep-UV photoluminescence and cathodoluminescence measurements 

show bright near-band-edge emission with pronounced excitonic character in the ~ 5.7–6.1 

eV range (≈ 215–220 nm), including fine structure whose intensity and linewidths evolve 

with temperature. The absolute quantum yield of the near band edge emission at low 

temperature can approach that of classic direct-gap semiconductors, emphasizing both the 

strength of the exciton and the low nonradiative recombination landscape in HPHT grade 

crystals. Although the direct versus indirect band gap for bulk hBN has been debated in the 

literature, the consensus in high-quality HPHT material is of exceptionally bright excitonic 

luminescence in the deep UV, with defect-related series (often labelled S and D) that can be 

disentangled by excitation energy and temperature. Defined initially in pioneering single-

crystal work, these optical features continue to serve as the practical standards for assessing 

material quality today 90, 95–101. 

Impurity and defect mapping techniques have advanced to the point where intra-

crystal homogeneity can be assessed directly. Secondary ion mass spectrometry (SIMS) on 

Ba-flux crystal shows oxygen and carbon frequently below ~10¹⁸ cm⁻³, far-UV 

photoluminescence microscopy can visualize impurity domains and spatial variations in 

near-band-edge emission at micrometre scales, offering a way to screen crystals for regions 

with the most intrinsic response. These tools, most notably the far-UV PL microscope 

developed for HPHT crystals by Watanabe and Taniguchi, provide a powerful link between 

growth conditions, solvent purity and device-relevant optical homogeneity 91, 96.   

The HPHT parameter space is now sufficiently mature that practical operating 

windows can be summarized with reasonable confidence. Ba–BN growth near 4.5–5.5 GPa 

and 1500–1650 °C balances transport against impurity control and remains a favoured route 

for benchmark crystals. Mg–B–N growth at ~3 GPa with temperatures up to ~1900 °C 
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accesses the MgNB₉ intermediate and tends to produce fast transport and larger thickness per 

run, albeit with a tighter tolerance to phase competition. Sr-based fluxes combine the low-

impurity character associated with Ba–BN solvents with favourable growth kinetics, yielding 

millimetre scale, optically transparent crystals at ~1500 °C and 4.5 GPa. Continued 

refinements in thermal engineering, crucible design and pre-growth outgassing of 

consumables incrementally improve yield and uniformity, but they do not alter the 

fundamental constraint that press volume, and controllable thermal gradients preclude wafer-

scale growth. 91–94 

For applications, HPHT crystals function in two complementary roles. First, they are 

the reference dielectric or encapsulation layers in van der Waals heterostructures, where their 

low roughness, chemical inertness, and wide gap improve the mobility and stability of 

proximate 2D semiconductors. Second, they enable deep-UV photonics testbeds, from 

electroluminescence and photocurrent generation demonstrations to single photon emitter 

studies that benefit from a well-controlled and low background host. The most persuasive 

argument for HPHT is thus not scale but quality, when a study requires the cleanest possible 

host lattice and the brightest possible deep-UV excitonic response, HPHT hBN is still the 

starting point. This fact also motivates the more scalable thin film methods to emulate 

HPHT’s impurity budget and excitonic metrics, a theme that bridges naturally into the CVD 

family sections that follow 90, 96–101.  

For clarity and reproducibility, we distil prior reports into a concise overview of 

representative HPHT process conditions and resulting materials. While details vary with 

press configuration and flux formulation, the table collates the operative ranges, 

characteristic sizes, and quality metrics that will anchor subsequent comparisons between 

HPHT benchmarks and thin-film objectives. 
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Table 2.2:  HPHT and Flux Routes for hBN Single‑Crystal Growth.  

Solvent Pressure Temperature Dwell Typical Size 

BA – BN 

(Ba3B2N4) 

 

4.5 – 5.5 1500 - 1650 2-12 hr 
0.5 – 3 mm 

[90-91] 

Mg-B-N 

(MgNB9) 

 

3 Up to 1900 1-2 hr 
mm class 

[92-93] 

Sr based nitride 

(Sr3B2N4) 

 

4.5 1500 - 
1.2 mm 

[94] 

Atmospheric 

Pressure (Fe/Ni) 

High-T flux 

0 1400 - 
Sub mm to mm 

[95-96] 

 

Finally, it’s important to note that purification of consumables shapes the defect 

landscape in HPHT growth. BN crucibles and nitride solvents should be pre-baked and 

handled under rigorously dry conditions so that oxygen and water remain below detection 

limits. Equally decisive is thermal field uniformity within the press: even modest gradients 

bias nucleation fronts and broaden the crystal size distribution. For reproducibility, reports 

should include the full thermodynamic path (pressure, temperature, dwell time, and cooling 

rate), solvent stoichiometry, seed use (present/absent), crystal yield, and post-growth 

cleaning/anneal protocols. Such reporting practices both enable replication and permit the 

thin-film sections that follow to make meaningful, comparisons to the HPHT benchmark 91–

93, 96.  
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2.3.2 Chemical Vapor Deposition (CVD) 

Whereas HPHT grows hBN by dissolving boron and nitrogen into a molten nitride 

flux and re-precipitating crystals at several-GPa conditions, CVD forms sp²-BN in situ on a 

substrate from vapour precursors at elevated temperature and sub atmospheric to atmospheric 

pressure. Within the CVD family, metal-organic CVD (MOCVD is often termed MOVPE 

when epitaxial growth on crystalline templates is emphasised. It uses identical reactors and 

chemistries. In this thesis we treat MOCVD and MOVPE as a single sub-class of CVD rather 

than a distinct growth method. This distinction in the thermodynamic pathway of the two 

methods define the strengths and limitations of CVD relative to HPHT. HPHT delivers hBN 

with highest purity and deep-UV excitonic quality but only at millimetre scales. CVD 

sacrifices some of that perfection to reach wafer-scale continuity with reactor designs 

compatible with semiconductor manufacturing. CVD performance depends on total pressure, 

substrate temperature, precursor choice, partial pressures and growth time. In plasma or 

metal-organic variants, the activation scheme and gas-phase chemistry also govern 

nucleation density, domain orientation, layer number, and impurity uptake, and thus the 

optical figures of merit relative to HPHT 103–109,128–130. 

In the low-pressure thermal regime typically used to maximise uniformity, CVD is 

run at ~ 0.1–2 Torr in hot wall quartz tubes with a stable isothermal zone of ~ 900–1100 °C. 

Copper and nickel foils remain the standard substrates because they reduce the effective 

barrier to BN formation. On Cu substrate, the very low bulk solubility of B and N suppresses 

through thickness growth, so deposition is mainly surface mediated and tends toward mono 

or few layer self-limited hBN film growth. Borazine (B₃N₃H₆) is preferred where carbon 

suppression is critical because it decomposes cleanly, ammonia borane (NH₃BH₃) is popular 
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for its practicality but must be dosed carefully to avoid polymeric residues, diborane with 

ammonia is the most reactive combination but requires stricter safety and flow control. 

 

Figure 2.12: Structural and Chemical Characterization of CVD-Grown hBN Films. (a) Raman spectrum of 

hBN (E2g mode, Lorentzian fit) from films grown via CVD. (b) Raman of CVD-grown hBN after transfer to 

SiO2, showing the BN peak (~1368 cm−1) and SiO2 contribution. (c) XPS confirming B–N bonding in CVD-

grown films from fitted N 1s and B 1s peaks. (d) AFM image revealing layered morphology and terrace steps 

of the CVD-grown hBN. (e) Cross-sectional HRTEM showing a uniform few nm thick CVD-grown hBN layer. 

Reproduced by [197]. 

Copper and nickel routinely deliver centimetre to wafer-scale coverage. Quality 

metrics are consistent with E₂g Raman mode sitting near 1366–1370 cm⁻¹, AFM reveals sub-

nanometre terrace roughness, and dielectric breakdown fields are typically ~ 0.7–1.0 V nm⁻¹. 

Taken together, these numbers of bracket HPHT benchmarks when deep-UV excitonic PL 

and tunnelling-dielectric strength are used as comparators. 

The main limiter is nucleation density. Lowering pressure suppresses gas-phase 

polymerisation that would otherwise create stray islands. Hydrogen co flow removes 
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polymeric intermediates before they foul terraces. On Cu(111) and Ni(111), staging the 

precursor dose biases step edge attachment and lateral growth, so single orientation domains 

become accessible rather than popping up spontaneously. 

Once nucleation is tamed, wafer-scale uniformity follows reactor physics. A flat hot 

zone and a stable near surface boundary layer are decisive. Isothermal zones reduce thermal 

drift. Laminar flow steadies external mass transfer. Gentle, staged cool-downs limit wrinkle 

formation and intergranular contamination. In combination, these controls preserve 

monolayer continuity across the wafer and keep optical and electrical figures of merit within 

the target window 103–109,129,130. 

 

Figure 2.13: Comparison of Standard and Gettering MOCVD Growth of hBN on Cu. (a) Schematic of hBN 

chemical vapor deposition (CVD) from ammonia–borane precursors on Cu films supported by either quartz 

or nickel substrates. (i) Standard CVD growth on Cu/quartz. (ii) Gettering-assisted CVD growth on 

Cu/nickel, where Ni beneath the Cu film acts as a B sink to promote more uniform hBN formation. (b–d) 

Optical microscopy images of hBN grown on (b) Cu/quartz, (c) oxidized Cu/quartz, and (d) Cu/nickel, 

demonstrating improved hBN coverage and reduced bare Cu regions under gettering conditions. Reproduced 

by [198]. 
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Unlike HPHT, where the output is a freestanding crystal, most thermal CVD films 

grown on metals must be integrated onto dielectric platforms. This makes transfer chemistry 

a first-order determinant of the final optical and electrical properties. Conventional polymer 

assisted wet transfer is robust but leaves organic residues and trapped oxides that elevate loss 

and quench near band edge excitons. Electrochemical delamination reduces surface oxides 

on the metal and limits incorporation of etchant by-products, dry or quasi dry transfer and 

oxygen assisted delamination further cut residual contamination and roll to roll handling 

enables large area stacks with less mechanical damage. The strongest reports now retain near 

band edge deep UV emission and keep leakage currents close to HPHT benchmarks after 

transfer. The practical takeaway is that for CVD, the benchmarked unit operation is growth 

plus transfer rather than growth in isolation 112–114,131–133. Because transfer is still a liability 

for the most demanding optical and quantum devices, direct growth on dielectrics has moved 

from proof of concept to a practical alternative. The kinetic strategy is straightforward, 

depress supersaturation so that heterogeneous nucleation is rare. Activate the surface with 

oxygen plasma or with functional monolayers so adsorption and reaction proceed without a 

catalytic metal. In some recipes, insert a very thin catalytic interlayer to assist early nucleation 

and then remove it in situ so the final interface is all dielectric. On SiO₂, sapphire, and nitride 

substrates, direct CVD now reproduces the same Raman E₂g positions and linewidth trends 

seen after transfer, together with sub nanometre AFM roughness and ellipsometry control of 

thickness. These outcomes hold provided carbon and oxygen are suppressed throughout 

growth and cooldown, and any post growth anneal stays below the temperature at which point 

defect backgrounds proliferate 110,111,128,129.  

When the substrate or device stack imposes a thermal budget below roughly 500–700 

°C, plasma assistance allows hBN to be deposited at temperatures that thermal CVD cannot 
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reach without sacrificing continuity or stoichiometry. Microwave or inductively coupled 

plasmas activate borazine or ammonia borane at 300–500 °C. They create radical rich 

boundary layers that lower the apparent barrier for surface reactions. The advantages for back 

end of line integration and for flexible substrates are clear. The main risks are ion damage, 

formation of amorphous BN, and hydrogen driven amorphization. In practice, you can tune 

plasma density, ion energy, hydrogen fraction, and pressure to achieve continuous films. 

With the right window, the near band edge photoluminescence remains visible, and the 

Raman response falls at the values expected for crystalline hBN rather than amorphous BN. 

There are now credible demonstrations of on chip devices built with directly grown hBN at 

a few hundred degrees. This is a temperature regime that HPHT crystals and high temperature 

LPCVD cannot reach without putting the rest of the stack at risk 115–119,116–118. 

At the high-temperature end of the CVD family, metal-organic CVD (MOCVD, also 

referred to as MOVPE in epitaxial contexts) replaces simple boron hydrides or cyclic 

precursors with TEB (triethyl-boron) or TMB (trimethyl-boron) and relies on NH₃ at ~1000–

1200 °C and tens to hundreds of Torr. These reactors inherit decades of uniformity, metrology 

and safety discipline from GaN and AlN manufacturing and make it straightforward to insert 

hBN into the same process lines and even the same runs as III-nitride device layers. The 

dominant issues are carbon incorporation and stoichiometry across the wafer.  

Both respond to higher hydrogen fractions in the carrier gas, tuning of the V/III ratio, 

pulsed delivery or growth interruptions that allow desorption of carbon-bearing fragments, 

and to flow-modulation epitaxy designed to encourage 2D completion. This yields wafer 

scale and selective area films on sapphire, Ni(111), and nitride substrates with smooth 

surfaces, lower carbon content relative to the baseline TEB or TMB recipes and deep UV 
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transparency consistent with the HPHT anchored optical benchmarks. Importantly, hBN can 

also be co grown with GaN/AlN when that simplifies an optoelectronic or high frequency 

device flow 120–125. 

 

Figure 2.14: LPCVD Growth of Large-Area hBN Crystals on Fe–Ni Alloy Foils. (a) Schematic of the high-

temperature (~1200 °C) CVD setup using ammonia–borane (B3N3H6) as the precursor and Fe–Ni alloy foil as 

the catalytic growth substrate. The precursor vapor is transported through the heated zone to promote hBN 

nucleation and layer growth. (b) Optical image of the resulting CVD-grown hBN, showing mm- scale single-

crystal domains (inset: enlarged view displaying a ~2 mm hBN crystal). Reproduced by [199]. 

 

A set of niche CVD methods rounds out the landscape and fills gaps that neither 

LPCVD nor metal-organic routes address efficiently. Atmospheric-pressure CVD is 

inexpensive and simple to implement but tends to sacrifice crystalline order unless the 

boundary layer and residence time are tuned with unusual care. Hot-wire CVD activates 

precursors catalytically at heated filaments and can lower the substrate temperature at the 

cost of filament management. On the other hand, Photo-CVD uses UV photons to drive 

dissociation in the boundary layer and enables localised or substrate-sparing activation, 

aerosol-assisted CVD introduces solution-borne precursors that would be hard to deliver in 

gas lines. Furthermore, microwave or laser-assisted CVD injects energy locally to nudge 



Chapter 2 

 
70 

kinetics without heating the entire wafer. These routes are particularly useful when you need 

patterned or local growth, unusual substrates such as Ge or steel and with tight local thermal 

budgets that standard hot-wall tubes cannot accommodate. They have not displaced LPCVD 

or MOCVD for wafer scale electronics, but they broaden the substrate palette and unlock 

growth windows that make specific device layouts feasible 108,128,129. 

With all of the above on the table, the comparison to HPHT becomes straightforward 

and genuinely quantitative. If the target is the cleanest possible excitonic response in the 5.7–

6.1 eV range and the lowest non-radiative background for quantum optics, HPHT remains 

the benchmark because it delivers single-crystal hBN with impurity levels at or below ~10¹⁸ 

cm⁻³ for oxygen and carbon and Raman E₂g peaks with the narrowest linewidths your 

instruments will measure. CVD can approach those optical signatures, especially when 

borazine is  

 

Figure 2.15: Plasma-Enhanced CVD (PECVD) Growth of Triangular hBN Domains on Copper. Schematic 

of PECVD growth using ammonia–borane (BH3NH3) and H2 precursors at ~1070 °C, where a plasma source 

assists precursor activation and promotes hBN nucleation on copper foil. The optical micrograph (right) 

shows triangular hBN domains with lateral dimensions on the order of tens of micrometres.  

Reproduced by [200]. 
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used, nucleation density is suppressed, cooling rates are gentle, and transfer is clean or 

avoided entirely by direct growth. What CVD adds that HPHT cannot is, lateral scale and 

process compatibility. CVD allows continuous coverage over centimetres to wafers, control 

over layer number in the 0.33–3 nm regime and direct placement on device dielectrics or on 

III-nitride platforms at temperatures compatible with the rest of a process flow.  

Framed correctly, route selection is not a contest of superiority rather a process–device 

matching. When purity ceilings and excitonic coherence dominate, HPHT single crystals 

define the optical and dielectric reference. They minimise point-defect and impurity 

backgrounds. They also deliver the narrowest E₂g Raman linewidths and the cleanest 

excitonic emission. Size limits remain, but for van der Waals encapsulation and deep-UV 

emitters the material quality is decisive. For integrated photonics, surface passivation and 

back-end stacks, LPCVD and PECVD provide deterministic placement on dielectric wafers. 

LPCVD exploits diffusion limited, low supersaturation kinetics at 900–1100 °C.  

PECVD introduces activated nitrogen and boron radicals at a few hundred degrees. 

Both routes accept controlled trade-offs in defect density, excitonic linewidth, and leakage 

current to achieve in situ integration. For nitride optoelectronics and high-frequency 

electronics, MOCVD or MOVPE embed hBN within existing GaN/AlN unit processes. They 

leverage V/III ratio control, hydrogen scavenging, and flow-modulated epitaxy. They also 

avoid ex situ transfer and thus resulting polymer residues, thereby lowering interface trap 

density and integration friction 103–125,128–133. 

A single principle unifies the comparison. Every incremental improvement in 

nucleation control, precursor cleanliness, hydrogen management and thermal field uniformity 

in CVD must be benchmarked to HPHT optical and dielectric yardsticks. Use the E₂g position 

and FWHM as a crystallinity gauge. Use deep-UV excitonic PL as a measure of radiative 
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quality. Track leakage current density, breakdown field, and interface state density as device 

relevant metrics. Report domain orientation, layer-number dispersion, and carbon or oxygen 

incorporation to close the loop. 

Table 2.3. Summary of CVD variants for hBN showing operating windows, activation, precursors, substrates, 

film and layer control, transfer needs, recurrent issues, and indicative use cases, with key references. 

Defect Type LPCVD PCVD MOCVD/ MOVPE 

Pressure  

(Torr) 

 

0.2 – 2 

 

0.5 – 5  50 – 760  

 

Temperature  

(°C) 

900 – 1100  300 – 500  1000 – 1200  

Activation 

 

Thermal surface 

reaction, suppressed 

gas phase 

polymerisation  

Plasma radicals & 

ions 

Thermal 

decomposition with 

NH3 

Precursor 

 

Borazine 

NH3+ BH3 

 

Borazine 

NH3+ BH3 

 

TEB or TMB 

NH3 

Substrate 

 

Cu(111) 

Ni(111) 

 

Si, SiO2, Nitrides, 

Metals, Sapphire 

 

Sapphire, SiC 

Ni(111) 

Film Size 

 

cm to wafer scale 

monolayer to few 

layers self-limited 

 

Large area, layer 

control via plasma 

density 

 

Wafer scale 

selective area films 

layer control 

 

Transfer to 

Dielectric 

 

Required for metal 

grown films 

Not required when 

grown on 

dielectrics 

Not required when 

grown on dielectrics 

Limitations 

C/ O contamination, 

wrinkles,  

grain boundaries 

Ion damage 

Amorphous BN 

Non uniformity 

C- incorporation 

Stoichiometry drift 

Application 

 

High crystallinity at 

wafer scale 

[103-109, 128-130] 

 

Low – T integration 

flexible substrates 

[115-119] 

 

Co- integration  

UV photonic stack 

[120-125] 
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These criteria allow a direct, quantitative assessment of how closely each growth route 

approaches the HPHT reference under realistic device constraints 103–125,128–133. 

Table 2.3 summarises CVD variants for hBN by listing the operative ranges in 

pressure and temperature, the activation route, representative precursors, common substrates, 

film size and layer control, transfer requirements, recurrent issues, and indicative use cases. 

It is designed as a single-page reference to align process choice with device constraints and 

to benchmark each route against HPHT targets 103–125,128–133. 

2.3.3 Molecular Beam Epitaxy (MBE) 

 

Molecular beam epitaxy prioritises atomic scale control, growing hBN from elemental 

boron plus activated nitrogen under ultra-high vacuum so fluxes, stoichiometry, and interface 

abruptness can be tuned with high precision. In the clearest studies on c plane sapphire, high 

crystalline quality only appeared once the substrate temperature exceeded about 1600 °C. 

The boron beams equivalent pressure stayed very low, about 10⁻⁸ Torr. Under these high 

temperature, low flux conditions, in situ RHEED showed streaky patterns with 60° rotational 

symmetry and a fixed epitaxial relation [112ˉ0]hBN ∥[110ˉ0]sapphire, ex-situ AFM revealed 

atomically terraced surfaces. At lower temperature or higher boron flux, films quickly 

became rough and polycrystalline, which establishes the high temperature, low flux corner 

as the practical growth window for epitaxial hBN on sapphire 134. 

Because molecular nitrogen is inert at these temperatures on oxide surfaces, a radio 

frequency nitrogen plasma source is routinely used to supply activated nitrogen, which 

enables plasma assisted MBE at somewhat lower substrate temperature while preserving 

UHV cleanliness. In this configuration on graphitic templates or oxides, crystalline 

monolayer and few layer hBN has been reported at roughly 1380–1420 °C. AFM confirms 
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atomically flat terraces with coverage control and RHEED provides complementary 

verification. The mechanistic picture is consistent across tools. The boron flux must stay 

deliberately low to avoid amorphous BN. Active nitrogen must be sufficient to favour sp² 

bonding. If either condition is missed, disorder rises, and the Raman E₂g line broadens. 

Plasma assisted studies enlarge the usable kinetic window relative to the ultra-high 

temperature sapphire work, while retaining the core MBE advantages of clean interfaces and 

very low contamination 135–136. 

 

Figure 2.16: Molecular Beam Epitaxy (MBE) Growth and Structural Characterization of hBN. (a) 

Schematic of the MBE growth chamber showing separate sources for B, activated N radicals, and Ar+ ion 

assistance, along with substrate heating and in-situ RHEED monitoring used to control film growth. (b) XRD 

scan of MBE-grown hBN on Ni(111), showing the h-BN(0002) and hBN(0004) reflections consistent with 

layered crystallinity. Inset: ω-rocking curve of the h-BN(0002) peak indicating crystalline film quality.  

