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Abstract

Hexagonal boron nitride (hBN), a two-dimensional wide-bandgap material, has emerged
as a promising host for optically stable quantum emitters (QEs) suitable for quantum
photonic and sensing applications. This dissertation investigates the controlled fabrication,
optical characterization, and robustness of carbon-related single-photon emitters (SPE) in

hBN, with an emphasis on their integration into chip-scale quantum devices.

In this work, several previously reported fabrication methods have been studied, which
include focused ion beam (FIB), Reactive Ion Etching (RIE), Inductively Coupled Plasma
(ICP) RIE, liquid exfoliation, and sputtered carbon. However, each method lacks one or
more key attributes required for realizing an ideal, chip-integrable quantum emitter. Thus,
a reproducible, contamination minimizing fabrication method is developed using atomic
force microscopy (AFM) nanoindentation with diamond-like carbon-coated tips, introduc-
ing carbon impurities into the hBN lattice in a spatially controlled manner. The resulting
emitters exhibit deterministic positioning and strong spectral similarity, indicating the
successful and repeatable creation of a specific emitter class. Extensive photophysical
analysis of over 300 emitters reveals a narrow distribution of zero-phonon lines (ZPLs),
primarily in between 565 nm to 590 nm range. The emitters are attributed to carbon-trimer

defects, specifically the C,Cy configuration, supported by theoretical comparisons.

The environmental stability of these emitters is assessed through molecular deposition of
TbPc,, a single-molecule magnet. The emitters remain optically active and show enhanced
ZPL intensity upon molecular deposition, demonstrating their robustness against external

perturbation—an essential criterion for quantum sensing.

Furthermore, advanced spectroscopic techniques including photoluminescence excitation
(PLE) spectroscopy and room-temperature optically detected magnetic resonance (ODMR)
are employed to probe the electronic structure of the emitters. While limited spin contrast
is observed under ODMR, PLE measurements reveal lifetime-limited linewidths for selected

emitters, confirming their high optical quality.



Abstract

This work lays the foundation for the scalable integration of hBN-based quantum emit-
ters into hybrid quantum technologies by addressing key challenges in emitter creation,

stability, and spectral purity.
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1. Introduction

Using quantum emitters in hexagonal boron nitride (hBN) as sensors such as for magnetic
field, electric field, temperature or strain sensing, is a promising and rapidly growing
research direction that combines the robustness of two-dimensional (2D) materials with the
quantum sensitivity of surface single-photon sources (SPS). hBN hosts optically stable quan-
tum emitters at room temperature, which can detect local environmental changes—such
as magnetic fields [1, 2], electric fields, strain, and temperature [3]. This positions hBN
emitters as compelling candidates for nanoscale sensing applications in biology, materials
science, and quantum technologies. However, this concept must compete with other
well-established quantum sensors, such as nitrogen-vacancy (NV) centres in diamond,
which already offer mature protocols for magnetometry and thermometry [4-7]. To make
hBN-based sensing viable and competitive, several challenges need to be addressed: emitter
reproducibility and control (e.g., deterministic positioning and spectral stability), integra-
tion with photonic and electronic platforms, and the development of sensing protocols
that harness the emitter’s spin or optical properties. Overcoming these obstacles can
reveal the distinct benefits of hBN, such as its atomically thin structure, compatibility with
various substrates, and capability to function in different environments, establishing it as

a versatile foundation for future quantum sensing technologies.

The prospects of quantum emitters in multilayer hBN for quantum applications have gar-
nered significant interest across multiple disciplines. As a 2D material, hBN is inherently
compatible with on-chip device integration. Furthermore, optically active defects in hBN
are known for their brightness and are often generated near the surface, which enhances
the photon extraction and sensitivity. Some exceptionally bright emitters [8], with high
quantum efficiency, have shown great promise for quantum information processing. Addi-
tionally, hBN defects typically exhibit a high zero phonon line (ZPL) to phonon sideband
(PSB) ratio (i.e. a high Debye-Waller factor), making them highly suitable for quantum
optical applications [9-11].
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However, a big challenge in creating and controlling these color centres is that the defects
are very sensitive to their environment. And since contaminants are a common hindrance
while handling van der Waals hetero-structures like hBN, a reliable and clean fabrication
technique is crucial to creating stable emitters that can be used for coherent control
measurements as well [2]. Being a wide-bandgap semiconductor, the electronic states
of the light-emitting defects in hBN are located deep within the bandgap, ensuring high
stability. However, charge buildup from contaminants can introduce additional mixed
states into the electronic structure of atomic light-emitting defects, potentially causing

instabilities such as blinking, bleaching, and spectral diffusion [12-14].

However, with the appropriate fabrication techniques, it is possible to create emitters with
prolonged photo-stability [15]. Despite the challenges, significant research efforts have
made important strides toward establishing coherent control of color centres in hBN. When
spin-active, such defects are excellent candidates for quantum coherent manipulation and
sensing [16—-19]. There has also been progress in Stark effect studies by integrating optically
active defects into device with tunable electric fields [20-22]. Several advanced fabrication
techniques have successfully demonstrated the deterministic creation of emitters in hBN
[23-27], yet there is still much to be understood about the electronic structure of these
defects. Many of these fabrication techniques have an SPE yield no higher than 40 % and
give a wide distribution of defect type. The reproducible generation of identical defects
across multiple samples, particularly in the wavelength range of 532 nm to 650 nm, has
motivated numerous research works. However, nanoscale-positioned and identical class

emitters in this range which have high quantum efficiency remain a challenge.

With the motivation of using hBN quantum emitters as quantum sensors this research

work has been motivated by the following questions:
1. How to fabricate quantum emitters such that they are :
- Stable
« Spatially and spectrally deterministic
« Spin active defect type
2. Are these emitters robust against external molecules?

3. What measurement techniques would confirm their electronic energy level structure
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These questions have been answered in the results chapter as follows:

1: How to fabricate quantum emitters that are stable, deterministic and spin

active?

We have tested several fabrication methods to create stable quantum emitters in hBN:
focused ion beam (FIB), Reactive Ion etching (RIE), Inductively Coupled Plasma (ICP) RIE,
sputtering carbon on hBN flakes and also liquid exfoliation of hBN ultra-fine powder onto
Si substrate. Each method is followed by high temperature annealing which activates
the emitters. Annealing removes adsorbed molecules or contamination and stabilizes the
charge state of defects, an essential condition for optical activity, that is, the ability to
facilitate light-matter interaction in a two-level system through photon absorption and
emission. We show that each of these methods successfully produces quantum emitters
albeit they are either unstable, have poor quality, produce a low yield of emitters or are not
transferrable to be integrated onto a chip for further sensing measurements. The possible
reasons for the fabrication techniques are individually assessed and a general suggestion
is proposed in section 4.1. Our experience with developing these fabrication techniques
have guided us to explore an additional method, which we have chosen to be our final

fabrication method that is Atomic force microscopy (AFM) nanoindentation.

This mechanical method for inducing defects is optimal for preventing charge accumu-
lation during the fabrication process. This technique creates indents using individual
force curves at each point. The holes are meant to take up the diameter of the AFM tip
(30 nm). The indent is made through only the first several layers of hBN (~ 2.5 nm). This
controlled mechanical approach of creating defect by breaking boron-nitrogen bonds result
in smaller lattice destruction as compared to focused helium ion beam (>250 nm) [24] or

laser fabrication (2.5 pm) [23].

The AFM tip used is a diamond like carbon coated (DLC) AFM tip which corrodes at each
force curve made. This technique introduces carbon particles into the indents promoting
formation of carbon defects localized around the indentation which are activated by high
temperature annealing. Carbon defects are among the most energetically favorable defects
to form in hBN, and theoretical studies expect many to be spin active. Thus this fabrication
method is aimed at producing repetitive carbon emitter in hBN, creating emitters which
are both spatially and spectrally deterministic. The theory section goes more into detail

about defect formation in hBN.
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Using AFM and fluorescence measurements, it is shown that this method creates deter-
ministic emitters. Chapters 4.2 and 4.3 discuss the topography changes that occur in hBN
because of each fabrication step of indentation, contact AFM scanning and annealing and
how this influences defect formation. Chapters 4.4 and 4.5 shows that confirmed single
photon sources (SPS) which are stable appear near indentation sites with a 80 % yield and
that they consist of good quality emitter features we seek in our emitters. Chapter 4.6
presents the photophysical properties of a large dataset comprising 305 emitters, demon-
strating that the majority of isolated single emitters exhibit zero-phonon lines (ZPLs)
within the narrow spectral range of 560 nm to 590 nm. This consistent spectral signature
indicates the successful and repeatable creation of a specific class of quantum emitters.
The data, collected from multiple samples fabricated using the same method, confirms the
reproducibility of the process. It further compares the results to existing theoretical work
which indicates to the chemical origin of these defects to be carbon-related, specifically,
the C,Cy defect. The spectral features are compared with existing theoretical predictions,
providing strong support for this assignment. The energy level structure of this emitter

proposed in the theoretical work is reported in details in section 4.6.1.
2. Are these emitters robust against external molecules?

The optical and electrical behavior of a defect is strongly governed by its interaction
with the surrounding lattice environment. However, for quantum sensing applications,
it is essential that the single-photon emitter (SPE) remains stable when the sensing
target is introduced. Since studies have shown that the performance of SPEs in hBN
can degrade due to surface contamination, we investigated how our chosen sensing tar-
get—single molecular magnet—affect emitter stability. For this purpose, we selected the
bis(phthalocyaninato)terbium(Ill) (TbPc;) molecule due to its well-established magnetic
properties [28]. If the emitter remains robust after molecular deposition, it would provide
a solid basis for developing hBN-based quantum sensors, an area that is still in its early

stages.

Indeed, in Chapter 4.7 we show that addition of molecules do not make the emitters unstable
or lose its quantum emitting properties. Remarkably, the introduction of molecules has
led to an improved spectral quality of the emitter ZPL and heightened SPE visibility (see
A4 in Appendix) on the hBN flake. The Raman peak of the evaporated molecules from
fluorescence data is compared to the Raman peaks of the crystalline form of the molecules
(for both TbPc, and YPc;) from Raman spectroscopy, to confirm that the emission band

from 560 nm and 580 nm are indeed Raman peaks of the Pc ligand. This confirmation
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was important because some transition energy level structures of the Tb overlap within
the 560 nm to 580 nm range. A recurrent peak around ~ 680 nm is visible when a higher
coverage of TbPc, molecules are deposited. This peak coincides with the fluorescence
signal of Si(IV)tbPc(OH), reported in an earlier work [29].

3. What measurement techniques would confirm their electronic energy level

system?

The fabrication method developed in this work was specifically designed to enable on-chip
device integration with quantum emitters in hBN. Elaborate steps were taken to ensure
that the hBN flake was transferred onto a coplanar waveguide (CPW) with minimal surface
contamination introduced during the transfer, as such impurities can negatively impact
the quality of the SPEs. Room-temperature optically detected magnetic resonance (ODMR)
measurements were performed on approximately 60 emitters, but only one showed any
measurable ODMR contrast (Appendix A.6). Chapter 4.6 presents low-temperature mea-
surements that examine the spectral stability of several emitters under 532 nm excitation
laser. Although, low-temperature ODMR did not yield any significant results, photolumi-
nescence excitation (PLE) spectroscopy was successful for one emitter, allowing extraction
of its lifetime and natural linewidth. PLE with external vector magnetic field in both the
XY and YZ plane revealed no Zeeman splitting indicating spin neutrality for this particular

emitter.

This is how the content of the results section have been presented as we have tried to

approach the research questions above.

An overview of the thesis is as follows: it starts with the theory section which consists of
three main parts. First it focuses on the hBN structure which enables it to have optically
active defects with spin properties, many of which are carbon related. We discuss spin

active defects due to our interest in sensing.

The second and third parts of the theory section present theoretic concepts in quantum
optics that help us analyze and understand our data. The theory section ends with
reporting different instabilities that give rise to linewidth broadening of the ZPL in SPS.
In the methods section, the optimized fabrication recipe is presented step by step, with
reasoning as to why each step was necessary. This is then followed by the results which
have already been introduced above. Some extra details are put in Appendix and this is

referred to within the main text wherever applicable.






2. Theoretical Background

This chapter is structured to address the following key points:
1. The properties of the materials used, which are crucial to this research.

2. A proposed theoretical model for the defect, its comparison with existing literature,

and its implications.
3. Central theoretical concepts in quantum optics relevant to our investigation.

4. Potential limitations in formulating and validating the theoretical framework.

2.1. Hexagonal Boron Nitride

hBN is industrially synthesized, commercially available, inexpensive, and highly versatile,
offering a broad range of application possibilities[11]. It is widely used in both industry
and research due to its exceptional thermal stability, electrical insulation, and chemical
inertness, making it ideal for applications such as protective coatings, electronic substrates,
and lubricants [30, 31]. In research, its wide bandgap, high transparency, and ability to host
stable quantum emitters make hBN a promising platform for next-generation photonic
and quantum technologies. To fully comprehend and further exploit these properties,

understanding its structure and chemical composition is essential [32].

2.1.1. Structural Properties

hBN is a layered crystal with strong sp? chemical bonds forming hexagonal rings of boron
and nitrogen within its two-dimensional layers. Boron has lower electro-negativity than
nitrogen, leading to polar covalent bonding; the resulting partial charges create electric

dipoles. Between the layers, weak van der Waals forces allow exfoliation into thinner flakes
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from the bulk crystal which are then used for experiment. The stacking configuration
refers to the relative arrangement of atoms in adjacent layers of a layered material. In
AA’ stacking—the most stable configuration for hBN—the layers are aligned such that
boron atoms in one layer sit directly above nitrogen atoms in the adjacent layer, and vice
versa. This arrangement results in an alternating vertical alignment of boron and nitrogen
atoms, with every second layer repeating the same atomic positions. This structure is
energetically favorable due to the electrostatic attraction between the partially positive
boron and partially negative nitrogen atoms. Consequently, hBN exhibits weaker inter-
layer bonding compared to few-layer graphite, which has AB (Bernal) stacking, leading to
greater thermal expansion and more pronounced thermal puckering at high temperatures
in hBN [33]. Figure 2.1 shows the structure of hBN showing the bond length of 1.44 A and

distance between layers as 3.33 A.

hBN flakes exhibit distinct colors under optical microscopy due to thin-film interference,
which aids in pre-selecting flakes for fabrication after exfoliation. When light reflects
off the interfaces between air, hBN, and the underlying Si/SiO, substrate, the reflected
waves interfere based on flake thickness, light wavelength, and hBN’s refractive index
(typically ~1.8-2.1) [37, 38]. Owing to the high refractive index contrast with air and SiO,,
even slight variations in hBN thickness result in strong interference effects. The altered
intensity and phase of the reflected light produce visible color changes, enabling easy,

non-destructive thickness estimation [39].

1.44 A -

Figure 2.1.: 3D model representing two layers of hBN, with in-plane bond lengths of h-BN: 1.44 A and plane
to plane bond lengths of: 3.33 A. The red sphere is boron and blue sphere is nitrogen or vice versa. [34-36].
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Unlike graphene, which consists of identical carbon atoms and shows no bandgap, (hBN)
exhibits a wide bandgap due to the difference in electronegativity between boron and
nitrogen [40]. A simple nearest-neighbor tight-binding model accounts for this by intro-
ducing a potential difference E; between the two atomic sites, resulting in the energy

dispersion relation:

B0 = By + B3+ 4l ()1

where Ej is the average site potential and f (E) is a function of the wavevector k [41]. The
valence and conduction bands are symmetrically placed around E,, and the bandgap opens
at the K points in the Brillouin zone where f (lz) = 0, giving a gap of exactly E,. Using the
first ionization energies of nitrogen (14.5 eV) and boron (8.3 eV) as a rough estimate for
the site potentials gives E; ~ 6.2 €V, which closely matches the experimentally observed
optical bandgap of hBN (around 6 eV). This is portrayed in the schematic of a two-level
system in figure 2.2. This model illustrates how the broken sub-lattice symmetry in hBN
leads to insulating behavior, in contrast to the semi-metallic character of graphene, where

both sites are equivalent and E; = 0.

The wide optical bandgap of multilayer hBN results in exceptional transparency, with
transmission reaching up to 90 % across a broad spectral range from 250 nm to 900 nm. This
high level of transparency makes hBN an ideal encapsulating material for optoelectronic
and quantum devices, as it introduces minimal interference with light-matter interactions

in the active layers [42].

CB

|E)

6 eV

|G)

VB

Figure 2.2.: llustrates a simplified energy level diagram of a two level system for an hBN defect. The |G) is
ground state and |E) is the excited state of the defect. CB and VB are conduction band and valence band
respectively. Its placement within the 6 eV bandgap of hBN allows it to be optical active.
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hBN’s wide bandgap enables it to host deep-level defect states within the visible range
(1.6 eV to 3.1eV), which lie well within the bandgap and remain thermally isolated from
the valence and conduction bands at room temperature. As a result, many of the color
centers formed by such defects in hBN exhibit exceptional thermal stability, making them

highly promising candidates for room-temperature quantum technologies [43].

2.1.2. Defectsin hBN

Color centres in hBN may arise from vacancies, anti-sites, and carbon substitutions [43-47].
Consider, for example, a boron or nitrogen vacancy, Vg or V created by the absence of a
boron or nitrogen atom respectively, which results in three broken bonds. The neighboring
atoms’ ¢ and r orbitals become de-localized in their environment based on their energy
differences. Some may merge into the conduction or valence band, or form deep-level defect
states within the bandgap as shown in figure 2.2. Determining the essential electronic
states of a defect involves populating its six orbitals with electrons, a process that varies

with the defect’s chemical composition and charge which will significantly impact its

spectral characteristics and spin properties [48].

C,C,-DAP-4

C.C,-DAP-\13

C.C,-DAP-\7

C,C,-DAP-2

C,C,-DAP-1

@ B o C @ N o H

Figure 2.3.: Common defects found in hBN [49].
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2.1. Hexagonal Boron Nitride

Energetically favorable defects which are optically active have been reported over sev-
eral theoretical papers [50, 51]. In their theoretical investigations, they mostly use a
combination of first-principles methods to study spin-active defects in hBN, focusing on
their structural, electronic, and spin-related properties. Density functional theory (DFT),
particularly with hybrid functionals like HSE06, is used to accurately describe defect levels
within hBN’s wide bandgap. HSE06 is a screened hybrid functional that mixes a portion of
exact Hartree-Fock exchange with DFT exchange-correlation [52], improving the accuracy
of bandgap and defect level predictions in semiconductors and insulators. The calculations
rely on the Born-Oppenheimer approximation, which separates electronic and nuclear
motion to simplify the problem, and use pseudopotentials to exclude core electrons and
reduce computational cost. Commonly utilized techniques encompass these above men-
tioned calculations: density functional theory (DFT), Hartree—Fock (HF) approaches, and
post-HF methods. A summary of the defects is provided in table 2.1, which were proposed
in earlier studies, with references listed next to the defect information. As they may be
using combination of different calculation schemes their derived defect electronic structure

for each defect may also vary.

Some common defects in hBN are illustrated in Figure 2.3 [49]. These defects are param-
agnetic, and several of them exhibit multiple charge state configurations. For instance, the
defects shown on the left side of the figure—Vy, VNNp, By, and Np—can exist in positive,
negative, and neutral charge states, each of which influences their ground-state spin. For
example, Vi has a neutral spin when positively charged, whereas By and Np exhibit
neutral spins in their neutral charge states. In contrast, VyNp shows a neutral spin when
either positively or negatively charged. These examples demonstrate that the spin state of

single-photon emitters (SPEs) is determined by their ionization state.

The defects depicted near the center of the hBN lattice in Figure 2.3—Cp, Cy, C,Cy,
C,Cp, VBCn, and VyCp—are among the most frequently studied carbon-related defects in
experimental research [46, 53]. These defects are considered potential origins of many
experimentally observed quantum emitters. Notably, the neutral charge states of VgCy
and VnCp are theoretically predicted to possess a spin-triplet ground state, while the
remaining carbon-related defects are primarily associated with spin-doublet ground states
[54]. The charge and spin states of these well-studied defects, as presented in figure 2.3, are
summarized in table 2.1. Due to their potential to form stable spin-active centers in hBN,
carbon defects—particularly carbon trimers—have received significant research attention.
In table 2.1, the zero-phonon line (ZPL) values for the carbon trimers C,Cy and C,Cp are
reported by both Auburger et al. [55] and Li et al. [56]. This is further discussed in the
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2. Theoretical Background

results section, where we propose that the most frequently observed defects in our study

are C,Cy carbon trimers.
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2.1. Hexagonal Boron Nitride

Table 2.1.: Key properties of widespread spin-active defects in hBN from theoretical investigations. Charge
states, ZPL energies (in eV), ground-state spins (Sg;), and zero-field splittings (ZFS in GHz) are included.
This is nicely summarized in [49] and some additional data is added to the existing table.

