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Abstract

Hexagonal boron nitride (h-BN) is a two-dimensional material hosting atomic defects that
serve as single-photon emitters, attributed to its large bandgap. Its high stability at room
temperature, substantial Debye-Waller factor, and integrability into 2D devices make h-BN

a compelling choice for quantum applications involving single-photon emitters.

Initially, we investigate the properties of emitters in h-BN to comprehend the limitations of
their spectral linewidth. This study includesexamining the effectsof the host crystal'sgrowth
method, the emitter's environment (the substrate), and temperature. As a result, we identify
two primary broadening regimes: thermal broadening and spectral diffusion. Secondly, we
address spectral diffusion, the predominant broadening mechanism at cryogenic
temperatures, which depends on local electrical charges near the emitter. We propose a
device structure comprising graphene - emitter h-BN - bufferh-BN - graphene, designed to
apply a DC electric field and suppress spectral diffusion. This approach leads to a dramatic
two orders of magnitude reduction in linewidth, achieving Fourier transform-limited

linewidth.

Moreover, we explored the 3D dipole orientation and axial location of emitters within an h-
BN crystal slab by coupling them to a phase change material. We discovered that the dipole
orientation of some emitters is predominantly out-of-plane, and these emitters tend to exist
close to the crystal's surfaces. This insight aids in the quest to determine the atomic structure

of the emitters.

Finally, we examine the photon statistics of single-photon beams generated by h-BN
emitters. We demonstrate that these beams exhibit sub-Poissonian statistics with both pulsed
and continuous-wave excitation. Our findings reveal that excitation power can serve as a

control to alter photon statistics, and we utilize this dependency to illustrate how photon



Vi

statistics influence the use of quantum emitters in quantum random number generation

applications.
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Chapter 1. Introduction

1.1 Hexagonal Boron Nitride

Hexagonal boron nitride (h-BN) is a van der Waals material, a type of 2-D material
characterized by strong in-plane bonds and weak van der Waals interplane bonds. This
structure allows atomic layers of these materials to be produced through mechanical
exfoliation. The most well-known material in this category is graphene, which is composed
of carbon atoms arranged in a hexagonal lattice. Similarly, h-BN is made up of boron and
nitrogen atoms in a hexagonal lattice. Thanks to the robust B-N bond, h-BN remains very
stable at room temperature. Its large bandgap (greater than 5.3 eV [1]) makes it useful as an
atomically smooth, electrically neutral, and transparent substrate for other 2-D materials and

devices.
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Figure 1.1. h-BN crystal properties. (a) atomic structure of h-BN. This crystal consists of alternatingboron and nitrogen
atoms in a hexagonal lattice. (b) optical absorption measurements show the optical bandgap of h-BN to be at least 5.3
eV. (c) h-BN is widely used in 2-D devices either as electrically insulating layer or as an atomically smooth substrate.

These pictures are taken from References [1-3].



1.2 Single-photon sources

Single-photon sources (also known as single-photon emitters) are emissive species that can
emit light one photon at a time. Most of the reliable single-photon sources exhibit electronic
level structure of two-level systems and upon excitation to the excited state can decay to the
ground state and release a single-photon [4]. However sometimes the electronic structure is
more complex than a two-level system but effectively the emitter can be modeled as a two-
levelsystem. To testa source of lightto identify whether itis a single-photonbeam or another
form of light (such as coherent light beam or a thermal light beam) a standard test can be
performed onthe light. In this test the beam of light is sent through a 50:50 beam splitter and
a photo detector is located at each output of the beam splitter; this is known as Hanbury
Brown-Twiss (HBT) configuration. Then the intensity correlation between the two detectors
is measured and if the beam consists of single photons the correlation at zero time -delay
should show the value zero, since the single photons cannot break down into Smaller energy
packets and go through both channels, so they randomly go through either of the output
channels. More precisely if the intensity correlation at various time delays is measured by
introducing a delay line in either of channels the result would show a function that starts at
zero at zero time-delay and gradually increases to one at large time delays. This behavior can
be traced back to the exponential decay properties of the two-level system and it follows this

functional form:

|zl ke
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Figure 1.2. Schematic of HBT setup with a single-photon source and the result of g@ measurement for a single-photon

emitter. This picture is taken from Reference [4].

1.3 Applications of single-photon emitters

Single-photon emitters possess a unique set of properties that make them suitable for several
applications. These properties include their high sensitivity to the local atomic environment,
inherent quantum randomness, and, notably, the ability to generate non-cloneable single
photonsinaknown quantumstate. Below | explainsomeof the applications of single-photon

sources.
1.3.1 Quantum sensing and metrology

The application of single-photon emitters in the field of quantum sensing shows a significant
advancement in the field of precision measurements. Quantum sensing exploits the unique
properties of quantum systems — such as superposition and entanglement — to measure
physical quantities with unprecedented accuracy and sensitivity. Single-photon emitters are
particularly valuable in this domain due to their ability to generate and manipulate individual

photons, which are fundamental to quantum measurement techniques [5].

In quantum sensing, single-photon emitters are used to create states of light that are highly

sensitive to external influences, such as magnetic fields, electric fields, temperature, or



pressure. For example, in the case of magnetic field sensing, single-photon emitters can
interact with the magnetic field, resulting in changes to their properties (like polarization or
phase). By detecting these changes, very precise measurements of the magnetic field can be
made at an atomic scale. This technique is especially useful in fields where high sensitivity
is required, such as in medical imaging (e.g., MRI), geological surveying, and navigation

systems [5].

Another application of single-photon emitters in quantum sensing is in the area of photonic-
based quantum metrology. This involves using quantum states of light for making highly
accurate and precise measurements. For example, in interferometry, single photons can be
used to measure changes in distance or displacement at scales much smaller than what is
possible with classical light sources. This method has potential applications in areas like
gravitational wave detection, where detecting minuscule perturbations in spacetime is

essential [5].

Moreover, the quantum nature of single photonsallows for the development of sensors that
can overcome the limits imposed by classical physics. For instance, in classical sensing, the
precision of measurements is often limited by noise. However, in quantum sensing,
techniques such as entanglement and squeezing can be used to reduce oreven eliminate this
noise, leading to more precise measurements. This is particularly beneficial when

environmental noise is a major challenge [5].

In summary, the application of single-photon emitters in quantum sensing opens up new
frontiers in measurement science. By leveraging the quantum properties of single photons, it
is possible to develop sensors with unprecedented sensitivity and precision. These

advancementshavefar-reachingimplications acrossvarious fields, frommedical diagnostics



to fundamental physics research, showcasing the transformative potential of quantum

technologies in enhancing our measurement capabilities.

1.3.2 Random number generation

In quantum random number generation (QRNG), the inherent randomness of quantum
mechanical processes, like the emission and detection of single photons, is harnessed. One
approach is to use momentum-polarization entangled single-photon states, which can
significantly enhance the security of the generated random numbers. This method takes
advantage of quantum entanglement. By utilizing entangled photons, QRNG systems can
achieve a higher level of security, making them suitable for cryptographic applications and

other scientific fields that require high security [6].

However, challenges exist in the practical implementation of QRNG using single -photon
emitters, primarily due to limitations in detection speed. One approach to overcome this, is
using the time of arrival of photonsas a variable. The randomness in the time of arrival of
each photon, due to the stochastic nature of quantum processes, can be used to generate
random numbers. This method involves subdividing the time period into several bins,
allowing the generation of multiple bits from the arrival time of a single photon. This
approach improves the speed and maintains the unpredictability and security of the random

numbers generated [6].

1.3.3 Quantum communication

Another application of single-photon emittersis secure quantum communication and more
specifically quantum key distribution (QKD). QKD is a method for secure communication
that uses quantum mechanicsto ensure the confidentiality of exchanged keys. These keys
are used to encrypt and decrypt messages. The core advantage of QKD lies in its ability to



detect any attempt at eavesdropping, a feature enabled by the fundamental principles of

quantum mechanics such as no-cloning theorem [7,8].

The role of single-photon emitters in QKD is crucial. These emitters generate photons
individually, which can then be used as quantum bits, or qubits, for transmitting information.
In QKD systems like the Bennett-Brassard 1984 (BB84) protocol, single photons are
prepared in different quantum states, representing the key's bits. These photons are then sent
to the receiver through a quantum channel, typically an optical fiber or through free space.
The security of QKD arises from the fact that any attempt to intercept and measure these
guantum states by an eavesdropper will inevitably alter the states due to the no-cloning
theorem in quantum mechanics. This alteration can be detected by the communicating
parties [7].

The efficiency and security of QKD systems are heavily dependent on the properties of the
single-photon emitters used. Ideal single-photon emitters should have a high brightness (rate
of photon generation), low multi-photon emission probability, and high stability. These
properties ensure the integrity of the quantum key. Furthermore, if the single-photon source
can produce indistinguishable single photons, it enables the implementation of more
advanced forms of QKD, such as entanglement-based protocols, which offer even higher
security by using pairs of entangled photons. In these systems, measurements performed on
one photonimmediately affect its entangled partner, regardless of the distance between them,

makingiteven more challenging for eavesdroppers to intercept the key without detection [7].
1.34 Photonics quantum computing

Single-photon emitters are an integral part of the photonics-based quantum computing

technology. In photonics quantum computing, single photons are used as quantum bits



(qubits), the basic units of quantum information, offering unique advantages in terms of
speed, scalability, and security [9]. Itis worth noting that the field of quantum computing
consists of multiple technologies such as superconducting circuits, cold atoms and ions and
photonics-based quantum computers. All of these platforms present advantages and

disadvantages and here our focus is mainly on photonics-based technologies.

The application of single-photon emitters in photonics quantum computing is primarily
centered around their ability to generate photons individually and deterministically. This is
essential forcreatingand manipulating qubits in a controlled manner. In quantumcomputing,
the state of a qubit can be in a superposition of 0 and 1, unlike classical bits that are either O
or 1. Single photons, with their quantum properties like superposition and entanglement, are
ideal for representing these qubits. By controlling the polarization, phase, or path of these
photons, photonics quantum computers can perform certain complex calculations at a speed

that is unattainable by classical computers [9].

Furthermore, single-photon emitters contribute to the scalability of quantum computing. For
a quantum computer to be practically useful, it needs to handle a large number of qubits.
Single-photon emitters enable the generation of large numbers of indistinguishable photons,
which can be entangled and manipulated for parallel processing. This is particularly
significant in the context of quantum algorithms, where the ability to perform many
calculations simultaneously (quantum parallelism) can drastically reduce the time required

forcomplex computations, suchas factoring large numbers or searching large databases [10].

The stability and coherence time of the photons emitted are also crucial. High-quality single-
photon emitters ensure that the all the generated photons are indistinguishable, allowing for
the execution of multiple quantum gates and operations coherently. This is essential for the



realization of quantum error correction and fault-tolerant quantum computing, which are

necessary for building a reliable quantum computer [9].
1.4 Different types of single-photon emitters

There are multiple types of single photon emitters competing for several applications. Each
platform has certain advantages and disadvantages that makes them useful for certain
applications. In this section we go through main types of single emitters and discuss

advantages and disadvantages of each platform.
1.41 Trapped atoms and ions

Trapped atoms and ions have emerged as prominent sources of single-photon sources in
various quantum technology applications. These systemsinvolve confining individual atoms
or ions in electromagnetic fields, allowing for precise control over their quantum states. This
control is essential for generating single photons with specific characteristics, such as

frequency, polarization, and phase [11].
1411 Advantages

Well-defined energy levels: One of the primary advantages of using trapped atoms and ions
is their discrete and well-defined energy levels. This allows for the generation of photons
with very specific wavelengths and properties, which is crucial for applications in quantum

communication and quantum computing [11].

High-quality photonemission: Trappedatomsand ionscan produce single photons with high
purity and indistinguishability. This is particularly important in quantum computing, where

the quality of qubits directly impacts the system's computational power and error rates [11].



Control over quantum states: The ability to precisely manipulate the quantum states of
trapped atoms and ions enables complex quantum operations. This level of control is
beneficial for creating entangled states and implementing quantum gates [11].

Isolation from environmental disturbances: Trapped atoms and ions are relatively well
isolated from environmental noise and disturbances, which helps in maintaining the
coherence of quantum states over longer periods. Thisisolation is crucial forachieving high-
fidelity operations in quantum computing and precise measurements in quantum

sensing [11].
1.4.1.2 Disadvantages

Complex setup and maintenance: Setting up and maintaining the trapping apparatus for
atoms and ions can be complex and costly. This includes the need for ultra-high vacuum
conditions, sophisticated laser cooling techniques, and precise electromagnetic field
controls [11].

Scalability challenges: Scaling trapped atom and ion systems to larger numbers of qubits,
which is essential for practical quantum computing, remains a significant challenge.
Managing and controlling interactions between a large number of trapped particlesis not
straightforward [11].

Speed limitations: The operational speed of quantum systems based on trapped atoms and
ions is generally slower compared to other quantum technologies, like superconducting
qubits. This is due in partto the time required forcooling, trapping, and manipulating the

atoms or ions [11].
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1.4.2 Defects in solids

Atomic defects in solids, notably in materials like diamond, silicon carbide and h-BN, have
garnered significant attention as sources of single-photon emission. These defects, often
referred to as color centers, are imperfections in the crystal lattice where one or more atoms
aremissingor replaced by differentatoms. The mostwell-knownexamples are the Nitrogen-

Vacancy (NV) centers and silicon-vacancy (SiV) centers in diamond [12-14].
1421 Advantages

Stable and bright photon sources: Atomic defects in diamond and silicon carbide are stable
sources of single photons. They can emit bright and consistent light at room temperature,

which is a significant advantage for practical applications [13].

Operational at room temperature: Unlike many other quantum systems that require extremely
low temperatures, these atomic defects can efficiently emit photons at room temperature.

This greatly simplifies the experimental setup and reduces the operational costs [12].

Long coherence times: NV centers in diamond, in particular, have long coherence times,
meaning the quantum state of the emitted photons remains intact over comparatively long
durations. This is crucial for quantum computing and quantum communication applications,

where maintaining quantum coherence is essential [12].

Versatility in quantum applications: These atomic defects can be used in a wide range of
quantum applications, including quantum computing, quantum cryptography, and quantum
sensing. Their ability to be integrated into solid-state devices makes them particularly

appealing for developing practical quantum technologies [14].
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1.4.2.2 Disadvantages

Fabrication challenges: Creating these defects with precision can be challenging. It requires
sophisticated techniques to introduce and position these atomic defects accurately within the

crystal lattice [14].

Variability and quality control: There can be significant variability in the properties of the
emitted photons from different defects, even within the same material. Achieving uniformity

and high quality in the photon emission across multiple sites is a complex task [12].

Integration with photonic circuits: While these materials are promising for quantum
applications, integrating themwith existing photonic and electronicsystems posessignificant
challenges. This integration is crucial for building scalable quantum communication

networks and computing systems [14].

Sensitivity to environmental interference: Despite their stability, these defect centers canstill
be sensitive to environmental factors like temperature fluctuations and electromagnetic
fields. This effect can manifest itself as spectral diffusion, which can affect their

performance [13].

1.4.3 Single dye molecules

Organic dye molecules as single-photon emitters are attracting attention for their ease of
fabrication and tunability. In these emitters the transition happens between the molecular
orbitals known as highest occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO). Specific examples of these molecules include Rhodamine,
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Fluorescein, and Perylene derivatives, which are known for their intense and tunable

fluorescence. [15,16].
1.43.1 Advantages

Tunable emission properties: With a broad range of emission wavelengths, organic dyes like
Rhodamine and Fluorescein can be chemically altered to customize photon emission for

various applications [15].

High brightness and efficiency: These molecules often exhibit high quantum yields,
translating to efficient photon emission. This is particularly beneficial for creating potent

single-photon sources [15].

Compatibility with various host materials: Organic dyes can be embedded in diverse host
materials, such as polymers or crystals, offering flexibility in photonic device design and
fabrication [15].

Ease of synthesisand modification: Molecules like Perylene derivativesare relatively simple
to synthesize and can be chemically modified to enhance their photophysical properties or

integration into different devices [15].

1.4.3.2 Disadvantages

Photostability issues: Organic dyes are prone to photobleaching, which can degrade the

molecules and diminish their photon emission capability over time [15].

Environmental sensitivity: These dyes are highly sensitive to environmental conditions like
temperature, oxygen, and humidity, impacting their performance as single-photon emitters.

Blinking is also a common feature of these emitters which manifests itself as rapid change
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in the brightness of the emitter due to change in the electrical environment of the
emitter [15].

Difficulty inisolating single molecules: Isolating individual dye molecules for single-photon

emission can be technically challenging, requiring sophisticated techniques [16].
1.4.4 Quantum dots

Quantum dots (QDs) or artificial atoms are another popular platform of single-photon
emitters. These nanoscale semiconductor crystals have unique electronic properties due to

guantum confinement, allowing them to emit photons individually when excited. [17,18].

1441 Advantages

Size-tunable emission: The emission wavelength of quantum dots can be finely tuned by
adjusting their size. Smaller dots emit higher energy (bluer) photons, while larger dots emit
lower energy (redder) photons. This tunability is invaluable for applications requiring

specific wavelengths [17].

High quantum efficiency: Quantum dots typically exhibit high quantumyields, meaning they
are very efficient at converting absorbed energy into emitted light. This efficiency is crucial

for creating bright and reliable single-photon sources [17,18].

Solid-state stability: Unlike organic dyes, quantum dots are more stable and less prone to
photobleaching. This stability makes them suitable for long-term applications in various

environments [18].
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Integration with electronics: Since quantum dots are built with semiconductors, they easily
can be integrated into existing electronicand photonicdevices, offering potential for creating
on-chip quantum systems and devices [17].

1.44.2 Disadvantages

Blinking: A significant challenge with quantum dots is their tendency to exhibit "blinking"
— spontaneous fluctuations in their emission intensity. This blinking can be problematic for

applications requiring a consistent photon stream [18].

Toxicity and environmental concems: Many quantum dots are made from materials like
cadmium or lead, which are toxic and pose environmental and health risks. Safe handling

and disposal of these materials are critical concerns [18].

Inhomogeneous broadening: Due to variations in size and shape, a population of quantum
dots can exhibit inhomogeneous broadening, where the emitted photons have a range of

wavelengths instead of a single, precise wavelength [17].

Fabrication complexity: Producing quantum dots with uniform size and properties is
technically challenging and often requires sophisticated and expensive fabrication

techniques [17].
1.45 Attenuated lasers

Attenuated laser beams as single-photon emitters have been used for many classic
experiments in the field of quantum optics, especially in the context of quantum

communication and quantum cryptography. An attenuated laser beam is essentially a
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standard laser lightthathas beenreducedin intensity to a level where, on average, one photon

Is emitted at a time. This approach offers a practical way to generate single photons [4].
1.45.1 Advantages

Ease of generation: Unlike specialized single-photon sources like quantum dots or NV
centers, attenuated laser beams can be generated using conventional laser technology
combined with simple attenuation methods. This makes them relatively easy and cost-
effective to produce [4].

High repetition rates: Lasers can emit photons at very high rates, which means that when
attenuated, they can provide single photons at high repetition rates. This is beneficial for
applications like QKD, where faster photon generation can lead to higher data transmission
rates.

Wavelength versatility: Lasers are available across a broad range of wavelengths, allowing

for flexibility in choosing the appropriate wavelength for specific quantum applications [4].

Technological maturity: Laser technology is well-established and widely available,
providing a robust and reliable platform for generating single photons.

1.45.2 Disadvantages

Poisson photon distribution: The emission of photons from an attenuated laser follows a
Poisson distribution, meaning there is always a non-zero probability of emitting multiple
photons at a time. This can be a significant drawback in quantum cryptography, as it opens
a vulnerability for eavesdropping [4].
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Lack of true single-photon purity: Unlike truesingle-photonsources, attenuated lasers cannot
guarantee the emission of one and only one photon at a time. This can limit their usefulness
in certain quantum computing and quantum communication protocols [4].

1.46 Parametric down-conversion

Parametric down-conversion (PDC) as a single-photon source is a widely-used method in
quantum opticsand quantum information science. This process involves using a nonlinear
optical crystal to split incoming photons from a laser beam into pairs of lower-energy
photons, known as signal and idler photons. When one photon of a pair is detected, the

presence of its counterpart is inferred, effectively creating a single-photon source [4].
1.4.6.1 Advantages

Photon pair generation: PDC is unique in its ability to produce correlated photon pairs. This
property is crucial for quantum entanglement experiments and applications in quantum

communication, where entangled photon pairs play a central role.

Wavelength versatility: The wavelengths of the generated photons can be tuned by choosing
appropriate crystals and pump laser wavelengths. This tunability allows for flexibility in

designing experiments and applications.

High single-photon purity: The photons produced through PDC are generally of high purity
and exhibit excellent quantum properties, making them suitable for precise quantum optics

experiments.
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1.4.6.2 Disadvantages

Inefficiency: The process of generating photon pairs in PDC is probabilistic and typically
has low efficiency. A large number of pump photons are required to produce a relatively

small number of photon pairs [4].