Reproduced by [201- 202]. 

Researchers have mapped the growth window by varying substrate temperature and 

boron flux while keeping the nitrogen plasma power fixed. When the temperature climbs 

above about 1600 °C at a low boron flux, the in situ RHEED pattern changes from spotty to 

streaky. The in-plane alignment then locks to the sapphire lattice and post transfer AFM 

confirms atomically terraced surfaces. Raising the boron flux at a fixed temperature pushes 
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the film into a parasitic amorphous regime. BN clusters form near the surface faster than they 

crystallises on terraces. This split explains the early record. Lower temperature runs produced 

rough, turbostratic films. Later work at higher temperature recovered rotational alignment, 

van der Waals epitaxy, and deep ultraviolet transparency. The same studies show that 

deposition rates are slow. Lateral area is limited by the thermal design of UHV sources that 

operate above 1500 °C. As a result, the highest quality MBE hBN remains an academic 

platform for clean heterostructures rather than a wafer production route 134, 137. 

  

Figure 2.17: High-Temperature MBE Growth of hBN on HOPG and Thickness Control. (a–b) AFM 

images of hBN films grown on highly oriented pyrolytic graphite (HOPG) at (a) 1390 °C and (b) 1480 °C, 

showing layered terrace morphology and step-flow growth behaviour at elevated temperature (scale bars: 

500 nm). (c) Thickness of MBE-grown hBN as a function of growth temperature, demonstrating a decrease in 

film thickness with increasing substrate temperature due to enhanced surface re-evaporation and reduced 

sticking coefficient. Reproduced by [203- 204]. 

 

Post growth thermal budgets and substrate choice further shape outcomes. On 

sapphire, a high temperature anneal after growth sharpens crystallinity and reduces mosaic 

spread. The Raman E2g linewidth then narrows toward the crystalline benchmark near 1366 

cm⁻¹. AFM shows hillocks that smooth into broader terraces. With 2D substrates, van der 

Waals epitaxy under plasma assistance relaxes lattice constraints, enabling growth at lower 
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temperature. The in-plane texture then mirrors the domain mosaic of the underlying graphite. 

Across both families, the UHV environment holds carbon and oxygen backgrounds to source 

purity and base pressure. As a result, MBE and plasma assisted MBE produce especially 

clean interfaces for stacks with TMDCs and nitrides 136, 138.  

Device relevant metrics track these growth levers. High quality MBE films place the 

Raman E2g mode near 1366 cm⁻¹ with a reduced linewidth and AFM shows sub nm 

roughness on terraces. Deep UV response preserves the near band edge exciton when the 

high temperature, low flux window is respected. Because carrier gases are absent, interfacial 

contamination is minimal. This is valuable in van der Waals heterostructures where trapped 

residues often dominate scattering and non-radiative loss. On sapphire, characterisation 

shows fewer wrinkles with reduced hillock density. Both drop as growth temperature rises 

during deposition or during the post growth anneal. High resolution transmission electron 

microscopy (HRTEM) reveals ordered stacking. Spectroscopic signatures converge toward 

HPHT like benchmarks as the process approaches the ultra-high temperature limit 136. 

From an integration view, the precision and cleanliness of MBE suit studies of 

interlayer coupling, single photon emitter formation, and low dimensional transport in 

encapsulated stacks. Costs include slow deposition, small substrates, and specialised thermal 

hardware. The method serves as the precision end member in this chapter. Choose MBE 

when the experiment needs UHV clean interfaces or atomic layer control. Choose a CVD 

class route when wafer level throughput or metal catalysed monolayers are the priority 136, 

139. 
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2.3.4 Precipitation Growth 

Precipitation growth yields large area hBN by dissolving boron and nitrogen into a 

catalytic metal at high temperature, then returning them to the surface during a controlled 

cooldown. Nickel and iron are the standard substrates because B and N are soluble at the 

growth temperature. Exposure to borazine or to ammonia borane loads the metal lattice. The 

subsequent cooldown drives surface supersaturation, nucleation, then coalescence. The 

clearest demonstration of this dissolve and segregate picture is on Fe foils. Slow cooling after 

borazine exposure produces centimetre scale multi-layer hBN.  

 

Figure 2.18:  Atmospheric-Pressure High-Temperature Flux Growth of hBN Crystals. (a) Schematic of the 

flux growth setup in a two-zone tube furnace, where a BN source reacts with a molten metal flux within a 

ceramic boat. (b) Temperature profile used for crystal growth, involving heating to 1600°C followed by 

controlled cooling to 1400 °C before re-heating and final cooldown. (c) Optical micrograph of flux-grown 

hBN platelets with lateral sizes on the mm scale (outlined in green). (d) High-magnification image showing 

smooth, faceted hBN crystal surfaces characteristic of layered growth. Reproduced by [205]. 

Cathodoluminescence and Raman mapping show uniform optical quality across large 

areas. Mechanical testing reports a high Young’s modulus consistent with well-ordered sp² 
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BN. In these runs, precise monolayer control is difficult because the thick Fe reservoir feeds 

continued segregation during the ramp, so the natural outcome is few to many layers 141.  

On nickel the behaviour is more tunable. The balance of boron to nitrogen solubilities, 

diffusion kinetics, and surface symmetry, especially on Ni(111), controls orientation as well 

as domain growth. Epitaxial alignment on Ni(111) yields larger single orientation domains 

and faster coalescence than polycrystalline foils. Selective area growth or enclosure 

geometries can localise nucleation to bias the outcome. 

The same segregation mechanism that sets thickness can harm uniformity. If uptake 

of boron versus nitrogen differs across grains, precipitation becomes spatially non uniform 

during cooldown. The film then thickens unevenly unless the thermal ramp and the pre-

exposure are tuned.  

 

Figure 2.19: Raman Spectroscopy of Flux-Grown hBN Crystals Under Different Metal Flux Conditions. 

(a) Raman spectra of hBN grown using Fe flux at 5 bar, showing a sharp E2g mode near ~1365 cm−1 with 

FWHM values ~7.6–7.9 cm−1, indicating high crystalline quality (inset: optical image of a mm-scale crystal). 

(b) Raman spectra of hBN grown using Fe–Cr–B₂O₃ flux at 5 bars, showing slightly broader E2g peaks 

(FWHM ~8.2–8.8 cm−1) and smaller crystal domain size (inset: optical image). (c) Raman spectra of hBN 

grown using Fe–Cr–B₂O₃ flux at 50 bar and higher BN feed rate, yielding further broadened peaks (FWHM 

~11–12 cm−1), consistent with increased disorder or stacking variations (inset: optical image of the 

corresponding crystal). Reproduced by [208]. 
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Recent mechanistic studies identify these pitfalls with clear causes, including solubility 

contrast, strong dependence on cooling rate, plus grain orientation effects. They also show 

that pre nitridation, Ni-Fe alloying, and staged cooldowns mitigate these issues 140, 142.  

Theory and reactive molecular dynamics now visualise the atomic steps of segregation from 

molten nickel, offering a microscopic narrative that matches experiment. ReaxFF simulations 

show that nuclei form at the liquid metal to gas interface when activated nitrogen reacts with 

solvated boron at the surface. Boron nitrogen containing intermediates such as N-N-B or B-

N-B then evolve toward stable sp2 rings. Incorporation of small BN motifs into growing 

sheets is the rate limiting step. When the temperature rises above about ~1900 K, nascent 

sheets break more readily. Operation near the nickel melting point maximises net sheet 

formation. This atomic picture explains the macroscopic levers observed in the laboratory. 

Control the boron inventory during the high temperature exposure. Manage the cooldown to 

steer the supersaturation path. Use the microstructure, in particular grain size and orientation, 

to guide domain registry and coalescence. These points align with reported outcomes 143. 

A natural question is whether segregation can deliver wafer scale single crystals rather 

than polycrystalline or highly textured films. A compelling pathway comes from liquid metal 

strategies, especially liquid copper. Cu has very low bulk solubility for boron and for 

nitrogen, and it is better known as a surface mediated CVD catalyst. Running Cu in the liquid 

state creates an atomically flat, defect poor template. It also enables precise control of local 

precursor delivery, with controlled step flow during cooldown. Recent reports show wafer 

scale single crystalline hBN with tunable thickness on liquid Cu. This captures the idea of 

oriented precipitation without deep bulk dissolution. In parallel, process reviews map routes 

to single crystals. They emphasise enclosure geometries, Cu(111) orientation control, and 

confined space flux throttling to suppress random nucleation. They also enforce 
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unidirectional domain stitching to move from laboratory foils to industrial scale single 

crystals 144–145. 

 

Figure 2.20: Morphology and Crystal Habit of Flux-Grown hBN. (a) Optical image of a bulk flux-grown 

hBN batch, showing a distribution of faceted platelet crystals with lateral dimensions from sub-mm to mm 

scale. (b) Cross-section view of a crystal embedded in the flux matrix, with the layered structure visible along 

the cleavage direction (dotted line). (c) Isolated single hBN platelet exhibiting characteristic 

triangular/hexagonal morphology and smooth basal surfaces (lateral size ~500 μm). Reproduced by [207]. 

 

Quality metrics and integration constraints follow from this growth physics. Raman 

spectroscopy remains the fast structural yardstick. High quality segregation grown films 

place the E₂g mode near 1366 cm⁻¹. The linewidth narrows as stacking faults fall, while 

turbostratic admixture declines. Cathodoluminescence maps highlight near band edge 

uniformity over centimetre scales, with impurity domains resolved. AFM confirms terrace 



Chapter 2 

 
81 

level flatness once wrinkles from thermal contraction are minimised. The chief integration 

challenge is the transfer step, which is shared with LPCVD on metals. Polymer residues or 

trapped oxides can spoil dielectric performance if wet transfer is not controlled. 

Electrochemical delamination lowers residue. Dry stamps or quasi dry lamination do the 

same and preserve deep UV optical signatures. Treat these steps as part of the precipitation 

process flow when optical loss or breakdown field matters. Recent reviews compare vapour 

phase routes with segregation routes. They find that segregation excels when thickness 

beyond a monolayer is needed over large areas. They also show that direct growth on 

dielectrics is preferred when transfer risk dominates 139–141. 

 

2.3.5 Pulsed Laser Deposition (PLD) 

PLD uses short laser pulses to ablate a dense BN target. Each pulse lifts a thin layer 

of material into a hot plume. The plume carries B, N and BN fragments to a heated substrate 

where they recombine and crystallise. The main controls are laser fluence around 1–3 J cm⁻², 

repetition rate between 1 and 50 Hz, background gas at 10⁻⁶ 10⁻² Torr of nitrogen with or 

without a small fraction of hydrogen, and substrate temperature near 600–1000 °C. Together 

these settings tune the energy of arriving species, surface diffusion, and the final film 

stoichiometry. The appeal is simple. Composition transfers well from the target to the film. 

Switching materials is as easy as rotating to a new target. Masks or simple shadow plates 

give you direct patterning. The costs are also well known. Particles can be ejected from the 

target and land as “droplets.” The plume is directional and can give non-uniform coverage 

on large wafers. Energetic species can build stress if cooling and pulse timing are not 

controlled.146–148 
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For hBN the target is usually a dense hexagonal BN ceramic. Nitrogen is used as the 

ambient to replenish N and to scatter the plume so it spreads more evenly. Adding a small 

fraction of hydrogen can help remove carbon-bearing fragments when present, but too much 

hydrogen will start to etch weakly bound BN from the growing surface.149 Substrates run 

hotter when crystallinity is the priority. Temperatures at or above 800–900 °C, combined 

with a modest nitrogen pressure near 10⁻³–10⁻² Torr, raise adatom mobility and suppress 

amorphous BN. After deposition, a short anneal in nitrogen or ammonia tightens the Raman 

line and smooths the near-band-edge optical response. 149, 151, 152 Laser fluence is kept only 

slightly above the ablation threshold. That keeps the plume stable while limiting the shock 

that throws micron-scale fragments from the target. Driving the fluence higher does not 

improve crystallinity for hBN. It raises roughness and defect counts and it increases droplet 

density.146–148 

Substrates matter. On sapphire and on Ni(111) the films can grow with in-plane 

texture when the surface is hot, and the nitrogen pressure is tuned. The Raman E₂g then sits 

near 1366 cm⁻¹ with a narrower FWHM than room-temperature growth. On SiO₂/Si at 700 

°C or below, the films often turn turbostratic or amorphous because the surface diffusion 

length is too short for ordered sp² bonding.149, 151, 152 These trends track what you would 

expect from simple diffusion arguments: higher temperature and a small amount of scattering 

in the boundary layer give atoms enough time to find low-energy sites before the next pulse 

arrives. There are also reports of room-temperature PLD producing ordered h-BN nanosheets 

under special conditions.  

These emphasise very clean targets, tight fluence control, and post-treatments to heal 

disorder.150 They are useful to note, but the most reproducible route to crystalline hBN 

remains hot-substrate growth. Thickness control is one of the strengths of PLD. The growth 
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per pulse can be calibrated once by ellipsometry, X-ray reflectivity, or AFM step 

measurements. After that you count pulses to set thickness. Few-layer films through tens of 

nanometres are routine. Uniformity on chips and small coupons is very good because the 

plume is  

 

Figure 2.21: Thin-Film hBN Growth via PLD and Plasma-Assisted CVD. (a) Schematic of pulsed laser 

deposition (PLD) of hBN, where a focused laser beam ablates a BN target and deposits material onto a 

heated substrate. Reproduced from [209]. 

intense and well defined over a few centimetres. Scaling to 2 to 6-inch wafers is harder. The 

angular spread of the plume and shadowing from fixtures create radial gradients. Substrate 

rotation helps. So does moving the substrate slightly off the plume axis so the steep intensity 

peak is averaged out across the wafer. Increasing the target-to-substrate distance and adding 

a little background nitrogen introduce scattering that softens the profile at the cost of a small 

drop-in rate. 146–148, 154 The familiar particulate problem can be pushed down with several 

simple practices. Keep the fluence near threshold. Use a longer target-to-substrate distance. 

Add moderate nitrogen so heavy fragments slow and settle. Use off-axis geometries so any 

droplets travel past the wafer rather than straight into it. Raster and rotate the target so the 

beam never digs a deep crater that would spit debris.146–148 Taken together these measures 

shift the defect mode from visible droplets to sub-100 nm particles that are sparse enough to 

be irrelevant for most dielectric uses. 
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The time structure of PLD can be used to your advantage. The off-time between pulses 

is a built-in “interrupt” that lets the surface relax. When the repetition rate is moderate, 

weakly bound fragments can desorb before the next burst of material lands. This is close in 

spirit to what hydrogen interrupts do in metal-organic CVD. Here it happens naturally from 

the pulsed supply. If the goal is a very smooth interface for tunnelling or for passivation, you 

can lengthen the off-time slightly or raise the substrate temperature a few degrees so step 

edges smooth before the next plume arrives. If stress is building, you can insert short cooling 

dwells every few thousand pulses. The result is a flatter stress-thickness curve and fewer 

wrinkles in the final film. 

Gas handling and base vacuum deserve a short note. Oxygen and water in the chamber 

will react with hot BN fragments and with the target surface between pulses. That dulls the 

target and introduces B–O and N–O bonds that broaden the Raman response. A clean base 

pressure before back-filling with nitrogen is therefore important. Pre-ablation is also standard 

practice. You fire a few hundred pulses onto a stationary shutter. This cleans the target face 

and stabilises the plume before you expose the substrate. During the run, keep the target 

moving. A slow spiral raster with rotation spreads heat and wear. That holds the ablation 

threshold steady, which holds the plume composition steady. 

Film composition and bonding are best checked with a small, fixed set of 

measurements. The Raman E₂g position and its FWHM give a quick readout of crystallinity. 

XPS with C1s, B1s and N1s shows stoichiometry and whether any carbonaceous fragments 

have been trapped. AFM provides terrace roughness and a sense of particulate density. For 

dielectric uses, a simple leakage-field sweep on metal–insulator–metal stacks give a first 

filter for defects and pinholes. Deep-UV photoluminescence completes the picture by 

tracking the near-band-edge exciton and the most common defect bands. These metrics make 
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it easy to compare PLD outcomes to HPHT single crystals and to CVD films and to decide 

whether the film belongs in the device flow. 146, 149, 151–154 

The practical recipe that emerges from published work is consistent. Keep the fluence 

just above the ablation threshold. Use nitrogen at 10⁻³–10⁻² Torr so the plume spreads without 

quenching. Hold the substrate between about 850 and 1000 °C when the substrate allows it. 

Rotate the substrate and, if the tool permits, add a gentle wobble to average out the plume. 

Place the wafer slightly off axis to smooth the profile. 

 

Figure 2.22: Pulsed Laser Deposition (PLD) Growth of Unidirectional hBN. Schematic of PLD growth of 

hBN using a KrF excimer laser (248 nm, ~25 ns pulses) ablating an hBN target in a nitrogen environment, 

forming epitaxially aligned hBN domains on sapphire substrates. AFM image (top right) shows triangular, 

unidirectionally oriented mono- and few-layer hBN flakes (scale bar: 200 nm). The friction–force 

measurements (bottom right) demonstrate reduced friction for monolayer and multilayer hBN compared to 

Al₂O₃, highlighting hBN’s lubricating and low-shear characteristics at the nanoscale. Reproduced from 

[210]. 

 

After growth, anneal in nitrogen or in a small flow of ammonia to sharpen the Raman line 

and reduce shallow defects. For few-layer control, calibrate growth per pulse on the same 
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day and at the same nitrogen pressure you will use for the device run. Then add short cooling 

dwells between blocks of pulses to reduce stress and to avoid wrinkling during cooldown. 

Integration cases show where PLD is most useful. On sapphire, direct PLD of hBN 

has produced optoelectronic-grade layers and deep-UV detectors without any transfer step. 

On diamond, PLD has been used to add BN dielectrics to ultra-wide-bandgap stacks, which 

opens routes to high-power and high-temperature devices. In nitride lines the trade-off is 

more subtle. If uniformity across 4–6 inch wafers and co-growth with GaN or AlN in the 

same run are mandatory, MOCVD or MOVPE is the simpler choice. If a transfer-free 

dielectric or barrier is needed on a crystalline dielectric at intermediate temperature, PLD fits 

well. It is also attractive when you need to switch compositions quickly for a heterostructure, 

for example BN/AlN/oxide stacks for passivation or for tunnelling. 149, 151, 154 

HPHT remains the quality ceiling for deep-UV excitonic response and for the 

narrowest Raman linewidths. LPCVD and PECVD give you large-area coverage on 

dielectrics with tight control over layer count and transfer-free integration at lower 

temperature, at the cost of somewhat broader optical lines. MOCVD or MOVPE give you 

wafer-scale uniformity, timing control, and direct insertion into III-nitride production. PLD 

fills the gap between these. It is clean, tunable, and fast to iterate. It delivers stoichiometric 

sp²-BN without polymers or wet transfer. The main risks are particles and large-area 

uniformity, both of which can be managed to acceptable levels for many dielectric and 

passivation roles.146–154 

Putting that all together, a short, workable starting point for most hBN PLD runs is: 

dense BN target; base vacuum, then nitrogen at about 10⁻³–10⁻² Torr; fluence near threshold 

with a well-focused spot; target rotation and raster; substrate at 850–1000 °C where the stack 

allows; off-axis placement with rotation; a brief nitrogen or ammonia anneal; and routine 
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checks of Raman, XPS, AFM, and simple leakage tests. If carbon shows up in XPS, add a 

little hydrogen to the nitrogen. If droplets appear, lower fluence and increase distance. If the 

film is under-dense or amorphous on SiO₂/Si, raise the temperature or accept a slightly thicker 

film where the extra thickness buys better order. With these levers in place, PLD provides a 

reliable, transfer-free route to clean hBN films that sit comfortably in the wider process map 

built around HPHT and CVD.146, 149, 151–154 

2.4 Microscopy 

2.4.1 Confocal Microscopy 

Confocal microscopy is widely regarded as a critical technique in nanophotonics, 

particularly for analysing and characterising the emission features of hexagonal boron nitride 

(hBN) and its associated single-photon emitters (SPEs).  

Unlike standard optical microscopes, which illuminate an entire sample region, the 

confocal setup directs a focused laser beam onto a single point of the surface through high-

precision optics. This selective illumination allows specific regions of interest to be probed 

with significantly enhanced spatial resolution .157 

In practice, one of the most important aspects of confocal microscopy is the ability to 

distinguish between the emission signal and the excitation source. This is typically achieved 

using dichroic mirrors in combination with optical filters, which transmit the emitted photons 

while blocking the excitation wavelength. In this way, background signals such as scattered 

light or noise are effectively suppressed, improving both the clarity and the specificity of the 

collected data.158 A further defining feature of the confocal approach is the use of a pinhole 

aperture in the detection path, which may be incorporated through optical fibres or free-space 

optics. The pinhole operates as a spatial filter, ensuring that only light originating directly 
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from the focal spot is passed to the detector. This markedly enhances image sharpness and 

the overall signal-to-noise ratio.159 

The resolution achievable with a confocal microscope depends on several parameters, 

primarily the numerical aperture (NA) of the objective lens and the wavelength of the 

excitation source. High-NA optics together with shorter excitation wavelengths yield finer 

resolution, making it possible to resolve very small details across the surface of interest.  160 

For imaging and mapping, two scanning approaches are typically employed. The first is 

sample-stage scanning, where the specimen is moved in precise x, y, and sometimes z 

directions with piezoelectric stages while the optical system is kept fixed. The second is 

beam-scanning, where the laser beam is moved across the sample surface using rapidly driven 

scanning mirrors, often in a 4f optical configuration. These methods provide the ability to 

construct high-quality photoluminescence maps and to pinpoint the precise locations of 

emission centres within the sample. 161 In summary, confocal microscopy combines advanced 

optical filtering, precision scanning, and diffraction-limited resolution to deliver detailed 

spatial analysis of hBN SPEs, thereby playing an essential role in current nanophotonics and 

quantum technology research. 162 

 

2.4.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is another widely used and powerful imaging 

technique, employed to produce highly magnified views of a material’s surface structure by 

scanning it with a finely focused beam of electrons. Unlike conventional optical microscopy, 

where photons are used for imaging, SEM relies on the generation of signals produced when 

incident electrons interact with atoms at the surface of the specimen. These signals include 
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secondary electrons, backscattered electrons, and characteristic X-rays, each providing 

complementary information about surface morphology, composition, and microstructural 

features. With magnifications that can extend up to 300,000 X, SEM is particularly well 

suited to analysing materials such as hBN at the nanoscale.163 

The general principle of SEM involves rastering a tightly focused electron beam 

across the sample surface. As the beam strikes the material, electrons from the sample are 

emitted and detected, generating a signal which is converted into image intensity. Secondary 

electron detection is used to produce detailed images of surface topography with high spatial 

resolution. 164  Through adjustments of the beam conditions, the accelerating voltage, and the 

choice of detectors, SEM can also be configured to produce three-dimensional 

reconstructions and highlight compositional differences across the specimen. 