Defect Charge ZPL (eV) Ses ZFS (GHz)
state
Vs - 1.65 [57] 1[58] 3.467 [57]
0 / 3/2 /
W [51] - / / /
0 / 1/2 /
+ / 0 /
Bx [51] - / 1 /
0 / 0 /
+ / 1 /
Ng [51] 0 / 0 /
+ / 1/2 /
Vi Ng [48] - / 0 2.0
/ 1/2 /
/ 0 1.74
Boron DBs 2.0 [47] 0 [59] 0.84 [59]
VB, [60] / 1 D=-11,
E=-76.8
MHz
Cx [55] 0 2.468 1/2 /
Cs [55] 0 1.695 1/2 /
CpCn-DAPs (4, - 1.525-0.442 1/2 /
V13,47, 2, 1)
[55]
0 1.547-4.131 0 /
+ 2.229-1.055 1/2 /
C,Cn 0 2.13 [56] 1/2 /
1.62 [55] 1/2
C,Ch 1.42 [56] 1/2 /
1.36 [55]
WNCs — [61] / 1/2 /
0 [62] 1.95 1 8.6
+ [61] / 1/2 /
ViCy [62] 0 / 1 ~7.15
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2. Theoretical Background

Carbon Defects in hBN

Carbon defects in hBN are commonly found as unintentional impurities introduced during
synthesis. In bulk hBN crystals grown via high-temperature, high-pressure (HTHP)
methods using barium boron nitride as a solvent [63], carbon has been detected in exfoliated
samples using annular dark-field electron microscopy [64]. Similarly, in chemical vapour
deposition (CVD) of hBN thin films using precursors such as ammonia borane (NH3;BHj3)
and borazine (BsN3;Hg), carbon incorporation is frequently observed [65, 66]. These
precursors thermally decompose and react with the substrate (typically copper), facilitating

hBN growth and the introduction of carbon-related defects.

Carbon’s tendency to be incorporated into the hBN lattice arises from its position in
the periodic table—between boron and nitrogen—which allows it to substitute for either
element due to similar atomic sizes and electronic configurations. Simple substitutional
defects such as Cp (carbon on a boron site) and Cy (carbon on a nitrogen site) exhibit low
formation energies and thus can occur in relatively high concentrations compared to more

complex configurations [46, 55, 67].

Grain boundaries and Stone-Wales (SW) defects further enhance the likelihood of carbon
incorporation by distorting the ideal hBN lattice and creating energetically favorable sites
for impurity trapping [68]. A Stone-Wales defect is a type of topological defect that occurs
in 2D materials like graphene and hBN. It involves a 90° rotation of a bond between two
adjacent atoms, transforming four hexagons into two pentagons and two heptagons. These
structurally perturbed regions can host substitutional or interstitial carbon atoms, which

are of particular interest due to their distinctive optical and quantum properties [69, 70].

Figure 2.3 illustrates several well-known carbon-related defects, including donor-acceptor
pairs (CgCn-DAPs). In such pairs, Cp acts as an acceptor and Cy as a donor. Radiative
recombination occurs when an electron from the donor recombines with a hole at the
acceptor, resulting in photon emission. The defect can undergo charge-state transitions,
altering both its electronic and magnetic properties. The recombination energy depends
on the donor-acceptor separation (e.g., 1, 2, 4, V7, V13 lattice units in the neutral state),

with shorter separations yielding higher-energy emission, as summarized in Table 2.1.
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2.2. Quantized Emission of Light

2.2. Quantized Emission of Light

The quantum nature of light emerges when classical electromagnetic theory fails to ex-
plain phenomena such as single-photon emission, antibunching, and photon number
quantization. In quantum optics, the electromagnetic field is quantized, and its excita-
tions—photons—are described using quantum states. A fundamental class of such states
are the Fock states [71].

2.2.1. Fock States and Photon Number Quantization

A Fock state (or number state) is a quantum state with a well-defined number of photons.
Denoted as |n), it contains exactly n photons in a given mode of the field. It is an eigenstate

of the photon number operator 7i = 4'd:

nln) = nln) (2.1)

where a' and d are the photon creation and annihilation operators satisfying [4,d'] = 1.

Fock states exhibit no photon number uncertainty; that is, when measuring the number of
photons in such a state, the result is exactly n photons. This deterministic nature makes
Fock states inherently non-classical. In contrast, classical light—such as that emerging from
a laser—always exhibits some degree of photon number fluctuation. Among Fock states,
the single-photon state |1) is particularly important for quantum technologies, including
quantum communication and quantum key distribution [72]. It enables quantum-secure
transmission by eliminating multi-photon vulnerabilities and allows for deterministic

encoding and transfer of quantum information.

The Poisson distribution describes the probability of a certain number of independent
events occurring within a fixed time or space interval, assuming a constant average rate.
For photons in a laser beam (a coherent light source), the photon number distribution

follows this Poisson distribution function:

Ane=4

P(n) = n!
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where P(n) is the probability of detecting an integer number of n photons, and A is the
average photon number. When the average is set to A = 1, most detection events result in

0 or 1 photon, although higher photon numbers are still possible.

This randomness, and the fact that photons are independent, means that laser light cannot
be truly antibunched—even if attenuated—because there is always a nonzero probability
of two or more photons arriving together as shown in figure 2.5(a) and figure 2.5(d)
represented by the red bar. Lasers are sources of coherent light, meaning the photons

maintain a fixed phase and amplitude across time and space.

In contrast, thermal light (e.g., sunlight or blackbody radiation) tends to emit photons
in bunches, leading to a higher likelihood of detecting either zero photons or multiple
photons per event as portrayed in figure 2.5(b). The photon distribution in this case follows
a Bose-Einstein distribution, which favors clustering as shown in figure 2.5(d) represented

by the black bar.

SPS, on the other hand, emit photons in an antibunched manner—meaning photons
are well-separated in time as shown in figure 2.5(c). This results in a sub-Poissonian
distribution, where the probability of detecting exactly one photon is high, and the chance

of multi-photon events is negligible as visible in figure 2.5(d).

A critical factor in measuring these statistics is the sampling or detection time interval. To
observe the true distribution (especially antibunching), the detection time bins must be
smaller than the average time between photons. Otherwise, time averaging can mask the

actual statistical behavior.

d Coherent photons (laser) d

o oo ) ° ) e o . ' s Laser
I Thermal source
I Single-photon source

b Bunched photons (thermal source)

C Anti bunched photons (single-photon source)

L] L ] L] [ ] [ ] L) [ ] [ ] [ L] L] L]

> 0 1 2 3 4 5 6
Time Photon number (n)

Figure 2.4.: (a)-(c) show schematic comparing the photon incidents of different light sources under the same
intensity. (d) shows probability distribution of the photon number from the three sources where the average
photon is (n) = 1. These are the calculated probability values of detecting “n” photons at a given time.
Schematic taken from Ref[11].
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2.2. Quantized Emission of Light

2.2.2. First-Order Coherence

In quantum optics, correlation functions are used to characterize the statistical and coher-
ence properties of an electromagnetic field. The first order coherence of light refers to the
degree of correlation between field amplitudes at different points in space or time. It is

defined as:

(E*&E(t +1))

(1) —
T

(2.2)

The angled brackets denote the statistical averaging operator. Here, &E(t) represents the
electric field at time (t), and  is the time delay between two field measurements. The
&*(t) is the complex conjugate of the electric field. The nominator gives a quantity that
reflects both amplitude correlation and phase difference between the field at time (t)
and (t + 7). This formulation applies directly to interference phenomena—such as the
fringe patterns observed in a Michelson interferometer or thin-film interference—where
the overall intensity results from the constructive and destructive interference of two
overlapping electric field amplitudes [73]. This quantity is linked to classical interference
phenomena. Perfectly coherent light (e.g., from a laser) has |¢(!)(7)| = 1, while thermal or

incoherent light exhibits a decaying |¢(!)(r)| with increasing .

2.2.3. Second-Order Correlation and Photon Statistics

While first-order coherence describes the wave-like interference properties of light fields,

the quantum statistical nature of photons is revealed through the second-order correlation

a A b ¢ A
@ thermal @ coherent @ | single-photon
Q Qo Q
c c 1 c 11
Q [ Q
ke L= 2
(&) (8] 8]
c c c
e, © o)
© 1_ | ~ O O’ L ~ © 0_ L ~
0 - 0 - 0 -
Delay time Delay time Delay time

Figure 2.5.: Shows ¢(?) profile for the three light sources shows in figure 2.4 [11].
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2. Theoretical Background

function, which characterizes intensity—intensity correlations at different times. This
function is particularly useful in distinguishing classical light from quantum light, and is

directly measurable in photon-counting experiments.

In classical electrodynamics, field intensity (or energy density) is proportional to the square
of the electric field amplitude which is given by (2.2). Based on this, the second-order

correlation function is defined as:

(EME(t+E+1E®)  IMI(t+1))
(E(MEM)(E*(t+D)E(t+1))  (MNI(t+7))

9% (1) = (2.3)
Here, I(t) and I(t + ) denote the field intensities at times ¢t and t + 7, respectively, and
7 represents the time delay between detection events. This expression captures the nor-
malized probability of detecting two photons separated by time 7. A value of g? (1) > 1
indicates that photons tend to arrive together (bunching), whereas g'¥ (r) < 1 indicates
that photons avoid each other (antibunching), which is a purely quantum effect. Bunched

and anti-bunched sources of light are introduced in section 2.2.1.

In photon-counting experiments—particularly those using a Hanbury Brown and Twiss
(HBT) interferometer (figure A.4)—the second-order correlation function is expressed in

terms of photon number counts from two detectors:

(ny()na(t +17))

(2) —
970 = T ) (my(t + )

(2.4)

Here, n;(t) and ny(t + 7) represent the photon counts at two detectors, separated by a
time delay 7. This expression gives the conditional probability of detecting a photon at

detector 4 given that one was detected at detector 3 at an earlier time.

To describe these processes fully quantum mechanically, we replace the photon number
operators with their operator equivalents. The photon number operator is defined as
i = a'a, where @' and d are the creation and annihilation operators (also called ladder
operators), respectively. Substituting this into Equation (2.4) yields the following quantum

optical definition:

(aT(t)a'(t+r)a(t +v)a(r))
(at(t)a(r)) (at(t+)a(t +1))

g (r) = (2.5)
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2.3. Possible Emission Scheme of Defects

In this formulation, the ladder operators serve as quantum field operators that describe the
absorption and emission of photons. The annihilation operator d removes a photon from
the field, while the creation operator @' adds one. These operators obey the canonical
commutation relation [4,d'] = 1, for bosons and act on Fock (number) states according

to:

ilny=vVnln-1), a'lny=vVn+1|n+1)

This operator-based formulation is essential for analyzing quantum optical systems, as it
allows the computation of expectation values for different quantum states of light—such
as coherent states, thermal states, and Fock states. It also provides a natural way to

incorporate field quantization into photon statistics.

The value of (¥ (0), i.e., at zero time delay, is particularly important as it reveals the nature

of the photon statistics of the light source:
« Thermal (chaotic) light: g (0) = 2, indicating photon bunching.
« Coherent light (e.g., laser): g (0) = 1, characteristic of Poissonian statistics.

« Fock state |n): ¢g'¥(0) = %, which approaches 1 as n — oo, and equals 0 for

n=1.

In particular, for a single-photon Fock state |1), the second-order correlation at zero delay
is:

9?(0)=0 (2.6)
This behavior, known as photon antibunching, is a hallmark of non-classical light and
cannot be explained by classical electromagnetic theory. Antibunching is a clear signa-
ture of single-photon emission and is typically measured using an HBT interferometer

(figure A.4). An experimentally observed value of g (0) < 0.5 is considered a definitive
indicator of an SPE. Figure 2.4 demonstrates g(®) (0) for different light sources.

2.3. Possible Emission Scheme of Defects

In experiments, this emission is typically observed via a photoluminescence (PL) spectrum,

which records the intensity of emitted photons as a function of wavelength or energy. A
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typical PL spectrum of a quantum emitter in hBN features a sharp, intense peak known as
the ZPL, corresponding to a purely electronic transition between the ground and excited
states. This peak is often accompanied by a broader, red-shifted spectral feature called
the PSB, which arises due to the coupling of electronic transitions with lattice vibrations
(phonons). Together, the ZPL and PSB form the characteristic spectral fingerprint of an

emitter.

Quantized photon emission from defects in hexagonal boron nitride (hBN) can be under-
stood through the schematic shown in Figure 2.6. This illustration depicts a direct optical
transition, which is the most commonly used model to describe defect-related emission in
hBN. The emission process can be described as follows: an incoming photon excites the
system from the ground-state equilibrium to a point above the excited-state equilibrium,
requiring an energy input of AE2. The system then undergoes an adiabatic relaxation to

the excited-state equilibrium by dissipating excess energy A** into phonon modes.

The system then relaxes to the ground-state equilibrium by emitting a photon with energy
AEE, followed by a second adiabatic relaxation in which vibrational energy A" is released.
This is the Franck-Condon principle for electronic excitations in molecules where the
excitation/relaxation are much faster than the vibronic relaxation. The energy difference
between the equilibrium positions of the excited and ground states defines the adiabatic

transition energy AE,.

The vertical transitions—AE? during excitation and AEX during emission—are referred

to as vertical excitation and relaxation, respectively. Their energy difference, A* + A%, is

Emission
initial state

Emission
final state

Figure 2.6.: Schematic of the potential well structure showing light matter interaction that results in photon
emission and phonon vibrations [48].
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2.3. Possible Emission Scheme of Defects

called the Stokes shift, and it quantifies the energy lost to phonon interactions during the

emission cycle.

To improve accuracy, the adiabatic transition energy AE, can be corrected by including
the zero-point energy of each vibrational state, resulting in the corrected ZPL energy AEyo.
The remaining emission, associated with phonon-assisted relaxation, forms the PSB. This
occurs due to the mismatch in lattice geometry between the excited and ground states,
causing the system to relax by emitting phonons with various characteristic vibrational
energies. The superposition of these vibrational transitions makes up the PSB, which
appears red-shifted from the ZPL due to the lower energy of phonons. In PL spectra, this
manifests as a broad tail extending toward longer wavelengths; in some cases, it may be

partially obscured by the detection limit or signal noise.

The absorption counterpart, denoted AE, the energy difference marked as 'PSB 0-1’,
corresponds to the energy involving phonon-assisted excitation. The direct transition
model described here is widely used to calculate and simulate the optical response of hBN
defects. Additional parameters, such as the Huang—Rhys (HR) factor and Debye-Waller
(DW) factor, are also employed to characterize the strength of electron-phonon coupling
and the fraction of emission in the ZPL, respectively. These are discussed in the following

section.

2.3.1. Huang-Rhys Factor and Debye-Waller Factor

The HR factor serves as a measure of electron-phonon interaction strength during optical
transitions, indicating the average quantity of phonons engaged when a system transitions
between distinct electronic states, which results in equilibrium geometry changes. For

emission, the HR factor Sg is defined as:
(6F)?
Sp= ) SE=) ‘1 2.7

where 8% is the mass-weighted displacement between excited and ground-state potential
energy geometries along mode i, summed over all vibrational modes. A higher Sg denotes

stronger coupling and a more noticeable PSB, whereas a lower Sg implies weaker coupling
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with a predominant ZPL. The DW factor, ag, represents the ratio of the ZPL intensity to

the total emission intensity, defined by:

I
2L _ oS, (2.8)

*” Lo
where Izpy, is the zero-phonon line’s integrated intensity, and liota] = Izpr, + Ipsp is the sum
total of integrated emissions. A larger DW factor (g — 1) signifies that emission mainly
occurs through the ZPL, which is highly advantageous for quantum optics applications
requiring indistinguishable photons [74, 75]. It is important to recognize that obtaining
precise values for Sg and af from experimental data is often challenging due to spectral
overlap among the ZPL, PSB, and Raman features of the material, limitations in detection
equipment, and the need to accurately convert intensity data from wavelength to energy

with appropriate scaling.

2.3.2. Photo-instabilities

Defects in hBN are highly sensitive to their local environment and often deviate sig-
nificantly from the idealized two-level system typically used to model SPE. In realistic
conditions, additional charges and nearby defects can perturb the electronic structure of

the optically active defect, resulting in a more complex energy level scheme [76, 77].

Spectral diffusion in hBN emitters mainly comes from fluctuations in local charges that
change the surrounding electric field of the defect. One common cause is the Stark effect,
where nearby charges—such as mobile carriers or photogenerated electrons—shift the
energy levels of the emitter and lead to changes in the emission energy over time [78]. For
instance, a focused laser may unintentionally excite surrounding systems in addition to
the target emitter. This can induce electric dipoles in nearby defects or impurities, leading
to a local electric field and thereby causing a Stark shift in the emission energy of the
main emitter [79]. Another factor is charge trapping and detrapping, where charges get
temporarily caught in nearby defect sites or impurities and then released again. These
events alter the local potential landscape, causing the emission energy to fluctuate [80,
81]. On top of that, surface-related effects such as adsorbed molecules, charge patches,
or nearby conductive layers like graphene can also disturb the emitter by introducing
additional electric noise [82, 83]. This is especially relevant for 2D materials like hBN,

where the emitters are very close to surfaces and interfaces. Altogether, these effects
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2.3. Possible Emission Scheme of Defects

result in spectral wandering, linewidth broadening, or even blinking, which can reduce

the spectral stability of the emitter.

In other cases, nearby charges can also give rise to metastable states that act as non-
radiative decay channels [14, 84], resulting in intermittent fluorescence or blinking [85].
Blinking refers to the reversible switching between emissive and non-emissive states, in
contrast to photobleaching, where the emitter becomes permanently non-emissive due to

irreversible chemical or structural changes.

Therefore, engineering a stable and clean local environment through advanced fabrication
techniques is critical for controlling the photophysical properties of h BN quantum emitters,

and ultimately for their successful integration into quantum photonic devices.

Linewidth broadening The natural linewidth of an optical transition is connected to the
time energy uncertainty principle as follows, where I is the natural linewidth:

_fo _AE 1 (2.9)

2 2h  27mAt

Here, Av is the full spectral width in frequency units, AE is the energy uncertainty of
the transition, h is Planck’s constant, and At is the lifetime of the excited state. It relates
the spectral linewidth to the lifetime of the excited state which is also knows as the
Fourier transfer limited (FTL) linewidth. This inequality reflects that a shorter excited-
state lifetime (smaller At) leads to a broader linewidth I'. This fundamental limit is rooted
in the Heisenberg uncertainty principle, which states that energy and time cannot both
be precisely defined simultaneously. Hence, the faster a photon is emitted, the less well-

defined its energy, leading to a wider spectral line.

However, in practice, the observed linewidth often exceeds the natural linewidth due to
additional broadening mechanisms. These are typically categorized as homogeneous and
inhomogeneous broadening. Homogeneous broadening, which results in a Lorentzian
lineshape, arises from processes that affect all emitters equally, such as phonon coupling
and interactions with the environment that limit the coherence time. In contrast, inhomo-
geneous broadening leads to a Gaussian lineshape and originates from emitter-to-emitter
variations, such as local strain or charge fluctuations in the surrounding environment [71,
86].
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3.1. Fabrication Recipe

Each fabrication step is carefully designed to support the formation of stable, isolated quan-
tum emitters. A critical factor in achieving this is maintaining a clean local environment.

By ’clean’ I am referring to the following conditions:
« minimal surface or inter-layer contamination that could degrade emitter quality.
« absence of charge accumulation.

+ a well-defined, structured physical topography. Thus many extra steps within the
fabrication procedure are taken to maintain this clean environment. Once formed,
the SPEs are stable with a long shelf life.
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Figure 3.1.: Fabrication steps to creating deterministic quantum emitters in hBN that is compatible for chip
device integration. The process requires three chips: exfoliation is done on chip (i), holes are patterned using
RIE in chip (ii) and CPW is fabricated on chip (iii). All fabrication steps on the three chips are required to
create the final chip that is the hybrid quantum spin-microwave platform.

Figure 3.1 presents a schematic of the fabrication process. Intrinsic silicon wafer, coated
with a 300 nm thermal oxide layer and 500 um) in thickness, is diced into smaller than 5 mm
x 5 mm square chips and cleaned thoroughly. The cleaning protocol involves sequential
treatment with hot acetone, ethanol, isopropanol (IPA), and plasma cleaning. All freshly

diced chips undergo this procedure prior to device fabrication.

To fabricate the final hybrid quantum spin-microwave platform, three separate chips
are used. On the first chip, hBN flakes are exfoliated. The second chip is patterned with
micrometer-scale holes via etching, and the third chip is used to define a CPW through
photolithography.

Selected hBN flakes from the first chip are transferred onto the second chip such that the

flake is suspended over the etched holes. AFM nanoindentation is then performed on the
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suspended flake, followed by annealing at 1000 °C. Subsequently, the flake is transferred
once more onto the CPW on the third chip.

The resulting SPE in hBN from AFM nanoindentation are characterized via both room-
temperature and cryogenic confocal microscopy to assess their photophysical properties.
Further experiments are carried out to investigate the spin properties of the emitters. The
motivation behind each fabrication step is discussed in this section, and fabrication step is

further summarized in labeled boxes in the Appendix.

3.1.1. Exfoliation

a) Adhesive tape b) c) d
S
= = G .

Si/SiO, substrate

Figure 3.2.: Schematic of mechanical cleavage of hBN powdered crystals into thin flakes and final exfoliation
onto target substrate.

The hBN powdered crystals used for exfoliation are sourced from Micromasch. Exfoliation
is performed using acrylic adhesive tape (Nitto SPV 224PR-M], thickness: 75 um). Although
this tape is typically used as a protective film, its low adhesive strength makes it suitable

for exfoliation, minimizing the transfer of adhesive contaminants to the flakes.

Given that the hBN crystals are initially several micrometers thick, they are cleaved four
to six times using a fresh piece of tape each time in order to obtain thinner flakes. After
several cleaving cycles, the flakes become thinner and sparser, appearing barely visible
on the tape. The tape is then pressed uniformly onto a chip that has just been removed
from a hotplate, applying orthogonal pressure for several seconds before peeling it off.

Exfoliation steps is illustrated in figure 3.2.