Random pair production: Photon pairs are produced randomly, not on demand. This
randomness can be a significant drawback for applications requiring synchronized or timed
single-photon emission. However existence of idler photons can prepare the user for the

single-photon the generation time is still unknown.

Requirement for post-selection: In many cases, the presence of one photon in a pair is used
to infer the existence of the other. This often requires post-selection techniques, which can

be inefficient and may discard a large number of photons [4].
1.5 Single-photon emitters in h-BN

Single-photon emittersin h-BN represent a rapidly evolving and significant area of research
in quantum photonics. These emitters, discovered in 2016 [2], have sparked considerable
interest due to their potential applications in nanophotonics and other quantum technologies.
The exploration into h-BN as a host for these emitters aligns with the broader trend of
investigating two-dimensional (2D) materials for photon-based quantum information
technologies. Compared to defects in bulk crystals, such as those found in diamond and

silicon carbide, defects in 2D materials like h-BN promise easier addressability and control.
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Figure 1.3. h-BN quantum emitter. (a) Atomic defects in h-BN create electronic levels deeply located within the bandgap
of h-BN. (b) h-BN emitters represent different emission energies and different spectral characteristics. (c) Atomic

structure of h-BN emitters is yet to be determined, several candidates exist and further study is requiredto determine the
exact atomic structure. These pictures are taken from References [2,19,20].

One of the primary challenges in this field is the incomplete understanding of the atomic
structure of these emitters [20,21]. While numerous studies have focused on the excited
states and radiative properties of over 20 native defectsand carbon or oxygen impurities in
h-BN, a comprehensive understanding remains elusive. These investigations reveal a wide
variability across quantum emitters, with significant differences in exciton energies and

radiative lifetimes for different defect structures [20,22,23].

This variability underscores the complexity of the emitters' atomic structure. Although
density functional theory (DFT) calculations have provided valuable insights into formation
energy, symmetry,and the electronic structure of single-photon emission (SPE) defects, they

fall short in addressing the excited states and radiative processes responsible for light
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emission. Optical transitions at defects in h-BN, dominated by excitonic effects, require

advanced first-principles calculations beyond DFT's scope [20,22].

The quest to fully understand and harness these emitters is ongoing, with researchers
employing various computational and experimental approaches to elucidate the atomic and
electronic structures of these emitters. This research is not just academic; it has practical
implications for the development of advanced quantum technologies, potentially
revolutionizing fields like secure communication, quantum computing, and high -resolution
sensing. The journey to unravel the mysteries of h-BN's single-photon emitters illustrates the
dynamic and exploratory nature of research at the intersection of quantum physics and

materials science [19].
1.6 Distinguishing features of h-BN quantum emitters

Single-photon emitters in h-BN offer several advantages over other types of single-photon
emitters, making them particularly intriguing for research. In this section, we will elaborate

on some of these advantages.
1.6.1 Stability at high temperatures

Few single-photon emitters display bright emission at room temperature, as the majority of
qguantum emitters require cryogenic temperatures to achieve satisfactory brightness.
However, h-BN emitters stand out by not only demonstrating relatively high brightness and
narrow linewidth at room temperature but also maintaining stability up to 800K. The high-
temperature stability of h-BN emitters offers a significant advantage for applications that
operate under high temperatures and rough conditions. This property not only broadens the

range of potential applications but also helps reduce the overhead costs associated with
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maintaining the necessary operational environment for less temperature-stable
emitters [19,24].

1.6.2 High Debye-Waller factor

The Debye-Waller factor is a critical parameter in evaluating the performance of quantum
emitters. This factor measures the intensity ratio of photonemission through the zero-phonon

line (ZPL) compared to the total photon emission, including phonon sidebands.

The Debye-Waller factorin h-BN quantum emitters has been observed to be greater than
80% [2], a value that is comparable to the brightest single-photon emitters (SPES). This
significant factor underscores the efficiency of these emitters in producing high-quality
single photons. The high Debye-Waller factor is beneficial as it minimizes the interaction
with phonons, thereby reducing the risks of decoherence and energy loss, which are critical

for maintaining the integrity of quantum information transmitted through these photons [4].

The exceptional Debye-Waller factor of h-BN quantum emitters, combined with their ability
to operate efficiently at room temperature and exhibit linearly polarized emission, makes
them an attractive choice for a variety of quantum technologies. These include quantum
cryptography, where the spectral purity and stability of the photonsare crucial for secure
quantum key distribution, and quantum computing, where the coherence and fidelity of

quantum states are essential for effective quantum information processing [19].
1.6.3 Possibility of Fourier limited emission at room temperature

Research indicates the potential for Fourier-limited emission from h-BN emitters at room
temperature. This characteristic is attributed to the decoupling of the defect from the host

lattice vibrations,a phenomenonthat requiresfurther exploration. Suchp otential could result
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in indistinguishable single-photon sourcesat room temperature, potentially paving the way

for low-cost quantum computers operable at room temperature [25,26].
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Figure 1.4. Advantages of h-BN emitters. (a) On-chip device compatibility and tunability of the h-BN emitters. (b)
Stability up to 800K. (c) possibility of Fourier limited linewidth up to room temperature. These pictures are taken from

References [24,25,27].

1.6.4 Integrability in devices

The two-dimensional nature of h-BN crystal makes it suitable for integration into on-chip

devices. The emerging field of two-dimensional materials has explored various materials
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with diverse electrical and optical properties that can be combined with h-BN to create

customized 2D devices for managing different aspects of outgoing single photons.

One straightforward example involves introducing an electrostatic field by placing h-BN
between two graphene layers and applying a bias voltage in a capacitor configuration to
Stark-tune the energy of the emission. Additionally, there is the potential to pattern h-BN
into a waveguide, enabling further control of the local density of optical states, the selection
of single-photon emission modes, and the adjustment of emission rates through Purcell

enhancement [27-30].
1.7 Indistinguishable single-photon emitters

Indistinguishable single photons are a fundamental concept in quantum opticsand quantum
information science, playing an important role in advancing technologies like quantum
computing, quantum cryptography, and quantum communication. These photons are
characterized by their identical properties in all quantum dimensions - including their
polarization, frequency, phase, and spatial mode. This indistinguishability is crucial for
various quantum phenomena and applications, particularly those based on quantum

interference and entanglement [4].
1.7.1 Importance of indistinguishable single photons

Quantum interference: Indistinguishable photons can interfere quantum mechanically when
they meet at a beamsplitter. This quantum interference is the cornerstone of numerous

guantum computing algorithms and photonic quantum information processing techniques.

Quantum entanglement: The ability to generate entangled states, a key resource in quantum
communication and computation, often relies on the indistinguishability of single photons.
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Photons that are indistinguishable can be entangled more easily, enabling complex quantum

networks.

Secure quantum communication: Quantum key distribution (QKD) systems, which provide
secure communication channels, often utilize indistinguishable single photons. Their
quantum properties ensure that any attempt at eavesdropping alters the quantum state of the

photons, thus revealing the presence of an interceptor [31,32].
1.7.2 Challenges in generating indistinguishable single photons

Source consistency: One of the major challenges in generating indistinguishable photons is
ensuring the consistency of the photon source. Any variation in the source, such as
fluctuations in temperature or electromagnetic fields, can lead to distinguishable
photons [33].

Photon synchronization: For applications involving multiple photons, such as quantum
computing, synchronizing the arrival time of indistinguishable photons at a quantum gate or

detector is crucial. Achieving this synchronization is technically challenging [34].

Scalability: Producing indistinguishable photons in a scalable manner remainsa significant
hurdle. While generating a pair of indistinguishable photons is achievable, scaling this to the

levels required for practical quantum computing is an ongoing area of research [33].
1.8 Scope of this thesis

This thesis delves into the multifaceted world of single-photon emitters in h-BN, a field that
stands atthe forefrontof quantum photonics research. Atthe time of this study, these emitters

in h-BN were a relatively recent discovery, presenting a spectrum of challenges that needed
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addressing to integrate them effectively into a range of technological applications. Our
investigation is structured into several key chapters, each focusing on a specific aspect of
these emitters, starting from their fundamental properties to their practical applications.

Chapter 2 is dedicated to a detailed examination of the factors influencing the linewidth of
single-photon sources in h-BN. This analysis spans an array of variables, including the
temperature conditions, the nature of the substrate, the thicknessof the h-BN layers, and their
crystalline quality. By dissecting these factors, we gain a clearer understanding of the hurdles
in realizing lifetime-limited single-photon sources in h-BN, which is crucial for producing

indistinguishable photons.

Moving to Chapter 3, the focus shifts to addressing the primary broadening mechanism that
impedes achieving lifetime-limited emission, particularly at cryogenic temperatures. The
chapter outlines a novel approach to mitigate this limitation, opening avenues for developing
on-chip, lifetime-limited quantum emitters in h-BN. This advancement marks a significant

leap toward harnessing the full potential of h-BN in quantum photonic applications.

Chapter 4 explores some of the less understood characteristics of h-BN quantum emitters.
Here, we delve into the three-dimensional dipole orientation and pinpoint the exact axial
location of these emitters within the h-BN crystal matrix, which is notably thicker than what
has been conventionally studied. Our methodology involves the innovative use of phase
change materials, coupled with precise engineering of the optical state's local density around
the emitter. The insights gleaned from this study shed light on the fundamental origins and
formation mechanisms of these emitters, a critical step in advancing our understanding of h-

BN-based quantum technologies.
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In Chapter 5, the thesis takes a deep dive into the intricate world of photon statistics of h-BN
emitters. The focus is primarily on understanding the factors influencing the Mandel Q
parameter, a key metric in photon statistics. The chapter demonstrates how an in-depth
understanding of these statistical nuances can lead to groundbreaking applications, such as
using h-BN emitters in random number generation, a critical component in secure

communication systems.

Chapter 6 providesaforward-looking perspective, outliningthe necessary advancements and
research directions to unlock the full capabilities of h-BN emitters for applications that
demand indistinguishable single-photon sources. This chapter not only highlights the
existingchallengesbutalso proposes innovative strategies to overcome them, paving the way

for the next generation of quantum photonic devices.

In conclusion, this thesis presents a comprehensive exploration of h-BN single-photon
emitters, emphasizing their immense potential in quantum photonics. Through meticulous
research and innovative approaches, we demonstrate how these emitters can be optimized

and potentially revolutionized, contributing significantly to the field of quantum technology.
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Chapter 2. Linewidth broadening mechanisms in
h-BN quantum emitters.

2.1 Abstract

We report reduction in the linewidth and suppression of spectral diffusion of quantum
emitters in h-BN supported on a conductive substrate. We observe a temperature-dependent
reduction the spectral emission linewidth for chemical vapor deposition (CVD)-grown,
exfoliated, and bulk h-BN crystals on conductive indiumtin oxide (ITO) relative to those
seen on silicon dioxide (SiO,) substrates, and show that inhomogeneous linewidth can be
suppressed by 45% as a result of using a conductive substrate. We investigate the zero-
phonon line profile at temperatures ranging from 4K to 300K and decompose the effects of
thermal broadening and spectral diffusion at each temperature by Voigt fitting. The
temperature dependence of homogeneous and inhomogeneous components of broadening is

discussed.
2.2 Introduction

Single-photon emitters are essential building blocks of future quantum information
technologies [35]. Many different single-photon sources have been proposed, including for
example solid state lattice hosts such as epitaxially grown quantumdots [17], and atomic
defects in diamond [36]. Each emitter type is characterized by spectral diffusion, i.e.,
temporal variations in emission energy around a nominal value, which poses a challenge to
use of solid-state quantum emitters as sources of indistinguishable single photons [37,38].
Single-photon emitters in two-dimensional Van der Waals materials have garnered

considerable attention due to their promising photophysical properties and the possibility for
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on-chip integration [39,40]. Among them, color centers in two-dimensional dielectric h-BN
are promising as a robust medium for generation of quantum light with potential for room
temperature operation [19,24,41]. These color centers exhibit a Debye-Waller factor [2]
>80%, a brightness on par with brightest sources of single photons [24,39,42], and linearly
polarized emission [2,43], all at room temperature. These superior properties have the
potential for quantum communicationapplications suchas quantum key distribution in which

a bright source of linearly polarized single photons is required [4,32].

However, several challenges for h-BN color centers exist that need to be resolved before
making them suitable for quantum information and quantum sensing applications. The
atomic structure of the defects underlying the color centers is under debate [20,44-48],as a
result, the electronic and spin [49,50] characteristics of these emitters are still not clear, and
methods to deterministically create emitters in h-BN crystals are not well developed [51-
53]. Also, instabilities such as blinking[42,54,55], bleaching[56], and spectral
diffusion [49,56-58] can yield interesting insights but ultimately represent significant
drawbacks for use of h-BN color centers as a source of indistinguishable single photons.
Recently Fourier transform limited spectral linewidths have been reported for h-BN emitters
at both 4K and 300K [25,59]. This observation of Fourier transform limited linewidth has
been reported to be limitedto a 30 ms time window because of the spectral diffusion, limiting

the achievement of indistinguishability for the spectral line in consecutive measurements.

Spectral diffusion is the temporal change in energy of emitted photons due to a change in the
local electric field distribution of the emitter, and is manifested as a series of jumps of the
zero phonon line (ZPL) for measurements with time resolution high enough to capture
msec-usec scale changes in the energy or as a broadening of the spectral lines when the
spectrum is acquired over timescales longer than the time between spectral jumps [38,60].
This change in the local electric field is thoughtto be due to trapping and de-trapping of
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charge at trap sites close to the position of active photon emitter or due to charges hopping
from one site to another in the host lattice. The timescale of these spectral jumps in h-BN has
been foundto be on the order of microseconds to milliseconds [25,60]. Thermally grown
silicon dioxide (SiOy) on silicon, which is the material widely used as a substrate for
graphene and other two dimensional materials [61,62] due to its low surface roughness, is an
insulator prone to charge traps, which can be a source of spectral diffusion of color center
emitters. Although other studies have noted the effect of substrate choice on emissionin h-

BN [49], the role of substrate in determining spectral linewidth has not been considered.

In this chapter, we report reduced linewidth and spectral diffusion when conductive
transparent material indiumtin oxide (ITO) is used as a substrate for h-BN color centers. As
shown in Figure 2.1, a transparent conductive material such as ITO lacks charge traps on its
surface and can provide a conductive pathway for chargestrapped in h-BN to be removed in
order to screen trapped and mobile charges from h-BN color centers, thereby suppressing
spectral diffusion. Furthermore, ITO is transparent in the visible wavelength range but has a
positive real part of its dielectric permittivity and hence does not quench luminescence
emission in proximity to an emitter, unlike many other conventional metals. Spectral
diffusion represents an obstacle to achievement of stable sources of indistinguishable
photons. Thus developing methods to suppress spectral diffusion and increase the coherence
time for h-BN single-photon emitters is an important step towards use of color centers as
sources of indistinguishable photons in quantum applications based on single or entangled
photons [32,63].
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Figure 2.1. Schematic of substrate effect on spectral diffusion of single-photon emitters in h-BN. (a) h-BN emitter on
insulating SiO2 substrate is prone to larger spectral diffusion due to charge traps in h-BN, SiO2, and their interface. (b)

h-BN emitter on ITO substrate shows narrower linewidth as a result of fewer charge traps in h-BN, ITO, and their

interface.

We start our analysis by investigating color centersin bulk h-BN. These centers reflect the
intrinsic properties of h-BN emitters as they are inside the h-BN crystal and isolated from
the environment. To fabricate bulk h-BN samples, we mechanically cleaved a thick flake

from an h-BN crystal. AFM measurements show a thickness of 839nm.
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Bulk h-BN preparation: h-BN crystals (HQ graphene) were exfoliated via mechanical
exfoliation with scotch tape onto 300nm SiO, on Si substrate (MTI Corp.). Then the sample
was annealed at 850C for 30 minutes under Argon at room pressure.

CVD h-BN preparation: CVD h-BN was grown by the method described in our previous
work [64] and transferred via polymer assisted wet transfer technique [64] onto SiO, on Si
(MTI Corp.) and ITO on Si substrate. No post processing was performed on CVD h-BN to
activate emitters.

Exfoliated h-BN preparation: an h-BN crystal was annealed at 900C for 30 minutes under
Argon environment and then flakes were exfoliated via mechanical exfoliation with scotch

tape onto 300nm SiO; on Si substrate and ITO on Si substrate.

The thickness of h-BN was measured using Asylum Research Atomic Force Microscope
(AFM).
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Figure 2.2. AFM measurement result of Bulk, CVD, and exfoliated flakes used for this study.

The ITO film is deposited via room-temperature RF magnetron sputtering on top of Si
substrate. The deposition pressure is 3 mTorr and the applied RF power is 48W. The plasma
is struck by using Argon gas with a flow rate of 20 SCCM, and Argon/Oxygen mixture gas
with ratio 90/10 with a flow rate of 0.6 SCCM is used to control the resistance of the
deposited layer. The thickness of ITO Film is 50nm.

Emitters were initially characterized in a homebuilt confocal microscope at room
temperature and then transferred to a variable temperature microscope employing a closed-

cycle helium cryostat to perform temperature-dependent emission measurements from 4K to
300K.
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Room temperature characterization was done with a homebuilt confocal microscope.
Emitters were pumped with a 100 uW beam of 532nm laser (Cobolt). Linearly polarized
laser was passed through a quarter wave plate oriented at 45 degrees relative to the
polarizationaxisto produce acircularly polarized light, we used circularly polarized light for
excitation to excite all dipole emitters irrespective of their in-plane dipole orientation.
Mapping was done with a Newport fast scanning mirror. a 100X (NA=0.95) Leica objective
was used to focus the light on the sample and a tunable bandpass filter (Semrock Versa-
chrome) was used to pass ZPL and we used a grating-based spectrometer (Princeton

Instruments HRS300) to measure spectra.
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Figure 2.3. Schematic of homebuilt confocal microscope.
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We used a 532 nm continuous wave laser to excite the emitters and the photoluminescence
(PL) collected by a microscope objective through a tunable bandpass filter andeithercoupled
to a spectrometer or a Hanbury-Brown-Twiss interferometer using two avalanche
photodiodes to perform an intensity autocorrelation measurement. To locate and observe
emitters in bulk h-BN, a photoluminescence map of the sample was acquired. The spectral
and spatial features of 12 selected emitters were identified. For the rest of the discussion, we

focus on two representative emitters among this group.
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Figure 2.4. Quantum Emitters in bulk h-BN. (a) Microscope image and (b) photoluminescence map of a bulk h-BN
crystal, the arrows show the position of two emitters understudy, scale bar corresponds to 5pm. (c) 4 K and (e) 300 K
spectral of zero phonon line of emitterl solid line shows Lorentzian and the dashed line shows Gaussian fits (g) shows

photon antibunching for emitter 1. (d), (f), and (h) show the same plot for emitter 2.
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Photoluminescence spectroscopy and intensity correlation measurements (g®@ ) of these two
emitters are shown in Figure 2.4. No background subtraction was performed on g@ data and
the measurements were fitted by a double exponential model function:

Il Izl

g%() =1—b[(1 + a)e T1—ae Tz].

Both photon flux statistics show a clear g@@(0) <0.5, confirming that both emitters are single-
photon emitters. They exhibit similar decay lifetimes (7, =1.3ns) but their bunching time
scales (T,) are different. A similar decay lifetime suggests that these emitters in principle
should exhibit similar Fourier transform-limited linewidth if no extrinsic broadening
mechanism is operative. The difference in the bunching shoulder can be explained by the
difference inthe blinking characteristics of these emitters. More importantly, we noticed that
despite a nearly two-fold difference in the linewidth between these emitters both at room
temperature and 4K, the lineshapes of both emitters are similar at the same temperature;
namely, both emitters exhibit Lorentzian lineshape at 300K and Gaussian lineshape at 4K as

shown in Figure 2.4.

Polarization measurement shown in Figure 2.5 was done by adding a wire grid polarizer
(Thorlabs Inc.)before the lightenters the beam splitter of HBT setupand inputsof two APDs
were integrated to calculate signal. Two avalanche photodiodes (PicoQuant) were used to
measure autocorrelation and a picoharp-300 module was used to register photon events in
TTTR mode. g2 data were analyzed with a custom MATLAB script and the result is shown

in Figure 2.6.
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Figure 2.5. Polarimetry result of two emitters. Emitter 1 (left) shows some out of plane componentand emitter 2 (right)

shows almost completely in-plane dipole signature.
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Low-temperature spectroscopy was performed with an attocube attodry800 system. The
sample holder stage was cooled by circulating liquid He. The sample was mounted on the
cooled piezo stage using Apiezon thermal grease. A low-temperature attocube objective was
used to focus 532nm fiber-coupled laser (PicoQuant) on the sample. Then the light was sent
through a Raman spectrometer (Princeton instruments HRS750 spectrograph with 2400
g/mm grating) to measure PL with spectral resolution of 0.007nm at 532 nm Spectral

resolution was measured by measuring linewidth of the 532nm laser.