SEM systems can be operated in several different modes to suit a wide range of 

materials. For instance, variable-pressure or environmental SEM allows imaging of non-

conductive or hydrated specimens that would otherwise be challenging under standard 

vacuum conditions. Nonetheless, SEM does have limitations: non-conducting samples are 

prone to surface charging effects, which distort the image, and therefore conductive coatings 

are often required. Despite these challenges, SEM remains a core tool in materials science, 

engineering, and nanotechnology, as it delivers high-resolution and versatile imaging that is 

essential for structural investigations. 165 

 

2.4.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) provides another pathway to nanoscale imaging, 

offering topographical information with resolution down to the atomic level. Unlike electron- 
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or photon-based microscopy, AFM employs a sharp probe tip mounted on a flexible 

cantilever to physically scan the surface of the material. As the tip moves across the surface, 

short-range atomic forces cause deflections of the cantilever. These deflections are recorded 

and converted into data that can be rendered into highly detailed three-dimensional maps of 

the surface. 166 

The technique works based on maintaining a consistent interaction force between the 

tip and the surface during scanning. This is achieved using a feedback loop that constantly 

adjusts the cantilever height to keep the interaction force steady. A laser beam reflected from 

the rear side of the cantilever onto a photodetector tracks these movements, with positional 

changes of the reflected spot translating directly into height data. 167 AFM can be operated in 

multiple modes. Contact mode involves continuous physical contact with the surface, tapping 

mode introduces periodic contact through oscillation of the cantilever, and non-contact mode 

measures the forces without touching the surface at all. Each configuration has advantages 

depending on whether delicate, hard, or soft samples are being analysed. 168 

AFM offers several notable advantages over electron-based techniques. It can be 

applied directly to non-conductive samples without requiring coatings, and it can operate in 

a variety of environments, including ambient air, liquid solutions, or vacuum chambers. In 

addition to simple topography, AFM can measure local material properties such as stiffness, 

adhesion, and electrical conductivity, offering a richer dataset than imaging alone. Its 

drawbacks include slower scanning speeds compared to SEM and gradual tip wear, which 

can degrade resolution. Nevertheless, AFM continues to be one of the most versatile and 

reliable nanoscale characterisation techniques, and for materials such as hBN it provides 

valuable insights into both structure and functional behaviour. 169 
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2.4.4 Raman Spectroscopy 

Raman Spectroscopy has become one of the most widely applied tools for 

investigating the vibrational and structural properties of hexagonal boron nitride (hBN). The 

method is based on the inelastic scattering of monochromatic light, usually from a laser, 

where the incident photons interact with the lattice vibrations (phonons) of the material and 

are re-emitted with a characteristic energy shift. This shift provides a fingerprint of the 

vibrational modes present in the crystal, allowing information to be extracted about structure, 

composition, and the presence of disorder. 170 

For hBN, the Raman spectrum is dominated by a strong E₂g phonon mode located at 

approximately 1366 cm⁻¹. The position, intensity, and linewidth of this mode are widely used 

as indicators of the film’s crystallinity and strain. A narrow, sharp peak generally corresponds 

to highly ordered, defect-free material, whereas broadening of the peak or a measurable shift 

in its position can suggest strain, disorder, or variations in the stacking arrangement. 171 In 

few-layer and monolayer hBN, subtle differences in the Raman features can also provide 

useful information about layer number and interlayer coupling, making Raman a convenient 

method for thickness verification, particularly when compared with complementary 

techniques such as atomic force microscopy or transmission electron microscopy. 172 

Another strength of Raman spectroscopy lies in its ability to be performed in mapping 

mode. By collecting spectra across an extended region of a sample, spatially resolved maps 

can be generated that reveal local variations in strain, grain boundaries, or defect 

concentrations. This is especially relevant for large-area films grown by chemical vapour 

deposition or precipitation methods, where film uniformity is critical for device applications.  
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173 More advanced configurations such as polarisation-resolved Raman or tip-enhanced 

Raman spectroscopy (TERS) provide even higher sensitivity, enabling nanoscale 

investigations of anisotropy and local vibrational behaviour. 174 

Raman is also non-destructive and can be carried out under ambient conditions, which 

makes it suitable for repeated measurements or even in situ monitoring of growth processes. 

For example, researchers have used in situ Raman to track crystallisation during CVD 

growth, gaining insight into kinetics and defect formation. However, the technique is not 

without its limitations. Raman is relatively insensitive to very low defect concentrations, and 

fluorescence background signals from substrates or impurities can obscure weak features of 

interest. Even so, the ability to provide fast, contactless feedback on material quality means 

it remains an indispensable characterisation tool for hBN. 175 

In recent years, Raman spectroscopy has continued to evolve, with improvements in 

instrumentation, laser stability, and detector sensitivity broadening its usefulness. When 

combined with other characterisation methods such as confocal microscopy, AFM, or 

electron microscopy, Raman adds an essential spectroscopic dimension that supports 

comprehensive analysis of hBN films. Taken together, these advances ensure Raman will 

remain at the forefront of hBN characterisation, particularly in applications where 

crystallinity, thickness, and strain uniformity are critical to device performance. 176



 



 

 

3  

Hexagonal Boron Nitride 

(hBN) growth via LPCVD 
 

Hexagonal boron nitride (hBN) is a two-dimensional layered crystal that has been 

studied for well over a century, but only more recently has its broader potential been 

recognised. It differs markedly from graphene, its more famous structural cousin, in that hBN 

is an electrical insulator with a wide bandgap of around 6 eV. The crystal is built from sheets 

of boron and nitrogen atoms arranged in a hexagonal lattice, where each layer is held together 

by strong covalent bonds in-plane but connected to neighbouring layers only through weak 

van der Waals forces. This combination allows individual layers, or a few stacked layers, to 

be isolated without sacrificing stability. Early interest in hBN was linked to its unusual 

resilience: the material is chemically inert, withstands very high temperatures and pressures, 

and under extreme conditions can transform into cubic (c-BN) or wurtzite (w-BN) phases. 

These high-pressure phases approach diamond in hardness and thermal resistance, which has 

long made boron nitride a practical substitute for diamond in coatings and industrial tools. 
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More recently, the layered form of hBN has drawn attention in electronics and quantum 

photonics, where its insulating behaviour and defect-related optical properties make it an 

attractive platform for new device technologies. 32, 33, 40, 43 

This chapter explores the controlled synthesis of hBN films using Low Pressure 

Chemical Vapor Deposition (LPCVD), with an emphasis on how growth conditions 

influence both the structural quality of the films and the incorporation of optically active 

defects that function as single-photon emitters (SPEs). The experimental program was 

designed to systematically vary individual growth parameters to establish a more reliable 

understanding of their role in defect incorporation. Specifically, three sets of experiments 

were performed: growth temperature variation, growth duration studies, and controlled 

modification of heating and cooling rates within the furnace. Each experiment successfully 

incorporated SPEs into the hBN lattice, but the quality, stability, and density of the emitters 

differed under each condition . 

The second part of the chapter investigates spatial variations in growth within the 

LPCVD furnace. Because the adsorption of precursor gases and the local microenvironment 

differ along the furnace length, spatial dependence was expected to affect both film quality 

and defect incorporation. By transferring and characterising hBN films from different furnace 

positions, this study highlights how variations in local growth kinetics directly influenced the 

spectral properties and emission stability of SPEs. Such a spatial analysis provides essential 

insights into the growth process, offering guidance for developing methodologies that enable 

uniform SPE incorporation across large-area films . 
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3.1 Abstract 

Hexagonal boron nitride (hBN) grown by low-pressure chemical vapour deposition 

(LPCVD) is a promising host for room-temperature single-photon emitters (SPEs), but the 

relationships between growth conditions, lattice quality and emitter properties remain 

incompletely mapped. This chapter presents a systematic study that (i) varies growth 

temperature, duration and thermal ramp rates, (ii) quantifies position-dependent growth 

within the tube furnace, and (iii) explores homoepitaxial deposition on exfoliated hBN. 

Raman/FTIR spectroscopy, AFM, SEM and wide-field/confocal photoluminescence (PL) 

with second-order correlation were used to correlate crystalline quality with emitter statistics.  

We identify a narrow thermal window around 1060 °C that minimises Raman E₂g 

linewidths and yields high-purity emission; growth durations of 20–30 min maximises 

Debye–Waller factors while avoiding spectral crowding; and faster ramps (8–10 °C min⁻¹) 

induce a blue-shift in both Raman and ZPL distributions consistent with compressive strain 

that stabilises emission. Spatial mapping across the furnace shows that upstream positions—

balanced precursor flux and H₂ chemistry—produce sharper Raman peaks, higher emitter 

densities and lower g²(0), whereas downstream depletion degrades both crystallinity and 

emission quality. Finally, preliminary homoepitaxy suggests that ordered templates can host 

new layers with optically active defects under tuned conditions. Together, these results 

convert qualitative growth “rules of thumb” into quantitative guidance for scalable, wafer-

compatible hBN with reproducible, bright single-photon emission suitable for integrated 

quantum photonics. 
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3.2 hBN Growth- via LPCVD under varying conditions 

 

3.2.1 Introduction 

This chapter examines the synthesis of hexagonal boron nitride (hBN) thin films 

grown using low-pressure chemical vapour deposition (LPCVD). The central objective of 

this study is to identify growth conditions that simultaneously produce high-quality 

crystalline films and allow for the controlled incorporation of single-photon emitters (SPEs). 

By carefully varying growth parameters and assessing their impact on both the host film and 

the resulting emission centres, the work aims to establish a reproducible pathway for 

generating stable and bright quantum emitters within hBN. 32, 33, 40, 43, 94, 177 

To achieve this, a series of systematic “parameter sweep” experiments were carried 

out, in which one growth condition was adjusted at a time while all others were kept constant. 

The parameters considered included growth temperature, duration, and the heating and 

cooling rates of the furnace. After growth, the hBN films were transferred to SiO₂ substrates, 

enabling structural and optical characterisation of both the films themselves and the 

incorporated SPEs. 178, 179 

Temperature proved to be a particularly critical factor. The growth window explored 

ranged from 1000 °C up to 1080 °C, chosen with reference to the melting point of the copper 

substrate (1083 °C). Within this narrow range, subtle differences in temperature strongly 

influenced both film crystallinity and the density of defect-related emitters. While higher 

temperatures generally improved long-range order, they also altered the likelihood of 

generating optically active point defects. One of the challenges addressed here was therefore 
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to balance improved crystal quality with the deliberate introduction of quantum emitters. 94, 

177–179 

 

Figure 3.1: Schematic of the LPCVD horizontal tube furnace used for hBN growth. A quartz tube 

runs through a clamshell resistive heater; a Cu foil/substrate on a quartz boat is positioned at the centre of 

hot-zone. Right: upstream gas inlet with flow control and pressure gauge. Left: downstream throttle/pressure 

gauge leading to the vacuum line. During growth, precursor vapour is transported by carrier gas through the 

tube at low pressure. 

Growth time was also investigated as a means of controlling film thickness. Previous 

studies suggest that hBN tends to favour lateral, in-plane growth on copper rather than 

vertical layer-by-layer extension. 180 As a result, once the initial nucleation stage is complete, 

the rate of thickness increase declines markedly. In this work, the duration of growth was 

varied from 10 to 40 minutes to explore its impact on film thickness and the corresponding 

optical behaviour of the defects. Although pressure is known to affect the number of hBN 

layers, equipment limitations restricted this study to time-dependent variations. 179, 181 

In addition to temperature and time, the rates of heating and cooling were found to 

significantly influence the microstructure of the films. Rapid temperature ramps often led to 
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local stress and non-equilibrium conditions, which increased the likelihood of non-uniform 

defect formation and degraded overall crystal quality. By contrast, slower cooling rates 

provided a more controlled environment, favouring uniform defect incorporation while 

reducing the appearance of unwanted structural irregularities. 178, 140, 141 

In summary, this chapter presents a systematic exploration of LPCVD growth 

conditions for hBN, focusing on (i) parameter sweeps (temperature, duration, thermal ramps) 

and (ii) positional dependence inside the tube furnace. The findings define growth strategies 

that improve the reproducibility and optical quality of single-photon emitter generation in 

hBN, supporting its use as a scalable platform for quantum photonic devices. 32, 33, 43, 94, 137–

141 

 

3.2.2 Methodology 

Copper foils with a thickness of 0.25 mm (99.8% purity, Sigma-Aldrich) were 

employed as the growth substrates for all LPCVD experiments. Prior to growth, the foils 

were mechanically polished using a commercially available Brasso polish to ensure surface 

smoothness and remove any native oxide layers. Residual polish was immediately removed 

with sequential rinses in acetone and isopropanol (IPA). To further clean the surface, the foils 

were sonicated in a dilute hydrochloric acid solution (2 M) and subsequently rinsed and 

sonicated in acetone and IPA for 20 minutes each. The substrates were then blow-dried with 

nitrogen gas and placed on quartz boats within the central hot zone of the tube furnace.  

Ammonia borane (25–30 mg) was used as the growth precursor, loaded into a crucible 

positioned approximately 50 cm upstream from the heating zone to control vapour transport. 

Before initiating the growth, the crucible chamber was backfilled with argon to a pressure of 
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2 Torr and then sealed. The furnace tube was subsequently evacuated and purged with argon 

(500 sccm) for 10 minutes to eliminate residual gases. Once a stable pressure below 10 mTorr 

was confirmed—indicating the absence of leaks—the system underwent an extended argon 

purge for 30 minutes. Heating was then initiated under a continuous flow of Ar/H₂ (5% H₂ in 

Ar, 300 sccm), with the furnace ramped at a rate of 10 °C/min until it reached 1040 °C. At 

this stage, the copper foils were annealed for two hours. During annealing, the precursor 

crucible was gradually heated at a similar rate (10 °C/min) so that precursor sublimation 

coincided with the end of the annealing stage. 

 

Figure 3.2: Process schematic of LPCVD growth cycle for hBN films. The top panel shows the 

temperature profile through each stage: initial Ar purge, controlled heating to ~1040 °C, extended annealing, 

precursor-assisted growth, and gradual cooling. The lower panel indicates corresponding carrier gas 

conditions, with argon and dilute hydrogen/argon mixtures used to stabilize the furnace environment and 

regulate precursor delivery. Together, these profiles highlight the interplay between thermal ramps and gas 

flow in governing crystalline quality and defect incorporation. 

Following annealing, the carrier gas flow was reduced to 50 sccm Ar/H₂, and the 

system pressure was stabilised at 2 Torr. The crucible valve was then opened to release the 
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precursor vapour, initiating hBN growth. The chamber pressure was monitored throughout 

the process, with a characteristic pressure spike observed approximately 20 minutes into 

growth across all experimental runs, corresponding to the decomposition of ammonia borane. 

Film growth proceeded for approximately 45 minutes before the crucible was sealed. At this 

point, the carrier gas composition was returned to 500 sccm Ar and 50 sccm Ar/H₂, with the 

system pressure maintained at 2 Torr. Controlled furnace cooling was initiated at the same 

ramp rate until the temperature dropped below 600 °C, after which the carrier gas was 

switched to pure argon (50 sccm) until the system returned to room temperature. 

Table 3.1: Growth parameters systematically varied during LPCVD synthesis of hBN. 

Sample Number Temperature (°C) Time  

(min) 

Heat/Cool Rate 

(°C/min) 

1 1040 40 8 

2 1000 40 8 

3 1020 40 8 

4 1060 40 8 

8 1040 10 8 

9 1040 20 8 

10 1040 30 8 

11 1040 40 4 

12 1040 40 6 

13 1040 40 10 
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To move ahead with these experiments the standard growth was repeated three times 

to confirm reproducibility. Each of the listed parameters in the Table 3.1 were then varied to 

test their effect on the film and the incorporated SPEs. To ensure reproducibility, the standard 

growth procedure was repeated three times prior to parameter variation experiments. 

Subsequently, individual growth parameters—including temperature, duration, and 

heating/cooling rates—were systematically varied to evaluate their influence on film quality 

and single-photon emitter (SPE) incorporation. 

For post-growth analysis, the hBN films were transferred onto SiO₂ substrates (90 nm 

oxide) using a PMMA-assisted wet transfer method. The copper foils supporting the as-

grown films were spin-coated with PMMA at 3600 rpm for 60 seconds and briefly heated on 

a hotplate (1 minute) to enhance adhesion between PMMA and hBN. The foils were then 

floated on a 0.5 M ammonium persulfate solution to etch away the copper. Once etching was 

complete, the hBN/PMMA stacks were rinsed three times in Milli-Q water before being 

scooped onto target SiO₂ substrates. To remove trapped bubbles and minimise cracking, the 

samples were heated sequentially at 30 °C (20 minutes) and 150 °C (20 minutes). The PMMA 

layer was then dissolved by immersing the samples in N-methyl-2-pyrrolidone (NMP) for 

two hours. Finally, the transferred films were annealed at 500 °C in ambient air to remove 

residual polymer contamination and improve surface cleanliness.  

 

3.2.2.1 Materials Characterization  

Raman spectroscopy: The vibrational modes of hBN were examined using a 

Renishaw inVia confocal Raman system. 177,178 A 633 nm laser served as the excitation 

source. Prior to analysis, the spectrometer was calibrated with a silicon reference substrate, 
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fixing the primary Si peak at 520 cm⁻¹. The acquired spectra of hBN, particularly the 

characteristic E₂g phonon mode, were fitted with a Lorentzian function to determine peak 

position and full width at half maximum (FWHM). These parameters provided insight into 

the crystalline quality of the films after transfer onto SiO₂ substrates. 177,179 

Fourier Transform Infrared Spectroscopy (FTIR). measurements were carried out 

to further probe the vibrational properties of hBN using a Thermo Scientific Nicolet 6700 

instrument equipped with an attenuated total reflectance (ATR) setup. Importantly, the 

spectra were collected after the hBN films were transferred onto SiO₂ substrates, enabling 

evaluation of the material without artefacts from the copper growth substrate.180–182 

Atomic Force Microscopy (AFM). Nanoscale surface features of the hBN films 

were characterised using a Veeco Dimension 3100 AFM operating in tapping mode. 183–185 

The system employed a silicon cantilever with a nominal tip radius of 8 nm (MikroMasch, 

CSC17/Ti-Pt). High-resolution topographical images were obtained with a scan resolution of 

512 × 512 pixels. The data were analysed using Nanoscope Analysis 1.5 software to extract 

key surface parameters, including step height and surface roughness. Roughness was 

expressed in terms of average deviation (Ra) and root-mean-square average (Rq) of surface 

height variations. 183 

Scanning Electron Microscopy (SEM). The morphology of transferred hBN films 

on Si/SiO₂ substrates was studied using SEM. 186 Imaging was conducted on a Zeiss Supra 

55 VP microscope, which provided high-resolution images that enabled assessment of 

surface uniformity and film continuity. 
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3.2.2.2 Optical Characterization  

PL Spectroscopy. The optical properties of single-photon emitters (SPEs) were 

investigated using a custom-built scanning confocal microscope. 187–189 Excitation was 

provided by a continuous-wave 532 nm laser (Laser Quantum, Gem 532). The laser beam 

was passed through a 532 nm line filter and its polarization adjusted with a half-wave plate 

before being focused onto the sample using a high numerical aperture objective (100 X, 0.9 

NA, Nikon). Sample scanning was achieved by a fast-steering mirror (FSM-300) in the X–Y 

plane. The emitted PL was separated from the excitation light by a 532 nm dichroic mirror 

and filtered with a 568 nm long-pass filter. The collected signal was then coupled into a 62.5 

μm core graded-index multimode fibre, which simultaneously functioned as the confocal 

pinhole. 

For detailed spectral and temporal analysis, a movable mirror redirected the signal to 

either an Acton SpectraPro spectrometer for spectral acquisition or to a pair of avalanche 

photodiodes (APDs) arranged in a Hanbury Brown–Twiss (HBT) interferometer for photon 

correlation measurements.190–192 Photon arrival times were recorded using a PicoHarp 300 

time-correlated single-photon counting module, which also enabled time-resolved PL 

lifetime measurements when combined with a supercontinuum laser source (Fianium 

WhiteLase).193–195 The second-order autocorrelation function, g²(τ), was calculated from the 

HBT data and fitted to confirm single-photon emission, typically without background 

correction unless explicitly noted.192 
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3.2.3 Results

Here we show that LPCVD grown hBN on Cu natively hosts a room-temperature single-

photon emitter (SPE) suitable for scalable photonic integration. Figure 3.3 consolidates the 

key evidence: (i) lattice-vibrational fingerprints confirming crystalline hBN, (ii) optical 

identification of a single emitter via antibunching, and (iii) sustained photostability under 

continuous excitation—collectively establishing the relevance of this materials platform. 

15,17,29,46,52,56,66 The films exhibit the expected phonon signatures. FTIR reveals a pronounced 

LO phonon resonance characteristic of ordered sp²-bonded hBN Fig. 

3.3(d).52,54 Raman spectroscopy shows a sharp E2g mode at ~1367 cm⁻¹ Fig. 3.3(e), 

consistent with high-quality CVD hBN on Cu and indicative of low average disorder and 

strain. 34,103–105,177–181 These measurements confirm that the subsequent optical response 

originates from crystalline hBN rather than parasitic phases. Under room-temperature 

continuous-wave excitation, the PL spectrum displays a visible emission band typical of 

defect centers in hBN Fig. 3.3(c). 56,65,69 The inset shows the second-order photon correlation 

with g(2)(0) ≈ 0.37, demonstrating antibunching from a single emitter embedded in the as-

grown film.15,17,21,56 This verifies that LPCVD growth can yield addressable 

SPEs without ion or e-beam activation required in alternative workflows. 61,83 

The emitter is stable at modest pump power: the intensity time trace at 300 µW is 

stationary with a narrow, unimodal count distribution, Fig. 3.3 (f), comparable to best-in-

class room-temperature stability in hBN. 17,56,58,65,66 Such stability at low-to-moderate 

excitation is essential for integrated quantum photonics and sensing. While definitive 

microscopic assignment is beyond the present dataset, the observed emission energy together 

with Cu-based CVD conditions aligns with carbon and oxygen-related native defects or N-
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interstitial complexes, these families are supported by correlated microscopy and first-

principles studies. 65,70–74  

Figure 3.3:  Structural, optical, and spectroscopic characterization of hexagonal boron nitride (hBN). 

