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Abstract

Single photon emitters hosted in hexagonal boron nitride have attracted significant attention over
the past 5 years. This is in part due to their room temperature operation, chemical and physical
stability, and high quantum efficiency. Continuous hexagonal boron nitride thin films (~ 10 — 20
nm thick) are of particular interest because of their potential to be integrated with existing silicon
photonics devices. Additionally, there have been multiple reports of the deterministic activation
of hBN emitters through the introduction of strain on the materials crystal lattice.

This thesis describes the theory, fabrication, and characterization of hexagonal boron
nitride coated nano-/micro-structures as a method of both deterministically activating defect
centers as well as spatially aligning them to resonant antinodes in buckled microcavity devices.
First, the design and construction of an epifluorescence spectroscope/microscope instrument
crucial to the optical characterization of hBN emitters, is presented. A particular emphasis was
placed on accounting for undesirable autofluorescence from microscope objectives.

Next, a thin-film transfer technique for hexagonal boron nitride (hBN) multilayers was
developed and refined. The technique was then used to transfer continuous hBN films to SiO»
substrates patterned with structures ~ 100 — 200 nm in height with lateral dimensions on the
order of a few pm. Blanketing the film over nanoscale-height features introduces strain on the
hBN crystal lattice near feature edges, causing naturally present defects to emit across much of
the visible range. Notably, the brightness of emitting arrays was characterized and shown to be
much greater than emission from unintentional wrinkles in the film.

The transfer process was then used as a means of integrating hBN emitters inside recently
demonstrated buckled microcavities, where two Bragg mirrors separated by a low-adhesion layer
are thermally shocked resulting in the formation of a closed cavity structure due to the stress
inherent to the thin films comprising the top mirror. Both the active and passive optical
properties of the resulting devices were then measured. The scalability and deterministic
placement provided by the hBN transfer process paired with the potential for cavity enhancement
offers a promising platform for a real-world single photon source with broad applications in

quantum information and computing.
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“Alright, alright, alright.”

— Matthew McConaughey [1]
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Chapter 1 — Introduction

The overall goal of this thesis is to successfully integrate continuous thin films of hexagonal boron
nitride (hBN) into various photonic microstructures including micro-/nano-pillars, micro-/nano-
holes, and buckled microcavities. Hexagonal boron nitride is part of a broad family of materials
known as two-dimensional materials and it is important to discuss the properties of these materials
as a whole. Light emission originating from thin film hBN has several interesting properties and

potential applications which will be explored in the coming sections.

1.1. An overview of two-dimensional materials

In general terms, a two-dimensional (2D) material is a crystalline material that exists as a single
layer of atoms, known as a monolayer, or a small stack of singular layers [2]. Graphene is widely
regarded as the catalyst for research interest in 2D materials, since prior to the isolation of graphene
it was thought that 2D materials were thermodynamically unstable and could not exist as free-
standing structures. This argument was based on the fact that melting temperature dramatically
decreases with film-thickness, eventually leading to decomposition or the formation of island-like
structures. For this reason, the experimental study of 2D materials was limited to monolayers
grown on a matching 3D crystal lattice. However, this skepticism was proven false when the
existence of high quality, continuous 2D graphene crystals was discovered. Since then, many have
demonstrated the high mechanical strength, high conductivity, and extreme thinness of graphene
films, as well as their applications in the electronics industry [3]. These advances have prompted
research into other potential 2D materials and their applications. Figure 1.1 shows an overview of

some of the most investigated 2D materials [4].
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Fig. 1.1. An overview of the different families of 2D materials sorted by bandgap, atomic structure,
and composition [4]. Legend: h-BN — hexagonal boron nitride, TMD - transition metal

dichalcogenide, BP — black phosphorus.

One promising area for 2D materials is light-emitting layered semiconductors using
transition metal dichalcogenide (TMDC) and hexagonal boron nitride (hBN) monolayers. TMDCs
encompass materials of the form MXs, where M is a transition metal (e.g. Mo or W) and X is a
chalcogen element (e.g. S or Se) [2]. These materials possess strong Coulomb forces and large
electron-hole binding energies which plays a central role in light emission. Such electron-hole
pairs are commonly known as “excitons”, and form when a 2D material absorbs a photon
possessing energy just slightly lower than its bandgap energy. On the other hand, atomically thin
hexagonal boron nitride boasts many interesting photonic properties, though its photo-physics are
yet to be fully understood. While emission from continuous hBN films was the primary focus of
the work contained within this thesis, a general overview of 2D materials and recent progress made
within the field is required to give proper context.

There are many properties of 2D materials that could lead to interesting optical
applications. To begin with, many 2D materials act as direct bandgap materials. The emission
wavelength range and efficiency of these materials allows for interesting light emitter and detector
applications [5,6]. Some 2D materials also exhibit exciton binding energies up to 100 times as
strong as common III-V or II-VI semiconductors. This allows for the fabrication of new excitonic
lasers and LEDs which operate at comparatively higher temperatures [7]. Another interesting
property is that 2D materials are monolayers and hence have naturally passivated surfaces. This

means that lattice mismatch is not an issue if one were to stack layers. It is therefore possible to



create heterogeneously staggered films of 2D materials [8]. Such stacks could be useful for carrier
injection and confinement in optoelectronics applications, as well as for integration into a silicon
photonics platform [2]. It has also been noted that different excitonic species could be used to
produce optical gain with much lower carrier density, potentially allowing for the development of
new energy-efficient lasers [9]. Finally, defect-centers in 2D dielectric monolayers such as hBN
have been shown to function as non-excitonic single photon emitters in certain conditions [10,11].
These properties will be explained in coming sections, with example applications given to
highlight novelty.

Interestingly, 2D semiconductors are usually indirect bandgap materials in their 3D bulk
form but transition to direct bandgap materials as layer thickness decreases. Because of their
thinness, they exhibit decreased Coulomb screening, which is the dampening of electric fields due
to mobile charge carriers [2]. This causes the valence-conduction bandgap of a given 2D
semiconductor to be split into sections based on the exciton binding energy of the material, existing
somewhere between the single atom model and the bulk material. The so-called optical bandgap
of a 2D material is determined by its lowest excited state [9]. Techniques like photoluminescence
are often useful in fingerprinting the optical transitions and relaxations of different excitons or

defect centers depending on the origin of emission.
1.2. Recent progress in two-dimensional materials

1.2.1 Surface plasmon modified emission

One problem common with TMDC:s is that the light emission or absorption is often weak due to
defects or environmental factors. One solution to this problem involves surface plasmon polaritons
(SPP). SPPs are the oscillation of free electrons at the interface of a metal and dielectric. Integrating
TMDCs with metal nanostructures provides a method for enhancing performance, specifically
regarding optoelectronic devices. For example, some have demonstrated an Ag nanowire/MoS»
structure (Fig. 1.2(a)), in which the propagation of surface plasmons are coupled to excitons in the
structure, leading to a cavity-free method of achieving 20x emission enhancement [12]. In this
application, a nanowire is separated from a MoS, monolayer by a SiO» spacer to prevent undesired
doping. Surface plasmon mode propagation was observed after irradiation with a 514 nm pump
beam. The optical enhancement from metal nanostructure/TMDC devices is dependent on the

strength of the localized field and efficiency of collection/emission. Intuitively, surrounding the



hybrid structure with a strong field enhances emission, but absorption resulting from high
extinction coefficients of metallic structures and the surrounding area can negatively affect
emission. This implies an optimal metallic nanostructure density for emission enhancement. It is
also understood that the presence of metallic nanostructures modifies the decay process since
charge can transfer at the metal/dielectric interface, providing an alternate pathway. This causes a
change in absorption and emission characteristics, as demonstrated using Au nanowires and
MoS:> [12]. Others have demonstrated success using similar approaches with hBN, notably with
pillars [13] as well as with near-touching random plasmonic nanounits [14]. In the case of random
nanounits, it was observed that the gold structures tended to provide higher enhancement factors
as well as shorter decay times compared to hBN on quartz. This effect was particularly noticeable

with shorter gold structures, which might be due to their tighter arrangement in combination with

a larger contact area, again suggesting an optimal metallic density.

(b)

MoS;

NW

Fig. 1.2. (a) Schematic of a MoS>/Au structure. Light emission is enhanced when laser light is
incident on the Au nanowire as compared to just the MoS: structure [12]. (b) Schematic of a
hexagonal boron nitride monolayer (alternating blue and pink) on top of a plasmonic nanostructure

(gold) [14].

1.2.2 Ultraviolet detection and emission

Two-dimensional materials have recently been demonstrated to have applications in the ultraviolet
(UV) region as both efficient photodetectors and UV lasing mediums [15].

In terms of photodetection, few-layer black phosphorus possesses some of the most attractive
qualities including a broad detection range (310 — 390 nm), an extremely high responsivity
(9x10* AW 1), and a fast response time (4 ms) [16]. Many of the TMDCs have been shown to be
good candidates for UV detection, including WS,, MoS,, and hBN. There have been reports of



flexible MoS;-based detectors, as well as other self-powered (i.e., not requiring an external
source), flexible detectors comprised of hybrid materials [15].

In terms of UV emission, hBN is currently one of the most promising materials for
compact UV laser applications as it is a direct bandgap material emitting in the UV region and
exhibits room-temperature lasing when excited via cathodoluminescence [17,18]. One
particularly exciting detail is that the characteristic sharp single emission peak near 215 nm is
over 103 times more intense than emission at the same wavelength from type ITa pure diamond.
This type of emission in hBN has been attributed to localized exciton trapping near both grain

boundaries and dislocations [19].

1.2.3 Staggered heterostructures
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Fig. 1.3. Band structures for various 2D material heterostructures. (a) A type I heterostructure where
one bandgap lies inside the other. (b) A type II heterostructure where one of the conduction bands
is higher and one of the valance bands is lower. (¢) A tunneling heterostructure where there is no

overlap between the bandgaps.

The mechanical stacking of 2D materials offers flexibility in terms of fabrication methods,
material choice, and bandgap characteristics. These characteristics are determined by material
choice, sequence, thickness, and alignment. There are three types of 2D heterostructures: type I,
type II, and tunnelling. The categorization of a heterostructure depends on the energy band
alignment of the materials used.

In type I heterostructures, the valance band maximum and conduction band minimum of
one material fits within the energy band of the other material (Fig. 1.3(a)). This is traditionally
how quantum wells were fabricated. In terms of 2D materials, MoS> and RbS: have been used to

show that carriers injected into the wide bandgap material (MoS2) will rapidly transfer into the



narrow bandgap material (RbS;), but not the other way around [20]. Figure 1.4(a) shows a band
diagram for this material combination. This is a novel method of carrier confinement that has
applications in future nanoelectronics (diodes, transistors, etc.).

In type II heterostructures (Fig. 1.3(b)), there is some overlap between bandgaps of the
wide and narrow bandgap materials, leading to an accumulation of charge in each layer. For
example, MoS, and WS; have been used to demonstrate ultrafast carrier transfer between the two
layers, as shown in Fig. 1.4(b). There is currently much interest in using type II nanoscale
heterostructures for photocatalysis, specifically water splitting using solar energy [21].

Finally, tunnelling heterostructures are formed by stacking a TMDC and an insulator so
that there is no bandgap overlap at the material junction (Fig. 1.3(c)). hBN is typically chosen as
the insulator due to its large bandgap (~ 6 eV). When an electrical bias is applied across the layers,
charge carriers can tunnel through the barrier and recombine in the TMDC layer. This type of
heterostructure functions as a quantum well, where the movement of charge carriers can be
restricted to the vertical direction, leading to improved performance in laser diode applications. In
the case of Fig. 1.4(c), the authors used the heterostructure as a light-emitting transistor. They
showed that sandwiching a layer of WSe; between hBN tunnel barriers can produce quantum wells
with enhanced room temperature performance [22]. This achievement is notable, since previous

devices used MoSe», which shows comparably poor operation at higher temperatures.
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Fig. 1.4. (a) An example of a WSe2/MoTe: type I heterostructure [23]. (b) An example of an
MoS2/WS: type II heterostructure [21]. (¢) WSe2/hBN tunnelling heterostructure schematic and

corresponding image [22].

1.2.4 Defect-center originated emission in two-dimensional materials

Recently, SPEs have been discovered in TMDC and hBN monolayers. In the case of the TMDC:s,
it is widely regarded that defects in the crystal lattice act as exciton trapping sites [24,25]. For
example, some have shown that WSex-based SPEs possess excellent spectral stability and could
be useful in niche optoelectronics applications [26]. These emitters originate near surface edges of
the material, as shown in Fig. 1.5(a) and have been shown to have spectral widths below 120 peV.
More relevant to current research, single photon emission from hBN has attracted much attention
in recent years [11]. Defects hosted in hBN typically occur deep within its 6 eV bandgap and the
emission mechanisms are not yet well-understood [11,27]. Regardless, hBN SPEs are of particular
interest because of their polarized emission and narrow bandwidth, properties which are necessary
to achieve higher signal-to-noise ratios in quantum communication applications. The
comparatively narrow lineshape of an hBN SPE at room temperature is due to the fact that
electronic transitions predominantly occur at the zero-phonon line rather than within the phonon
sideband. Another novelty concerning hBN is that it can function as an SPE at room temperature,
though the lineshape is greatly narrowed as temperature is decreased. Figure 1.5(b) shows arrays
of hBN SPEs fabricated using a strain-activated technique [24]. Table 1.1 provides a list of
materials capable of single photon emission as well as operational temperatures and relevant

comments.
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Fig. 1.5. Examples of wide-field photoluminescence imaging. (a) Photoluinescence intensity map
of a WSe: flake [26]. (b) Photoluminescence intensity map of an hBN film transferred to a

prepatterned substrate. The inset shows a bright field image of the corresponding region [24].

Table 1.1. Two dimensional materials that are currently known to be capable of single photon emission [25,28].

Material Emission Wavelength Operational Temperature Relevant Comments

hBN UV —NIR Room Temperature Brightest of the sources, extremely robust
WSe: ~730-750 nm Cryogenic Fairly robust

WOs; ~620-730 nm Room Temperature Multilayers produced by thermal annealing of WS2
WS: ~640 nm Cryogenic

GaSe ~600 nm Cryogenic Only multilayers
MoSe: ~770 nm Cryogenic Photon emission statistics not characterized
MoS: ~690 — 730 nm Cryogenic Often hBN encapsulated

1.3. Hexagonal boron nitride

Commonly referred to as “white graphene”, hexagonal boron nitride is currently one of the most
heavily studied and most promising materials for quantum computing, quantum information, and
quantum sensing [11,24,25,29,30]. It is comprised of alternating boron and nitrogen atoms in a
hexagonal pattern as the name would suggest. Atomically thin hBN is remarkably robust, and was
initially used as an encapsulating material for graphene until its own optical and electronic
properties were realized [25]. In-plane B-N bonds are polar-covalent, but the only bonding
between adjacent sheets comes from weak van der Waal forces, making it ideal for 2D
applications [11]. Additionally, hBN shows bright single photon emission at room temperature,

which is a rather unique property that cannot be overemphasized.



1.3.1 Hexagonal boron nitride transfer methods

There are four distinct methods for integrating hBN onto silicon-based devices. The first is dry
transfer and variations thereof. The most well-known variation was used to isolate few-layer
graphene and is commonly referred to as the “scotch tape” method [31], where graphene flakes
are mechanically exfoliated by repeated peeling using scotch tape. The same technique has been
modified and applied to hBN [32]. The strength of this type of transfer lies in its simplicity and
low cost, but it is rather limited in terms of controlled placement and scalability. The second
transfer method, and the one studied herein, is wet transfer. This type of technique relies on wet
etching and intermediate carriers, typically a polymer, to transfer a thin film onto a substrate.
Interest in polymer-assisted transfer processes for 2D materials also began with graphene [33] and
recent progress has been made in developing wafer-scale transfer techniques [34,35]. In one
method, graphene grown on a metal layer is lifted off using a polymer (such as PDMS or thermal
tape) followed by soaking in solution. These continuous films can then be transferred to arbitrary
substrates. Others have demonstrated successful polymer transfers with TMDCs using variations
of wet transfer techniques [36]. Wet transfers of hBN can achieve good coverage but are generally
more complex and time-consuming compared to dry transfer. The third transfer method is drop-
casting, where a solution containing suspended hBN flakes is placed on a substrate. The host
solution then evaporates leaving the hBN flakes on the samples surface [37]. This type of transfer
is very simple and highly suited for small-scale studies. Some have demonstrated deterministic
placement of hBN by “squeegeeing” small crystals across a patterned substrate [38]. Finally, there
have been reports of direct growth of hBN on Si0O; and sapphire substrates [39—41]. Direct growth
can provide excellent coverage and film quality but requires specialized fabrication equipment and
is still in its infancy. The collection of transfer methods used to converge on a set of parameters

used in this work is presented in Table 1.2 along with brief descriptions about each method.