FWHM = 0.007 + 0.002 nm

Intensity [a.u.]

531.85 531.9 531.95
Wavelength [nm]

Figure 2.7. Spectral resolution of the spectrometer.

Each spectrum was acquired using 100uW laser power (measured before objective) and data
acquisition time of 1 minute. For spectral stability measurements, 120 consecutive spectra

were measured each for 1 minute.
2.3 Low frequency spectral diffusion

Low frequency spectral diffusion (spectral diffusion for time scales larger than 1 minute) is
of the two emitters discussed is shown in Figure 2.8. At each time the peak position is

detected using Voigt fitting and the trajectory of the peak is shown in panel b and e. To
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analyze this trajectory, Fourier transform of the trajectory is calculated and shown in panel ¢
and f.
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Figure 2.8. Low-frequency spectral diffusion signature of emitters. (a) shows spectral diffusion of emitter#1 for 120
minutes, (b) shows the position of ZPL peak at each time and (c) is Fourier transform of (b). Panels (d),(e) and (f) show

similar results for emitter #2. The shaded region in (b) and (e) specifies the FWHM of each emitter.

Average amplitude of Fourier transform of slow spectral diffusion (w) of each emitter as a
function of inhomogeneous linewidth is plotted in Figure 2.9. Except for one data point
which corresponds to a defect with narrow inhomogeneous linewidth and strong spectral

jumps the general trend shows increase of spectral diffusion as linewidth increases.
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Figure 2.9. Correlation between average Amplitude of low frequency spectral diffusion and Inhomogeneous FWHM at
4K for 12 emitters in bulk h-BN.

To further investigate the effect of temperature, the ZPL was studied at temperatures 4K,
10K, 20K, 40K, 80K, 160K, and 300K and the results are illustrated in Figure 2.10. The
evolution of the spectral line position and shape as a function of temperature is shown in
Figures 2.10-a and 2.10-b for the two emitters. The linewidths for both emitters remain
largely independent of temperature up to the transition temperature (T.) of 40K and increase
significantly as temperature increases beyond T;, (see Fig. 2.10-c). These observations also
confirm two different modes of broadening for emitters in bulk h-BN: a temperature-
independent broadening mechanism at T<T;.and a temperature-dependent broadening at
T>T,.. a similar behavior has been observed in other quantum emitters and is attributed to
spectral diffusion and thermal phonon interactions, respectively [38,60]. As an
inhomogeneous broadening mechanism, spectral diffusion results in Gaussian
lineshapes [38]. In contrast, thermal phonon broadening is a result of quadratic interaction
between thermal acoustic phonons and the emitter and will result in a homogeneous
broadening and a Lorentzian line profile [38,65]. As the temperature increases, the line

profile also becomes less Gaussian and more Lorentzian. To analyze the line profile, we fit
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a convolution of Gaussian and Lorentzian line-shapes to the line profile, also known as a

Voigt profile:

A Re[w(2)]

Iv(w) = a\/Z_n

_w—wot iy

=— 5

w(z) = e‘ZZerfc(—iz) , Z

where A isamplitude and FWHM ¢ qyssian = 20+/21In (2)and FWHM prentzian = 2V- [60]

By fitting a Voigt profile to the measured spectral lines, we can measure the FWHM of each
Gaussian and Lorentzian component of the line profile at each temperature and deduce the
homogeneous and inhomogeneous FWHM. As can be seen in the Figure 2.10-¢, for both
emitters, the inhomogeneous broadening is independent of temperature up to T, and at
temperatures above Ty, the Voigt fit does not show any significant Gaussian component and
is predominantly Lorentzian. Therefore, for all temperatures investigated above T, we set
the value of the Gaussian FWHM to the measured average value of the inhomogeneous
linewidth below T, and we use a Voigt profile fit to find the Lorentzian FWHM
component [38,60]. At T, =40K, the Gaussian (inhomogeneous) and Lorentzian
(homogeneous) line profilesare almost equal for each emitter. We could also observe two
separate peaks for emitter 1 and we attribute the weaker peak to spectral jumps at timescales
shorter than the one minute exposure time of our spectral measurement, as the intensity of
the second peak concerning the first peak varies significantly in time for time scales above

one minute.
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Figure 2.10. Temperature dependence of ZPL for emitters in bulk h-BN. Effect of temperature on lineshape for emitter
1 (a) and emitter 2 (b) from 4K to 300K. (c) shows linewidth against temperature for two emitters understudy linear fits
for temperatures below and above 40K are shown, dashed lines are fits, and the dashed magenta line shows spectral
resolution of the spectrometer used in this study. In (d) and (e) homogeneous and inhomogeneous components of
linewidth extracted by Voigt fit are plotted as a function of temperature. The slope of power-law fit for homogeneous
linewidth for emitter 1 is 1.05+0.21 and for emitter 2 is 1.54+0.38. The dotted grey line in (d) corresponds to T3

dependence of linewidth on temperature.

In Figure 2.10-d the homogeneous linewidth is plotted as a function of temperature in a log-
log plot and the result for both emitters can be fitted by a line that corresponds to a power-
law dependence of linewidth on temperature where the power is the slope of the fit line. We
observe here a nearly linear dependence of the linewidth on temperature for both emitter #1
and emitter #2. This observation contrasts with other studies for h-BN and diamond quantum
emitters which observed a power law dependence of third power form [38,60,66,67]. We
speculate that this difference in observed power-law temperature dependence between the
emitters investigated in the present study and previous work may be the result of different
emitter color center structural and electronic configurations, a consequence of the diversity
of defects seenin h-BN [25,68]. A similar linear dependence of linewidth on temperature is
observed for excitons in 2D transition metal dichalcogenides[69—71]. Using a similar
approach to model h-BN, the total linewidth y,,.,; 0f the ZPL can be written as the sum of

an inhomogeneous contribution and a homogeneous contribution, cast in the form:

b
Vtotal = yinhom. + T
exp (ﬁ) -1

kb
= Yinhom. T ?-T
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where ‘0’ is the acoustic phonon energy and ‘b’ is a constant factor. As can be seen above,
in a regime where the phonon energy is small compared to kT, a linear dependence of
linewidth on temperature can be expected. Also recently a study [72] on exciton-phonon
interaction in h-BN shows a similar linear trend in exciton-phonon scattering rate in h-BN.

We investigated the low-frequency spectral diffusion characteristics of these two emitters.
Emitter 1, which has a broader linewidth, also exhibits larger spectral instability. Emitter 2,
which has a narrower linewidth, exhibits fewer spectral jumps per unit of time, as can be
seen from the Fourier transform of the time evolution trace of the peak position of emitter
ZPL,; emitter 1 has stronger spectral instabilities compared to emitter 2. We also confirmed
this result for the other 10 emitters and this revealed a correlation between the
inhomogeneous linewidth and the average of the Fourier transform of the measured spectral
diffusion. This observation alsosuggests that the origin of inhomogeneous broadeningin our
measurements is most likely spectral diffusion.
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Figure 2.11. Effect of h-BN crystal and substrate type on inhomogeneous broadening. The left panel is a histogram of
linewidths for emitters and the right panel is a scatter plot of linewidth against the ZPL wavelength (left axis) and
histogram of the number of occurrences of a ZPL wavelength (right axis), for (a-b) CvD film on SiO2 substrate, (c-d)
CVD film on ITO substrate, (e-f) exfoliated flake on SiO2 substrate, (g-h) exfoliated flake on ITO substrate, and (i)

bulk h-BN crystal. The red dashed line shows the median of inhomogeneous linewidth for each sample.

Since in h-BN emitters, inhomogeneous broadening is the limiting factor to reach Fourier

transform-limited linewidths at cryogenic temperature, we also performed a statistical
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analysis of the inhomogeneous broadening. For the bulk h-BN sample, we can see that the
minimum inhomogeneous FWHM is 0.21 meV (while the spectral resolution limit for our
apparatus is 0.03 meV) and the median value is 0.41 meV.

Bulk h-BN has shown to have stable emitters with relatively narrow linewidths, however, to
explore the full potential of the two-dimensional nature of h-BN, and to form layered
heterostructures, emitters in samples with thicknesses of a few atomic layers are of
considerable interest. A drawback of emitters hosted in a few atomic layer h-BN sample is
susceptibility to the environment and this environmental effect can manifest itself as
increased spectral diffusion and a decreased coherence time. Therefore, our investigation
focused on h-BN layers less than 10nm thick. Chemical vapor deposition (CVD) is a widely
employed method to grow thin films of h-BN and provides the ability to grow h-BN with an
arbitrary number of layers on a scale of millimeters to centimeters. Another method for
synthesis of few-layer h-BN crystal is by mechanical exfoliation, but this method does not
provide large films of h-BN and lack precise control over the thickness of the exfoliated
flakes, as one usually relies on trial and error to achieve the desired thickness. Nonetheless,

this method can sometimes result in two-dimensional flakes with larger grain sizes.

To test the effect of measurement environment and h-BN crystal morphology on
inhomogeneous broadening we transferred 5nm thick CVD-grown h-BN film — from the
copper growth substrate onto SiO, and ITO substrates usingwet transfer techniques (for
details about the growth method, see [64] ). We also exfoliated a 5Snm thick h-BN onto SiO,
substrate and an 8 nm thick h-BN onto the 1TO substrate using exfoliation. We observed that
for CVD h-BN, linewidths at 4K are almost one order of magnitude larger than those
observed in the exfoliated samples with the same thickness and two orders of magnitude
larger than emitters in bulk h-BN We attribute this difference in the linewidth of CVD and

exfoliated samplesto smaller grain sizes in the CVD films, which are expected to harbor a
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larger charge trap density than in h-BN bulk crystals. Comparing different substrates, for
CVD h-BN-atop-ITO samples, we observed a 27% reduction of the inhomogeneous FAVHM
comparedto CVD h-BN-atop-SiO, from 37.3meV to 27.7meV, and for exfoliated h-BN-
atop-1TO samples, we observed a 45% reduction of inhomogeneous FWHM compared to
exfoliated h-BN-atop-SiO;, from 3.1meV to 1.7meV. This observation confirms our
hypothesis that usinga conductive substrate suppresses spectral diffusion, whichis attributed
to conductive pathways for transport of charge away from the vicinity of the emitter, as
depicted in Figure 2.1. Furthermore, no correlation between inhomogeneous broadening and
the position of the ZPL wavelength was observed, which indicates that the inhomogeneous
broadening mechanism is independent of defect structure and emission wavelength for both
exfoliated and CVD h-BN.
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Figure 2.12. Temperature dependence of zero phonon line full width at half maximum (FWHM) for various emitters in
bulk h-BN, 5nm thick exfoliated h-BN on SiO2, 8nm thick exfoliated h-BN on ITO, 5nm thick CVD h-BN on SiO2, and
5nm thick CVD h-BN on ITO. The result illustrates the total FWHM for temperatures from 4K to 300K.

Fora better understanding of the effectambient temperature, we observed emitters fromeach
type of h-BN crystal morphology and substrate type studied here, and measured the emitter
temperature-dependent linewidth for CVD and few-layer exfoliated h-BN on SiO, and ITO
substrates. Unlike bulk h-BN, the transition from spectral diffusion-broadened to thermally
broadened linewidth in CVD h-BN does not happen at T, =40K but it happens around
Ti.r =160K (see solid red and dark blue lines). This is a direct consequence of the larger
spectral diffusion observed in CVD h-BN. For a few-layer exfoliated h-BN, we observed a
larger change in the FWHM with temperature, and a transition temperature below 40K,

despite a larger inhomogeneous linewidth (yellow and purple curves). We suggest that this
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may be due to the proximity of emitters to the h-BN flake surface, and acoustic coupling to

the substrate.
2.4 Summary and conclusion

Insummary, we havestudied the photodynamics of h-BN single-photonemittersin a diverse
array of sample environments. We find both a temperature dependent and temperature
independent regime for emitter linewidth that we attribute to thermally generated phonon
interactions and spectral diffusion, respectively, as two mechanisms responsible for zero-
phonon line emission broadening in h-BN emitters. We suggest that among these two
regimes, spectral diffusion-limited linewidth is dominant at cryogenic temperaturesand is
independent of temperature, while thermal phonon interaction is dominant at temperatures
close to room temperature and increases with a power-law dependence on temperature with
power close to unity. Importantly, we find that the sample morphology and thickness, in the
various configurations we investigated, affectsthe inhomogeneous linewidth, suggesting that
the linewidth depends on both the local structure of h-BN and the surrounding environment
in the crystal. In particular, we show that increasing the carrier density in the local
environment of the emitter, achieved using a conducting substrate, significantly reduces the
inhomogeneouslinewidth. This last pointis of interest for all applications thataim at spectral

stability of color center based single-photon sources.
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Chapter 3. 3-D dipole orientation and axial
location of h-BN emitters

3.1 Abstract

Color centers in h-BN have emerged as promising candidates for single-photon emitters
(SPEs) due to their bright emission characteristics at room temperature. In contrast to mono-
and few-layered h-BN, color centers in multi-layered flakes show superior emission
characteristics such as higher saturation counts and spectral stability. Here, we report a
method for determining both the axial position and three-dimensional dipole orientation of
SPEs in thick h-BN flakes by tuning the photonic local density of states using vanadium
dioxide (VO,), a phase change material. Quantum emitters under study exhibit a strong
surface-normal dipole orientation, providing some insight on the atomic structure of h-BN
SPEs, deeply embedded in thick crystals. Next, we optimized a hot pickup technique to
reproduciblytransfer the h-BN flake from VVO,/Sapphire substrate onto SiO,/Si substrate and
relocated the same emitters. Our approach serves as a practical method to systematically
characterize SPEs in h-BN prior to integration in quantum photonics systems.

3.2 Introduction

Over the past few decades, point defects [73] that introduce electronic states with optical
transitions, also known as color centers, have garnered great interestfor quantum photonics
applications, such as quantum computation and quantum information [74,75], quantum
cryptography [76], and quantum sensing[5]. Wide-bandgap materials, such as
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diamond [77], silicon carbide [78], gallium nitride [79], and zinc oxide [80] offer
promising platforms for hosting quantum emitters with emission in the visible to near-
infrared spectrum. However, these materials suffer from one or more intrinsic challenges
such as a requirement for cryogenic temperatures, decoherence of emitted p hotons, optical
coupling losses, and challenges associated with chip-based photonic integration. These
problems have driven researchers to seek new candidate materials with fewer
disadvantages [39,81].

Recentdiscoveries of quantum lightemission from two-dimensional van der Waals
(vdW) layered materials [2,82-86] have introduced promising candidatesfor single-photon
emitters (SPEs). In contrast to bulk materials, vdW materials offer easier integration with
photonic structures and minimal loss due to refractive index mismatch [40,41]. Among
several candidate vdW host materials, h-BN has received particular attention due to its
ability to offerabrightsource of quantum lightatroom temperature. Remarkably, quantum
emitters in h-BN have shown high (>80%) Debye-Waller factor [2], a brightness
comparable to the brightest SPEs [39,41], polarized emission [2,43], giant stark
shift[27,28], magnetic-field dependent quantum emission [50,87], correlated
cathodoluminescence and photoluminescence emission [46], and near transform-limited
optical linewidth [25], all reported at room temperature. To this date, the atomic structure
of h-BN quantum emitters is not clear; the most common approach to deduce the atomic
structure of these emitters has been to compare the energy of the zero-phonon line (ZPL)
and phonon-assisted emission to the first-principles calculations [20]. Furthermore, to
understand and quantify the intricate details of the emitter atomic structure, in particular
spin-manifold, optically detected magnetic resonance (ODMR) technique has been
recently reported [50]. Accurate information of 3D orientation of emitting dipole would

provide invaluable insight into the underlying symmetry properties of the defect center,
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which can complement the aforementioned approaches and help in identifying the atomic

origin of emitters.

Quantum emitters in multi-layered flakes, in contrast to mono- and few-layered
flakes, show superioremission characteristics suchas higher saturation counts and spectral
stability due to reduced environmental screening effects [88]. Efficient coupling of these
quantum emitters with nanophotonic structures would require precise information about
their axial position and 3D dipole orientation. Determining, both, the 3D dipole orientation
and axial position of a quantum emitter in any multi-layered h-BN poses as a coupled
problem because the polarization characteristics of detected photons is strongly influenced
by either dipole orientation or axial position.

In this chapter, we demonstrate nanometer-scale axial location of h-BN quantum
emitters in a multi-layered flake by leveraging highly sensitive, distance-dependent
modulation of the spontaneous emission lifetime of these quantum emitters when in close
proximity to a tunable phase-change material, vanadium dioxide (VO,). Specifically, we
modify the local density of optical states (LDOS) by inducing an insulator-to-metal
transition in VO, which in turn modulates the emission rate of qguantum emitters near the
h-BN/VO, interface. This method, taken together with emission polarimetry to determine
the three-dimensional (3D) orientation of the quantum emitter, gives comprehensive
information about emitters axial position and orientation, which could be used to
distinguish possible candidates based on atomic structure of the emitter. Furthermore, we
have optimized a polymer-assisted hot pickup and transfer process to reliably transfer h-
BN flakes from VO, substrate onto other device substrates (here, we use SiO,/Si substrate
as target), following which, the emitters under investigation were relocated. Measurement
of h-BN emitter location and 3D orientation with nanometer-scale resolution in multi-

layered flakes together with advances in precise transfer and stacking of 2D materials [89]
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and metal contacts [90] offer opportunities for both fundamental physicsadvances [91] and

quantum photonic technologies [32,92].

3.3 Effect of LDOS on h-BN emitters

The experimental configuration is shown in Figure 3.1-a. A quantum emitter is
located ata distance d, within the thickness of an h-BN flake, from the surface of a substrate
that consists of a thin layer of VO, on sapphire. Photoluminescence excitation and
detection were performed with optical pumping of quantum emitters by laser excitation
from the top. The excitation wavelength was setto 532 nm. The excited quantum emitter
emission decay rate depends onits interaction with the optical environment [93]. By optical
environment we mean the substrate beneath and the air above the h-BN flake. We model
this interaction by treating the quantum emitter as an oscillating point dipole source
oriented along the direction (6, ). For an emitter in an unbounded, homogeneous, and
lossless medium with a refractive index n, the spontaneous decay rate is enhanced by a
factor n compared to the free space. This result also holds true for bounded geometry as
long as the emitter is at a distance d > A from any interface. When d « A the decay rate
strongly dependson d, the dipole orientation (8, ¢), and the refractive index contrastacross
the interface [94-96]. In this work, we manipulated the optical environment of a quantum
emitter located in the vicinity of the h-BN/VO; interface using VO, whose complex
refractive index exhibits a sharp change when VO, is thermally switched from the

insulating to metallic state, which occurs at near room temperature T, ~ 340 K [97].
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Figure 3.1. Experimental schematic and distance-dependent modulation of relative decay rates. (a) Schematic of a
quantum emitter in an atomically thin crystal of h-BN located within the thickness ofa flake on a substrate which consists
of'a thin layer of vanadium dioxide (VO2) deposited on a sapphire crystal. (b) Relative decay rate =y insulating/YMetalic 8
a function of distance d of a quantum emitter from the surface of VO2 when switched from the insulating to metallic
state. The blue and red curves refer to quantum emitters oriented parallel and perpendicular to the surface, respectively,
and the shaded regions correspondsto the typical quantum yield (QY) range of 0.6-1.0 of h-BN quantum emitters with
zero-phonon line around 600 nm. For numerical simulation we considered the emission wavelength of 600 nm for the
quantum emitter correspondingto the emitter A. The dashed line within the shaded region corresponds to QY = 0.79 as
estimated from our experimental data. The refractive indices of the upper medium, h-BN, and that of sapphire were set
to 1, 1.82,and 1.77, respectively. The refractive index of VO2 at 600 nm was set to 3.05 + 0.42i (insulating state) and

2.57 +0.64i (metallic state) from our ellipsometry data.
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Figure 3.1-b shows the calculated relative decay rate 8 = ¥ msuiating/Ymetanic OF

an emitter as a function of distance d when the emitter is oriented perpendicular (6 = 0°)

and parallel (6 = 90°) to the h-BN/VO; interface. Here, y ipsuiating aNd ¥ metauic isthe total

(radiative and non-radiative) decay rate of the emitter when VO, is in insulating (30 °C)
and metallic (100 °C) state, respectively. In these simulations, we considered a flake
thickness of 310 nm and an emission wavelength of 600 nm, corresponding to one of the
quantum emitters in our experiment, shown in Figs. 3.7-d and 3.7-e. The refractive indices
of the upper medium, h-BN, and that of sapphire were set to 1, 1.82 [98], and 1.77,
respectively. The complex refractive index of VO, at 600 nm was extracted from our
ellipsometry data and was set to 3.05 + 0.42iand 2.57 + 0.64i for VO, in insulating and
metallic state, respectively. The thickness of the VO, layer on sapphire was setto 40 nm.
In general, the photoluminescence quantumyield (PLQY) of h-BN quantum emitters varies
in therange 0.6-1.0(10,19) and arecentexperimenthasshownaverage PLQY inthe range
0.6-0.8 for quantum emitters with zero-phonon line (ZPL) around 600 nm. The shaded
area in Figure 3.1-b, corresponds to this PLQY range. The dashed line within the shaded
regions correspondsto a PLQY = 0.79 estimated from our experimental data. As can be
seen in our simulation results, the relative modulation of decay rates for both orientations
is clearly evident within first ~50 nm that quickly fades away at distances ~100 nm and
above. We use this highly sensitive, distance-dependent decay rate of quantum emitters in

the vicinity of the h-BN/VO; interface to localize their position along the axial direction.
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3.4 VO characterization, optical properties, and optimization

We performed visible ellipsometry measurement to extract real and imaginary parts of
refractive index of VO, at 30°C and 100°C. We clearly observe the switching of the optical
constants of the VO, film when reaching the temperature triggered phase transition. It is
worth noting that, n decreases in the wavelength range, while k increases as VO, undergoes
an insulator-to-metal transition. To date, quantum emitters in h-BN exhibit ZPL emission in
the range 550-800 nm; thus, VO, is well-suited to modify the optical environment of h-BN-
based quantum emitters.
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Figure 3.2. Complex refractive index of VO2 in insulatingand metallic phase. Extracted value of real (n) and imaginary
(k) part of the complex refractive index of 40 nm thick layer of VO2 deposited on sapphire crystal at 30 °C (blue) and
100°C (red) from our ellipsometry data.