(a) Atomic model of the hBN lattice, showing the hexagonal arrangement of alternating boron and nitrogen 

atoms. (b) Schematic of the chemical vapor deposition (CVD) growth setup. (c) Room-temperature 

photoluminescence spectrum (PL) of hBN. The inset displays the second-order autocorrelation function g(2)(0) 

< 0.5, confirming the single-photon emitter. (d) Fourier transform infrared (FTIR) spectrum from as-grown 

hBN on Cu, highlighting the longitudinal optical (LO) phonon modes characteristic of hBN. (e) Raman 

spectroscopy of hBN transferred from Cu substrates, spectra shows the sharp phonon mode centered around 

~1367 cm⁻¹, characteristic of crystalline hBN. (f) Representative stability measurement of a single-photon 

emitter (SPE) under continuous-wave laser excitation at 300 μW, demonstrating the emitter’s intensity 

fluctuations over time. The histogram on the right shows the statistical distribution of signal counts, 

confirming stable emission within the acquisition window.



 

In summary, Fig. 3.3 establishes that LPCVD on Cu produces crystalline hBN with 

robust phonon fingerprints (FTIR/Raman), hosts a room-temperature single-photon 

emitter verified by g(2)(0) < 0.5, and exhibits stable emission at 300 µW, a cohesive set of 

observations that underpins the viability of LPCVD grown hBN for emitter on-chip 

architectures. 29,46,56,66 

The effect of growth temperature on the crystalline quality of LPCVD-grown hBN 

films and their associated emitters is shown in Fig. 3.4. Raman spectroscopy provides a clear 

indication of temperature-dependent crystallinity. Films grown at 1000 °C and 1040 °C (blue 

and green, Fig. 3.4(a)) show relatively broad E₂g phonon linewidths of ~ 34–29 cm⁻¹, 

indicative of increased disorder and grain boundary scattering. In contrast, the 1060 °C film 

(pink) exhibits a pronounced narrowing of the linewidth to ~ 26 cm⁻¹, reflecting improved 

crystalline order and a reduction in structural defects. At the highest temperature of 1080 °C 

(purple), the linewidth broadens again to ~32 cm⁻¹, suggesting a loss of crystalline 

uniformity, likely due to increased desorption and competing nucleation effects at elevated 

thermal budgets. These trends are summarized in Fig. 3.4(b), where the FWHM shows a 

distinct minimum at 1060 °C, while the Raman peak position remains essentially constant at 

~1372 cm⁻¹ across all conditions, confirming that strain and average lattice spacing are 

largely unaffected by temperature variation. 34,52,54,103–105,177–181 

The influence of temperature on emitter properties is equally significant. 

Photoluminescence measurements from the 1060 °C sample reveal sharp emission features 

in the visible range, and the representative spectrum in Fig. 3.4c shows a strong zero-phonon 

line. The corresponding second-order correlation yields g(2)(0) = 0.23, well below the 0.5 

threshold, confirming the presence of a single-photon emitter embedded in the film. 15,17,21,56   



 

 

Figure 3.4: Temperature-dependent Raman and optical characterization of LPCVD-grown hBN films. (a) 

Raman spectra of the E2g phonon mode fitted with Lorentzian profiles for films grown at 1000 °C (blue), 1040 

°C (green), 1060 °C (light pink), and 1080 °C (purple). Extracted FWHM  values demonstrate a clear 

dependence on growth temperature. (b) Summary plot of the mean FWHM (blue, left axis) and mean peak 

position (orange, right axis) as a function of growth temperature. The narrowest FWHM is observed at 1060 

°C, while the Raman peak position remains stable near 1372 cm⁻¹. (c) Representative photoluminescence 

spectrum from a single emitter in the 1060 °C sample, with the inset showing the second-order 

autocorrelation g(2)(0)=0.23, confirming the quantum nature of emission. (d) Histograms of zero-phonon line 

(ZPL) wavelengths for emitters from each growth temperature, revealing the statistical spread and 

distribution of emission energies. 
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This result underscores that optimized growth conditions not only improve lattice 

quality but also enhance emitter purity by suppressing background fluorescence. Statistical 

analysis of emitter ZPLs across the temperature series further highlights this trend, Fig. 3.4 

(d). The distributions from the 1000 °C and 1040 °C films are broad and irregular, reflecting 

a higher degree of spectral inhomogeneity. By contrast, the 1060 °C sample shows the 

narrowest and most concentrated ZPL distribution, indicating a more uniform defect 

environment and reduced variability in defect charge state or local strain. At 1080 °C, the 

spectral spread broadens again, consistent with the Raman results pointing to reduced 

crystalline quality at higher growth temperatures. These findings align with reports that 

carbon- and oxygen-related point defects, stabilized under specific thermal growth windows, 

dominate visible emission in hBN. 65,70–74 

Overall, the results demonstrate that 1060 °C represents the optimal growth condition 

for LPCVD on Cu, producing films with narrow Raman linewidths, stable lattice 

characteristics, and high-quality single-photon emitters. At this temperature, the interplay 

between nucleation kinetics and defect incorporation yields both improved crystalline order 

and reduced emitter inhomogeneity, establishing a growth regime favourable for scalable 

hBN-based quantum photonics. 29,46,56,61,66 

The sequential optical and AFM characterization reveals how the morphology of hBN 

films evolves with growth time. After 10 minutes, hBN domains display pronounced lateral 

expansion with minimal vertical accumulation, as evident in the AFM line profile where step 

heights remain in the low nanometre range. This stage is dominated by surface diffusion–

mediated lateral growth, consistent with the early nucleation dynamics observed in low-

pressure CVD processes. 177, 178 
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By 20 minutes, a marked increase in film thickness is observed. AFM line profiles 

show step heights exceeding several tens of nanometres, while the AFM images reveal 

densely packed features with higher surface roughness. This indicates a transition from 

predominantly lateral domain expansion toward vertical accumulation, in agreement with the 

reservoir-limited growth models reported in the literature. 179, 180 

 

Figure 3.5: Optical microscopy of hBN films grown at different times. Optical images of hBN transferred to 

SiO₂ substrates after growth durations of 10, 20, 30, and 40 minutes (left to right). The images reveal clear 

differences in lateral coverage and nucleation density across the time series.  

The 30-minute growth yields a more uniform film with smooth edges. AFM profiles 

indicate moderate step heights with improved uniformity across the sample, suggesting an 

optimal balance between lateral domain merging and vertical stacking. Such uniform 

domains are desirable for scalable electronic and photonic applications, where atomically 

flat, crystalline hBN layers are essential. 93, 101 

At 40 minutes, AFM analysis reveals irregular step features and increased height 

fluctuations, pointing to surface roughening and multilayer overlap. The corresponding 

optical micrograph highlights reduced uniformity compared to the 30-minute film, reflecting 

competing processes between continuous nucleation and vertical accumulation during 

prolonged growth. 179, 181 
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Figure 3.6: AFM analysis of hBN films grown at different times. (a) Representative AFM line profiles taken 

along the dashed lines in (b), highlighting the vertical thickness and step features associated with each 

growth duration of hBN transferred to SiO₂ substrates after growth durations of 10, 20, 30, and 40 minutes 

(top to bottom). (b) AFM topographic images (30 × 30 µm²).  

Atomic Force Microscopy (AFM) roughness analysis further quantifies the 

morphological evolution of hBN films with increasing growth duration. Both the arithmetic 



Chapter 3 

 
112 

average roughness (Ra) and the root-mean-square roughness (Rq) exhibit a pronounced 

increase, reflecting the transition from smooth, laterally continuous layers to thicker, more 

irregular multilayer structures. Specifically, the roughness parameters evolve from Ra = 3.4 

nm and Rq = 3.9 nm at 10 minutes to Ra = 24 nm and Rq = 27 nm at 20 minutes, before 

stabilising at Ra = 5 nm and Rq = 8 nm (30 minutes) and Ra = 8 nm and Rq = 10 nm (40 

minutes). This non-linear trend indicates an initial rapid increase in surface roughness 

associated with vertical nucleation and island formation, followed by partial smoothing as 

the domains coalesce into thicker films. Overall, these findings demonstrate that growth time 

strongly governs surface morphology, offering a controllable parameter to tailor hBN 

thickness and roughness for specific device applications. 

Single-photon emission in hBN arises from defect-related optical transitions. 

The zero-phonon line (ZPL) represents the direct electronic transition of the defect without 

phonon involvement, while the phonon sideband (PSB) originates from phonon-assisted 

recombination processes. The relative intensity of ZPL to PSB, typically expressed as the 

ZPL:PSB ratio or the Debye–Waller factor is widely used as a metric of emitter quality, with 

higher ratios indicating reduced electron–phonon coupling, narrower linewidths, and 

improved suitability for quantum applications. 17, 56, 179 

The confocal PL maps and spectra in Fig. 3.7 reveals that both emitter density and 

ZPL:PSB ratios are strongly dependent on growth time. After 10 minutes, only a few isolated 

emitters are observed. Their PL spectra are broad, with a weak ZPL peak and dominant PSB 

contribution, yielding a low ZPL:PSB ratio of approximately 0.3–0.4. This indicates strong 

phonon coupling and explains the moderate antibunching purity of g(2)(0) ≈ 0.45. At 20 

minutes, the emitter density increases significantly, and the PL spectra show a sharp ZPL 
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peak with suppressed PSB. The ZPL:PSB ratio increases to around 0.7–0.8, reflecting 

reduced phonon scattering and improved emission coherence. 

 

Figure 3.7: Confocal photoluminescence (PL) mapping and quantum emission analysis of hBN films 

grown for different times. (a) Confocal PL intensity maps of hBN after 10, 20, 30, and 40 minutes of growth 

(left to right). Bright localized spots correspond to optically active defect centers, with their density 

increasing systematically with growth time. (b) Representative room-temperature PL spectra of single 

emitters for each growth duration. Insets show the corresponding second-order autocorrelation 

functions g(2)(τ), confirming single-photon emission {g(2)(0)<0.5}. The spectral contrast between the zero-

phonon line (ZPL) and the phonon sideband (PSB) provides a quantitative measure of emission quality, where 

higher ZPL:PSB ratios correspond to reduced electron–phonon coupling and improved optical coherence. 

This is consistent with the observed high-quality single-photon emission, as evidenced 

by g(2)(0) ≈ 0.16, which represents the best photon purity across the growth series. 
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The 30-minute growth produces fewer emitters than the 20-minute case, but their 

optical quality is enhanced. The PL spectra are dominated by strong and spectrally isolated 

ZPL peaks, with PSB contributions further reduced. The ZPL:PSB ratio reaches values close 

to 0.8–0.9, suggesting near-optimal emission conditions with minimal phonon coupling. 

Together with the smoother film morphology observed at this growth duration (Fig. 3.7), 

these results confirm that intermediate growth times favour fewer but optically superior 

emitters. 

In contrast, the 40-minute sample yields a high density of emitters, as shown by the 

confocal PL map. However, the PL spectra often display multiple overlapping ZPLs and 

broadened PSBs. The ZPL:PSB ratio decreases to about 0.4–0.5, consistent with enhanced 

phonon participation and background luminescence. The corresponding autocorrelation 

data, g(2)(0) ≈ 0.40, indicate that high emitter density at longer growth times compromises 

single-photon purity due to spectral crowding and defect clustering. 180, 181 

In summary, the analysis of ZPL:PSB ratios demonstrates a clear trade-off between 

emitter density and optical quality. Short growth produces broad spectra with low ZPL 

contrast, intermediate growth (20–30 minutes) yields high ZPL:PSB ratios and spectrally 

isolated, high-purity emitters, while prolonged growth increases emitter density but reduces 

optical quality due to enhanced phonon coupling and defect clustering. This emphasizes the 

need for growth-time optimization to achieve both high-quality and application-specific 

emitter characteristics. 

The Raman E2g phonon in hBN, normally observed around 1366–1372 cm⁻¹, is highly 

sensitive to lattice strain and disorder. 34, 93, 177 In this study, the phonon peak exhibits 
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a progressive blue-shift as the heating/cooling rate increases from 4 to 10 °C min⁻¹ Fig. 3.8(b-

c). 

 

Figure 3.8: Effect of heating/cooling rate on hBN lattice phonons. (a) Raman E2g spectra of grown hBN (b) 

Raman E2g spectra of hBN grown under different thermal ramps (4, 6, 8, and 10 °C min⁻¹; 

blue→green→rose→purple). Solid curves are Lorentzian fits; vertical dashed lines mark the fitted peak 

centers. (c) Evolution of the Raman peak center with ramp rate, showing a monotonic upshift toward ~1372 

cm⁻¹ at 10 °C min⁻¹. 

A blue-shift corresponds to an increase in phonon frequency, which generally 

indicates stiffer in-plane B–N bonds. The most likely cause is the build-up of residual 

compressive strain during rapid cooling, driven by thermal-expansion mismatch between 
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hBN and the underlying substrate. 52, 54, 103 Faster ramps “quench” the lattice more quickly, 

freezing in compressive stress and leading to stronger restoring forces on the B–N vibrations. 

In contrast, slower ramps (4–6 °C min⁻¹) result in Raman peaks at lower 

wavenumbers, i.e. a relative red-shift, consistent with a more relaxed lattice and possibly 

enhanced surface diffusion that allows strain relaxation and the formation of more extended 

defects. 139–141  

 Figure 3.9: Effect of heating/cooling rate on hBN defect emission. (a) Representative room-temperature 

PL spectrum from the 10 °C min⁻¹ sample; inset: second-order autocorrelation with g(2)(0)=0.35<0.5, 

confirming single-photon emission. (b) Intensity vs time trace for the same emitter demonstrating stable 

output; right panel shows the count-rate distribution. (c) Zero-phonon-line (ZPL) wavelength histograms for 

emitters obtained from each thermal ramp condition (4, 6, 8, and 10 °C min⁻¹; blue→green→rose→purple), 

illustrating changes in spectral spread and preferred emission energies.  
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The absence of significant linewidth broadening across the ramp range suggests that disorder 

is not the dominant factor; instead, strain is the main driver of the observed blue-shift. These 

structural changes correlate with emitter statistics. At low ramp rates, the ZPL histograms 

Fig. 3.9(d) show broad distributions with longer-wavelength ZPLs, reflecting 

inhomogeneous strain and charge microenvironments. As the ramp increases, the ZPLs shift 

toward shorter wavelengths (a blue-shift in emission) and cluster more narrowly around 580–

620 nm. This trend indicates more uniform strain fields and a stabilization of a specific family 

of visible defect centers. 58, 65, 66 A representative emitter from the 10 °C min⁻¹ condition, Fig. 

3.9 (a, b) exhibits a strong ZPL with suppressed phonon sideband (PSB) intensity, along with 

single-photon purity (g(2)(0) = 0.35) and high photostability. The stronger ZPL and reduced 

spectral diffusion at higher ramp rates are consistent with a strain-stabilized defect 

environment that minimizes phonon-assisted transitions and blinking. 17, 56, 66 

In summary, faster thermal ramping induces a blue-shift in the Raman phonon and a 

corresponding blue-shift and narrowing of ZPL emission, both of which are attributed to 

compressive strain effects. Slower ramps yield relatively red-shifted and more broadly 

distributed features, consistent with a relaxed but more heterogeneous defect environment. 

These findings demonstrate that thermal ramp engineering provides a powerful lever to tune 

strain and, in turn, control both lattice vibrations and single-photon emitter quality in 

LPCVD-grown hBN. 
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3.3 hBN Growth- position dependent variation  

 

3.3.1 Introduction 

The controlled bottom-up synthesis of hexagonal boron nitride (hBN), spanning 

atomically thin monolayers to multilayered films, has been extensively explored through 

chemical vapour deposition (CVD) and other vapour-phase growth methods over the past 

decade. 142–144 Although position-dependent growth phenomena are well documented for 

graphene where variations in precursor concentration, temperature gradients, and boundary-

layer flow strongly influence nucleation density and stacking sequence185–187 comparable 

analyses for hBN remain limited. 

In this study, we systematically investigate how substrate position within the CVD 

furnace influences hBN growth behaviour, including film morphology, crystallinity, and 

layer thickness. Such position dependence arises primarily from non-uniformities in local 

temperature distribution, precursor residence time, and carrier-gas velocity, which together 

modulate the decomposition kinetics of boron- and nitrogen-containing precursors (e.g., 

ammonia borane, borazine). 188–190 These variations directly affect the rates of precursor 

pyrolysis, mass transport, and surface adsorption–desorption equilibria, ultimately leading to 

spatially distinct growth modes ranging from atomically smooth monolayers to rougher 

multilayer domains. 191 

A detailed understanding of these thermo-kinetic and transport phenomena is essential 

for achieving wafer-scale uniformity and reproducibility in hBN film fabrication. By 

correlating furnace-zone position with experimentally measured parameters such as AFM 

roughness, Raman FWHM, and optical contrast, this work establishes a foundation for 
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optimising growth environments. This includes fine-tuning of precursor delivery rates, 

carrier gas composition, and thermal zoning strategies to enable the scalable synthesis of 

high-quality hBN with precise control over structural and electronic properties. 192–194 

 

3.3.2 Methodology 

The LPCVD standard hBN growth method described in the previous section of this 

chapter was utilised to conduct this experiment. Figure 3.8 presents a schematic of the 

chemical vapor deposition (CVD) furnace used for hBN growth, including detailed 

specifications and measurements. The furnace comprises a quartz growth tube housed within 

a heating chamber. The quartz tubes employed in these growths were customised to ensure 

the complete elimination of any contaminants. Infused quartz tubes capable of withstanding 

temperatures of up to 1200 °C (AdValue Technology, Fused Quartz Tube – OD 50 mm × ID 

46 mm × L 1219 mm) were used. 

The tube was connected to a vacuum pump on the left side and to a crucible on the 

right, which contained the solid precursor (ammonia borane) for hBN growth. Gas lines fitted 

on the right introduced argon (Ar) and hydrogen (H₂), with flow rates controlled using mass 

flow controllers (MFCs). 

Samples were placed at positions A, B, and C located 20 cm, 30 cm, and 40 cm, 

respectively, from the crucible. Following growth, the samples were transferred onto SiO₂ 

substrates, treated with NMP for PMMA residue removal, and further annealed. Finally, the 

obtained samples were characterised to investigate the effect of sample position in the furnace 

on their optical properties.  
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Photoluminescence (PL) spectroscopy: Single-photon emitter properties were 

investigated using a confocal microscope excited with a continuous-wave 532 nm laser. 

Emission was spectrally filtered and directed either to a spectrometer for spectral acquisition 

or to a Hanbury Brown–Twiss interferometer with APDs for photon correlation and lifetime 

measurements.187–195 The second-order autocorrelation function, g²(τ), was evaluated to 

confirm single-photon emission. Additional details of the PL setup can be found in Section 

3.2.2. 

Wide-field EMCCD imaging:  To gain an overview of the spatial distribution of 

quantum emitters in the hBN samples, wide-field imaging was carried out with an Electron-

Multiplying CCD (EMCCD) camera. Unlike confocal microscopy, which restricts detection 

to a single diffraction-limited spot, wide-field imaging makes it possible to capture many 

emitters within one field of view. 

A 532 nm continuous-wave laser was used as the excitation source, with a power of 

about 3 mW. The beam was expanded and weakly focused so that an area of roughly 5 × 5 

µm² on the sample surface was illuminated uniformly. Photoluminescence from the sample 

was collected with a high-NA objective, spectrally filtered to remove residual excitation light, 

and imaged onto the EMCCD. For each measurement, a sequence of 100 frames was recorded 

with an exposure time of ~200 ms. The electron-multiplying function of the EMCCD 

enhanced the detection of weak signals, making it possible to resolve faint single-photon 

emitters alongside brighter ones. In this way, several emitters could be observed at once and 

their relative brightness, distribution, and stability compared across the illuminated region. 

This wide-field approach provided a fast way to survey large areas of CVD-grown 

hBN and identify regions of interest for further study with confocal microscopy. 
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Raman spectroscopy Fourier:  Vibrational modes of hBN were characterised using a 

Renishaw inVia confocal Raman system with a 633 nm excitation laser. Calibration was 

performed with a silicon reference at 520 cm⁻¹. The characteristic E₂g phonon mode was 

fitted with a Lorentzian profile to extract peak position and FWHM, providing information 

on crystalline quality after transfer onto SiO₂ substrates. 177–179 Full details of the setup are 

described in Section 3.2.2. 

 Transform Infrared Spectroscopy (FTIR): FTIR measurements were carried out with a 

Thermo Scientific Nicolet 6700 system equipped with an ATR unit. Spectra were acquired 

from hBN films after transfer onto SiO₂ substrates, enabling evaluation of the vibrational 

response without artefacts from the copper growth substrate. 180–182 Further experimental 

parameters are provided in Section 3.2.2. 

 

3.3.3 Results 

To ensure accurate control of furnace temperature, the controller set values (SV) were 

calibrated against the actual temperatures measured using an external thermocouple 

(Thermo). Figure 3.10(b) shows the measured temperature plotted as a function of the set 

value, together with linear, quadratic, and cubic polynomial fits. While the linear model (R² 

≈ 0.986) captured the overall trend, the quadratic fit (R² ≈ 0.999) provided an improved 

description. The cubic fit achieved the best performance (R² ≈ 0.9995), accurately capturing 

the slight nonlinearity observed at higher setpoints. 



 

 

Figure 3.10: Setup Schematic and Controller calibration. (a) Schematic illustration of the quartz tube 

furnace setup used for LPCVD growth of hBN, showing three copper substrates (A, B, and C) positioned 

along the central heating zone to study temperature-dependent growth behaviour. The quartz tube is 

transparent to indicate the relative positions of the samples inside the furnace. (b) Calibration curve of the 

measured temperature versus the set furnace temperature, fitted using linear, quadratic, and cubic models, 

showing excellent correlation (R² > 0.99). (c) Residual plot illustrating the deviation between measured and 

fitted temperatures, confirming uniformity and high accuracy in the temperature calibration across the 

experimental range. 