The chips are kept warm during exfoliation to enhance the adhesion of flakes, thereby
increasing yield. However, exfoliation is not performed directly on a 200 °C hotplate, as
such high temperatures would degrade the tape and risk depositing adhesive residues onto

the chip surface.
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Applying uniform pressure without twisting is essential to avoid introducing adhesive
contaminants or air bubbles beneath the hBN flakes. This process constitutes a final
"on-chip" exfoliation rather than a "transfer"—meaning the top and bottom surfaces of
the flake on the chip are both freshly cleaved layers of hBN. Ideally, this ensures that the

exfoliated flakes on the chip are free from adhesive contamination.

Following exfoliation, the flakes are optically inspected to determine their positions and
thicknesses in preparation for further fabrication steps [39]. Flakes with thicknesses
between 40 nm and 100 nm are preferred. On average, exfoliated flakes from powdered
crystals are approximately 40 um in lateral size. Exfoliation from bulk hBN single crystals
follow the same method, beginning with a large crystal piece several hundred micrometers
in size. Flakes obtained from single crystals are often larger than those derived from
powdered sources. The cleaning and exfoliation is summarized and listed in colorbox titled

"Cleaning and exfoliation" in A.1.

If reusing a chip that was previously used for exfoliation, the sample is first wiped with
a lint-free wipe—such as those commonly used in cleanroom environments—to remove
any optically visible debris accumulated over time. This step effectively removes residual
flakes from prior exfoliations that are not efficiently eliminated by alcohol or plasma
cleaning alone. After wiping, the standard cleaning procedure and exfoliation process can

be repeated.
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3.1.2. Patterning Holes into Si/SiO,

Figure 3.3.: Patterned holes in different sizes in Si/SiO, with markers.

This step aims to exfoliate or transfer hBN flakes onto etched holes, allowing them to
become suspended. During emitter fabrication, high-temperature annealing strengthens
the bond between the flake and the SiO, substrate, making later transfer difficult. In
contrast, suspended flakes experience weaker van der Waals interactions with the substrate,
enabling easier pickup via our dry transfer method. Moreover, substrate changes during

annealing have less effect on suspended flakes.

Figure 3.3 shows an optical image of the chip after the etching process. Alignment markers
assist in quickly locating flakes during measurements. The etched holes vary in size (2,
4, 8, and 12 pum), shape, and spacing (2 pm to 12 pm) between the centre of consecutive
holes, allowing for the exploration of optimal conditions for flake adhesion. Among these,
the 2 pm circular holes with 6 pm spacing yielded the highest number of suspended flakes
after exfoliation. The complete etching process is summarized in colorbox "Patterning
holes into Si/SiO," in A.1.
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When post-annealing transfer is unnecessary, that is, if the flakes are not going to be
moved to a waveguide (chip 3), the flakes can be indented and annealed directly on the
exfoliated chip (chip 1) to activate color centres in hBN. Although exfoliating directly
onto a pre-etched chip (chip 2) is also possible, flake placement becomes random and
uncontrollable. Hence the desired flake is preselected and transferred from chip 1 to chip
2 to be suspended, and then finally transferred to chip 3 after annealing. Annealing chip

with the waveguide (chip 3) might destroy the waveguide so this is also avoided.

The pattern is made using photolithography and then etched using Reactive Ion Etching
(RIE) with SF¢ and C4Fg gases. The Bosch process [87] is used to achieve deep anisotropic
etching in silicon through alternating cycles of etching and passivation. In the etch step,
SF, is introduced into the plasma, generating fluorine radicals (F+) which chemically react

with silicon and silicon dioxide to form volatile SiF,:

SiO, + 4F. — SiF, (gas) + O, (gas)

Si (solid) + 4F. — SiF, (gas) (3.1)

During the passivation step, C,F; is flowed into the chamber, leading to the deposition of

a fluorocarbon-based polymer on all exposed surfaces:

CyFg — CyF, (polymer) (3.2)

Ion bombardment in the subsequent etch cycle removes the polymer from the trench
bottom, enabling further vertical etching while the sidewalls remain protected. Repeating

these cycles allows for high aspect ratio structures with vertical sidewalls in silicon.

The following figures show suspended flake on etched sample. Suspending flake is required
for on chip device integration so that they are are still transferrable after annealing. Owing
to hBN’s high heat resistance, the Si holes that are covered with hBN stay protected and

unchanged from destruction via annealing.
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3.1. Fabrication Recipe

Figure 3.5.: Suspended flake on triangular holes

Figure 3.4.: Large exfoliated flake on an etched which are etched into the Si substrates. The flake
block, the distance between the numbered mark- has less attraction to the substrate when sus-
ers is 400 pm. pended and hence it becomes possible to transfer

them after annealing.

3.1.3. PDMS Microdome and Dry Transfer

Microscope Slide

Stage with heating

Figure 3.6.: Top view of an exemplary PDMS microdome stamp (left) and PVC film wrapped over the PDMS
microdome stamp (right).

hBN flakes are transferred onto target substrates with micrometer precision using a dry
transfer technique involving microdome stamps [88]. Microdome stamps are fabricated
from Polydimethylsiloxane (PDMS) with an array of tiny domes in a microdome shape. A
layer of polyvinyl chloride (PVC) film is then wrapped around the PDMS stamp before it is
installed into the transfer setup. These domes have micron-scale curvature, which allows
localized contact with a flake or substrate. The contact point can be adjusted by controlling

pressure or alignment, enabling precise flake pickup or release. This enables transfer of
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pre-selected flakes with desired thickness onto etched holes or CPW which cannot be
achieved with exfoliation as the position of the flake on the chip during exfoliation is
uncontrolled. Figure 3.6 shows one of the stamps made on the left with the last spherical
drop being around 50 pm diameter. On the right, a side view schematic of the stamp with

PVC cover is shown, it is not drawn to scale.

Figure 3.7 shows the transfer setup. The stamp holder is positioned to the right of the
tube lens, while the target sample substrate is fixed onto a sample stage below the lens
using PMMA. The sample stage also serves as a heating plate. Both the stamp holder
and the sample stage are equipped with micrometer screws, allowing precise mechanical

control.

Figure 3.7.: Transfer setup for dry transfer of hBN flakes (left) and close up on its sample stage (right) [89].
The setup consists of three sections: tube lens with camera, sample stage XY micro-manipulator and stamp
holder XYZ micro-manipulator.

The effectiveness of the transfer relies on the temperature-dependent contact force between
the hBN flake and the PVC film. The pickup and drop off is illustrated in figure 3.8. At
70 °C, the PVC adheres strongly enough to pick up the hBN flake. At 120 °C, the van der
Waals interaction between the hBN and the SiO, substrate exceeds the PVC contact force,
enabling the flake to be released onto the substrate [88]. Once again, a clean contact
surface should be maintained, for example, cleaning the stamp with IPA and the substrates
with acetone prior to transfer. Dirt on surface affects the success of the transfer due to
poor contact. The detailed fabrication recipe of the PDMS stamp and the transfer protocol

is summarized in box "PDMS Microdome and dry transfer" in A.1.
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e 70 °C e 120 °C
pick up drop off

Figure 3.8.: From the left, the stamp is brought closer to the flake and picked up at 70 °C, after pickup the
substrate is changed to target sample which is heated to 120 °C for placing the flake.

The smallest contact area between the stamp and the hBN flake is approximately 15 pm.
This allows the transfer of relatively large flakes without the entire flake coming into
contact with the PVC surface, thereby maintaining its cleanliness. Due to the rigidity of
hBN flakes, they can extend over the edge of the chip and form cantilevered structures
during transfer or positioning, without sagging or adhering to the rest of the microdome

surface.

When the flake size approaches the stamp apex diameter, the entire flake may contact the
PVC film thereby creating chances of contact contamination. The transfer setup allows full
3D manipulation, as illustrated in Appendix figure A.1. In this example, a 120 um hBN flake
was folded multiple times and still successfully picked up and transferred. Overall, this
method enables micrometer-precision control over flake handling, including intentional
cracking, encapsulation, and the transfer of both thin and thick hBN flakes. Using this
approach, we have also successfully exfoliated thick flakes with PDMS stamps.

Figure 3.9.: hBN flake which has been folded several times as seen from the thicker (light green and orange
colors) top and bottom sides of the flake using the 3D manipulation technique using microdome stamps. On
the edge of the image are Platinum cross markers for directing around the substrate.
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3.1.4. AFM Nanoindentation

After the flake has been transferred or exfoliated onto an annealing-compatible substrate,
the substrate is cleaned again using acetone and IPA. To avoid displacing the flake, cleaning
is performed by gently swirling the chip in the solvents, followed by careful nitrogen

drying.

AFM topography scans and nanoindentation were performed using a Bruker Dimension

Icon AFM, located in an ISO 8 cleanroom and mounted on an anti-vibration table.

I have always started with a higher set-point for the full flake scan and gradually went
to lower setpoint values while optimizing the trace and retrace lines. Atomically flat
structures (like hBN) needed to be scanned with a lower setpoint to get a scan a with a
good trace and retrace signal. Tuning these parameters such as setpoint, integral gain and
scan speed are key for accurate imaging of hBN. Also, these parameters become important

in trying to get high resolution images of the indents made.

Pre-selected flakes are first scanned to inspect their thickness and surface topography.
This characterization is done in tapping mode. If the flakes have bubbles or have too many
adsorbates, they do not go further fabrication processes. When there is only minimal
debris, then sections of the flake where indentation are to be made are scanned in AFM
contact mode such that the tip pushes the debris outward. During contact mode scanning,
a feedback setpoint voltage of 1V was employed. Setting the voltage too low might allow
surface contaminants to persist, whereas a higher voltage could lead to wrinkling from

excess strain on the flake.

Figure 3.10 shows as an example of a flake region where strain was applied with an excess
trigger voltage of 1.6 V during contact scanning. Consequent scans in tapping mode
revealed wrinkling features as has been reported in other 2D materials such as MoS; and
graphene [90, 91]. For flakes without any debris or adsorbates proceed to indentation

without this extra cleaning step with contact mode AFM contact cleaning.

Each indentation corresponds to a force curve, where the tip presses into the sample and
records its mechanical response. A force curve reflects the interaction between the tip and
the sample during the approach and retraction cycle, providing insights into mechanical
properties such as stiffness, elasticity, and adhesion. From the curve, one can extract
parameters like indentation depth, contact point, and adhesion force. Since the objective
here is to simply create indentations for crack formation and carbon contamination from

the tip, the force—distance data were not further analyzed.
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3.1. Fabrication Recipe

Typical indentations are approximately 2 nm deep and 35 nm wide, as shown in the Results
section. Markers are placed within the scanned frame of the selected indentation region,
with 1 pm or 1.5 pm spacing. This minimum spacing ensures that defects at the borders of
adjacent indents remain separated by more than the confocal volume ( 260 nm), reducing
the likelihood of multiple emitters overlapping and forming ensemble emission. The AFM
nanoindentation procedure is summarized in colorbox titles "D. AFM nanoindentation" in
Al

The tip needs to be changed multiple times depending on its requirements. The first tip
which is an Al/BS tip is generally works quite well for tapping mode scans. However
for indentation, we change the tip to a harder tip which is carbon coated, in hopes of
facilitating carbon defects from the debris of the tip from indentation. This indenting tip
becomes blunt after around 200 indents and fail to clearly see any indents formed. The
resolution of a scan is limited by several factors. The lateral resolution is limited by the

radius of the curvature of the AFM tip,

Od~VR-h (3.3)

where § is the lateral resolution limit, R is the tip radius and h is the height of the surface

features. The vertical sensitivity Az is defined as:

4k, T
Az = 7| —— 3.4

where k is the spring constant, Boltzmann factor kg = 1.38 X 10_23—IJ< and temperature T.
Thus a high force constant, low thermal noise and a sharp tip with small r give higher
resolution. And hence, in order to probe the indents size and depth we use a fresh AFM
tip with less than 1 nm radius. As will be shown in results section 4.2, Tap 300 DLC, with

15 nm radius, is too blunt after indentations to make reliable scans.
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b. homogeneous lines
perpendidular to strain

a. wrinkling in the centre c. strain induced wrinkling

Figure 3.10.: Figure (a) shows AFM scan in tapping mode showing structures in the centre of the area which
was scanned with a high contact scanning threshold voltage. b. shows a higher resolution of the structure
showing uniform wrinkling perpendicular to the scanning direction. Figure (c) is the circled spot in figure
(b), revealing that some structures correspond to the hBN lattice structure, 120 ° is the hexagonal ring edge
angle.

The Point and Shoot program automates the process: the tip moves to each marker,
engages, performs a force curve, retracts, and proceeds to the next point. The required
trigger voltage depends on the flake thickness, as it defines the force at which the tip stops
approaching and begins to retract. For flakes between 40 nm and 70 nm thick, a trigger
voltage of 1.4V typically yields successful indentations. We found 1.6 V to be optimal for
achieving consistent and well-defined indentations. Higher trigger voltages lead to larger
indent sizes. The retract time is 2 s, representing how long the tip takes to withdraw after
reaching the trigger point. The dwell time, also set to 2 s, is the delay during which the tip
remains in contact with the surface before retraction. Analysis on AFM nanoindentation

results are discussed in further detail in Results, section 4.2.
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3.1. Fabrication Recipe

3.1.5. Annealing

Figure 3.11.: Schematics of sample (green) placed on a quartz sample holder inside a quartz tube being
annealed in an Ar flow (orange).

Defect activation in hBN requires high-temperature annealing [92, 93]. Figure 3.11 shows
a schematic of the annealing setup, in which the substrate is placed inside a quartz tube
connected to a mass flow controller on the left and vacuum pumps on the right. A

photograph of the actual experimental setup is shown in figure 3.12.

The annealing is carried out using a Verder Scientific Carbolite Gero TS1-1200 ceramic fur-
nace, capable of reaching temperatures up to 1200 °C. The furnace features programmable
temperature ramping and naturally slow cooling to room temperature. Argon gas flow is
regulated using a Vogtlin Instruments mass flow controller in combination with a TetraTec
Instruments PCU10 unit. The vacuum system consists of an Edwards TIC Pumping Station,
which includes both a scroll pump and a turbo-molecular pump. Between the furnace and
the pumps, a pressure control valve is installed to allow precise pressure tuning during

annealing.

A base vacuum of 2 X 107 mbar is first achieved before the annealing begins. The sample
is then degassed at 400 °C for 15 min to 30 min until the pressure stabilizes. Following
this, the temperature is ramped up to 1000 °C, the argon flow rate is set to 10 ml/min, and
the turbo pump is turned off while the roughing pump remains active. The temperature
ramp takes approximately 45 minutes. During this time, the pressure valve is adjusted to
maintain a chamber pressure of 13 mbar or higher. The sample is annealed at 1000 °C for
30 minutes. After annealing, the oven, argon flow, and pump are switched off, and the
system is allowed to cool down gradually in a closed argon environment. The ceramic

furnace takes about 4 hours to reach 50 °C.
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This standard annealing procedure was used for most samples. Some flakes were subjected
to double annealing, with an initial treatment at 850 °C, which was found to be insufficient

for stabilizing the emitters.

Figure 3.12.: The complete setup of high temperature annealing.

3.1.6. Coplanar Waveguide (CPW)

The lithographic recipe for fabricating the CPW is provided in the colorbox titled "CPW"
in A.1. The CPW was designed by Ioannis Karapatzakis and consists of three parallel,
equally spaced conducting lines patterned on the surface of the sample substrate. This
geometry confines the microwave field between the signal line and the adjacent ground

planes, ensuring that the field remains largely in-plane with the substrate. hBN flakes
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3.1. Fabrication Recipe

Figure 3.13.: Microscope image on the left shows hBN flakes (green) transferred on to a chip in between the
CPW conducting lines. Image on the right shows the full view of an exemplary CPW.

are then positioned at the region of maximum microwave field concentration—near the

central gap at the base of the CPW structure—as illustrated in Figure 3.13.

The conductors are made of platinum with a thickness of 100 nm, a spacing of 100 um
between the lines, a total length of 1000 pm, and a width of 890 um. One of the key
advantages of using a CPW is its ability to tightly confine the signal to the substrate
surface, which enables efficient coupling to nearby quantum emitters. Additionally, when
the structure is impedance-matched (typically to 50 Q2), it minimizes signal reflection and

ensures low transmission loss across a broad range of microwave frequencies.
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4. Results

The Results chapter is divided into nine sections. Section 4.1 presents the outcomes of
various fabrication techniques that were explored, along with a discussion of their respec-
tive advantages and limitations. These efforts ultimately led to the development of our
primary fabrication method—AFM nanoindentation—the results of which are introduced
in Section 4.2. Section 4.3 examines the topographical changes in the hBN flakes induced
by high-temperature annealing, a process that plays a critical role in emitter formation and
quality. Sections 4.4, 4.5, and 4.6 assess the photophysical properties of the resulting SPEs,
providing evidence of their stability, reproducibility, and spectral purity, and together
addressing our first research question (see Figure 1). Section 4.7 investigates the interaction
of the emitters with molecular adsorbates, while Section 4.8 evaluates their behavior under
low-temperature conditions. Finally, the chapter concludes with Section4.9, which outlines

the remaining challenges associated with working with quantum emitters in hBN.

4.1. Fabrication techniques

Before choosing AFM nanoindentation as our primary fabrication method, we experi-
mented with a variety of other more commonly used techniques. As this section will
show, compared to AFM nanoindentation the yield of stable single isolated SPEs was
not as abundant. Despite the success of these fabrication methods in producing single
photon emitters, the emitters often lack stability and, in certain instances, mainly consist of
ensembles. The stability of these emitters might be enhanced by refining the annealing and
exfoliation parameters. However, even then, what sets AFM nanoindentation apart is that,
this fabrication technique creates emitters which are spatially and spectrally deterministic
as will be shown in the following sections. The emitters from AFM nanoindentation stay
stable for a long period of time. In addition, the SPEs from AFM nanoindentation are

robust against dry transfer with a microdome stamp (section 3.1.3) which involves coming
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into direct contact with the emitter. These are all criteria that fit our requirements for an

ideal sample.

This chapter offers an overview of these various techniques alongside their outcomes:
FIB, RIE, ICP RIE, liquid exfoliation, and sputtered carbon on hBN flakes. Each method is
assessed to explain why they were not selected as the main fabrication approach. This
section presents valuable insights from fluorescence and spectral properties of the emitters,

which help guide the direction for optimal fabrication technique.

The fluorescence images are taken with room temperature confocal setup, explained in
section A.4, with less than 100 pyW power of green laser. The spectra are recorded with

one minute integration time.

The smallest detectable region in a confocal microscope is limited by the confocal volume,
which is governed by the optical resolution of the system. Based on the Rayleigh criterion

for point sources, the lateral and axial resolution limits are given by:

044
" nsin(6
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where A is the excitation wavelength, n is the refractive index of the medium (assumed
to be 1 for air), 0 is the half-angle of the objective’s aperture, and NA = nsin(0) is the
numerical aperture. In our system, we use an objective with NA = 0.9 and an excitation

wavelength of A = 532 nm, which yields:

Ar =260nm, Az =985nm

These values define the lateral and axial dimensions of the confocal detection region, within
which both excitation and collection are optimized for spatially resolved single-photon

emission.

An SPE, which is effectively a point source of light (like a tiny dipole), typically appears
with a Gaussian spatial intensity profile, and its brightness is confined to this focal volume
of the objective lens. This behavior arises from the diffraction-limited nature of optical
focusing, which results in a point spread function (PSF) that closely resembles a Gaussian

distribution in both lateral and axial directions. When scanning across an SPE, the detected
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fluorescence intensity peaks when the emitter is aligned with the focal point and gradually

decreases away from it, producing a Gaussian-shaped brightness map.

Thus in the fluorescence images on hBN flakes, bright Gaussian-distributed spots limiting
brightness to 260 nm are checked for antibunching behaviour to confirm their quantum
nature. If a point source is much bigger than 250 nm, they are most likely to be dirt or

other sources of photoluminescence on the sample surface.

When doing a large confocal scan on the entire flake, a resolution pixel size of 250 nm
is enough to detect possible SPEs on the substrate. The bright points are then scanned
individually with 100 nm resolution in 2 pm X 2 pm size to locate the bright centre of the
emitter and the Z scan is taken to optimize the Z focal point. For the XY scan the piezo
moves in the X and Y axis collecting fluorescence data in a given fixed Z point. For the Z
scan the piezo moves in the X or Y while changing Z piezo while keeping Y or X fixed
respectively. Positioned at the centre of the gaussian in the the XY confocal scan of the
emitter and the appropriate Z focal point, the HBT experiment is carried out to confirm
single photon emission, for more information on HBT experiment see sections 2.2.3 and
A.4. A flip mirror is used to change light path from the APDs to the spectrometer where

the spectra is collected with one minute of integration time.

4.1.1. Focused lon Beam

FIB is a precise nanofabrication and characterization technique that employs a finely
focused beam of energetic ions (Ga*)—to enable site-specific material modification, removal,
and analysis at sub-micrometer to nanometer length scales. Operating on principles
analogous to those of a scanning electron microscope (SEM), FIB systems utilize ion-solid
interactions to induce localized sputtering, implantation, or amorphization of the target
material. The FIB patterns were done in dots with 1 um spacing and a dose of 0.02 s/d on
12 flakes. The dose gives the exposure time for each pixel spot which is 20 ms. The ion
dose (C/cm?) can be calculated Dose = %, where I is the ion beam current (A), t is the
total dwell time (s), and A is the area (cm?). The dose is set by the system used for FIB.
The flakes were annealed in Ar at 850 °C after FIB patterning.
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Figure 4.1.: (a) FIB pattern on a suspended hBN flake. The larger circles edged with higher counts correspond
to etched holes in Si, and the smaller dark blue spots on the flake are FIB-exposed regions, though not all
produce SPEs. Scan size: x X y = 25 um X 24 pm Spectral data from the regions marked with a red rectangle
are shown in (b). (b) Spectra showing a sharp Si Raman peak at 547 nm and broad peak around 650 nm, a
feature often observed in FIB-exposed spots.

