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Abstract

Hexagonal boron nitride (BN) is a twodimensional material hosting atomic defects that
serve as singlphoton emitters, attributed to its large bandgap. Its high stability at room
temperature, substantial Debyéaller factor, and integrability into 2D diees make 8N

a compelling choice for quantum applications involving sifgi®ton emitters.

Initially, we investigate the properties of emitters #8N to comprehend the limitations of

their spectral linewidth. This study includes examining the effects of the host crystal's growth
method, the emitter's environment (the substrate), and temperatua 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 chargeshea@ntitter. We propose a
device structure comprising graphemanitter RBN - buffer 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 transfionited

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-ofsplane, and these erats 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 singleoton beams generated byBN
emitters. We demonstrate that these beams exhibPsigsonian statistics with both pulsed
and continuousvave excitation. Our findings reveal that excitation power cavesas 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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left panel is a histogram of linewidths for emitters and the right panel is a scatter plot
of linewidth against th&PL wavelength (left axis) and histogram of the number of
occurrences of a ZPL wavelength (right axis), febY& VD film on SiO2 substrate,

(c-d) CVD film on ITO substrate, (€ exfoliated flake on SiO2 substrate;H{y
exfoliated flake on ITO substrgtand (#j) bulk h-BN crystal. The red dashed line
shows the median of inhomogeneous linewidth for each sample..............: 44



XVii
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located within the thickness of a flake on a substrate which consists of a thin layer of
vanadum dioxide (VO2) deposited on a sapphire crystal. (b) Relative decay rate
D =nduaind mtalic @s a function of distance d of a quantum emitter from the surface
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Figure3.8. Singlephoton source characterization and axial locationB\nflake. Plot of
the second order photon correlation mea
(a) and (b), respectively. The experimental data, blue squares for insulating VO2
phase and red stars for metallic VO2, were fitted to obtain the decay rates of the

emitters. From the fit, W @suafdanibak forftha t e d t |
three emitters A and B as 0.818 £0.108 and 0.800+0.124, respectively. For clarity,

g2(U) data obtained for metallic VO2 i
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Figure3.9. Radiative and neradiative decay rates. Totald /9o ), radiative 6,/9,), nor
radi and @ rates of spontaneous emission of a quantum emitter as a function of
distance fromV@s ur f ace f or two dipole orientat
perpendicular (d=0A) to the surface. Fc
emi ssi on y=a600nmanmdthe quantum yield QY =0.79 corresponding
to the emitter A. (a, b) Insulating phase of ¥ @, d) metallic phase of VOFree
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the upper medium,-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
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Figure3.10. Experimental setup. Schematic of the homebuilt confocal microscope used to
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Figure3.11. Background subtraction for correlatmrasurements. Background subtraction
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subtraction and (d) shows g”n.2... (LUY2resul t

Figure3.12. Emitter C. In (a) we can see the position of this emitter in the PL map and spectra
(b) and autocorrelation measurement result (c) at 30C and 100C. By comparing the
ratio of decay rates to simulations at 570 nm, we extracted the axial positian of thi
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Figure 3.13. Fullscale correlation data for the emitters A, B, C. Plot of the correlation
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Figure3.16. 3DOrientation of kBN 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 emissi
(solid spheres) were fitted to extract t
degree of polarization (0). From the fit
U= 0.461N0.023 and for emitter B,di{#=1009.
value of degree of polarization (U0U) as .
located at a distance of ~ 21 nm from the surface of VO2. The red dots in (c) and (d)
corresponds to the experimental veal ue o
The extracted value of the polar angl e
= 21.2° +4.5°, respectively. (e, f) Purple shaded region shows the range of the
distance (d) and the polar angle (d) of
our experimental data and simulations............c.ccooviiiieinii e, 83

Figure 3.17. Emitter characterization. (a,b) Optical image of the flake on VO2/Sapphire
substrate (before transfer) and SiOX@bstrate (after transfer) respectively. The
transferred f | ake -12%6°wth respentto@sdrientationsom a n g
VO2/Sapphire substrate. (c) Confocal photoluminescence (PL) map of the flake on
SiO2/Si substrate. Encircled (dashed whitele) highlights the region where
emitters A and B are located. (d) PL spectra from the region highlighted in (c) shows
the presence of emitters A and B which matched with the spectra obtained from the
same location before transfer. The sharp line ~ B78orresponds to Raman line of
h-BN. (e,f) Polar plots of the PL intensity of the emitter A and emitter B, respectively
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the transfer. From the fit, we deduce thatéomi t t er A, (@G =164. 6 AN
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Figure3.18. Transfer Process: Schematic of dry transfer process used to transtBNour h
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Figure 4.1. Effect of electric field on photoluminescence. (a) Schematic of the effect of
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integrated spectrafrom 570nmto 575nm. (d) Microscope image of the device flake
edges are marked with dashed lines show location of top and bottom graphene and
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Chapter 1.Introduction

1.1 Hexagonal Boron Nitride

Hexagonal boron nitride (BN) is a van der Waals material, a type eD2material
characterized by strong-lane bonds and weak van der Waalerplane bonds. This
structure allows atomic layers of these materials to be produced through mechanical
exfoliation. The most welkknown material in this category is graphene, which is composed
of carbon atoms arranged in a hexagonal lattice. SimilasBN\ is made up of boron and
nitrogen atoms in a hexagonal lattice. Thanks to the robi\sbBnd, RBN remains very
stable at room temperature. Its large bandgap (greater than BLP) eNakes it useful as an
atomically smooth, electrically neutral, and transparent substrate for efhereerials and

devices.

\ M”\"w
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Figurel.1. h-BN crystal propertieqa) atomic structure ofBN. This crystal consists of alternating boron and nitrogen
atoms in a hexagonal lattice. (b) optical aljgimn measurementshow the optical bandgap ofBN to be at least 5.3
eV. (c) BN is widely used in 2D deviceseither as electrically insulatingyeror as @ atomically smooth substrate.

These pictures are taken from Referenfdds3].
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Singlephotonsourcegalso known asingle-photonemitters)areemissive species that can
emit light one photon at a time. Most of the ablesingle-photonsource &xhibit electronic
level structure of twdevel systems and up@xcitation to the excited state can decay to the
ground state and release a singfi®ton[4]. However sometimes the electronic structure is
more complex than a twievel system bugffectively the emitter can be modelesh two
level system. To testsmurce of lightto identify whether itisangle photorbeam or another
form of light (such as coherent light beam or a thermal light heastandard testan be
performed on the 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 tsgditter; this is known as Hanbury
Brown-Twiss (HBT) configurationThen the intensity correlation between the tlgtectors

is measured and if the beam consists of single photons the correlation at zedeldyne
should show the value zero, since the single pha@nsotbreak downnto Smaller energy
packetsand go through both channgte theyrandomly go through either of the output
channels. More precisely if thetensity correlation at various time delays is measured by
introducing a delay line in either of channels the result welitlv a function that starts at
zero at zero tim&elay and gradually increasette at large time delays. This behavior can
be traced back to the exponential decay pitazeof the twdevel system and follows this

functional form:

MMt p Op OQ &
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Figure 1.2. Schematic of HBT setup withsinglephotonsource and the result ofgmeasurement forsingle photon

emitter. This picture is taken from Referendd].

1.3 Appl i castiinggliseeanf t t er s

Single-photonemitters possess a unique set of properties that makesthtaile for several
applications. These properties include their high sensitivity to the local atomic environment,
inherent quantum randomness, and, notably, the ability to generatedoreablesinge
photonsin a known quantum state. Bel@xplainsome of the applications of singioton

sources.
1.3.1 Quantumsensingand metrology

The application of singlphoton emitters ithe field ofquantum sensinghowsa significant
advancement in the field of precision measurem€niantum sensing exploits the unique
properties of quantum syste@ssuch as superposition and entanglemderib measure
physical quantities with unprecedented accuracy and sensitivity. §ihgten emitters are
particularly valuable in this domain due to their ability to generate and manipulate individual

photons, which are fundamental to quantum measuremamitpueq5].

In quantum sensing, singfghoton emitters are used to create states of light that are highly

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



pressure. Foexamplein the case of magnetic field sensing, siAgtonemitterscan

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
madeat an atomic scald his technique is especially useful in fields where high sensitivity

is required, such as in medical imaging (e.g., MRI), geological surveying, and navigation

systemg5].

Another application of singlphoton emitters in quantum sensingis in the area of phetonic
based quantum metrology. This involves using quantum states of light for making highly
accurate and precise measurements. For example, in interferometry, sirnglespian be

used to measure changes in distance or displacement at scales much smaller than whatis
possible with classical light sources. Tmethodhas potential applications in areas like
gravitational wave detection, where detecting minuscule pettarisain spacetime is

essentia[5].

Moreover, the quantum nature of single photons allows 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 quasgasing,
techniques such as entanglement and squeezing can be used to reduce or even eliminate this
noise, leading to more precise measurements. This is particularly benefiaal

environmental noise is a major challerjgé

In summary, the application of singoton 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 predibese
advancementshaveferachingimplications acrossvarious fields, frommedical diagnostics



to fundamental physics research, showcasing the transformative potential of quantum

technologies in enhancing our measurement capabilities.
1.3.2 Randomnumber generation

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

other scientific fields that require high secufidy.