We also measured the response of the Peltier element to measure how long it takes
to reach the stabilized temperature. From room temperature to 100°C it takes less than 100
seconds but from 100°C to room temperature it takes around 1000 seconds, hence each
time we waited 5 minutes when we were heating up and waited an hour when we were
cooling down. We employed the Bruggeman effective medium approximation to estimate
the intermediate optical constants as a function of volume fraction of the metallic phase of
the VO, layer [99]. The legend R (0.00) denotes the purely insulatingphase VO ,, while the
legend R(1.00) represents the purely metallic phase VO,. The estimated optical constants



57

were used in full-wave simulations to monitor the reflectance values at normal incidence.

The full-wave simulation results are consistent with the measured spectra, which validates

the refractive index and the thickness of the VO, film that we characterized.
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Figure 3.3. Temporal response of Peltier stage. Response of the Peltier stage as a function of time for ramp up and
cooldown. Shaded region shows the ramp up region and the temperature is set to 100°C for 30 seconds and then the

temperature decreases as a result of convection.

In order to characterize the optical properties of the VO, film grown on a sapphire
substrate, we measured reflectance spectra in the visible range. The temperature -dependent
reflectance curves were measured by using a microscope spectrometer with an extemal
heatingstage. Figure 3.4 shows the temperature-dependent reflectance modulation in the 30—
100°C range of the 40-nm-thick VO, film for the heating cycle. We observed a gradual

reflectance change as a result of the insulator-to-metal transition when we slowly changed
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the substrate temperature. The temperature-dependent curves represent a gradual decrease of

the reflectance as the VO, film becomes a lower index and a more lossy metallic state.

Numerical simulations were performed using the commercial finite element
software COMSOL Multiphysics for frequency domain electromagnetic full-field
calculations. The simulation domain was truncated using perfectly matched layers. We
modelled a quantum emitter as an electric point dipole source and calculated the
spontaneous emission rate by probing the field at the location of the dipole. The non-
radiative contribution to the decay rate was calculated by probing the heat generated in the
lossy material (VO,). The complex refractive index of VO, at the ZPL of emitters A, B,
and C were taken from our ellipsometry data. The refractive index of h-BN was set to be
1.82 at 600 nm, and a weak linear variation was employed to calculate refractive index at
570 nm and 620 nm as 1.84 and 1.81, respectively.

We performed full-wave electromagnetic simulations using finite difference time
domain methods to estimate the optimal thickness for a VO, film in order provide the

largest optical contrast in the photoluminescence wavelength range.
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Figure 3.4. Temperature-dependent reflectance spectra of a VO2 film during the heating cycle (dotted lines) and
simulated reflectance curves of the film using the Bruggeman effective medium theory (solid lines). We observe gradual

reflectance variations upon phase transition in VO2, where the volume fraction of metallic phase VO2 gradually evolves
within the insulating phase VO2 host.

We used acommercial Lumerical finite-difference time-domain software package to obtain
the reflectance spectra of the VO, film on a sapphire substrate. The reflectance maps of the
thin film structure were monitored by varying the thickness of the VO, film for both
insulating and metallic phases. Finally, the thickness of VO, film was optimized based on
the FOM equation shown below. Figure 3.5 represents the simulated FOM map, which
indicates that about 40-nm-thick VO, film shows the largest reflectance contrast at the
zero-phonon lines of our exfoliated h-BN flake. Based on this analysis, we grew 40-nm-

thick VO, films as explained in Section S8.
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Here, Ruetanic: metallic phase reflectance and Risulating: insulating phase reflectance.

A 40-nm thick vanadium dioxide (VO,) film was formed on a cleaned c-plane
single side polished sapphire substrate by pulsed laser deposition. A high-power pulsed
laser beam vaporizes a vanadium target which deposits a thin film on the sapphire
substrates in the presence of 5 m-Torr oxygen gas atan elevated temperature (650°C). First,
we confirmedthatthe surface ofthe VO, film grown on the sapphire substrate was uniform
and continuous with root mean square roughness of around 1.5 nm that were measured by
atomic force microscopy. The measurement result shows the morphology of the VO, film

which consists of smooth and continuous small grains.
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Figure 3.5. Optimization of VO3 thickness. Figure of merit map (FOM) of a VO film on a sapphire substrate obtained
by full-wave simulations. The FOM indicates the reflectance contrasts between the insulating and metallic phases of

VOo». The results indicate that the largest optical contrasts at the zero-phonon lines when VO=2 thickness is about 40 nm.
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Figure 3.6. Surface characterization of VO2 film. Atomic force microscope measurement of VO2 film deposited on a
sapphire substrate. Thisresult shows that the film is uniformly grown, and the root-mean-square roughness is around 1.5

nm (2 um x 2 um) which is much smaller than thickness of the film which is 40 nm.

3.5 h-BN emitter characterization

Figure 3.7-a shows the optical microscope image of a thin h-BN flake on a
VO,/Sapphire substrate. This sample was prepared by mechanical exfoliation of high
purity h-BN single crystals and transferred onto a 40 nm thick VO, film deposited on 500
um thick sapphire by pulsed laser deposition. To determine the thickness of this flake at
each position, we employed atomic force microscopy (AFM). Figure 3.7-b showsan AFM
image of the h-BN flake shown in Figure 3.7(a). The red dot in Figs. 3.7-a and 3.7-b

indicates the location of the quantum emitters A and B with emission wavelength of 600
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nm and 620 nm, respectively. Figure 3.7-c show AFM height profile across the lines (S-E)
indicated in Figure 3.7-b where flake thickness varies in the range 230-420 nm. At the
location of the emitter A and B height of the flake is 310 nm and 340 nm, respectively.
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Figure 3.7. Characterization of the exfoliated flake and spectra of h-BN quantum emitters. (a) Optical image of the
mechanically exfoliated h-BN flake on VO2/Sapphire substrate. (b) Atomic force microscopy image of the flake shown
in (a). The red dots on the traces (S-E) in (b) and (a) indicate the position of emitters A, and B with emission wavelength
of 600 nmand 620 nm, respectively. (c) Line profiles alongthe region indicated by the trace in (b). Atthe location of the
emitter A and B height of the flake is 310 nm and 340 nm, respectively. (d) Confocal photoluminescence (PL) map of
the h-BN flake. The position of two single-photon emitters is marked by white circles. The edge of the flake in marked

by white dashed line. The PL spectra of emitters A and B shown in (e) and (f), respectively, were obtained with VO2 in
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insulating state (blue) and metallic state (red). In these spectra ZPL and phonon sidebands (PSBs) are highlighted and

the small peak around 692 nm corresponds to the emission from sapphire.

To locate the quantum emitters precisely, we performed confocal
photoluminescence (PL) mapping in mode by which the sample was scanned point by
point. Figure 3.7-d shows a PL map over an area of 20 x 20 um? on the h-BN flake. The
location of the quantum emitters A and B are highlighted by dashed circles. The single-
photon emission nature of these quantum emitters is evident from their second-order
autocorrelation measurements indicating g2(0) < 0.5. Figures 3.7-e and 3.7-f show the PL
spectra of these quantum emitters obtained for insulating and metallic VO,. The emission
spectra of each quantum emitter consist of a pronounced ZPL accompanied by a weaker
phonon assisted emission [2,39]. An increase in PL intensity as obtained for metallic VO,
compared to insulating VO, is noticeable for all quantum emitters, which in general
suggests a higher photon emission rate, i.e., a decrease in emission lifetime, a change in
illumination pattern, orany of these. However, in our experiments,a decrease in the emitter
lifetime obtained from Hanbury Brown and Twiss (HBT) measurements for metallic VO,
compared to insulating VO, suggests that this increase in absolute PL intensity originates
from enhancement of emission rate. Recent experiment has reported that the decay rate of
h-BN quantum emitters remains constant even when heated up to 800 K [24] which further
corroborates thatthe enhancementof decay rate isdue to modification in LDOS rather than
a thermal effect. The defect-based quantum emitter dimensions are at the atomic scale, and
thus the lateral position can be precisely measureddown to fewtens of nmwhenasufficient
number of photons is collected by the camera along with low noise (readout and

amplification) and background signals.
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To investigate the single-photon emission characteristics and decay lifetime of the
quantum emitters, we measured their second-order intensity correlation functions g2 () in
both insulating and metallic phases of VO,. In order to reduce the influence of background
signal and noise, we corrected the raw g2,,(t) using the function g2(z) =
[9%aw () — (1 — p?)]/p?, where p = S/(S + B) where S and B refer to the signal and the
background counts, respectively. This background corrected g2(t) was fitted with double

exponential of the form

92(0) =1 = p2[(1 + Qe 1ild — geraltl|

where, {,p,y,, are laser power-dependent parameters [43,100]. Here, y; and y, are the
faster and the slower decay time constants, respectively, for a three-level system. The
second-order intensity correlation functions g?(z) under continuous wave excitation
pumping for the quantum emitters A and B is shown in Figs. 3.8-a and 3.8-b, respectively,
when VO, is insulating (blue dots) and metallic phase (red dots). The data for the metallic
phase VO, configuration has been offset vertically for visual clarity. Equal-time
coincidence counts g2(0) for each quantum emitter is less than 0.5, which indicates the
presence of a single emitter. All measurements were performed at a constant 50 pW pump
laser power which is orders of magnitude smaller compared to the saturation power of ~
mW for h-BN quantum emitters [39-41]. Given the Fresnel reflections from all interfaces,
which were analyzed using full-wave simulations, the excitation power within the flake
along the axial direction is position dependent. From fitting our experimental data of
correlation functions g?(7), we extracted the decay constants (y;,) which has
contributions from the spontaneous decay rates and the pump rate [24,68]. The
spontaneous decay rates (y) of the emitters A and B are shown in the Table 3.1. The
correlation functions over long-time scales are shown in Figure 3.13. With an excitation

power of 50 pW, the pump rates are ~ 25-fold and 73-fold slower than the spontaneous
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decay rates for emitters A and B, respectively, and thus make negligible contributions to
the decay constants. From Table 3.1, we clearly see that for all the emitters, the decay rates
are higher in the presence of a metallic-vVO, when compared to an insulating-VO,
configuration. Thus, the emitters Aand B are located at distances, from the surface of VO,

such that their optical environment is modified when VO, undergoes an insulator-to-metal

transition.
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Figure 3.8. Single-photon source characterization and axial location in h-BN flake. Plot of the second order photon
correlation measurement, g2(t) for the emitters Aand B, in (a) and (b), respectively. The experimental data, blue squares
forinsulating VO2 phase and red stars for metallic VO2, were fitted to obtain the decay rates of the emitters. From the
fit, we calculated the relative decay rates P=yinsulating/ymetliic for the three emitters A and B as 0.818 +0.108 and
0.800+£0.124, respectively. For clarity, g2(t) data obtained for metallic VO2 in (a), and (b) were shifted by 1 and 1.5,
respectively. Plot of the relative decay rates § as a function of the distance (d) from the surface of VO2 and the polar

angle (0) for the emitters A and Bare shown in(c) and (d), respectively. The dashed contourlines in (c) and (d) correspond
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to the experimental value of  obtained from (a) and (b), respectively, while the solid lines correspond to the error (£AB)

in the ratio.

To model the distance-dependence of the quantum emitter lifetime on VO, phase,
we define the ratio of their decay rates in the insulating and metallic phases as f. Figures
3.8-c and 3.8-d show the two-dimensional plot of relative decay rate £ as a function of
distance d from the h-BN/VO; interface and the polar orientation angle 6 of the dipole for
each quantum emitters A and B, respectively. Each plot has three contour lines; a dashed
line for the relative decay rates § while the upper and the lower solid contour lines
correspond to the error in decay rate ( + A ). Using the experimental values of y from the
Table 3.1, we obtained the relative decay rates g for the quantum emitters A and B, as
0.818 £0.108 and 0.800+ 0.124, respectively. From these simulations and the
experimental valuesof g, itis evidentthatthe quantum emitters are located within a narrow
region at a distance d ~ 21 nm from the surface of h-BN/VO, interface. However, the
uncertainty in the axial position depends on the emitters’ polar angle 8. For emitter A,
uncertainty (full width) varies from~13nmat 8 = 0°to~22nmat 8 = 90°. Similarly,
for quantum emitter B uncertainty in their axial location varies from ~ 15 nmto ~ 23 nm

at & = 0% and 6 = 90°, respectively.

3.6 LDOS engineering with phase change material

Figure 3.9 shows the individual contributionfrom radiativeand non-radiative channels to the
decay rates ¥ msuiating (Figures 3.9-a,b) and y peauiic (Figures 3.9-c,d) for both parallel and
perpendicular orientations as a function of the distance (d) from h-BN/VO; interface. The

non-radiative decay rate of the emitter corresponds to the emission of a photon which is
absorbed in the lossy material VO,. For numerical simulation we considered an h-BN
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quantum emitter with ZPL wavelength of ~600 nmand PLQY of 0.79. Figure 3.9 illustrates
that at distances in the range ~ 0—15 nm, decay rate y is dominated by the non-radiative
channel and thus the emitters located within this range of distances are “hidden” owing to a
lack of light emission available for collection objective lens. However, the radiation
contribution to the total decay rate is stronger for vertical dipole compared to the horizontal
dipole within first ~50 nm with both states of VO,. Thus, emitters found in the vicinity of h-
BN/VO; interface have a higher probability of dipole moment oriented along the vertical

direction.
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Figure 3.9. Radiative and non-radiative decay rates. Total (ytwtal /yo ), radiative (yr/yo), non-radiative (ynr/yo), rates of
spontaneous emission of a quantum emitter as a function of distance from VO surface for two dipole orientations, i.e.,
parallel (6=90°) and perpendicular (6=0°) to the surface. For numerical simulation we considered the emission
wavelength Ao = 600 nm and the quantum yield QY =0.79 corresponding to the emitter A. (a, b) Insulating phase of VO,,
(c, d) metallic phase of VO,. Free-space decay rate y, = nw;|pl®/3meyhc® , with ¢ being the speed of light, n the
refractive index of h-BN, wo the atomic transition frequency, # the reduced Planck’s constant, and p the amplitude of
the dipole moment vector. The refractive indices of the upper medium, h-BN, and that of sapphire were set to 1, 1.82,
and 1.77, respectively. The refractive index of VO2 at 600 nm was set to 3.05 +0.42i (insulatingphase)and 2.57 + 0.64i

(metallic phase) from our ellipsometry data.
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3.7 Optical characterization of emitters

To perform background subtraction for g@ measurements we scanned a small PL map
(5umX5um) around each emitter in the same optical condition as the g@ measurement was
performed (i.e., using bandpass filter to only pass through the zero phonon line). Then by
fitting a Gaussian profile to the spatial photoluminescence we extract the value of

background (B) and signal(S).
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Figure 3.10. Experimental setup. Schematic of the homebuilt confocal microscope used to characterize h-BN quantum

emitters, perform correlation measurements and emission polarimetry.

Then we define parameter p as p = S/(S + B). If theraw (i.e., background is not corrected)
2 (2

9@ function is g4, then the background corrected intensity autocorrelation g, gc [

calculated as:
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@ iy gﬁi)w(t) - (1-p?)
gbgc(t) - pz .

A similar method is used for background subtraction of polarization measurement. We
subtracted ¥z of the background value extracted from the fit mentioned above from the angle

dependent polarization.
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Figure 3.11. Background subtraction for correlation measurements. Background subtractionfor g*2 (t) measurement of

emitter B. (a) shows a PL map around the emitter, (b) shows a profile of the PL map shown by adashed line in (a) with
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a Gaussian fitto it, and values for signal and background. (¢) shows g*2 (t) result before background subtraction and (d)

shows g"2 (1) result after background subtraction.

We also studied a brightemitter with ZPL at 570 nm however before performing polarization
measurement this emitter bleached and we could not perform a complete analysis similar to
emitters A and B. The full information of decay rates of three emitters under study can be

seen in Table 3.1.
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Figure 3.12. Emitter C. In (a) we can see the position of this emitter in the PL map and spectra (b) and autocorrelation

measurementresult (c) at 30C and 100C. By comparingthe ratio of decay rates to simulations at570 nm, we extracted

the axial position of this emitter as can be seen in (d).
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Emitter Decay rate, ¥insulating (MHZ) Decay rate, ¥ metanic (MH2)
A 249 + 15 304 + 33
B 693 + 45 865 + 122
C 268 + 16 334 + 18

Table 3.1. Spontaneous emissionrates of emitters. Spontaneous decay rates of the emitters A, B, and C in the vicinity of
VO3 in insulating phase and metallic phase. The decay rates are estimated based on the fitting of g2(t) and subtracting

the contribution of pump-dependent excitation rate.

Microsecond scale autocorrelation function of three emitters at both 30°C and 100°C is
plotted in Figure 3.13 to demonstrate how g@ of all three emitters at long time scales
approaches 1.
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Figure 3.13. Full-scale correlation data for the emitters A, B, C. Plot of the correlation measurement for Emitters A (a,b),

Emitter B (c,d) and Emitter C (e,f) as a function of delay over the range of microseconds. The datain (a,c,e) and (b,d f)

are at room temperature and 100°C, respectively.

3.8 Photophysics of 4-BN quantum emitters

We model single h-BN quantum emitter as three-level system that consists of a ground state
|b), excited state |a) and metastable state |c) as shown in Figure 3.14. The emission
characteristics of this quantum emitter can be described by rate equations for population of

the three levels.

Oaa = Ropp — Vb + Ya)0aa

O@cc = YaClaa — VcOcc

Here, R is the rate of excitation and y; (with i= a, b,c) is the decay rate of population

(radiative and non-radiative combined).
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Figure 3.14. Three-level system with corresponding decay and excitation rates.

These equations are also supplemented with population conservation equationg,, + 0pp +

o.c = 1.Usingthe rate equations, one canderive theanalytical expression for thenormalized

“ideal” second-order autocorrelation function g2(z) as:
g>(@) =1— [ + Qe nltl - geralt]

where the coefficients are given in the limit (y, > v4.vc)

Yi=R+yp
_ Ryq
]/2 - )/C + (R_I_yb)
c — Rya
lye(R+yp)]~

However, in the presence of a background such as laser scatter or diffused

photoluminescence takes a modified form:
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g2(0) =1 —p2[(1 + Qe 1ild — ge-vall]

where, p quantifiesthe background and g2(0) = 1 — p?. The decay rate of the excited state
|a) is y: = Yo+ Vb= yp as the transition rate to the metastable state |c) is orders of
magnitude smaller compared to the decay rate y;,. From above equations we can obtain the
decay rate of the quantum emitter using the pump-power-dependent decay rate y; asy =
y1 — R. In our experiment, the focal spot was near diffraction limit (~ 0.5 um), the average

pump power was kept constant at £,,,; = 50 uW for all the measurements.