Table 1.2. Various methods for the wet and dry transfer of hBN and related relevent materials.

Transfer Resist/Adhesive Spin/Bake Resist
Ref Sample Method Type Settings Etchant Remover Notes
Used RCA 1 and 2
22%1111rrrr11hC13uI\Iﬁ§)1111 90 s bake at Ferric Acetone baths following Cu
[24] f Wet PMMA chloride at 60  bath at 52 C etch. Sample was
rom Graphene 180 C . .
e ————" C for 90min heated for 20 min
before acetone bath.
Films can withstand
sonication or acid
[35]  Graphene on Ni Wet PMMA Not Given Aqueous HC1 Acetone treatment. Transferred
films can be attached
to most surfaces.
Adhere target sample
to gelfilm and use
Pressed few- . nitto tape to do
[42] layer graphene Dry Gelﬁlrrtl CIL D N/A N/A N/A mechanical
onto hBN ape exfoliation of bulk
crystal. Stamp crystal
onto target sample.
Placed on
M?:llsllgi;?;nd Si substrate, Dried with No.
[43]  hBN/Cu samples Wet PMMA 2000 pm for 68% HNQs heated to 80 Anne‘aled at 850 Cto
from graphene 2 min for 2 min C, slow achieve maximum
supermarket acetone fluorescence intensity
’ flow
T e (HET ; Exfoliated onto SiOx.
[44] crystals Exfoliated N/A N/A N/A N/A hBN annealed at 850
W C, 1Torr for 30 min.
Sonicated to break up
. agglomerations.
[45] from Graphene Drop-cast N/A N/A N/A N/A wafer with iridium
Supermarket in layer to enhar}ce
water/ethanol photon collection.
Heated to 70 C to
evaporate liquid.
Commercially
available flakes Drop-cast onto
[37] from Graphene Drop-cast N/A N/A N/A N/A Si/Si0z and waited for
Supermarket in the solvent to dry.
water/ethanol
Drop-cast onto TEM
grid. Dried in vacuum
Grew hBN on at 80 C and annealed
[46] Cu foil using Drop-cast N/A N/A N/A N/A for two hours at 200-
CVD 220 C. Low
temperature for TEM
grid.
Grew hBN on Electro- Annealed at 850 C for
[47] Cu foil using chemical N/A N/A N/A N/A 30 min with Ar flow
CVD Delamination following transfer.
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hBN/Cu (25um) 3500 rpm for Acetone

foil from 60 seconds. Ammonium rinse after Scooped hBN film
[48] Graphene Wet PMMA Cured at room  persulfate (15 30 min from etchant using
Su efmarke " temperature g/L) solution  annealing at target substrate.
P overnight 180 C
Exfoliated hBN PDMS stamp with P}(ljl liygrr?:lsssoi\r;edl n
[49] flakes from Dry PC layer that was N/A N/A N/A an(l)eé?leod in' Ar /Hps Z:
powder melted to release 350 C for 1 h.
Monolayer Acetone Annealed on hotplate
[49] CVD-hBN Wet PMMA NotGiven  0:dryplasma. bathat4oc & 180C for 2minto
grown on both for 10 min remove remaining
sides of a Cu foil water following
ceio e
Transene to tl?ermal FeCl; is a by-product
[50] BN on Cu foil Wet PMMA 2500 pm for etch copper, rinEaifiTy of the Cu etchant, so
1 min followed by 450 C for 2 they used a Fe etchant
10% HCL h with afterward.
({3 Ho/Ar
hBN nanocrvstal Acetone Sample was 0.2 g/L
[38] clus tersy Drop-cast Patterned PMMA N/A N/A bath for 1 multilayer hBN
min platelets in water.

1.3.2 Origins of emission in hexagonal boron nitride

It has long been known that boron nitride fluoresces in the UV region, a phenomena which is
believed to be caused by exitons trapped at structural defects [19]. hBN has also found a home in
infrared nanophotonics as a hyperbolic material, a special case of birefringence where the
permittity also has an opposite sign along orthogonal axes [11]. There have even been recent
reports of second harmonic generation from hBN flakes [51,52]. However, it was relatively
recently that hBN began to attract interest in the quantum information community as a host for
promising single photon emitters [43].

At the time of writing, the exact atomic origins of single photon emission from hBN are
still heavily debated [24,53—57]. However, the community agrees that some form of atomic defect
hosted within the hBN lattice is likely responsible. Several of the most promising theories are
presented in the following section. Quantum emitters in hBN were first discovered in 2015 in a
multilayer film that was transferred to a silicon substrate and annealed at high temperatures [43].
Operating on the assumption that the emitters were intrinsic to monolayers and multilayers of hBN,
density functional theory was used to investigate potential origins of emission. The initial

conclusion was that the NgVn defect (nitrogen occupied boron site with neighbouring nitrogen
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vacancy) was the likely candidate based on its ground to excited state energy and high degree of
anisotropy.

Around the same time, a theory surfaced suggesting that so-called Stone-Wales defects
might be stable in hBN [58]. Stone-Wales defects are the simplest defect in graphene-esque
materials, and occur when a bond is rotated 90° in-plane about its center. Density functional theory
was used to investigate the structural and electronic properties of these defects and it was noted
that carbon related defects, and specifically the Cg defect (carbon occupied boron site), are likely
to form in a Stone-Wales formation.

Another theoretical proposal based on density functional theory was made in 2017,
suggesting that the CgVn (carbon occupied boron site with neighbouring nitrogen vacancy) defect
might be the dominant source of photoluminescence within hBN [55]. This proposition was based
on the Huang-Rhys (HR) factor, which predicts the relative strengths of the zero phonon line and
phonon sidebands based on electronic and vibronic states. It was found that the delocalized phonon
modes dominated the photoluminescence lineshape of the CgVn defect, whereas strongly localized
modes dominated the lineshape of the NgV defect.

In 2018, a theory was put forward that strain might play an important role in the activation
of single photon emitters in hBN [24]. Transferring multilayer hBN films to a prepatterned
substrate resulted in emission that preferrentially occurred near the edges of substrate features.
After ruling out substrate-induced electrostatic effects as well as piezo-induced potential, it was
thought that charge trapping occurred near the regions of highest strain, leading to the formation
of potential wells. While this might sound similar to the exitonic emission seen in UV hBN emitters
and the TMDC:s, the physical mechanisms are not the same. Single photon emitters in hBN are the
result of mid-bandgap defects rather than excitons trapped near the edges of the conduction and
valance bands. Others have reported emitter formation near strained film regions, though the exact
mechanism may differ [27,59-61].

A second theory arose from 2018 observed that the use of an argon plasma treatment could
significantly increase emitter density near the surface of hBN flakes [56]. It was suggested that
oxygen might be responsible for the defects observed in this case, with the VgO- defect (boron
vacancy saturated with two oxygen atoms) given as the most likely candidate.

In 2020, another first-principles study was carried out involving the vibrationally resolved

optical fingerprint of a spin-triplet unique to the VnCp defect (nitrogen vacancy with a
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neighbouring carbon occupied boron site.) [54]. Notably, the calculated photoluminescence line
shape was in excellent agreement with experimental results.

In 2021, a study was conducted that involved testing various impurities in hBN through
ion implantation and bottom-up synthesis [53]. It was found that only the ion implantation of
carbon resulted in the formation of visible range single photon emitters. Yet another computational
analysis was performed, this time suggesting that the VsCn~ defect (negatively charged boron
vacancy with a neighbouring carbon occupied nitrogen site) might be responsible.

Table 1.3 summarizes each of the potential candidates speculatively behind single photon
emission in hBN. While some claim to have settled the debate, there are still many conflicting
findings that have yet to be unified by a single theory. Perhaps the most realistic explanation is
that the photophysics behind single photon emission (and emission in general) in hBN are

extraordinarily complex, and that there may be a number of causes and mechanisms [46].

Table 1.3. Various proposed mechanisms of single photon emission in hBN.

Year Emission Mechanism Reference
2016 NsVn defect [43]
2016 Stone-Wales Cp defect [58]
2017 CpVn defect [55]
2018 Charge trapping near strained regions [24]
2018 V02 defect [56]
2019 Strain related near edges [27]
2020 VNCs defect [54]
2021 VeCn™ defect [53]

1.3.3 Strain activation in hexagonal boron nitride

There have been several reports of hBN emitter activation via strain in the literature. Interestingly,
the proposed mechanisms vary widely, again suggesting rather complicated origins of emission.
Figure 1.6 showcases several of the reported emitter activation schemes that involve strain. The
controlled-edge creation method, shown in Fig. 1.6(a), involves the creation of patterned hBN
features by focused ion beam milling [27]. Single photon emitters tend to occur near the milled
edges of the hBN film. However, this method shows the greatest success when performed in a
wrinkle-free region, suggesting that the exact mechanism is somewhat complicated. Others have
had success inducing strain by puncturing an hBN film with an atomic force microscope followed

by argon annealing (Fig. 1.6(b)) [62]. These two methods have the advantage of fabrication on a
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flat, non-patterned substrate which is useful in an integrated photonic perspective. One of the
earlier methods involved transferring an hBN film onto prepatterned substrates, typically
nanopillars [24], where the strained regions are theorized to induce charge trapping, functioning
as potential wells. Finally, emission originating from wrinkles and delaminated areas have been
commonly reported. One such example is provided in Fig. 1.6(d), where an ultra-stable quantum
emitter formed in the center of a bubble between an exfoliated flake and the underlying

substrate [60].

Photoluminescence map

Ar annealing

Fig. 1.6. Various methods of activating hBN emitters via strain. (a) Controlled edge creation
method [27]. (b) Atomic force microscope indentation [62]. (¢) Transfer to nanostructures [24]. (d)
Emitter formation at bubbles in film [60].

1.3.4 Optical cavities and hexagonal boron nitride

The room-temperature operation and fabrication robustness of hBN make it a naturally good
candidate for various optical resonator schemes. The concept of stain-activation also provides a
method of deterministically aligning defect centers with cavity resonances. By introducing an
emitter into a well-suited cavity it is possible to modify its rate of spontaneous emission as well as
channel the emitted light into a cavity mode [63]. Such a device would be highly useful as a single
photon source since the emitted photons would occupy the same spatial-spectral mode. One of the
largest challenges in cavity integration is achieving spatial alignment between cavity resonance
and an hBN emitter, which has led to a search for deterministic emitter activation [64]. Initial
attempts at cavity-coupled emission typically involved either pre-locating emitters prior to
fabrication or hybrid systems where the effective cavity size and placement can be modified.

Figure 1.7(a) shows an example of a 1D photonic crystal structure that has been etched into an
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hBN flake supported by a silicon nitride layer [65]. An initial survey of emitters in the hBN flake
was conducted before fabricating the cavity to align the resonator structure with respect to the
emitters. Figure. 1.7(c) shows an example of a hybrid system formed between a dielectric Bragg
mirror and a mirrored fiber [66]. A mobile cavity is formed between the fiber and mirror that
allows individual emitters to be probed. The cavity length can be modulated by moving the fiber
along the z axis indicated in the diagram which provides a method of tuning. Figure. 1.7(b) shows
an example of a micro-ring resonator cavity where hBN has been transferred to the surface,

resulting in deterministic activation around feature edges [67].

(a) ¥ single

Photons

Fig. 1.7. Various hBN resonator schemes. (a) A schematic showing single photon emission from
hBN coupling to the resonant modes of silicon nitride photonic crystal cavities [65]. (b) An SEM
image showing hBN (purple) coating the surface of a silicon nitride (blue) micro-ring resonator [67].
(¢) A schematic showing a hybrid system where an hBN emitter is enclosed in a hemispherical

cavity comprised of a distributed Bragg reflector (DBR) and mirrored fiber [66].

1.4. Monolithic buckled microcavities

The DeCorby group has recently presented a type of optical microcavity that might be suitable for
integration with hBN emitters. The devices are based on a plano-concave cavity formed by two
dielectric Bragg reflectors (DBR). The fabrication process is described roughly as follows. After
the first DBR is deposited on a wafer, a low-adhesion layer, typical a fluorocarbon, is deposited
and patterned using a lift off technique. A second DBR is then deposited directly on top of the
patterned low-adhesion layer. Cavities are formed by thermally shocking the substrate which

causes the top mirror to buckle where the low adhesion layer was patterned due to the compressive
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stress inherent to the mirror layers. This micro-electro-mechanical-like self-assembly process
results in highly geometrical symmetrical devices with predictable morphology and interesting
optical properties. The height of the air gap formed between the two mirrors during the buckling
process can be somewhat controlled by engineering the diameter of the low-adhesion feature and
top mirror material properties. It is also worth noting that buckling is not limited to a circular
geometry, and that square, donut, elliptical, and waveguide structures have also been explored.
The DeCorby group has made recent progress with these devices. Notable examples in
include: (i) The integration of a free-standing silicon nitride film to form a membrane-in-the-
middle optomechanical system [68]. (ii) The creation of open access cavities with the proposal of
introducing emitters hosted in fluid such as rubidium vapor or quantum dots in solution [69]. (iii)
Demonstrating tunability in closed-form cavities, both through changes in temperature [70] as well
as pressure [71]. The domes appear to be an excellent candidate for integration with 2D materials,
especially since monolithic resonator schemes with three-dimensional confinement have proven
particularly elusive. Of all the 2D materials, hBN appears most approachable considering its
robustness in terms of fabrication techniques and bright, room-temperature operation of the
emitters hosted within hBN. Regardless of the exact origins of emission in hBN, strain has been
shown to lead to the deterministic formation of single photon emitters. The goal pursued in this
thesis work is to introduce patterned microstructures inside buckled microcavities, thus providing
a method of aligning an emitting defect in hBN to an optical mode in a buckled microcavity. A

schematic representation of this idea is shown in Fig. 1.8.

Fig. 1.8. A cross-sectional artistic rendering of the overall goal of this thesis — cavity-coupled
emission from hexagonal boron nitride. The Ta>Os/SiOz layers of the Bragg mirrors are shown in

dark blue/light blue, respectively. Emission from a continuous hBN film (red) is shown coupling
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into the mode of a buckled microcavity (not to scale). A small hole has been etched into the top

layer of the bottom mirror to align defect-based emission in transferred hBN to cavity modes.

1.5. Outline of thesis

This thesis begins by presenting relevant theory and contextual background information in Chapter
2. This can be broken into two sections. First, properties of quantum emitters are presented, with
particular emphasis on hBN. Second, the underlying optical theory behind dielectric Bragg mirrors
and Fabry-Perot cavities is laid out. The two sections are then tied together and emission
enhancement using optical cavities is described.

Chapter 3 begins by describing the construction of an epifluorescence
microscopy/spectroscopy station designed for measuring defect-originated emission in hBN. The
system is then used to study the autofluorescence properties of objective lenses in the context of
their potential to interfere with the identification of quantum emitters in a target sample. A brief
discussion on planar Bragg mirrors and measurement techniques is also provided.

Chapter 4 presents a polymer-assisted technique that was devised for transferring
continuous thin-films of CVD-on-copper hexagonal boron nitride to silicon wafer substrates.
Moreover, the technique inherently serves to deterministically activate hBN emitters as the film
comes into contact with prepatterned features on the target substrate as others have
demonstrated [24]. The resulting emission is then optically characterized using a combination of
photoluminescence imaging and spectroscopy.

Chapter 5 explores the integration of hBN thin films into Fabry Perot devices using the
polymer-assisted transfer technique from the previous chapter. Simulation data is presented and
ultimately used to devise a process flow for fabricating hBN-embedded buckled microcavity
devices. Preliminary optical results are presented in the form of photoluminescence imaging and
spectroscopy. Optical properties of the unloaded domes are also discussed.