However, challenges exist in the practical implementation of QRNG using-ghgten

emitters, primarily due to limitations in detection sp&ade approactotovercome thiss

using thetime of arrival of photons as 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 diagle photon. This
approachmproves the speeghdmaintains the unpredictability and security of the random

numbers generatd@].
1.3.3 Quantum communication

Another application of singlphoton emittersisecure quantum communication and more
specificallyquantum key distribution (QKD). QKD is a method for secure communication
that uses quantum mechanics to ensure the confidentiality of exchangetiheseskeys

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

qguantum mechanicsuch as o-cloningtheorem[7,8].

The role of singlephoton 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 BenndBrassard 1984 (BB84) protocalingle photonsare
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 attempttercept and measure these
guantum states by an eavesdropper will inevitably alter the states due to-¢haning

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
singlephoton emitters used. Ideal singleoton emitters should have a high brightness (rate

of photon generation), low mughoton emission probability, and higtability. These
properties ensure the integrity of the quantum key. Furtherihtre,singlephoton source

can produce indistinguishabtengle photors it enable the implementation of more
advanced forms of QKD, such as entanglenb@sted protocols, wbh offer even higher
security by using pairs of entangled photons. In these systems, measurements performed on
one photonimmediately affectits entangled partner, regardless of the distance between them,

making iteven more challenging for eavesdropjeeirsterce pt the key without detectiffj.

1.3.4 Photonics quantum computing

Singlephoton emittersare an integral part of thehotonicsbased quantum computing

technologyIn photonics quantum computingingle photonsre used as quantum bits



(qubits), the basic units of quantum information, offering unique advantages in terms of
speed, scalability, and secur®j. Itis worth noting that the field of quantum computing
consists of multiple technologies such as superconducting circuits, cold atoms and ions and
photonicsbased quantum computersll of these platformspresent advantages and

disadvantageand here our focus is mainly on photorizssed technologies.

The application of singkphoton emitters in photonics quantum computing is primarily
centered around their ability to generate photons individually and deterministically. This is
essential forcreating and manipulating gubits in a controlled mannertgcomputing,

the state of a qubit can be in a superposition of 0 and 1, unlike classical bits that are either O
or 1. Singlgphotons, with their quantum properties like superposition and entanglement, are
ideal for representing these qubits. By corlitnglthe polarization, phase, or path of these
photonsphotonicsguantum computers can perfoo@taincomplex calculations at a speed

that is unattainable by classical compu{®is

Furthermore, singlhoton 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 numbérdisfinguishabl@hotons,

which can be entangled and manipulated for parallel processing. This is particulary
significant in the context of quantum algorithms, where the ability to perform many
calculations simultaneously (quantum parallelism) can drasticallyceeithe time required

for complex computations, such as factoring large numbers or searching large dgtéhases

The stability and coherence time of the photons emitted are also cruciatjiility single
photon emitters ensure that thlethe generated photons are indistinguishadlewing for

the execution of multiple quantum gates and operatiohsrently This is essential for the



realization of quantum error correction and fealerant quantum computing, which are

necessary for building a reliable quantum comp(fgr
14 Di fferent Ppynpeédnoremstnoneglhses

There are multiple types of single photon emitters competing for several applications. Each
plattorm 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.
1.4.1 Trapped atoms and ions

Trapped atoms and ions have emerged as prominent sousieglefphotonsourcesn
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 generatisggle photonsvith specific characteristics, such as

frequency, polarization, and phadd].
1.4.1.1 Advantages

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

communication and quantum computiid].

High-quality photonemission: Trapped atoms and ions can prodimgle photonsvith high
purity and indistinguishability. This is particularly important in quantum computing, where

the quality of qubitslirectly impacts the system's computational power and error{fdips



Control overguantumstates: 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[bajes

Isolation fromenvironmentaldisturbances: 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. This isolation is crucial for achieving high
fidelity operations inquantum computing and precise measurements in quantum
sensindg11].

1.4.1.2 Disadvantages

Complexsetup andmaintenance: Setting up and maintaining the trapping apparatus for
atoms and ions can be complex and costly. This includes the need fdrightraacuum
conditions, sophisticated laser cooling techniques, and precise electromagnetic field

controls[11].

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

Speedimitations: 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 for cooling, trapping, and maniputating t

atoms or iong11].
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1.4.2 Defects in solids

Atomic defects in solids, notably in materials like diamailiton carbideand kBN, have
garnered significant attention as sources of sipgleton emission. These defects, often
referred to as color centers, are imperfections in the crystal lattice where one or more atoms
are missingor replaced by differentatoms. The mostkmetivnexamples are the Nitrogen

Vacancy (NV) centers and siliceracancy (SiV) centerns diamond [12i 14].
1.4.2.1 Advantages

Stable andbright photonsources: Atomic defects in diamond asilicon carbide are stable
sources of singlphotons. They can emit bright and consistent light at room temperature,

which is a significant advantage for practical applicatifr$.

Operational abomtemperature: Unlike many other guantum 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 operationgdll@jsts

Longcoherencdimes: 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 guantum communication applications,

where mantaining quantum coherence is esserfial].

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

appealing for deeloping practical quantum technologidst].
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1.4.2.2 Disadvantages

Fabricationchallenges: 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 andquality 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 complej sk

Integration with photoniccircuits: While these materials are promising for quantum
applications, integrating them with existing photonic and electronic systems poses significant
challenges. This integration is crucial for building scalable quantum communication

networks and computg systemg$14].

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

performancg13].

1.4.3 Singledyemolecules

Organic dye molecules as singl@oton emitters are attracting attention for ttesise of
fabrication andunability. In these emitters the transition happens between the molecular
orbitalsknown as highest occupiedolecular orbital (HOMO) and lowest unoccupied

molecular orbita(LUMO). Specific examples of these molecules include Rhodamine,



12

Fluorescein, and Perylene derivatives, which are known for their intense and tunable

fluorescence [15,16]

1.4.3.1 Advantages

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

various applicationgl5].

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

singlephoton sourcefl5].

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

Ease obynthesis andhodification: Molecules like Perylene derivatives are relatively simple
to synthesize and can be chemically modified to enhance their photophysical properties or

integration into different devicd45].

1.4.3.2 Disadvantages

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

molecules and diminish their photon emission capability over firbg

Environmentabensitivity: These dyes are highly sensitive to environmental conditions like
temperature, oxygen, and humidity, impacting their performance as-pingfen 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 glextricalenvironment ofthe
emitter [15].

Difficulty in isolatingsingle molecules: Isolating individual dye molecules for singheton

emission can be technically challenging, requiring sophisticated techriibiies
1.4.4 Quantum dots

Quantum dots (QDsdr artificial atoms are another popular platform of sifgjfeton
emitters These nanoscale semiconductor crystals have unigue electronic properties due to

guantum confinement, allowing them to emit photons individually when excjfied| 18]

1.4.4.1 Advantages

Sizetunableemission: 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 wavelength$17].

High quantumefficiency: 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 singfghoton sourcefl7,18]

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

environmentg18].
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Integration withelectronics:Since quantum dots are built with semiconductibiesy easiy
can be integrateidto existingelectronicand photonic devices, offering potential for creating
on-chip quantum systems and devidas].

1.4.4.2 Disadvantages

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

applications requiring a consistent photon str¢aj.

Toxicity andenvironmentalkconcems: Manyjuantum 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 concgr@p

Inhomogeneoubroadening: 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 wavelefigth

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

techniqueg17].
1.45 Attenuated lasers

Attenuated laser beams as singleoton emitters havéeen used for many classic
experiments in thefield 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 levelwhere, on average, one photon

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

Ease ofgeneration: Unlike specialized singtdhoton 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 toproduce[4].

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

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

for flexibility in choosing the appropriate wavelength for specific quantum applictihns

Technologicalmaturity: Laser technology is wedlstablished and widely available,

providing a robust and reliable platform for generating sipgletons.
1.45.2 Disadvantages

Poissonphotondistribution: The emission of photons from an attenuated laser follows a
Poisson distribution, meaning thesealways a norzero probability of emitting multiple
photons at a time. This can be a significant drawback in quantum cryptography, as it opens
a vulnerability for eavesdroppirid].
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Lack oftruesingle-photonpurity: Unlike true singlephoton sources, 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 prot¢tjls

1.4.6 Parametric dowrconversion

Parametric dowstonversion (PDC) as a singhoton source is a widelysedmethod in
guantum optics and quantum information science. This process involves using a nonlinear
optical crystal to split incoming photons from a laser beam into pairs of {energy
photons, known as signal and idler photons. When one photon of & phatacted, the

presence of its counterpart is inferred, effectively creating a sptgkon sourcé4].
1.4.6.1 Advantages

Photonpair 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.

Wavelengthversatility: 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 guantum 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 paifé].

Randompair production: Photon pairs are produced randomly, not on demand. This
randomness can be a significant drawback for applications requiring synchronized or timed
singlephoton emissiorHowever existence of idler photons carepare the user for the

singlephoton the generation time is still unknown.