The spontaneous decay y and the absorption cross-section ¢ can be estimated by
measuring the pump-power-dependent decay rate y, . Figure 3.15 (a) shows the evolution of
the decay rate y; as a function of excitation power at the location of the emitter after taking
into account Fresnel reflections from all interfaces. From our full wave-simulation, for
emitter A (A = 600 nm) the excitation power drops to Pavg = 0.6 Byyg. From the linear fit,
we obtained the spontaneous decay y =249 MHz by extrapolating the linear fit to zero
excitation power. At excitation power ﬁavg = 50 uW and taking into account local power,
the absorption rates for both emittersare R = 9.5 MHz and 11.9 MHz at 30 C and 100 C
resptively. Compared to the pump-power-dependent decay rate y; these rates are about 25-
fold and 73-fold weaker for emitter A and emitter B, respectively. Thus, in our experiment,
the contribution of the excitation rate R is negligible comparedto the spontaneous decay rate,
i.e.,y = y;. The absorptionrate isgiven by R = o I /hv with absorption cross-section o,
excitation intensity I, and excitation frequency v. Using the absorption rate R = 9.5 MHz at
excitation power ﬁavg = 30 uW and a near diffraction limited focal spot, we estimated the
absorption cross-section o = 9. 28 x 1016 ¢m?. Similar absorption cross-section for h-BN

emitters have been reported [101]. Next, we estimated the intersystem crossing rates by
fitting y,. Here, we treated y, as constant and y, as excitation power-dependent rate of the
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form y. = y2+ % From our fitting we obtained y, = 5.84 MHz, y? = 0.40 MHz, u =

‘l].

0.89 MHz, v =0.05 mW.

Internal quantum yield in an important parameter fora quantum emitter which can
be estimated from the value of rate coefficientsand the maximum single-photon rates, i.e.,

the saturation count rate I, as

Vb

I, = .
Ty, 0+ w)?

Here, n. is the collection efficiency of the experimental set up, n, is the quantum efficiency,

Yu.Yar ¥, u are rate coefficients which can be obtained from power dependent de-shelving

model. We fitted the power-dependent PL intensity and fitted with the function I =

Lsqt (#) and obtained Iz = 0.025 MHz and Pg,; = 104 uW. From the rate
sat

coefficients, we obtain n.n, = 5.63 x 10-4. Taking into account the collection, transmission,
and coupling efficiency of the optical element of the experimental set up, the collection
efficiency n, =8.87 x 10 which gives n, =0. 634. The quantum efficiency n, has
contribution fromthe internal quantum yield, radiative Purcell enhancement, and the non-

radiative loss due to ohmic loss in VO,. Using simple algebra, we obtain

1 1 1/1
—= —y—(=-1)
Nq N Nel\MNi

Here, n; accounts for the rate of energy loss in VO,, n; is the internal quantum yield of the
h-BN emitter, and 1, is the radiative Purcell enhancement with respect to the homogenous
medium. From our full-wave simulation, we obtained n; = 0.76 , n, = 0. 324 which yield

n; = 0.793.
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Figure 3.15. Plot of the decay rates y 1,2 as a function of the excitation power at the location of the emitter. We fitted
the experimental data shown in (a, b) with Egs. (S4, S5), respectively. (c) Plotof the intensity as a function of excitation

power to determine the saturation count rates (I,,) and saturation power (P,,).

3.9 Dipole orientation

Next, we focus on emission polarimetry of the quantum emitters. Previous
studies [102] have shown that the three-dimensional orientation (6, ¢) of a dipole can be
directly extracted by analyzing polarization characteristics of its emitted light. Figures
3.16-a, 3.16-bis the emission polarization measurement from the quantum emitters A and

B, respectively. The data is fitted by the function:

1(@) = Imin + (Imax — Imin) cos?(a — @)
where Iyin max @nd ¢ are the fitting parameters. From the fit, we obtained for emitter A:
Lpin = 0.356 + 0.013, I,,0, = 0.966 +0.024 and ¢ = 175.7° + 1.0°. Similarly, for
emitter B: L, = 0.318 + 0.034, I, = 0.888 +0.066 and ¢ = 109.9° +2.99. In
emission polarimetry, the polar angle 8 can be extracted from the degree of polarization of
the emission defined as

5(9) — Imax _Imin

Imax + Imin
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From the fitting parameters (I nax » Imin), We obtained § = 0.461 + 0.023 and § =
0.473 +0.070 for emitter A and B, respectively. Figures 3.16-c and 3.16-d show the
calculated degree of polarization § as a function of the polar orientation angle 6 using the
experimental values of numerical aperture (0.9), the refractive indices of h-BN, VO,
(insulating phase) and sapphire. The distance d of the quantum emitters A and B from
VO,/Sapphire substrate was set to d ~ 20 nm. From Figures 3.16-e and 3.16-f we clearly
see that variation in the distance d is negligible (dashed line). The red dot in Figures 3.16-
e and 3.16-f represents the measured value of § and we extract the polar orientation angle
0 = 20.5% +3.6° and 8 = 21.2° + 4.5° for emitter A and B, respectively. In estimating
the value of error in 8 we accounted for the error in location d, which is shown Figures
3.16-e and 3.16-f by solid lines. Figure 3.16-e shows nanometer-scale axial localization of
emitter A with an uncertainty (full-width) of ~ 15 nm, oriented along (6, ¢) = (20.5° +
3.6%,175.79 + 1.0%). Similarly, Figure 3.16-f shows nanometer-scale axial localization of
emitter B with an uncertainty full-width of ~ 17 nm, oriented along (8, ¢) = (21.2° +
4.59,109.9° + 2.99). The strong vertical component of the dipole orientation for both
emitters found in the vicinity of h-BN/VO, interface are consistent with our simulations
results shown in Figure 3.9. The predominant out of plane dipole orientation of these
emitters can be a result of an out of plane atomic structure of the emitter. We believe the
information provided by these measurements are of fundamental value in determining the

underlying atomic structure of emitters.
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Figure 3.16. 3D-Orientation of h-BN quantum emitters and nanometric axial location. (a,b) Polar plots of the
photoluminescence (PL) intensity of the emitter A and emitter B, respectively as a function of the emission polarization
analysis angle (o). The PL data (solid spheres) were fitted to extract the azimuthal angle (¢) of the emitters and the degree
of polarization (3). From the fit, we deduce that for emitter A, ¢=175.7°+ 1.0°, 8= 0.461+0.023 and for emitter B,
¢=109.9°+ 2.9°; 6= 0.473+0.070. (c, d) Calculated value of degree of polarization () as a function of the polar angle (6)
of the emitters located at a distance of ~ 21 nm from the surface of VO2. The red dots in (c) and (d) correspondsto the
experimental value of & obtained from (a), and (b), respectively. The extracted value of the polar angle for emitter A and
B are 6 = 20.5°£3.6° and 6 = 21.2° +4.5°, respectively. (e, f) Purple shaded region shows the range of the distance (d)

and the polar angle (0) of the emitters A and B, respectively, based on our experimental data and simulations.
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Next, we investigated the feasibility of transferring the h-BN flake from the VO,
measurementsubstrate to a device substrate, which isanecessary capability for integration
of quantum emitters with chip-based photonic components, waveguide circuits, and planar
metamaterials [103—106]. In contrast to wet chemical transfer method [107], we utilized a
polymer-assisted hot pickup technique [89,108,109] to transfer the emitter-hosth-BN flake
from VO, to a receiving SiO,/Si device substrate. Figure 3.17-a, 3.17-b show the optical
image of the flake before and after the transfer. We were able to relocate the emitters A
and B on the device substrate by performing confocal PL mapping (Figure 3.17-c) and
matching the spectral (Figure 3.17-d) and spatial signatures of both emitters before and
after the transfer process. We expect that the axial position of the emitters from the bottom
surface and the polar angle of their dipole orientation to remain unchanged after the
transfer. However, the azimuthal angle may change. Next, we performed emission
polarimetry to determine the azimuthal angle of the emitters after the transfer. Figures 3.17-
d and 3.17-e show polar plots of the PL intensity of the emitter A and emitter B,
respectively as a function of the emission polarization analysis angle («). From the fitting
the data, we deduce that for emitter A, ¢ =164.6° +3.0° and foremitter B, ¢ =94.4°+
4.0°. Next, we measured the relative orientation of the flake before and after the transfer.
The transferred flake is oriented atan angle Agp =—12.6° with respect to its orientation on
VO,/Sapphire which indicates that the azimuthal orientation of the emitters is also

preserved within experimental errors.
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Figure 3.17. Emitter characterization. (a,b) Optical image of the flake on VO2/Sapphire substrate (before transfer) and

Si02/Si substrate (after transfer) respectively. The transferred flake is oriented atan angle Ap=-12.6° with respectto its

orientation on VO2/Sapphire substrate. (¢) Confocal photoluminescence (PL) map of the flake on SiO2/Si substrate.
Encircled (dashed white circle) highlights the region where emitters A and B are located. (d) PL spectra from the region

highlighted in (c) shows the presence ofemitters A and B which matched with the spectra obtained from the same location

before transfer. The sharp line ~ 575 nm corresponds to Raman line of h-BN. (e,f) Polar plots of the PL intensity of the

emitter A and emitter B, respectively as a function of the emission polarization analysis angle (o) on SiO2/Si substrate

after the transfer. From the fit, we deduce that for emitter A, ¢=164.6°+ 3.0° and for emitter B, p=94.4°+ 4.0°
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3.10 Experimental methods
3.10.1 Optical characterization

Optical characterization of samples was performed in a home-built confocal microscope
capable of optical spectroscopy in visible range (Princeton HRS 300 system) and intensity
auto-correlation measurement (g2(z)) in a Hanbury Brown Twiss (HBT) configuration
using a 50-50 beam splitter and two avalanche photo diodes (PDM Series -PicoQuant). We
used a fast-scanning mirror (Newport) and a 4f telecentric configuration to perform
photoluminescence mapping. The microscope uses a 532 nm CW laser (Cobolt) to pump
emitters in h-BN, a 100X objective (Leica) to focus the beam on the sample and used 50
MW power of laser (before objective) for all emitters. A quarter wave plate was putin the
beam path at 459 orientations with respect to linear polarization of laser in order to produce
circularly polarized light. We pumped with circularly polarized light to excite all emitters
irrespective of their in-plane dipole orientation. A tunable bandpass filter (Semrock
versachrome) was used to only pass the zero-phonon line on the emitter into HBT setup to
reduce background. To measure the azimuthal component of the emitter’s dipole
orientation we put a rotating polarizer in the detection path via a flip mirror and we rotate
the polarizer from a vertical configuration with increments of 20 degrees until 340 degrees
and the intensity after the polarizer is recorded with an APD. A polar plot of intensity as a
function of angle is plotted (Figs. 3.16-a, 3.16-b, 3.17-e,and 3.17-f). Visibility of the polar
plots were used to determine the polar component of the dipole orientation (Figs. 3.16-C
and 3.16-d). Annealing in an inert environment is routinely used to create or activate
quantum emitters in diamond as well as h-BN. For the h-BN samples described here, we

annealed a bulk crystal of h-BN at 950 °C in a 1 bar pressure argon gas for 30 minutes
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before exfoliation. We mounted our sample consisting of h-BN/VO,/Sapphire on a Peltier

heating stage.

3.10.2 Transfer of h-BN flake from VO, to SiO, substrate

After the completion of emitter localization in h-BN on VO, the flake can be
deterministically transferred on to a different, arbitrary substrate for further studies, such as
integration into resonant photonic structures like waveguides, photonic crystal cavities,
DBRs, etc. The host h-BN flake was deterministically transferred from VO, on to SiO; using
the polymer assisted hot-pickup technique. A transfer handle with a hemispherical PDMS
block (to allow precise point contact and deterministic choice of flake) coated with a thin
polycarbonate (PC) film was used. The flake was picked up from VO, between 130-140°C
(contact and pickup were both done at elevated temperatures to increase yield) and dropped
onto SiO, at 200°C, following which the PC film was removed by gentle chloroform and

isopropanol treatment.

The polymer assisted hot pickup-based transfer technique enables an accuracy in
spatial positioning on the desired substrate close to 1-2um. In principle, it is limited by two
factors — optical resolving power of the microscope used during the transfer and the
micromanipulators usedto positionthe flake with respect to the substrate. In our experiments,
a 50x objective was used, which allowed us to identify feature sizes of about 1um and a
manual micromanipulator set was used which had a bidirectional repeatability of
approximately 2um. In addition, the desired substrate can be placed on arotational stage and
the hosth-BN flake can transferred with a rotational alignment precision of about 0.1 degrees.
However, in our experiment the uncertainty in rotational alignment is limited by uncertainty

in the in-plane dipole moment which is about 3-5 degrees. This enables high-accuracy
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angular alignment of the in-plane dipole moment of the h-BN flake to the desired substrate

containing any nanophotonic design sensitive to dipole orientation.

In order to facilitate that we fabricated “transfer handles” as follows: A1cmx 1 cmx 0.5
cm block of cured PDMS was cut and put on aglass slide. Drops of uncured PDMS (Sylgard
10:1 ratio) were poured onto the block so that the PDMS assumes a hemispherical lens-like
shape. This was cured overnight at 80C in an oven. The curvature of the PDMS ensured
deterministic contact at the center of the lens while transferring the flakes. Polycarbonate
(PC) crystals were dissolved in chloroform (6% by weight) with a magnetic stirrer overnight
at 30°C. A few drops were cast on a glass slide and immediately another glass slide was
pressed on it and then slid down to ensure uniform PC film on both glass slides. After 20
minutes of curing, a scotch tape with a window of opening cut out in the middle was used to
pick-up the PC film and lay it on the PDMS hemi-spherical handle, thus completing the
process of the “transfer handle” creation. In order to perform the deterministic transfer, the

h-BN on VO, was put on a temperature controlled hot plate and heated up to 130°C.
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Figure 3.18. Transfer Process: Schematic of dry transfer process used to transfer our h-BN flake on VO2/Sapphire
substrate to SiO2/Si substrate.
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The PC/PDMS block was slowly brought in contact with the h-BN flake of interest
using a micro-manipulatorand the systemwas heated slowly up to 140°C to ensure that the
PC film uniformly touchesthe entire h-BN flake. At this temperature, the PC is stickier than
the VO, and attracts the h-BN. Then the system is slowly retracted without lowering the
temperature. Asthe PC film detaches fromthe VO, substrate, itliftsthe h-BN flake of interest
along with it. It should be noted that while conventionally this is achieved by lowering the
temperatureratherthan the substrate, we foundthatthis reduced the yieldin our case because
then the VO, is stickier than the PC at lower temperatures (<130°C) and the flake does not
pick up reliably. Once the h-BNis on PC/PDMS it can be arbitrarily placed on any substrate
with a spatial accuracy of 1um, limited by our transfer setup. In order to “drop” it on to the
desired substrate, we bring the h-BN flake and substrate in contact at 140°C. As soon as the
PC makes full contact with the substrate, the temperature is taken up to 200°C and the PC
melts and “drops” on the substrate. The PC film can be removed by gentle chloroform and
isopropanol treatment sequentially, for 5 minutes. Our transfer process does not involve
etching or usage of any harsh chemicals thus preserving the quality of the flakes and also the
emitters. Also, our choice of a hemispherical handle allows us greater flexibility in
deterministically picking and placing h-BN flakes, which greatly increasesthe versatility of
this process over other existing methods where the entire substrate is usually etched, and all
flakesare transferred to the next substrate. After successful transferof our flake onto SiO,/Si
substrate we performed a confocal PL map of the region containing emitters A and B, to
relocate the quantum emitters. We could match spectral and spatial signatures of both
emitters in the h-BN flake after transfer onto Si/SiO,. By comparing the PL map before and
aftertransferringitcan be observed that the spatial emission patterns beforeandafter transfer
are different which can be a result of the dependence of activation of different defect sites in

h-BN on the substrate. This dependence can beattributedto the different optical andelectrical
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properties of the two substrates. The entire transfer process and relocating of the emitters is

summarized in Figure 3.18.
3.11 Systematic errors and their effect on the results obtained

To determine the axial position of the h-BN emitters and the polar angle of their dipole
orientation, we performed full-wave simulations using COMSOL Multi-Physics to calculate
relative decay rate f = ¥ msuiating /¥ Metaiiic @S afunction of distance d of a quantum emitter

from the surface of VO, when switched from the insulating to metallic state. Here, the decay
rate y depends on the optical environment, i.e., the refractive index of the surrounding
medium, thickness of the multi-layered structures, uniformity, etc. In our simulations, we
assumed infinitely extended substrates along X/Y directions; sapphire, VO,, and h-BN
constitute the multi-layered substrates with uniform thickness. We extracted the refractive
index (n,k) of VO, by employing ellipsometry of VO, on sapphire substrate. The thickness
of VO, was measured using AFM and it was set to 40 nm with the root-mean-square
roughness is around 1.5 nm. Our COMSOL simulation showed that this small roughness
leadsto a ~1.5 % and ~1.0 % variation in the decay rate for z-dipole at 30 C and 100 C,
respectively, at the location of the emitter. With the QY of the emitter ~ 0.8, this error
propagates to an error of 1.2 % in the relative decay rate 8. For x-dipole similar analysis
yielded an error of 0.2 %. Next, we considered uncertainty in the thicknessof h-BN with
variation up to 10 nm. For this case we obtained an error of ~ 0.1 % and 0.2 % in the relative
decay rate g for z-dipole and x-dipole, respectively. These results suggested that our results
are minimally affected by these variations. In our simulation, we set the refractive index of
h-BN to be 1.82 at 600 nm, and a weak linear variation was employed to calculate refractive
index at 570 nm and 620 nm as 1.84 and 1.81, respectively. However, some variationin h-

BN refractive index has been reported in both CVD grown as well as exfoliated samples. To



91

quantify the error in 8 dueto uncertainty in the refractive index of h-BN, we considered the
value of h-BN refractive index up to 1.90. Our simulation showed that even this large
uncertainty, the errorin 8 is ~4.1 % and 6.6 % for x-dipole and z-dipole, respectively. One
of the parameters which strongly influenced the decay rate calculationsand g isthe quantum
yield (QY) of the h-BN quantumemitters. It has beenreported that h-BN color centersexhibit
QY intherange 0.6 ~1.0[39,41]. We used this range to quantify the errors (shown in Figure
3.1-b). To eliminate this systematic error, we directly extracted the QY for our emitter(s).

3.12 Summary and conclusions

To summarize, we have demonstrated an experimental technique by which the axial
position of quantum emitters in a multi-layered h-BN flake can be extracted with
nanometer-scale accuracy by exploitingthe modification of photonic density of states using
a phase change optical material, VO,. Here, we tailor the optical environment of an emitter
in the vicinity of VO,/Sapphire substrate which generates a sharply distance-dependent PL
response. By performing time-resolved fluorescence spectroscopy, supplemented with
emission polarimetry, several specific quantum emitters were identified atan axial distance
of ~ 21 nm from the h-BN/VO, interface while also determining their full dipolar
orientation (8, ¢). Although, in this work, we focused on locating h-BN quantum emitters
with ZPL in the wavelength range ~ 550-640 nm, presence of other emitters with ZPL
outside this range as well as embedded further deeper in the flakes cannot be ruled out
Next, we utilized a polymer-assisted hot pickup technique to transfer the identified h-BN
emitters from a VO, measurement substrate to a SiO,/Si device substrate, which opens the
door to coupling of fully characterized emitters, where each emitter has undergone precise
measurement of axial position and orientation. It is worth noting that any phase -change
material which experiences a sharp change in optical properties would be suitable for this

purpose. However, VO, is particularly interesting because its insulator-to-metal transition
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happens near room temperature and is thus well suited to dynamically control emission
rates of quantum emitters near room temperature. Owingto the broadband nature of change
in the dielectric function of VO, when switched from the insulating to metallic phase, our
technique could also be extended to locating other visible or infrared quantum emitters.
Moving forward, characterizing, and controlling the spectral diffusion of our localized h-
BN quantum emitters for generating identical photons would constitute an interesting

direction for future research.
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Chapter 4. Stark tuning and linewidth control
of h-BN emitters by electrostatic field

4.1 Abstract

Color centered-based single-photon emitters in h-BN have shown promising photophysical
properties as sources for quantum light emission. Despite significant advances towards such
a goal, achieving lifetime-limited quantum light emission in h-BN has proven to be
challenging, primarily due to various broadening mechanisms including spectral diffusion.
Here, we propose and experimentally demonstrate suppression of spectral diffusion by
applying an electrostatic field. We observe both Stark shift tuning of the resonant emission
wavelength, and emission linewidth reduction (down to 89MHz) nearly to the
homogeneously broadened lifetime limit. Lastly, we find a cubic dependence of the linewidth
with respect to temperature at the homogeneous broadening regime. Our results suggest that
field tuning in electrostatically gated heterostructures is promising as an approach to control
the emission characteristics of h-BN color centers, removingspectral diffusion and providing
the energy tunability necessary for integrate of quantum light emission in nanophotonic

architectures.
4.2 Introduction

Hexagonal boron nitride (h-BN) is a van der Waals material with a large band gap of ~6 eV.
It has played apivotal role in the development of 2D materials-based devices asan excellent
gate dielectric and atomically smooth substrate [110,111]. This material also hosts single-
photon emitters in the visible range of the electromagnetic spectrum [2,112]. Color centers

in h-BN exhibit high stability at room temperatures and above [19,24], as well as high
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Debye-Wallerfactors [19,49,113], and potentially complete mechanical decoupling of the
emitter from vibrations of the lattice [25,114]. The atomistic picture of the origin of these
emittersisstill under debate, [20,22,46,87] butthe role of carbon in the formation of emitters
atvisible range of spectrum has been established [21]. Optically driven magnetic resonance
of ensemble[50,115] and single [116] emitters in h-BN shows these spins can be

magnetically addressed, useful for sensing and quantum computation applications.