Residual analysis, shown in the right panel of Figure 3.10(c), presents the deviation 

between fitted and measured values as a function of temperature. Residuals were generally 

small across the full operating range (20–1267 °C), with repeated measurements at 1200 °C 
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demonstrating good reproducibility (1266 ± 1 °C, n = 2). These results confirm that the cubic 

calibration provides the most reliable mapping between controller setpoints and true furnace 

temperatures, and this model was therefore used to correct experimental setpoints in 

subsequent analyses. 

The Raman and XPS analyses reveal a strong position-dependent variation in 

structural quality along the furnace axis. The left-zone sample (blue) displays the narrowest 

and most intense E₂g Raman peak, suggesting well-ordered, multilayer hBN with large 

crystalline domains and minimal lattice distortion. The centre sample (green) shows slightly 

broader and less intense peaks, indicating moderate disorder, while the right-zone sample 

(pink) presents weak and broad features consistent with poor crystallinity and thinner, defect-

rich growth. XPS spectra across all samples exhibit B 1s and N 1s peaks centred at ~190.2 

eV and ~398.1 eV, respectively, characteristic of stoichiometric B–N bonding. The absence 

of significant B–O or C–N components suggests that the observed quality differences stem 

from variations in crystalline order rather than chemical composition.  

These trends can be attributed to the spatial variation in the local reaction environment 

within the quartz-tube furnace, especially the decomposition behaviour of the ammonia 

borane (H₃N·BH₃) precursor under the influence of the Ar/H₂ carrier gas mixture. Hydrogen 

plays a dual role in the growth mechanism. First, it promotes dehydrogenation of ammonia 

borane and intermediate species such as borazine (B₃N₃H₆), accelerating the formation of 

reactive B–N radicals. These radicals subsequently adsorb and react on the catalytic copper 

surface to form sp²-bonded hBN networks. Second, hydrogen assists in surface cleaning and 

oxide reduction on the Cu substrate, improving adatom diffusion and facilitating lateral 

domain growth. The left position, located slightly upstream of the central furnace region, 
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provides an environment where the local temperature, gas velocity, and precursor 

concentration  

 

Figure 3.11: Raman and Widefield imaging of grown hBN film. (a) Raman spectra of hBN films 

grown at three furnace positions: left (blue), centre (green), and right (pink). Each spectrum displays the E₂g 

phonon mode near ~1366 cm⁻¹, confirming crystalline hexagonal boron nitride formation. The left (blue) 

position shows the sharpest and most intense peak, signifying the highest crystallinity and most uniform 

multilayer structure. The centre (green) spectrum is moderately intense, while the right (pink) position 

exhibits the broadest, weakest peak, indicative of reduced crystalline order and increased structural disorder. 

(b) High-resolution XPS spectra of the B 1s and N 1s core levels, each fitted with a single dominant B–N/N–B 

component, confirming sp²-bonded hBN with negligible contamination. (c) Wide-field images of hBN films 

grown at the left, centre, and right furnace positions. Each circular illuminated region corresponds to the 

excitation beam footprint on the sample surface. Emission intensity and spot density variations within these 

regions reflect spatial differences in emitter density and optical activity. 
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are optimally balanced. Here, the hydrogen fraction is sufficient to activate ammonia borane 

decomposition while preventing excessive etching, resulting in rapid yet controlled surface 

nucleation and diffusion. Consequently, hBN domains grow laterally with minimal defect 

incorporation, producing the sharp raman peak and the dense, bright emitter population 

observed in the PL image. 

At the furnace centre, the gas mixture remains reactive but hydrogen-driven etching 

becomes more pronounced. This condition maintains stoichiometry but partially suppresses 

lateral growth, leading to moderately crystalline films with reduced emitter density. In 

contrast, the right position lies downstream, where precursor depletion and by-product 

accumulation lower the effective reactive flux reaching the substrate. The diminished 

availability of BN species, combined with increased H₂:precursor ratios, favours etching over 

deposition. As a result, the right-zone sample exhibits the lowest Raman intensity and a 

sparsely populated PL map dominated by isolated emission sites. 

Wide-field PL imaging offers direct visual evidence of these position-dependent 

effects. The circular illuminated areas correspond to the excitation beam footprint from a 

collimated 532 nm continuous-wave laser, expanded to a field of view of approximately tens 

of micrometres. Within each illuminated region, the intensity distribution and emitter density 

correspond to the underlying film morphology. The left sample exhibits the brightest and 

most densely distributed emission centres, consistent with its superior crystallinity. The 

centre sample shows a moderate density of emitters, and the right sample displays only a few 

dim emission spots, indicative of poor defect activation and lower optical quality. 

Overall, these results demonstrate that the carrier gas composition and local growth 

environment jointly dictate the morphology and optical properties of hBN. The left furnace 
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zone offers the most favourable balance between ammonia borane decomposition, hydrogen-

assisted surface reactions, and copper-catalysed diffusion, leading to the formation of 

uniform, stoichiometric, and optically active hBN films. In contrast, the centre and right 

regions exhibit suboptimal conditions due to excessive hydrogen etching and precursor 

depletion, respectively. Careful optimisation of the Ar/H₂ ratio and temperature profile is 

therefore essential to achieve spatially uniform, high-crystallinity hBN suitable for 

optoelectronic and quantum emitter applications. 

 

Figure 3.12 – Photoluminescence (PL) spectra and photon correlation from hBN samples at positions A–

C. PL spectra recorded from hBN samples grown at positions A (20 cm), B (30 cm), and C (40 cm) inside the 

furnace. The spectra reveal multiple emission features in the visible range (500–800 nm), with prominent 

peaks around 600–650 nm associated with quantum emitters in hBN. Insets show second-order 

autocorrelation measurements, g²(τ), confirming single-photon emission behaviour for selected emitters: 

position A exhibits strong antibunching with g²(0) ≈ 0.23, position B shows partial suppression with g²(0) ≈ 

0.54, while position C displays ensemble-like emission without clear antibunching signature. 

PL spectra were recorded from hBN samples grown at positions A (20 cm), B (30 

cm), and C (40 cm) inside the furnace, distance measured from precursor position. The 

spectra show emission features in the visible range (500–800 nm), with strong peaks around 
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600–650 nm. Insets display second-order autocorrelation measurements, g²(τ), confirming 

differences in single-photon emission behaviour between the three samples: position A shows 

clear antibunching with g²(0) ≈ 0.23, position B exhibits partial suppression with g²(0) ≈ 0.54, 

while position C indicates ensemble-like emission without evidence of single-photon 

statistics. 

The PL measurements highlight how the location of the sample within the furnace 

affects emitter properties. At position A, the spectrum is dominated by sharper peaks, and the 

autocorrelation dip demonstrates non-classical light emission, indicating stable single-photon 

emitters. At position B, the spectral features are broader and less isolated, and the g²(0) value 

suggests mixed emission from single defects and background luminescence. By position C, 

the spectrum appears dominated by ensemble emission, with the autocorrelation trace lacking 

any clear antibunching behaviour. The results show a clear spatial dependence on emitter 

formation, with samples closer to the crucible providing stronger and more reliable single-

photon characteristics, while those further away produce broader, less distinct emission 

profiles. This trend reflects the impact of temperature gradients and precursor distribution 

across the furnace on the optical quality of hBN. 

The three emitters exhibit markedly different stability profiles, reflecting variations in their 

defect environments. Emitter A produced the brightest output (~150 kcps) and remained 

photostable over the acquisition, with only brief intensity excursions that may correspond to 

fast charge reconfiguration events. This behaviour suggests efficient radiative recombination 

and minimal coupling to non-radiative channels. Emitter B, in contrast, displayed frequent 

fluctuations in count rate (~70 kcps on average), typical of blinking driven by charge-state 

switching or photoionization. Such dynamics are consistent with a high density of nearby 
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trap states or adsorbates that modulate the local charge environment, producing both spectral 

wandering and intermittent emission. Emitter C showed the lowest brightness (~45 kcps) but 

relatively steady output, pointing to reduced radiative efficiency rather than strong blinking, 

potentially due to enhanced non-radiative relaxation or partial bleaching of the defect centre. 

 

Figure 3.13: Photoluminescence stability of emitters A, B, and C. Time-resolved photon count traces are 

shown for emitters A (blue), B (green), and C (pink) over a 60 s acquisition. Corresponding histograms of 

count distributions (right panels) highlight the intensity fluctuations and mean stability of each emitter. 

These differences underline the sensitivity of hBN single-photon emitters to their 

nanoscale surroundings. Interface traps at the hBN/SiO₂ boundary, local strain variations, 

and residual contaminants from transfer are all plausible sources of the observed instability. 

Previous reports have shown that encapsulation in layered dielectrics or surface passivation 

can suppress blinking and bleaching by screening charge noise and stabilising the defect 

charge state. Applying such strategies would likely enhance the reproducibility of single-

photon emission in hBN and allow emitters such as A to be harnessed as reliable quantum 

light sources.



 

 

3.4 Conclusion 

This chapter establishes quantitative links between LPCVD growth settings and the 

structural/optical performance of defect-based emission in hBN. A tight temperature window 

near ~1060 °C minimises the Raman E₂g FWHM and yields more uniform ZPL distributions, 

balancing lattice order with the likelihood of forming optically active point defects; growth 

durations of ~20–30 min maximise optical quality (higher Debye–Waller factors, cleaner 

antibunching) without inducing excessive spectral crowding; and faster thermal ramps (~8–

10 °C min⁻¹) produce reproducible blue-shifts of Raman/ZPL peaks consistent with residual 

compressive strain that narrows spectral spread and stabilises emission, whereas slower 

ramps relax strain but increase inhomogeneity.  

Position within the tube is also decisive, substrates placed upstream/centre outperform 

downstream placements in both structural (narrower E₂g) and optical metrics (brighter PL, 

lower g²(0)), consistent with the interplay of precursor flux and H₂-etch chemistry; 

incorporating the furnace temperature-calibration fit into reported setpoints reduces 

systematic offsets. To ensure comparability and reproducibility, results should be reported 

with uniform statistics (mean ± SD, n), explicit histogram bin widths, and a clear statement 

of whether g²(0) values are background-corrected with associated confidence intervals. 

Practically, an effective recipe is to anneal near the target growth temperature and then grow 

at ≈1060 °C and ~2 Torr with specified Ar/H₂ flows for 20–30 min, using 8–10 °C min⁻¹ 

ramps, placing substrates upstream/centre, transferring with a consistent cleaning protocol, 

and reporting Raman/PL statistics with uncertainties and counts.  
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Remaining limitations include propagating furnace-calibration residuals into 

temperature error bars, adding background-corrected g²(0) with 95% confidence intervals 

and standardised acquisition windows, and exploring alternative boron precursors/H₂ 

fractions alongside in-situ diagnostics to decouple temperature from flux effects. 

 

 



 



 

 

 

4  

Homoepitaxial growth of 

hBN on pristine flakes  
 

The homoepitaxial growth of hexagonal boron nitride (hBN) has emerged as a 

powerful route to structurally coherent, defect-controlled 2D films in which intrinsic 

properties are preserved rather than obscured by substrate-induced disorder. Whereas growth 

on foreign substrates often introduces lattice mismatch, interfacial strain, surface roughness, 

and adventitious impurities, homoepitaxy nucleates new hBN layers directly on pre-existing 

hBN with the same lattice constant and symmetry. This near-perfect registry suppresses grain 

boundaries, promotes terrace-mediated growth, and allows the overlayer to inherit the 

crystallographic order of the seed. The resulting continuity is especially important for 

quantum photonics, where the optical behaviour and stability of single-photon emitters 

(SPEs) are exquisitely sensitive to local strain, charge environment, and thickness uniformity.  

By retaining the chemical inertness and atomic flatness of hBN while avoiding 

interface-driven defect formation, homoepitaxy provides a clean platform to study emitter 
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stability, spectral reproducibility, and the mechanisms governing defect formation under 

controlled growth conditions. 103, 106, 107 

In this chapter, we establish a homoepitaxial LPCVD workflow on exfoliated 

hBN/SiO₂/Si that builds on the calibrated growth window from Chapter 3, it clarifies the 

rationale and novelty relative to the single prior report of hBN homoepitaxy. Presents a 

methodology aligned with Chapter 3 (temperatures, ramps, pressure/flows, substrate 

preparation) to enable direct comparison and quantify structural and optical outcomes via 

Raman E₂g position/FWHM, AFM step morphology, SEM surface continuity, wide-

field/confocal PL maps and spectra, and emitter metrics where applicable. Collectively, these 

results demonstrate that homoepitaxy maintains crystalline order while enhancing optical 

response, motivating hBN as a scalable platform for deterministic emitter engineering and 

integrated quantum photonic devices. 

 

4.1 Abstract 

Homoepitaxial growth of hexagonal boron nitride (hBN) offers a lattice-matched 

pathway to highly ordered, defect-controlled films in which the intrinsic lattice environment 

is preserved. Building on the calibrated LPCVD window from Chapter 3, this chapter 

examines the controlled deposition of new hBN layers directly onto mechanically exfoliated 

hBN flakes supported on SiO₂/Si with a 295 nm oxide. The goal is to decouple film properties 

from substrate-induced disorder and to quantify how homoepitaxy affects structural 

coherence and optical response relevant to quantum photonics. Exfoliated flakes were 

selected by optical contrast and verified by AFM before growth. LPCVD parameters 

(temperature setpoints, pressure, Ar/H₂ flows and thermal ramps) were aligned with Chapter 
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3 to permit direct comparison. Structural characterisation combined AFM (surface 

morphology, step continuity), Raman spectroscopy (E₂g phonon position and FWHM as 

proxies for order/strain), and SEM (lateral uniformity), while optical characterisation used 

wide-field/confocal photoluminescence (PL) mapping and spectral comparison before and 

after growth. 

Quantitatively, AFM on pristine flakes shows atomically flat terraces with step 

heights of ~0.33–0.40 nm, consistent with single hBN layers, and these terraces persist after 

growth with only a slight increase in step height indicative of layer-by-layer overgrowth 

(step-flow/terrace-mediated growth). Raman spectra remain centred near the characteristic 

E₂g mode (~1366 cm⁻¹) before and after growth, with a small post-growth shift and a modest 

increase in linewidth from 8.2 cm⁻¹ to 9.0 cm⁻¹. This ~0.8 cm⁻¹ broadening is consistent with 

a minor rise in strain/thickness inhomogeneity while preserving crystalline order. SEM 

imaging corroborates a continuous, defect-free surface without secondary grain formation or 

delamination. PL mapping reveals a clear enhancement in emission intensity after 

homoepitaxy alongside subtle spatial modulation that reflects small, lateral variations in local 

strain or thickness; to present these results without crowding, PL maps are shown separately 

from the corresponding spectra. The comparison PL spectra (pre- vs post-growth) exhibit 

increased integrated intensity and mild band broadening, but no emergent sub-bandgap 

features, indicating that the process does not introduce additional optically active impurities 

or non-radiative centres. 

Taken together, these measurements show that homoepitaxial LPCVD on hBN 

preserves atomic flatness and crystallographic continuity while improving optical response. 

The structural metrics (E₂g near ~1366 cm⁻¹, FWHM 8.2- 9.0 cm⁻¹ and terrace heights ~0.33–
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0.40 nm) provide a quantitative baseline for assessing order and strain, and the optical metrics 

(enhanced PL intensity without new defect bands) point to cleaner emission environments 

suitable for reproducible studies of defect photo physics. Practically, the results validate a 

reproducible workflow—substrate selection, cleaning, temperature and gas flow control 

aligned with the calibrated furnace map, and characterisation that yields structurally coherent, 

optically stable homoepitaxial films. Conceptually, they demonstrate that growing hBN on 

hBN suppresses interface-driven disorder and stabilises the optical landscape, providing a 

platform for deterministic emitter engineering and scalable integration of hBN into quantum 

photonic device architectures. 

 

4.2 Introduction 

Hexagonal boron nitride is known for its wide bandgap (~6 eV), strong in-plane 

covalent bonding, and chemical stability, which make it one of the most promising materials 

for hosting optically active point defects that can act as single-photon emitters. However, 

common synthesis techniques such as chemical vapour deposition (CVD) or mechanical 

exfoliation often produce layers with significant inhomogeneity i.e., grain boundaries, 

variable thickness, and impurity incorporation—that interfere with reproducible optical 

performance . 34, 177, 179 Homoepitaxial growth provides a way to overcome these issues by 

maintaining the same atomic registry between the substrate and the newly deposited layer, 

thereby reducing structural disorder and maintaining surface continuity. 

In this section, hexagonal boron nitride (hBN) was grown on mechanically exfoliated 

hBN flakes supported on SiO₂/Si substrates with a 295 nm oxide layer. The oxide thickness 

was selected to provide strong optical contrast for identifying thin flakes and to offer a stable 
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base during thermal processing. With careful control of furnace temperature and the carrier-

gas composition, the newly deposited hBN followed the crystallographic orientation of the 

underlying flake, enabling layer-by-layer homoepitaxial growth. This alignment suppresses 

misfit defects and supports continuous lateral extension of the film. 195-196 

The resulting films provide a clean, uniform platform for investigating optically active 

defects, particularly the negatively charged boron vacancy (VB
−). Because the overlayer 

remains coherent with the seed lattice, local strain and charge environments around 

individual defects can be better managed, which stabilises emission and improves spectral 

reproducibility—key requirements for quantum photonics. The same platform makes it 

practical to study how growth temperature, carrier-gas ratios, and layer thickness influence 

both the likelihood of defect formation and the resulting photo-physics. 179 

 

Figure 4.1 - Schematic illustration of the homoepitaxial growth of hexagonal boron nitride (hBN) 

on exfoliated flakes. Left: carrier gas transports boron- and nitrogen-containing species (from the ammonia 

borane precursor) toward the substrate surface, where decomposition initiates on the exposed hBN 

flake. Right: atomic arrangement showing the aligned hBN lattice forming atop the exfoliated flake, which 

rests on a SiO₂/Si substrate (295 nm oxide). The coherent lattice stacking ensures minimal strain and 

dislocation, promoting uniform crystalline growth across the flake surface. 

Structural and optical characterisation using Raman spectroscopy, atomic force 

microscopy (AFM), photoluminescence (PL), and optically detected magnetic resonance 
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(ODMR) showed that the quality of the homoepitaxial interface directly impacts both 

structural coherence and optical activity. Taken together, these results provide simple 

guidance for reproducibly growing high-quality hBN suitable for single-photon emission and 

quantum sensing, linking precise thin-film synthesis to deterministic defect engineering in 

two-dimensional materials. 193 

The schematic illustrates the experimental configuration used for homoepitaxial 

growth of hBN on exfoliated flakes deposited on SiO₂/Si substrates. The oxide thickness of 

295 nm enhances optical contrast for identifying thin flakes prior to growth and provides 

thermal stability during high-temperature processing. The precursor, ammonia borane 

(NH₃BH₃), decomposes at elevated temperature to release borazine (B₃N₃H₆) and related 

intermediates that serve as the reactive species. Under an Ar/H₂ carrier gas environment, 

these fragments are directed toward the substrate where they nucleate and attach epitaxially 

to the existing hBN lattice. 

The right-hand schematic highlights the atomic continuity at the interface between the 

exfoliated flake and the newly grown layer. Because both share the same hexagonal 

symmetry and lattice constant, epitaxial alignment is naturally maintained, suppressing the 

formation of grain boundaries. The resulting homoepitaxial film preserves the intrinsic 

crystallinity and enables controlled study of defect formation within an atomically clean 

environment.  

4.3 Methodology 

Sample Preparation and Growth: Homoepitaxial growth of hBN was carried out on 

mechanically exfoliated hBN flakes supported on SiO₂/Si substrates with a 295 nm thermal 

oxide layer, selected to provide strong optical contrast for identifying flake thickness and 
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lateral uniformity. The substrates were first cleaned sequentially in acetone and isopropanol 

(IPA), followed by a nitrogen blow-dry and hot-plate bake to remove physiosorbed moisture. 

To further minimise surface contaminants prior to flake transfer, the cleaned substrates were 

annealed in air at 450 °C for 30 minutes. 

Japanese bulk crystals (Batch No. M994) were used as the source material for hBN 

exfoliation. Mechanical exfoliation was performed using adhesive tape, and flakes with large 

lateral dimensions were identified under optical microscopy using the characteristic colour 

contrast afforded by the 295 nm oxide layer. To reduce potential carbon-based residues 

associated with the exfoliation tape, the freshly prepared substrates were exposed to 

ultraviolet (UV) ozone for 1 minute prior to loading into the LPCVD furnace. This brief 

surface treatment has been shown to effectively remove polymeric contaminants without 

introducing measurable disorder into the hBN lattice.  

 

Figure 4.2: LPCVD schedule for homoepitaxial hBN on 295 nm SiO₂/Si. Shaded regions denote purging, 

heating, annealing, growth, and cooling stages. 
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Growth was conducted in the same horizontal tube furnace configuration described in 

Chapter 3, with modifications to target homoepitaxial rather than catalytic nucleation growth. 

The furnace temperature was ramped to 1200 °C at a heating rate of 4 °C min⁻¹ under a 

continuous flow of carrier gases. Throughout the growth process, the total gas flow was 

maintained at 300 sccm (Ar/H₂ mixture), and no metallic catalyst was introduced, allowing 

the exfoliated hBN flakes to act as their own crystallographic seed. The precursor supply 

(based on thermally decomposing ammonia borane) was held at a fixed temperature of 

approx. 93 °C to ensure a stable boron–nitrogen chemical flux during growth. The growth 

was carried out for approximately 40 mins to allow full deposition of hBN on the sample 

surface.  

Following growth, the furnace was cooled to room temperature under the same carrier 

gas atmosphere at ~4 °C min⁻¹ to minimise thermally induced strain gradients across the 

flake. The resulting samples were removed from the quartz tube once cooled and immediately 

characterised to avoid ambient adsorption effects. Structural and optical analysis was 

performed on the same flake regions before and after growth to ensure direct comparison, as 

detailed in the subsequent Results section.  