Requirement fopostselection: In many cases, the presence of one photonin a pair is used
to infer the existence of the other. This often requires-pelsttion techniques, which can

be inefficient and may discard a large number of phofdhs
15 S nelheot on emBINtt er s in

Singlephoton emitters in BN represent a rapidly evolving and significant area of research

in guantum photonics. These emitters, discovered in 22]16ave sparked considerable
interest due to their potential applications in nanophotonics and other quantum technologies.
The exploration into BN as a host for these emitters aligns with the broader trend of
investigating twedimensional (2D) materialsof photonrbased quantum information
technologies. Compared to defects in bulk crystals, such as those found in diamond and

silicon carbide, defects in 2D materials likdBN promise easier addressability and control
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structure of KBN emitters is yet to be determinexkveratandidates exisind further study is required to determine the
exact atomic structur&hese pictures are taken from Referenj@49,20]

One of the primary challenges in this field is the incomplete understanding of the atomic
structure of these emitte0,21] While numerous studies have focused on the excited
states and radiative properties of over 20 native defects and carbon or oxygen impurities in
h-BN, a comprehensive understanding remains elusive. These investigations reveal a wide
variability across quatum emitters, with significant differences in exciton energies and
radiative lifetimes for different defect structuf@®,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 sipgteon emission (3B defects, they

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

advanced firsprinciples calculations beyond DFT's scd@8,22]

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 acadenscprabacal
implications for the development of advanced quantum technologies, potentialy
revolutionizing fields like secure communication, quantum computing, aneraggiution
sensing. The journey to unravel the mysteriesBNs singlephoton emittes illustrates the
dynamic and exploratory nature of research at the intersection of quantum physics and

materials sciencfgl9].
16 Di stingui shhBN dqeantuuvmsemiftters

Singlephoton emitters in BN offer several advantages over other types of siplyion
emitters, making themarticularly intriguing for research. In this section, we will elaborate

on some of these advantages.
1.6.1 Stabilityat high temperatures

Few singlephoton emitters display bright emission at room temperature, as the majority of
guantum emitters require cryogenic temperatures to achieve satisfactory brightness.
However, RBN emitters stand out by not only demonstrating relatively high brégistand
narrow linewidth at room temperature but also maintaining stability up to 80@high
temperature stability of-BN emitters offers a significant advantage for applications that
operate under high temperatures and rough conditions. This grapednly 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 tempestlles
emitters[19,24]

1.6.2 High DebyeWaller factor

The DebyeWaller factor is a critical parameter in evaluating the performance of quantum
emitters. This factor measures the intensity ratio of photon emission through tippaesn

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

The DebyeWaller factorin RBN quantum emitters has been observed to be greater than
80%][2], a value that is comparable to the brightest sipgleton emitters (SPEs). This
significant factor underscores the efficiency of these emitters in producingjbajty

single photons. The high Deby#aller factor is beneficial as it minimizes the irseton

with phonons, thereby reducing the risks of decoherence and energy loss, which are critical

for maintaining the integrity of quantum information transmitted through these plwions

The exceptional Deby@/aller factor of RBN 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. Thesdenpliantum
cryptography, where the spectral purity and stability of the photons are crucial for secure
guantum key distribution, and quantum computing, where the coherence and fidelity of

guantum states are essential for effective quantum information g=ioggL9].

1.6.3 Possihlity of Fourier limited emission at room temperature

Research indicates the potential for Foulieited emission from HBN emitters at room
temperature. This characteristic is attributed to the decoupling of the defect from the host

lattice vibrations, a phenomenonthatrequiresfurther exploration. Stexfitial could result
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in indistinguishable singkphoton sources at room temperature, potentially paving the way

for low-cost quantum computers operable at room temper{6r26]
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Figure 1.4. Advantages of BN emitters. (a) Orchip device compatibility and tunability of theBN emitters. (b)
Stability up to 800K. (cpossibility of Fourier limited linewidth up to room temperaturkese pictures are taken from
Referenceg$24,25,27]

1.6.4 Integrahility in devices

The twodimensional nature of-BN crystal makes it suitable for integration into-cmp

devices. The emerging field of tasimensional materials has explored various materials
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with diverse electrical and optical properties that can be combined vitk to create

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

One straightforward example involves introducing an electrostatic field by pla@hg h
between two graphene layers and applying a bias voltage in a capacitor configuration to
Starktune the energy of the emission. Additionally, there is the potentiatterp RBN

into a waveguide, enabling further control of the local density of optical states, the selection
of singlephoton emission modes, and the adjustment of emission rates through Purcell
enhancemerR7i 30].

171 ndi stingupbbaabheemi ngées

Indistinguishable single photons are a fundamental concept in quaptio®and quantum
information science, playingraimportantrole in advancing technologies like quantum
computing, quantum cryptography, and quantum communication. These photons are
characterized by their identical properties in all quantum dimensionduding their
polarization, frequency, phase, and spatiabdeorhis indistinguishability is crucial for
various quantum phenomena and applications, particularly those based on quantum
interference and entanglemdai.

1.7.1 Importance ofndistinguishablesingle photons

Quantuminterference: 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.

Quantumentanglement: 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.

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

photons, tlus revealing the presence of an intercef@ar32]
1.7.2 Challenges igeneratingindistinguishablesingle photons

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

Photonsynchronization: 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 challer{G#p

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

levels required for practical quantum computing is an ongoing dressearct33].
18 Scope of this thesis

This thesis delvesinto the multifaceted world of sifg®ton emitters in BN, a field that
stands atthe forefront of quantum photonics research. Atthe time of this study, these emitters

in h-BN were a relatively recent discovery, presenting a spaabdfichallenges 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 gahapplications.

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

indistinguishable photons.

Moving to Chapter 3, the focus shifts to addressing the primary broadening mechanism that
impedes achieving lifetimémited emission, particularly at cryogenic temperatures. The
chapter outlines a novel approach to mitigate this limitation, opening as/famgdeveloping
on-chip, lifetimelimited quantum emitters in-BN. This advancement marks a significant

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

Chapter 4 explores some of the less understood characteristid@Ndfjhantum emitters.

Here, we delve into the thredmensional dipole orientation and pinpoint the exact axial
location of these emitters within theBN crystal matrix, which is notablyicker 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 shéd dig the fundamental origins and
formation mechanisms of these emitters, a critical step in advancing our understanding of h

BN-based quantum technologies.



25

In Chapter 5, the thesis takes a deep dive into the intricate world of photon statisit$ of h
emitters. The focus is primarily on understanding the factors influencing the Mandel Q
parameter, a key metric in photon statistics. The chapter demonstateshindepth
understanding of these statistical nuances can lead to groundbreaking applications, such as
using RBN emitters in random number generation, a critical component in secure

communication systems.

Chapter 6 providesa forwatdoking perspective, outlining the necessary advancements and
research directions to unlock the full capabilities eBd emitters for applications that
demand indistinguishable singbhoton sources. This chapter not only Higjits the
existing challengesbutalso proposes innovative strategies to overcome them, paving the way

for the next generation of quantum photonic devices.

In conclusion, this thesis presents a comprehensive exploratio/BdF singlephoton
emitters, emphasizing theirimmense potential in quantum photonics. Through meticulous
research and innovative approaches, we demonstrate how these emitters can beoptimi

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

21 Abstract

We reportreduction in the linewidth and suppressionspictral diffusiorof quantum

emitters inh-BN supported on a conductive substrite observe a temperateiiependent
reduction thespectral emissiohnewidth for chemical vapor depositiolC{/D)-grown
exfoliated and bulkh-BN crystals orconductiveindiumtin oxide (TO) relative to those

seen orsilicon dioxide §i0O,) substratesandshowthat inhomogeneous linewidth can be
suppressed by 45% as a result of using a conductive sub¥atevestigatethe zero-
phonorline profile at temperatures ranging from 4K to 300K and decompose the effects of
thermal broadening and spectral diffus@neach temperatutey Voigt fitting. The
temperature dependence of homogeneous and inhomogeneous components of broadening is

discussed.
22 1l ntroducti on

Singlephoton emitters are essential building blocks of future quantum information
technologie$35]. Many different singlgohoton sources have been proposed, including for
example solid state lattice hosts such as epitaxially grown quantufddhtand atomic
defects in diamon[B6]. 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 solidstate quantum emitters as sources of indistinguishable single ph®t@&}
Singlephoton emitters in twalimensional Van der Waals materials have garnered

considerable attention due to their promising photophysical properties and the possibility for
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on-chip integratiof39,40]. Among them, color centers in taddmensional dielectrib-BN
arepromising as robustmedium for generatioof quantum light with potential for room
temperature operatiqh9,24,41] These color centers exhibit a Debyéaller factor2]
>80%,abrightness on par with brightest sources of single ph¢22h89,42] and linearly
polarized emissiofR,43], all at room temperature. These superior properties teve
potential for quantum communication applications such as quantum key distribution in which

a bright source of linearly polarized single photons is reqU#eRP].