Control of many quantum optical processes requires a source of spectrally indistinguishable
photons [4,32]. Thus narrow, ideally lifetime limited emission linewidthis therefore a crucial
issue for such applications. While color center point defects in h-BN are robust and bright
sources of single photons even at room temperature, the emission spectrum is typically
strongly affected by various broadening mechanisms. Previous studies have identified
spectral diffusion as one of the major broadening for h-BN single-photon sources, even at
cryogenic temperatures [57,60,88,117]. Spectral diffusion corresponds to rapid fluctuations
in the energy of the emitter which manifests itself as rapid movement of narrow
homogeneously broadened spectral lines. As a result, the observed line profile is a
convolution of the homogenously broadened spectral line and inhomogeneous spectral

diffusion driven broadening. (y = Ynom + Yinnom) The homogenously broadened linewidth

dependson the lifetime and dephasing processes (¥ hom = ﬁ +
1

1 .
HTZ*). Here, T; is the decay

lifetime of the emitter and T, is the pure dephasing time scale which can result from spin-
bath and/or emitter-phonon interactions. When the single-photon emission is purely lifetime

limited, the inhomogeneous broadening is eliminated and the pure dephasing contribution to
1

the homogeneous linewidth is zero, so the lifetime limit of the linewidth is p—

While the microscopic origin of spectral diffusion broadening is still under debate, there is

growing consensus that itinerant localized charges are a source of time-dependent electric
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fields in the emitter environment, which modulates the dipole overlap wavefunction leading
to spectral diffusion. Photoionization of nearby impurities [38,60], charging and discharging
of nearby charge traps [38,60], and presence of mobile charged impurities [57] are some
potential sources of these localized charges. The time scale of spectral diffusion can range
from microseconds [57] to milliseconds [60,117] to even seconds and minutes, depending
on the dominant source of fluctuating environmental and stray fields [118]. Also, the
dependence of spectral diffusion on pump power [117] supports the idea that the charges
responsible for spectral diffusion can be photo-activated. So far, several studies have
attempted different methods to suppress spectral diffusion in h-BN: for example, one study
used anti-Stokes excitation to stabilize the spectral line [118], but linewidth narrowing was
not studied. Another study used transparent conducting substrates and reduced the
inhomogeneous linewidth by 45% [88] but the resulting linewidth narrowing is still far from
the lifetime limit. Another study showed that by combining a resonant excitation and
loweringthe excitationpower, the effect of spectral diffusionwas reduced [117]. In quantum
dot single emitters, use of electric field for charge depletion is established as a method to

increase indistinguishability of the emitter [33].

In this report, we present a new method to suppress spectral diffusion of an h-BN emitter and
narrow the linewidth by nearly two orders of magnitude, approaching the lifetime limit of
the emitter linewidth. To achieve this goal, we apply an out of plane electrostatic field to an
emitter in h-BN and study its absorption spectra via photoluminescence excitation (PLE)

spectroscopy.

4.3 Effect of DC electric field on h-BN emitters

For this experiment, an h-BN emitter with a zero-phonon line (ZPL) at 573 nm is studied.

The emitter is induced in h-BN by the carbon doping method explained in the methods
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section; a Voigt fit to the line shape reveals a ZPL linewidth of 0.90 meV at 6.5 K, which is
higher than the average linewidth at cryogenic temperatures for emitters in thick exfoliated
h-BN flakes [88], suggesting a significant broadening due to spectral diffusion.

The emitter is placed inside an all van der Waals device consisting of few-layer graphene
electrodes and an additional buffer h-BN layer to prevent electrical shorting between the two
electrodes as shown in Figure 4.1-b. Second-order intensity autocorrelation experiment
shows a @@(0)=0.14 indicating single-photon emission, while time resolved
photoluminescence measurement revealsa decay lifetime of 3.36ns which corresponds to 47
MHz lifetime limited linewidth. The sample is cooled down to 6.5K and the
photoluminescence (PL) of the emitter is studied at voltages from -10V to 10V at steps of 1
V, under 532 nm excitation. As can be seenin Fig. 4.1-e, the Stark effect produces a linear
changeinthe energy of the ZPL, which suggestsanon-zero outof plane dipole moment. The
slope of peak position as a function of voltage in both PL and PLE measurements correspond
to a value of 2.7 meV/(V/nm), considering the 29.6 nm thickness of h-BN.

In other studies, a Stark tunability of 43 meV/(V/nm) [27] for in-plane electric field, and 2.5-
15 meV/(V/nm) [28] for out of plane electric field is observed for h-BN emitters. Comparing
with our resultand assumingthe dipole moment of differenth-BN emitters to be comparable,
we conclude that our emitter should be mainly in-plane with a small out of plane component.
Polarization measurement of the emitter also shows a linearly polarized emission in accord

with a small out of plane dipole.
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Figure 4.1. Effect of electric field on photoluminescence. (a) Schematic of the effect of electrostatic field on the single-
photon emitter, top panels show the emitter located in the h-BN crystal with and without the electric field and the bottom
panels show the emission spectra. Electric field locks charges located near the surface of h-BN at their place and reduces
spectral diffusion. (b) Schematic of the device consisting of top and bottom graphene contacts, h-BN contatining emitter
(shown as the red dot) and buffer h-BN. (c) PL map of the region containing the emitter. Each pixel is the integrated
spectra from 570nm to 575nm. (d) Microscope image of the device flake edges are marked with dashed lines show
location of top and bottom graphene and buffer and emitter h-BN. (¢) Normalized photoluminescence spectra of emitter

ZPL at T=6.5K at voltages rangingform -10V to 10 V. D. PL map of the device, the white circle shows emitter’s position.

More notably we see the linewidth narrowing as the voltage increases even in the non-
resonant excitation regime (PL measurements). As the absolute value of voltage increases
the linewidth approachesthe limits of spectrometer resolution equal to 0.2 meV. We note
that as the emitter undergoes several cycles of voltage tuning the broadening at 0V remains

unchanged suggesting negligible hysteresis in this process. This lack of hysteresis reveals

Normalized intensity
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that the charges responsible for spectral diffusion are not permanently removed/screened by
the electric field. This supportsthe idea that generation and recombination of the charges
responsible for spectral diffusion is a dynamic process, without long-term charge trapping,
and that this dynamic process can be negated at high enough electrostatic field. This effect
might be caused by the excitation laser, charging the surrounding dark defects, or mobilizing

the charges in the surrounding of the emitter.
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Figure 4.2. FWHM and shift of ZPL peak extracted from PL measurement.

In Figure 4.2 the result of the fits to Figure 4.1-e is shown. The FWHM shows increase as
voltage approaches zero and at high voltages (V>5V) the FWHM hits the limit of
spectrometer (~0.2nm @ 573nm). Linear fitto the peak shift Vs voltage shows the same
value as PLE of 0.09 meV/V. Furthermore, in Figure 4.3 the integrated intensity of the
emitter Vs. voltage is plotted, this plot does not show a significant dependence of Integrated
PL on the voltage which shows a lack of charge state variation in this emitter across the

voltages studied.
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Figure 4.3. Integrated intensity of PL Vs Voltage applied to electrodes.

4.4 Study of linewidth with photoluminescence spectroscopy

To further study the effect of electrostatic fields, without the limitations imposed by the
resolution of grating-based spectroscopy and non-resonant excitation, we performed
photoluminescence excitation spectroscopy (PLE) experiments using a continuous wave,
tunable, narrow linewidth laser source. In PLE experiment, a tunable source of CW laser
excitation is slowly scanned across the zero-phonon line and the intensity of the phonon
sideband is measured as a function of laser detuning. As a result, this method can measure
the absorption spectra of ZPL with a resolution approaching the linewidth of the scanning

laser source (~100 kHz).
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Figure 4.4. Emitter characterization and near lifetime limited PLE. (a) Second order autocorrelation function for photon
emission. The fit has a value of 0.14 at t=0. (b) Time resolved photoluminescence of the emitter. The solid line
correspondsto single exponential fit with time constant of 3.36ns this value corresponds to lifetime limited broadening
of 47 MHz. The deviation of data from fit at t>10ns is a result of hitting the noise floor of the photodetector. (c)
Normalized cryogenic (T=6.5K) PLE spectrum of the emitter at V=10V shows linewidth of 89 MHz. (d) At V=0V PLE
spectrashows multiple peaks. The blue trace shows a fit with 10 Voigt functions with the same line shape as part (c), the

black trace shows a single Voigt fit to assign a FWHM value equal to 8.5 GHz.

As shown in Figure 4.4, a two orders of magnitude reduction in linewidth is observed with
the application of an electrostatic field, almost completely removing the inhomogeneous
broadening effects at V=10V with a fitted linewidth of 89 MHz as shown in Figure 4.4-c.
The difference between the lifetime limit of 47 MHz and the measured value for linewidth
can have several possible explanations. One possible origin of this difference can be residual

spectral diffusion, while the electric field has suppressed most of the effect of local charges
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that impose spectral diffusion, it is possible that some local charge dynamic still exists and
the energy barrier to suppress these fluctuations are larger than the energy provided by the
electric field. A more likely source of broadening can be dephasing processes. Insuch a case
the observed linewidth will be limited by the total decoherence time scale consisting of
lifetime and dephasing time scales. The source of this dephasing can be lattice vibrations, in
which case a further reduction of the temperature can help to close the gap and achieve

lifetime limited emission.

In Figure 4.5 several scans of PLE at V=0V are shown. The variation of these PLE scans

clearly shows the effect of spectral jumps on the line profile at V=0V.
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Figure 4.5. 9 PLE scans of the ZPL at V=0 and T=6.5K. The difference in the scans are originated by the difference in

the local charges and their fluctuations.

The line shape of emitter at V=0V and voltages near zero exhibits several peaks. This

behavioris expected from spectral diffusion broadening as it is caused by the spectral line

jumping between several different energies. As PLE itself hasa time scale comparable to the

time for only few jumps, the PLE spectrum does not show a single wide peak. The result of

fitting with sum of 10 Voigt functions to V=0V data can be seenin Fig 4.4-d. This behavior

makes it challenging to assign a value for FWHM. So, we decided to assign a FWHM to

these peaks by simply fitting a single VVoigt function to the dataand report the FWHM of the

fitted peak. Even though this method does not capture the full complexity of the spectrum, it
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is effective in distinguishing between narrow and wide spectra and assigning a value for
FWHM. Atomic origins of this linewidth narrowing is not very clear as the atomic structure
of the emitters are still under debate, we attribute the origin of the linewidth narrowing
broadly to the changes in the local electroniccharge fluctuations in the vicinity of the emitter.
By applying an electric field, the charges in the h-BN are interacting with the DC electric
field and this interaction can cause fewer fluctuations of local charges, this concept is

depicted in Figure 4.1-a.

It is worth noting that in recent studies on the effect of electrostatic field on h-BN
emitters, [119,120] it has been observed that the emitter charge state can be modulated
because of electrostatic doping, such that the emitter can switch between optically dark and
bright states. However, we do not observe such an effect here. We suggest that for emitters
close to the h-BN surface, application of voltage induceselectron tunneling through the h-
BN barrier, thus populating, and depopulating the emitter states in the near-surface region
(within a few monolayers), effectively modulating the optical transitions f rom off to on. In
the present work, a second h-BN layer was added to prevent electrical shorting between the
two electrodes, and another consequence of this layer configuration is that it prevented
electron tunneling, since the emitter is not in close contact with the electrodes. Our results
suggest that the emitter is not within a tunnelling distance from the top electrode, implying
also that itis closer to the bottom of the flake. The spatial distribution of h-BN emitters has
not been very well studied, although several reports asserted that emitters are mostly located
in the vicinity of edges of the flake [47,51]. Also, one study on axial location of emitters in
h-BN has shown them to be close to the surface of a 300nm thick flake of h-BN [121]. So, it
is possible that in most cases the emitters are either located near the surface or close to edges

of the flake, which supports our understanding of both the recent studies cited, as well as this
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work. This phenomenon is possibly related to the microscopic effects of exfoliation and

emitter generation.
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Figure 4.6. Effect of DC electric field on PLE. (a) PLE spectra of emitter at T=6.5 K for applied voltages ranging from -
10V to 10V. (b) Full Width at Half Maximum (FWHM) of the peaks determined with a Voigt profile fitas a function of
applied voltage, the minimum linewidth of 89MHz is achieved. (c) Measured peak position of the emitter relative to its
peak position at 0V as a function of applied voltage.
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4.5 Effect of temperature on the linewidth

The effect of temperature on linewidth has been discussed elsewhere [60,88,117] but the
linewidth is usually convoluted with inhomogeneous broadening, so the pure effect of
temperature on the emitter has been difficult to study independently from the effect of
spectral diffusion. Sincethe electric field can suppress the contribution of the inhomogeneous
broadening mechanisms on linewidth, we leveraged this opportunity to study the
homogenously broadened linewidth of the h-BN emitter and the effect of temperature on it
We observed a power law increase in the linewidth as temperature increases, with exponent
n=3.02 suggesting a T2 dependence of homogeneous linewidth on temperature. This result is
in accordance with some earlier studies on h-BN emitters. [60] However, some other studies
have shown a linear dependence [88] or a combination of linear and cubic, AT+BT3, [117]
dependence of linewidth on temperature. By carefully examining the results of these studies
and comparing itwith our results, we noticed that the study which used emitters with a strong
spectral diffusion effect shows linear dependence [88], and the study which had low
temperature linewidth of 1 GHz, exhibits AT+BT3 dependence of linewidth on temperature,
with the linear part dominant below 20K [117]. Comparing the results of these studies to our
work, in which spectral diffusion is almost completely suppressed, leads usto conclude that
spectral diffusion in h-BN is also activated by thermal fluctuations and exhibit a linear
variation with temperature, but purely phononic linewidth broadening effects in h-BN result
in a T® dependence of linewidth on temperature. This is in contrast with diamond emitters

which show no dependence of spectral diffusion on temperature below 20K [58].
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Figure 4.7. Effect of temperature on PLE. (a) PLE traces of the emitter at V=10V for various temperatures. (b) Fitted
value of FWHM of the peaks as a function of temperature with a power law fit (FWHM=ATn+C) with a best fit value of
n=3.02+0.51, error bars correspond to 95% confidence interval of the fitted values, and the minimum linewidth is 89MHz
at 6.5K.

A T3 dependence of linewidth on temperature is also observed in diamond nitrogen-vacancy
(NV) centers [38]. In the case of NV centers, one possible explanation of the T3 dependence
is the fluctuating field created as phonons modulate the distance between the emitter and
other defectsand impurities, and as a result this type of dependence is mostly observed in
samples with high disorder [122]. Our results suggest that this phenomenon is also present
in h-BN. The surface of 2D flakes of h-BN is more prone to defects and the emitters in thin
layers of h-BN are always close to surface, which can make this the dominant effectin h-
BN. This is also in accordance with large spectral diffusionat 0V observed in our study,

pointing to the existence of a very defective environment. This argument suggests that in an
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ideal case in which spectral diffusion is fully suppressed and the defects to modulate local
phonons are non-existent, it is possible to have a minimal effect of temperature on linewidth
as reported elsewhere [25].

We have fitted the PLE scans at V=10V for the temperature range of T=6.5K to T=120K
with Voigtfits to extractthe Gaussianand Lorentziancontribution of each PLE spectra. Since
thermal broadening is a homogeneous broadening mechanism, it will keep a Lorentzian
profile and spectral diffusion will exhibit a Gaussian linewidth and the total line profile will
be a convolution of Gaussian and Lorentzian which is a Voigt profile. Our resultsin Figure
4.8 shows that for T>20K the Gaussian contribution is basically insignificant to the extent
thatour fittingmethodreturns zero value for Gaussian FWHM. The Gaussian FWHM is only
significant at T=6.5K and T=20K which can mean there is a small residual spectral diffusion
at these low temperatures however the general trend of FWHM Vs temperature is set by the
Lorentzian part and the T3 dependence of inhomogeneous linewidth on temperature is

deduced from this result.
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Figure 4.8. The left panel shows Voigt Fit (red) to the PLE data (black) traces for temperatures from 6.5K (bottom) to
120K (top), the right panel shows the fitted values for the Lorentzian and Gaussian FWHM (GHz) extracted from the
Voigt fit.

4.6 Reproducibility of results

To check the reproducibility of our findings we have fabricated a second device with the

same geometry. For an emitter with ZPL=585nm we have been able to reproduce the same
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results, for this device based on the higher thickness of buffer h-BN we applied voltages up
to 30V in both directions.
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Figure 4.9. Optical microscope image of the device, the white dashed line shows the active region of the device containing
all 4 layers of top graphene, emitter h-BN, buffer h-BN and bottom graphene, the white circle shows the location of the
emitter. b) PL traces of the emitter at voltages ranging from -30V to 30V, thisemitter does not show a significant variation
of PL linewidth and the linewidth is limited by the spectrometer resolution limit. c) PLE traces of the emitter at voltages
ranging from -30V to 30V, d) effective FWHM of the PLE as a function of voltage with a minimum linewidth of 187
MHz at V=-20V.
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This emitter shows linewidth reduction from 1.50 GHz at V=0 to 187GHz at V=-20V.

4.7 Experimental methods
4.7.1 Emitter preparation

The emitter was prepared by annealing an h-BN crystal (HQ graphene) in between two
carbon tablets(MSE supplies Carbonsputteringtarget >99.99% pure) at 1200C for 10 hours.
Then, the h-BN crystal was exfoliated with Scotch tape onto a silicon oxide on silicon
substrate. The exfoliated h-BN flake is 13.9 nmthick, and an emitter is identified with a ZPL
at 573 nm. This flake containing emitter is used in a device to produce a graphene-h-BN-

buffer h-BN-graphene structure.
4.7.2 Device fabrication

Graphene and buffer h-BN were directly exfoliated onto SiO, (285 nm)/Si substrate and
identified via their optical contrast. Substrates were cleaned via ultrasonication in acetone,
isopropanol, and deionized water for 20 minutes each and then subject to oxygen plasma at
300mTorr, 70W for 5 minutes. Exfoliation was done at 100°C for higheryield of flakes. All
layers were assembled via the polymer-assisted hot pickup technique [109] (with
polycarbonate/polydimethylsiloxane stamps). Flakes were picked up between temperatures
of 40-70°C anddropped at 180°C. The polycarbonate was washed off in chloroform followed
by isopropanol overnight (12 hours). The assembly was done on a substrate of SiO, (285
nm)/Si with prepatterned electrodes/contacts of 5nm Ti/95nm Au fabricated with electron
beam lithography followed by electron beam evaporation of metal and subsequent liftoff in
acetone and isopropanol. Finally, the device was wire bonded onto a custom-made printed
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circuitboard. The device was then transferred to Attocube Attodry800 cryo microscope for
optical characterization. Atomic force microscopy of the device is used to determine the
thickness of emitter h-BN and buffer h-BN is.
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Figure 4.10. AFM topography (left panel) of the device. Two traces (middle and right panel) correspond to lines shown
as 1and 2 on the topography map. These two traces are used to extract the thickness of buffer h-BN and emitter h-BN
flakes. The total thickness of both h-BN together is 15.7+13.9=29.6 nm.

4.7.3 Optical characterization

We use a 532nm CW laser (coherent) as excitation source for PL measurement at 100 pW
and used a spectrometer (Princeton Instruments) to measure the PL spectrum. Spectra

acquisition time was 60 seconds.

g2 experiment was done at room temperature with 532 nm CW excitation at 100 pW and the
light was fiber coupled to a fiber beam splitter (Thorlabs) connected to two avalanche photo

diodes (Micro photon devices) and the single-photon events were registered by a
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Picoharp300 electronics (Picoquant) at TTTR mode. The signal was analyzed with a custom
MATLAB script.

We used atunable CW Dye laser (Sirah Mattise), the signal from emitter was passed through
a 620 £10nm bandpass filter and was detected via an avalanche photo diode. The excitation
wavelength was measured with a wavemeter (Angstrom). PLE is performed at 10nW power

at scan rate of 1 GHz/s.

The emission from single emitter is passed through a rotating polarizer and the signal is
detected with an avalanche photo diode. Polarization measurement of the emitter shows a

linearly polarized emission. This emission suggests a mainly in plane dipole.
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Figure 4.11. Polarimetry of the single-photon emitter performed at room temperature and without an electric field.