Chapter 6 provides a summary of this thesis and gives direction for future work involving
both cavity-coupled emission and quantum emitter work in general. The appendices provide
additional fabrication and characterization information for Chapters 3, 4, and 5 as well as a

streamlined Lumerical code for simulating buckled microcavities.
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Chapter 2 — Theory and background

2.1  Optical properties of emitters

2.1.1 Photoluminescence

In general terms, photoluminescence is the emission of light after a material has absorbed photons.
The process occurs via photoexcitation, where the absorption of a photon excites an electron to a
higher energy state. Upon relaxation the electron releases a lower-energy, and therefore longer
wavelength, photon [72]. Two distinct forms of photoluminescence are fluorescence and
phosphorescence. The difference between fluorescence and phosphorescence lies in the spin of the
excited states. In the case of fluorescence, the spin of the excited electron is opposite of the ground
state resulting in an angular momentum difference of h, as required for angular-momentum-
conserving emission of a photon It is also possible for the excited state to have the same spin as
the ground state, provided an electronic conversion occurs during the emission process, in the form
of an intersystem crossing. The relaxation of an electron in a triplet state to the ground state results
in phosphorescence, which typically has longer lifetime due to the shift in electronic state,
sometimes even lasting hours [73]. In contrast, fluorescence lifetime is typically on the order of
nanoseconds [73]. A Jablonski diagram showing different excitation and relaxation process can be
seen in Fig. 2.1. Phosphorescence typically occurs at longer wavelengths than fluorescence, a fact
that can be explained by lower energy level of the triplet state after an intersystem crossing since
the emitted photon would have a characteristic wavelength inversely proportionate to the

phosphorescent transition (E = hc/A).
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Fig. 2.1. A Jablonski diagram illustrating the difference between excitation, fluorescence, and

phosphorescence. Adapted from [74].

It is commonly known that the decay rate of a molecule to its ground state typically follows

an exponential decay law which can be expressed as:

1:(£) = Iy exp (— Ti) @2.1)

0

Here, I1(t) is the fluorescence intensity at time t, I, is the initial fluorescence intensity upon
excitation, and t; is the fluorescence lifetime, defined by a decrease in fluorescence intensity by
1/e (i.e., the average time the molecule spends in an excited state before emitting a photon and

returning to ground state [74]) . The fluorescence lifetime can be written as [74]:
1

To

Here, k¢ and ky, are the fluorescence and non-radiative rate decay constants, respectively.
It naturally follows that the quantum yield (®) is the probability that a photon is emitted after a

photon has been absorbed, which can be expressed in terms of the rate constants [74,75]:

_ photons emitted ks
~ photons absorbed  kf + X ky,

(2.3)

Quantum efficiency, on the other hand, is the probability that a photon will be emitted only
after the system has been excited to its emitting state [76]. It then follows that quantum yield and
quantum efficiency will be equal in a two-level system; however, it is possible for quantum
efficiency to be higher than quantum yield in a system where complicated pathways are

present [77,78]. Quantum efficiency is a very important material characteristic, especially
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concerning lasers, LEDs, and light-emitting devices in general [2,8,79]. Unlike in hBN, QE
measurements of TMDCs are challenging due to the low sensitivity of such materials, meaning
that specialized techniques often need to be developed for light collection. One way to get around
this is to compare the PL spectra at room temperature to a much lower temperature, since QE
increases as temperature approaches absolute zero. Another common method is to surround a
TMDC with hBN (acting as a wide bandgap dielectric) as a means of emission enhancement [80].
Others have had success increasing the QE by using super acid chemical treatment on very specific
sulfur-based materials [79].

Crystal quality and purity is extremely important in 2D materials and can be quantified
from linewidth and carrier lifetime measurements. The presence of unwanted defect centers in the
bandgap can cause broadening of spectral features which can be revealed by techniques such as
PL spectroscopy. The degree of broadening is often used to gauge material quality [2]. For
example, the linewidth at the full-width-half-maximum (FWHM) might be compared to a
theoretical value in order to determine how much background emission is present, and from there
the material quality (or defect density) can be assessed. Excitonic transitions are often the dominant
features in PL measurements of many TMDC materials. Under certain conditions, multiple exciton
species can exist; this makes characterization of the material difficult due to complicated, multi-
step decay pathways. However, time-resolved PL, photoconductance measurements, and ultrafast
pump—probe techniques can be used to determine a large range of possible carrier lifetimes [81].
Using bi-exponential decay fits, lifetimes have been found to range between picoseconds to
nanoseconds for excitons in a TMDC monolayer, and SPEs in hBN typically have lifetimes on the
order of nanoseconds. Carrier lifetimes have been linked to material quality, and are dependent on

stacking, thickness, and temperature, among other factors.

2.1.2 Single photon emission
The instantaneous field intensity and first-order correlation function can be written in terms of the
quantized, time-dependent electric fields £ (t,7) and E((t, 7). Note also that the position of
the electric field 7 becomes the operator, however spatial coherence can be neglected to obtain
quantities that pertain only to time [82]:

1(t) = 2eoc{(EC(OED (1)), (2.4)
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(EC)N(t + T)EMD (1))
(EO(EMD(D))

From this arises the intensity-intensity correlation function, commonly referred to as the

OE (2.5)

second-order correlation function, which gives the statistical character of intensity fluctuations and

can be written in both classical and quantum forms:

(It + D) (EQ+DED (t +DEDDEMD (D))
awye (ECIEM(1))?

The application of the second order correlation function to quantum emitters lies in

9@ (0) = (2.6)

measuring so-called photon antibunching, where photons are emitted one by one and separated by
a time delay [82]. The importance of this metric can be illustrated by considering a two-level
system, where the ejection of a photon is the result of an energy transition to the ground state.
Another excitation cycle would then be required to produce a second photon, meaning that a time
delay between photons must be present in this case. It is worth noting that such a time delay cannot
easily be detected due to the detection frequency of modern photodetectors resulting from a dark
period between detection events commonly referred to as a “dead-time”. One way around this
inconvenience is to split the emission between two detectors using a beamsplitter and plot a
histogram of coincidence events in what is known as a Hanbury Brown-Twiss (HBT)

measurement, a schematic for which can be seen in Fig. 2.2.
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Fig. 2.2. Second-order correlation measurements. (a) A schematic showing a typical Hanbury
Brown-Twiss measurement setup. (b) Example correlation plot for a thermal source. (¢) Example

correlation plot for a coherent source. (d) Example correlation plot for an anti-bunched source.
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For a source emitting perfectly antibunched light the probability of detecting a photon at

both detectors without any time delay should be zero:
g@ () =o0. 2.7)

This behaviour cannot be explained classically as it contradicts the Cauchy-Schwartz
inequality, which states that (I(t + T)I(t)) < (I(t)?). An example of second-order correlation
functions for various light sources can be seen in Fig. 2.2. Simply put, the closer the minimum on
the plot is to zero at T = 0, the lower the probability of detecting more than one photon at a given
time and the more ideal the single photon emitter [25]. This hints at the quantum properties of light
and is a very important figure of merit when designing a device that supposably emits a steady

stream of single photons.

2.1.3 Single photon emission and hexagonal boron nitride

Unlike the TMDCs, hBN is a wide bandgap insulator, making its single photon emission rather
unique. It is currently theorized that point defects within hBN are responsible for emission rather
than the bulk material itself, similar to defect sites in diamond or silicon carbide [83]. Much of the
single photon emission from hBN occurs in the visible region (i.e., photon energy ~ 2 — 3 eV)
implying the existence of mid-bandgap defect centers functioning as artificial atoms [11]. A
simplified bandgap diagram showing defects in hBN can be seen in Fig. 2.3(a). Optical phonons,
which are collective oscillations in a crystal lattice, are also important to consider. Longitudinal
optical phonons are of particular interest in hBN as they can also participate in carrier
recombination and therefore contribute to photoluminescence spectra [84]. The crystal momentum

of a photon can be modelled as

Pphonon = hl? (28)
. qm

=— = 2.9
K=1— q=123, (2.9

Here, K is the wavevector of the lattice wave which supports half-wavelength multiples of
the crystal length Na [85] commonly referred to as phonon replicas. The in-plane lattice spacing
of hBN is nominally 0.25 nm [86]. Figure. 2.3(b) shows a hypothetical emission spectrum where
a zero-phonon line and several longitudinal optical phonon modes are separated by a characteristic

energy AE, which is often useful in defect identification.
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Fig. 2.3. An overview of single photon emission. (a) A band diagram showing an emitting defect
hosted in hBN, adapted from [11]. (b) A simplified schematic showing a zero phonon line and
longitudinal optical phonon sidebands seperated by some energy AE.

2.2 Thin-film optics

2.2.1 The quarter-wave stack and dielectric Bragg reflectors
Consider the alternating stack of dielectric layers shown in Fig. 2.4. The respective thickness of
each layer is denoted as d; and d,. The indices of the layers are given as n, and n, assume n; >
n,. This stack has been designed around central wavelength Ag g, such that the following
relationship is true:
ABragg = 4nydy = 4nyd,. (2.10)

This specific structure is referred to as the quarter-wave stack (QWS) and possesses several
interesting optical properties. The first is that reflected light (i.e., from each interface in the stack)
of a certain bandwidth centered around Agr,ge interferes in a constructive fashion and thus the
overall reflection can approach with enough layers and/or sufficient index contrast [87]. The
alternating high/low index interfaces combined with the quarter-wave layers creates a phenomenon
where reflected waves are in phase and constructively interfere with each other. These alternating
stacks are also commonly referred to as Bragg reflectors or dielectric Bragg reflectors (DBRs)

when the materials are dielectrics.
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Fig. 2.4. A schematic showing alternating quarter-wave layers forming a planar Bragg mirror. The
high index and low index materials are shown as dark and light blue, respectively. The repeating

half-wave unit cell is denoted by A = d; + d,. Adapted from [87].

The reflectivity of a DBR depends on the refractive indices of the materials involved,
denoted as n;, ny, n,, and ng, which correspond to the incident medium material, the high index
material, the low index material, and the exit medium material, respectively. It is also important to
distinguish between mirrors with N periods and those with N + 1/2 periods, the latter of which
typically start and end with a high index layer. For those two cases, the peak reflectance at the
Bragg wavelength can be expressed [88]:

2
- ()6 - () @)
N = ) N+1/2 = . (2.11)

(G +EEE”

Referencing the equations above, it becomes clear that there are essentially two routes for

maximizing reflectivity. The first is to select materials with a high index contrast, as is commonly
done in the near-infrared region with amorphous silicon (n ~ 3.7) and silicon dioxide (n ~ 1.46).
The second is to construct a mirror with a large number of periods from materials with lower
refractive index contrast and also typically very low extinction coefficients, as was done in this
work (N = 10.5) with tantalum pentoxide (n ~ 2.17) and silicon dioxide (n ~ 1.46).

Assuming a ‘fully-formed’ stopband (i.e., a sufficient number of periods that peak
reflectance approaches unity across the band), the bandwidth of the stopband for a given mirror

depends solely on the index contrast between the high and low index layers and can be written as
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ABragg _ 4 (112 - n1>

= —arcsin
ABragg T n, +ny

(2.12)
Finally, it is important to note that a dielectric interface is not a hard boundary to light and
that there will be a so-called penetration depth into the mirror that becomes increasingly important
when designing cavities comprised of dielectric mirrors. For considerations of the distribution of
energy within a mirror as well as mode volume, the so-called energy penetration depth is most

relevant [89].

ABragg
Lpgn = 3R, — 1) (2.13)

In this case, an effective medium approximation based on weighted film thickness is used

to model the ‘average’ index of the mirror denoted by:

fi= M (2.14)

It is worth noting that the use of this effective medium approximation is most crucial for
mirrors with high index contrast, and that Equation (2.13) can be simplified as Lpgy =

Agragg/4(ny — ny) for low index contrast mirrors.

2.2.2 Planar Fabry-Perot cavities

Considering a simple cavity formed by two mirrors with reflectivity R and radius r = oo,
separated by distance L (Fig. 2.5), commonly referred to as a planar Fabry Perot resonator. This
model allows several quantities of interest to be obtained. First, the time a photon takes to reflect
off both mirrors and return to its initial position is defined as the round-trip time Tgr = 1/v;. The
time constant of the photon decay rate can then be obtained by considering the reflectivity of the

mirrors T, = Tgy/1 — R{R,.

p

25



< L >

Fig. 2.5. A simple Fabry-Perot cavity of length L formed by two mirrors, each with a reflectivity R
and a radius of curvature r; , ~ co. The time it takes a photon to travel the entire length of the cavity

and reflect off of both mirrors is denoted as Trr.

It is also important to note that a planar cavity will support integer half-wavelength
: . yl
resonances of the mirror spacing nL such that m (ﬁ) = L, where m = 1,2,3 ... represents the

longitudinal mode number. The free spectral range (or spacing in wavelength between
neighbouring modes) can be written as [87]:
A

AAFSR = E (215)

The reflection finesse quantifies the spectral sensitivity of a given cavity by relating the
fringe spacing to the FWHM of the fringes. Finesse can also be expressed in terms of the
reflectivity of the mirrors which form the cavity and can be further simplified if R; and R, are
close to 1. A general expression for any high-quality-factor, low-loss resonator can then be
obtained by defining the fraction of photons lost per round trip as Lyt = 1 — R{R;.

1
A/l_ T(R1R;)% RyRy~1 21

Fp=—= ~—
R™ 62 R™1—RyR,

(2.16)

1~ (RiR,)2
However, non-idealities such as parallel deviation, spherical deviation, and surface
roughness will impact the effective finesse of a mirror [90]. These effects are generally bundled
into a defect finesse term Fp. The effective finesse Fg is then the squared parallel sum of the
reflection finesse and defect finesse Fg 2 = Fr? + Fp 2.
One of the most important figures of merit for an optical resonator is the quality factor,
which is the ratio of the energy contained within the resonator to the energy lost in one radian

cycle. Quality factor can be related to finesse by Equation (2.17). It then follows that quality factor
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can be increased in a fixed Fabry-Perot cavity by operating at a higher order longitudinal mode m.
The quality factor can also intuitively be expressed in terms of the photon decay time constant.
Q =mF = 2nfy1,. (2.17)
Here, 7, = Trr/1 — Ry R; is the time constant associated with the photon decay rate inside
the cavity. The stability parameters for an optical cavity comprised of two mirrors can be expressed
in terms of the cavity length and the mirror radii of curvature, though the full derivation relies on

ABCD matrix parameters:

L
g12=1—— (2.18)

T2
The condition for stability can then be expressed as 0 < g;9, < 1[91]. The cavities
studied in this work ranged from planar to ‘half-symmetric’ (i.e., a positive and finite r;). It is

important to note that an ideal planar cavity will always be critically stable (g,g, = 1).

2.2.3 Half-symmetric Fabry-Perot cavities

Planar cavities are highly subject to misalignment due to their critically stable nature, making both
fabrication and optical measurement challenging. One common workaround is to introduce a finite
radius of curvature into one of the mirrors, forming what is known as a ‘half-symmetric’ cavity,
shown in Fig. 2.6. A half-symmetric cavity will remain stable so long as the radius of curvature of
the non-planar mirror is larger than the cavity length (7, <« L). The introduction of a curved mirror
provides optical confinement and can support a number of modal sets that satisfy the paraxial wave
equation in addition to the longitudinal modes supported by the 1D cavity. The solutions of interest

first require a discussion on the properties of Gaussian beams.

Ry, 1y R,, 1;
Wo /
< L -
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Fig. 2.6. A hypothetical half-symmetric Fabry-Perot cavity of length L formed by two mirrors, each
with a reflectivity R and a radius of curvature r, where 1, is finite. The beam waist and Rayleigh

range are denoted as w, and z,, respectively.

The Rayleigh range is an important property for any Gaussian beam and is defined as the
distance along the optical axis, measured from the beam waist position, that it takes for the beam
diameter to increase by a factor of v/2 (this also corresponds to the position at which the effective
area of the beam is double that at the waist). It is possible to obtain an equation for the Rayleigh

range given the effective cavity length L and the radius of curvature of the non-planar mirror

T, [91]:
2y = /(er) (1—%). (2.19)

The Rayleigh range can then be used to calculate the beam waist wy which is the minimum

radius of the beam along the axis of propagation [91]:

Wo = /ﬂ (2.20)
A

The beam diameter at a given distance along the optical axis from the beam waist can then
be calculated using the results from Equations (2.19) and (2.20). This quantity is extremely
important when considering mode matching for light collection as well as pumping schemes for
cavity-coupled emission.

w(z) =wy |1+ <nLv§§>2' (2.21)

The ratio of the beam waist and Rayleigh range can then be used to approximate an
effective numerical aperture for the cavity systems studied in this work. The equation for effective

numerical aperture is given as NA ¢ = sin (W, /z,) which is also half of the total angular spread.
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Fig. 2.7. Theoretical predictions of different Laguerre-Gaussian (left) and Hermite-Gaussian (right)
modes. Adapted from [92,93].