However, several challenges fefBN 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 {Rhat#48], as a
result, the electronic and sg#0,50]characteristics of these emitters are still not ¢l
methods to deterministically create emitter&iBN crystals are not well develop@di

53]. Also, instabilites such as blinkg{42,54,55] bleaching56], and spectral
diffusion[49,56'58] can yield interesting insights butlltimately represent significant
drawbacks fouse ofh-BN color centers as a sourceiaflistinguishable single photons.
Recently Fourietransformimited spectral linewidths have been reportecht®&N emitters

at both 4K an@800K [25,59] This observation of Fourier transform limited linewidth has
been reported to be limited to 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 resolutigin @hough to capture
mseensecscale changes in the enemgyas a broadening of the spectral lines when the

spectrum is acquired over timescales longer than the time between spectra] 3860k
This change in the local electric field is thought to be due to trapping atrdmj@ng 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 jirgdshas

been foundto be on the order of microseconds to milliseci@a80]. Thermally grown

silicon dioxide (SiQ) on silicon, which is the material widely used as a substrate for
graphene and other two dimensional matef&ills62]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 emission in

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 indium tin oxide (ITO) is used as a substrdteBidrcolor centers. As
shown in Figure.1, a transparent conductive material such as ITO lacks charge traps on its
surface and can provide a conductive pathway for charges trapp&diNto be removed in
order to screen trapped and mobile charges treBIN color centers, thereby suppressing
spectral diffusion. Furthermore, ITO is transparent in thélsvavelength 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 achievemerstalble sources of indistinguishable
photons. Thus developimgethods to suppress spectral diffusion and increase the coherence
time for h-BN singlephoton emittergs an important step towardse of color centers as
sources ofndistinguishable photona iquantum applications based on single or entangled
photong[32,63]
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Figure 2.1. Schematic of substrate effect on spectral diffusion of sippleton emitters if-BN. (a) h-BN emitter on
insulating SiO2 substrate is prone to larger spectral diffusion due to charge traBdlinSiO2, and their interface. (b)

h-BN emitter on ITO substtashows narrower linewidth as a result of fewer charge tragsBN, ITO, and their
interface.

We start our analysis by investigating color centers in htBN. These centers reflect the
intrinsic properties oh-BN emitters as they are inside thdBN crystal and isolated from
the environmenflo fabricate bulkh-BN samples, we mechanically cleaved a thick flake

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

CVD h-BN preparation: CVOh-BN was grown by the methadescribedn our previous
work [64] and transferredia polymer assistedet transfer techniqu&4] onto SiQ on Si
(MTI Corp.) and ITOon SisubstrateNo post processing was performed on CvBN to

activate emitters.

Exfoliatedh-BN preparation: aih-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 Sibn Si substrate and TGN Si substrate

The thickness oli-BN wasmeasured using Asylum Research Atomic Fdviieroscope
(AFM).
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Figure2.2. AFM measurement result of Bulk, CVD, and exfoliated flakes used for this study.

The ITO film is deposited via roostemperature RF magnetron sputteramgtop of Si
substrateThe deposition pressure is 3 mTorr and the applied RF power is 48W. The plasma
is struck by using Agongas with a flow rate of 286CCM, andArgonOxygenmixturegas

with ratio 90/10 with a flow rate of 0.6SCCM is used to control the resistance of the
deposited layerThe thickness of ITO Film is 50nm.

Emitters wereinitially characterized in a homebuilt confocal microscope at room
temperaturand then transferred tovariable temperature microscope employing a closed

cycle helium cryostab perform temperaturdependent 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 €W beam of
laser was passed through a quarter wave plate oriented at 45 degrees relative to the
polarization axis to produce a circularly polarized ligh¢ used circularly polarized light for

excitation to excite all dipole emitters irrespective of thetplane dipole orientation
Mappingwas done with a Newport fast scanning mirror. a 100X=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 giasingd spectrometer (Princeton

Instruments HRS300) to measure spectra.
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Figure2.3. 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 and eithercoupled
to a spectrometer or a HanbtByownTwiss interferometer using two avathe
photodiodes to perform an intensity autocorrelation measurement. To locate and observe
emitters in bulkh-BN, a photoluminescence map of the sample was acquired. The spectral
and spatial features of 12 selected emitters were identftedhe rest othe discussion, we

focus ontwo representative emitters among this group.
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Figure 2.4. Quantum Emitters in bulk-BN. (a) Microscope image and (b) photoluminescence map of albBMd
crystal, the arrows show the position of two emitters understudy, scale bar corresponds to 5um. (c) 4 K and (e) 300 K
spectral of zero phonon line of emitteydlid 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 efitter
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Photoluminescence spectroscopy artdnsity correlatiomeasurements @) of these two
emitters are shown in Figure22No background subtraction was performed @migta and
the measurementsesefitted by a double exponential model function:

” v 2, EF
QT p wp ©0Q «Q

Both photon flux statistics show a cle&¥(@) < 0.5, confirming that both emitters aiagle
photonemitters. They exhibit similar decay lifetis@Y 1.3ns) but their bunching time

scales (Y) aredifferent. A similar decay lifetime suggests that these emitters in principle
should exhibit similar Fourier transforhmited linewidth if no extrinsic broadening
mechanism is operative. The difference in the bunching shoulder can be explained by the
difference in the blinking characteristics of these emittéose importantly, we noticed that
despite a nearly twold difference in the linewidth between these emitters both at room
temperature and 4K, the lineshapes of both emitters are similae abtme temperature;
namely, both emitters exhibit Lorentzian lineshape at 300K and Gaussian lineshape at 4K as

shown in Figure2.4.

Polarization measuremesthown inFigure 2.5was done by adding a wire grid polarizer
(Thorlabs Inc.)before the light enters the beam splitter of HBT setup and inputs of two APDs
were integrated to calculate sign&vo avalanch@hotodiodes (PicoQuant) were used to
measure autocorrelation and a picohdadp module was used to register photon events in
TTTR mode. gdata were analyzed with a custom MATLAB sceaptd the result is shown

in Figure 2.6.
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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. Adonperature attocube objectivas

used to focus 532nm fibeoupled 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 nmrabpect

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]

Figure2.7. Spectral resolution of the spectrometer

Each spectrum was acquired using 10dataW | as ¢
acquisitiontime of 1 minute. For spectral stability measurements, 120 consecutive spectra

were measured each for 1 minute.
23 Low frequency spectral di ffusi on

Low frequency spectral diffusion (spectral diffusion for time scales larger than 1 minute) is
of the two emitters discussed is shown in Figdr8. 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 emiier #2. The shaded region in (b) and (e) specifies the FWHM of each emitter.

Average amplitude of Fourier transform of slow spectral diffusiorofvgach emitter as a

function of inhomogeneous linewidik plotted in Figure2.9. 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 bulkh-BN.

To further investigate the effect of temperature, the ZPL was studied at temperatures 4K,
10K, 20K, 40K, 80K, 160K, and 300K and the resultsilustrated in Figure2.10. The
evolution of the spectral line position and shape as a function of tempesathiavn in
Figures2.10-a and2.10-b for the two emittersThe linewidths for both emitters remain
largely independent of temperature ughte transition temperaturéx() of 40K and increase
significantly as temperature increases beydh@see Fig2.10-c). Theseobservatiosalso
confirm two different modes of broadening for emitters in bitHBN: a temperature
independent broadening mechanisnTdtY and a temperatwgependent broadening at
T>"Y. a similar behavior has been observed in other quantum emittersattribistel to
spectral diffusion and thermal phonon interactions, respec{88/$0] As an
inhomogeneous broadening mechanisapectral diffusion results in Gaussian
lineshape§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 profi&8,65] 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 {steapes to the line profile, also known as a

Voigt profile:
. oOY® a
O—| - <« —
” MC“
- g KO)
64 Q Qi ofahy —
” I/lc
whereo is amplitude antDw "0O0 ¢, ¢l I¢ andOw 0D ¢ . [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 FEigjO-e, for both
emitters, the inhomogeneous broadening is independent of temperaturéyyatal at
temperatures aboV¥ , the Voigt fit does not show any significant Gaussian component and

is predominantly Lorentzian. Therefore, for all temperatures investigated abpwe set

the value of the Gaussian FWHM to the measured average value of the inhomogeneous
linewidth below”Y, and we use a Voigt profile fit to find the Lorentzian FWHM
componenf38,60] At “Y 40K, the Gaussian (inhomogeneous) and Lorentzian
(homogeneous) line profiles are almost equal for each emitter. We could also observe two
separate peaks for emitteand we attribute theveakempeak to spectral jumps at timescales
shorter than the one minute exposure time of our spectral measurement, as the intensity of
the second peatoncerninghefirst peak varies significantly in tim@r time scales above

one minute
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Figure2.10. Temperature dependence of ZPL for emitters in IBN. Effect of temperature on lineshape for emitter

1 (a) and emitter 2 (b) from 4K to 300K. (c) showewidth againsttemperature for two emitters understudy linear fits

for temperatures below arabove 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 functmintemperature. The slope of powlaw 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 (dsponds to T3

dependence of linewidth on temperature.