We did a least square fit to the polarization plot with the functional form of I =1, +

I;cos?(0 — 6,) and the resulting visibility is:
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I
Ip+ 1

= 0.74 + 0.16.

We attribute the deviationof visibility from 1 to the finite numerical aperture of the objective

lens, instabilities in emission at V=0 and small out of plane component of the dipole.

1

0.8}
E 06}
@ Vis = 0.74+0.16
> 0-4 3

0.2} 0= 64°£13.8°
—_——
9 .
0 20 40 60 80

Polar angle [deq]

Figure 4.12. The resulst of ray tracing simulation to estimate the out of plane dipole component.

To quantitively estimate the dipole orientation we performed a ray tracing simulation to

include the effect of NA=0.9 of the objective and the polar angle of the dipole is 64+14
degrees.
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4.8 Summary and conclusion

In summary, we have shown that an out-of-plane electrostatic field can suppress spectral
diffusion while also Stark tuning the emission energy of h-BN color center single-photon
emitters. Our findings may pave the way for on-chip h-BN quantum communication
technologiesby removingthe barrier to achieving lifetime limited photons, and to potentially
generate indistinguishable photons. The extra degree of freedom provided by stark tuning is
also desirable to couple the emitters to resonance modes of photonic cavities. Finally, we
also studied the dependence of linewidth on temperature in lack of spectral diffusion and

found it to be proportional to T3.
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Chapter 5. Photon statistics of h-BN emitters

5.1 Abstract

This study investigates the quantum photon statistics of h-BN emitters by analyzing the
Mandel Q parameter. Through extensive experimentation, we measure Mandel Q for h-BN
emittersunderan array of excitation conditions, examining its dependence on various factors
such as temperature and pump power. Our results show that under pulsed excitation we can
achieve Mandel Q of -0.002 and under CW excitation this number can reach -0.0025. We
investigate the effect of cryogenic temperatures on Mandel Q and conclude that temperature
weakly correlates with Mandel Q. Finally, our findings are used to showcase the impact of
Mandel Q in quantum applications by providing an example of random number generation

and the effect of Mandel Q on the speed of generating random bits via this method.
5.2 Introduction

Hexagonal Boron Nitride (h-BN) is a 2D Van der Waals material with band gap of 6eV [42].
It is shown that pointdefects in h-BN can act as color centers and used as single-photon
sources [2,45,46]. The underlying atomic structure of the class of h-BN emitters emitting at
around 585 nm (which is used in this study) is reported to be dependent on Carbon
impurities [21], However the exact atomic structure is not determined [20,21]. These
emitters are shown to be highly stable at room temperature [19] and higher temperatures up
to 800K [24] with a large Debye-Waller factor (>80%) [2]. These emitters exhibit
tunable [27,28,123] and lifetime limited linewidth at cryogenic [59,123] and room
temperature [25]. Due to the 2D host these emitters are a great candidate for on chip [29]
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guantum-nano-photonic applications such as quantum communications and quantum

computation [41].
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Figure 5.1. The schematic of Mandel Q analysis. (a) shows a stream of photon events with and without dividing into time

bins, (b) is the histogram created by binning the photon stream, (c-d-e) histogram of Sub-Poissonian, Poissonian and

super-Poissonian photon statistics. The value of Mandel Q depends on whether variance of the distribution is greater or

smaller than the average.

For many quantum applications the requirement for the emitter is for it to be able to emita

single-photon (preferably indistinguishable single photon) on demand [33]. To satisfy this

requirementoneneeds to achievean ultimate sub-poissonian photon statistic. In other words,

if we divide the photon generation into cycles, there needsto be one and only one photon
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generated per each cycle. With this vision in mind Mandel proposed the notion of Q
number [124,125]. Q is defined as:
SZ
Q= ﬁ ~1.

In this equation S2 is the variance of the photon number per cycle and (N) is the average
number of photons per cycle. As shown in Figure 5.1 we can divide the stream of photons
into several time-bins and measure the statistics of number of photons per bins. For a
coherent source of light (LASER) the number distribution follows a poissonian
distribution [126], in which the average and variance are equal, hence Q_aser=0. For and
ideal single-photon source, there is 1 and only 1 photon per cycle so the variance is zero,
hence Q;4ea1 spe = —1, this mode of statistics is then called sub-poissonian for having a
variance lesser than variance of Poissonian distribution. For a thermal source of light, the
statistics is super-poissonian which means Q>0 [126] . Even though for an ideal SPE, Q=1
for the case of real-world SPEs -1<Q<0 and the absolute value of Q for each excitation cycle

is limited to the emission efficiency of the SPE and collection efficiency of the setup [127].

Mandel Q has been studied previously mainly in the pulsed excitation regime and
theoretically the single-pulse Mandel Q is shown to be correlated with the value of

9@(0) [126]. However, the experimental value of Qgingie puise is limited by the collection

efficiency of the experimental setup [127]:

Qexperimental = Qsingle pulse X1

Where 1 is the combined losses in the photon detection process. The fact that this correlation
between g@(0) and Q exists and the difficulty of measuring the Qgingrepuise due to losses

has discouraged most of studies on quantum emitters to measure this parameterand only
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report the g@ function to showcase the quantum nature of the emission, despite the

importance of Mandel Q for most applications.

Measuring photon statistics of a quantum emitter under continuous wave (CW) excitation
has not been done extensively. We only encountered one study [128] that perform this
analysis and based on their results dead time of single-photon detectors play a major role in

determining the photon statistics.
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Figure 5.2 Schematic of the experimental setup that collects photon incidents for photon statistics analysis.

In this study we start by exploring the Mandel Q with the traditional method of pulsed
excitation and for the first time explore the temperature dependence of pulsed Mandel Q.
Then we explore rich regime of photon statistics of a stream of photons generated by CW
pump. In this regime the natural time scale of pump and decay dictates the statistics of the
emission. We show that in this regime we can beat the limit of efficiency of detection setup
for Mandel Q and we also show that pump power can be used as knob to tune Mandel Q. We

then use this knob to further demonstrate the importance of Mandel Q in quantum
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applications that require on demand single photons. (In our case for random number
generation.)

5.3 Pulsed Mandel Q

We start our analysis by studying emitters in exfoliated flakes of h-BN on Si/SiO2 substrate.
The flakesare scanned in our homebuilt confocal microscope to find single-photon emitters.
each emitter exhibiting a narrow zero phonon line then will be tested through intensity
autocorrelation measurement to measure the g@ function. For the emitter under study here
we observe a zero phonon line at 588 nm and a g®@(0) well below 0.5 threshold, that
corresponds to a single-photon emitter. The emission rate shows two distinct on and off states
switching between 50 to 100 kHz emission rate, this phenomenon is known as
blinking [55,127] and is proposed to be a result of existence of a meta stable third state in the
level structure of the emitter (as shown in Figure 5.3-g) . The pulsed g@ also shows
antibunching and the polarization pattern exhibits a dipole radiation pattem matching other
studies [121,129]. We calculated the Mandel Q of this emitter by measuring the statistics of
photons generated by each pulse in the time span between two consecutive pulses. To remove
some of the background noise we performed time gating as introduced in previous
studies [127] to remove photons arriving at times larger than 10ns (~10 times the decay
lifetime of the emitter). Based on the loss in our microscope (efficiency ~0.005) we expect
most of the pulses to show zero counts and some pulses containing 1 or two photons, we do
not expect to observe more than 2 photons per pulse in thisregime as it is limited by the dead
time of the detectors. We chose the pulse-to-pulse duration of 100 ns based on the deadtime
of our Avalanche photodiode single-photon detectors (more details in Methods section). as
shown in Figure 5.3-h the single-pulse Mandel Q shows the value of -0.002.
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Figure 5.3. Characteristics of h-BN emitter under pulsed excitation. (a) Microscope image of the h-BN flake containing
the quantum emitter. (b) PL spectral of the emitter with a ZPL at 588nm and asideband at 638nm. Inset shows CW g?
function of this emitter. (c & g) Emission rate of the emitter as a function of time. The emitter exhibits two emissive
states of on and off with 50kHz and 100kHz emission rate, respectively. (d) Result of pulsed coincidence measurement
of the emitter. (e) TRPL measurement shows decay lifetime of 1.06 ns. (f) Polarization measurement shows a dipole

emission pattern. (h) Single-pulse Mandel Q values for emitter in h-BN, coherent source, and thermal source.

5.4 Comparison of h-BN quantum emitter and other light sources

To compare our results with a coherent source and a thermal source of light we perform the
same experiment with a laser light and the thermal beam generated by a light bulb. As can
be seen in table 5.1 we observe a Q=(-1.97+0.42) X10-3 for h-BN emitter. The result is well
below zero considering the error of the measurement derived from averaging the results of 5
experiments. For laser light Q= (-1.25+4.01) X10-4 which shows zero is within the error bar,
slight negative value can be explained by the effect of dead time on measurement of two
consecutive photons, every instance recorded with two photonsis a result of measuring one
photon at channel 0 and another photon at channel 1 as one channel can not record both
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photons since after recording the first instance it will enter a period in which it can not record
anotherincidence. Asaresult, the number of twophotonincidents thatarerecorded is smaller
than the actual number of two photon incidents which results in a smaller Mandel Q. For
thermal light we observe Q= (6.59+0.77) X10-3 which is positive within error bar as
expected. This resultis also depicted in Figure 5.3-h to compare the Mandel Q of single-

photon source, laser, and thermal light.

Single-photon emitter Laser Thermal source
# 1-photon|2-photon Mandel Q # 1-photon | 2-photon Mandel Q # 1-photon|2-photon Mandel Q
/pulse | counts /pulse | counts /pulse | counts
1 0.00494 118 -0.00017
1 0.005088| 69 -0.00238 > 0004971 104 0.00078 1 5.50E-04 18  |5.99E-03
3 0.00497 | 103 -0.00083
2 0.005667| 97 -0.00224 2 000491 133 0.000505 2 5.46E-04| 20 |6.78E-03
5 0.00492 | 125 0.00016
3 0.005026| 95 -0.00125 5 000493 124 9.98E-05 3 547E-04| 21 7.13E-03
7 0.00491 123 9.67E-05
4 0.005349| 97 -0.00172 8 0004951 115 -0.00031 4 5.55E-04 17  |5.58E-03
8 0.00493 | 125 0.000133
5 0.004845| 63 -0.00224 10 000489 116 0.00015 5 5.49E-04| 22 [7.47E-03
Average |5.20E-03| 84.2 |-1.97E-03 Average |4.93E-03| 118.6 | -1.25E-04 Average |5.49E-04| 20 [6.59E-03
Std. Dev.|0.000286] 17 4.24E-04 Std. Dev.|2.60E-04| 9.5 4.01E-04 Std. Dev.|3.36E-06 2 7.68E-04

Table 5.1. Comparison of single-photon emitter, laser, and thermal light Mandel Q

5.5 Effect of temperature on Mandel Q

We performed this experiment on another emitter prepared via same method on the same
substrate in a cryogenic microscopeto studythe effect of temperature on the photon statistics.
This emitter exhibitsa narrow zero phonon line at 585 nm. To measure the true linewidth of
the emission we performed a photo luminescence excitation experiment in which we scan
the zero-phonon line with a tunable CW laser and measure the emission rate in the side band
(630nm-650nm). This measurement yields the value of 305 MHz for the linewidth which

even though not quite lifetime limited but shows very small spectral diffusionat 7 K. We
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measured the Mandel Q for temperature values of 7K, 50K, 100K, 150K, 200K, 250K and
for each temperature we performed the same time gating procedure mentioned previously
to remove the background noises and the result shows that however the minimum Mandel Q
Is achieved at 7K the correlation of Mandel Q to temperature is not strong and the value of
Mandel Q fluctuates around zero with a minimum of -0.0002. We estimate the optical losses
in our cryo-microscope to be around 0.0005 which might explain the difference between the

numbers observed at room temperature and cryo temperatures.
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Figure 5.4. Temperature dependence of h-BN emitter Mandel Q under pulsed excitation. (a) PL spectra of the emitter at
7K, (b) CW g(2) function of the emitter. (c) Result of PLE experiment on the zero phonon line of the emitter, the emission

shows a narrow linewidth of 305MHz. (c) Mandel Q of emitter at different temperatures from 7K to 250K.
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5.6 CW Mandel Q

Furthermore, we studied the photon statistics of h-BN emitter in the CW regime. In this
regime we have the freedom of choosing the time bin size to measure Mandel Q as there is
no intrinsic time scale (other than the lifetime of the emitter). This concept is depicted in
Figure 5.5(a). However base onaprevious study [19] the dead time of ourdetectorscan skew
the result towards more negative numbers. To resolve this issue we have limited ourselves
to a regime in which the inverse count rate of photons (~1000 ns) is much longer than the
dead time(~100ns). In this regime the average time span between two consecutive photons
is much longer than the dead time and as a result the effect of dead time does not affect our
result.

We examine a range of time bin sizes to reveal the optimal time bin size to reach the largest
negative value of Mandel Q. As shown in Figure 5.5-b there is an optimal value of Mandel
Q, we denote this value by Qmin and the time bin size that corresponds to this value as T gmin.
Anotherinterestingtime scale in thisanalysis is the time bin size in which the emitter reaches
Q=0 we call this time scale the onset of coherence as emitters in this condition exhibits
poissonian photon statistics and at larger time scales exhibits super poissonian statistics. We
use pump power as a knob to change the photon emission rate and study the CW photon
statistics of the h-BN quantum emitter. As shown in Figure 5.5-c we operate in the linear
regime of excitation-emission and not close to saturation. But we notice a not monotonic
dependence of minimum Mandel Q on pump power. However, the dependence of minimum

Mandel Q on Tgmin is observed.
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Figure 5.5. CW Mandel Q of h-BN emitter. (a) Schematic of pulsed and CW Mandel Q. (i) Ideal case of pulsed excitation
will result in one single-photon per pulse, (ii) considering losses, some of the single photons cannot be detected, (iii)
pulse to pulse time scale imposes a natural time scale for binning and reporting the photon statistics. (iv) With CW
excitation there is a stream of photons generated based on random excitation and decay of the emitter, (v) due to losses,
some of the photons generated cannot be detected, (vi-vii) in the case of CW the freedom to choose the bin size can offset
the effect of collection efficiency to some extent. (b) plot of CW Mandel Q as a function of time bin size. (c) Dependence
of photon emission rate on pump power shows we are not operating near saturation. (d) CW Mandel Q Vs. pump power.

This plot does not show a clear dependence of CW Mandel Q on pump power mainly due to blinking. (e) There is a
strong correlation between Qmin and onset of coherence.

To understand this pattern, we study the blinking behavior of the emitter at various pump
powersand try to isolate the on times (in whichthe emitter is in a brighter state) and off times

(in which the emitter is in a darker state) and calculate Mandel Q for each case individually.
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The result shown in Figure 5.6 shows that as long as the portion of On time is significant the
Minimum Mandel Q is inversely correlated with the pump power. We want to note at the
maximum pump power the emitter became quite unstable and was in the on state only for a
short while.
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Figure 5.6. Effectof blinkingon Mandel Q. (a) Emission rate of the emitter Vs. time shows clear on and off states. (b)
dividing the data into on and off parts and calculating Mandel Q for each part. (c) Dependence of blinking on pump
power. As the pump power changes the blinking pattern also changes and there is no clear correlation between pump
power and the percentage of time that emitter is in the on state. However, for the maximum power (175uW) the emitter
is mostly in the off state. (d) Dependence of minimum CW Mandel Q on pump power. As power increases, the Mandel

Q decreases.
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5.7 Application of Mandel Q in Random Number Generation

Since we can use pumppower asaknob to change the CW Mandel Q, we usedthis advantage
to showcase the importance of Mandel Q in quantum applications. We chose quantum
random number generationas an example of quantum applicationthatdepend on on-demand
single-photon sources. We note that other studies already used h-BN emitters for random
number generation [130,131]. We propose two protocols to generate random bits from h-BN
single-photon emitter to stablish the importance of Mandel Q in randomness of the bits
generated. In the firstmethodwe use each individual photon even recordedin the two single-
photon detectors at the two end of our Hanbury Brown-Twiss setup and if the photon was
detected at channel 0 we generated a bit with value 0 and if the photon was recorded at
channel 1 we generated a bit with value 1. In the second method we chose a time bin size
equal to TQmin and bin the detected stream of photon events based on this value. Then we
search forbins with 1 and only 1 photon in the bin. And finally, if the photon is recorded in
channel 0 we generated a bit with value 0 and if the singular photon is in bin is recorded in

channel 1 we generated a bit with value 1.
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Figure 5.7. Random number generation with h-BN emitters. (a) Protocol 1 of RNG. In this protocol we do not use Mandel

Q and simply examine every photon detected. (b) Protocol 2 of RNG. In this protocol we bin the data with the time bin

size that provides the minimum Q. (c) comparison of randomness of the bits generated by each protocol via NIST

randomness test suite. Protocol 2 passesall tests while protocol 1 does not pass 4 tests. (d) Dependence of time required

to generate a bitwith protocol 2 with emitter pumped at various pump powerson the Mandel Q. The trend clearly shows

at more negative Mandel Qs it takes less time to generate a random bit.
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To compare these protocols, we ran the random numbers generated through NIST
randomnesstest [132]. This test suite performs 16 different test to approve the randomness
of the bits generated. With each method we generated 400°000 bits and based on the result
shown in Fig 5.7-c the bits generated with method 1 did not pass 4 of the 16 testswhile the
bits generated by method 2 passed all the tests.

To demonstrate the randomness, we also generated a set of 20 digit binaries and turned them
into decimal. The result should be a random decimal between 0 and 22~106 .we then plotted

the histograms of these decimals and the result for all pump powers looked like the uniform

distribution.

Figure 5.8. Histograms of random decimals generated binned from 0 to 106 for powers from 25-175uW.

Furthermore, we calculated the time it took to generate one bit on average for each pump
power and showed that as CW Mandel Q decreases the random bit generation rate increases.

This is an intuitive conclusion as we know the most negative Q means there is higher on-
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demand-ness of photon generation process and as a result the process can be performed in
fewer cycles. This result shows the significance of Mandel Q for quantum applications that
require on demand single photons, such as quantum communication and quantum

computation.

5.8 Conclusion

To sum up, this research servesas a deep dive into the world of photon statistics of h-BN
emitters. We explored both pulsed and CW excitation, at room temperature and at cryogenic
temperatures, with various pump powers. We showed that h-BN quantum emitters exhibit
negative Mandel Q in the pulsed excitation regime as expected. To Show the credibility of
our methodology we compared this value to a coherent source of light and a thermal source
of light. We examined the photon statistics of a narrow linewidth emitter at cryogenic
temperatures and did not observe a strong dependence of Mandel Q on Temperature.
Furthermore, we studied CW Mandel Q of h-BN emitters and showed how pump power can
actasaknob to change CW Mandel Q and finallywe demonstrated how The value of Mandel
Q impacts the performance of a quantum random number generator and for a more negative

Mandel Q (for the same emitter) the process of random number generation can be sped up.
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Chapter 6. The path forward

6.1 Towards indistinguishable single-photon emitters in h-BN

In this thesis, we have demonstrated a method for achieving lifetime-limited linewidth in
single-photon emission from hexagonal boron nitride (h-BN). However, the measurement
thatconfirmed this lifetime-limited linewidth—photoluminescence excitation—isinherently
an absorption measurement. We inferred the existence of lifetime-limited photons by relying
on the reciprocity principle between absorption and emission. Future efforts should
concentrate on extracting these lifetime-limited single photons and testing their
indistinguishability. The conditions that lead to a lifetime-limited linewidth, particularly the
suppression of spectral diffusion and resonant excitation, should also apply in the case of
indistinguishable single-photon emission. Nevertheless, fulfilling the resonant excitation
condition presents several challenges. Firstly, extracting single photons resonant with the
excitation laser necessitates a methodto filter out the back -scattered remaining laser photons.
This filtering cannot rely on the energy of the photons, as both laser photons and single-
emitter photons share the same energy. Consequently, we have begun to develop a filtering
scheme based on thepolarization difference betweenexcitation photons and emitter photons,

as discussed in Section 6.1.1.

Moreover, we require a method to characterize the linewidth of these lifetime-limited
photons. Grating-based spectrometers lack sufficient resolution to resolve the narrow
linewidth, and the photoluminescence excitation used previously for measuring the narrow
linewidth is ineffective in this context due to its inherent nature as an absorption
measurement. As a result, we designed and constructed an interferometry setup to perform

single-photon interference. By collecting sufficient data and measuring the coherence length
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of the single-photon wave packets, we can determine both the linewidth and the wave packet
structure of the photons, deriving the linewidth accordingly. This method is explained in
Section 6.1.2.