Two of the most common sets of solutions to the paraxial wave equation are the Laguerre-
Gaussian and Hermite-Gaussian modes. Some of the lower-order modes from each set can be seen
in Fig. 2.7. Starting with the HG modes, the equation describing the electric field distribution for

a given mode is written as [94]:

w V2x V2y
Eum = Eo oy <W(Z)> Hon <W(Z)>

y x2+y? x%Z+4y
exp w?(z) ' 2R(2)

(2.22)

2 2

—ikz+i(l+m+ n|.

Here, H, is the Hermite polynomial of order a, R(z) = (2% + z2)/z is the radius of
curvature of the wavefront, and n = arctan(z/z,) is the phase shift on the optical axis due to the
radius of curvature of the wavefront. A similar equation can be derived that describes the LG
modes, though it is often presented in cylindrical coordinates due to the cylindrically symmetric

nature of the LG modes [94]:
\2r 2r?
e

w(z) Ly w2(z)

(2.23)

r2 r2
L ik . .
xexp[ WZ(Z)_lld) lkZR(Z) ikz+i(2l+p+ 1)n

Here, L,y ) is the Laguerre polynomial of order (a, b) and r represents the radial distance

in the cylindrical coordinate system rather than mirror curvature.
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2.3 Cavity-enhanced emission

The theory presented in the previous two sections can now be combined in the treatment of cavity-
coupled emission, where the atom can both absorb photons from the cavity modes as well as emit
photons into the cavity by radiative pathways [63]. Many interesting phenomena occur when the
transition frequency of the atom matches the inherently resonant modes contained within the
cavity. Considering a matched system where the atomic transitions are fixed, the relative strength
of the atom-cavity interaction can be expressed in terms of the photon decay rate of the cavity «,
the non-resonant decay rate y, and the atom-photon coupling parameter g, (Fig. 2.8). The relative
value of these parameters determines the time scale for the coupled system, which can either be

characterized as lying in the strong coupling or weak coupling regimes.

Fig. 2.8. A schematic showing cavity-coupled emission from a two-level atom. The grey box

surrounding the two-level atom represents the cavity mode volume V;,. Adapted from [63].

The photon decay rate depends on the cavity quality factor and the wavelength of the
corresponding cavity mode. The inverse relationship between photon decay rate and quality factor
again highlights the importance of designing a cavity with a very high Q.

21cC

K:E.

(2.24)

The non-resonant decay rate accounts for three distinct possibilities that do not result in a
photon being emitted into the resonant mode of interest. First, it is possible that a photon of the
correct wavelength is emitted, but in a direction that is not suitable for cavity-coupling, as hinted
at in Fig. 2.8 Second, a photon of a non-resonant wavelength could be emitted that would not
couple into a cavity mode. Third, the atom in the excited state could decay through non-radiative
pathways via scattering to other states. The non-resonant decay rate can be written in terms of the

Einstein coefficient A,; and the angle contained by the cavity mode AQ.
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Ay AQ
_ _ ALy 22
r== (1 47'[) (2.2)

It is worth noting that the Einstein coefficient A, is the rate of spontaneous emission into
free space and can be written as:
lemui,

— it — —
Ay =W ree _ 1/Tspon = W

(2.26)

Finally, the atom-cavity coupling rate can be described by the electric dipole interaction
between the atom and the cavity vacuum field AE = hgy = |12€vac|- Here py, is the electric

dipole matrix element of the transition and €. is the magnitude of the vacuum field and the

2 2
9o = /—2” k) 2.27)
gohAV,

The weak-coupling regime is defined as g, < (k,y), where the time scale of the atom-cavity

coupling parameter is given by [63]:

2.3.1 Weak-coupling regime

interaction is slower than the photon decay rate of the cavity resulting in the emission of a photon
being an irreversible process. This results spontaneous decay, but with the spontaneous emission
rate of the atom and the spatial/spectral characteristics of the emission being affected by the cavity.
The extent of the modification of the spontaneous rate of emission can be quantified by the Purcell
factor, which can be expressed as the ratio of the cavity transition rate and free space transition
rate. The Purcell factor can also be written to include several nonidealities, such as electric field

misalignment, spectral misalignment, and polarization misalignment [63]:

- . 2
o weav _( 3 ) Q |E@)| Aw?
P wiree — \an2)\v, /23 | |2 4(w — we)? + Aw?

Here (w — w,) represents the spectral misalignment between the cavity and emitter, p is

pEE |
bl - |E@)|

. (228)

the polarization orientation, and V,, is the cavity mode volume. It is worth noting that the mode
volume for the buckled microcavities discusses in this work can be approximated based on cavity

length and the radius of curvature of the top mirror [95]:

v nzL T
0~4W0 ~ 2

The fractional number of photons that couple into a cavity mode is described by the

L3212, (2.29)

spontaneous emission coupling factor 8, which can be written in terms of coupling rates or Purcell
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factor. An ideal atom-cavity system sees all its emission coupled into the cavity, leading to a [3-
factor of 1. Another way to look at this would be to consider the limit of S as the Purcell factor

approaches infinity.

W cav FP
= Wfree + Weav = 1+ FP. (230)

B

2.3.2 Strong-coupling regime

The strong-coupling regime is defined as g, > (k,y). The atom-photon interaction is faster than
the irreversible processes involving photon loss from the cavity mode, effectively making the
emission of a photon a reversible process since it can be reabsorbed before it leaves the cavity. In
other words, an emitted photon can be reabsorbed by the atom faster than it is lost from the cavity
mode. Operation within this regime can be described by the Jaynes-Cummings model [96], the

exact details of which are beyond the scope of this thesis.
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Chapter 3 — Designing and characterizing an

epifluorescence spectroscopy/microscopy instrument

Because of the small, sensitive nature of measuring emission from defect centers, a specialized
epifluorescence microscopy/spectroscopy system needed to be designed. This presented several
non-trivial problems involving controlled pumping and efficient spectral collection. The design
process regarding relevant optical elements is described below. A study of the autofluorescence
properties of microscope objective lenses is also presented for the first time in the context of

quantum emitters. Finally, spectral broadening in the context of Bragg mirrors is discussed.

3.1 Epifluorescence system optical design
The first step was to consider the impact of a collimator and optical fiber on the collection of
spectral data. Using a simple geometric optical treatment with small-angle approximations, the
magnified aperture of a fiber through a collimator lens d,, can be written as
dap = 2+ feor - NA. (3.1)

Typically, the physical collimator aperture is chosen to be smaller than the that of the fiber
(dactual < dap) to ensure that all incident light falls within the acceptance angle or NA or the fiber.
Otherwise, light incident near the edges of the collimator lens would not be accepted into the fiber.
However, this can be exploited to limit both the spatial and angular FOV. The divergence angle
for a collimator is determined by the ratio of the fiber core to the collimator focal length and
describes the maximum accepted ray angle that will couple into the fiber. This quantity becomes
increasingly important as fiber core size decreases and can be exploited to create an effective

pinhole.

dcore
Ocol = : 2
col 2. fcol (3 )

Next, the impact of the microscope objective used for both pumping and collection needs

to be considered. For this calculation, we made the approximation that we were trying to capture
uniform, isotropic emission. In this case, the diameter of the collimated beam exiting the objective

relies solely on the focal length f,1,; and numerical aperture NAy,; of the objective:

o = 2 fobj - NAop;- (3.3)
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It is important to note that this is not the case when imaging a laser beam since the reflected
beam has a tighter angular spread than the objective, as well as a gaussian intensity profile. In this
case, the diameter of the beam exiting the objective can be roughly estimated by substituting the

objective numerical aperture for the half-angle divergence .25

dESeT ~ 2+ fop; - OFC. (3.4)

characteristic to a particular laser:

Finally, the effective collection ROI (and therefore FOV) on the sample can be determined

by assuming that the ROI divergence angle Oy is matched to the collimator divergence angle:

ROI
Oro; = arctan (ﬁ) = ROI ~ tan (6,,) - EFL. (3.5)

Using the equations described above, a series of optical fibers can be selected that cover a
wide range FOVs in combination with a Thorlabs F810FC-635 collimator (NA = 0.25, f.o1 = 35.41
mm). Table 3.1 provides examples of FOVs that can be obtained with different multimode fibers
for the 0.9 NA 100x objective used in this work.

Table 3.1. Optical fiber selection and the resulting sample FOV with a 100x objective (EFL = 1.6 mm)

Optical Fiber Ocol Ao FOV diameter
50 pm core (FGOS0LGA) 1.44 mrad 2.88 mm 4.6 um
200 pm core (FG200UEA)* 5.76 mrad 2.88 mm 18.4 pm
600 um core (FP600URT) 17.27 mrad 2.88 mm 55.3 pm

“Example fiber that theoretically could be used for this work.

The epifluorescence system described here ultimately relies on a small core fiber acting as
a pinhole to set the FOV through a high-magnification objective. This allowed for the measurement
of individual sites while blocking unwanted background emission. Further detail regarding the
exact optical components used is given in the coming sections. It is also worth noting that the
mechanical stability of the system and its quasi-confocal nature can become an issue when using
a shallow depth of focus (high magnification) objective combined with a fiber pinhole, and that

manual adjustment often was required to remain focused on the same plane.
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3.2  Accounting for objective lens autofluorescence in quantum emitter

measurements

3.2.1 Introduction and motivation

The recent increase of interest in quantum emitters in 2D materials such as transition metal
dichalcogenides (TMDCs) [97] and hexagonal boron nitride (hBN) [11,98] has prompted many to
construct homebuilt optical systems often targeting photoluminescence microscopy/spectrometry
as a particularly important measurement. Single photon emission (SPE) from such materials has a
broad range of potential applications in quantum cryptography, communication, and
computing [82]. However, because of the small-signal nature of many emitting materials, it is often
a challenge to locate and correct for background fluorescence within a setup. The pieced-together
nature of a homebuilt system adds an additional layer of complexity. In this short report, we show
that microscope objectives, even those specifically designed for fluorescence applications, can be
a significant source of background signal within many epifluorescence setups. The issue of
“autofluorescence” within objectives has been widely studied in the context of fluorescence
imaging [99-101], where it is typically treated as background noise that interferes with high
contrast measurements. However, there is minimal discussion in the literature with respect to the
spectral properties of this autofluorescence, which in the context of quantum emitters can be
viewed as a ubiquitous and characteristic source of system noise. Moreover, when considering
small-signal spectral measurements common in experiments involving SPEs, such background
signals can be on the same order of magnitude as that from the sample. Thus, it is critically
important to characterize and remove this background autofluorescence from any

photoluminescence measurement of quantum emitters.

3.2.2 Results and discussion

Figure 3.1 shows a comparison of fluorescence obtained from various microscope objectives
(Table 3.2) using a 405 nm CW laser (Pangolin LDX-405NM-200MW) as an excitation source.
Each spectrum is representative of a time-stable system autofluorescence that appears to depend
on the objective lens used. Some of the spectra contain sharp lines while others exhibit only broad
background features. The data presented is as measured (i.e., no averaging or post-processing) so
that the amplitude of each spectrum can be directly compared. These measurements were taken

using the homebuilt quasi-confocal photoluminescence spectrometry setup shown in Fig. 3.2. This
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system was designed to measure defect-center emission from hBN, which spans a wide range of

visible and near-infrared wavelengths (~ 500 nm — 850 nm) [11].
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Fig. 3.1. Photoluminescence from microscope objectives. (a) Representative photoluminescence
signals for various objective lenses (Table 1) under 20 mW of 405 nm CW excitation. The sharp
cut-off at 450 nm is due to the presence of a long pass filter in the collection path. (b) A photograph

of the objectives studied.

Table 3.2. A list of the infinity-corrected Zeiss microscope objectives studied.

Magnification Numerical Aperture Objective”
2.5x 0.085 Zeiss EC Plan-Neofluar
S5x 0.13 Zeiss Epiplan
20x 0.5 Zeiss Epiplan-Neofluar
40x 0.75 Zeiss Epiplan-Neofluar
100x 0.9 Zeiss Epiplan-Neofluar

“Although the objectives are not all from the same series, they are all listed as photoluminescence-grade by the manufacturer.

As with any fluorescence measurement, one primary goal is to efficiently deliver the pump
light to the desired region of the sample, while eliminating (as much as possible) its presence in
the detection path. To that end, the excitation source was first sent through a neutral density filter
(Newport FBS series) and an adjustable iris for attenuation and spatial filtering, then passed
through a 450 nm cut-off short pass filter and a 468 nm cut-off short pass filter (Thorlabs
FESH0450 and Semrock FF01-468, respectively). The filtered pump beam was reflected by a
dichroic mirror (Thorlabs DMLP425R) towards the objective under test. In a typical measurement

of a sample placed at the focus of the objective, some of the light emitted by the sample is collected
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back into the objective lens and then passed upwards through the dichroic mirror. To illustrate the
role of microscope objective autofluorescence as a potential source of noise, we replaced the
sample with an angled silver mirror. This mirror was located at a large distance (~ 10 cm) below
the objective to minimize the possibility of scattered/reflected light coupling back into the system
while also ensuring that it did not sit at the focal plane of any objective, so that potential
luminescence from any surface debris was not collected. The collection side of the system (above
the dichroic) was configured in the same way as it would be for typical fluorescence measurements.
The collection path contained a 450 nm cut-off long pass filter (Thorlabs FELH0450) to further
remove residual pump photons. The filtered light was delivered to a 90:10 beamsplitter (Thorlabs
BS025); a CMOS camera (Thorlabs CS895MU) received 10% of the split beam, while the
remaining 90% was sent towards a 50 um-core pickup fiber (Thorlabs FGOS0LGA) mounted to a
34.74 mm focal length fiber collimator (Thorlabs F810FC-543). The output of the fiber was

coupled directly into a USB spectrometer (Ocean Optics QE Pro) configured with a 25 pm slit.
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Fig. 3.2. Experimental setup. (a) A schematic of the experimental setup used to perform
photoluminescence measurements with no sample in place. An angled silver mirror was placed far
below the focal plane of the objective lens to minimize collection of back-scattered pump photons.
(Legend: DIC — dichroic mirror, ND — neutral density filter, BS — beamsplitter, MMF — multimode
fiber, SPF/LPF — short-pass/long-pass filter). (b) A photograph of the experimental setup.

To investigate the variation of autofluorescence signal with pump power, we collected
spectra for pump powers in the 2 mW ~ 50 mW range using the 5x objective lens. The 5x lens was

selected because of its particularly sharp spectral features. Fig. 3.3(a) shows the evolution of
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fluorescence spectra for varying pump laser power. The relationship between pump power and the
fluorescence signal power is given in the inset of Fig. 3.3 (a), where the reported fluorescence
signal power is integrated over all wavelengths. A linear fit to this data revealed a slope of 163 +
1 counts s mW-! with R? = 0.9985. While the collected power is system-dependent, the linear
relationship between the fluorescence and illumination (Igy & Ii) is evidence of emission below

saturation [102].
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Fig. 3.3. (a) Effect of pump power on photoluminescence spectrum for the 5x objective from Table
1. The laser pump power incident on the objective was adjusted as the resulting photoluminescence
signal was collected at each step. The inset shows pump laser power versus photoluminescence
power for the same objective (black circles). Photoluminescence power was obtained by integrating
over the detection range for each spectrum. An approximately linear relationship (red line) was
observed, with a slope of 163 + 1 counts s' mW-'. (b) Photoluminescence obtained from an
ensemble of hBN emitters with (black) and without (red) autofluorescence correction applied
captured using the 5x objective (Table I) with ~ 20 mW of pump power. Blue circles contain peaks
likely corresponding to objective lens autofluorescence. The inset shows an extracted
photoluminescence measurement (blue) obtained from samarium defects in natural fluorite excited

with a 400 nm pump. The data contained in the inset has been reproduced with permission from
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Phys. and Chem. of Minerals 30, 8 (2003). Copyright 2003, Springer Nature [103]. (c)
Photoluminescence obtained from an ensemble of hBN emitters with (black) and without (red)
autofluorescence correction applied captured using the 100x objective (Table 1) with ~ 3 mW of
pump power. The inset shows BF and PL images of the corresponding hBN-coated region, which

was a ~ 3.6 um SiOz pillar in this case.