Raman spectroscopy:  Vibrational modes of hBN were characterised using a Renishaw 

inVia confocal Raman system with a 633 nm excitation laser. Calibration was performed 

with a silicon reference at 520 cm⁻¹. The characteristic E₂g phonon mode was fitted with a 

Lorentzian profile to extract peak position and FWHM, providing information on crystalline 

quality after transfer onto SiO₂ substrates. 177–179 Full details of the setup are described in 

Section 3.2.2. 
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Atomic Force Microscopy (AFM): Nanoscale surface features of the hBN films were 

characterised using a Veeco Dimension 3100 AFM operating in tapping mode. 183–185 The 

system employed a silicon cantilever with a nominal tip radius of 8 nm (MikroMasch, 

CSC17/Ti-Pt). High-resolution topographical images were obtained with a scan resolution of 

512 × 512 pixels. The data were analysed using Nanoscope Analysis 1.5 software to extract 

key surface parameters, including step height and surface roughness. Roughness was 

expressed in terms of average deviation (Ra) and root-mean-square average (Rq) of surface 

height variations. 183 

Scanning Electron Microscopy (SEM): The morphology of transferred hBN films on 

Si/SiO₂ substrates was studied using SEM. 186 Imaging was conducted on a Zeiss Supra 55 

VP microscope, which provided high-resolution images that enabled assessment of surface 

uniformity and film continuity. 

Photoluminescence (PL) spectroscopy: Single-photon emitter properties were 

investigated using a confocal microscope excited with a continuous-wave 532 nm laser. 

Emission was spectrally filtered and directed either to a spectrometer for spectral acquisition 

or to a Hanbury Brown–Twiss interferometer with APDs for photon correlation and lifetime 

measurements.187–195 The second-order autocorrelation function, g²(τ), was evaluated to 

confirm single-photon emission. Additional details of the PL setup can be found in Section 

3.2.2. 

 

4.4 Results 

To assess the sensitivity of homoepitaxial growth to the underlying support, an initial 

series of experiments used exfoliated hBN flakes on Si/SiO₂ with a 90 nm oxide. Although 
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this thickness is frequently employed for optical identification of two-dimensional materials, 

it proved inadequate under the present high-temperature LPCVD conditions. During the 1200 

°C process the thin oxide partially densified and was vulnerable to hydrogen-assisted etching, 

which destabilised the hBN–SiO₂ interface and prevented coherent layer-by-layer 

overgrowth. 

Post-growth SEM imaging (Figure 4.3) shows non-uniform, mottled contrast across 

the flake interiors together with irregular edges and occasional wedge-like lifting. These 

features are not consistent with grain boundaries or domain stitching; rather, they indicate 

nanoscale topography changes associated with local oxide loss, interfacial voiding and 

relaxation of in-plane stress. In several regions the terrace pattern visible prior to growth is 

disrupted, and step continuity is lost, implying that terrace-mediated propagation could not 

be sustained on the compromised substrate. The combined evidence supports the following 

interpretation. First, at temperatures above 1000 °C, thin SiO₂ layers compact and shrink, 

generating shear at the hBN/oxide boundary. Second, in an Ar/H₂ ambient, even modest 

hydrogen activity can etch amorphous SiO₂ and any carbonaceous residues left by 

exfoliation, producing pits and undercut regions beneath the flakes. The coupling of thermal 

compaction and chemical thinning explains the observed contrast pattern and partial 

delamination. As a consequence, the growth did not proceed homoepitaxially; instead, it 

produced a roughened surface with poor adhesion and disrupted terraces, conditions that are 

incompatible with stable optical emitter formation and reproducible spectroscopy. 

This failed attempt establishes a practical requirement for the remainder of the study. 

A thicker oxide provides the thermal and chemical buffering needed to preserve interface 

integrity during high-temperature LPCVD. Increasing the oxide thickness to 295 nm, which 
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is used for all successful samples reported later in this chapter, prevents undercutting and 

maintains step continuity so that the overlayer can inherit the crystallographic order of the 

seed flake. 

 

Figure 4.3: SEM images of exfoliated hBN flakes on 90 nm SiO₂/Si following an attempted homoepitaxial 

LPCVD growth at 1200 °C. SEM images (a)- (d) show wide-area views revealing mottled contrast across the 

flake interiors and irregular edges, it highlights disrupted step morphology and regions of apparent undercut 

or partial delamination. The 90 nm oxide does not provide sufficient thermal and chemical buffering under 

these conditions, leading to hydrogen-assisted oxide thinning and interfacial instability. 

The morphology of the exfoliated hBN flakes before and after homoepitaxial growth 

was first examined using optical microscopy and atomic force microscopy (AFM). Optical 

imaging provided an overview of flake geometry and thickness contrast, while AFM offered 

nanometre-scale information on surface roughness and step structure. Figure 4.4 (a) shows 

a representative exfoliated hBN flake on a SiO₂/Si substrate with a 295 nm oxide layer, 

selected for its large lateral dimensions and smooth surface. The enhanced optical contrast 
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afforded by the oxide thickness facilitated precise identification of flake boundaries and 

thickness uniformity prior to growth. 

The AFM map of the pristine flake Figure 4.4 (b) reveals a clean, atomically flat 

surface with distinct step terraces. These steps, typically 0.33–0.4 nm in height, correspond 

to individual hBN monolayers, confirming the high crystalline quality of the exfoliated 

material. Such flat terraces are essential for achieving coherent epitaxial overgrowth, as they 

provide low-energy pathways for adatom migration and attachment. 

 

Figure 4.4: Optical and atomic force microscopy (AFM) characterization of exfoliated hBN flakes before 

and after homoepitaxial growth. (a) Optical image of a representative exfoliated hBN flake on a SiO₂/Si 

substrate (295 nm oxide), with the white dashed region indicating the scanned AFM area. (b) AFM 

topography of the pristine flake prior to growth, exhibiting atomically flat terraces and step edges typical of 

mechanically exfoliated hBN. (c) AFM map acquired after homoepitaxial growth, revealing additional 

terraces and uniform height modulation across the surface, consistent with continuous overlayer formation 

and step-flow growth. 

After homoepitaxial growth Figure 4.4(c), the AFM topography remains smooth and 

continuous, with a marginal increase in step height and a subtle change in overall surface 

contrast. These features indicate that the growth proceeded via a layer-by-layer mechanism 

rather than through island nucleation. The absence of grain boundaries or abrupt step 



Chapter 4 

 
144 

discontinuities suggests that the newly deposited hBN maintains registry with the underlying 

flake lattice, consistent with homoepitaxial alignment. The uniformity of the height profile 

also confirms that precursor adsorption and surface diffusion were well balanced across the 

flake, leading to a conformal film rather than thickness gradients. 

These observations highlight the critical role of substrate cleanliness and surface 

energy in promoting epitaxial continuity. Since the exfoliated hBN presents an atomically 

inert and lattice-matched surface, it provides an ideal template for adatom incorporation, 

resulting in coherent overlayer formation without significant interfacial strain. 

Raman spectroscopy and scanning electron microscopy (SEM) were employed to 

evaluate the crystalline structure and lattice integrity before and after growth. The Raman 

spectra in Figure 4.5 (a) display the characteristic E₂g in-plane vibrational mode near 1366 

cm⁻¹ for both the pristine (blue) and overgrown (red) flakes. A small shift in the E₂g peak 

position is observed after growth, indicating subtle changes in the local strain or lattice 

environment. The full width at half maximum (FWHM) also increases slightly from 8.2 cm⁻¹ 

to 9.0 cm⁻¹ following growth consistent with minor broadening due to the introduction of 

additional layers or strain relaxation during the homoepitaxial process. 

This subtle broadening can be attributed to slight strain variations or thickness 

fluctuations within the newly deposited hBN layer. The small shift in the peak position 

further suggests a minor relaxation of lattice strain following overgrowth. Importantly, no 

additional vibrational features were observed, indicating that the epitaxial process did not 

introduce chemical impurities or structural disorder. The overall similarity between the 

pristine and overgrown Raman profiles confirms that the homoepitaxial interface remains 

highly coherent, with well-preserved crystal quality and minimal defect incorporation. 
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Figure 4.5: Raman spectroscopy and scanning electron microscopy (SEM) of exfoliated hBN flakes before 

and after homoepitaxial growth. (a) Raman spectra comparing the pristine (reference) and overgrown hBN, 

showing the characteristic E₂g phonon mode near 1366 cm⁻¹. The FWHM increases slightly from 8.2 cm⁻¹ to 

9.0 cm⁻¹ after growth, indicating minor strain and thickness variations while preserving the crystalline 

order. (b) SEM image of the pristine flake (left- Reference) displaying a smooth, well-defined morphology, 

after homoepitaxial overgrowth (right- Overgrowth). 

SEM imaging provides complementary evidence of structural continuity. The pristine 

flake Figure 4.5 (b- left) shows well-defined edges and uniform contrast, typical of 

mechanically exfoliated hBN. After overgrowth Figures 4.5 (b- right), the same regions 

exhibit consistent surface morphology without signs of delamination or irregular nucleation. 

The smooth texture and lack of secondary grains corroborate the AFM findings and confirm 

that the epitaxial film extends laterally across the entire flake surface. 

Together, the Raman and SEM analyses demonstrate that homoepitaxial hBN growth 

proceeds with excellent structural preservation. The minimal FWHM change suggests low 

strain accumulation, while the morphological uniformity observed in SEM indicates a 

continuous crystalline interface. These results collectively confirm that the growth 
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mechanism maintains the intrinsic crystalline quality of the underlying flake while enabling 

controlled layer extension. 

 

Figure 4.6: Optical images of two representative exfoliated hBN flakes, selected from the many flakes 

measured across the samples. These are the same two flakes shown in Figures 4.7 and 4.8. 

The optical images presented in Figure 4.6 (a-b) show two representatives exfoliated 

hBN flakes selected from a larger population measured across multiple substrates. These 

flakes were chosen because they exhibited large lateral dimensions, well-defined terrace 

edges, and minimal visible creasing or folding, allowing reliable spatial correlation between 

pre- and post-growth optical and spectroscopic mapping. The use of the 295 nm SiO₂ 

substrate provides strong optical contrast, enabling clear identification of flake boundaries 

and thickness variations prior to growth. These same regions were subsequently mapped by 

photoluminescence (PL) imaging both before and after homoepitaxial deposition, ensuring 

that observed changes in optical response can be directly attributed to the growth process and 

not to variations in flake geometry, illumination conditions or measurement position. 

Before growth, the PL signal across the exfoliated hBN flakes (Figure 4.7) is relatively weak 

and spatially uniform, consistent with the optical behaviour expected for thin exfoliated hBN 

in which the emission is dominated by intrinsic excitonic recombination. This regime is 

characterised by broad visible luminescence without strong spectral substructure, reflecting 

a low density of optically active defect states. The uniformity of the PL intensity in the pre-
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growth maps indicates that the flakes are structurally intact, free of strong localised 

nonradiative quenching sites, and exhibit minimal thickness variation across the imaged area.  

   

Figure 4.7: Photoluminescence intensity maps of the same two flakes before homoepitaxial growth, 

showing weak, largely uniform emission typical of pristine hBN. These maps serve as the baseline, after 

growth the same regions exhibit a clear upward shift in per-pixel counts and higher peak intensities across 

the maps. 

The absence of pronounced bright or dark features suggests that the exfoliation procedure 

and surface preparation (including UV exposure to remove residual tape contamination) 

produced flakes with clean surfaces and stable optical behaviour suitable for homoepitaxial 

overgrowth. 

Following homoepitaxial LPCVD growth, the optical response of the flakes’ changes 

significantly, as shown in Figure 4.7. The PL intensity increases across the mapped areas, 



Chapter 4 

 
148 

and the spatial distribution of the emission becomes more structured, with clear regions of 

increased brightness. These brighter domains are attributed to slight local increases in film 

thickness or small variations in strain introduced during the growth process. Homoepitaxial 

growth proceeds by terrace propagation across the parent flake, and small differences in 

terrace nucleation rate or step-flow mobility can lead to thickness variations on the scale of 

one to a few hBN layers. Because hBN exhibits interference-enhanced luminescence on SiO₂ 

substrates, even sub-nanometre differences in thickness can translate into measurable 

differences in PL intensity. Similarly, residual strain introduced during heating, growth and 

cooling is known to modify excitonic recombination pathways, producing modest but 

detectable spatial variation in luminescence amplitude. The emergence of spatial contrast in 

the PL maps therefore reflects a combination of morphological and strain-related 

modifications induced during epitaxy. 

The PL spectra recorded from the same flakes Figure 4.8 before and after growth 

further support this interpretation. Both the pristine and overgrown regions display broad 

visible emission characteristic of hBN, without the appearance of new narrow sub-bandgap 

peaks. The absence of new bands is a key indicator that the homoepitaxial process does not 

introduce new optically active point defects with distinct energy levels; in particular, it 

suggests that vacancy complexes, substitutional impurities, or deep-level centres were not 

significantly formed during growth. Instead, the spectral envelope after growth shows an 

overall increase in integrated intensity and a mild broadening of the main emission band. 

These spectral changes are consistent with the formation of a slightly thicker hBN layer, 

which increases optical absorption and modulates cavity-like interference conditions at the 

hBN/SiO₂ interface. In addition, the improved crystalline continuity afforded by 

homoepitaxial alignment enhances radiative recombination rates by reducing the density of 
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nonradiative quenching sites such as edge defects, step discontinuities or interfacial disorder. 

Thus, the PL enhancement does not indicate the creation of new emissive states, but rather 

the strengthening of the intrinsic excitonic emission already present. 

 

Figure 4.8: Photoluminescence of the same two flakes after homoepitaxial growth. The PL spectra show 

enhanced emission, with higher integrated intensity (pristine, blue; overgrowth, red) post growth. 

The combined changes in PL intensity, spatial contrast and spectral line shape therefore serve 

as optical signatures of successful homoepitaxial growth. The results demonstrate that the 

overlayer inherits the atomic registry of the parent flake, maintaining the coherent 

arrangement of the hexagonal lattice. The emergence of mild spatial variation in emission 

reflects local strain relaxation and sub-layer thickness variations rather than structural 

degradation. The continuity of luminescence across the flake further confirms that no 

significant delamination or interfacial voiding occurred during growth, in strong contrast to 

the behaviour observed on substrates with insufficient oxide thickness, as described earlier 

in this chapter. Together, these findings indicate that the 295 nm SiO₂ substrate provides 

adequate mechanical and chemical stability to support homoepitaxial overgrowth at high 

temperature, allowing the flake and overlayer to expand and cool without introducing cracks, 

voids or optical quenching sites. 



Chapter 4 

 
150 

The interpretation of these results gains additional significance when considered 

alongside the AFM and Raman characterisation. AFM measurements show that the terraces 

remain continuous after growth, with only slight increases in step height consistent with 

layer-by-layer deposition. Raman spectra display a narrow E₂g phonon mode with only a 

minor increase in FWHM (8.2 to 9.0 cm⁻¹), indicating that strain and disorder remain low 

and that the crystallinity of the homoepitaxial layer closely matches that of the underlying 

flake. SEM imaging confirms that no new secondary grains or surface roughening occurs in 

the supported regions. These structural probes verify that the PL enhancements are not 

artifacts of surface damage, contamination or uncontrolled defect formation, but rather reflect 

true improvements in optical response arising from coherent structural extension. 

Taken together, the optical analysis of Figures 4.6, 4.7 and 4.8 provides strong 

evidence that homoepitaxial growth on exfoliated hBN templates produces continuous, high-

quality films that preserve the intrinsic excitonic emission properties of hBN while increasing 

overall radiative efficiency. The ability to enhance photoluminescence without inducing new 

defect states is especially important for quantum photonics applications, where 

environmental stability and emitter spectral purity are critical. These results support the 

broader conclusion that homoepitaxial growth enables deterministic tuning of hBN film 

thickness and strain environment while maintaining structural coherence, thereby offering a 

scalable and robust route toward engineered optical functionality in two-dimensional 

material systems. 
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4.5 Conclusion 

This chapter has demonstrated that homoepitaxial LPCVD growth on exfoliated hBN 

flakes supported by a sufficiently thick SiO₂ buffer layer provides a reliable route to extend 

the crystalline lattice of hBN while preserving its intrinsic optical response. By using 

mechanically exfoliated hBN as the growth template, the overlayer inherits the atomic 

registry and terrace structure of the underlying flake, allowing the growth process to proceed 

via step-flow propagation rather than nucleation-driven island formation. Structural 

characterisation by AFM, SEM and Raman spectroscopy confirmed that the epitaxial films 

maintain low levels of strain and disorder, with only a modest broadening of the E₂g phonon 

mode (8.2 to ~9.0 cm⁻¹) consistent with slight thickness variation rather than defect 

incorporation. Crucially, the experiments also revealed the importance of substrate oxide 

thickness: flakes supported on 90 nm SiO₂ underwent interfacial instability and surface 

etching during high-temperature growth, whereas those on 295 nm SiO₂ retained terrace 

continuity and interlayer adhesion throughout the process. 

Photoluminescence mapping and spectroscopy provided further evidence of 

successful homoepitaxy. The same flake regions measured before and after growth exhibited 

a clear increase in integrated PL intensity without the emergence of new sub-bandgap 

emission features, indicating that the epitaxial process does not generate additional optically 

active defects. Instead, the enhanced emission and emergence of mild spatial contrast were 

attributed to layer-by-layer thickness increase and local strain relaxation, both of which 

modify exciton recombination efficiency and interference conditions at the hBN/SiO₂ 

interface. The ability to enhance photoluminescence while maintaining the intrinsic broad 

excitonic character of the emission demonstrates that the homoepitaxial layer is structurally 

coherent and free from optically detrimental impurities. 
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Taken together, these results establish homoepitaxy as a robust strategy for producing 

high-quality, thickness-controlled hBN films suitable for optical and quantum photonic 

applications. The method provides a means to modulate optical response through controlled 

thickness and strain while avoiding the formation of new deep-level defect states. The 

findings of this chapter therefore form a foundation for the work that follows, in which the 

focus shifts from maintaining pristine excitonic emission to tailoring, activating and 

characterising discrete atomic defect centers for deterministic single-photon emission in 

engineered hBN platforms. In addition, the ability to achieve high-quality, thickness-

controlled homoepitaxial layers provides a promising route for integrating quantum emitters 

with hBN-based photonic structures, such as waveguides, enabling guided single-photon 

emission for future on-chip quantum photonic devices.



 



 

 

 

5  

Coupling Spin Defects in a  

Layered Material to Nanoscale 

Plasmonic Cavities  
 

This chapter investigates the coupling of negatively charged boron vacancy (VB
−) 

defects in hexagonal boron nitride (hBN) to nanoscale plasmonic gap cavities. The study 

aims to enhance the weak optical emission typically observed from these spin defects by 

leveraging strong near-field confinement within metal–dielectric–metal nanocavities. 

The preceding chapters of this thesis established hexagonal boron nitride (hBN) as a 

robust two-dimensional host for quantum photonics, beginning with methods to grow, 

transfer, and cleanly integrate few-layer films. Chapter 3 developed growth and transfer 

protocols that preserve crystalline quality and yield thickness control at the few-nanometre 

level, a requirement later leveraged for device integration. Chapter 4 mapped the optical 

response of as-prepared and overgrown flakes and analysed how thickness, strain, and local 

environment govern excitonic and defect-related emission. In Chapter 5, I will introduce 

deterministic VB⁻ creation by focused ion beam irradiation, and quantified room-temperature 
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photoluminescence, excited-state lifetimes, and optically detected magnetic resonance 

(ODMR) contrast from these spin-active centres. Together, these results positioned hBN as 

a practical platform for room-temperature single-photon generation and spin readout. Yet, 

they also exposed a central limitation for deploying VB⁻ centres in devices: the emission is 

intrinsically dim because non-radiative channels dominate over radiative decay, suppressing 

photon rates and constraining ODMR contrast and sensing sensitivity. 

This chapter addresses that limitation by introducing plasmonic nanocavities as an 

application-oriented bridge between the materials and defect engineering developed earlier 

and functional quantum nanophotonic devices. By coupling VB⁻ centres to strongly confined 

optical modes in plasmonic gap cavities, we aim to simultaneously increase brightness, 

shorten lifetimes and improve ODMR signal-to-background, thereby directly enhancing 

device-level figures of merit from single-photon flux to spin readout sensitivity. 

This work was published in Advanced Materials (2021), where I contributed equally 

as first author alongside Noah Mendelson. My role included optimising the FIB irradiation 

dose, assembling the plasmonic cavity structures, performing optical and magnetic 

characterisation and analysing the resulting data. Cavity simulations and electromagnetic 

modelling were carried out in collaboration with our partners specialising in nanophotonic 

design, Prof. Strauf’s group. The results demonstrate a scalable approach for significantly 

improving the emission efficiency of VB⁻ centres in hBN and highlight their potential for 

future quantum photonics and nanoscale sensing applications. 

 



Chapter 5 

 
156 

5.1 Abstract 

Spin defects in hBN, particularly VB
− centers, have emerged as promising candidates 

for quantum sensing. However, their inherently low quantum efficiency results in weak 

photoluminescence. In this work, we present a scalable method to enhance their emission by 

coupling them to plasmonic gap cavities consisting of a flat gold mirror and a silver nanocube 

separated by a few-layer hBN spacer. 

This configuration enables two orders of magnitude enhancement in PL intensity and 

a corresponding twofold increase in ODMR contrast. Such improvements stem from strong 

light confinement and Purcell enhancement within the nanogap. This study establishes a 

foundation for developing quantum nanophotonic architectures based on 2D materials with 

controllable spin–plasmon interactions. 

 

5.2 Introduction 

Hexagonal boron nitride (hBN) has gained attention as a versatile platform for 

nanophotonics and quantum technologies. Its wide bandgap (~6 eV) chemical stability 

and compatibility with 2D heterostructures make it ideal for hosting deep-level fluorescent 

centers. These centers can function as room-temperature single-photon emitters, enabling 

applications in quantum sensing, imaging, and information processing. 