In Figure2.10-d the homogeneous linewidth is plotted as a function of temperature i 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 thelieline.
observe here maearlylinear dependence of the linewidthtemperature for both emitter #1

and emitter #2This observation contrasts with other studief8N and diamond quantum
emitters which observed a power law dependence of third powe38r60,66,67]We
speculate that this difference in observed poelaartemperature dependence between the
emitters investigated in the present study and previous work may be the result of different
emittercolor centestructural and electronic configuratiomsconsequence of the diversity

of defects seen in-BN [25,68] A similar linear dependence of linewidth on temperature is
observedor excitons in 2Dtransition metal dichalcogenigg9i 71]. Using a similar
approach tonodelh-BN, the total linewidth of the ZPL can be written as the sum of

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

@

ADBsy P
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wherée i6s the acousthbciphanoconesntaeamdy farcd od .
in a regime where the phonon energy is small compar& ¥a linear dependence of
linewidth on temperature can be expectado recently a stud{72] on excitorphonon
interaction inh-BN shows a similar linear trend in excitgphonon scattering rate mBN.

We investigaed the lowfrequency spectral diffusion characteristics of these two emitters
Emitter 1, which hasabroader linewidthalso exhibits larger spectral instabiligmitter 2

which has a narrower linewidtaxhibits fewer spectral jumpgeer 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 ealed a correlation between the
inhomogeneous linewidth and the average of the Fourier transform of the measured spectral
diffusion. This observation also suggests that the origin of inhomogeneous broadeningin our
measurements is most likely spectral dgion.
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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 wavdlefigtixis)and
histogram of the number of occurrences @RL wavelength(right axis) for (ab) CVD film on SiO2 substrate, {@)

CVD film on ITO substrate, (€) exfoliated flake on SiO2 substrate; iy exfoliated flake on ITO substrate, an4) (i

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

Sincein h-BN emittersjnhomogeneous broadening is the limiting factor to reach Fourier

transformlimited linewidthsat cryogenic temperaturave also performed a statistical



45

analysis of the inhomogeneous broadeningtif@bulk h-BN sample, we can see that the
minimum inhomogeneous FWHM is 0.21 meMn(le thespectral resolution limftor our
apparatuss 0.03meV) 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 twdimensional nature ofi-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 atomididdisample is
susceptibility to the environment and this environmental effect can manifest itself as
increased spectral diffusion and a decreased coherence time. Thenefaone,estigation
focused orn-BN layers less than 10nm thick. Chemical vapor deposition (CVD) is a widely
employed method to grow thin films lefBN and provides the ability to growBN with an
arbitrary number of layers on a scale of millimeters to centimeters. Another method for
synthesis of fewayerh-BN crystal is by mechanical exfoliation, but this method does not
provide large films oh-BN and lack precise control over the thickness of the exfoliated
flakes, as one usually relies on trial and etoaachieve the desired thickness. Nonetheless,

this method can sometimes result in tdimmensional flakes with larger grain sizes.

To test the effect of measurement environment ar8iN crystal morphology on
inhomogeneous broadening we transferred 5nm thick @kvnh-BN film 1 from the
copper growth substrate onto gi@nd ITO substrates using wet transfer technifoes
detailsabout thegrowth methogsee[64] ). We also exfoliated a 5nm thibkBN onto SIQ
substrate and an 8 nm thickBN onto the ITO substrate using exfoliatid®e observed that
for CVD h-BN, linewidthsat 4K are almosbne ordenf magnitude larger than those
observed in the exfoliated samphith the same thickness and two orders of magnitude
larger than emitters in bulkBN 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 thanhirBN bulk crystalsComparing different substratesy f

CVD h-BN-atopITO samples, webserve@ 27% reduction ofheinhomogeneous FWHM
compared to CVIh-BN-atopSiO, from 37.3meV to 27.7me\and forexfoliatedh-BN-
atopITO samples, webserved &5% reduction of inhomogeneous FWHM compared to
exfoliated h-BN-atop-SiO, from 3.1meV to 1.7meV. This observation confirms our
hypothesis that using a conductive substrate suppresses spectral diffusion, whichis attributed
to conductive pathways for transport of charge away from the vicinity of the emitter, as
depicted in Figur@.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 struatha@mission wavelengtbr both
exfoliated and CVOh-BN.
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Figure2.12. Temperature dependence of zero phonon line full width at half maximum (FWHM) for various emitters in
bulk h-BN, 5nm thick exfoliatedh-BN on SiO2, 8nm thick exfoliateld-BN on ITO, 5nm thick CVDh-BN on SiO2, and
5nm thick CVDh-BN on ITO. The resultllustrates the total FWHM for temperatures from 4K to 300K.

For a better understanding of the effectambient temperature, we observed emitters fromeach
type ofh-BN crystal morphology and substrate tygtediedhere, and measur#deemitter
temperaturaependent linewidtfor CVD and fewlayer exfoliatech-BN on SiG and ITO
substrates. Unlike bulk-BN, the transition from spectral diffusidsroadened to thermally
broadened linewidth in CVI-BN does not happeat™Y 40K but it happenaround

“Y 160K (see solid red and dark blue lines). This is a direct consequence of the larger
spectral diffusion observed in CUBBN. Forafew-layer exfoliatech-BN, we observed a

larger change in the FWHM with temperature, and a transi@orperature belowOK,

despite a larger inhomogeneous linewidth (yellow and porpoiees. We suggest that this
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maybe dugo theproximity of emittersto theh-BN flakesurface, andcoustic coupling to

the substrate.
24 Summary and concl usi on

In summary, we have studied the photodynamibsBIN single photoremittersira diverse

array ofsample environment®Ve find both a temperature dependent and temperature
independent regime for emitter linewidtiatwe attribute tahermally generated phonon
interactions and spectral diffusiorespectivelyastwo mechanisms responsible for zero
phonon line emissiobroadening inh-BN emitters. Wesuggest that among thesgo
regimesspectral diffusiodimited linewidth is dominarat cryogenic tempetaresand is
independent of temperature, while thermal phonon interaction is dominant at temperatures
close to room temperatua@d increases with a powlew dependence on temperature with
power close to unitymportantly, we find that the sample morphology and thickrredse
various configurations we investigatedfects thenhomogeneouslinewidfsuggesting that

the linewidthdepends oboththelocalstructure oh-BN and the surrounding environment

in the crystal. In particular, we show that ieasingthe carrier density in the local
environment of the emittgaichievedusing a conducting substrasggnificantly reduces the
inhomogeneouslinewidth. This last pointis of interestfor all applications that aim at spectral

stabiity of color center basesinglephotonsources.
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Chapter 3.3-D dipole orientation and axial
location of h-BN emitters

31 Abstract

Color centers irh-BN have emerged as promising candidates for sipglgon emitters
(SPEs) due to their bright emission characteristics at room temperature. In contrast to mono
and fewlayeredh-BN, color centers in muliayered 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 tkdiseensional dipole orientation of

SPEs in thek h-BN flakes by tuning the photonic local density of states using vanadium
dioxide (V(O,), a phase change material. Quantum emitters under study exhibit a strong
surfacenormal dipole orientation, providing some insight on the atomic structurd3bif

SPEs, deeply embedded in thick crystals. Next, we optimized a hot pickup technique to
reproducibly transfer the-BNflake from VO,/Sapphire substrate onto $i6i substrate and
relocated the same emitters. Our approach serves as a practical method to systematically
characterize SPEs mBN prior to integration in quantum photonicgsgems.

321 ntroducti on

Over the past few decades, point defgt® that introduce electronic states with optical
transitions, also known as color centers, have garnered greatinterestfor quantum photonics
applications, such as quantum computation and quantum infornjadipfb], quantum
cryptographyf76], and quantum sensifig]. Wide-bandgap materials, such as
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diamond[77], silicon carbidg78], gallium nitride[79], and zinc oxid¢80] offer
promising platforms for hosting quantum emitters with emission in the visible te near
infrared spectrum. However, these materials suffer from one or more intrinsic challenges
such as a requirement for cryogenic temperatures, decoherence of ehotiaspo ptical
coupling losses, and challenges associated with-lcaged photonic integration. These
problems have driven researchers to seek new candidate materials with fewer
disadvantageg39,81]