As is clear from Fig. 3.1, even with no sample of any kind present, spectra intrinsic to the
experimental setup are observed and appear to be unique to each objective lens. In all cases, the
emission extends from < 450 nm to ~ 850 nm, and in some cases contains sharp, distinct spectral
features. The most likely sources of this apparent emissive property of the objective lens, and
specifically the sharp emission lines centered at ~ 600 nm produced by the 5x and 40x objectives,
are defects and impurities within the objective glass itself. Fluorite glass, among many others, has
long been known to contain luminescing defects [104—106]. Most of the Zeiss objective lenses
used in this study contain fluorite, though the exact compositional breakdown is not provided by
the manufacturer. It is well known that fluorite and other host materials contain dopants/impurities
such as Sm**, Dy*" and Eu®" which have atomic transitions near 600 nm [103,107-110]. For
example, L-band excitation (~ 400 nm) of fluorite and crown glass containing Sm** produce
emission spectra [103,110] that almost exactly match that observed from the 5x and 40x objectives
lenses in this study (i.e., compare Fig. 3.3(a) and the inset of Fig. 3.3(b)). Sharp emission lines in
this range have significant potential to interfere with those of SPEs hosted by hBN [11] and other
materials, a fact which has not been widely discussed in the context of quantum emitters. To add
to the confusion, one of the hallmarks of single photon emission in hBN is the energy spacing
between a narrow zero phonon line and a broader phonon sideband (AE ~ 160 meV or ~ 50
nm) [98]. Some of the data from the 5x and 40x objectives could easily be mistaken for such
features. For example, consider the sharp feature near 650 nm and broad feature centered about
700 nm in Fig. 3.3(a). To demonstrate this point, we have included an emission spectrum from a
continuous hBN film (Graphene Supermarkets CVD-2X1-BN-ML) that was transferred to an SiO»
substrate using a polymer-assisted transfer process [57]. An ensemble of emitters measured using
the 5x objective is shown in Fig. 3.3(b). The raw, uncorrected spectrum (red) contains the same
interference signals (circled blue) present in Fig. 3.3(a) that we attribute to the objective lens.
Performing a background subtraction with no sample (black) using the spectra in Fig. 3.3(a) almost

entirely removes these features while leaving other spectral content undisturbed. If not accounted
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for, such autofluorescence signals have potential to obscure the identification of single photon
emitters. However, with proper alignment and high collection efficiency this background
autofluorescence can be reduced to a relatively innocuous level, for example as shown in Fig.
3.3(c), where an ensemble of emitters was measured using the 100x objective.

The fact that each objective has a unique emissive characteristic is likely owed to a
combination of effects involving their differing physical construction (i.e., size, material
composition) and optical properties (i.e., working distance, numerical aperture) further
complicating the process of identifying, tracking, and calibrating for this autofluorescence. In
addition, other optical components within the epifluorescence system such as the dichroic mirror,
beamsplitter, and fiber pinhole have potential to further colour the collected spectra.
Photoluminescence measurements of the objective lenses in isolation are presented in Appendix
A to demonstrate this point.

We are confident in stating that laser non-idealities are not the source of the signals we
observed here. Multi-stage input filtering was used to suppress spectral content above ~ 450 nm
wavelength prior to the beam entering the objective turret. The effectiveness of this filtering was
verified by addition of extra short-pass excitation filters, confirming that this had no impact on the
measured spectra above. Furthermore, we found that replacing the objective under test with a silver
mirror eliminated the photoluminescence signal, as shown in Fig. 3.1, providing additional
evidence that the photoluminescence spectra shown are attributable to emission by the objective

lenses.

3.2.3 Conclusion

In summary, we have demonstrated that background fluorescence from microscope objective
lenses can be a potentially problematic source of interference in the context of quantum emitters.
Certain materials like samarium contained within objective lens glass might produce sharp
emission lines which can easily be mistaken for defect-based emission. For the epifluorescence
system described here, this autofluorescence approaches the order of 10> counts/second. The
important message is that researchers need to be mindful of all materials contained within the beam
path of their photoluminescence systems when measuring small signals. Performing a system

characterization as shown in Fig. 3.2 may yield concerning but nonetheless necessary results.
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3.3 Spectral broadening

While epifluorescence microscope systems are commonplace for measuring emission from
relatively isotropic, uncoupled quantum emitters, such systems are problematic when Bragg
mirrors come into play. First, consider that the (half-symmetric) cavity modes studied in this work
are highly directional but also divergent. This makes collection increasingly challenging as
distance from the sample increases, which is often the case for low-NA objective lens. The second
problem has to do with planar cavities formed between the regions containing buckled domes on
samples. Since both mirrors have a theoretical infinite radius of curvature, they will form a
critically stable resonator at any cavity length since g, , = 1. This essentially means that light is
free to walk across the mirrors on reflection and accrue an angle while doing so. The angular
dependence of this type of cavity means that the collected spectrum is dependent on the numerical
aperture or acceptance angle of the instrument used to collect the light. Figure 3.4 shows an
example of this effect, where a series of objective lenses were used to collect reflected light from
a planar cavity. A simple microscope illuminator was used as the source and each spectrum was
normalized against source reflection plots collected with a silver mirror. A planar cavity mode is
clearly contained within the mirror stop band when collecting using a 5x objective with an NA of
0.13, as evident by the dip in reflection near 560 nm. This feature is washed out when higher
magnification, and therefore higher NA objectives are used due to the angular dependence of the
DBR structure. This type of planar cavity is often present in the areas between buckled half-
symmetric cavities and can obscure cavity modes. For these reasons, it was determined that the
previously discussed quasi-confocal microscopy/spectroscopy station was not well-suited for
studying the buckled dome microcavities fabricated by the DeCorby group. Photoluminescence
measurements proved particularly problematic due to the high NA of the objective lenses used,
which often led to light collection outside the area of interest (i.e., the cavity mode). This discovery
meant that other methods of obtaining reflection and fluorescence measurements of cavity modes

needed to be devised, the exact details of which will be explored in the coming chapters.
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Fig. 3.4. Normalized reflection plots illustrating the effect of increasing numerical aperture for a
planar cavity formed by two asymmetrical Bragg mirrors. Plots were obtained using a microscope

illuminator source and Ocean Optics QEPro spectrometer.
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Chapter 4 — A polymer transfer technique for strain-

activated emission in hexagonal boron nitride

We present a hexagonal boron nitride (hBN) polymer-assisted transfer technique and discuss
subtleties about the process. We then demonstrate localized emission from strained regions of the
film draped over features on a prepatterned substrate. Notably, we provide insight into the
brightness distribution of these emitters and show that the brightest emission is clearly localized
to the underlying substrate features rather than unintentional wrinkles present in the hBN film. Our

results aid in the current discussion surrounding scalability of single photon emitter arrays.

4.1 Introduction

The single photon emitter (SPE) is a device crucial to the development of many emerging
technologies in the areas of quantum metrology, quantum computing, and quantum information,
with continuous-variable quantum key distribution being a noteworthy application [11,55,111].
There have been many proposed material platforms for SPEs, including carbon nanotubes [112],
quantum dots [113], diamond nitrogen vacancy centers [114], trapped calcium ions [115],
transition metal dichalcogenides (TMDCs) [26], and more recently, defect centers in hexagonal
boron nitride (hBN) [43,116]. Among these materials, hBN has emerged as one of the most
promising [11,24,55].

Much of the popularity of hBN is due to (a) its bright emission, (b) the room-temperature
operation of its SPEs, and (c) its ability to withstand aggressive fabrication techniques. SPEs in
hBN also possess good photostability (though not a unique property) and high quantum
efficiency [55,117,118], in-plane linearly polarized emission [56], and optically addressable spin
states [119,120]. The optical transition energies corresponding to defect-originated emission are
typically embedded deep within the bandgap, meaning that zero phonon lines are detectable above
the ambient thermal noise floor without cryogenic cooling [30]. The exact origin of defect
emission in hBN is still a point of discussion, with several proposed models circulating [43,55].
Recently, however, there have been significant advances including the discovery of mechanically
decoupled electronic transitions in some defect centers [121], quantum emission from the NgVy
nitrogen-boron substitution in which a neighbouring nitrogen atom is missing [122], and unique

spin properties from the Vg defect [123,124]. The rapid pace of such advances means that the
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origins of defect-based emission within hBN are becoming increasingly well understood. Reliable
fabrication techniques at the wafer-scale will soon be in demand as progress is made towards
device implementation rather than first principle investigations.

While emission from hBN has been studied using mechanically exfoliated flakes prepared
in the style of graphene [116,125,126], investigations involving thin, continuous films have been
rising in popularity. There has already been some success in devising methods of polymer-assisted
thin film transfer for hBN as well as many of the TMDCs [24,127]. Such transfer methods are
scalable and therefore highly suited for integration with existing silicon-based technology such as
waveguides, microdisks, and optical cavities. In the case of hBN, wet transfer methods provide the
potential for the deterministic activation of defect-based emitters by introducing strain on the
crystal lattice [24,43,128]. While the outlines of several proposed hBN thin film schemes have
surfaced [129,130], none so far have provided a fully detailed process flow. This is problematic
since such transfer processes involve many non-trivial steps. Additionally, studies are typically
more concerned with small-scale transfers, rather than a scalable process useful for integrated
devices [24,127].

One promising way to construct arrays of SPEs is to drape a thin hBN film over
nanostructures patterned on a silicon substrate, as demonstrated by Proscia ef al. in their modified
wet transfer technique [24]. They theorized that charge carrier trapping occurs near the regions
with highest strain, causing defect centers to function as potential wells. More recently, work by
Li et. al. has disputed the role of strain in hBN defect emitter activation. Rather, they reported
localized single photon emission only from hBN films deposited directly via CVD onto
prepatterned substrates [129]. The conflict between these findings leaves this important topic
openly debated in the current literature. Our contribution to this discussion is two-part. First, we
present an hBN transfer process flow and describe common problems one might encounter. Then,
using this method, we transfer hBN films to a substrate containing nanoscale-height features and
verify that the brightest emission is localized to the underlying features rather than unintentional

wrinkles.

4.2 The hBN transfer process

We began by fabricating pillar-patterned substrates from SiO> which were eventually used as the

target substrates for our hBN transfer. The details of this process can be found in Supplement 1.
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The first step in our transfer process was to cut ~20 nm thick CVD-grown multilayer hBN/Cu foil
(Graphene Supermarket CVD-2X1-BN-ML) into ~1 cm by ~1 cm squares using scissors cleaned
with isopropyl alcohol. The squares were individually coated with 950K molecular weight PMMA
using a Brewer spinner/hotplate combo. Note that a sanitized miniature gasket seal was used to
hold the foil in place on the substrate vacuum. The spin settings were 10 seconds at 100 RPM for
the spread step and 40 seconds at 2200 RPM for the spin step. The coated films were then
immediately transferred to a 180° C hotplate for 120 seconds to bake the resist. A schematic

representation of the device at this point in the process is shown in the first step of Fig. 4.1.

PMMA —>
hBN =—>
Cu b :>
hBN —»

©) ©)

><=><

Substrate
:> :> Substrate :> Substrate
DI HZO

Fig. 4.1. A visualization of the hBN transfer process. PMMA 1s spun onto CVD hBN/Cu in step 1.

The backside hBN is roughened in step 2, followed by a ferric chloride etch to remove the copper
in step 3. The film is cleaned and lifted from solution using a target substrate in steps 4-6, followed
by removal of the PMMA layer in step 7. The hBN film conforms to the substrate surface topology

during the transfer process.

It is important to remove the exposed hBN film on the side of the foil opposite the PMMA,
so that ferric chloride etchant used in subsequent steps comes into direct contact with the copper.
We found that hBN is somewhat resistant to the ferric chloride, and that islands of copper can
become encapsulated between hBN layers, resulting in gaps in the final devices as well as long
etching times that could otherwise be avoided. We have had success roughening the exposed hBN
film using an aggressive O plasma etch in a reactive ion etching (RIE) system. Exact etching
parameters are given in Table 1. The samples were placed PMMA-side down in the processing
chamber without worry of damaging the target hBN film, which was sandwiched between copper

and PMMA layers (step 2 in Fig. 4.1).
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Table 4.1. Etching parameters for backside hBN roughening.

Recipe O2 Flow Rate Power Time Temperature Pressure

O: Strip 50 scem 200 W 2 min 20 °C 100 mTorr

Next, the films were floated copper side down via surface tension on a room-temperature
ferric chloride bath (MG Chemicals 415) to etch the copper (step 3 in Fig. 4.1). It was crucial for
the film to remain floating on the surface of the solution. We noted that if the film became
submerged, it was difficult to transfer between baths. Additionally, the orientation of the film could
easily change, making it difficult to determine which side was PMMA-coated. Once all the copper
had been etched, leaving a transparent hBN/PMMA film (endpoint determined visually, ~24
hours), the films were lifted from the surface of the etchant using a quartered Si wafer piece held
with wafer tweezers, which were rinsed between each step. The films were immediately transferred
between three sets of deionized water beakers in an attempt to dilute any leftover ferric chloride,
again being careful to ‘float’ the films on the surface (step 4 in Fig. 4.1). Finally, the films were
lifted from the final deionized water bath using piranha-cleaned pillar-patterned substrates (step 5
in Fig. 4.1) and allowed to dry overnight (step 6 in Fig. 4.1). It was important to allow the devices
to dry before continuing, otherwise excess moisture trapped between the substrate and hBN film
boiled out in following steps, resulting in areas where the hBN appears to be missing. Water
between layers also negatively impacts transfer success rate, resulting in “patches” of hBN being
lifted away in later wet processing steps. Drying or cleaning with pressurized nitrogen gas was
avoided since the hBN/PMMA films could be blown off of the substrate.

Before removing the PMMA layer, each chip was heated to 200 °C using a hotplate to
remove any trapped gas between the hBN and underlying substrate. This has been shown to lead
to better film conformity [24]. Heating at this point in the process flow did not damage the hBN
film since the hBN/substrate interface was dry. Annealing times ranging from 10 min to 30 min
were tested based on current literature [24,48]. However, there was no discernable difference in
film conformity between devices annealed for different times. The devices were then placed in
room-temperature acetone overnight to remove the PMMA layer before being submerged in IPA,
rinsed with DI water, and allowed to dry (step 7 in Fig. 4.1).

The method described above produced ~80% successful transfer, measured by area in the
regions where contact was initially made between the hBN and substrate. A typical final transfer

product can be observed on a large scale in Fig. 4.2(a). Most imperfections were located near the
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edges of the transferred films. These results have been verified over multiple trials, with the
expectation that even higher yield is possible through additional process refinement such as
further dilution of the leftover ferric chloride or a more delicate way of transferring the thin film
stack between baths. Figure 4.2(b) shows an optical microscope image of a 1 mm by 1 mm unit
cell that has been successfully transferred, while Fig. 4.2(c) shows the edge of the transferred
film. More hBN coated unit cells representing an entire transfer can be seen in Fig. B.4 in
Appendix B. All prepatterned substrates were fabricated from a thermally oxidized wafer
(Appendix B) and features ranged in height from 150 nm to 170 nm. It should be noted that our
transfers were done using 1 cm by 1 cm substrates, though the technique could be scaled up for
single transfers to entire wafers, with the limiting factor being the availability of appropriately
sized CVD hBN on copper foil. Additionally, only one brief device heating step is required
during the process, leaving plenty of room in the thermal budget of silicon for additional

processing steps.

Fig. 4.2. Images of the hBN transfer process product. (a) A photograph of a 1 cm by 1 cm substrate
coated with hBN. (b) A microscope image of a | mm by | mm unit cell completely coated with
hBN. (c) A unit cell from the same wafer that contains the edge of the transferred film. Note that

the areas near the edge of the hBN film have more defects compared to the interior region.