Among the known defects in hBN, the negatively charged boron vacancy (VB⁻) is of 

particular interest due to its spin-active triplet ground state, with a zero-field splitting of 

approximately 3.5 GHz. Its optical transitions near 850 nm and spin-selective intersystem 

crossing allow optical initialization and readout of spin states. Figure 5.1(a) shows the atomic 

structure of a VB⁻ defect, while Figure 5.1(b) depicts its energy-level diagram. Figures 5.1(c–
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d) illustrate its optical properties, broad near-infrared PL centred around 850 nm with 

temperature dependent lifetimes (1.73 ns at 300 K and 3.80 ns at 4 K), indicative of reduced 

non-radiative recombination at cryogenic conditions. Importantly, these defects can be 

deterministically created using neutron irradiation, laser ablation or focused ion beam (FIB) 

techniques, enabling reproducible fabrication and integration into nanodevices. However, 

their low radiative efficiency remains a major bottleneck for practical deployment. 

 

Figure 5.1. (a) Three-dimensional illustration of the boron vacancy (VB-) in hBN, with boron and 

nitrogen atoms depicted as purple and green spheres, respectively. The vacancy resembles a single electron 

system in a solid material associated with a spin, which can be optically read out. (b) Level structure of the 

VB-. (c) Normalized PL spectra of hBN VB- vacancy at 300K (red) and 4 K (blue). (d) Time-resolved PL 

spectra of VB- at 300K (red) and 4K (blue). The extracted lifetime values are 1.73 ns and 3.80 ns, 

respectively. The instrument response function (IRF) is shaded in grey, yielding an IRF of 0.77 ns. 
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At the spin level, the VB⁻ centre is described by an S = 1 triplet ground state with 

sublevels |mS = 0⟩ and |mS = ±1⟩ split by the axial zero-field splitting parameter D ≈ 3.5 GHz 

and a smaller transverse parameter E arising from local strain and symmetry breaking. In the 

absence of a magnetic field, |mS = ±1⟩ remain nearly degenerate however, an external field 

lifts this degeneracy through the Zeeman interaction and allows frequency-selective 

addressing of each transition. Under off-resonant optical excitation, the defect cycles between 

its triplet ground and excited states, with some population diverted through spin dependent 

intersystem crossing pathways into metastable singlet levels. The |mS = 0⟩ state couples 

weakly to these non-radiative channels than the |mS = ±1⟩ states, and therefore emits more 

fluorescence. Continuous optical pumping gradually drives the system into the brighter |mS 

= 0⟩ state, creating a PL signal that depends on the spin projection. This spin-dependent 

brightness underpins optically detected magnetic resonance (ODMR). 

A brief physical picture clarifies why plasmonic environments are well matched to 

hBN emitters. Plasmonic studies how light couples to collective oscillations of conduction 

electrons at metal–dielectric interfaces. At a planar interface, these collective modes form 

surface plasmon polaritons with electromagnetic fields confined to the vicinity of the metal 

surface. In metallic nanoparticles, the finite size and boundary conditions lead to localized 

surface plasmon resonances (LSPRs), in which the conduction electrons oscillate collectively 

against the positive ion background. These resonances occur at discrete frequencies whose 

values are set by the particle geometry, the metal’s dielectric function and the surrounding 

medium.111, 212 The resulting optical modes exhibit deeply sub-wavelength localization, with 

effective mode volumes far below those achievable in dielectric resonators. When a metallic 

nanoparticle is placed above a metal mirror and separated by a nm-scale dielectric spacer, the 

electromagnetic fields of the particle and its mirror image hybridise to form a gap mode 
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tightly confined to the spacer region. From an electrodynamics perspective, this hybridization 

can be viewed as a strongly coupled antenna–mirror system in which the induced charges on 

the particle and the mirror face each other across the gap. The normal component of the 

electric field becomes strongly enhanced in the dielectric spacer, and the spatial extent of the 

mode in all three dimensions is compressed to the order of the gap thickness and particle 

footprint. 

Because the optical energy is squeezed into a very small volume, the electric field 

amplitude within the gap rises sharply and the optical mode volume V is reduced. In the 

language of cavity quantum electrodynamics, the local density of optical states experienced 

by an emitter is enhanced, and the Purcell factor governing spontaneous-emission 

acceleration scales approximately as FP ∝ Q/V for an emitter on resonance with a cavity of 

quality factor Q.²¹³ Even for modest- Q plasmonic modes, the ultrasmall V attainable in gap 

cavities can therefore produce very large FP. More microscopically, the presence of the 

metallic nanocavity modifies the photonic environment so that the total decay rate 𝜏 of an 

emitter decomposes into enhanced radiative (𝜏r) and non-radiative (𝜏nr) channels, with 𝜏r 

boosted by the strong coupling to radiative gap modes and 𝜏nr associated with energy transfer 

into lossy electron–hole excitations in the metal. Whereas dielectric microcavities achieve 

large Q but only moderate confinement, plasmonic gap cavities invert this trade-off as they 

deliver extreme confinement and therefore large radiative-rate enhancement over a broad 

spectral bandwidth, a particularly attractive attribute for broadband defect emission. 

These general advantages align unusually well with the structural and optical 

properties of hBN. First, few-layer hBN flakes naturally provide spacer thicknesses in the 3 

- 15 nm range, which is precisely the regime where gap modes exhibit maximal confinement 
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without incurring excessive ohmic damping. This obviates the need for depositing polymer 

spacers or atomic-layer-deposited dielectrics to define the gap and allows the same crystalline 

film that hosts the emitter to set the cavity dimension with nanometre precision. Second, the 

emission spectrum of VB⁻ centres span a broad near-infrared band, and plasmonic resonances 

are likewise broadband. This spectral complementarity eases resonance matching and 

reduces sensitivity to fabrication tolerances or thermal drift. Third, hBN is mechanically and 

chemically stable, non-fluorescent in the near-infrared and compatible with wet and dry 

transfer processes, so emitter placement into the gap region can be executed deterministically 

after defect creation without adding parasitic background or corrosion. Finally, the two-

dimensional geometry of hBN simplifies spatial alignment, a flake can be translated and 

rotated until a desired portion straddles the hotspot under a nanocube, providing practical, 

high-yield integration pathways that are difficult to realise with 3D hosts. 

While the conceptual role of plasmonic in boosting emission is broadly appreciated, 

the specific device architecture chosen for this work is crucial. We employ cube-on-mirror 

gap cavities in which a silver nanocube sits above a gold mirror, separated by an hBN spacer 

of controlled thickness. The cube edge and mirror plane form a capacitor-like geometry that 

concentrates optical fields into the gap at wavelengths tunable by the gap size and the cube 

dimension. Numerical simulations and prior experiments on molecular and solid-state 

emitters have shown that for gap sizes near 5 - 10 nm, the near-field intensity enhancement 

and Purcell factor can increase by more than an order of magnitude while maintaining 

radiative out-coupling pathways that collimate emission into the far field.²¹³,²¹⁶,²¹⁷ In practice, 

this means that the same geometry that accelerates emission also improves the fraction of 

emitted photons collected by a microscope objective, so brightness gains accumulate through 

both radiative-rate enhancement and extraction efficiency. 
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Real devices demand attention to materials choices and irreversible loss channels. 

Silver nanocubes are selected for their low loss and strong plasmonic response in the visible 

and near-infrared, but they are susceptible to surface sulfidation and oxidation. Gold mirrors 

provide chemical stability and reproducible film quality yet introduce a small spectral 

mismatch relative to silver. A thin alumina capping layer may be used on the gold surface to 

define a clean interface and suppress non-radiative quenching while still allowing intense 

field confinement in the hBN. Because the VB⁻ dipole orientation in hBN lies predominantly 

in-plane, optimal coupling occurs when the local gap-mode field has a strong in-plane 

component at the emitter site; cube-on-mirror cavities naturally provide such a field at the 

cube edges. Spatial alignment therefore focuses on positioning VB⁻ rich regions beneath those 

edges rather than the cube centre, a task that can be accomplished using dark-field imaging 

to locate cubes, followed by confocal mapping to identify coupled hotspots. 

This device choice intersects naturally with the earlier chapters of the thesis. The 

transfer protocols validated in Chapter 3 ensure that flakes can be laminated onto evaporated 

gold films with minimal residue and controlled strain. The optical mapping methods of 

Chapter 4 allow us to identify flake regions with homogeneous baseline PL before 

integration, so that post-coupling enhancements can be attributed to cavity effects rather than 

thickness inhomogeneity. The defect-creation methods discussed in this chapter provide 

control over VB⁻ density and charge stability, enabling us to tune the number of emitters 

inside a single gap and to balance ensemble brightness with inhomogeneous broadening. 

Because flake thickness was already measured by atomic force microscopy and optical 

contrast in those chapters, the same metrology supplies the key geometric parameter for the 

plasmonic device without additional processing. 
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The two geometries explored in this chapter are conventional and inverted which 

further broadened the design space and connect to the mechanical and optical considerations 

described previously. In the conventional sequence, a flake is transferred to the gold mirror 

first and cubes are subsequently dispersed, which maximises throughput and allows quick 

optical screening but offers limited control over the exact number of cubes per region. In the 

inverted sequence, cubes are positioned first, the hBN is laminated across them and finally 

an ultra-flat gold crystal is placed atop the stack. This creates a mechanically defined gap 

with atomically smooth top and bottom interfaces, reduces scattering losses associated with 

grainy evaporated films and can impose controlled strain near cube edges. That strain can 

activate otherwise dark emitters in hBN and modulate emission wavelengths, offering a 

second lever mechanical as well as electromagnetic for engineering the emitter–cavity 

interaction. Thus, the plasmonic integration in this chapter should be read not as an isolated 

topic but as the application layer that capitalises on growth, transfer and defect engineering 

developed earlier to realise a functional, high-brightness quantum emitter platform. 

The performance targets for such devices can be phrased in quantitative terms that 

matter for sensing and spin readout. In continuous-wave ODMR, the shot-noise-limited 

sensitivity scales approximately as 

η ∝ 1/(CI) 

where C is the ODMR contrast and I is the detected photon rate.²¹⁴ Operationally, ODMR is 

implemented by applying a microwave (MW) drive resonant with the |mS = 0⟩ ↔ |mS = ±1⟩ 

transitions while continuously exciting the defect optically. When the MW frequency 

matches a spin transition, population is driven out of the bright |mS = 0⟩ state into the darker 

|mS = ±1⟩ manifold, increasing the probability of intersystem crossing into the metastable 
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singlet state and thereby reducing the detected PL intensity. The ODMR contrast C is defined 

as the relative PL change between off-resonant and on-resonant MW conditions and depends 

on the branching ratios of radiative and non-radiative decay channels, the efficiency of spin 

polarization and the MW Rabi frequency. In the time domain, pulsed ODMR sequences 

exploit coherent control of the spin to probe relaxation (T₁) and decoherence (T₂) times; in 

all cases the readout fidelity is limited by the number of photons collected per measurement 

window and by how strongly the spin state is encoded in the PL signal. If plasmonic coupling 

increases I by a factor of 15 and doubles C, the idealised improvement in η is roughly 15 × 

2 ≈ 7.7, even before considering the benefits of faster dynamics. In time-resolved protocols 

and pulsed readout, a reduced excited-state lifetime shortens the optical cycle time per 

readout, allowing more cycles within a fixed measurement window and therefore improved 

averaging. Provided that the intersystem crossing responsible for spin selectivity remains 

operative, faster cycles translate into more photons per unit time with preserved contrast. The 

broadband nature of the gap mode also ensures that enhancement is not confined to a single 

narrow spectral line but applies across the emission band, which is advantageous for defects 

whose zero-phonon lines are weak or thermally broadened at room temperature. 

There are, of course, constraints that this chapter will quantify. When an emitter 

approaches a metal, non-radiative energy transfer into lossy electron–hole excitations can 

quench fluorescence if the separation is too small. The role of the hBN spacer is twofold: it 

centres the emitter within the high-field region, and it sets a minimum standoff distance from 

the metal to suppress quenching. Simulations show that for gaps below a few nanometres, 

the balance can tilt toward loss for gaps around 6 - 10 nm, the regime naturally provided by 

few-layer hBN—the balance favours enhancement, with radiative-rate increases of several-

fold and only modest additional loss.²¹³,²¹⁷ Likewise, heating from absorption in the metal can 
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broaden lines or alter charge states, but the thermal mass of the mirror and the pulsed or low-

duty-cycle excitation used for lifetime measurements mitigate these effects. Cube size 

polydispersity broadens the scattering resonance distribution, yet the emitter’s broad 

emission band ensures overlap with a significant fraction of devices even without post-

fabrication tuning. For experiments requiring tighter spectral alignment, small adjustments 

in gap thickness attained by selecting flakes of slightly different thickness can shift the mode 

over tens of nanometres. 

In summary, plasmonic appears here not as a separate subfield but as the application 

layer that activates the materials and defect physics established in this thesis. By funnelling 

optical energy into a nm - scale volume where VB⁻ centres reside, plasmonic gap cavities 

convert weak, non-radiatively dominated emission into bright, rapidly cycling fluorescence 

with improved spin readout. The choice of cube-on-mirror geometry exploits hBN’s unique 

advantages such as atomically thin, mechanically stable, broadband and non-fluorescent—

while aligning with the metrology and processing practices already demonstrated. 

The remainder of this chapter implements this strategy in two complementary device 

geometries (conventional and inverted gap cavities) quantifies brightness, lifetime and 

ODMR improvements, and benchmarks the measurements against simulations that connect 

gap thickness and field profiles to the observed enhancements. Results previewed here and 

elaborated in the following sections show order-of-magnitude photoluminescence 

enhancement, multi-fold lifetime reduction and approximately two-fold ODMR contrast 

improvement in both cavity stacks, validating plasmonic coupling as an effective and scalable 

approach to overcoming the brightness and readout limitations of VB⁻ defects in hBN and 
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setting the stage for integrated quantum sensing and information processing with layered 

materials under practical ambient conditions. 

 

5.3 Methodology 

 

hBN irradiation for VB
- defect creation: A silicon substrate with a thermal oxide layer of 90 

nm was cleaned with acetone and isopropyl alcohol (IPA) via approximately 15 minutes of 

sonication in each solvent, respectively. Hexagonal boron nitride (hBN) flakes with 

thicknesses of ~ 10 nm and below were exfoliated onto these substrates using the scotch tape 

method. Ideal flakes were identified by measuring their thickness using atomic force 

microscopy (AFM). The flakes were further exposed to UV ozone to remove tape residues 

before focused ion beam (FIB) irradiation. FIB was then used to create boron vacancies in 

the target flake thickness. The system (Thermo Scientific Helios G4 Hydra) utilised a 

Nitrogen source with the beam current and energy of 1.9 pA and 30 keV respectively. The 

fluency used to create negatively charged boron vacancy was 1×1014 cm-2. The irradiation 

box was patterned over the desired flake to create defects with dwell time of 25 ns. Finally, 

the irradiated flakes were transferred with the aid of poly (methyl meth acrylate) - PMMA to 

the target substrate. 

Gold Plate Synthesis: First, high purity chloroauric acid was synthesized from pure metal. 

Concentrated (36%) hydrochloric acid (HCl) was placed in a pressure-equalizing dropping 

funnel and slowly added to a side-arm flask containing potassium permanganate (KMnO4) 

(3g) on a stir plate to gradually generate chlorine gas (Cl2). The resulting Cl2 was passed 

through an airtight tube into a two-necked round-bottom flask containing 100 mL of MilliQ 
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water and one gold pellet (99.99% purity, 0.326 g). Any unreacted or excess Cl2 passed 

through and was scrubbed by a third flask containing a solution of sodium thiosulfate 

(Na2S2O3) (1.1 g) in water (50 ml). The reaction mixture was stirred at 60°C until the gold 

pellet had completely dissolved in the MilliQ water. The resulting solution was diluted to 

200 ml in a volumetric flask with MilliQ water to yield a final stock solution of 8.28 × 10−3M 

HAuCl4. 

Gold monocrystalline flake samples were then obtained using a modified Brust–

Schiffrin method for colloidal gold synthesis via thermolysis. An aqueous solution of 

chloroauric acid (HAuCl4·3H2O) at a concentration of 0.5 gmol−1 was used as the precursor 

and mixed with a solution of tetraoctylammonium bromide (TOABr) in toluene. After stirring 

for 10 minutes at 5000 rpm, the mixture was left to rest for 10 mins, allowing the aqueous 

and organic phases to separate. 

Simultaneously, the substrate was prepared by cleaning a silicon substrate with 

ultrasonication in acetone, isopropyl alcohol (IPA), and ultrapure water (MilliQ) for 

approximately 15 minutes in each solvent. After drying with nitrogen gas, the substrate was 

prebaked on a hot plate at 200°C for approximately 5 minutes for dehydration purposes. In 

the following step, a few microliters of the organic phase were drop-cast onto the substrate, 

which was then kept on the hot plate at 150°C for 1 hr. After that, the sample was cleaned in 

toluene at 75°C, followed by acetone and IPA. 

Cavity Assembly: The silver cubes solution was bought from nanoComposix and diluted to 

1% of its original concentration using ethanol. This diluted solution was then dispersed onto 

gold mirrors, which were prepared by gradually depositing 90 nm gold films onto clean 

silicon substrates via an electron beam evaporation system, followed by an atomic layer 
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deposition of 3 nm aluminium oxide. Further fabrication details are available in our previous 

work. 

Photoluminescence Spectroscopy: The photoluminescence (PL) spectra were collected using 

a home-built scanning confocal microscope. The samples were excited with a continuous 

wave (CW) 532 nm laser. The reflection signal was spectrally filtered using a 532 nm 

dichroic mirror (LP03-532RE-25) and a 715 nm long pass filter. Time-correlated PL 

measurements were performed using the same setup, with the samples excited by a pulsed 

512 nm laser (PiL051X) at a repetition rate of 20 MHz. The laser signal and the filtered PL 

from VB- defects (APD counts) were correlated using a time-correlated single-photon 

counting system (PicoHarp 300). 

The results in Figure 5.1 (d) were obtained from Prof. Strauf’s group, who used an 

avalanche photodiode (APD, Perkin Elmer) and a supercontinuum laser (NKT Photonics) to 

measure the lifetime. The APD has a jitter of 420 ps and the laser has a pulse width of 7 ps, 

resulting in an instrument response function (IRF) of 0.77 ns. 

Scattering Spectroscopy: The scattering spectra were obtained using dark-field imaging in a 

separate home-built confocal microscope at room temperature. This setup employed a long 

working distance objective (Nikon CF Plan 50x EPI ELWD) with a numerical aperture (NA) 

of 0.55. White light illumination (Thorlabs OSL2) was directed through a multimode optical 

fiber and focused onto the sample at an incidence angle of 28° from the surface plane. 

 



Chapter 5 

 
168 

5.4 Results 

VB
- defects have a significant limitation due to their low brightness, caused by a high 

intrinsic non-radiative decay rate, this results in relatively low optically detected magnetic 

resonance (ODMR) contrast. To overcome the issue of low quantum yield, these emitters can 

be coupled to plasmonic cavities that enhance both excitation fields and emission rates. This 

approach has been successfully applied to enhance emission in various systems, including 

transition metal dichalcogenides and defects in solids. Given the broad emission spectrum of 

VB
- defects, plasmonic gap cavities are an excellent solution for emission enhancement. 

Moreover, these cavities require a very thin medium (less than ~10 nm) to host the light 

source, making them particularly well-suited for layered materials like hBN. Plasmonic gap 

cavities also offer broad, tuneable resonance, extremely small mode volumes, straightforward 

nanofabrication techniques, and the ability to operate at room temperature. 

 

Figure 5.2 - Dose dependent photoluminescence data. (a) PL map of irradiated samples with 

varying dosage boxes in the range 3×1015 cm-2 to 1×1010 cm-2. The irradiation boxes visible in (a) correspond 

to dose 3×1015cm-2 (bottom) and 1×1014 cm-2 (top). (b) & (c) Dose dependent PL intensity of the irradiated 

hBN flake. Green PL spectra prove to be the optimum dose for VB
- creation i.e., 3×1013cm-2. 

In this investigation, we showcase the coupling of a group of VB
- emitters with a 

plasmonic gap cavity. This is achieved through a combination of a gold mirror and a silver 
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nanocube. We explore two complementary approaches to assess the impact of this setup: (1) 

transferring hBN onto a gold mirror and situating silver cubes atop the hBN layer, and (2) 

transferring hBN onto silver cubes and covering them with a synthetic ultra-flat gold mirror. 

Both techniques yield a substantial enhancement in photoluminescence (PL) emission from 

the VB
- defect, accompanied by shortened fluorescence lifetimes and enhanced ODMR 

contrast. These findings lay a critical groundwork for further investigations into plasmon 

coupling with defects in 2D materials and will contribute to advancing quantum sensing 

utilizing this quantum spin system. 

 

Figure 5.3 - SEM and Optical image of the flake and silver cube. (a) Optical image of the exfoliated 

hBN flake on SiO2 substrate. (b) Optical image of the transferred hBN flake covered with silver cubes on the 

gold surface. Spot marked by the circle with an arrow point to the silver cube. (c) Dark field image of the 

flake with silver cubes (bright spots) on top. (d) SEM image of the silver cube marked in (c) & (d). 
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A nitrogen ion beam was used to irradiate the hBN flake and to knock out boron atoms 

to create VB
- defects in the lattice. To efficiently generate a high density of VB

- defects with 

high intensity and minimal damage to the flake, we tested a series of doses. Twelve patterned 

boxes (1μm×1μm) were irradiated with varying doses (3×10¹⁵, 1×10¹⁵, 3×10¹⁴, … 1×10¹⁰ 

cm⁻²) to determine the optimal conditions. It was challenging to identify fluences of 3×10¹¹ 

cm⁻² and below and no VB
- defects were evident from the results. Initially, the trend suggested 

that VB
- creation was proportional to the dose, but as the dose approached 1×10¹⁴ cm⁻², 

significant carbon deposition occurred, which quenched the emission from VB
- defects. 

A thin hBN flake was exfoliated onto a SiO2 substrate using scotch tape. To remove 

any tape residue, the flake was cleaned in UV-ozone for about 10 minutes. Figure 5.3 (a) 

presents an optical image of the flake on the SiO2 substrate before irradiation. Next, the flake 

was irradiated with a nitrogen ion beam at a fluence of 3×10¹⁴ cm⁻² to generate VB
- defects 

in the lattice. After irradiation, the flake was transferred to a gold substrate using PMMA. A 

diluted solution of silver cubes (from nanoComposix) was then dispersed on the gold 

substrate, covering the flake surface. Figures 5.3 (b) and 5.3 (c) show bright-field and dark-

field images of the flake, with the silver cube position marked by a white circle for cavity 

data analysis. Lastly, Figure 3(d) provides an SEM image confirming the presence and 

geometry of the silver cube. 
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Figure 5.4 - Thickness of the flake in the target area. (a) AFM (atomic force microscopy) image of 

the flake obtained with non—contact mode. Blue arrow on top left indicates the area used to find the flake 

thickness, the target silver cube is marked with a red circle. (b) Flake thickness is measured to be 

approximately 6 nm by the AFM. (c) Height of the silver cube as seen from the graph is approximately 80 nm. 