Figure 4.1a shows fluorescence scan of region of a flake which has been patterned with FIB.
The FIB exposed pattern is clearly visible in deterministic spots with higher photon count
rate, however most of these spots did not show any anti-bunching dips in HBT experiment,

meaning they were not quantum emitters but rather bright spots on the flake.

The PL spectra of the three FIB spots on suspended region on the flake in 4.1a which
are marked in red rectangles is given in figure 4.1b. As seen on figure 4.1b the spectra
are broad and are not the characteristic spectral shape belonging to quantum emitters
in hBN [10]. The sharp peaks around 547 nm are Si Raman peak observed in all our
spectral data in this work generates from our Si substrate. The intensity of the Si Raman is
depended on the thickness of the hBN flake, thicker flakes would give a weaker Si Raman.
The PL spectra show low intensity characteristic of ensemble photoluminescent particles
within the confocal volume (see figure 4.18) . High energy Ga" ions can result is broad
photoluminescence peaks owing to amorphized regions, vacancies, or substrate debris.
These luminescent centers are often broad and unstable, distinguishing them from true
SPEs [25]. There were SPEs found on the line crack on the flake on the top region of the
flake which might be resulting from natural defects in hBN. The yield of SPE resulting
from the FIB patterned spots themselves were therefore low and the emitters found on

this FIB exposed sample were mostly blinking.

Similar work with FIB to produce SPE on hBN [94] investigated how high-energy Ga*
focused ion beam (FIB) milling affects the morphology of hexagonal boron nitride (hBN)
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and its ability to host stable, room-temperature single-photon emitters (SPEs). They
reported stable and bright emitters with no particular reference to the number of total
yield of the SPE except for being referred to as ‘non-zero’ SPE yield. However, they
annealed the samples in a carbon rich environment after the FIB exposure at 1000 °C which
is a standalone method for creating quantum emitters[95]. This makes it uncertain whether
the stable SPE were generated by the FIB process, or if the carbon-rich atmosphere was
the significant factor in their formation. From our results from FIB, it is indicative that
FIB accompanied by annealing in an inert environment does not produce a reasonable
yield of high quality stable quantum emitters; and that, the presence of carbon in the
fabrication steps to create single isolated bright SPE has a certain positive influence. The
last statement will be repeatedly demonstrated and established from all the fabrication

methods examined in this work.
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4.1.2. Reactive lon Etching

In RIE, a low-pressure gas mixture is ionized in a radio-frequency-powered chamber, gen-
erating reactive ions and neutral species that simultaneously engage in physical sputtering
and chemical reactions at the surface. The gas mixture we have used for etching hBN is
CHF; and O,. The entire sample was exposed to the etchant followed by Ar annealing at
850 °C.
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Figure 4.2.: (a) Fluorescence map of a suspended hBN flake after RIE and annealing, showing many optically
active defects. Scan size: x X y = 32 um X 27 um. Edges and cracks exhibit higher fluorescence count rate,
aiding defect retracing. (b) Exemplary spectrum of emitters created using CHF; etching, showing broad
linewidths and low spectral counts due to instability.

Figure 4.2a shows typical fluorescence features of emitters on an hBN flake fabricated
using RIE. The figure shows that SPEs are distributed across the flake surface with no
evident spatial preference. Many of the bright spots—such as the one highlighted by a red
rectangle—exhibit antibunching behavior, confirming single-photon emission. The yield
of SPEs in these samples was higher than that obtained from FIB processing. However, the
emitters typically exhibited blinking. The fluorescence image shows that the background
count of SiO; substrate and the hBN flake is generally no more than 20 kcts/s to 25 kets/s
and SPE typically reaching several hundred kilo counts per second to over a million counts
per second, covering only a few pixels in this image which has a resolution is 212 nm per

pixel.

With measurement steps and reasoning explained in the beginning of this chapter we

confirm that as seen in figure 4.2a, the spot inside the red rectangle and other similar
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spots have been confirmed to be an SPE, albeit most of them were blinking. Figure 4.2b
presents three representative photoluminescence spectra from different emitter locations
on RIE-processed flakes which showed antibunching. They are normalized and have one
unit spacing to show individual shapes more clearly. They have ZPLs in the range between
550 nm to 620 nm. They exhibited broad linewidths and with strong first PSB (section
2.3.1 for definition). Other research groups have already reported SPE spectra to have
narrow linewidth with high DW factor [48] and hence we deduced the results from RIE
to be lacking. The instability and poor spectral quality make the RIE-generated emitters

unsuitable for our purposes.

Notably, SPEs were generally absent from the central suspended regions of the flake
over the etched holes and were observed only near the edges of the holes which create
strain. Additionally, detecting emitters in the suspended region is more challenging due to

reduced photon collection contrast.

With RIE fabrication method, there is no deterministic formation of patterns on hBN,
similar to that seen in FIB. However, patterning is also possible using RIE: it requires
electron beam lithography with PMMA (Polymethylmethacrylate) as a photoresist. In
addition to RIE we also tried patterned RIE. Substrate is coated with PMMA, exposed to e-
beam for lithography, and developed of the PMMA the sample was exposed to etchant gases
for RIE. However, residual PMMA on the surface proved to be a persistent contaminant
which was difficult to completely remove during the lift-off process. The results obtained
from patterned RIE were not sufficiently promising for detailed presentation in this work.
From patterned RIE it was obvious that PMMA residues and other hydrocarbon byproducts

which persist—post annealing—lead to unstable SPEs.
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4.1.3. Inductively-Coupled Plasma Reactive lon Etching

In ICP-RIE, a high-power RF coil inductively generates a dense plasma of reactive species
(radicals and ions) from feed gases such as SF¢, CHF3, O, or Cl,. Simultaneously, a separate
RF bias applied to the substrate electrode accelerates ions toward the surface, enhancing
physical sputtering and anisotropic etching. This decoupled control over plasma density
and ion energy allows for higher etch rates than normal RIE, excellent sidewall profiles,
and minimal damage to sensitive materials. A mixture of gases with CHy4: Ar: H, = (20:
4: 8) ml/min ratio, with 100 HV was used for 1 min for the fabricating emitters. This was
followed by annealing in Ar flow at 850 °C. One of the flakes from this batch of etching
showed some stable isolated single photon emitters with ZPL peaks around 625 nm and
also many ensembles. These exemplary spectra of emitters from this sample are shown
in figure 4.3. They are normalized and have one unit spacing to show individual spectral
shapes more clearly. The sample exhibited emitters in the 580 nm to 650 nm range. The
second and third spectra are exemplary of what we are looking for in our emitters, high
ZPL:PSB intensity, isolated and a narrow linewidth at RTP, our goal has been to find a
fabrication technique that will reproduce a high yield of such emitter that are reproducible.
Although this fabrication technique was not extensively optimized, it already yielded
more promising results on the first attempt than those obtained using FIB or global RIE.
The superior performance compared to FIB may be attributed to hBN’s energetically
favorable interaction with carbon-related defects originating from CHy. In high plasma

environments, methane dissociates into various hydrocarbon radicals such as CHs, CHj,
CH, and C.
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Figure 4.3.: Shows spectra of three different emitters, two of them at around 625 nm have comparatively
sharper ZPL, the dark purple spectrum is less bright and has a stronger PSB weight (at 630 nm) than the
other two emitters.

Nonetheless, all three methods FIB, RIE and ICP-RIE produced a high number of blinking
emitters, likely due to charge buildup during ion bombardment. Since the sample is
insulating, exposure to positive ions can lead to surface charge accumulation, resulting in
a positive surface potential. Such charge buildup affects the emitters’ stability, leading to

blinking or bleaching behavior [83].
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4.1.4. Liquid Exfoliation

For liquid exfoliation, ultra-fine hBN powder is ultra-sonicated in an isopropanol (IPA)
solution to form nanosheets suitable for drop-casting onto a Si substrate [89]. For the
preparation of the following sample, the hBN-IPA solution was drop-cast onto a Si substrate
placed on a hot plate at 100°C to prevent aggregation of the nanosheets into larger

crystals.

A key challenge when working with liquid-exfoliated hBN is that, unlike mechanically
exfoliated flakes, it is difficult to relocate and identify the same emitter unless micrometer-
scale alignment markers are densely distributed across the substrate (figure 4.5). In contrast
to fabrication methods previously mentioned, the Si substrate used here is not patterned
with etched holes. While this fabrication method is fast and straightforward, it results in
emitters randomly distributed across the entire chip, making detection and selection of

high-quality emitters non-deterministic and labor-intensive.

Emitters in exfoliated multilayer flakes have the advantage of reduced substrate interaction,
which facilitates easier transfer and device integration. On the other hand, emitters formed
in liquid-exfoliated samples are typically mono- or few-layer hBN, which exhibit stronger
interaction with the substrate due to their low lateral-to-thickness aspect ratio. As a
result, after high-temperature annealing (>850 °C), they are more difficult to transfer for
chip-device integration compared to multilayer flakes, which are easier to locate, measure,

and manipulate.

Figures 4.4a and 4.4b show representative spectra from liquid-exfoliated hBN samples.
Bright and spectrally sharp single-photon emission features, such as the one shown in
Figure 4.4a, are occasionally observed. However, most emitters exhibit sharp but low-
intensity zero-phonon lines (ZPLs) on top of a broader background, as seen in Figure 4.4b,
which might be ensemble of SPEs close to each other. The spectrum in Figure 4.4b is
characteristic of ensemble of emitters we have seen in other sample sets (figure 4.18).
Here too, they are normalized and have one unit spacing to show individual spectral
shapes more clearly. This behavior is consistent with strong emitter—substrate coupling
expected for monolayers. We have observed that multilayer hBN flakes—typically 40 nm or
thicker—tend to host more stable emitters than mono- or few-layer counterparts. The sharp
peak observed in Figure 4.4a may originate from aggregated nanosheet regions behaving
as effective multilayers. While monolayer hBN, with its atomically smooth surface, is
highly desirable for 2D device integration, multilayer hBN can provide enhanced emitter

stability, possibly due to interlayer shielding that mitigates photobleaching [96].
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Figure 4.4.: (a) The sharp line shows the ZPL of an SPE from liquid exfoliated hBN; a weak PSB is present at
around 610 nm. (b) Ensemble SPEs with multiple peaks, the strongest around 612 nm. The sharp peak at

547 nm is the Si Raman line.

Figure 4.5.: Optical image of liquid exfoliated hBN nanosheets. The right panel shows a zoomed-in view of
the region highlighted by the red rectangle in the left image. In confocal microscopy, it is difficult to find
back and pinpoint the location of an emitter which has been studied earlier. This is not the case for emitters

on exfoliated flakes.
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4.1.5. Sputtered Carbon

For sample preparation, multilayer exfoliated flakes on Si were sputtered with carbon and
subsequently annealed at 1000 °C in an Ar flow. Three sets of carbon sputtered samples
were analyzed which had varying concentrations. The first set (Figure 4.6a), 0.02 A of
carbon was deposited in a high-vacuum using magnetron sputtering with a base pressure
of 3 X 10~® mbar and a sputtering pressure of 5 X 10> mbar. Given that graphene has a
monolayer thickness of 3.35 A [97], the deposited carbon corresponds to coverage of 0.6%

of a monolayer.

Flake 1 was exfoliated from hBN single crystals, which possess higher crystalline purity
than the powdered crystals. Powdered crystals were used in the fabrication techniques
mentioned earlier such as FIB, RIE, and ICP. As a result, single-crystal flakes generally
exhibit a lower density of naturally occurring defects and thus show a reduced yield
of emitters following fabrication. In the confocal scan of the flake#1 after annealing in
4.6a , the flake’s center contains no observable defects, and the confirmed single-photon
emitters (SPEs) appear only near the edges following carbon deposition and annealing.
Without any fabrication processes, these flakes exhibit low fluorescence counts even at the
edges. Spectral features of several emitters located along the flake’s edge are presented in
Figure 4.6b. During annealing, defects tend to migrate toward cracks and edges. Elevated
temperatures facilitate atomic mobility and rearrangement, enabling defects to diffuse into
lower-energy sites such as surfaces or edges [98]. The spectra are normalized and have
one unit spacing to show individual shapes more clearly. The low coverage of carbon,
only 0.6 % of a monolayer, although produced stable isolated emitters, in order to have a

higher yield we deposited more carbon on our next batch.

For the second sample set (figure 4.8a), 2.4 A of carbon was deposited, corresponding to
approximately 78% of a monolayer coverage. This concentration was likely too much
for having isolated emitters. At annealing the flake showing heavy etching, as shown in
the optical image in 4.7a. Large holes are visible are visible on the green flake and some
flakes and partial regions of flakes were etched and blown away during Argon annealing.
Etching effects are discussed further in section 4.3. Contaminants and defects in hBN show
to facilitate etching effects. Figure 4.7b show that from this sample batch mostly ensemble
emitters spectra were obtained. The spectra are normalized and have one unit spacing to
show individual spectral shapes more clearly. The top two spectra look like an isolated
emitter, this particular ZPL line in higher wavelengths near 700 nm have been observed in

heavily etched samples which in section (4.5) will be referred to as class D. Not much is

52



4.1. Fabrication techniques

explored in this work as to the origin of this defect. We only comment on its presence

from our experimental observations.
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Figure 4.6.: (a) Fluorescence image of a single crystal flake after 18 % of a monolayer of carbon was sputtered
and annealed at 1000 °C. Scan size: x X y = 16 pm X 20 um. Emitters are visible around the flake edges. (b)
Spectral properties of the same sample, showing several isolated single-photon emitters with sharp ZPLs.
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Figure 4.7.: (a) Exemplary optical image of flake after 2.6 A carbon sputtering and annealing showing heavy
etching. (b) Emitters in higher coverage carbon sputtered sample showing formation of ensemble emitters.

Thus the last set was optimized for a lower carbon concentration with 1.6 A deposition
(48% of a monolayer), followed by 1000 °C annealing in Ar flow, showed a high density
of emitters. Figures 4.8a and 4.8b show the fluorescence and spectral properties of the
emitters from this sample set. Although several of the emitters were blinking, owing to the
high yield, a lot of stable emitters could also be found. Figure 4.8b shows better spectral
features, compared to emitters in FIB or RIE emitters, for example narrower emission lines
and isolated SPEs, and a definite higher yield. As you can see, some are ensembles in
addition to single isolated emitters. A higher coverage of carbon leads to extended etching
when annealing, thus creating a rough surface topography. This leads to ensembles and
instability in emitters. Therefore a deposition coverage of carbon which creates a good

yield of emitters but not too high to be creating too many ensembles is ideal.
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Figure 4.8.: (a) Fluorescence image of emitters on the hBN flake after 1.6 A (48% of a monolayer) of sputtered
carbon and annealing. This is a 4 pm X 4 pm region of a flake. The brightest emitters in this region reach up
to 320 ket/s. (b) Spectral features of emitters from the same sample. Emission at lower wavelengths around
540 nm is also observed.

Once again, although this method can quickly help fabricate stable emitters, there are
downsides to this fabrication technique which might not make it suitable for chip device
integration. First of all, the emitters are not deterministic and thus a higher likelihood
of having clusters of closely placed emitters within a confocal volume. Multiple emitters
are excited simultaneously and can interact and effect each others’ photophysical and
electrical properties. Although this is not a stumbling block, when the goal is to only
study the properties of these emitters. However, in the long run of using these emitters
as spin sensors, it is required for them to be single isolated and well delocalized from
its surrounding to have minimum instabilities. The other problem is that after carbon
sputtering the flake cannot be transferred effectively. The contact force between the stamp

and flake is reduced due to the carbon debris on top which hinders the transfer method.

From results of emitters formed from ICP RIE with CHy etching agent and carbon sputter-

ing, it is shown that carbon related defects result in emitters with characteristic high ZPL
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to PSB ratio, i.e high Debye Waller factor. This means that the electron-phonon coupling
is less compared to emitters with a strong phonon side band. And theoretical studies have
shown many carbon related defects to be spin active our fabrication toward having stable
isolated single photon emitters which are spin active and transferrable have motivated

our fabrication techniques with AFM nanoindentation.

An additional important note on the fabrication techniques used in this chapter, before
moving to the next section, is the annealing temperature used. FIB, RIE, ICP and liquid
exfoliation were annealed at 850 °C whereas carbon sputtered samples were annealed at
1000 °C. Which may indicate that perhaps the other techniques if annealed at a higher

temperature may produce a higher yield of stable emitters although not deterministic.
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4.2. AFM Nanoindentation

The analysis conducted on the samples created with this fabrication technique yielded
several significant findings that directly address the research questions outlined in the
introduction. First of all, I will present how the fabrication technique successfully produces
SPEs in a deterministic manner. In the sections that follow we present the following

results:
1. Topography of the hBN affected by this fabrication technique.

2. Fluorescence measurements showing deterministic creation of high quality stable
SPE.

3. Spectral analysis showing tailored creation of a defect class.
4. Effect of molecules on top of hBN SPE.
5. Spectral analysis at 50 mK with resonant excitation and external magnetic field

Each measurement was conducted with the aim of gaining deeper insight into the defect
type of the emitters and their electronic energy level structure. Our results establish
that the local environment of the atomic defect plays a crucial role in determining the
properties of the single-photon emitter (SPE). To address this, our fabrication technique is
designed to produce a clean surface with minimal surface adsorbates following mechanical
exfoliation. However, contaminants originating from the tape adhesive can remain on the
flakes, and air bubbles may become trapped beneath or between the layers. These surface
impurities can be effectively removed using contact-mode AFM scanning. This technique
displaces the adsorbates laterally, resulting in a scanned area with picometer-scale surface

roughness.

In scenarios involving bubbles, it is advisable to refrain from continuing the fabrication
process with a flake containing bubbles, as this has been observed to result in unstable SPEs
and cannot be easily removed by contact cleaning. Moreover, locating the indentation sites
on flakes with bubbles has proven to be challenging. Figure 4.9 illustrates that mechanical
transfer effectively eliminates bubbles from flakes. During transfer, the microdome presses
into the flake removing any air trapped inter-layer or between the flake and the substrate.
The darker spots on the flake before the transfer are trapped air bubbles. Their presence

makes any defect present in their vicinity prone instabilities and high background counts.
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Figure 4.9.: Trapped air bubbles seen as darker counts are removed by 3D manipulation of the flake using
our transfer technique. Top image is of the flake before transfer. The yellow arrow points to one of the
bubbles referred to, they are present all over the flake. Bottom image shows flake after transfer with the
darker micrometer sized circles (bubbles) removed.

After confirming the thickness and a clean surface topography of the chosen flakes, the
AFM tip is changed to Tap300 DLC for AFM nanoindentation (detailed method description
is given in 3.1.4 and A.1) . This fabrication technique has previously been demonstrated
by Xu et al [99]. However, there are important differences in our approach and the goals

in our sample fabrication. In their work, they studied how the yield of emitters depended
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on the size of the indents made on 25 nm thick flakes. The indents were made completely
through the flake, making the substrate visible. In contrast, we used thicker flakes, typically
around 40 nm or more, and made only surface indentations, with the goal of creating more
isolated single emitters than ensembles. Our results showed a more spectrally deterministic

formation of emitters.

Figure 4.10 depicts a series of indents formed on a multilayer hBN flake with 40 nm
thickness and their topographical changes. The scanning direction, trace and retrace is
along the horizontal (x-axis) of the AFM scans shows in figure 4.10(a), (b), (c), (d), (e)
and (h). The direction of indentation is perpendicular to the scanning path, that is, along
the y axis. The indentation array exhibits an average height of approximately 7.69 nm,
though indent heights can measure as high as 20 nm. This "height’ comes from the debris
formed around the indent from tearing of the hBN flake and breakdown of the tip as will
be discussed shortly.

Indentation was achievable on flakes with thicknesses as high as 150 nm. The color bar
on each AFM scan data in this work represents the height profile. It shows the highest
and lowest Z value in nm with respect to the surface of the hBN surface plane which has
been set to 0. Detailed analysis of the indents using a high-resolution AFM tip with a
radius of less than 1 nm reveals the shape of debris surrounding each indent as shown in
4.10(b), 4.10(c), 4.10(d) and 4.10(e). Despite same indentation settings as explained in 3.1.4,
the debris pattern around each perforation differs. Debris accumulates on the upper and
lower sides of indents in 4.10(b) and 4.10(c), likely due to the AFM tip’s reciprocal motion
during the indentation process. Conversely, variations in debris morphology are observed
in 4.10(d) and 4.10(e), underscoring material response heterogeneity despite consistent

parameters and indentation angles.
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Figure 4.10.: Shows topographical changes of AFM nanoindentation on hBN and the indenting tip. (a) AFM
scan in tapping mode after indentation. (b), (c), (d), and (e) exemplarily show higher-resolution images of
the individual indents. (f) and (g) are SEM images comparing a carbon-coated diamond-like tip before(f) and
after(g) being used for indentation on hBN flakes. (h) high resolution scan in tapping mode of an indent
after contact AFM cleaning.

Although the AFM tip is engineered for hardness, it undergoes erosion during indentation,
evidenced by comparative examination of an unused tip in figure 4.10(f) and a used one in
figure 4.10(g). This erosion would result in carbon deposition around indents, since it is a
diamond-like carbon (DLC) coated tip, supporting the notion that AFM nanoindentation
introduces carbon into hBN, fostering carbon defect formation. The indents appeared
cleaner following contact AFM cleaning [100-103], as shown in figure 4.10(h). If the debris
were solely broken hBN flake, the indent shapes would remain the same or exhibit signs of
tearing after ’cleaning’, which pushes any debris to the scan edges. Thus supporting that
the debris removed from contact cleaning are loose particles (from the tip) which can be
pushed to the sides with light contact mode AFM scanning, proving that indentation leaves
tip remnants on the indentation sites. Moreover, the protrusion at the top of the indent
in figure 4.10(h) is visible which must be broken hBN which was pushed and remained
attached to the indentation pit.