Recentdiscoveries of quantum light emission from-tiwimensional van der Waals
(vdW) layered material,82 86]have introduced promising candidatessimgle-photon
emitters (SPEs). In contrast to bulk materials, vdW materials offer easier integration with
photonic structures and minimal loss due to refractive index misnréic#il] Among
several candidate vdW host materiddsBN has received particular attention due to its
ability to offer a bright source of quantum lightatroom temperature. Remarkably, quantum
emitters in h-BN have shown high (>80%) DebyWaller factof2], a brightness
comparable to the brightest SHB9,41], polarized emissiof2,43], giant stark
shift[27,28] magnetiefield dependent quantum emissi&®,87] correlated
cathodoluminescence and photoluminescence emigéijnand near transforfimited
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 thghosan line (ZPL)
and phonorassisted emission to the fhgtinciples calculationf20]. Furthermore, to
understand and quantify the intricate details of the emitter atomic structure, in particular
spinrmanifold, optically detected magnetic resonance (ODMR) technique has been
recently reporte¢b0]. 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 multayered flakes, in contrast to monand fewlayered
flakes, show superior emission characteristics such as higher saturation counts and spectral
stability due to reduced environmental screening ef{88&8F Efficient coupling of these
guantum 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 amylti-layeredh-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 nanometagale axial location ofi-BN quantum
emitters in a multlayered flake by leveraging highly sensitive, distadependent
modaulation of the spontaneous emission lifetime of these quantum emitters when in close
proximity to a tunable phaseshange material, vanadium dioxide (¥OSpecifically, we
modify the local density of optical states (LDOS) by inducing an insulatonetal
transition in VQ which in turn modulates the emission rate of quantum emitters near the
h-BN/VO.interface. This method, taken together with emission polarimetry to determine
the threedimensional (3D) orientation of the quantum emitter, gives comprehensive
information about emitters axial position and orientation, which could be used to
distinguish pssible candidates based on atomic structure of the emitter. Furthermore, we
have optimized a polymassisted hot pickup and transfer process to reliably trahsfer
BN flakes from VQ substrate onto other device substrates (here, we usiSBiObstrate
as target), following which, the emitters under investigation were relocated. Measurement
of h-BN emitter location and 3D orientation with nanomegeale resolution in muki

layered flakes together with advances in precise transfer and stacking of 2D mj&8&rials
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and metal contac{90] offer opportunities for both fundamental physics advaif@Hsand

quantum photonic technologi¢32,92]

33 Effect o h-BNeDM@ S toemrr s

The experimental configuration is shown in Figlé-a. A quantum emitter is
located ata distanckwithin the thickness of @amBNflake, from the surface of a substrate
that consists of a thin layer of \\Qon 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 omitsiaction with the optical environmg@8]. By optical
environment we mean the substrate beneath and the air abdwBRhidake. We model
this interaction by treating the quantum emitter as an oscillating point dipole source
oriented along the directior¥e ). For an emitter in an unbounded, homogeneous, and
lossless medium with a refractive indexthe spontaneous decay rate is enhanced by a
factorn compared to the free space. This result also holds true for bounded geometry as
long as the emitter is at a distarfeé _ from any interface. WhefQL _ the decay rate
strongly depends ath the dipole orientation ), and the refractive index contrastacross
the interfacd94i 96]. In this work, we manipulated the optical environment of a quantum
emitter located in the vicinity of thB-BN/VO, interface using V@whose complex
refractive index exhibits a sharp change when,V®© thermally switched from the

insulating to metallic state, which occurs at near room temperatu&40 K[97].
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Figure 3.1. Experimental schematic andistancedependent modulation of relative decay rates. (a) Schematic of a
guantum emitter in an atomically thin crystalleBN located within the thickness of a flake on a substrate which consists
of a thin | ayer of wvanadium dioxide (VO2) gderipfoaaiased on a
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 theesyéateely

and theshadedegions corresponds to the typical quantum yield (QY) range e1@®fh-BN quantum emitters with
zero-phonon line around 600 nm. For numerical simulation we considered the emission wavelength of 600 nm for the
guantum emitter corresponding to the &#ariA. The dashed line within the shaded region corresponds to QY =0.79 as
estimated from our experimental data. The refractive indices of the upper médiMyand that of sapphire were set

to 1, 1.82, and 1.7 Tespectively. 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 ellipsomettata.
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Figure 3.1-b shows the calculated relative decay rate [ x of

an emitter as a function of distande/hen the emitter is oriented perpendicUylar (1t )
and parallelf( w ™ o theh-BN/'VO,interface. Herg, and’ isthe total

(radiative and noimadiative) decay rate of the emitter whenM® in insulating (33 )

and metallic (1008 ) 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
guantum emitters in our experiment, shown in R3g%.d and3.7-e. The refractive indices

of the upper mediumh-BN, and that of sapphire were set to 1, 18&], and 1.77
respectively. The complex refractive index of ¥@& 600 nm was extracted from our
ellipsometrydata and was set to 3.05 + 0.42iand 2.57 + 0.64i foriw@sulating and
metallic staterespectively. The thickness of the Y@yer on sapphire was setto 40 nm.

In general, the photoluminescence quantum yield (PLQW)BRNquantum emitters varies

in therange 061.0 (10,19) and arecentexperimenthas shownaverage PLQY in the range
0.6 0.8 for quantum emitters with zefhonon line (ZPL) arond 600 nm. The shaded
area in Figure8.1-b, corresponds to this PLQY range. The dashed line within the shaded
regions correspondsto a PLQY = 0.79 estimated from our experimentaAdai@n 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, distadependent decay mbdf quantum emitters in

the vicinity of theh-BN/VO, interface to localize their position along the axial direction.
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34 VQcharacterizati on, optical prope

We performed visible ellipsometry measurement to extract real and imaginary parts of
refractive index of V@at 30 C and 100C. We clearly observe the switching of the optical
constants of the V&¥ilm when reaching the temperature triggered phase transition. It is
worth noting thath decreases in the wavelength range, wkitecreases as VAundergoes

an insulatoito-metal transition. To date, quantum emittere4BN exhibit ZPL emission in

the range 5500 nm; thus, V@is well-suited to modify the ogral environment oh-BN-

based quantum emitters.
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Figure3.2. Complex refractive index dfO2 in insulating and 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 crystaC4bRe) and
100°C (red) from our elfpsometry data

We also measured the response of the Peltier element to measure how long it takes
to reach the stabilized temperature. From room temperature t€ 1iG8kes less than 100
seconds bufrom 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 cotamts as a function of volume fraction of the metallic phase of
the VO, layer[99]. The legend R (0.00) denotes the purely insulating phasgitle the

legend R(1.00) represents the purely metallic phasg Vi estimated optical constants
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were used in fullvave simulations to monitor the reflectance values at normal incidence.
The fulkwave simulation results are consistent with the measured spectra, which validates
the refractive index and the thickness of the,\in 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 rampregionand the temperature is set to 2G0for 30 seconds and then the

temperature decreases as a resuttomvection.

In order to characterize the optical properties of the @ grown on a sapphire
substrate, we measured reflectance spectra in the visible range. The temyefendent
reflectance curves were measured by using a microscope spectrometer with an extemal
heating stagd-igure3.4shows the temperatude pendent reflectance modulation in thie 30
100°C range of the 4Ami thick VO, film for the heating cycle. We observed a gradual

reflectance change as a result of the insulatonetal transition when walowly changed
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the substrate temperature. The temperafegendent curves represent a gradual decrease of

the reflectance as the M@Im 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-field
calculations. The simulation domain was truncated using perfectly matched layers. We
modelled a quantum dtter 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 (\D;). The complex refractive index of \l@t the ZPL of emitters A, B,
and C were taken from our ellipsomettata. The refractive index 6fBNwas 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.&kpectively.

We performed fulwave electromagnetic simulations using finite difference time
domain methods to estimate the optimal thickness for a @ in order provide the

largest optical contrast in the photoluminescence wavelength range.
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Figure 3.4. Temperaturedependenteflectancespectra 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 vdhacten of metallic phase VO2 gradually evolves
within the insulating phase VO2 host.

We used a commercial Lumerical finitgfference timedomain software package to obtain
the reflectance spectra of the ¥fdm on a sapphire substrate. The reflectance maps of the
thin film structure were monitored by varying the thickness of the M@ for both
insulating and metallic phases. Finally, the thickness of M@ was optimized based on
the FOM equation shown below. Eig 3.5 represents the simulated FOM map, which
indicates that about 40m-thick VO, film shows the largest reflectance contrast at the
zero-phonon lines of our exfoliatduBNflake. Based on this analysis, we grew-mi:-

thick VO, films as exphined in Section S8.
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Here,Ruetanic: metallic phase reflectance aRgsuaing iNsulating phase reflectance.

A 40-nm thick vanadium dioxide (V& film was formed on a cleanedpdane
single side polishedapphire substrate by pulsed laser deposition. A-p@her pulsed
laser beam vaporizes a vanadium target which deposits a thin film on the sapphire
substratesinthe presenceofSmo r r oxygen gas at an el evate
we confirmedtitthe surface ofthe V@ilm 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 measnrent result shows the morphology of the \filtn

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

VOo. The results indicate th#te largest optical contrasts at the zptwonon lines when VO-2 thicknessis about 40 nm.
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Figure 3.6. Surface characterization of VO2 filmhtomic force microscope measurement of VO2 film deposited on a
sapphire substrate. This result shows that the filamiformly grown, and the roemeansquare roughness is around 1.5