Lastly, we need a method to assess the indistinguishability of single photons. Historically,
this measurement is performed using a Hong-Ou-Mandel experiment. This method can be
conducted with asingle emitterby introducinga delay line to observe theinteraction between
two consecutive photons from the same emitter, or with two separate emitters that emit
photons of the same energy and coherence properties. The details of this measurement are

outlined in Section 6.1.3.

6.1.1 Cross polarization filtering

The concept of cross-polarization filtering involves exciting the emitter with a linearly
polarized laser and collecting photons emitted from the emitter with a polarization
perpendicular to the excitation polarization. Although the emission pattern of the h-BN
emitter is dipole, optimal excitation and detection are not feasible. However, by performing
the excitation with linearly polarized light at a 45° angle to the emitter's dipole axis and
collectingthe lightthrough a linear polarizer at -45° relative to the dipole axis, we can collect
half of the emitted light. This amount is sufficient for conducting quantum experiments,
though it requires twice the time to achieve a similar signal-to-noise ratio. To effectively
remove the laser light and achieve a desirable signal-to-noise ratio comparable to spectral

filtering, we need an extinction ratio of 10-.

We attempted to build a setup consisting of a linear polarizer in the excitation path, along

with a linear polarizer in the detection channel. In this experiment, we observed that the
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extinction ratio barely reached 10-1. Consequently, we hypothesized that the optics in our

microscope were either depolarizing or altering the polarization state of the light.

a b
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Figure 6.1. The cross polarization technique. (a) a schematic of the simplest possible the cross polarization setup with
two polarizers and a90:10 beam splitter. (b) ideal configuration of emitter dipole and excitation and detection polarizers.

(c) result of rotating both excitation and detection polarizers, the color indicates the amount of output intensity.

To investigate this, we performed an experiment to examine the output of the microscope
when linearly polarized light enters under various conditions, using a method involving a
quarter-wave plate and a linear polarizer, as explained in a referenced study [133]. By
rotating the quarter-wave plate and recording the output intensity, we measured the four

Stokes parameters describing the full polarization state of the output light.
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Figure 6.2. the resultof experimentwith blockingthe beam with a mirror and rotating the QWP. Result shows a small

change of polarization plane, and very small depolarization.

Initially, we blocked the output of a 90:10 beam splitter with a mirror to determine if the
beam splitter was altering the polarization state. The resulting Stokes parameters indicated
that the beam splitter did not significantly change the polarization state, nor did it depolarize

the light.
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Figure 6.3. The experiment with reflective gold sample instead of h-BN sample. the result shows that the microscope

optic change the polarization to an elliptical state with a large Sa.

Next, we replaced the h-BN sample with reflective gold to test if the change in polarization
was caused by the microscope's optics. The experiment showed that the output light had a

significant circular polarization component. Depolarization, calculated as below was

negligible:
depolarization(%) = (1 — 1T

Replacing the gold with an h-BN and graphene device on a SiO2/Si substrate showed that
the sample depolarized the light by 3% but did not further change the polarization state. Our
findings suggest that the microscope's internal optics, including the objective lens and
mirrors, alter the polarization state from linear to elliptical. To counteract this, we used a

quarter-wave plate in the detection path, achieving an extinction ratio of 10-4. The remaining
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discrepancy to 10-6 is attributed mainly to the light's depolarization caused by the h-BN

device and the suboptimal extinction ratio of the polarizer.
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Figure 6.4. Schematic and the result of the experiment with a full h-BN device. Result shows an elliptically polarized

light similar to the gold sample however there is around 3% depolarization.

We also experimented with Glan-Thompson polarizers, which offer higher extinction ratios.
However, these polarizers displace the beam based on their orientation, complicating the

coupling of the output light to fiber-coupled detection devices.

Insummary, we attemptedto constructa cross-polarization setup to filter the excitation beam
based on its polarization. However, we realized that a simple cross-polarization scheme is
ineffective due to the ellipticity induced by our microscope optics. Further refinement of the
optical setup is required to efficiently use Glan-Thompson polarizers and effectively couple

the output light to the detectors.



136

6.1.2 Single-photon interferometry

We developed a Mach-Zehnder interferometer to analyze the single photons emitted by the
h-BN emitter. The advantage of the Mach-Zehnder geometry lies in its ability to probe both
outputs simultaneously, makingitsuitable for correlationmeasurementsif needed. However,
for single-photon interferometry, only one of the outputs is necessary. The schematic of the
setup is shown in Figure 6.5. Our interferometer consists of a long arm, spanning 300 mm,
and a shortarm, extending 3 mm, equipped with a piezo stage that has a precision of 50 nm.
We successfully observed fringes using an input laser light of 532 nm. The effectiveness of
this setup for single-photon interferometry relies on the efficient filtering discussed in
Section 6.1.1. In principle, this setup is capable of measuring coherence times as short as
femtoseconds, which is significantly more precise than required for measuring the

nanosecond-lifetime coherence of the single photons in h-BN.
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Figure 6.5. The interferometry setup to measure emitter linewidth. (a) The schematic of our MZI. (b) The resulting

fringes appearing on the screen.
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6.1.3 Hong-Ou-Mandel experiment

The Hong-Ou-Mandel (HOM) experimentisasignificantexperimentin the field of quantum
optics that demonstrates two-photon interference. This phenomenon was first observed in
1987 by Chung Ki Hong, Zheyu Ou, and Leonard Mandel [125], physicists from the
University of Rochester. The essence of the HOM effect lies in its demonstration of two

identical single-photon waves entering a 50:50 beam splitter, one photon in each input port.

In the experiment, when two indistinguishable photons impinge on a beam splitter, each
entering through a separate input, they invariably exit together through the same output port.
This outcome highlights a fundamental aspect of nonclassical interference and serves as a
foundational experiment for numerous studies in quantum information. The experiment
involves the interference of two photons as they reach a symmetric beamsplitter.

4 4
Figure 6.6. In HOM experiment if the two incoming photons are indistinguishable they interact and as a result both

photons exit at the same channel.
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This effect is an example of a two-particle interference phenomenon, which is a key concept
in quantum mechanics. It demonstrates the quantum nature of light, as such behavior does
not align with classical physics predictions. In the context of the HOM experiment, the
photons (or in some variations, other bosonic particles) always emerge on the same, but

randomly chosen, output port when they interfere on a beam splitter.
6.2 High photon collection efficiency

Another limitation of h-BN emitters is their low photon collection efficiency. While the few-
nanosecond lifetime of these emitters should yield an emission rate of a few hundred GHz,
the recordedemission rates atsaturationare onlyin the order of a few MHz. This discrepancy
is largely due to low collection efficiency. A considerable partofthis inefficiency stemsfrom
the poor coupling of the emitter to the microscope optics. With aconventional objective lens,
depending on its numerical aperture, only a small fraction of the photons emitted by the
emitteriscollected. Onesolution to this issueinvolves using nanophotonics to direct the light
emitted by the quantum emitter towards a specific location by manipulating the local density
of optical states. We have proposed a design that utilizes silicon nano-discs to enhance the
directionality of the emission. Additionally, we designed a meta-surface lens to efficiently
collimate the single photons and direct them in an out-of-plane direction. Details of this

design are available in the referenced study [134].

Another factor contributing to loss is the microscope's optics. To minimize these losses, it
might be necessary to redesign the microscope, incorporating fewer optical components.
Switching to free-space detectors instead of fiber-coupled detectors could significantly

improve collection efficiency.
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6.3 Photon addition

There is a theoretical proposal suggesting the use of single-photon emitters to enhance the
signal-to-noise ratio of a weak light beam [135]. In this approach, an excited single-photon
emitter is positioned in the path of a weak optical beam, which comprises a few photons per
unittime. As the weak beam interacts with the emitter, the emitter couples to the beam and
undergoes a stimulated emission process, thereby adding a photon to the weak beam. Since
the added photon is coherent with the photons in the weak beam, it contributes solely to the
signal, not the noise, significantly improving the signal-to-noise ratio. This method could be

beneficial forimagingobjects with low signals, suchas distant galaxiesanddimly litobjects.

Our focus has been on the physical realization of this method using h-BN quantum emitters.
h-BN emitters are particularly suitable for this application due to their ability to generate
lifetime-limited photons and their compatibility with well-established chip-based photonics
technology. However, several steps must be taken to achieve this realization. This section
outlines the necessary steps for conducting a photon addition experiment.

6.3.1 The emitter requirements

For thistechnology, we require astable, lifetime-limited emitter that resonates with the weak
incoming beam. Since we often lack control over the energy of the incoming photons in
photon addition applications, a tunable emitter is necessary to match the energy of the weak
beam. As demonstrated in Chapter 3, h-BN emitters are tunable via Stark shift and exhibit
lifetime-limited absorption. However, the range of tunability is quite narrow (just a few
nanometers in wavelength), and the emitter is only lifetime-limited within a small portion of
this tunability range. This limitation arises because the mechanism that eliminates spectral

diffusion is linked to the Stark shift. Consequently, we require an additional tuning
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mechanismto alter the energy of the emitter. Fortunately, research indicates that the energy
of h-BN emitters can also be tuned using strain. Additionally, introducing an extra in-plane
electric field might allow for tuning over a broader energy span. Nonetheless, the impact of

these tuning mechanisms on the linewidth remains to be studied.

6.3.2 Optical setup requirements

To successfully perform photon addition, precise timing of two events is necessary. Firstly,
the emitter should be resonantly excited. Then, the weak beam needs to resonantly interact
with the emitter. The time difference between these two pulses should be set to prevent
overlap, enabling us to distinguish between the two events. However, this interval cannot be
too long, as the emitter will spontaneously decay within the first few nanoseconds after
excitation. Since we possess a continuous wave (CW) tunable laser, it can be used for both
beams as they share the same energy, but their intensities need to be vastly different. The
excitation beam must be strong enough to overcome the low cross-section of the emitter for
efficientexcitation (requiringpower on the order of nanowatts), whilethe weak beam should
consist of only a few photons per pulse. Additionally, we need a method to convert the CW

laser into pulses.

Confronted with these challenges, our initial design involves using an Acousto -Optical
Modulator (AOM) to shape the pulses. These pulses will then be sent through a beam splitter
to create the excitation and weak beam pulses. The weak beam pulse should pass through an
attenuator to achieve the desired intensity, and a delay line should be added to this path to
ensure correct pulse sequencing. The paths of the two beams will then converge in a second

beam splitter, directing the resulting beam towards the emitter.
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Currently, we haveobtainedandsetup the AOM in the excitation path. This AOM is aligned
to produce first-order controllable diffraction, which is regulated by an input voltage.
Engineering the precise voltage values to create the appropriate pulse train and establishing

the desired delay line requires further simulation.

6.3.3 Detection scheme

To validate the success of the photon addition process, two measurements can be conducted.
The first is the direct measurement of the photon statistics of the weak beam. Since the input
state's statistics are well-engineered and known, the photon-added state at the output should
exhibit an additional photon. A method similar to the one described in Chapter 5 can be
employedforthisexperiment. However, if the average photon number exceeds two, a photon
number-resolving detector is required to circumvent the complexities introduced by the dead

time of avalanche photodiodes.

The second method to validate photon addition involves measuring the fringe visibility of
the output beam through an interferometer. The underlying principle here is that the photon
added coherently to the weak beam should have a phase that matches the initial phase of the
weak beam. Therefore, performing interferometry on the weak beam before and after photon
addition should reveal an enhancement in the fringe visibility of the photon-added beam.
This method is superior to measuring photon statistics as it provides insights into the
stimulated emission process. Itcan distinguish between stimulated emissionand spontaneous
photon addition, over which we have no control. For this purpose, the Mach-Zehnder

interferometer discussed in section 6.1.2 can be used.
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Appendices

Appendix A: Efforts on TEM imaging of h-BN defects

In the course of my PhD, we tried to perform an atomic resolution transmission electron
microscopy (TEM) on h-BN emitters to determine their atomic structure. This project had
several fabrication and measurement challenges and at the end we could not successfully
image a defect. Here | explain some of our efforts on this project. For this project we needed
the h-BN to be atomically thin for an ideal defect imaging (1-3 atomic layers thick) we soon
realized that the emitters hosted in the atomically thin h-BN samples exhibit very unstable
and faint emission and are prone to bleaching. After identifying samples with the right
thickness that showed the emission, we also tried multiple choices for the TEM grid and the

results are shown below.

We started by using CVD grown h-BN and performed a wet transfer technique to transfer
the h-BN onto a holey carbon TEM grid (QUANTIFOIL). We performed PL spectroscopy
on the sample, and we realized that the carbon-based TEM grid also exhibits a wide
luminescence signature. In the TEM spectroscopy we noticed that the sample is too thick for
the atomic resolution. As a result, we decided to work with exfoliated samples and moved
on to other TEM grids based on SiN.
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Figure A. 1. The result of the experiment with CVD h-BN on the holey carbon TEM grid. (a) Shows an optical microscope
image of the sample. (b) PL spectra of the emitter identified in the sample. The wide background is due to the

luminescence from the grid. (c-d) TEM microscope image of the sample.

We needed to develop a new transfer technique to transfer exfoliated h-BN onto the TEM
grids and we tried two different methods. In the first method we exfoliated the h-BN onto a
SiO,-Si substrate and then picked up the h-BN with a Polycarbonate (PC) on PDMS. Then
the h-BN was transferred onto the grid and the PDMS was removed and finally the PC was
dissolved ina solvent. In the second method we exfoliated directly onto the PDMS substrate
and then transferred the flake onto a TEM grid. The second method yielded more pristine

samples due to being a fully dry method.
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Figure A. 2. Schematic of the two transfer techniques we used to transfer h-BN flakes onto the TEM grids.

We also shifted towards a single hole SiN TEM grid (Norcada) dueto better transfer yield.
After the transfer we were able to collect cathodoluminescence signal with a peak around
700nm However we were not able to perform atomic resolution images. Our hypothesis as
for why we could not perform the microscopy is that the electron beam with the energy
required to perform the imaging is too high and destroys the crystal structure around the
focused electron beam.
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Figure A. 3. TEM microscopy of h-BN. (a) Microscope image of the sample. (b) Wide TEM image of the h-BN crystal.
(c-d) the CL signal form the sample.

To gain some insight into the atomic structure of the defects we performed energy dispersive

X-ray spectroscopy (EDS) on our samples, and we could find traces of silicon and oxygen

atoms in our samples.
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Figure A. 4. Result of EDS measurement on the h-BN samples. (a) Microscope image of the sample. (b) TEM image of

the sample. (c) PL spectroscopy result. (d) EDS result showingsilicon content. (e) EDS result showing oxygen content.

We also performed electron energy loss spectroscopy and identified carbon to be present in
our samples. We expected carbon as we used carbon-adjacent annealing as a method to

induce defect in our h-BN samples.
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Figure A. 5. EELS spectroscopy identifies boron, nitrogen and carbon in our h-BN sample.
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Appendix B: Polarization and dipole orientation analysis

We developed a code to extract the out-of-plane dipole component of emitter dipoles based
on the result of polarization measurement. In this analysis we assume our emitter is a perfect
dipole, emittinglightin a dipole pattern,and based on the objective lens’s numerical aperture
(NA) we can estimate whether the dipole is oriented exactly in the plane normal to the
objective lens’s axis or it has angle 0 with respect to the axis of the objective lens. Here we

explain our method and provide the code used for this analysis.

The method is based on the concepts of ray optics combined with polarization vector. Here
we assume the objective lens to effectively act as a flat lens located exactly one focal length
away from the emitter, that converts each beam directed at it to a beam normal to the lens
and maintains the polarization based on the Snell’s law of diffraction. Then the beam enters
a linear polarizer and the component of polarization aligned with the polarizer is passing
through the polarizerand the rest of the light is absorbed. We assume the extinction ratio of
the polarizer to be infinity. (In reality the extinction ratio is on the order of 10000) then the
amplitude of the final beam is converted to intensity and the output intensity is calculated
and integrated over the cross section of the beam. The schematic of this method is depicted
in Figure B. 1.

Finally, we calculate the visibility based on the dipole polarization pattern:

max (Intensity) — min (Intensity)
max (Intensity) + min (Intensity)’

visibility =

For an in-plane dipole this value should approach 1, and for a completely out-of-plane dipole

this value should approach zero.
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Figure B. 1. Schematic of the experimental setup. Here the dipole emission pattern, the transformation done by the

objective lens, and the transformation done by the linear polarizer is shown.
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The result of this simulation is demonstrated in the following figures.
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Figure B. 2. Some examples of our simulation. Top row shows the result of polarization measurement by rotating the

linear polarizer, and the Bottom row shows the polarization of the electric field at the cross section of the beam.



171

0.8

O
o

Visibility

o
N

0.2f

0 A A A
0 20 40 60 80

Polar angle [deg]

Figure B. 3. The visibility of the polarization as a function of angle (0) for different values of the numerical aperture.

The MATLAB code is also provided:

The code consists of two parts, we have a function VvisOfPol (theta, NA) which
returns the visibility as a function of 6 and the NA, this function is as follows:

function f=VisOfPol (angle,NA)

ttO0=asin (NA) ;

RR=tan (tt0) ;

thetalO=angle* (pi/180) ;
N=100;

R=RR/ (2*N) :RR/N:RR-RR/ (2*N) ;



beta=(2*pi) / (2*N) : 2*pi/N:2*pi—- (2*pi) / (2*N) ;
xxX=zeros (N, N) ;
yy=zeros (N,N) ;

dR=RR/N;
dbeta=2*pi/N;

dA=zeros (N, N) ;
EEx=zeros (N, N) ;
EEy=zeros (N, N)

14 14

for i=1:N
for j=1:N
z0=1;

x0=R (i) *cos (beta(j));
y0=R (1) *sin (beta (j)):
r0=[x0 y0 zO0];
xx(1,])=x0;

yy (1,3)=y0;

if sgrt(x072+y072)<RR

absrO=sqgrt ((x0) "2+ (y0) "2+ (z0) "2) ;
dA (i, J)=sgrt ((x0) "2+ (y0)"2)*dR*dbeta;

theta=acos (z0/ (sqrt (x0"2+y0°2+z072))) ;

if y0>0
phi=acos (x0/sqgrt (x0"2+y0°2)) ;
else

phi=2*pi-1*acos (x0/sqgrt (x072+y0"2)) ;

end
phat=[sin (thetal) 0 cos(thetal)];
tttl=cross (r0,cross (r0,phat)):

ttl=tttl/sqrt ((tttl (1)) "2+ (tttl(2)) "2+ (tttl(3))"2);

rhat=r0/absr0;
thetalOO=acos (dot (rhat, phat) ) ;
E=(sin (theta00) /absr0) *ttl;
Ex=E(1l); Ey=E(2); Ez=E(3);

absE=sqrt (Ex"2+Ey"2+Ez"2) ;

172
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zhat=[0 0 17];

tthat=cross (r0, zhat) ; that=tthat/sqgrt (tthat (1) *2+tthat (2) "2+
tthat (3) *2);

El=dot (E, that) ;

E2=dot (E, cross (rhat, that));

Ell=El*that;

E22=E2*cross (zhat, that) ;

EE=(E11+E22) *dA (1i,73);

EEx (i,3)=EE(1);

EEy (i,3)=EE(2);

else
EEx (1,]J)=0;
EEy(1,3)=0;
dA(j—/j)ZO;
end
end

end

alpha=0:2*pi/100:2*pi;
pol=zeros (1,101);
for i=1:101
Eproj=0;
for j=1:N
for k=1:N

Eproj=Eproj+ (EEy (j, k) *sin(alpha (i) ) +EEx (j, k) *cos (alpha(i)))
/\2;
end
end
pol (i) =Eproj;
end

xxx=zeros (20, 20) ;
yyy=zeros (20,20) ;
EEEx=zeros (20,20) ;
EEEu=zeros (20, 20)

4
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for i=1:N
for j=1:N
I=mod (i,N/20) ;
J=mod (J,N/20) ;

if I==
if J==
xxx (1/(N/20),3/(N/20))=xx(i,3);
yyy (i/(N/20),3/(N/20))=yy(i,]) 7
EEEx (1/(N/20),3/(N/20))=EEx (i,3);
EEEy (1/ (N/20),3/(N/20))=EEy(i,]);
end
end
end

end
f=(max (pol) -min (pol) )/ (max (pol)+min (pol)) ;

Then the other part of the code is written to set the value of NA and sweep different

orientations of dipole (by changing 0) and plots visibility as a function of 0:

theta=0:0.1:90;
NA=0.6;
vis=zeros(l,max (size (theta))):;
for i=l:max(size (theta))

vis (i1)=VisOfPol (theta (i), NA);
end

figure (1)

plot (theta,vis, 'linewidth', 2)

x1im ([0, 90])

ylim([0,1])

ylabel ('Visibility', 'Fontsize', 20)
xlabel ('Polar angle [deg]', 'Fontsize',20)
syticks ([])

set (gca, "FontSize',20)

box on

ax = gca;

ax.LineWidth=2;
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x0=10;

y0=10;

width=500;

height=500;

set (gcf, "position', [x0,y0,width, height])