Figure 4.11 presents optical images of two hBN flakes showing tearing post-contact scan-
ning on indented regions. This tearing occurred as the contact scanning threshold voltage

was 1.6 V, much higher than the 1V generally used for contact AFM cleaning. The tip
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pushed the broken hBN flake around the indents to cause tearing. hBN is a rigid material
which does not tear from contact mode cleaning alone (see ??: it creates strain in this volt-

age), it only caused tearing on areas where indentation was made. This further confirms

that the debris comprises of both fragmented hBN and carbon remnants from the AFM
tip.

Figure 4.11.: Show tearing caused by high voltage AFM contact cleaning after indentation. The flake
protruding from indentation gets pushed to cause tearing during contact scanning. The image on the right
shows complete removal of the square region of the flake due to contact AFM.

The introduction of carbon via AFM tip indentation, combined with the formation of flake
edges during the process, creates energetically favorable sites for hosting optically active
defects. Quantum emitters in hBN are known to exhibit enhanced stability near flake
edges, owing to the unique structural and electronic environment found there. At these
edges, atoms have fewer neighboring atoms, which leads to increased bond strain and
the presence of dangling bonds. These under-coordinated sites are more susceptible to
defect incorporation, facilitating the formation of quantum emitters that benefit from the
stabilizing influence of the edge environment [19]. As discussed in the theoretical section,
carbon is particularly suited for this role due to its low energetic barrier for forming bonds

with boron and nitrogen atoms.

4.3. Argon Flow Etching

The next important fabrication parameter which brings about important changes on the

topography of the hBN flake is annealing. Annealing does not only play a vital role in
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activating emitters but also modulating surface topography. Our findings indicate that
annealing at elevated temperatures can induce random etching in hBN. When excessive,
the etching produces an erratic environment, leading to weak and unpredictable ensemble
SPEs. This is especially a problem when several layers of hBN are removed from top, via
uncontrolled etching as will be shown in 4.14(b). Thus we try to find parameters that
cause minimal etching. We analyzed the influence of AFM contact cleaning, oxidation
conditions, and the flow of Ar gas during annealing. Assessing the annealing parameters,
in particular, has enhanced our capacity to regulate the local environment and yield of the
SPEs.

- T = 3 0.71 nm 1.1
= o9 *
'Lpm » . e, 8
1 p 5 . &* 000
3 , > i%, t. 2 > 5
eI Y N <A
s 25 & :
- . 4 ;
> i b . ® : 1
o~ v ? .
s, UM Je
L ) = * @ »®
L = g
‘. . ., ¥
[ - > b4
8 4 - [ 3 . * » 1
i A 8 . -2.62 -1.1

Figure 4.12.: (a) AFM topography scan in tapping mode showing Ar annealed arrays of indents along with
random etched pits visible from annealing all over the region. (b) Another indented flake which has also
been annealed in Ar flow but was AFM contact cleaned before and after indentation. Random etching was
reduced for this flake.

Figures 4.12, 4.13 and 4.14 illustrate comparison of high-resolution atomic force microscopy
(AFM) scans in tapping mode, examining the indents after annealing under various con-
ditions. In figure 4.12(a) the hBN flake is indented and subsequently annealed in an Ar
flow of 15 ml/min at 850 °C. This process results in the formation of widespread, randomly
distributed etched pits, with the deeper pits corresponding to the indentation sites. These
pits appear distinct, without any surrounding coagulation of hBN. It should be noted that
the sample in figure 4.12(a) was not subjected to AFM cleaning either before or after the
indentation. In contrast, another sample in figure 4.12(b), which underwent the same
Ar annealing process but was AFM contact cleaned prior to indentation, demonstrates a
significant reduction in random etching pits. The random etched locations in Figure 4.12b
are identifiable by elevated areas (white spots) on the surface, indicative of upturned BN
flakes. With this figure 4.12, we demonstrate that annealing at 850 °C, even in an inert

environment, can initiate etching in hBN, and intrinsic defects along with contaminants
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further facilitate this unpredictable etching as also seen for the case with high coverage of

sputtered carbon on hBN in figure ??(a) after annealing.

a 1.3 nm
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Figure 4.13.: (a) Tapping mode AFM scan on an air annealed flake region which had been indented in an
array before annealing. Figure (b) shows AFM 3D representations of one of the indents in flake in (a) clearly
showing the hBN layers etched in air.

Figure 4.13(a) illustrates effects of annealing in air after nanoindentation. The oxidation
causes deep and isotropic etching [104] as visible from the the size and depth of the
indented spot. And similar to random etches portrayed in figure 4.12, annealing in air
also brings about random etching pits all over the flake. Figure 4.13(b) showcases a three-
dimensional AFM scan of its indent, revealing layered etching and a rough surface at the
base of the indent. The air constituents (N; and O;) seem to have a stronger detrimental

effect on the chemical stability of hBN.
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Figure 4.14.: (a) Comparison of the depth and width of indents from samples prepared with different recipes
and an unannealed and contact indent from figure 4.10(h) (b) Comparison of the thickness change in hBN
flakes after annealing at different Ar flow concentrations.

Figure 4.14(a) illustrates a comparative analysis of the depth and width characteristics of
the indents following three distinct annealing processes, as described in figure 4.12(a), fig-
ure 4.12(b), and figure 4.13, alongside a control indent that was not subjected to annealing,
previously illustrated in figure 4.10(h). These are cross-section height profiles across each
of these exemplary indents. When hBN is subjected to high-temperature annealing, irre-
spective of whether it occurs under argon (Ar) or atmospheric air conditions, a consistent
pattern of extensive etching is observed. The indent profiles after Ar annealing labeled
4.12(a) and 4.12(b) are around a 100 nm wide compared to ~40 nm width of an indent before
annealing as seen from 4.10(h). It is also noted that although the indent width increases
by almost over double the size after annealing, the depths of the indents do not change
much after annealing. In addition, note that the profile of the annealed indent from 4.12(a)
has less roughness compared to the other two annealed indents 4.12(b) and 4.10(h), this
is because 4.12(a) is from single crystal hBN which has higher crystallinity than flakes
from powdered crystals as explain in section 3. The annealing parameters and the type of
material used for these different samples are summarized in table 4.1). The protrusion of
hBN flake seen in 4.10(h) profile at the edges of the indents is not present after annealing as
it gets all etched away. The etching is extremely pronounced particularly in air annealing
as visible from 4.13(b). The indent gets approximately 8 nm deep and 400 nm wide, which
are approximately four times the etching seen after Ar annealing. This etching, despite an

inert environment led us to look into the parameters and source of Ar etching further.
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In addition to the gas species, the effects of gas flow, pressure, and annealing time on
the morphology of the hBN flakes were also investigated. Four more sets of annealing
were conducted to test the etching effects and their results are compared in figure 4.14(b).
Measurements of thickness variations before and after annealing were conducted on
three flakes per set for different parameter sets of annealing (Table 4.1), and their average
thickness changes are depicted. The results indicate that in the pressure range of 6 mbar to
20 mbar Ar, pressure fluctuations had a minimal impact, while the Ar flow rate significantly

affected the thickness reduction, that is, etching.

Comparing the annealing parameters used and their corresponding thickness reduction
values from sets 1,2,3 and 4 suggest that the flow of Ar has a dominant effect on the process
of physical etching. The reason is possibly a combination of enhanced hBN sublimation
and the physical impact of Ar molecules. This is best seen by comparing sets 1 and 3
(Table 4.1), where the latter was performed at a much higher flow but at a lower Ar gas

pressure.

Despite inert gas conditions, hBN starts to decompose at around 850 °C. An increased Ar
flow accelerates sublimation by promoting the ablation of disintegrated surface molecules
at a higher rate. Additionally, collisions with Ar atoms contribute to the enlarged indenta-
tion features observed after annealing. This is consistent with the formation of pillar-like

roughness following substantial etching which removes multiple hBN layers.

Set Ta (°C) ta Py Ar flow | Exfoliated | Thickness
(min) | (mbar) | (ml/min) from reduction
(%)
Fig. 850 30 6 15 single -
4.12(a) crystal
Fig. 850 30 6 15 powder -
4.12(b)
Fig. 850 30 1000 in air single -
4.13(b) crystal
17 1000 30 20 12 single 8.1
crystal
2" 1000 15 16 12 powder 11.5
3 1000 30 6 20 powder 25
4 1000 30 14 30 powder 40.5

Table 4.1.: Parameters for thermal annealing of hBN in Ar or air.
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*Degassed at 400 °C for 15 min before raising to activation temperature. The oven was

purged before these annealing sequences.

Figure 4.15.: On the left shows 8 pm X 8 um AFM tapping mode scan of a flake that exhibited thickness
reduction due to excessive etching. The inset 2 pm X 2 pmshows a 3D image of the resulting debris, revealing
pillar-like structures. Such uneven topography has been reported on flakes annealed with an Ar flow rate of
15ml/min or higher.

Figure 4.15 shows a flake from Set 3 after annealing. A region from the flake is shown
in 3D, illustrating the pillars which are around 20 nm high. We think these pillars are
disintegrated hBN which was not removed by the Ar flow. The high temperature annealing
which is commonly done for activating and stabilizing SPEs in hBN bring about drastic
changes on the surface topography and on the underlying substrate. As reported similarly
in other studies, this process can cause cracks and strain in the hBN, forming walls and

trenches—much like the effect of an earthquake on the Earth’s tectonic plates [105, 106].
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Figure 4.16.: Shows a flake from set 1, with only 8 % thickness reduction after Ar annealing. Left image shows
AFM scan in tapping mode. Image on the right labeled (b) shows contact scanned image of the same region
with a different AFM tip, showing that debris is removed after contacting scanning and the indentations on
the region can now be visible.

Such pillar like structures and other roughness can be removed through contact AFM
cleaning, as shown in figure 4.16. Contact scanning pushes any debris to the edges of the
scan window forming heaps of collections at the left and right side of the scan window (as
can be seen in figure 3.10(a)). After contact cleaning, the patterned indents made before
annealing become visible. This shows that the adsorbates are removable and thus have
higher chances to be disintegrated hBN. The contact cleaning is done with Multi75DLC
AFM tip which has a 15 nm tip radius thus random smaller holes are not visible in the

resolution of this scan.

Contact cleaning. Removing surface contaminants and inherent defects before anneal-
ing—such as through AFM contact-mode cleaning, as shown in figure 4.12(b)—reduces
etching. While moderate etching can enhance the emitter yield on a specimen, excessive
etching—caused by increased Ar flow—leads to surface roughness that facilitates the for-
mation of structural irregularities and various energy states, thereby increasing phonon
coupling and reducing quantum efficiency. Therefore, maintaining sample cleanliness and
a controlled annealing environment is vital for the precise formation of SPEs in hBN. Our
fabrication process ensures a clean surface after exfoliation, followed by annealing in a
low Ar flow of 10 ml/min at 14 mbar pressure. The detailed fabrication protocol for the

emitters is provided in section 3 of this thesis.
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4.4, Deterministic Creation of Emitters

Now that we have established important fabrication parameters that affect the topography

of the flakes let us look into the fluorescence properties that result from this fabrication

technique.
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Figure 4.17.: Comparing topography and fluorescence of indented hBN in the same region. (a) AFM scan
after indentation before annealing. Each indent has been circled as a guide to the eye. (b) Fluorescence
intensity map before annealing. (c) Fluorescence intensity map after annealing at 850 °CC. (d) Fluorescence
intensity map after annealing at 1000 °C. Activated SPEs near indent locations are marked by solid circles,
while emitters that appear at some distance away from any indent are marked by dashed circles.

Activated Quantum Emitters. Figure 4.17 compares the topography and fluorescence
of the same region before and after annealing, demonstrating how the process activates
defects in the indentation areas of the flake. Figure 4.17(a) shows an AFM tapping mode

scan of a 10 um region after indentation and prior to annealing. The indented spots are
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circled for visual guidance; note that they are not arranged in a perfect array. The same
region was then imaged under fluorescence to produce figure 4.17(b), which confirms that

indentation alone is insufficient to generate SPEs.

Following annealing at 850 °C, figure 4.17(c), fluorescence is observed; however, most
emitter-like spots either bleach rapidly or exhibit blinking behavior, and the indented
pattern becomes indistinct. This indicates that annealing at this temperature does not
produce stable, deterministic SPEs. In contrast, after annealing at 1000 °C, figure 4.17(d),
every bright, round fluorescence spot—circled for clarity—is confirmed to be an SPE. Solid-
lined circles mark emitters located near indents, while dashed circles indicate emitters not

clearly associated with an indentation.

The confocal excitation volume in our measurements (approximately 270 nm lateral
diameter and 900 nm depth) is much larger than the size of an individual indent. Therefore,
we cannot pinpoint the exact subdiffraction location of an emitter within an indent from
the far-field image alone. Given that a nanoindentation produces a crater on the order
of tens of nanometers, it is unlikely that a point defect is created exactly at the center of
the indent. Instead, we observe that emitters tend to form around the periphery of the
indent sites, predominantly near the fractured edges of the indentations. It is possible
that defects initially created at the indent bottom migrate to the flake surface or to nearby
regions during high-temperature annealing and eventually settle in energetically favorable
locations[107-109]. Importantly, annealing the indented regions at 1000 °C in Ar activates
a dense ensemble of emitters within an area of roughly 11 X 11 ym?, underscoring the

effectiveness of this fabrication technique in producing SPEs.

4.5. Photophysical Properties of Emitters

In this section we analyze the photophysical properties of the emitters in our sample. We
collected fluorescence and spectral data from 12 different flakes from hBN micropowder
which were fabricated the same way: AFM nanoindentation followed by annealing at
1000 °C with low Ar flow for 30 min. All emitters presented have been confirmed to be an
SPE using HBT experiment setup. The emitters are classified into three different types:
isolated, 2 to 3 emitters and ensemble emitters. This refers to the distinguishable emitter
emission line visible within one confocal volume. Figure 4.18 illustrates the difference.
Isolated SPE refers to such standalone sharp SPE as shown in figure 4.18(a). Note that

this particular emitter is very bright compared to photon counts from ensembles in figure
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4.18(c), the spectra are always taken with one minute integration time with same laser
powers. Indicated "2/3 emitters’ in figure 4.18(b) are when more than one emitter is visible
in the spectral data and the ¢'® (7) is higher than 0.5. The defect environment affects
the type and quality of the SPE. Ensembles are created more often in strongly etched
samples. If the exfoliated flake is noted to have adsorbates or bubbles, it is likely to have
many dim (low brightness) emitters which show photo instability. Another observation
is that exceptionally bright emitters have a higher likeliness to have photo instability

than moderately bright ones. Ensemble SPEs, at room temperature, have shown good

stability.
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Figure 4.18.: Classification of emission spots: (a) isolated SPEs, (b) double or triple emitters (2-3 emitters in
one spot), and (c) ensemble emitters (multiple distinguishable or indistinguishable overlapping emitters in
one confocal volume).

Figure 4.19(b) demonstrates that our fabrication process yields emitters of which approx-
imately 70 % from 305 evaluated emitters can be distinctly identified and 47.2 % were
isolated SPEs, rather than clusters or ensembles. This distinction is crucial, as isolated
SPEs exhibit well-defined electronic transitions that are accessible at room temperature,
allowing observation of spectral shifts and other emission properties. The isolation of
individual emitters also enhances signal-to-noise ratio by minimizing background fluo-
rescence—an advantage particularly relevant for techniques such as optically detected

magnetic resonance (ODMR) or optical/magnetic manipulation of defect states [8, 110].

70



4.5. Photophysical Properties of Emitters

Among the SPE detected we have distinct emitter classes that emerge, exhibiting exception-
ally sharp features and high brightness. The SPE with ZPL in between 565 nm (2.19 eV) and
590 nm (2.10 eV) are class A emitters. Another class, identified between 540 nm (2.30 eV)
and 560 nm (2.21 eV), is referred to as Class B. These emitters have previously been as-
sociated with carbon-related defects that exhibit spin properties [8]. Additional emitter
classes are found in the 620 nm to 640 nm range (Class C) and around 700 nm (Class D).
Although Class D emitters are less common, they exhibit weak phonon coupling and
a high Debye-Waller factor, characteristics that are desirable for quantum applications.
Interestingly, a higher number of Class D emitters were observed in samples subjected
to extensive etching. Figure 4.19a provides a representative overview of these identified
emitter classes showing distinct zero-phonon lines (ZPLs) at 550.4 nm, 571.2 nm, 625 nm,

and 713.3 nm.
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Figure 4.19.: (a) Photoluminescence spectra of representative emitter classes detected in our samples (b)
Distribution of emission types observed in the study.

Figure 4.20(b) shows distribution of the linewidth of the isolated emitters. It shows that
most of the isolated emitters in classes A and B have a narrow linewidth indicating a
higher quantum efficiency. The linewidth for this distribution has been derived from the
experimental data of the spectra as shown in an example in figure 4.20(a). The ZPL in

figure 4.20(a) has a linewidth of 5.46 nm.

With figures 4.17, 4.18, 4.19 and 4.20 we demonstrate that this fabrication techniques
produces sharp, bright and isolated SPE that would provide a good platform for further

quantum device applications.
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Figure 4.20.: (a) Spectrum of an isolated SPE showing how the FWHM (5.46 nm) is deduced from the
experimental data (b) Full width at half maximum (FWHM) of the isolated SPEs as a function of their ZPL

positions.
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4.6. Reproducible Carbon Emitters

Properties of Class A SPE. Figure 4.21(a) depicts the distribution of occurrences of
ZPL positions derived from the spectral analysis of 305 emitters identified across 12
distinct flakes. Spectra were collected with one minute integration period. Notably, 41 %
of these emitters display ZPLs within the 565 nm to 590 nm (2.19 eV to 2.10 eV) spectrum,
categorized as emitter class A. While other emitter types are present in the sample, they

occur less frequently as shown in the histogram in figure 4.21(a).
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Figure 4.21.: Emitter class A and their photophysical properties. (a) Distribution of occurrences of a total of
305 SPEs with different emission wavelengths. The most reproducible SPE is in the 565 nm to 590 nm range,
named emitter class A. (b) A representative photoluminescence (PL) spectrum of type A, showing a sharp
ZPL at 575 nm and PSBs at 625 nm and 680 nm respectively. The dots are ZPL of other class A emitters. (c)
Shows characteristic lifetime decay of class A emitters from the same flake to be around 2 ns. (d) Spectral
fit to find DW factor, PSE and Huang Rhys factor for an isolated emitter. The average values for class A
emitters are provided in Table 4.2.

Figure 4.21(b) illustrates the ZPL distribution of emitters in the (565-590 nm) range in
dots, centered around a representative bright emitter in class A. The dominant emission
centered at 575 nm (2.16 eV) suggests the deterministic creation of a particular class of
defects. Slight variations in the ZPL of the same defect type, likely influenced by local

atomic environment, can be mitigated by tuning the emission frequency by strain through
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the external application of stress [78, 111]. Note that the PL intensity for many of the

emitters has 8 times more photon intensity than the average.

Additionally, at room temperature, the lowest recorded inhomogeneous linewidth for hBN
is ~9nm [11, 112]. Indicating that many of these class A emitters could be belonging to the
same type of defect class. This proves a high probability of reliably fabricating a single type
of defect using this method. Emitters near 575 nm (2.16 €V) have been reported in previous
studies [99, 113] and have been associated with carbon-related defects [10, 46]. Theoretical
studies indicate that multiple carbon defect configurations are energetically favorable
within the 540 nm and 640 nm range which is between the 2.30eV and 1.90 eV range
[55, 114-116]. This broad range suggests that precise identification of defects remains
challenging. Furthermore, local environmental factors such as strain and charge states
can influence the spectral properties of a single defect type, potentially resulting in shifts
in ZPL.

Thus, in order to further understand the most abundant SPE emission range, we have
looked into their lineshape, PSEs and lifetimes. The PSE is derived from the distance
between the ZPL and the PSB. A characteristic time 7, for the excited state is derived from
a fit g?(r) = 1 — a- exp(—|z|/1) of the second-order correlation measurement g‘? (z),
where 7 is the measured delay time between detection of two consecutive photons. Here,
Tp is an estimate for the lifetime of the excited state. Figure 4.21c shows lifetime of class A
SPEs from the same flake derived from second order correlation functions, showing an
lifetime of around 2 ns. The exact determination of the latter would require an analysis of
its dependence on the laser intensity [117]. The laser power used for all room temperature
measurements has been less than 100 pyW as mentioned earlier in the beginning of results
section 4.1. Here, lifetime is compared among 11 emitters and from the same flake to
minimize discrepancies arising from thickness variations. However, we have observed
that emitters with similar ZPL positions and line shapes do not necessarily have the same
lifetimes. To portray this, spectra from emitters in figure 4.21 along with their ¢'¥ (7) is

given in the Appendix figure A.2 and figure A.3.

For a more quantitative analysis we fitted the spectra of class A emitters to obtain the
Debye-Waller factor W = Izpp /Liotal, i-€. the ratio of the integrated emission intensity of
the ZPL to the total integrated emission intensity, and the Huang—Rhys factor S = —In W
[118]. A representative spectrum of an isolated SPE is shown in figure 4.21(d), where the
ZPL accounts for W = 0.80 (80 % of the total emitted photons are in the ZPL) and the
primary PSB appears at an energy of 162 meV, yielding a Huang-Rhys factor S = 0.22. The
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4.6. Reproducible Carbon Emitters

best fit was obtained with a skewed Voigt function for the asymmetric ZPL lineshape and
with Lorentzian and Gaussian functions for the first and second PSBs, respectively. The
data from the fits, i.e. the derived values of ZPL, PSE, S and W for the single isolated class

A emitters are summarized and compared with the theoretical work [56] in table 4.2.