Figure 4.3 shows an array of images taken with a scanning electron microscope (SEM). It
is important to note that discontinuities and edges were specifically presented to provide contrast
between coated and uncoated regions. These images clearly show the film making contact with the
structures before bending back in contact with the substrate, such as in Fig. 4.3(e), where the edge
of a film falls on a bullseye structure.

It also appears that wrinkles in the film were transferred to the SiOx substrate. This is visible
in Fig. 4.3(a) and Fig. 4.3(d) as lines that run diagonal to the array of pillars, as well as in Fig.

4.3(c) where a wrinkle crosses over a pillar. Some have theorized that these “natural wrinkles” are
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formed during the hBN CVD growth process rather than the transfer process [24], though we were
unable to verify this claim. In similar hBN transfer methods, others noted that nanopillars over
certain heights (>155 nm) resulted in “piercing” of the hBN film [24,129]. Piercing was not
observed in our devices which typically ranged from 150 nm to 170 nm in height. We believe that
this was due to the decreased aspect ratio of our micro/nanostructures, which were not patterned
with electron beam lithography.

®
LB

Fig. 4.3. Scanning electron microscope images of transfers to various structures. (a) An array of
~0.6 um diameter pillars near the hBN film edge. (b) An uncoated ~2 pum pillar. (¢) A coated ~2
pwm pillar with a wrinkle. (d) An array of coated bullseyes clearly showing varying layer thickness
and so called “natural wrinkles”, and a missing patch above the middle bullseye in the top row. (e)

An hBN film conforming to the topology of a bullseye feature.

The method presented is highly suited for integration with optical cavities because of the
potential to position defects at resonant antinodes paired with the robustness of hBN. However,
the etched surface of the substrate appears to be somewhat rougher than the top surface which
could affect optical quality. Other etching techniques, such as a buffered oxide etch could be used
to improve uniformity, while still preserving the sharp edges of mask features. The topic of surface
roughness characterization is left for future work. A flowchart showing the entire transfer process
can be seen in Fig. B.6. The flowchart contains variations of the optimized process described here

as well as dead ends and potential pitfalls.

4.3 Optical results and discussion
All photoluminescence images and spectra were obtained using a modified Zeiss

Axioscope, as shown in Fig. 4.4. The excitation source was a 405 nm Pangolin laser (LDX-
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405NM-200MW) aligned to a pinhole. The beam was then passed through a 450 nm short pass
filter and a 468 nm short pass filter (Thorlabs FESH0450 and Semrock FF01-468, respectively).
The filtered pump beam was reflected off of a dichroic mirror (Thorlabs DMLP425R) towards an
infinity-corrected objective, ranging in magnification from 5x to 100x. Measurement of individual
sites was performed with a 0.9 NA 100x objective lens (Zeiss EC Epiplan) and ~4 mW of laser
power incident on the sample. Light from the sample was then collected through the same objective
and passed through the dichroic mirror. A subsequent 450 nm long pass filter (Thorlabs
FELHO0450) was used at the input of a 90:10 beamsplitter (Thorlabs BS025) to remove pump light.
The collected light was split between an 8.9 MP CMOS camera (Thorlabs CS§895MU) and a 50
pum core pickup fiber (Thorlabs FGO50LGA). The fiber was mounted to a FC/PC collimator with
a focal length of 34.74 mm (Thorlabs F810FC-543) at the 90% terminal of the beamsplitter. The
output of the fiber was coupled directly into an Ocean Optics USB 4000 visible range portable
spectrometer. The integration time on the spectrometer was typically set to the maximum value of
10 seconds. This put a clear limitation on the achievable signal-to-noise ratio, as well as the
minimum resolvable signal. The relatively small core size of the pickup fiber functioned as a
pinhole, limiting the FOV seen by the spectrometer to a ~ 5 um window on the sample. The
experimental setup prohibited the study of individual SPEs, which will be the subject of future
work. The focus of the following study was to verify that the brightest hBN emission is localized

to the underlying features of a target substrate.
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Fig. 4.4. A schematic of the setup used to perform photoluminescence measurements. Where DIC
stands for dichroic mirror, BS stands for beamsplitter, MMF stands for multimode fiber, and
SPF/LPF stand for short pass filter and long pass filter, respectively. The components enclosed by

a dotted outline were built into a Zeiss Axioscope that was used as a starting point for the setup.

Wide-field photoluminescence (PL) images of hBN-coated nanostructures are shown in
Fig. 4.5. The entire FOV was illuminated by aligning the pump laser to the sample at a glancing
angle with an irradiance of ~ 0.2 W/cm?. Camera images were collected using a 10 second
integration time. The large dark strip near the top right corner of the PL image shows an area where
the hBN transfer failed, leaving the SiO; underneath exposed. As expected, there is little emission
in this area, except for trace amounts of hBN that were left behind when the bulk of the film was
ripped away. The area containing a defect in the hBN transfer was specifically chosen so that a
control region would be present in the image. Additionally, there are many bright lines running
horizontally across the coated areas in the PL image, which could either be an artifact of the CVD
growth process or regions of the film that were strained as they came into contact with rough areas

of the substrate during the transfer process. These results clearly show that the hBN emission is
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highly correlated to the underlying structures, as verified by the corresponding bright field (BF)

image shown in the insets of Fig. 4.5.
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Fig. 4.5. Wide-field images showing arrays of emitters with the corresponding BF image as the
inset. Note that the area at the very top right of (a) is coated with hBN, though the spread of the
microscope illuminator makes it difficult to see from the BF inset. Some tearing as the film came

into contact with the pillars is evident near the top left corner in (b).

Figure 4.6 shows spectra collected by focusing the pump beam near the edges of various
structures using a 0.9 NA 100x objective lens (Zeiss EC Epiplan). We noted that larger features
typically resulted in a greater number of peaks from distinct emitters shown in Fig. 4.6(a)-(c),
which show spectra collected from a 1.6 um pillar, a 3.6 um pillar, and an 8 um bullseye feature.
The large density of peaks in Fig. 4.6(c) can be attributed to the underlying bullseye feature, where
strain is introduced along the inside and outside circumference of the ring feature, in addition to

the center pillar. The wavelength distribution of distinct emitters in these figures falls within the
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well-documented range of hBN emission [24,43,116,129]. These types of sharp spectral features
were generally not present in regions between structures. There are two potential causes of the
broad background emission accompanying the sharp features present in these spectra. The first is
that spectral diffusion resulting from the time-dependent nature of SPEs in hBN might result in
what is perceived as broadening [24]. This theory is further supported by ‘blinking’ diagrams, such
as the one presented in Fig. 4.7(d), where the respective intensities of individual emitting sites
vary greatly over time. This likely impacts the spectra seen in Fig. 4.6(a)-(c), since long integration
times were necessary to achieve a desirable signal-to-noise ratio. The second potential explanation
is the existence of inhomogeneous broadening resulting from the pumping and collection of out-
of-plane defects within the multilayer hBN [131,132]. In this case, spectral features from many
emitters closely spaced in wavelength could appear as a broad background feature. This theory is
further supported by the fact that PL measurements conducted with low NA, higher working
distance objectives typically resulted in broad emission spectra that could represent the statistical
distribution of hBN emitters across all wavelengths. One such measurement can be seen in Fig.
3.3(b)

Figure 4.6(d)-(¢) shows a comparison of BF and PL images for a bullseye feature. In this
case, the pump beam was expanded (by passing the beam through the lens contained in the
microscope illuminator pathway) such that it was larger than the bullseye feature (~ 8 um) so that
the brightness distribution could be visualized on a small scale. A majority of the bright emission
(red) is located at the edges of ring and pillar structures, which is consistent with previous

findings [24,129] and supports the theory that strain plays a role in some types of hBN emission.
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Fig. 4.6. Typical PL results for various features with BF insets shown for reference. Spectrometer
data is shown in blue and smoothed data is shown in black. (a) Emission from hBN draped on a 1.6
pm diameter pillar. (b) Emission from hBN draped on a 3.6 pm diameter pillar. (¢) Emission from
hBN draped on an 8 pum (outer) diameter bullseye feature. (d) A BF image of a bullseye feature
separate from the spectra shown in (c). (e¢) A PL image showing brightness distribution across the

bullseye feature in (d). Emission originates from regions corresponding to the strained film edges.

To further elucidate the origin of emission in our devices we performed a spectral trace
measurement on a collection of emitters located on a single 3.6 um diameter pillar. A PL spectrum
of the region is presented in Fig. 4.7(a) and shows a number of emitters distributed in the
wavelength range 500 nm to 600 nm. The corresponding BF and PL images in Fig. 4.7(b)-(c) show
that the “hotspots” or brightest regions fall on or near the circumference of the pillar. The
corresponding spectral trace measurement in Fig. 4.7(d) shows potential spectral jumping of some
emitters [133] as well as possible photobleaching around 535 nm. This type of spectral blinking is
well documented within hBN [24,43,129,133] and is one indicator that single photon emission

could be the dominant mechanism at play.
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Fig. 4.7. Time dependence of emission in hBN. (a) Spectrum of a particular 3.6 um diameter pillar
site showing raw (blue dotted) and smoothed (black) data. (b) BF image of the 3.6 um diameter

pillar site. (¢) PL image of the pillar site. (d) Spectral trace diagram illustrating blinking nature of

emitters in hBN as well as potential spectral diffusion.!

Next, we performed a brightness analysis across multiple arrays of emitters, the locations
of which are shown in Fig. 4.5(b), using the same wide-field pumping arrangement. It is important

to note that the 0.4 NA 20x objective lens (Zeiss EC Epiplan) used to capture these images has a

! The data presented here is identical to that in the corresponding publication but has been smoothed and scaled for
better presentation. This is also more appropriate considering the spectrometer used has a resolution of 7 nm.
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depth of field on the order of several microns, so that the light collection efficiency (at fixed focus)
is not impacted by the difference in height between the etched and non-etched regions of the
samples. Figure 4.8(a) shows a set of 12 arrays which have been assigned X and Y coordinates.
Figure 4.8 (b) shows the total distribution of pixels not capturing emission (or “dark pixels”)
centered around 3.9% of the maximum camera signal before saturation. To see where the brightest
pixels were located relative to the sample, we applied a filter that highlighted pixels within a certain
8-bit brightness range and set all other pixel values to zero. The minimum value for which a pixel
was considered to be capturing emission (a “bright pixel”) was qualitatively set to 24% of the
maximum camera signal before saturation. Similarly, the maximum value for which a pixel was
determined to be capturing emission was set as 78% of the maximum camera signal before
saturation. The upper threshold was applied to remove detector noise, which was naturally present
due to the long integration times used to capture images.

The distribution of “bright pixels” across all arrays is given in Fig. 4.8 where the number
of pixels was plotted against the relevant binning range of the 8-bit detector. The inset of Fig.
4.8(d) shows the same range of data, but for each individual array. From this, we note that the
brightness distribution between neighbouring arrays is relatively consistent, providing a method
of determining which arrays are likely to contain many high-quality emitters, such as array X3Y3,
where there are many tightly distributed bright pixels.

We were then able to apply this brightness filter directly to the camera images themselves
to see where the brightest pixels were occurring. Fig. 4.8(c) shows the same X3Y3 array as Fig.
4.8(a), but with all “dark pixels” removed, and a uniform color applied to the remaining “bright
pixels”. The most interesting part of this analysis is that the emission originating from pillar sites
appears to be appreciably brighter than emission originating from film wrinkles, given that the
outlines of the wrinkles are generally not present in the filtered image. This finding supports the
theory of strain activated defect emission, since the phenomenon cannot easily be explained by
preferential nucleation during CVD growth as is theorized to be the case in direct-grown

methods [129].
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Fig. 4.8. Brightness distribution for an array of ~3.6 um pillars. (a) Arrays of emission
corresponding to an array of pillars that have been assigned arbitrary names. (b) Distribution of
“dark pixels” (i.e. pixels not capturing emission) across all arrays. (¢) A single array from (a) that
has been filtered to show the brightest emission or “bright pixels”. (d) Distribution of bright pixels

across all arrays in (a), with the inset showing the distribution of bright pixels for individual arrays.

A similar brightness filter was applied to a large set of arrays on a different area of the
sample, shown in Fig. 4.9(a), that was entirely coated with hBN. This figure is a combination of
BF (red) and PL (cyan) data, with only the brightest pixels coloured. Again, we found that the
brightest emission was correlated to pillar sites rather than wrinkles, and furthermore, that this
observation held true across different regions of the transfer. Figure 4.9(b-d) shows the effect of

increasing the bright pixel floor on the emission from arrays of different hBN coated features. We
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chose to sweep from 3.9% to 35.3% as this range showed both emission from unintentional
wrinkles as well as emission from pillar sites being gradually filtered out. Emission originating
from wrinkles was generally filtered out at a lower brightness floor compared to emission
originating from substrate features. Additionally, we found that emission from larger pillars
(diameter ~ 3.6 um) was generally more uniform in brightness between individual features
compared to smaller pillars (diameter ~1.6 um) or bullseyes. The difference in circumference and
therefore potential for emitters to form might explain the difference between small and large
pillars. In the case of the bullseye features, the brightness is far less consistent between emitting
sites, which might be due to the comparatively low aspect ratio resulting in less uniform strain
from feature to feature. For example, Fig. 4.3(e) shows the edge of an hBN film partially
conforming to a bullseye feature in a somewhat unique way compared to the coated pillars in Fig.

4.3(a).

Bright pixel floor
3.9% 7.8% 11.8% 15.7% 19.6% 23.5% 27.5% 31.4% 353%

Fig. 4.9. Filtered PL images overlayed on BF images of the same region. These images were
generated using post-processing similar to that described in Fig. 8. (a) Wide-field PL measurement

showing pixels in the range 24% to 78% brightness before saturation. (b) Varying brightness floor
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applied to an array of 1.6 um pillars. (¢) Varying brightness floor applied to an array of 3.6 um
pillars. (d) Varying brightness floor applied to an array of 8§ um bullseyes. Emission corresponding
to wrinkles is filtered out at a lower brightness floor compared to emission corresponding to

patterned features. This observation holds true for all feature types.

4.4 Further optical characterization

The spectral results in Section 4.3 were collected using an Ocean Optics USB 4000 spectrometer
configured to have a resolution of ~ 7 nm, placing a limit on our characterization abilities. The
DeCorby group recently acquired a far superior Ocean Optics QEPro configured to have a
resolution of ~ 0.7 nm (as well as significantly higher sensitivity) which allowed us to expand
upon our existing results. Figure 4.10 provides a more complete optical characterization for a 5x5
array of hBN-coated 1.6 pm diameter pillars using the optical system shown in Fig. 4.4. In this
case, the integration time was 1 second and a Newport FS-ND 30 filter was used to limit the power
incident on the sample to ~ 0.7 mW. These results provide further insight into the spectral
properties of hBN emitters, particularly Fig. 4.10(b-c) where the spatial and spectral distribution
of presumed ZPLs across all emitters are analysed. Figure. 4.10(b) shows the statistical
distribution of the dominant peak from each pillar site, binned into 5 nm windows. Some pillars
exhibited multiple dominant peaks very close in intensity such as Fig. 4.10(e), in which case all
the maxima were included in the analysis. The dominant ZPLs across the array were centered
around ~ 594 nm, which is consistent with other accounts of transferred hBN films [11,24]. The
1.6 um diameter pillars each hosted ~ 7 distinct emission peaks on average, as shown in Fig.
4.10(c). A PL blinking diagram for the emitters hosted on pillar X5Y5 is also presented in Fig.

4.10(i) very clearly demonstrating spectral blinking of an emitter centered near 600 nm.
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of distinct PL peaks collected from the pillars shown in (a). (d) A PL spectra of pillar X1Y1. (e) A
PL spectra of pillar X4Y?2. (f) A PL spectra of pillar X3Y3. (g) A PL spectra of pillar X1Y5. (h) A
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obtained from a nearby area.

4.5 Conclusions

In summary, we have presented a polymer-assisted hBN transfer method that reliably
produces defect-based emission in strained areas. This method achieved ~80% successful transfer
by area. Our wide-field PL results show not only that areas of hBN emission correspond to

underlying patterned structures, but also that the brightest emission occurs at these areas rather
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than at unintentional wrinkles in the film. Our findings reinforce the theory that strain is one of the
mechanisms responsible for emitter activation in hBN. We also presented emission spectra
collected near the strained edges of hBN-coated structures and showed that the number of distinct
emitters scales with feature size. Future work will involve a more complete optical characterization

with the overall goal of realizing arrays of hBN-embedded optical cavities functioning as SPEs.