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

35 h-BNe mi thtaerract eri zati on

Figure 3.7-a shows the optical microscope image of a thiBN 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 M@ deposited on 500
* m thick sapphire by pulsed laser deposition. To determine the thickness of this flake at
each position, we employed atomic force microscopy (AFM). Figufé shows an AFM
image of theh-BN flake shown in Figure8.7(a). The red dot in Figs3.7-a and3.7-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. Figl8&-c show AFM height profile across the linesgp
indicated in Figre 3.7-b where flake thickness varies in the range-220 nm. At the
location of the emitter A and B height of the flake is 310 nm and 34(espectively.
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Figure 3.7. Characterization of thexfoliatedflake and spectra afi-BN quantum emitters. (a) Optical image of the
mechanically exfoliatetl-BN flake on VO2/Sapphire substrate. (b) Atomic force microscopy image of the flake shown
in (a). The red dots on the tracesEgin (b) and (a) indicate the position of emitters A, and B with emission wavelength
of 600 nm and 620 nm, respectively. (c) Lpr@files along the region indicated by the trace in (b). At the location of the
emitter A and B height of the flake is 310 nm and 34Q neapectively. (d) Confocal photoluminesceneg)map of
theh-BN flake. The position of twaingle photonemitters 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) anesffectivelywere 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. Figure3.7-d shows a PL map over an area of 20 x RO on theh-BNflake. The
location of thequantum emitterd and B are highlighted by dashed circles. Birggle
photonemission nature of thesguantum emitterss evident from their seconrorder
autocorrelation measurements indicatif@p< 0.5. Figure8.7-e and3.7-f show the PL
spectra of thesguantum emitters obtained for insulating and metallic.Vibe emission
spectra of eacquantum emitteconsist of a pronounced ZPL accompanied by a weaker
phonon assisted emissiff139]. An increase in PL intensity as obtained for metallic VO
compared to insulating VLis noticeable for allqguantum emitterswhich in general
suggests a higher photon emission raée, a decrease in emission lifetime, a change in
illumination pattern, or any 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 V&uggests that this increase in absolute PL intensity originates
from enhakement of emission ratRecent experiment has reported that the decay rate of
h-BN quantum emitters remains constant even when heateB00 #6§[24] which further
corroborates thatthe enhancementof decay rate is due to modification in LDOS rather than
a thermal effecfThe defectbasedqjuantum emittedimensions are at the atomic scale, and
thusthe lateral position can be precisely measured down to fewtens of nm when a sufficient
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 singlphoton emission characteristics and decay lifetime of the
guantumemitters we measured their secendder intensity correlation functio® t in
both insulating and metallic phases of ¥@ order to reduce the influence of background
signal and noise, we corrected the ra® T wusing the function"Q T
Q ot p " T ,where "YW'Y 6 whereSandBrefer to the signal and the
background counts, respectively. This background corré@teld was fitted with double

exponential of the form
"Q "' p n p _ 'Q SS _'Q S S

where, ' i are laser powedependent parametgr3,100] Here; and; are the
faster and the slower decay time constants, respectively, for al#veesystem. The
secondorder intensity correlation function§Q 1t under continuous wave excitation
pumping for theguantum emitterd and B is shown in Figs..8-a and 3-b, respectively,

when VG is insulating (blue dots) and metallic phase (red dots). The data for the metalic
phase VQ@ configuration has been offset vertically for visual clarity. Egfiraé
coincidence counf§ 1 for eachquantum emitteis 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 forh-BNquantum emitterf89i 41]. Given the Fresnel reflections from all interfaces,
which were analyzed using fuNave simulations, the excitation power within the flake
along the axial direction is position dependent. From fitting our experimental data of
correlation functions’Q t, we extracted the decay constants;§ which has
contributions from the spontaneous decay rates and the patef24,68] The
spontaneous decay rat¢9 of the emitters A and B are shown in the TaBl&. The
correlation functions over longgme scales are shown in Eige 3.13 With an excitation

power of 50 pW, the pump rates are ~f2d and 73fold 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 TaBlé, we clearly see that for all the emitters, the decay rates
are higher in the presence of a metalfi©®, when compared to an insulatiMp,
configuration. Thus, the emitters Aand B are located at distances, from the surfage of VO

such that their optical environment is modified when,W@dergoes an insulatoo-metal

transition.
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2.5:‘I TT I*I TTTT I TT I'I IJIIIJ:
SRS NELR A
2.0 sty
Ees Al
15« b=r LS
L [ E 4 3
P08 : =
osf” 3
0.0:IIIIIIIIIIIIIIIIIIIII: X IIIIIIIIIIIIIIIIIIII-
-0 5 0 5 10 -0 -5 0 5 10
Delay, t(ns) Delay, t(ns)
c) )

50 - so—Tv—v—y—v—v:
(= L 4 < L -
T 30k 33530 3
g F 19 F ]
& 20Fs---==m-mmmmme oo B0 mmm e <
8 F 15 E =

10E 1 10F 3

0
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Polar angle, 8 (degree) Polar angle, 6 (degree)

100 i T 0474

Figure 3.8. Singlephotonsourcecharacterization and axial location linRBN flake. Plot of the second order photon
correlation measurement, g2for the emitters A and B, in (a) and (b@spectively. 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 calcul at ed tindusend veuiclfoathd three eahitecsalAyand Ba ds ) 84@ H08 and
0.800+0.124 respectively. For clarity, g#{ data obtained for metallic VO2 in (a), and (b) were shifted by 1 and 1.5
respectively. Pl ot of the relative decay rates b as a

angle ) for the emitters A and B are shown in(c) and (e3pectively. The dashed contourlines in (c) and (d) correspond

u
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to the experimental val,ues@pfech ioketlai,nevdiflreomhEaypodnd (bhne

in the ratio.

To model the distanedependence of thguantum emittelifetime on VO, phase,
we define the ratio of their decay rates in the insulating and metallic phdseBigsres
3.8-c and 38-d show the twedimensional plot of relative decay rdbeas a function of
distancad from theh-BN/'VO,interface and the polar orientation anglef the dipole for
eachquantum emitterd and B respectively. Each plot has three contour lines; a dashed
line for the relative decay ratés while the upper and the lower solid contour lines
correspond to the error in decay rateg ). Using the experimental valuesiofrom the
Table3.1, we obtained the relative decay rate$or thequantum emitteré and B, as
@y p Prp AT AR i ¢, T respectively. From these simulations and the
experimental values pf, itis evidentthatthguantum emitterare located within a narrow
region at a distancg ~ 21 nm from the surface ¢¥BN/VO, interface. However, the
uncertainty in the axial p 0 s i—+ Hooemitte A,pe nds
uncertainty (full width) varies from ~13 nm-at 1 to~22nmat— w1t Similarly,
for quantum emitteB uncertainty in their axial location varies from ~ 15 nmto ~ 23 nm

at— T and— T respectively.

36 LDOS engineering with phase chang

Figure3.9shows the individual contribution from radiative and +radiative channels to the
decay rateps (Figures3.9-a,h and (Figures 3.9-c,d) for both parallel and
perpendicular orientations as a function of the distadcEdm h-BN/'VO; interface. The

nonradiative decay rate of the emitter corresponds to the emission of a photon which is
absorbed in the lossy material Y.Gror numerical simulation we considered laBN
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guantum emitter with ZPL wavelength of ~ 600 nm and PLQY of 0.79. F)Qikustrates

that at distances in the range K18 nm, decay rate is dominated by the neradiative
channel and thus the emitters | ocated with
lack of light emission available for collection objective lens. However, the radiation
contribution to the total decay rate tsosiger for vertical dipole compared to the horizontal

dipole within first ~50 nm with both states of YO hus,emitters found in the vicinity df

BN/VO, interface have a higher probability of dipole moment oriented along the vertical

direction.
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Figure 3.9. Radiative and nomadiative decay rate§.otal (dwtal /20 ), radiative ¢r/20), nonradiative onr/20), rates of

spontaneous emission of a quantum emitter as a function of distance frosuvf@ce for two dipole orientationise,

parall el (d

=90A)

and perpendi

cul ar

(d=0A)

to the sur fac

wav el en@d0imaadthe quantum yield QY =0.79 corresponding to the emittarl.IGsulating phase of IO

(c, d) metallic phase of V@ Freespacedecayratel £

refractive index oh-BN,

o tlre atomic transition frequencya t h e

reduced

§'s fo“ - 2@ , with ¢ being the speed of light, n the

P | a'rhe kndpitudecob n st ant |,

the dipole moment vector. The refractive indices of the upper meditBN, and that of sapphire were setto 1, 1.82,

and 1.77respectively. The refractive index of VO2 at 600 nm was setto 3.05 + 0.42i (insulating phase)and 2.57 + 0.64i

(metallic phase) from our ellipsomgtdata
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37 Opti cal characterization of emi

To performbackground subtraction fof2gmeasurementse scanned a small PL map
(5mmX5nm) around each emitter in the same optical condition asdmegasurement was
performed (i.e.using bandpass filter to only pass through the zero phononline). Then by
fitting a Gaussian profile to the spatial photoluminescence we extract the value of
background (B) and signal(S)

tt
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Figure 3.10. Experimental setugschematicof the homebuilt confocal microscope used to charactérigdl quantum
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emitters, perform correlation measurements and emission polarimetry.

Thenwed e f i ne p a’r a"Wert @ rif theraa (e,background is not corrected)

g@ function is"Q  then the background corrected intensity autocorrelafbn is

calculated as:
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A similar method is used for background subtraction of polarization measurement. We
subtracted %2 of the background value extracted from the fit mentioned above from the angle

dependent polarization.
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Figure3.11. Background subtractiofor correlation measurements. Background subtraction for(g)a¢asurement of

emitter B. (a) shows a PL map around the emitter, (b) shows a profile of the PL map shown by a dashed line in (a) with
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aGaussian fit to it, and values for signal and background.

shows g~2 (U) result after background subtraction.