ZPL (eV) | ZPL (nm) | PSE S W time 7
(meV) (ns)
C,Cn 2.13 582 180 1.35 0.26 2.19
(calc.)[56]
Class A 2.15 577 £ 6.8 179 = 0.475 £ 0.631 £ 2+1
(this work) 0.025 2.17 0.030 0.018

Table 4.2.: Parameters of all class A isolated single emitters compared with theoretical results [56].
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Figure 4.22.: (a) PL intensity spectra in the energy domain. Inset shows the second-order autocorrelation
function g(® () of this emitter, characteristic to a two level system, confirming the single-photon nature of
the emission. (b) PL spectra of another class A emitter. Inset shows the g(?) (7) characteristics of this emitter
to be a three-level system.

Figures 4.22(a) and figure 4.22(b) highlight examples of class A emitters, whose spectral
shape and lifetime (inset) align with the theoretical findings[49]. Figure 4.22(a) has a ZPL
at 2.14 eV (579 nm) and two PSBs. Characteristic to class A emitters, the second PSB is
much weaker with only about 5% of the ZPL photon intensity. The ¢'¥ (z) in the inset
gives the lifetime of this emitters from the fit which is the black line: ¢¥(7) = 1 - a-
exp(—|z|/7). The g@(7) is 0.309 and the lifetime() is 2.07 ns. Figure 4.22b shows another
emitters with ZPL at 2.13 eV (582 nm) with a narrower linewidth and similar asymmetric
lineshape than in (a). The ¢'® () of this emitter with fit is given in the inset. Note that

the lifetime decay has a bunching shoulder which corresponds to a metastable state. It
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is thus fit to a three level system: ¢¥(7) = 1 — (a + b)- exp(—|7|/71) + b - exp(—|7|/72).
The lifetimes for the two relaxation pathways are 7; = 0.34 ns and 7, = 4.26 ns. These two
spectra and their second order correlations are taken from two different flakes. Almost all
our emitters from class A have shown a behaviour characteristic of a two level system. The
narrowest ZPL linewidth recorded among class A SPEs is 4.3 nm, the average linewidth is
15 nm. Notably, the brightest emitters were predominantly found on thicker flakes, and

thinner flakes (<30 nm) were more susceptible to broader ZPL linewidth.

Table 4.2 summarizes the optical parameters obtained for all isolated class A emitters
and compares them with the theoretical values predicted for the carbon trimer defect
(C2Cy) in hBN [56], the values are obtained from the fit process mentioned earlier at figure
4.21(d). We find excellent agreement in the ZPL, PSE and spectral lineshape of the C,Cy
defect between our experimental values and the theoretical study. The experimental ZPL
energy and PSE values are ~ 2.15eV + 0.025 eV and = 179 meV + 2.17 eV respectively. One
notable difference is that our experimental Debye-Waller factor W is significantly higher
than the theoretical value, as also reported in other experimental works [Tran2016, 19,
118]. Consequently, the extracted Huang-Rhys factors in the experiment are smaller than
predicted by the theory. Minor discrepancies between the experimental and theoretical
values are expected, as the calculations do not fully account for interlayer defects or strain
effects that can vary with flake thickness and local environment. Furthermore, mixing of
different charge states of the defect can affect the ZPL energy. While the ZPL position,
PSE, and the lifetime provide substantial information, they may not alone conclusively
characterize the exact configuration of the defect. However, the strong correspondence
between our results and the carbon trimer model (C,Cy) strongly suggests that this defect
is responsible for the SPEs we observe. Narrowing down the defect to the carbon trimer is

an important step towards delving into its energy-level scheme and spin properties.

4.6.1. C,Cy Energy System

This subsection compares and reasons the choice of selecting Li et al’s work over other
former works on C,Cy defect for comparing our experimental results. It then explains
the energy level of this defect and the spin allowed transitions that make up this optically

active defect.

Li et al. (2022) and Auburger & Gali (2021) both investigate the C,Cy defect in hBN

but from different methodological perspectives. Li et al. employ advanced many-body
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perturbation theory (GW/BSE) to address DFT’s limitations in excited-state predictions,
enabling accurate determination of the ZPL and optical properties. The GW approximation
corrects quasiparticle energies by incorporating electron—electron interactions via the
Green’s function (G) and the screened Coulomb potential (W), while the Bethe—Salpeter

Equation (BSE) accounts for excitonic effects by capturing electron—hole correlations.

However, in the case of hBN—a 2D material with strong Coulomb interactions—the GW ap-
proximation alone tends to overestimate the band gap due to underestimation of dielectric
screening. To address this, Coulomb truncation/simplifying the electrostatic interaction,
and inclusion of BSE are necessary to capture excitonic behavior accurately. Moreover,
in 2D materials, phonons can interact with collective electron oscillations (plasmons).
When they couple, they can change how electrons interact with each other. This can make
the interactions stronger at certain resonant conditions—something that standard GW

calculations usually don’t take into account

Li et al. assign the ~2eV SPEs to the C,Cy defect by comprehensively calculating its
atomic structure, electronic levels, zero-phonon line (ZPL), PSB, and photoluminescence
(PL) lifetime. Their GW/BSE results yield a ZPL of 2.13 €V, in excellent agreement with
experiment, and highlight the role of non-radiative decay in producing the observed 2.2 ns
PL lifetime. Before Li et al’s work carbon trimers including C,Cy and C,Cp were also
proposed by Jara et al [119] which had good agreement with the experimental PSE and
ZPL, however the ZPL was 0.4 eV short of the average value for class A emitters and
information on HR factor, PL lifetime and QY (Quantum Yield) which are calculated in Li

et al was not done in the former.

In contrast, Auburger & Gali conduct a broader survey of carbon-related defects, ex-
amining trends in electronic structure and spin properties. Their hybrid DFT + ASCF
approach predicts a lower ZPL of 1.62 eV and identifies C,Cy as a deep, paramagnetic
center. Specifically, they find that while single Cy or Cp defects yield higher transition
energies and the adjacent dimer CgCy emits at approximately 4.2 eV, the C,;Cy trimer
significantly lowers the ZPL to 1.62 eV. This suggests that adding a third carbon atom
forms a localized “molecular” state within the band gap, fundamentally altering the defect’s
electronic structure. Although their approach captures qualitative trends effectively, the
lower ZPL may reflect methodological limitations in treating exciton effects such as done

in Li et al’s work with BSE treatment.

Despite their differences, the studies agree that C,Cy introduces multiple mid-gap defect

levels, exhibits strong electron-phonon coupling (with comparable phonon sideband
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energies), and is stable in all charge states, neutral, positive or negative. The neutral defect

has an unpaired electron and localized frontier orbitals that enable optical transitions.

In summary, Li et al. provide compelling evidence that C,Cy is responsible for the ~2.13 eV
emitter observed in this work and in prior studies [46], whereas Auburger & Gali emphasize
its potential as a spin-active defect. Their complementary approaches collectively support
C,Cy as a promising candidate for both quantum emission and spin-based applications
in hBN. In the following sections, I will compare my experimental results with those of
Li et al,, as their findings closely align with my data. Nonetheless, Auburger et al. offer

valuable guidance for identifying and characterizing spin defects in hBN.
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Figure 4.23.: Single particle diagram of the ground state 2A,. The red arrow shows the most probable optical
transition 2a, to la;. The wavefunction for each of the states on the right show C,y symmetry, allowing the
spin conserving intradefect transition while forbidding others for more details into the formulation used to
derived the transition levels for the emitter please refer to [56].

In Li et al’s work the C,Cy hosts four localized defect states derived from molecular-like
orbitals which are placed within the bandgap which is composed of the unoccupied defect
state (2a,) and three occupied defect states (2bs, 1ay, 1b;) in the spin-down channel as
shown in figure 4.23. The most probable intradefect transition involves a down spin
relaxation from orbital 2a; to 1a; shown by the red arrow. The absorption peaks are

polarized differently along the in-plane x and y directions, corresponding to the orientation
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of the C; axis in C,v symmetry. The radiative lifetimes of the intradefect recombination is

calculated by Fermi’s golden rule and is given by [120, 121]:

3¢3

= 3,2
4E0/le—h

, (4.2)

with the dielectric constant, €,, set to 1 since it is a 2D material. This gives the time (on
average) for light (a photon) to be emitted when an excited state returns to the ground
state by radiative recombination. In equation 4.2, R denotes the radiative lifetime, which
quantifies the average time before photon emission occurs due to radiative recombination.
The constant c is the speed of light (in atomic units). E, represents the excitation energy,
i.e., the energy difference between the excited and ground states of the system. p,_p, is the
transition dipole moment between the electron and hole, and ”S—h is its squared modulus,
which determines the strength of the optical transition. A larger dipole moment or higher
excitation energy leads to a shorter radiative lifetime, indicating a more efficient light
emission process. Note that higher the excitation energy E, the shorter the lifetime. The

radiative lifetime decreases rapidly with increasing energy or dipole moment.

With one dimensional phonon approximation [122, 123] the non-radiative recombination

rate from an initial electronic state i to a final state f can be described by Fermi’s golden

rule as
1 2 9
P [Wirl® Xir (T),
if
where TEICR is the non-radiative lifetime, the inverse of it is the rate of non-radiative

recombination or inverse of lifetime; g is the degeneracy of the final state, W,y is the
electronic coupling between the states, and X;¢(T) is the phonon-related factor that

depends on temperature T.
The electronic coupling term W is given by
oH
Wi = <¢i(r, R) '—‘ Yr(r, R)> ,
oQ R=R,

where 1/; and i/ are the electronic wavefunctions of the initial and final states, H is the
Hamiltonian, Q is the phonon coordinate, and R, is the equilibrium nuclear position of
the final state.
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The phonon term X;¢(T) accounts for the vibrational overlap and energy conservation:
2
Xif = Zpin |<¢fm(R) 1Q — Qal ¢in(R)>| 5(mhwf — nho; + AEif),

where ¢;, and @, are vibrational wavefunctions of the initial and final state, p;y is the
thermal occupation of vibrational state n following Boltzmann distribution, w; and wy
are phonon frequencies, Q, is the equilibrium position in the final state and AE;¢ is the

electronic energy difference.

The matrix element (@ ¢y, |Q—Qal¢pin) measures the overlap of these phonon states, weighted
by the nuclear displacement—reflecting the likelihood of phonon-mediated transitions
during the transition. The delta function enforces energy conservation: the energy change
in phonons (absorbing or emitting m and n quanta, respectively) must match the electronic
energy difference AE;¢. This equation captures how both electronic and vibrational factors
determine the rate of non-radiative transitions in defects and underpins the idea of multi-
phonon emission—the system can transition non-radiatively by exchanging multiple

phonons, provided the total energy is conserved.

Figure 4.24 shows the multiplet structure of C;Cy. The electronic term W;¢ for the tran-
sition 2A; — A, is much larger than the other two transitions, because it is symmetry
allowed. Since the non radiative lifetime is inversely proportional to the square of W;¢
, it has a more contribution than the phonon part X;¢, resulting in 7yg several times
shorter than the other two transition. The quantum yield, n [124], is calculated by [125]
n= TLR / (TLR + 2 T%NR) And the PL lifetime is the inverse of the total recombination rate
Pt =1/ (TiR + 3 TINLR) = 7R % 5. They found that (ref. Figure 4.24) that the non-radiative
lifetime is almost 10 time shorter than the radiative lifetime, and the P1 lifetime 2.19 ns
which is exactly around what is recorded experimentally for emitters with around 2 eV
ZPL. Further calculations gave the phonon side bands which are in close agreement to the

experimentally extracted values as well.
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Figure 4.24.: Shows the multiplet structure and key physical parameters of the C,Cx defect. The ground
state is labeled as 2A;, while the two optically accessible excited states are 2B; and %A; (in increasing energy
order). Radiative transitions are shown as solid red arrows, and correspond to photon emission (zero-phonon
lines, ZPLs), whereas non-radiative transitions—mediated by phonon emission—are shown as dashed blue
arrows. For each transition, the Huang-Rhys factor S quantifies the strength of electron-phonon coupling,
calculated using full-phonon mode analysis. The radiative lifetime 7% and non-radiative lifetime ™} indicate
how long the system resides in the excited state before decaying by emitting a photon or via phonons,
respectively. The photoluminescence quantum yield 7 represents the efficiency of radiative emission relative
to total decay, and the overall photoluminescence lifetime r* reflects the combined effect of both radiative
and non-radiative processes. Notably, the lower excited state (>B;) exhibits a high quantum yield close
to unity due to a very long non-radiative lifetime, while the higher excited state (2A;) suffers significant
non-radiative losses, resulting in a much lower quantum yield [56].
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4.7. Molecule Deposition

Figure 4.25.: TbPc; molecular structure taken from [126]. On the left shows the geometry of the TbPc;
molecule. ¢ is the dihedral angle between the upper Pc (balls) and the lower Pc (sticks). Color code: C (grey),
N (blue), Tb (orange). STM image on the right visualizes the upper Pc of the molecule on Au(111).

The interaction of a defect with its lattice environment determines its electrical and
optical properties. However, to utilize the quantum emitter as a sensor, it is crucial that
the SPE remains robust when the sensing target is introduced to the defect. Since the
quality and stability of SPE defects in hBN have been shown to deteriorate due to surface
contaminants, we examined the effect of our sensing target—i.e., magnetic molecules—on
hBN quantum emitters. For this purpose, we selected the bis(phthalocyaninato)terbium(III)
(TbPc;) molecule due to its well-studied magnetic properties [28]. If the SPE remains stable
upon interaction with TbPc;, it would serve as a promising starting point for establishing
hBN defects as nanoscale sensors—an application that remains largely unexplored and

unproven.

TbPc; has been reported to self-assemble or aggregate into islands upon deposition on
various substrates, primarily due to strong molecule-molecule interactions outweighing
molecule—substrate interactions [126, 127]. The orientation of these molecules on the
substrate depends on the material type—whether a metal or a 2D material—and such
interactions are critical in determining their electronic and magnetic properties [128, 129].
In this section, we report the optical response of SPEs in the presence of TbPc;, as well

as the Raman and fluorescence characteristics of the magnetic molecule on our specific
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substrate. Figure 4.25 illustrates the orientation of a single TbPc; molecule on Au(111),
where the top ligand is rotated 45° relative to the bottom phthalocyanine ligand. Notably,
a single TbPc, molecule is over six times larger (16 A) than the unit cell of hBN (2.5 A),
effectively encapsulating the SPE beneath it. This implies that any optical absorption or

emission from the emitter must interact with or pass through the molecule.

We employed two methods for the deposition of TbPc, molecules: thermal evaporation
and drop-casting. In the evaporation method, TbPc; crystals were heated in a crucible and
deposited onto the substrate under vacuum. For drop-casting, the crystals were dissolved
in chloroform and dispensed onto the substrate using a pipette, with the substrate placed
on a hot plate. Heating the substrate during deposition facilitates rapid evaporation of
the chloroform, thereby minimizing molecular coagulation that would otherwise lead
to ring-like formations during slow solvent drying. The objective of both deposition
techniques is to achieve isolated or small ensemble molecular coverage, rather than the
formation of bulk crystals. First, I will present the results from evaporated molecules on
hBN.

Evaporated TbPc; on SPE
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Figure 4.26.: Comparison of emission properties of an SPE before and after 40 % of a monolayer (ML) of
evaporated TbPc,.

Figure 4.26 shows comparison of an emitter’s optical properties with its fluorescence and
spectral data before and after evaporating molecules. Among the bright spots in figure
4.26(a), which are SPEs, the circled emitter is selected for comparison. By using the contrast
in the fluorescence map of the flake—particularly its distinct shape and edges—it is possible
to reliably locate the same emitter across different measurements. The measurements have
all been carried out with room temperature confocal setup at the excitation power of less

than a 100 yW on sample with a 532 nm Continuous Wave (CW) laser.
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It is evident that the emitter has not quenched but rather has amplified spectral response
as shown in figure 4.26(c), which compares spectra taken on the same emitter before and
after molecular evaporation. The spectrum taken without molecule has an integration
time of 1 min, like all RT spectra recorded in this thesis unless, otherwise mentioned. Since
after adding molecules, the spectrum showed saturated counts, it was integrated for 10s
only. Several SPEs showed such saturated counts: some SPE recorded from this sample set
before and after evaporation of molecules are shown in figure A.6. In these figures their

ZPL photon count against wavelength is plotted.

The amplified spectral response in figure 4.26 may be explained by analogy to the ’antennae
effect’ expected in sensitizing the Ln** for magneto-optical read-out[130]. To compensate
for the inherently weak absorption of lanthanide(Ln) ions due to parity-forbidden 4f-
4f transitions, luminescent Ln** complexes—such as TbPc,—utilize strongly absorbing
organic ligands that act as sensitizers. In these systems, the phthalocyanine ligand plays
a critical role by absorbing light in the visible region, with its main absorption (Q-band)
typically centered between 600 nm and 700 nm, and a more intense B-band in the 300 nm
to 400 nm range [29, 129, 131]. Upon light absorption, the ligand undergoes inter-system
crossing from its singlet excited state to a triplet state, which subsequently transfers
energy to the lanthanide’s excited manifold. For example, in Tb*, the emitting level lies
at approximately 20,500 cm™! (~488 nm), and efficient sensitization requires the ligand
triplet state to be slightly above this energy to ensure downhill energy transfer while
avoiding back-transfer. This process—known as the "antenna effect"—enables indirect
but efficient population of the lanthanide’s emissive state, resulting in sharp, long-lived
luminescence characteristic of 4f—4f transitions. Therefore, careful alignment between
the ligand’s triplet state and the lanthanide energy levels is crucial for optimizing both

brightness and efficiency in luminescent lanthanide single-molecule magnets.
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Figure 4.27.: Left shows UV-vis absorption (black), fluorescence (red), and phosphorescence (blue) spectra
for Si(IV)tbPc(OH)2 (fig 15 from [29]). Right shows the peak around 680 nm on our samples at RT and LT.
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4.7. Molecule Deposition

Similarly, if the Pc ligands couple to the defect such that, after strongly absorbing light,
the ligand sensitizes the SPE electronic level structure to emit with higher efficiency. In
addition to spectral enhancement, the evaporation of molecules exhibited influence on
emitter detection, with a greater number of emitters becoming detectable. It is improbable
to assert that SPE optical activation occurred due to molecule deposition. Instead, it
appears that emitters previously exhibiting dim signals or high background noise, and had
fallen through detection as isolated single photon sources, became more easily detectable
following the molecule deposition. It is as if the molecular encapsulation results in a
lens-like interaction with the emitted photons. More comparison of SPE ZPL counts in
individual flakes before and after molecule deposition are provided in Appendix section
Ad4.

To confirm that this response is indeed in effect to the molecule, we evaporated a higher
coverage of TbPc, molecules onto another sample, aiming to detect the Raman peaks of
the Pc ligands. The presence of these peaks would confirm the molecule’s presence within
the confocal volume. Interestingly, for this sample with a higher coverage of molecules, a
peak around 695 nm was consistently observed on the sample globally. They were seen
alongside SPE zero phonon lines, on Si substrate and as well on the metal waveguides.
Image in the right side of figure 4.27 shows spectra of the 695 nm emission at RT and at LT.
The measurements are not done on the same spot: the room temperature (RT) spectrum
was taken on a bright spot on the Pt CPW and the low temperature spectrum is another
bright spot at the edge of the hBN flake at 50mK. Note that the linewidth is very broad even
at LT and is less likely to be an hBN SPE, LT measurements of which are reported in further
details in the next section. Such signal is reported for Si(IV)tbPc(OH), as shown on the
left image of figure 4.27. The complex’s excited state characteristics are exemplified here,
particularly for !(r, 7*) (singlet-singlet) and ®(r, 7*) (triplet-triplet) states, commonly
observed in Pc complexes. In such cases, the luminescent properties are notably influenced
by the metal center. Both the absorption and fluorescence maxima are located around
678 nm and 680 nm, respectively, exhibiting a minimal Stokes shift of roughly 40 cm™?,
which suggests negligible structural relaxation post-photo-excitation. At 77K, a broad
phosphorescence band is observable around 1100 nm, linked to the S, ) — Y, %)
transition. These findings suggest effective inter-system crossing and a prolonged triplet
state lifespan, notwithstanding the relatively weak spin—orbit coupling inherent to the

SilV center.

The monolayer molecules on this sample were still too weak to get a Raman spectroscopy.

However, in rare cases (because we have most spectra in a narrow range) when the emitter
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does not spectrally overlap with the Raman band of the Pc ligands, they are visible from
the fluorescence spectral data, as shown in figure 4.28. Here, a 10 min integration time
for the spectral collection was used to achieve a better signal-to-background ratio for the
Raman branches. The emitter’s ZPL appears around 647 nm and, unlike the emitter shown

in figure A.6, does not overlap with the Raman features of the ligand.

In the zoomed image on the right, the Raman signals of YPc, and TbPc; crystals are shown
to overlap with each other, as well as with the fluorescence signal from the molecule-
emitter spectrum (shown in purple). YPc, was used to confirm that the observed peaks
arise from Pc and not from the magnetic Tb™ D, —7 F, transitions, which also occur in
the 570 nm to 600 nm range [130].