60



Chapter S — Integrating thin-film hexagonal boron

nitride into buckled microcavities

5.1 Introduction

Quantum emitters within hexagonal boron nitride (hBN) have been demonstrated to possess
several attractive properties, such as room temperature operation and chemical stability [11,55],
which make them excellent candidates for integrated technologies with broad applications in
quantum computing, quantum information, and quantum sensing [55,82,134,135]. On top of this,
hBN emitters are bright, exhibit good photostability, and possess high quantum efficiencies, in
some cases upwards of 80% [11,118]. Recent progress has seen position-controlled emission in
hBN (activated via electron beam irradiation) that is reliably reproducible in wavelength [136],
emission linewidth reduction by use of a conductive host substrates [137], and high-fidelity
photonic microelements fabricated directly from hBN flakes [138], to name a few.

In addition to engineering the optical properties of hBN, particular emphasis has been
placed on developing a deeper understanding of the physical mechanisms behind its emissive
properties. There are currently several viable models circulating including donor-acceptor pair
transitions [139], quantum emission from the VnNg lattice defect based on density functional
theory calculations [122], as well as several reports of carbon-based defects being the source of
single-photon emission [53,54,140]. At the same time, experimental evidence for so-called strain-
activated emission has been observed [24,27,57,60,62], with one potential explanation for this
phenomenon being that emission from strained regions is the result of charge carrier trapping.
Regardless of the exact origin of emission, widefield photoluminescence images clearly reveal
localized emission near prepatterned substrate features [24,57], making this method an exciting
candidate for optical device integration.

The aforementioned advances in understanding emission mechanisms paired with recent
developments in fabrication methods means that various resonator schemes are becoming more
feasible. Examples include hybrid tunable cavities [66], dielectric cavities [64,141], plasmonic
cavities [142], and micro-ring resonators [67]. While substantial progress has been made in this
area, three-dimensional confinement with a fully integrated device has largely remained a

challenge. However, our recently developed “monolithic buckled microcavity” devices are a
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promising candidate [95,143]. We present a fabrication process for embedding hBN nanofilms
into three-dimensional cavities, fabricated using a thermal buckling self-assembly process and

show preliminary optical results.

5.2 Optical design and simulation
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Fig. 5.1. Transfer-matrix predictions and FDTD simulation of a dome compatible with hBN
emission. (a) Transmittance spectrum for the planar equivalent model of the cavity showing a
resonant mode at 600 nm with a linewidth of ~ 0.13 nm. (b) Electric field intensity profile
corresponding to the resonant mode shown in (a). The diagonal lines represent a region in the oxide
that is etched in the physical device. Note that only a portion of the top and bottom mirror are shown

so that the inner layer structure can be seen clearly.

We used a planar mirror approximation (given the large radius of curvature of the buckled top
mirror) and ran transfer matrix simulations to converge on a set of film thicknesses and etch
parameters. We noted that it was possible to maximize the electric field magnitude within the hBN
film relative to the cavity airgap by treating the SiO: etched hole layer and hBN as a singular
quarter wavelength stack, effectively adding another half-period to the 10.5 period bottom mirror.
This design decision can be modelled using the following equations:
(A0/2)(a — 1/2) = OPLypn + OPLoyide, (5.1)
= doxide * [(Ao/2)(a — 1/2) — dppnnineN]/Moxide- (5:2)
Here, the optical path length (OPL) of the pillar and hBN layers are the product of the index
and film thickness, and a represents the periodically recurring quarter-wave condition required to
align the electric field to the hBN layer. Setting the cavity resonance at 1, = 600 nm (the

approximate center of the Bragg mirror stopband), it was found that a = 1 resulted in a hole depth
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of ~ 73 nm, and that any higher-order solution resulted in feature heights which reported will pierce
a PMMA-transferred hBN film [24,129]. Once the lower mirror has been designed to position the
cavity resonance roughly at the hBN emitter location, the buckled airgap height determines the
resonant wavelength of the device. Figure 5.1(a) shows a simulated transmission plot for a Bragg
cavity with the resonance centered at A, = 600 nm (with an airgap thickness of 361 nm). Figure
5.1(b) shows the corresponding electric field intensity vs distance plot for the theoretical planar
cavity described. The secondary field intensity maximum has been aligned to the hBN film within
the cavity. The relation between the hBN field intensity and airgap intensity has important
implications on emission enhancement that can be described by the equation:
Fp = 3/4%) - @3/V) - (|E®)| /|Emax] ). (53)

Where the conventional Purcell factor can be written to include the effect of a field
misalignment when the emitter is no longer located at the maximum electric field within a cavity.
Using the transmittance plot at ~ 600 nm shown in Fig. 5.1(a), we estimate a simulated linewidth
of ~ 130 pm and therefore a quality factor of ~ 4600. The mode volume for a 40 um diameter
cavity centered on the second-order fundamental is on the order of ~ 3.6 A’ based on equations
presented in previous work [95]:

Vi = (T g)wiL ~ (), )L3/ %7,/ (5.4)

Combining this with the field intensity plot shown in Fig. 5.1(b) to account for the electric
field offset, we estimate a Purcell factor of ~ 60 for an emitter in for the theoretical device
described. It is also worth noting that additional non-idealities can be introduced in the Purcell
factor equation, such as spectral misalignment and polarization misalignment, though these are
inherently more challenging to account for in our cavity design and have therefore been neglected
in the analysis above.

Finite-difference time-domain simulations of a 40 um diameter dome can be seen in Fig.
5.2. A representative Lumerical script has also been included in Appendix D. The field
optimization layer and the hBN layer were approximated by a single quarter-wave low index layer,
effectively making the bottom mirror 11 layers thick. The peak buckle height was chosen to couple
to the first-order fundamental resonance (L = 300 nm) both for simplicity as well as to decrease
simulation time. As shown in Fig. 5.2(a), the simulated Purcell factor for the first-order
fundamental was ~ 54 which is in reasonable agreement with analytical predictions for the second-

order fundamental mode above. The spacing between transverse modes is ~ 3 nm. The first three
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z-normal Laguerre-Gaussian mode profiles can be seen in Fig. 5.2(c-e) and are consistent with
what has previously been observed in DeCorby group buckled microcavities [68,95].
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Fig. 5.2. FDTD simulations for a 40 pum diameter cavity without an etched hole in the field
optimization layer. (a) A plot showing the first three resonant modes with the fundamental centered
near 599 nm. (b) A time monitor showing the electric field decay inside the cavity. (¢) Mode profile
for the LG02 mode. (d) Mode profile for the LGO1 mode. (¢) Mode profile for the LGO0 mode. The
mode profiles have been scaled to arbitrary units in accordance with the colour bar on the right-hand

side.

5.3 Device fabrication

The first step in our fabrication process was to deposit a 10.5 period Ta>Os/Si02 Bragg mirror on
a piranha-cleaned silicon substrate (Fig. 5.3 Step 1) using the parameters given in Table 5.1. The
~ 73 nm SiO: field optimization layer was sputtered directly on top of the final mirror period, and
a reflection plot of the thin film structure following this step can be seen in Fig. C.2. The entire
structure was once again piranha-cleaned in preparation for patterning the hole layer. The wafer
was spin-coated with AZ 1529 resist using 10 seconds at 500 rpm for the spread step and 60
seconds at 3000 rpm for the spin step. A bake time of 60 seconds at 100 °C was used to cure the
resist, which was typically ~3 um thick. A Heidelberg MLA 150 was used to pattern the resist with
a dosage of 230 mJ/cm? at a wavelength of 405 nm. The wafer was developed using AZ 400K in
a 1:4 dilution with water for 115 seconds to remove the exposed photoresist. Holes were etched

all the way through the SiO; field optimization layer using an inductively coupled plasma reactive
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ion etching system following the parameters given in Table 5.2 (Fig. 5.3 Step 2). The leftover
resist was removed in a room-temperature acetone bath followed by an oxygen plasma etch, the

recipe for which is also shown in Table 5.2.

Table 5.1. Bottom mirror sputtering parameters

Layer Ta20s SiO2 Field optimization (SiOz)

Target thickness [nm] 71 102 73
Time [m:ss] 5:42 6:43 4:48
Temperature [C] 150 150 150
Power [W] 200 200 200
Off-time [ps] 5 0.8 0.8
Frequency [KHz] 20 150 150

Gas/Rate [sccm] Ar/40 Ar/50 Ar/50

Gas/Rate [sccm] 02/20 02/3.2 02/3.2
Deposition pressure [mT] 3.7 3.7 3.7
Ramp-up [s] 60 600 600
Burn-in [s] 120 120 120
Ramp/burm pressure [mT] 7 10 10
Film Stress [MPa] -189 -258 -258

We subsequently multilayer hBN (Graphene Supermarket CVD-2X1-BN-ML) to the
surface of the patterned mirror using a process flow described in previous work [57]. 20 nm of
Ta>Os was deposited directly on top of the hBN surface to serve as a protective capping layer for
subsequent processing steps (Fig. 5.3 Step 3). We performed a second lithography process to
pattern domes centered around each hole feature, this time using a thinner photoresist (AZ 1512).
The spin settings were 10 seconds at 500 rpm for the spread step and 40 seconds at 5000 rpm for
the spin step. The exposure dosage was 180 mJ/cm?, again patterned using the 405 nm diode laser
contained within the MLA 150. The wafer was developed using AZ 400K in a 1:4 dilution with
water for 20 seconds A ~ 15 nm thick fluorocarbon low adhesion layer was deposited on the
patterned wafer using an Estrelas ICPRIE (Oxford) followed by liftoff via sonication in acetone
for ~ 1 hour. The devices were then rinsed with isopropyl alcohol followed by water and allowed
to dry. A second 10.5 period Ta>Os/SiO; Bragg mirror was then deposited directly on top of the
patterned fluorocarbon layer (Fig. 5.3 Step 4) again using the parameters from Table 5.1. The
domes were buckled using either a rapid thermal annealer or a standard hotplate. In the case of the
rapid thermal annealer, buckling was performed in an argon environment at either 475 °C or 550

°C. Hotplate buckling was performed under a fume hood by ramping the devices from 150 °C to
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500 °C at a rate of 50 °C/min. Thermal shock combined with stress inherently present in the top
mirror causes buckling delamination to occur wherever the low adhesion layer was patterned,

resulting in the formation of closed dome-shaped cavities.

Table 5.2. Etching equipment parameters

Step O Strip SiO: Etch PTFE Deposition
Gas/Rate [sccm] 02/50 CHF3/50 C4Fg/40
Gas/Rate [sccm] N/A SFe/25 N/A
Gas/Rate [sccm] N/A Ar/25 N/A

Time [sec] 120 140 7
Power [W] 200 1000 600

Temperature [C] 20 20 0

Pressure [mT] 100 90 5

A schematic representation of the final device can be seen in Fig. 5.3. Hole diameters were
either 1 um or 2 um and buckled dome diameters ranged from 40 pm to 60 um. A bright field
image showing a top-down view of a fabricated device is also presented, along with an example
scanning electron microscope image of an etched hole showing an hBN film conforming to the

substrate topology, thus introducing strain.

hBN with Ta,O5 capping layer layer with patterned holes

0 11.5 period Ta,05/SiO, Bragg mirror

Si Substrate Si Substrate Si Substrate

Pattern fluorocarbon layer and
deposit second Bragg mirror

Si Substrate Si Substrate

Fig. 5.3. Fabrication overview for hBN embedded buckled microcavities. The process was carried
out as follows. (1) A 10.5 period Ta205/SiOz (dark blue/light blue) Bragg mirror starting and ending
with TaxOs is sputtered onto a Si (grey) substrate. (2) A field optimization SiOz layer is deposited,
patterned with photoresist, and etched. (3) A continuous hBN film (red) is transferred on to the
substrate, followed by a Ta>Os capping layer. (4) A low adhesion fluorocarbon layer (light green)

was patterned, and liftoff was performed before a second, identical Bragg mirror was deposited. (5)
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The device was heated, which caused the upper Bragg mirror to buckle (not to scale). The bright
field image in the bottom right pane shows the top-down view of a non-hBN-coated 50 pm diameter
buckled dome containing a 2 pm diameter hole. The accompanying SEM inset shows a
representative top-down view of an SiO: hole with transferred hBN film. Wrinkled areas were
specifically imaged to show the resulting deformation as the hBN film conforms to the hole

topology.

An array of buckled 60 pm microcavities containing 2 pm is shown in Fig. 5.4. Note that
these cavities are from an area where hBN transfer was not preformed. Finally, we noted that
aggressive processes such as piranha cleaning had to be avoided once hBN was transferred to a
substrate, as these processes resulted in the film delaminating from the substrate, even in the
presence of a 20-50 nm Ta2Os capping layer sputtered directly on top of the hBN. This problem
could potentially be avoided using a thicker capping layer at the expense of electric field
optimization (and therefore Purcell enhancement) within the cavity. In the future, the ability to
piranha clean prior to patterning the low-adhesion layer could potentially lead to a higher device

yield as well as improved optical results.

Fig. 5.4. A microscope image showing an array of 60 pm diameter microcavities containing 2 pm
diameter holes etched into the top layer of the bottom mirror. The holes are somewhat visible

through the top mirror.
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5.4 Device characterization

Fig. 5.5 shows dome height measurements of gold-coated (40, 50, and 60 um diameter) domes
containing 1 pm holes, as measured with ZYGO profilometry of a 1 cm by 1 cm unit cell. The
average heights in each case were 1.8 = 0.2 um, 2.5 + 0.2 um, and 3.2 + 0.5 pum, respectively.
Interestingly, but perhaps expectedly, both the 40 um and 50 um diameter domes have a tighter
distribution about the mean than the 60 um domes, and the standard deviation from mean buckle
height seems to increase with diameter. Example profilometry measurements along with fits to
radii of curvature are presented in Fig. 5.6. While the example 50 um dome presented is a statistical
outlier in terms of height, the buckled mirror effective ROC (100 pum) for all the example devices
is quite representative of the domes studied below. As an example, using Equations (2.19) and
(2.20), a Rayleigh range of 13.3 um, beam waist of 1.6 pm, and therefore effective NA of 0.12 can
be estimated for an average 40 um dome. Table 5.3 summarizes the buckle height and radius of
curvature results. A sampling of the gold-coated domes used in profilometry measurements can be

seen in Fig. C.4
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Fig. 5.5. Peak buckle height statistics for domes of each diameter, all containing a ~ 1 um diameter

hole etched into the field optimization layer.
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Fig. 5.6. Profilometry fits for sample devices. ZY GO data for (a) A 40 pm dome, (b) a 50 pm dome,
and (c) a 60 um dome. Extracted radii of curvature for (d) A 40 um dome, (e) a 50 um dome, and

(f) a 60 um dome.
Table 5.3. Overview of dome statistics.
Dome diameter  Mean peak buckle height  Standard deviation Example ROC
40 pm 1.8 um 0.2 pm 99.4 um
50 um 2.5 um 0.2 pm 95.0 um
60 um 3.2 pm 0.5 pm 113.3 pm

Photoluminescence images and spectra of planar regions were obtained using a homebuilt
quasi-confocal system similar to that described in Chapters 3 and 4. Briefly, the excitation source
was a 405 nm Pangolin laser (LDX-405NM-200MW) aligned to a neutral density filter (Newport
FSQ) and adjustable iris. The beam was then passed through a 450 nm short pass filter and a 468
nm short pass filter (Thorlabs FESH0450 and Semrock FF01-468, respectively) and directed
towards the sample at a glancing angle. Light emitted from the sample was then collected with a
0.13 NA 5x objective lens (Zeiss EC Epiplan). A subsequent 450 nm long pass filter (Thorlabs
FELHO0450) was used at the input of a 90:10 beamsplitter (Thorlabs BS025) to remove pump light.
The collected light was split between a CMOS camera (Thorlabs CS895MU) and a 50 um core
pickup fiber (Thorlabs FGOS0LGA). The fiber was mounted to a FC/PC collimator with a focal
length of 34.74 mm (Thorlabs F810FC-543) at the 90% terminal of the beamsplitter. The output
of the fiber was coupled directly into an Ocean Optics QE Pro visible range spectrometer with a

slit width of 25 um. Planar reflection measurements were obtained using the microscope halogen
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illuminator as a source. A 50 um core fiber was again used to limit the FOV to a specific region

on the sample.
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Fig. 5.7. (a) — (d) Photoluminescence measurements for a variety of hBN-coated planar regions.
Corresponding reflectance plots are also shown as insets. Wavelength shifts in the modes and

stopbands are due to variations in film thickness across samples.