We also studied a bright emitter with ZPL at 570 nm however before performing polarization
measurement this emitter bleached and we aoaderform a complete analysis similar to
emitters A and BThe full information of decay rates of three emitters under study can be

seen inTable3.1
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the axial position of this emitter as can be seerd)n (
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Emitter Decay rate], (MHz) Decay rate, (MHZz)
A 249 15 304 33
B 693 45 865 122
C 268 16 334 18

Table3.1. Spontaneous emission ratgfemitters Spontaneous decay rates of the emitters A, B, and C in the vicinity of
VO:in insulating phase and metallic phase. The decay rates are estimated based on the fitingod gubtracting

the contribution of pumyependent excitation rate

Microsecond scale autocorrelation function of three emitters at bot 80d 100C is
plotted in Figure 3.13to demonstrate how®)y of all three emitters at long time scales

approaches 1.
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Figure3.13. 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 rom temperature and 10Q, respectively.

38 Phot ophtyBNgosanotum emitters

We model singlé-BN quantum emitter as thrdevel system that consists of a ground state
o8 excited statexdt and metastable staél as shown in Figre 3.14 The emission
characteristics of this quantum emitter can be described by rate equations for population of

the three levels.

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

(radiative and noimadiative combined).
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Figure3.14. Threelevel system with corresponding decay and excitation rates.

These equations are also supplemented with population conservation équatidn

I

p. Usingthe rate equations, one canderive the analytical expression for the normalized

i de al éorder autooonrelation functioi® T as:
MMt p p -Q ¥ _Q s

where the coefficients are given in the limit ( [ i )

However, in the presence of a background such as laser scatter or diffused
photoluminescence takes a modified form
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Q T p ” p -0 SS -Q SS

where,” quantifiesthe background ai®d 1t p " . The decay rate of the excited state
L is [ i [ [ as the transition rate to the metastable xﬁ‘tés orders of
magnitude smaller compared to the decay/ratéromabovesquationsve can obtain the
decay rate of the quantum emitter using the pyrowerdependent decay rate as

I Y. In our experiment, the focal spot was near diffraction limitd *  ¢), the average

pump power was kept constantlat v 11 wfor all the measurements.

The spontaneous decayand theabsorption crossection, can be estimated by
measuring the pumpowerdependent decay rdte. Figure 3.15a) shows the evolution of
the decay rate as a function of excitation power at the location of the emitter after taking
into account Fresnel reflections from all interfaces. From our full wsameilation, for
emitter A(_ @ T4 & the excitation powerdrops@ e 0.60 . From the linear fit,
we obtained thepontaneous decay 249 MHz by extrapolating the linear fit to zero
excitation power. At excitation power v Tt wand taking into account local power,
the absorption rates for both emitters'are 9.5 MHz and 11.9 MHz at 30 C and 100 C
resptively. Compared to thmumppowerdependent decay rate these rates are about 25
fold and 73fold weaker for emitter A and emitter B2spectivelyThus, in our experiment,
the contribution of the excitation ra¥és negligible comparedto the spontaneous decay rate
i.e.,/ e [ .The absorptionrateisgiven by , ‘@Q with absorption crossection, ,
excitation intensity, and excitation frequency Usingthe absorption rat¥ 9.5 MHzat
excitation powen o 11 wand a near diffraction limited focal spot, wstimated the
absorption crossection, e «f; Pp T & G. Similar absorption crossection for-BN

emitters have been reportgdd1] Next, we estimated the intersystem crossing rates by
fitting[ . Here, we treated as constant arid as excitation powedependent rate of the
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form 1 I —. From our fitting we obtaingd  v& T™™Hz, & TMHz,u=
0.89 MHz,v=0.05 mW.

Internal quantum yield in an important parameter for a quantum emitter which can
be estimated from the value of rate coefficients and the maxsmgie photonratesi.e.,

the saturation count rat®© as

0 -- ; 8

Here,— is the collection efficiency of the experimental set-tgs the quantum efficiency,
' R ,r O are rate coefficients which can be obtained from power dependshetidng
model. We fitted the powedependent PL intensity and fitted with the functiGn

‘O —— and obtainedO T8t ¢ UMHz and 0 p T @ From the rate

coefficients, we obtair —  5.63 x 16" Taking into account the collection, transmission,
and coupling efficiency of the optical element of the experimental set up, the collection
efficiency—  8.87 x 10* which gives— 0. 634. The quantum efficieney has
contribution from the internal quantum yield, radiative Purcell enhancement, and the non

radiative loss due to ohmic loss in YQJsing simple algebra, we obtain

Here,— accounts for the rate of energy loss iny© is the internal quantum yield of the
h-BN emitter, and- is the radiative Purcell enhancement with respect to the homogenous

medium. From our fullvave simulation, we obtained 1T& @— 180 ¢ which yield

- T WOo
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Figure 3.15. Plot of the decay rates _ las 2function of the excitation power at the location of the emitter. We fitted
the experimental data shown i b) with Eqgs. (S4, S5Yespectively. €) Plot of the intensity as a function of excitation

powerto determiethe saturation count rate®0( ) and saturation powebd( ).

39 Di pol e orientation

Next, we focus on emission polarimetry of the quantum emitters. Previous
studieg102] have shown that the threémensional orientation§r ) of a dipole can be
directly extracted by analyzing polarization characteristics of its emitted light. Figures
3.16-a,3.16-b is the emission polarization measurement from the quantum emitters A and

B, respectively. The data is fitted by the function

a (O] O O AT O -
whereO ande are the fitting parameters. From the fit, we obtained for emitter A:
0 ™ L @ T8t PO ™o @ T8¢ ande p X%  p8t. Similarly, for
emitter B:"O ™ p Y T8t olTO ™YY 8o @ande  p & ¢B. In

emission polarimetry, the polar angi€an be extracted from the degree of polarization of

the emission defined as
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From the fitting parameter§Q KO , we obtained 1@ ¢ p T8 ¢ @nd]

@ X o 1@t X for emitter A and Brespectively Figures3.16-c and3.16-d show the
calculated degree of polarizatipras a function of the polar orientation anglasing the
experimental values of numerical aperture (0.9), the refractive indicasBdf, VO,
(insulating phase) and sapphire. The distashoé the quantum emitters A and B from
VO,/Sapphire substrate was setde- 20 nm. From Figure3.16-e and3.16-f we clearly
see that variation in the distangdes negligible (dashed line). The red dot in Figu3eks

e and3.16f represents the measured valué cdnd we extract the polar orientation angle
— ¢® o® and— ¢ @ t18® foremitter A and Brespectively. In estimating
the value of error ir—we accounted for the error in locatidnwhich is shown Figures
3.16-e and3.16f by solid lines. Figur&.16-e shows nanometecale axial localization of
emitter A with an uncertainty (fullvidth) of ~ 15 nm, oriented alongk ¢ B

o® hp x8& p8t SSimilarly, Figure3.16f shows nanometescale axial localization of
emitter B with an uncertainty fullvidth of ~ 17 nm, oriented along C &

1® hp @& ¢8 8The strong vertical component of the dipole orientation for both
emitters found in the vicinity dfi-BN/VO; interfaceare consistent with our simulations
results shown in Figur&.9. The predominant out of plane dipole orientation of these
emitters can be a result of an out of plane atomic structure of the ekvittdrelieve 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 temitter A and emitter Brespectively as a function of the emission polarization
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Next, we investigated the feasibility of transferring thBN flake from the VQ
measurementsubstrate to a device substrate, which is a necessary capability for integration
of quantum emitters with chipased photonic components, waveguide circuits, and planar
metamaterial§l03i 106]. In contrast to wet chemical transfer metid@7], we utilized a
polymerassisted hot pickupchniqug89,108,10910 transfer the emittemosth-BNflake
from VO, to a receiving Si@Si device substrate. FiguBel7-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 mappingré~g&j17c) and
matchingthe spectral (Figre 3.17d) and spatial signatures of both emitters before and
after the transfer procedd/e expect that the axial position of the emitters from the bottom
surface and the polar alegof their dipole orientation to remain unchanged after the
transfer. However, the azimuthal angle may charidext, we performed emission
polarimetry to determine the azimuthal angle of the emitters after the transfer. Bigufes
d and3.17-e show plar plots of the PLintensity of the emitter A and emitter, B
respectively as a function of the emission polarization analysis anglerom the fiting
the datawe deduce that for emitter A, =164.6J° 3.0J and for emitter Bs =94.4J°
4.0J. Next, we measured the relative orientation of the flake before and after the transfer.
The transferred flake is oriented at an ale = - 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 characterizatior(a,b) Optical image of the flake on VO2/Sapphire substteéore transfer) and

SiO2/Si substrate (after transfer) respectively. The transferred flakieiteda t a n =12 §lwith repiect to its

orientation on VO2/Sapphire substrate. (c) 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 ofiters A and B which matched with the spectra obtained from the same location

before transfer. The sharp line ~ 575 nm corresponds to Raman lrBNf(e,f) Polar plots of the PL intensity of the
emitter Aand emitter r espectively as a function of the emission pol
after the transfer. From t4d@4.6£3.0°an dvef dr deddi€t4ohratB,f of emi




























































































































































































































