Raman spectroscopy was performed on YPc; and TbPc; crystals deposited on Si/SiO; sub-
strates by Co. The Raman shift in wavenumbers is converted to nanometer for comparison
to the fluorescence spectrum of the emitter. The Pc band from the molecule on the emitter
lacks sharpness and definition compared to the crystal spectra, due to its amorphous
nature. In contrast, the crystalline Raman spectra exhibit long-range order, resulting in
well-defined and sharp peaks corresponding to specific vibrational modes of the crystal
lattice. While many of the emitters in the range of 540 nm to 600 nm showed enhanced
spectral intensity, there were also emitters with no spectral changes. As mentioned, evap-
orated molecules are unlikely to form a uniform layer that covers the entire flake, rather

they have reported to form islands.
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Figure 4.28.: Left shows emitter spectra with evaporated molecule showing a bright ZPL (purple) and Raman
spectra of TbPc, and YPc; crystals. On the right the Pc ligand from the crystals and molecule structure
between 560 nm and 680 nm is zoomed are shown for better comparison.
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4.7. Molecule Deposition

Dropcasted Single Molecular Magnet on SPE

After drop-casting molecules, the emitters also remained stable. However as seen for many
emitters after evaporation of molecules, there was no saturated counts visible after drop-
casting molecules. Some emitters showed slightly enhanced PL counts while others showed
no significant changes. Following are two spots on hBN shown in figures 4.29 and 4.30

comparing their fluorescence and spectra before and after molecules were drop-casted.

In figure 4.29, the SPE being compared is circled. The left image is a fluorescence scan
of the flake region with an isolated SPE before molecule was drop-casted. The centre
fluorescence scan is of the same flake after molecule deposition. Although the scan areas
we have for comparison is slightly different, the SPE being compared is clearly visible,
and it is certainly the same SPE. The centre fluorescence scan size is bigger than the left
scan. The emitter is bright with 4.5 million counts/s before molecules are drop-casted on
top. It shows reduced fluorescence of 1.2 million counts/s after molecule evaporation. The
rightmost image compares the spectral data from the emitter with and without molecule.
Interestingly, there are no visible shifts in the ZPL after the deposition. Drop-casting most
likely has the molecules only loosely attached on top of the emitter. The data taken before
and after the molecules were taken on the same day with same laser settings, 532 nm
excitation laser and ~100 uW power. The spectral intensity counts without molecule is 10

000 and with molecules it is increased to 15 000 counts.

A second emitter chosen for comparison is shown in figure 4.30, where the fluorescence
scan before molecule deposition (left), centre image shows fluorescence scan image on
the same emitter after molecules and the right image compares the spectral counts on the
emitter before and after the molecules were drop-casted. The data taken before and after
the molecules were taken on the same day with same laser settings, 532 nm excitation
laser and ~100 uW power. The fluorescence counts with molecules is ~ 3.7 X 10° counts,
and before molecules it was 1.5 X 10° counts. The spectral counts increased from ~ 2000
to = 4000. For this particular emitter example, it may seem that the emitter data taken
after molecules has a better focus, and thus the higher counts in both fluorescence and

spectral data could be reasoned solely to technical causes.

However, that was not the case for this emitter region. As can bee seen in the scans
there are emitters present in the vicinity, it was observed that after molecule deposition,
the particular emitter’ fluorescence was brighter than the surrounding emitters, both
images were taken with optimized Z focal position. As mentioned earlier, for evaporated

molecule too, after molecule addition, the fluorescence is sometimes more discernible. ZPL
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comparison of emitters before and after molecule deposition for different flakes are shown
in A4.
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Figure 4.29.: Left shows fluorescence scan of emitter#1 on the hBN before molecule deposition and the
centre image shows fluorescence scan after molecule deposition. The right image compares the spectral
counts on the emitter from before and after molecule drop-casting.
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Figure 4.30.: Emitter#2 showing fluorescence before (left) and after (center) molecule deposition. This
emitter showed an increased spectral and fluorescence intensity after adding molecules.

We summarize that single-photon sources in hBN do not exhibit quenching upon the
deposition of single-molecule magnets such as TbPc,. In contrast, an enhancement in
spectral intensity has been observed following the evaporation of TbPc; molecules. This
enhancement can be interpreted by analogy to an antenna effect, wherein the phthalo-
cyanine (Pc) ligand strongly absorbs incident light and transfers energy to the defect site

through inter-system crossing, thereby increasing the efficiency of quantum emission.

The structural compatibility between the Pc ligand and the carbon-based hBN defect
may play a crucial role in this interaction. Both systems possess hexagonal, covalently
bonded ring structures and exhibit symmetry along the C-axis. Furthermore, they both
display in-plane polarization, which may facilitate dipole-dipole coupling between the
molecular ligand and the quantum emitter [132]. Such alignment could enable efficient

energy transfer, enhancing the radiative emission of the defect.
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4.7. Molecule Deposition

However, further investigation is required to elucidate the exact mechanism responsible
for this enhancement. Understanding the nature of the interaction will be critical for
reproducibly engineering such hybrid systems. This phenomenon raises several intriguing

questions that merit deeper exploration:

+ Are the emitters coupled to intact TbPc; molecules, or to partially decomposed Pc

ligands resulting from thermal evaporation?

+ How are the spin properties of the emitter influenced by the proximity of the magnetic

Tb™ ion? Could an ionic form of TbPc, alter or quench the emission?

« Is it possible to control the charge state of the molecule via coupling to a quantum

emitter, enabling selective charge transfer in one direction or the other?

Addressing these questions could pave the way toward novel hybrid quantum systems

that combine magnetic and optical functionalities with tunable emission properties.
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4.8. Low-Temperature Measurements

These measurements have been executed primarily to investigate the electronic level
structure of quantum emitters in our sample using Optically detected magnetic resonance
(ODMR) and Photoluminescence excitation (PLE) measurements. We have investigated
the spectral stability of defects with both off and on resonant excitations and investigated
their response to external magnetic fields using a 3D vector magnet. In addition, we have

done lifetime measurements on resonant excitation on one emitter which showed PLE.

We investigated optically detected magnetic resonance (ODMR) at low temperatures in
quantum emitters from two different hBN flakes across two separate cryostat cooldowns.
In these experiments, no clear ODMR signal was observed. The ODMR measurements
were performed under off-resonant excitation using a 532 nm laser. A frequency sweep
ranging from 0.5 GHz to 4 GHz was applied while an in-plane magnetic field was present.
The frequency scans were conducted in 1 GHz segments (e.g., 0-1 GHz, 1-2 GHz, etc.)

with a resolution of 1 MHz and a microwave power of +18 dBm.

We also attempted room temperature (RT) ODMR measurements on several flakes. Among
these, only one emitter showed measurable ODMR contrast when an external magnetic
field of approximately 15 mT was applied using small permanent magnets (see Appendix
A.9). For these RT measurements, the emitters were excited with a green laser while
sweeping the microwave frequency from 0.2 GHz to 3 GHz. Similar to the low-temperature
setup, the frequency range was divided into 1 GHz segments with 1 MHz resolution. A
higher microwave power of +17 dBm was used in the room temperature experiments to

improve sensitivity.

Figure A.9 shows the room temperature ODMR signal from a quantum emitter in an hBN
flake, with a zero-phonon line (ZPL) centered around 577 nm. The data represents the
ODMR contrast as a function of applied microwave frequency, with the RF field delivered
through an antenna and an external magnetic field of approximately 15 mT applied in-plane

using small permanent magnets.

A clear dip in the RT ODMR contrast is observed near 795 MHz in figure A.9, reaching
a maximum contrast of approximately —1.2 %. This dip signifies a resonant interaction
between the applied microwave field and the spin states of the emitter, consistent with
optically detected magnetic resonance behavior. The resonance feature is symmetric
and fits well with a Lorentzian profile (indicated by the orange dashed fit), suggesting

homogeneous broadening of the transition.
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The frequency range scanned spans from 700 MHz to 900 MHz, with a resolution of 1 MHz
and a high RF power of 40 dBm to ensure sufficient signal-to-noise ratio. The background
fluctuations in the ODMR contrast are likely due to noise and instability in either the laser
excitation or microwave delivery but are relatively minor compared to the depth of the

resonance dip.

This result demonstrates that under room temperature conditions, stable and measurable
ODMR contrast can be achieved in hBN emitters using modest external magnetic fields
and high RF power. Notably, this was the only emitter among several flakes tested to show
consistent ODMR contrast over several hours, suggesting either favorable orientation,

local strain environment, or optimal emitter activation in this particular case.

4.8.1. Non Resonant Excitation

Spectral instability. Figure 4.31 portrays two representative examples of emitters: left(a)-
(c) and right(d)-(f), showing spectral diffusion. Each show their ZPL at 50 mK with 532 nm
excitation wavelength. These emitters have stable photon counts, meaning that they do
not show blinking. In figures 4.31(a) and 4.31(d) a single scan of the ZPL is fit to Gaussian,
Lorentzian and Voigt fits, the Gaussian is shown to have the best fit for these spectral
measurements. The Gaussian shape arises primarily from inhomogeneous broadening
mechanisms, most notably spectral diffusion. Spectral diffusion results from random
fluctuations in the local electrostatic environment, such as those caused by charge traps or
fluctuating dipoles near the emitter (as explained in theory section). These fluctuations lead
to a statistical distribution of emission energies over time, and by the central limit theorem,
such stochastic processes naturally yield Gaussian lineshape. In addition, inhomogeneities
in strain, local dielectric environment, or lattice disorder can also contribute to a Gaussian
distribution of emitter transition energies across a sample as seen for these emitters in
4.31(b) and (e) which show single scans of the ZPL taken over 60 frames with each scan
integrated over 1 min. From an instrumental perspective, the finite resolution of the
spectrometer further enforces a Gaussian response function due to the combined effects of
grating dispersion, slit width, optical aberrations, and CCD pixel integration. While purely
homogeneous broadening mechanisms would produce Lorentzian profiles, the instabilities
resulting from non resonant excitation outweighs the homogeneous broadening that
is always present even at at such low temperatures, making the Gaussian component
dominant. Therefore, fitting the ZPL with a Gaussian function is both empirically justified

and physically meaningful in the context of such photoluminescence measurements.

91



4. Results

Right emitter in figure 4.31 shows more spectral diffusion than the left emitter in figure
4.31. In figure 4.31(d), the emitter showed spectral diffusion over a 1.4 THz range. These
spectral instabilities hinder the likelihood of producing indistinguishable single photons.
Furthermore, effects such as blinking, bleaching or spectral diffusion limit the optical
coherence properties [133]. Spectral instabilities can be mitigated with a conductive surface
or by selecting a substrate with higher purity, like Al,O3. Although emitter 4.31(a) exhibits
reduced spectral diffusion, its relatively broad linewidth still renders photoluminescence
excitation (PLE) spectroscopy unfeasible. In comparison, the second emitter displays
an even broader linewidth of approximately 205 GHz, likely due to enhanced spectral
broadening mechanisms. Figures 4.31(c) and (f) illustrate the temporal evolution of the

emission spectra over the course of one hour.
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Figure 4.31.: Left (a)-(c) and right (d)-(f) are two different emitters with ZPL around 631.6 nm and 613.5 nm
respectively. (a)& (d) show spectral fit on a single scan, with Gaussian being the accurate fit on the respective
emitters. (b) and (e) show normalized ZPL over 1 hour, with each scan having an integration time of 1 min.
(c) and (f) represent the measurement in (b) and (e) showing the spectral diffusion over time respectively.
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Spectrally stable emitter. Figure 4.32 presents a representative stable emitter that exhibits
no observable spectral diffusion under non-resonant excitation. As shown through an
analysis analogous to that in Figure 4.31 (panels a, b, and c), the emitter in Figure 4.32
maintains a fixed ZPL position over time and features a relatively narrow linewidth of
97.7 GHz. Despite this apparent spectral stability, PLE measurements were unsuccessful,
suggesting that the emission may either not be Fourier-limited or subject to rapid spectral
jumps between metastable states, occurring on timescales too fast to resolve in time-

averaged spectra.

Figures 4.32(d), (e) and (f) show the behaviour of this emitter in presence of external
magnetic field, in the XY plane. The starting ZPL is at around 620 nm which then jumps
to 618.4 nm and then settles in the centre wavelength at around 619.2 nm as seen in (e).
The magnetic field direction corresponding to the jumps is presented in the polar plot in
4.32(f).
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Figure 4.32.: Shows emitter with ZPL at 619.8 nm. On the left (a)-(c) are without magnetic field, on the right
(d)-(f) are with magnetic field. (a) shows spectral fit on a single scan, with Gaussian being the accurate fit.
(b) shows normalized ZPL over 1 hour, with each scan having an integration time of 1 min. (c) represents
the measurement in (b) showing the spectral stability over time. (d)-(f) show the instabilities of the same
emitter when an in plane magnetic field is applied.
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4.8.2. Photoluminescence Excitation

Another example of a spectrally stable emitter is shown in Figure 4.33. Under non-resonant
excitation, the ZPL remains stable over a 30-minute period, with a fitted linewidth over one
of the single scan to be approximately 93,GHz. This emitter’s ZPL (579.5 nm) falls within the
spectral range of class A emitters, which are tentatively attributed to carbon trimer defects
with a doublet spin configuration. Despite its spectral stability, the emitter exhibited power-
dependent blinking at an excitation power of 10 uW, as shown in Figure 4.34. Notably, it
was the only emitter to exhibit a detectable PLE signal, indicating resonant absorption

and efficient excitation of the emissive state.
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Figure 4.33.: Spectral map over time on the left and fitted linewidth of a single scan on the right.
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Figure 4.34.: Photon counts of the emitter which showed PLE, it showed blinking with 20 uW at non resonant
excitation.
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Figure 4.35 (left) illustrates the photoluminescence excitation (PLE) behavior of the emitter
centered around 579.4 nm as it evolves over time. The emitter is resonantly excited by scan-
ning a narrow-linewidth laser at across its absorption profile, while the resulting emission
is collected through a 590 nm long-pass (LP) filter. This filter effectively suppresses the ZPL
emission and selectively transmits the PSB, allowing for sensitive detection of resonant
absorption events. In the left panel, the time-resolved PLE map illustrates the frequency
shift of the emitter in relation to the initial frequency of 517.326 693 THz, extending over
a considerable range of approximately +500 MHz. Notably, the PLE resonance shows
marked spectral wandering, transitioning between several distinct frequency positions
over a period of 2.5 h. The corresponding frequency histogram (right) further supports
this assessment, presenting a broad, multi-peaked distribution centered around 0 MHz,
indicative of several preferred resonant frequencies. This implies underlying spectral
diffusion phenomena, potentially driven by charge noise , local field variations or diverse
emissive configurations. Notably, this measurement was performed using only 70 pW of
excitation power, without any re-pumping from a green laser. Higher resonant excitation
powers, as well as the introduction of non-resonant excitation at 532 nm, resulted in more
pronounced spectral diffusion and broader frequency instability. Even at picowatt excita-
tion levels, the addition of non-resonant excitation was found to induce spectral jumps on
the order of gigahertz, often requiring the emitter frequency to be actively relocated. The

linewidth of the resonant excitation laser line is given in Appendix figure A.12.

Linewidth distribution. Figure 4.36 shows the linewidth statistics of the emitter. The
left panel presents a representative single-scan PLE spectrum fitted with a Lorentzian
lineshape, indicating that the emission is homogeneously broadened on the timescale of
the scan. This is a key indicator of transform-limited behavior, where the linewidth is
dictated solely by the excited-state lifetime, with minimal contributions from spectral

diffusion or pure dephasing during the measurement window.

In the following analysis (Figure 4.37), we compare this linewidth to the natural (lifetime-
limited) linewidth derived from time-resolved photoluminescence measurements. The
close agreement between the two values further supports that the emitter operates near
the transform limit under resonant excitation, a highly desirable condition for coherent

photon generation.

The right plot presents a probability distribution of full-width at half-maximum (FWHM)
values extracted from multiple scans, with a mean linewidth of 53.75 MHz. This relatively

narrow linewidth indicates that the emitter is coherently addressable at short timescales,
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although long-term spectral instability would limit photon indistinguishability. Together,
the data reveal a system with promising coherence at the emission level, but with significant

frequency drift requiring stabilization for quantum optical applications.

The lifetime of the emitter in its excited state was determined to be 4.08 ns as shown
in figure 4.37 when measured at a resonant frequency of 517.326 693 THz using time-
correlated single-photon counting. This yields a Fourier-transform-limited linewidth,
given by f = ﬁ = 39.01 MHz. The PLE linewidth of the emitter, 53.75 MHz, is not far
from the natural linewidth of the emitter, implying slight dephasing beyond the natural
lifetime limit. The single dominant exponential decay pathway with no long lived shelving

state indicate a two level system approximation.

Our PLE measurements demonstrate a significant advancement over previously reported
results. In contrast to earlier studies where spectral diffusion and linewidth broadening
limited the resolution of resonant features—for example, Tran et al. reported linewidths
narrowing to ~700 MHz in individual scans under active spectral diffusion [134] and
Dietrich et al. extracted a homogeneous linewidth of 124.5+60.5 MHz across 204 scans

with an inhomogeneous distribution of 67.5+9.5 GHz [77]—our emitter exhibits Fourier
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Figure 4.35.: On the left, the time-resolved PLE map showing the frequency shift of the emission line over
a period of ~2.2h. The data is referenced to a starting absolute frequency of 517.326 693 THz. Color scale
indicates photon counts. On the right is the histogram of frequency shifts extracted from the time series,
showing the distribution of emission frequency fluctuations. The emitter exhibits a drift as well as intermit-
tent spectral jumps, indicating spectral diffusion likely due to local charge fluctuations or environmental
perturbations.
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Figure 4.36.: Left shows Lorentzian fit to a single scan at resonant excitation. Right shows the linewidth
distribution to show the average linewidth to be 53.56 MHz.
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Figure 4.37.: Lifetime decay at resonant excitation.

Transform limited linewidths with a linewidth average of 53.75 + 26.21 MHz across 147
scans, approaching the lifetime-limited value of 39 MHz (from a measured lifetime of
4 ns). It has consistently stable ZPL under non-resonant excitation. We achieve a spectral
diffusion of only ~1 GHz during PLE measurements. These results represent the narrowest
and most stable PLE response reported to date for quantum emitters in hBN with PLE

measurements, highlighting the potential of our system for coherent optical control.
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4.8.2.1. PLE with External Magnetic Field

Further PLE measurements are carried out on the same emitter using angular magnetic
field sweep in order to investigate the spin system of the emitter. The vector magnet
is controlled via a Python script interfaced with an ADwin system, which continuously
manages the output voltages from digital-to-analog converters (DACs) connected to three
orthogonal pairs of Helmholtz coils. These voltages correspond to the magnetic field
components along the lab xx-, yy-, and zz-axes, enabling full 3D control of the magnetic
field vector. When a new field configuration is requested, the script applies updated
DAC values at a controlled ramp rate (V=0.1 V/sV=0.1V/s) to smoothly adjust the field
without interrupting system stability. Once the target field is reached and verified, the
script triggers the photoluminescence excitation (PLE) measurement, ensuring precise
field alignment for each scan. More details on the setup can be found in the PhD work of

Ioannis Karapatzakis [135].

Figure 4.38 and figure 4.39 show (PLE) maps and corresponding polar plots of the emitter
under a static magnetic field of 400 mT, recorded in two orthogonal rotation planes: XY
(figure 4.38) and YZ (figure 4.39). No splitting is observed due to the external magnetic

field indicating that this particular emitter might be spin neutral.

While the ZPL of this emitter aligns with that of the carbon trimer, the expectation
is that it possesses a spin doublet configuration. Consequently, it is plausible to infer
that this emitter, which has demonstrated photoluminescence excitation (PLE), might
exhibit varying charge states and exhibit a neutral spin. A potential candidate for this
emitter could be one of the CgCn-DAP defects [55]. These defects consist of neighboring
carbon-boron-nitrogen vacancies (CgCy) associated with a diatomic acceptor-donor pair
(DAP), featuring mid-gap energy levels that can either accept or donate electrons. This
defect can exist in multiple charge states, each associated with a distinct spin configuration.
Although the neutral point defects (Cp, Cy) are paramagnetic, their interaction results
in non-paramagnetic assemblies CgCn-DAPs with “charge structure” C*B-C™N, as it is
energetically advantageous to transfer the unpaired electron from Cp to Cy. As depicted
in Table 2.1, the neutral state of this carbon DAP is also spin-neutral and could potentially

reside within the ZPL range of interest.
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Figure 4.38.: Shows PLE map at 400 mT in XY rotation plane (left) and the corresponding polar plot.

This study presents a significant advancement in the resonant optical control of quantum
emitters in hexagonal boron nitride (hBN), particularly in the context of photoluminescence
excitation (PLE) measurements. While many emitters investigated under off-resonant
excitation showed substantial spectral diffusion and broad Gaussian lineshapes due to
environmental charge noise and strain inhomogeneities, some showed continuous spectral
stability under non resonant excitation with narrow linewidths, among them, one spec-
trally stable emitter with a zero-phonon line at 579.5 nm consistently exhibited detectable
PLE. Compared to earlier studies where PLE was hindered by strong spectral diffusion and
limited coherence—such as Tran et al. reporting ~700 MHz linewidths and Dietrich et al.
extracting 124.5 + 60.5 MHz homogeneous linewidths from inhomogeneous ensembles—
our emitter demonstrates a mean linewidth of 53.75 + 26.21 MHz, approaching the
lifetime-limited linewidth of 39 MHz derived from a 4.08 ns excited-state lifetime.
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Figure 4.39.: Shows PLE map at 400 mT in YZ rotation plane (left) and the corresponding polar plot.
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This is the narrowest and most stable PLE response reported to date in hBN. Even under
ultra-low resonant excitation power (70 pW) without repumping, the emitter maintained
coherence with only ~1 GHz spectral diffusion over 2.5 hours. Furthermore, despite mag-
netic field application up to 400 mT using a vector magnet, no spin splitting was observed,
suggesting a spin-neutral charge state, likely associated with a CgCn-DAP defect configu-
ration. Altogether, these findings mark a substantial improvement in spectral stability and
coherence over previous works and underscore the potential of hBN emitters for future

quantum photonics applications requiring resonant control.
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4.9. Challenges and Pointers

This section is especially intended for readers who are also working with fabricating
quantum emitters in hBN. For those comrades in this exciting journey of frustration, I
would like to offer some pointers of possible problems you might face and what could
be helpful. Of course, this is highly dependent on the main goal of your fabrication, but
putting them in line or similar to our goals in this thesis, I shall suggest away. I have
mentioned these points sporadically throughout the thesis and would like to summarize

them here.