Non-contact mode AFM was used to generate the image presented in Figure 5.4 (a), which 

shows the target flake area. The bright spots in the scan are identified as silver cubes or cube 

clusters. The specific site used for further cavity experiments is marked with a red circle. The 

blue arrow at the top of the image indicates the spot where the thickness of the flake was 

measured. According to Figure 5.4 (b), the flake’s thickness is estimated to be 6 nm. The 

height of the cube, measured for simulations and calculations related to enhancement, is 

approximately 80 nm, as shown in Figure 5.4 (c). 

The general method of integrating plasmonic gap cavities with VB
- defects is depicted 

schematically in Figure 5.5 (a). This plasmonic arrangement confines light within the gap 

between the nanocubes and the gold mirror, ensuring precise spatial alignment of the defects 

with the hot spot of the gap cavity. Such a cavity significantly enhances emission intensity 

by improving excitation efficiency, increasing emission rate, and focusing the radiation 
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pattern into a narrow range of the far field, thus enhancing collection efficiency. Our setup 

involved utilizing a nano plasmonic gap cavity comprising an ultra-flat gold mirror (~90 nm, 

coated with 2 nm Al2O3), hBN flakes with a thickness of ~8 nm (Figure 5.4 (b)), and a 

silver/gold nanocube (~100 nm edge length).  

The resonance of this plasmonic gap cavity is broad, as illustrated by the scattering 

spectra in Figure 5.5 (b), covering a spectral range from 600 to 850 nm with a peak emission 

at around 700 nm. The gap cavity system was further examined using finite-difference time-

domain (FDTD) methods. The simulation included both the hBN layer (8 nm) and the Al2O3 

layer (2 nm), with a vertically polarized dipole emitter positioned in the middle of the hBN 

layer. Figure 5.5 (c) presents a side view of the mode's electric field profile. The calculated  

 

Figure 5.5 - Integration of VB
- emitters in a plasmonic gap cavity. (a) Schematic illustration of a 

nano cube-on-mirror plasmonic gap cavity. FIB-irradiated hBN flakes are positioned inside the gap to 

spatially match the cavity hot spot. (b) Experimental optical scattering spectrum of a single nanocavity. (c) 
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Electric field profile for the gap cavity at λ = 800 nm with 2 nm Al2O3 and 8 nm hBN. (d) Calculated PL 

enhancement and Purcell factor versus hBN thickness. 

photoluminescence (PL) enhancement and Purcell factors, as functions of gap thickness, are 

plotted in Figure 5.5 (d), with the thickness ranging from 4 to 12 nm. Generally, the Purcell 

factor decreases with increasing gap size due to a larger mode volume. However, in this case, 

the resonance centered around 800 nm peaks at a gap thickness of approximately 8 nm, 

yielding the highest Purcell factor and maximum PL enhancement. 

Comprehensive studies were performed to compare the emission from uncoupled (as-

fabricated) VB
- ensembles with those integrated into gap cavities using a home-built confocal 

optical microscope. Figure 5.6 (a) shows a side view of the sample configuration, while 

Figure 5.6 (b) presents a PL intensity map of the fabricated sample, with red spots indicating 

enhanced emission due to coupling with gap cavities. The white circle highlights the spot 

used to illustrate the system's characteristics. Figure 5.6 (c) compares the PL spectrum from 

this spot (coupled: blue) with the spectrum from the uncoupled VB
- emission (red) taken from 

the same flake. The spectral peak height is about 17 times greater when the VB
- ensemble is 

coupled to the plasmonic gap cavity. SEM and dark-field images of the sample (Figure 5.3 

(d)) confirm that only one silver nanocube is present under the laser spot. 

Plots of intensity measured as a function of excitation power for both cases are shown 

in Figure 5.6 (d). The intensity was integrated from 715 to 900 nm, and the results were fitted 

using the following equation: 

𝐼 =   
𝐼𝑠𝑎𝑡𝑃

(𝑃 + 𝑃𝑠𝑎𝑡)
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The fit parameters 𝐼𝑠𝑎𝑡  and 𝑃𝑠𝑎𝑡 , representing saturation intensity and power, 

respectively are determined as 0.184 and 2.497 MHz, and 7.738 and 8.825 mW for the 

uncoupled and coupled cases, respectively.  

Across the investigated power range, the photoluminescence (PL) enhancement factor 

remains approximately 15, consistent with the previously measured example. This 

consistency is underscored by the observation that the PL intensity enhancement remains 

relatively stable throughout the power range, with only a minor variation in the saturation 

power attributed to coupling with a gap cavity. To identify the contributing enhancement 

factors, we conducted PL decay rate measurements, as illustrated in Figure 5.6 (e). The 

lifetimes were found to be 1.80 ns for VB
- on SiO2 substrates, which reduced to 0.31 ns for a 

cavity-integrated ensemble. This reduction suggests that the decay rate increases by a factor 

of 6 when the VB
- emission is resonant with the cavity. This indicates that the observed 

emission enhancement consists of both excitation enhancement and emission enhancement 

via the Purcell effect, as will be discussed further. 

Then, we measured the optically detected magnetic resonance (ODMR) spectra to 

assess the spin readout properties of the coupled system. A microwave field was applied 

using a copper wire (20 μm in diameter) positioned within 10 μm of the hBN flake. The PL 

counts were recorded as the microwave frequency was swept from 3.1 to 3.8 GHz. After 

integrating twenty-five ODMR spectra, the results are shown in Figure 5.6 (f). 



Chapter 5 

 
175 

 

Figure 5.6 - (a) Side-view illustration of the conventional gap plasmonic sample structure utilized. (b) 

Confocal PL intensity mapping (integrating from 715 to 900 nm) of the region of interest. The white circle 

highlights a spot where VB
- is coupled in the plasmonic resonance. (c) PL spectra of VB

- coupled (blue) and 

uncoupled (red) to the gap cavity. The sample is excited with a 532 nm CW laser. (d) Integrated PL intensity 

of the VB
- as a function of excitation power. (e) Time-resolved PL spectra of VB

- coupled (blue) and uncoupled 

(red) to the gap cavity. The extracted lifetime values are 0.31 and 1.80 ns, respectively. The instrument 

response function (IRF) is shaded in grey. (f) ODMR spectrum of the VB
- coupled (blue) and uncoupled (red) 

to the gap cavity. 

Two dips at 3.45 and 3.55 GHz were detected for both the uncoupled and coupled VB
- 

emissions, with the spectra fitted using two Lorentzian functions. Evidently, the PL emission 
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enhancement improves the signal-to-background ratio of the ODMR spectra; the ODMR 

signal from VB
-  in the cavity shows an optical contrast of 4.5%, compared to 2.5% for the 

pristine ensemble.  

Following this, we investigate an alternative configuration of the plasmonic gap 

coupled system featuring an inverted geometry. This inverted structure is anticipated to 

selectively induce strain at the edges of the silver cubes, where the electric fields are 

particularly strong. In this configuration, it is possible to create strain-activated emitters from 

hBN and other transition metal dichalcogenides (TMDCs). Therefore, this geometry presents 

an avenue for additional investigation. 

To fabricate these devices, silver nanocubes were initially drop-cast onto a glass 

coverslip with a thickness of 180 μm. Subsequently, thin hBN flakes were transferred onto 

the nanocubes and exposed to nitrogen irradiation to form VB
- ensembles. Following this, the 

synthesized gold crystals were precisely aligned and transferred onto the hBN surface using 

a deterministic transfer technique, completing the cavity assembly. A schematic 

representation of the sample structure is provided as an inset in Figure 5.7(a). For 

characterization of the VB
- emitters in this setup, an inverted scanning optical microscope 

equipped with an oil-immersion objective (NA = 1.3) was employed. 
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Figure 5.7 - (a) Dark-field optical image of the fabricated hBN in gap plasmonic structures. The hBN 

flake, transferred onto a glass coverslip, is outlined in yellow. The black triangle and hexagons represent the 

ultra-flat gold crystals, while the white dots indicate the silver nanocubes. Inset: a side-view schematic of the 

inverted sample structure. (b) Confocal PL intensity map of the corresponding area. The yellow triangle 

points to a spot where VB
- is coupled in the plasmonic resonance. Scale bar: 15 μm. (c) PL spectra of VB

- on 

and off the gap cavity. Inset: ODMR spectrum of the VB
- resonating with the plasmonic cavity. (d) Time-

resolved PL spectra of VB
- on and off the gap cavity. The extracted lifetime values are 0.56 and 1.30 ns, 

respectively. The instrument response function (IRF) is shaded in grey, yielding an IRF of 0.27 ns. 

Figure 5.7(a) displays a dark-field optical microscope image of the sample, where the bright 

spots correspond to the locations of the silver nanocubes, and the dark triangles and hexagons 

represent the gold crystals. Notably, a PL intensity map in Figure 5.7 (b) highlights an 

enhanced spot in the plasmonic gap cavity, denoted by a small yellow triangle. 

(a) 

(c) 

 

(d) 

(b) 
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The PL spectra obtained from the uncoupled (red) and coupled (blue) VB
- ensembles 

are depicted in Figure 5.7 (c). The peak height is enhanced by approximately 7-fold, while 

the peak position remains almost unchanged. 

The inset in Figure 5.7 (c) displays an ODMR spectrum indicating an optical contrast 

of about 5%, which is comparable to that observed in the cavity-coupled VB
- in the geometry 

shown in Figure 5.6. This level of contrast suggests that the enhancement originated from 

VB
- coupled to the plasmonic gap cavity. The recorded lifetimes of 0.56 ns for cavity-coupled 

and 1.30 ns for uncoupled VB
- illustrate a twofold enhancement in the emission rate (Figure 

5.6 (d)). 

 

5.5 Conclusion 
We demonstrated that coupling VB⁻ defect ensembles in hexagonal boron nitride to 

plasmonic gap cavities yields substantial improvements in optical brightness, emission 

dynamics, and spin readout at room temperature. By first optimising ion-irradiation dose to 

generate VB⁻ centres and then integrating thin hBN flakes into cube on mirror, we observed 

order of magnitude photoluminescence enhancement, shortened fluorescence lifetimes 

indicative of Purcell-accelerated decay, and a marked increase in ODMR contrast relative to 

uncoupled ensembles.  

Two complementary device geometries (i) hBN transferred onto a gold mirror before 

silver nanocube deposition and (ii) an inverted stack in which hBN overlays pre-positioned 

nanocubes and is capped by an ultra-flat gold crystal consistently produced enhancement 

while offering distinct advantages for field localisation and strain engineering. The combined 

measurements establish a practical pathway to room-temperature photonic control of VB⁻ 
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defects, with the gap thickness of few-nanometre hBN emerging as a key parameter that 

balances mode volume, spectral overlap, and fabrication simplicity.  

These results provide an experimentally grounded platform for advancing quantum 

sensing with 2D spin defects, and they motivate integration with deterministic positioning, 

active spectral tuning, and cavity-assisted microwave control to further amplify sensitivity 

and contrast in on-chip architectures. Together with scalable fabrication methods, these 

approaches could enable integrated devices for quantum sensing, spin photon interfaces, and 

on chip quantum photonic technologies.  



 



 

 

6  

Conclusion  
 

This thesis has advanced the controlled generation, rigorous characterization, and 

photonic integration of single-photon emitters (SPEs) in hexagonal boron nitride (hBN). 

Through coordinated studies of growth kinetics, lattice continuity, impurity regulation, and 

cavity coupling, it establishes reproducible routes to bright, stable emission at room 

temperature and outlines viable interfaces to on-chip quantum photonics. 

First, low-pressure CVD parameters like temperature, duration, and thermal ramps 

were systematically optimized to yield uniform, crystalline hBN films that host bright, stable 

SPEs, with spatial analyses clarifying chamber-environment and nucleation effects on defect 

incorporation (Chapter 3). Second, homoepitaxial overgrowth on exfoliated hBN established 

conditions for lattice continuity and showed how modest carbon incorporation governs 

spectral fingerprints, stability, and emitter spatial statistics, providing a practical lever for 

deterministic defect formation (Chapter 4). 

Third, focused-ion-beam creation of spin-active VB⁻ centers and their coupling to gap-

mode plasmonic cavities enhanced light–matter interaction and photon extraction, indicating 

a feasible pathway toward device-grade spin–photon interfaces (Chapter 5). 
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Collectively, these results address two principal bottlenecks in room-temperature 

quantum photonics: controlled, scalable emitter formation in a technologically tractable two-

dimensional host, and efficient photonic interfacing via nanocavity coupling. The 

demonstrated methodologies are compatible with wafer-level processing and support 

integration with resonant and guided-wave architectures relevant to quantum 

communication, sensing, and computation. Three constraints delimit current performance. 

The atomically resolved identification of all visible SPE species remains incomplete. 

Residual spectral diffusion and intermittency persist in select defect classes. Deterministic 

writing methods require further advances in throughput and placement precision to fully meet 

device-scale integration demands. 

Correlative metrology that combines STEM, ODMR, and low-temperature 

spectroscopy should be pursued to unambiguously map structure–emission relationships. 

Engineered defect landscapes, using isotopic enrichment, controlled carbon/oxygen dosing, 

and strain or electrostatic fields, offer routes to tuning zero-phonon lines, phonon sidebands, 

and dephasing channels. Low-loss photonic platforms, hybrid dielectric–plasmonic or high-

Q dielectric resonators are promising to achieve large Purcell enhancement with reduced 

optical loss. Electrically driven architectures, such as p–i–n or tunnelling devices, are a 

critical step toward compact, integrable quantum light sources. Wafer-scale, deterministic 

placement should be matured via mask-based implantation or laser writing with in-situ 

registration to photonic circuits and multiplexed optical readout. By coupling scalable 

materials engineering with precise photonic-environment design, this work positions hBN as 

a practical platform for room-temperature quantum photonics. The outlined directions, 

atomic-precision identification, spectral and coherence control, low-loss interfacing, and 
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electrical driving provide a clear trajectory from laboratory demonstrations to deployable 

quantum photonic subsystems.



 



 

 

Appendix 

 

This appendix documents a structured-defect engineering workflow for activating 

single-photon emitters (SPEs) in hexagonal boron nitride (hBN) at predefined micron-scale 

locations. Patterned activation templates were fabricated and subsequently triggered to 

generate emitters with high spatial fidelity and reproducible optical signatures. My 

contribution comprised wide-field and scanning confocal photoluminescence (PL) 

measurements, spectral and lifetime analyses, and correlation between patterning parameters 

and emitter statistics. Across multiple flakes and devices, we quantify the relationships 

between template geometry and emitter yield, zero-phonon-line (ZPL) distributions, spectral-

class clustering, lifetimes, polarization, and photostability. The results establish practical 

guidelines for reproducible, position-controlled activation of visible SPEs suitable for 

scalable integration. 

This appendix supplements the main thesis by providing technical detail, extended 

data, and protocols referenced in Chapter 3 (growth window, calibration) and Chapter 4 

(homoepitaxy on exfoliated hBN). It focuses on post-growth structured activation and 

device-scale optical characterization rather than repeating growth narratives.  

 



Appendix 

 
186 

Methodology 

 

Material Growth: Hexagonal boron nitride (hBN) films were synthesized by chemical vapor 

deposition (CVD) using ammonia borane (AB, 97%) as precursor in a 1-inch quartz tube. 

Approximately 2 mg of AB was positioned ~32 cm upstream and heated independently 

during growth. Substrates were 15 × 15 mm copper foils with controlled carbon contents of 

0.0005, 0.003, and 0.082 at.% (ICP-MS verified, Table A.1). Foils were deoxidized in acetic 

acid (5 min), rinsed in deionized water, and dried under argon; each foil was mounted on a 

tungsten support. The tube was purged in 250 sccm Ar (10 min), then heated to 1090 °C in 

250 sccm Ar and 25 sccm H₂; the Cu was held molten for 10 min before AB activation at 90 

°C for either 30 min (isolated domains) or 2.5 h (continuous films). Growth was terminated 

by switching off H₂ and the AB heater, followed by rapid Ar cooling. Brief Cu surface 

oxidation at 180 °C for 2 min enhanced optical contrast of grains prior to transfer. 

 

Figure A.1: Growth and transfer schematic for defect-selective hBN. (a) C-Cu/W catalyst; (b) molten C-

Cu/W; (c) hBN growth with defect-selective incorporation; (d) carbon diffusion into the lattice; (e) PMMA 

transfer; (f) hBN/SiO₂/Si; (g) carbon-related point defects acting as SPEs. 
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Transfer of hBN Samples: The PMMA-assisted electrochemical delamination was used. 

PMMA was spin-coated (500 rpm, 10 s; 5000 rpm, 50 s), the hBN/Cu served as the cathode 

and Pt as the anode in 1 M NaOH at 5 V, releasing hBN/PMMA. After multiple deionized-

water baths, the film was placed on 295 nm SiO₂/Si, baked at 75 °C for 5 min, and the PMMA 

was removed in 60 °C acetone for 1 h. 

Characterization Techniques: The Optical microscopy and AFM quantified morphology 

and thickness; Raman (514 nm) verified the E₂g mode (~1366–1370 cm⁻¹, FWHM cited 

below). XPS and TEM (with SAED) confirmed bonding and crystallinity; TEM grids used 

the same bubble transfer followed by Ar anneal (350 °C, 3 h). 

Photoluminescence Measurements: A scanning confocal platform (continuous-wave 532 

nm, 100× NA 0.9) provided maps and point spectra. Emission passed a 532 nm dichroic and 

long-pass filter before fiber pinholing to avalanche photodiodes in a Hanbury-Brown and 

Twiss configuration for g²(τ), or to a spectrometer for ZPL/PSB analysis. All data were 

acquired at room temperature unless stated. Wide-field imaging was used for rapid screening 

and registration to pattern templates. 

Density Functional Theory (DFT) Calculations: Hybrid DFT (B3LYP/6-31G with D3 

dispersion; TD-DFT for excitations) was used to compute candidate defect energetics and 

ZPL trends. The calculated band gap (5.77 eV) aligns with literature (5.7–6.1 eV). These 

calculations informed assignment of CB versus C₂B–CN spectral classes. 
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Results  

Using carbon-engineered Cu foils spanning ~160 × in carbon content (0.0005→0.082 

at.%), we reproducibly tuned dominant defect species. At low carbon, spectra were CB-like 

with ZPLs ~600–610 nm and narrower vibronic progressions; at high carbon, spectra shifted 

toward C₂B–CN with ZPLs ~630–640 nm and reshaped phonon sidebands. XPS showed 

monotonic increases in B–C and N–C bonding with substrate carbon, consistent with 

substitutional incorporation and a CB→C₂B–CN transition. Site-resolved fits revealed a 

monotonic ZPL red-shift and systematic PSB/ZPL evolution with carbon loading. Confocal 

PL maps showed increased density and brightness at 0.003 at.% before redistributing at 0.082 

at.% as non-radiative disorder rose consistent with an optimum near intermediate carbon 

fractions for single-site isolation. 

Table A.1: ICP-MS results for substrate carbon concentration used to program defect classes. 
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Figure A.2: Regulation of carbon-defect structures in hBN. (a–c) Molten-Cu-mediated carbon delivery 

using 0.0005, 0.003, and 0.082 at.% C–Cu; (d–f) evolution from CB to C₂B–CN, consistent with XPS bonding 

fractions and optical shifts. 

 

The Micron-scale patterning constrained activation to predefined regions. Yield and 

uniformity improved relative to unpatterned controls, with ZPL statistics tighter within a 

given pattern class. The approach establishes a practical route to SPE arrays with designable 

pitch and emission bands, suitable for downstream photonics. 
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Figure A.3: Structural and morphological characterization of on 295 nm SiO₂/Si. Optical micrograph, 

Raman E₂g at ~1370 cm⁻¹ with narrow FWHM, AFM terraces (Rq ≈ 0.38 ± 0.06 nm), HRTEM lattice and 

SAED hexagonal symmetry, XPS B 1s/N 1s with minor C 1s. 

 

Representative g²(τ) traces displayed clear antibunching dips; raw g²(0) occasionally did not 

pass below 0.5 due to background admixture from multi-site pickup at higher densities, room-

temperature spectral diffusion and phonon broadening, residual substrate/wide-field 

fluorescence, and instrument timing limits (jitter, binning, dead time). After background 

correction and spectral windowing, the intrinsic values satisfy g²(0) < 0.5 for single sites, 

consistent with single-photon emission and with the density-dependent trade-off observed in 

the maps. 
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Figure A.4: Optical response versus substrate carbon. top—room-temperature PL spectra showing ZPL shift 

from ~600–610 nm (CB-like) to ~630–640 nm (C₂B–CN-like) and PSB reshaping; middle—confocal PL maps 

(scale bars 25 μm) showing peak density and brightness increasing at 0.003 at.% and redistributing at 0.082 

at.% ; bottom—representative g²(τ) traces with antibunching dips; raw g²(0) limited by background and 

instrument factors, intrinsic g²(0) < 0.5. 

Activation yield and optical purity are maximized at intermediate carbon loading, 

where bright-spot density is high enough for efficient screening but low enough to avoid 

multi-site pickup in a confocal spot. Clean transfer and polymer removal (warm acetone and 

Ar anneal) reduce background; narrow spectral windows and careful APD balancing deepen 
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the antibunching dip. For patterned activation, maintain consistent resist stacks and post-

pattern cleans to avoid carbonaceous residues that broaden spectra. 

 

Outlook 

Room-temperature operation limits spectral purity via phonons and diffusion; 

encapsulation and cryogenic validation would sharpen ZPLs and improve g²(0). Atomic-

scale correlation (STEM-EELS, super-resolution PL) will help unambiguously assign defect 

structures within a class. Integration with dielectric or plasmonic resonators near ~630 nm 

should increase brightness and extraction, enabling deterministic on-chip sources. 
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