Adsorbates and charge build up: these are two of the main environmental sources I
deduce to be the culprit for poor quality SPE and blinking emitters, and which may be
somewhat avoided with care. Although extra steps are taken to obtain a clean, assumedly
stable emitter at RT, the local environment of the emitters may still show instabilities
at low temperatures. The best chances are to start clean and keep clean with sample

fabrication and for chip device integration.

« After exfoliation, check the topography of the flake with AFM to see if it is free
of surface adsorbates. A roughness on the picometer scale is good. If you see
bubbles and many adsorbates on most of the flakes from the exfoliation process,
revisit your technique of exfoliation, and I would suggest making fresh batches.
Clean with acetone and IPA solution after exfoliation. Contact AFM cleaning can
help remove debris on selected regions if AFM nanoindentation is the choice of
fabrication. However, too many adsorbates and bubbles degrade the flake surface
during annealing. Adsorbates accelerate etching during annealing, which creates
ensemble emitters and a complicated local environment for the emitter. Moreover,
contact AFM cleaning reduces the yield of emitters, so it is best to start with a clean
flake and then directly proceed to nanoindentation after checking the topography
with AFM.

« If you notice that after annealing, the background count on the flake is too high (clean
hBN should have similar fluorescence counts as the SiO, substrate), bleach the sample
with high power, for example, a couple of milliwatts. This reduces charge build up
and bleaches any luminescent organic adsorbates that might have contaminated your
sample. This also gets rid of emitters that will bleach anyway and saves measurement

time. Most stable emitters in hBN stay stable even after such high laser powers.
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« During annealing, the degassing step should not be skipped—this gets rid of any

adhesive that could be left over from exfoliation.

+ Once emitters are created, they are not affected by dirt from ambient conditions.
They are robust. However, if you are covering them with photoresist for further
fabrication processes, the quality of the emitters might be affected. Photoresists and
PMMA have been shown not to be completely removed after lithography. Below
shows pictures of electrodes fabricated after the emitters in the hBN flake were
fabricated for studying Stark effect. If the flake is being transferred after fabrication,
then it should be suspended during annealing; otherwise, it is hard to remove from

the sample.

Naturally occurring defects: these are inherent defects in hBN. If your fabrication goals
do not require them, it is better to use high-purity single crystals. It is more likely to have

a narrower class of emitters from the chosen fabrication technique.

In conclusion, I would like to point out that, like most interesting systems such as SnV
or NV, finding an excellent quantum emitter on which coherent measurements can
be carried out is not abundant. The difficulties in fabrication and determining defect
electronic states, especially at this relatively early stage of research, do not diminish the
appeal of hBN as a quantum material. With continued collective effort from the research
community, hBN is likely to further demonstrate its potential as a robust platform for

quantum technologies.

Figure 4.40.: Patterned electrodes around hBN flake fabricated for SPEs.
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AFM nanoindentation followed by thermal annealing provides a controlled route to gener-
ate stable SPEs in hBN. The method yields a high density of isolated carbon-related defects
mainly attributed to the C,Cy carbon trimer [49, 56] with narrow linewidths, dominant

emission in ZPL, and excellent spectral stability.

The properties of the emitters are strongly influenced by the annealing conditions. Exces-
sive etching due to elevated Ar flow or air exposure [136, 137] increases the clustering of
defects and surface roughness. Optimizing Ar flow and surface cleanliness are crucial for
precise emitter formation and removes surface adsorbates and trapped bubbles [88]. An
unconventional cleaning step for hBN which is contact AFM scanning, which resulted in
reduced etching effect. Higher voltages of contact scanning has shown strain response via

wrinkling.

hBN defects are highly sensitive to their local atomic environment, and even slight modifi-
cations in the fabrication process can influence their deterministic formation. Although
this sensitivity can make fabrication more demanding, the emitters created via nanoin-
dentation have proven to be remarkably robust. Once formed, they remain stable for two
years or more under ambient conditions. For instance, the sample used for the PLE mea-
surements discussed in Section 4.8.2 was fabricated in August 2023, and the measurements
were carried out in May 2025—without requiring any reactivation or cleaning steps prior
to re-measurement. These results and process insights highlight a scalable, charge-neutral

route for SPE engineering, enabling the formation of single, isolated carbon defects.

The emitters are shown to be robust in presence of single molecule magnet such TbPc;.
Single or ensemble TbPc; on the emitter supposedly induces an antennae effect, which
sensitizes the electronic level system (for defect types where the energy down conversion
is allowed) resulting higher emission efficiency of many of SPE. RT ODMR signal was
seen in one emitter where RF was applied via an antennae. Low temperature measure-

ments provided more insight into the different spectral instabilities that cannot be seen

105



5. Conclusion

at RT. We have seen that emitters with random blinking can show FT limited linewidth.
Photoluminescence excitation (PLE) measurements were successfully performed on this
emitter, enabling estimation of its excited-state lifetime and natural linewidth, which are
critical parameters for evaluating coherence and suitability for quantum applications. It
was deduced that this emitters has spin 0 state and is probably one of the CgCx- donor

acceptor pair (DAP)s with multiple optically active charge states.

5.1. Outlook

hBN quantum emitters were first reported in 2016 by Tran and colleagues at the University
of Technology Sydney, Australia. Despite growing interest, much remains unknown
about the nature of the defect systems that give rise to these emitters. Notably, a reliable
method to reproducibly generate a single, well-defined defect type has yet to be established.
Any such fabrication technique must also suppress the formation of other, unintended

defects—a challenge that remains unresolved.

The field has not yet reached the point where an emitter can be definitively identified as,
for instance, a carbon trimer based on direct experimental evidence. Currently, identifica-
tions are largely inferential, relying on comparison with theoretical models. However, as
discussed in the results chapter, external factors such as strain and local environmental
changes can shift the emitter’s zero-phonon line (ZPL), and the broad spectral linewidths
at room temperature further complicate ZPL assignment. Moreover, there is a gap be-
tween theory and experiment: some theoretical models appear to underestimate ZPL
energies, likely due to insufficient treatment of excitonic effects via the Bethe-Salpeter
Equation (BSE). Most existing fabrication methods are based on damaging B—N bonds,
leading to vacancies and dangling bonds—features not always fully captured in theoretical
models. Additionally, while hBN quantum emitters are generally assumed to lie on or
near the surface, little to no work has explored the possibility that emitters could form
within subsurface regions or craters—an intriguing possibility with techniques like AFM

nanoindentation.

A more productive approach to understanding hBN defects may lie in narrowing focus:
reproducibly creating and studying a single class of emitter in depth. Techniques such
as ODMR and PLE could be used to uncover their energy-level structure. Coordinated
experimental and theoretical efforts would be essential in achieving this. Higher-resolution

AFM scans at low temperatures could provide further spatial and structural insight, while
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switching from Si to Al,O3 substrates may help reduce low-temperature spectral instabili-

ties.

That said, the very fact that so much remains to be explored makes hBN quantum emitters
a particularly fascinating platform. Their potential for engineering—toward quantum
communication and nanoscale sensing—remains strong. Through this work, several

follow-up directions and open questions have emerged:

First, more PLE measurements are needed on emitters believed to be carbon trimers, ideally
at low temperatures, with an optimized substrate and functioning waveguide. Since this
defect is expected to have a spin doublet ground state, it should exhibit Zeeman splitting
under an external magnetic field. This would enable further coherence studies and help
refine our understanding of the energy-level structure. Demonstrating Zeeman splitting
would also significantly strengthen the claim that emitters around 580 nm originate from

carbon trimers.

Second, the interaction between emitters near 580 nm and evaporated TbPc, molecules re-
quires further investigation. More samples with low coverage of TbPc, should be prepared
to examine potential effects on the emitters. Similar experiments using phthalocyanine
(Pc) ligands alone should also be carried out, as it is possible that the double-decker TbPc,
complex breaks during evaporation, leaving only the ligands on the surface. Once a stable
emitter with well-resolved spin properties is identified, it would be especially interesting to
study its interaction with the magnetic centre of such molecules. In any case, if enhanced
spectral signal is reproducible then this could be an important finding, it would show that

molecules could be used to enhance signal as is done with optical cavities.

Third, the influence of nearby charge environments on SPE stability should be explored. De-
positing hBN flakes directly onto metallic electrodes could help suppress charge noise and
improve photophysical stability. Comparing emitter performance in such configurations

may offer insights into controlling charge fluctuations.

Lastly, strain engineering remains a largely unexplored area in hBN quantum photonics.
This work reports that wrinkling can be induced via contact-mode AFM scanning—a
technique initially used for surface cleaning. Although this finding was not pursued
further, it suggests the potential to activate or modulate optical defects through localized

strain, which warrants deeper investigation.
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A. Appendix

A.1. Recipes for obtaining hBN samples

Cleaning and exfoliation steps

v Chip Dicing

« Dice a 2-inch intrinsic silicon wafer into 5 mm x 5 mm square chips. The wafer

has a thickness of 500 um and is coated with a 300 nm thermal oxide layer.
v Alcohol Cleaning

« Place the diced chips in boiling acetone at 90 °C for 6 minutes, followed by 2

minutes of ultrasonication.

« Transfer the chips into clean, cold acetone, rinse with isopropanol (IPA), and

blow dry using nitrogen (N3).
v Plasma Cleaning

+ Perform weak plasma cleaning using 12.5 ml/min O, for 5 minutes. Pre-clean

the plasma chamber with maximum power and oxygen before use.

« Heat the chips on a hotplate at 200 °C to eliminate dangling bonds, thus
preventing charge traps that could alter the local electric field or induce strain
in the hBN.

« While the chips are on the hotplate, cleave hBN crystals (from powder) several
times using adhesive tape. Final exfoliation is performed directly onto the

warm chip surface.
v Exfoliation

« Remove the chip from the hotplate. Immediately press the exfoliated tape onto
the chip with uniform pressure and moderate force, then peel off the tape to

complete the exfoliation.
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A.1. Recipes for obtaining hBN samples

Patterning holes into Si/SiO,

v Resist Deposition

« Spin-coat AZ5214-E: 75 s at 6000 r.min™! with 500 r.min acceleration (final
thickness: 1500 nm).

« Soft-bake (anneal) for 1 min 40 s at 100 °C.
v Optical Lithography

« Light intensity: 13

« Exposure time: 55

« Wafer Edge Control (WEC) distance: 45 um
v Development

+ Develop in MIF 726 for 40 s
v Reactive Ion Etching (RIE)

« Perform 5 BOSCH cycles with alternating SFs and C4Fs gases to achieve a
depth of 2-3 pm.

v Lift-Off
o Immerse in NEP remover at 90 °C for 4 hrs.
« Ultrasonic bath: 10 s at 20 % power.

« Rinse with double-distilled water and dry with N, gas.
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PDMS microdome and dry transfer

v PDMS Microdome

« Mix the base and curing agent of Sylgard 184 Silicone Elastomer in a 10:1 ratio

thoroughly.

« Using a toothpick, form small droplets of the polymer mixture on one end of a
glass slide. centre a copper wire (g= 220 pm) and a tungsten needle (o= 200 nm)

vertically on each droplet.

« Cure each droplet at 150 °C for 10 minutes. This forms a Polydimethylsiloxane
(PDMS) stamp with a microdome shape.

v Flake Transfer

« Wrap a clean PVC film over the PDMS microdome, pressing out any trapped

air bubbles to ensure good surface contact. Clean the PVC surface with IPA.

« Asillustrated in Figure 3.6, pick up the flake at 70 °C and drop it onto the target
substrate at 120 °C.
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A.1. Recipes for obtaining hBN samples

Figure A.1.: Folding operation: images (a)-(c) show first fold. Images (d)-(f) show second fold. Images (g)-(i)
show third fold. Images (j)-(k) show fourth fold. Image (1) shows flake pick-up [138].
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AFM nanoindentation

v'Characterize flake prior to indentation

« Scan the preselected flake in tapping mode to confirm a thickness between
40 nm and 100 nm, and ensure a clean surface topography.
Tip used: HQ:NSC15/Al BS (8 nm tip, k = 40 N/m)

« If only minimal debris is present and no bubbles are visible, select regions for
indentation. If necessary, perform contact-mode cleaning after changing the
tip.

Tip used: Multi75DLC (15 nm tip, k = 3N/m)

v Indentation

« Replace with the indentation tip. Scan the desired area and activate the Point
and Shoot function to assign an array of marker points, where individual force
curves will be executed. This can be performed in both tapping and contact
modes. Use the Engage command to bring the tip into controlled contact with
the flake; indentation is carried out in relative displacement mode.
Parameters: trigger voltage = 1.6 V; dwell time = 2s; Retract delay= 2s;
spacing = 1.5 pm
Tip used: Tap300DLC (15 nm tip, k = 40 N/m)

« Confirm indent size and position using a high-resolution tip.
Tip used: Hi’Res-C15/Cr-Au (1 nm tip, k = 40 N/m)
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A.2. ZPL and Corresponding ¢® (7)

CPW
v'Spin Coating

« 2-inch wafer, AZ5214-E single coat

« Approx. 1.5 um thick resist coat
v Optical Lithography

« Light intensity: 13

» 5 s exposure

« 50 um WEC (Wafer Edge Control) distance
v'Development

« MIF 726 developer for 40 s
v'Metallisation

+ Kaufmann cleaning with Ar:O, = 9:1

« Titanium wetting layer:5 nm, 0.1 nm/s, 65 mA

« Platinum 40 nm, rate of deposition: 0.14 nm/s, 235 mA
v Lift-off

« NEP at 90°C

A.2. ZPL and Corresponding g% (1)

Comparison of different SPEs and their corresponding second order correlation functions
for the determination of the characteristic time. Each ¢® (z) is fit to the two level system
mentioned in the main text. These are all class A emitters on the same flake. Figures A.2 and
A 3 portray that despite similar emission energies, flake thickness and fabrication method,
the local environment of the defect determines their lineshape and approximate lifetime.
The lifetimes are not inversely proportional to the linewidth of the ZPL shown here. These
are room temperature measurements where the linewidths have both homogeneous and

inhomogeneous broadening.
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Figure A.2.: Fluorescence lineshape and g® () of class A emitter.
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Figure A.3.: Fluorescence lineshape and g () of class A emitter.
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A.3. Fluorescence Measurements
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FigureA.4.: A green laser is used to optically excite the sample, which is mounted on a three-axis piezoelectric
positioner for precise spatial scanning. The emitted red photoluminescence is collected through a high-
numerical-aperture objective lens. To isolate the fluorescence signal, the collected light is passed through a
dichroic mirror that reflects the excitation laser while transmitting the longer-wavelength emission. The
confocal detection scheme involves a pinhole placed in the image plane, which blocks out-of-focus light and
enhances spatial resolution by ensuring that only photons from the focal volume reach the detectors. This
configuration allows for diffraction-limited optical sectioning of the sample. The filtered fluorescence is then
directed either to a spectrometer for spectral analysis or to a Hanbury Brown and Twiss (HBT) interferometer,
located in a light-tight enclosure (indicated by the dotted box), for photon correlation measurements. In the
HBT setup, a 50/50 non-polarizing beam splitter equally divides the photoluminescence signal between two
avalanche photodiodes (APDs), enabling the measurement of second-order photon correlation functions,
g'?) (1), essential for identifying single-photon emission characteristics (Adapted from [139].
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A.4. Molecule Deposition

Each figure corresponds to ZPL of emitters recorded in flake before and after deposition

of molecules.
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Figure A.5.: Flake#1 shows comparison of ZPL intensity and distribution of SPEs after 40 % of a monolayer
evaporation of TbPc,. There are more emitters with high brightness than for emitters without molecule.

(arb. units)

Intensity

60000
50000
40000
30000
20000
10000

Total number of ZPL points: 23

o0
o ® w/o molecule
o o  w/ molecule
o
o
Q
[+ ]
oe
° N
Q
O @ (@]
& o ° .
550 575 600 625 650 675 700 725

ZPL emission Wavelength (nm)

Figure A.6.: Flake 2 shows comparison of ZPL intensity and distribution of SPEs after 40 % of a monolayer of
TbPc, evaporation, this is from the same set of sample as figure A.5. There are more emitters which are
recorded after molecules are deposited and also evidently have higher spectral brightness after molecule

deposition.
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Total number of ZPL points: 30
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Figure A.7.: Flake 3 from the second set of evaporation with a higher coverage of 1 monolayer of molecular
evaporation. Here the brightness of SPEs is not as evidently enhanced after molecular evaporation, but as
mentioned in the main text, recurring spectral feature at around 680 nm consistently appears after molecule
evaporation which was not there beforehand. Since only the highest ZPL for each confocal volume are
shown in this distribution the some of the weaker peaks at around 680 nm are not shown in this plot.
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A.5. RTODMR

Room temperature (RT) ODMR measurements were performed using a green laser and
sweeping the microwave frequency from 0.2 GHz to 3 GHz. An external magnetic field of
approximately 15 mT was applied using small permanent magnets. The frequency sweeps
were divided into 1 GHz segments, each with a resolution of 1 MHz. A microwave power
of 40 dBm was used, and the radio frequency (RF) signal was initially delivered through a
coplanar waveguide (CPW).

Measurements were conducted on several flakes, but only one emitter consistently showed
an ODMR contrast that remained stable over several hours. To investigate the magnetic
field dependence, the weak external magnetic field (15 mT) was rotated around the sample
to observe any effect on the ODMR response. As shown in Figure A.9, a measurable ODMR
contrast was observed when the magnetic field was aligned in-plane along a specific

direction. Notably, during later measurements, the RF field was applied using an antenna

Figure A.8.: CPWs bonded for RT and LT ODMR measurements. Left shows the waveguide bonded to the
the flex CPW glued to the sample holder which is the cold finger. Right shows an antennae through the
waveguide because the CPW is likely destroyed from high temperature annealing. The sample on the right
had emitter with RT ODMR contrast observed.
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Figure A.9.: RT ODMR on an hBN emitter with ZPL around 577 nm.

instead of the CPW, as the CPW had sustained damage during the high-temperature

annealing process used to activate the emitters.
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A.6. Low Temperature Measurement

The low temperature measurements were conducted in a custom-built, table-top dilution
refrigerator designed in an "inverted" configuration. Unlike conventional systems, this
setup places the coldest stage—the millikelvin plate—at the top, enabling straightforward
optical access through top-mounted windows. This design, originally developed by Alain
Benoit and Wolfgang Wernsdorfer and later optimized by Marcel Schrodin to include
optical integration at the mK stage, is illustrated schematically in figure A.10. The cryostat
reaches base temperatures below 100 mK in under 6 hours and offers user-friendly access to

internal components, including easy installation of 3D vector magnets without soldering.

The system comprises five vertically stacked thermal stages, each thermally isolated using
stainless-steel supports and reflective shielding. Cooling is achieved through two closed-
loop circuits: firstly, a “He pulse-tube stage for pre-cooling to 4K, and a *He/*He dilution
unit for reaching sub-Kelvin temperatures. For further technical details on the principles
and how the system operates please refer to [140]. The confocal setup operating with the
dilution fridge has been setup and optimized by Ioannis Karapatzakis and more information
on the vector magnets and the cold finger with incorporated flex-CPW (CPW) can be
found in his PhD thesis [135].

(a) objective (b)
3D vector
magnet

‘-'f
¥
-

£ 2

Figure A.11.: Adapted from [135]. (a) Shows the 4 K shield along with the 3D-vector magnets. (b) Presents
the millikelvin plate of the cryostat. Microwaves are delivered to the sample on the cold finger via bonding
wires that connect the flexible CPW to the on-chip NC-CPW/SC-CPW. The silver strands help thermalize
the cold finger onto the millikelvin plate.
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Figure A.10.: Schematic cross-section of the custom-built dilution refrigerator utilized in the experiment.
The confocal optical path is introduced from the top of the apparatus, taking advantage of the inverted
architecture for direct axial access. A high-numerical-aperture objective, rigidly thermally anchored to the
4K stage, facilitates efficient photon collection while minimizing thermal load. The sample is mounted on
an XYZ nanopositioning stage, enabling sub-micron spatial alignment with respect to the optical axis. The
diagram delineates the hierarchical thermal architecture comprising four concentric radiation shields and
five distinct temperature stages: 300K (ambient), 100K, 20K, 4K, 1K, and the base millikelvin stage. A 3D
vector magnet is integrated within the 4 K shield, which is machined from high-purity copper to ensure
both mechanical rigidity and optimal thermal conductivity. Cryogenic fluid flow paths are indicated via
color-coded channels: orange and magenta denote the injection and rapid injection lines of the *He/*He
dilution circuit, respectively, while green corresponds to the *He precooling loop. This figure is adapted
from the master’s thesis of Julian Schaal [141].
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A.7. LaserLine

Figure A.12 shows the excitation laser at 517.3 THz used for PLE measurements. The
spectrum is fitted to Gaussian and shows a linewidth of 50.59 GHz.
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Figure A.12.: Spectral fit to the laser emission line used for resonant excitation of emitter in figure 4.33
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