Figure 5.7 contains PL spectra from planar regions on the sample where a mode is
supported within the stopband or strong coupling into the edge of the stopband is observed.
Respective reflection measurements of the same regions are shown as insets for reference. The
modes observed here possess a FWHM on the order of several nanometers, as opposed to ~ 130
pm as was predicted by transfer matrix simulations. One possible explanation for this discrepancy
is spectral broadening resulting from a combination of the NA of the collection optics and walk-
off due to the critically stable planar mirrors. This theory is supported by the fact that the spectral
broadening became increasingly apparent as higher magnification (and thereby higher NA)
objectives were used, as demonstrated in Chapter 3.

Figure 5.8(a) shows a widefield PL image of an hBN-coated region partially covering an

array of unbuckled (i.e., planar) devices. A bright-field image of the same region is shown in Fig.
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5.8(b) for comparison. Emission is somewhat localized to the center of the cavities that contain
holes, but there is also undesirable emission originating from other places, such as wrinkles,
cracks, and regions corresponding to unbuckled PTFE pads. Photoluminescence images of buckled
domes with corresponding BF images can be seen in Fig. 5.8(c-f). There is clearly emission
originating from the regions corresponding to buckled domes, however there is also a large amount
of undesirable emission originating from much of the hBN-coated region. We theorize that some
of the undesirable emission and roughness here might be a result of sputtering a capping layer
directly over the hBN layer. In addition to the poor optical quality of most of the hBN-embedded
domes, we found that selecting a buckling method and temperature was non-trivial. For the
samples that were buckled using an RTA, entire regions coated with hBN tended to delaminate
from the surface. Figure C.8 shows a region where a millimeter-sized portion of the top mirror
has detached from the sample over an hBN-coated feature. Although hotplate buckling resulted in
a much lower overall yield, the major advantage was that a small region of interest could be

monitored during the process by mounting a camera directly overhead.

&<

Fig. 5.8. Photoluminescence and bright-field images for various regions. (a) A BF image showing

a partially hBN-coated set of unbuckled 50 um domes. (b) A PL image showing preferential
emission near edges of the hBN film corresponding to etched holes and PTFE pads. (¢) A BF image
taken with a 5X objective showing a 40 um dome buckled over top of a rough hBN-coated region.
(d) A corresponding PL image taken with a 5X objective of the region in (c). (¢) A BF image taken

71



with a 20X objective showing a 40 um dome buckled over top of a rough hBN-coated region. (e) A

corresponding PL image taken with a 5X objective of the region in (f).

While Bosch-process Teflon was used as the low-adhesion layer for patterning the domes,
we noticed that certain conditions caused the hBN layer to delaminate from the substrate.
Sometimes this naturally occurred in a circular pattern, resulting in the formation of “accidental”
domes. Figure C.7 shows an image of a region where this has happened. The implication of this
finding is that it may be possible to use hBN as the low-adhesion layer, simplifying the fabrication
process. This might be achieved by masking and etching the transferred layer in the same way the
Teflon was patterned in our process flow, similar to how others have integrated hBN into 1D
photonic crystal cavities [65]. The caveat here is that we are not certain what happens to the low-
adhesion layer during the buckling process, and that the hBN could be damaged or displaced from
the local field maxima.

Neither reflection measurements nor emission spectra could be obtained for individual
domes with the microscope setup used, due to the nature of the curved surface and spectral
broadening discussed in Chapter 3. Transmission scans were also unachievable as the bottom
Bragg mirror was deposited on a silicon substrate, which was an oversight during the fabrication
process. To get around this inconvenience we developed a measurement scheme based on a
cleaved fiber, a full diagram of which can be seen in Fig. 5.9. A supercontinuum source (NKT
Photonics SuperK COMPACT) was connected to the primary input of a 90:10 wideband
directional coupler (Thorlabs TW560R2A2). The 10% tapped output was connected to a cleaved
460HP fiber that was positioned directly above the device under test. The 90% primary output was
capped with a broadband fiber terminator. The reflected light from the sample that coupled back
into the cleaved fiber was collimated into free-space and measured using a spectrometer (Ocean
Optics QEPro) at the tapped input terminal of the splitter. Two cameras with zoom attachments

were used for precise alignment of the cleaved fiber.
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Fig. 5.9. A Schematic representation of the system used to obtain reflection measurements of
buckled dome microcavities. A supercontinuum source is passed through a bidirectional coupler and
into a cleaved fiber that is coupled to the cavity modes. The reflected light propagates back through

the coupler and is measured using a spectrometer.

A representative reflection spectrum showing a family of modes obtained from a 60 um dome can
be seen in Fig. 5.10 along with camera images of the measurement. The broad background notch
superimposed on the family of modes could either be an artifact of the source spectrum (shown in
Fig. C.10(a)) or the convolution of the modes themselves as the spectrometer is not capable of
fully resolving them. It is also worth noting that the spacing of what appear to be transverse modes
is ~ 5 nm, which is slightly larger than predicted using FDTD simulations but still reasonable. Note
that the reflection plot is presented without normalization against the source or measurement
system, as proper normalization would involve collecting reflection spectra from a featureless
surface at the exact same working distance. The cleaved fiber needed to be placed extremely close
to the device under test to achieve desirable results (Fig. 5.10(b)) and prevent a secondary Fabry-
Perot cavity formed by the dome and fiber face from dominating the measurement. Damage often
occurred as the fiber face came into physical contact with the dome. Figure 5.10(c-d) shows
camera images with the fiber backed off from a dome. A bright spot is visible in Fig. 5.10(c),
which we speculatively attributed to the cavity modes since the light exiting the fiber core is
divergent and therefore should not focus down to a spot. In addition, the bright spot appears to
“stick” to the dome when the fiber is moved slightly, further suggesting it is result of light

interacting with cavity modes rather than light reflecting off the curved surface.
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Fig. 5.10. Reflection measurements using a cleaved fiber and bidirectional coupler. (a) A reflection
plot showing a family of cavity modes with the fundamental centered near 609 nm. (b) A camera
view from the side showing the working distance required to obtain the measurement in (a). (¢) A
camera view with the fiber backed off to show the dome and potential cavity modes. (d) A camera

view from the side with the fiber backed off showing with the location of the dome.

Unfortunately, we were unable to obtain convincing PL spectra showing cavity modes
using the cleaved fiber measurement setup. The pump light could either be introduced through the
primary input of the bidirectional coupler, or from the side at a glancing angle. Pumping through
the fiber was problematic since autofluorescence from impurities within the fiber dominated the
measurement and interacted with the cavity modes in the same fashion as light from the
supercontinuum source in the reflection measurements. On the other hand, delivering significant
power to the device under test when pumping at a glancing angle proved to be a challenge. In

addition to the proximity of the cleaved fiber to the dome, it was significantly less efficient to
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pump at a sharp angle because of the angle-dependent reflectivity of the top mirror. Another
problem was that the entire collection pathway was fiber coupled, meaning that residual pump
light was directed into the spectrometer. This created a trade-off between integration time and
pump power before saturation. Introducing a collimator and long-pass filter prior to the
spectrometer eliminated this problem, but severely impacted coupling efficiency. Nevertheless,

these measurements may still be possible with further refinements of the setup.

5.5 Conclusions

In summary, we have presented a promising way of integrating hexagonal boron nitride thin films
into hemispherical optical cavities fabricated using thermally buckled Bragg mirrors. A novel
method of obtaining reflection spectra was devised for measuring cavity modes, which might also
be useful for measuring other highly directional optical resonators. We have also shown
preliminary optical results in the form of photoluminescence imaging and spectra. However,

undesired emission and fabrication issues still need to be accounted for.
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Chapter 6 — Summary and Future Work

6.1 Summary

This thesis describes the integration of continuous hexagonal boron nitride films with various
photonic devices in a comprehensive fashion that assumed no prior knowledge. It will hopefully
serve as a stepping-stone for future emitter integration projects in the DeCorby lab.

The experimental work began in Chapter 3 with the design and construction of a
photoluminescence spectroscope/microscope system that relied on a fiber pinhole to limit both the
angular and spatial field of view. A critically important study on the autofluorescence properties
of microscope objectives was then carried out to demonstrate the importance of accounting for
system artifacts when making small-signal measurements. Spectral broadening resulting from
critically stable Fabry-Perot cavities was also discussed as a problematic artifact that interferes
with reflection and PL measurements.

With a reliable measurement system in place, Chapter 4 described the development of a
centimeter-scale polymer-assisted hBN transfer process that inherently activated distinct emitters
hosted in the material with success rates reaching > 80% measured by area. The optical properties
of the resulting emitters were extensively characterized with the main conclusion being that the
emission originating from regions corresponding to underlying substrate features was appreciably
brighter than emission originating from luminescent wrinkles in the film.

Chapter 5 then focused on the integration of hexagonal boron nitride films with monolithic
buckled microcavities and showed that it was indeed possible to induce thermal buckling on an
hBN-embedded cavity. Photoluminescence imaging revealed that the cavity-enclosed hBN
behaved as expected, with much of the emission localized to prepatterned features, though spectral
measurements of buckled sites proved to be a challenge. A novel measurement scheme exploiting
a standard cleaved 460HP fiber was also developed so that reflection measurements of buckled

sites could be performed.

6.2 Future work

While this thesis has succeeded in showing that it is at least possible to integrate hexagonal boron
nitride films into buckled microcavities, it has also shown the limitations of transferrable materials

in the context of the type of devices fabricated by the DeCorby group. Most hBN-based integration
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schemes perform the hBN transfer as one of the final steps, or at least have minimal processing
post-transfer [65—67,144]. The nature of buckled dome microcavities meant that the hBN needed
to be introduced mid-process further reducing the overall yield. Another problem came from the
buckling process which was heavily modified by both the introduction of etched holes and hBN,
resulting in unfortunately low active device yield in many cases, especially since entire regions of
hBN tended to buckle without patterning.

Several items need to be taken care of to ensure the success of quantum emitter integration
into buckled dome microcavities for future projects. First, a second-order correlation measurement
scheme needs to be integrated into the existing fluorescence spectroscopy/microscopy system.
Such measurement schemes are not trivial but would permit the study of single emitters with
confidence. A fast-steering mirror- or scanning stage-based system would also be advantageous as
it would allow for PL spectra to be correlated with images easily. Second, the DeCorby group
already has the necessary equipment to fully characterize buckled dome microcavities in the
telecom wavelength range centered around 1550 nm. Additionally, much of the work involving
buckled microcavities has historically taken place in this region so the materials and processing
steps are well-understood. For example, a high-resolution tunable laser and photodetector could
be used to characterize cavity resonances with fully resolved linewidths. The combination of an
optical spectrum analyzer and spectrometer could then be used for photoluminescence
measurements depending on the brightness of the individual emitters. Third, a method to fully
localize emission needs to be conceived. While strain-activated emission from hBN has shown
some success, nothing can be done to prevent emitters from randomly forming in other areas of
the film during subsequent processing steps which generates a persistent background luminescence
that obscures emission into cavity modes. This discovery suggests that specially trapping or
patterning an emitting material might give more hope for success. If cavity-coupled emission from
hBN is still desired, it may be worth considering a platelet in solution approach [38]. This method
is highly suited for integration with buckled dome microcavities and would involve only minimal
fine tuning of the thin-film optical design presented in Chapter 5 of this thesis. Patterned erbium
or quantum dots would make excellent candidates for NIR devices.

Alternatively, the discovery that thin-film PTFE exhibits light fluorescence presents an
interesting opportunity. Figure 6.1 shows a representative photoluminescence measurement of

patterned PTFE on silicon, fit to a Gaussian distribution, and is consistent with other

77



accounts [145]. Some have shown that PTFE, albeit not Bosch-process Teflon, can be converted
into nanodiamond films through controlled heating and cooling cycles induced by laser irradiation
at specific wavelengths [146—148]. The DeCorby group already uses patterned PTFE films as low-
adhesion layers, so there would theoretically be minimal processing involved in converting a

portion of each PTFE pad into nanodiamond emitters.

Raw Data .
—— Gaussian Fit -

o o o
BN (0)} [0}

Intensity (a.u.)

o
N

1.5 2 25 3
Energy (eV)

Fig. 6.1. A photoluminescence spectrum obtained from thin film PTFE. The Gaussian fit has a
FWHM of 0.434 eV centered about 2.236 eV with R? = 0.9874.

Finally, the DeCorby group has recently demonstrated polarization dependence in elliptical
buckled microcavities [149]. Once a fabrication process is established for integrating any emitter
system into standard buckled microcavities it would be trivial to extend into elliptical variations.
One use of such a system would involve pumping and collection in orthogonal planes while also
ensuring all emitter photons are in the same polarization state. Additionally, there is typically a
trade-off between a single photon source’s efficiency and indistinguishability that could be

addressed by such devices [150]. A device of this nature would be a significant contribution to the

quantum optics community.
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Appendix A — Isolated microscope photoluminescence

To further demonstrate that the persistent photoluminescence signal was attributable to the
objective lenses a secondary experiment was performed that involved isolating the lenses from
other components within the epifluorescence system. In this case, the excitation laser was filtered
using the same short pass filter set described in the main text and passed directly into the collection
side of the objective under test. Two long pass filters (both Thorlabs FELH0450) were placed
immediately after the exit pupil of the objective to filter pump light. The photoluminescence signal
was collected using a standard small-format collimator (Thorlabs) and passed into the Ocean
Optics QEPro spectrometer with a 600 um core fiber (Thorlabs). Spectra collected using a pump
power of ~ 100 mW and integration time of 1 second are presented in Fig. A.l1 along with a
schematic of the measurement setup. The data is again presented as measured.

Removing extraneous optical elements from the measurement such as the dichroic mirror,
beamsplitter, and fiber pinhole provided a more direct measurement of the objective lens
luminescence and shows that spectral features centered near 600 nm and 650 nm are generally
present across photoluminescence signal collected from each objective lens. Additionally, no

detectable signal is present without an objective in place, as shown in Fig. A.1(b).
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Fig. A.1. Direct measurements of photoluminescence from the microscope objectives in Table 3.2.

(a) Measurements for each objective subject to ~ 100 mW of power captured using an integration

time of 1 second. (b) A zoomed version of (a) showing subtle differences between the 2.5x, 20x,
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40x, and 100x objectives as well as no appreciable signal in the case where no objective was present.
(c) A simplified schematic of the isolated experimental setup. (Legend: SPF/LPF — short pass/long
pass filter).
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Appendix B — Additional fabrication and

characterization information for pillar substrates

Pillar substrate fabrication began by piranha cleaning a thermally oxidized Si wafer. Next, a
chrome mask was sputtered on using a Kurt J. Lesker CMS-18 DC Magnetron Sputtering System.
The thickness of the chrome layer ultimately determines the height of the pillars. The wafer was
then spin coated with AZ 1529 photoresist. The spin settings were 10 seconds at 500 RPM for the
spread step and 60 seconds at 3000 RPM for the spin step. The resist was approximately 3.7 um
thick. A Heidelberg MLA 150 direct write lithography system was used to pattern the resist. This
system was equipped with a 405 nm laser diode and set to deliver a dosage of 230 mJ/cm?.
Following patterning, the wafer was developed for 120 s in AZ 400K diluted to 1:4 to wash away
the exposed resist. We noted that it was possible to produce nanopillars smaller than the minimum
feature size of the MLA 150 through careful tuning of exposure and development times.

Once the resist was fully patterned, an Oxford Instruments inductively coupled plasma
reactive ion etching (ICPRIE) system was used to etch through the chrome layer using the
parameters in Table S1. The endpoint was determined visually though etches typically ran from 3-
5 minutes. A separate RIE system was then used to strip away the remaining photoresist using the
settings in Table S1. Now with the Cr serving as a mask for the underlying SiO2, an oxide etch
was performed in the Cobra ICPRIE system according to the parameters given in the final column
of Table S1. A second Cr etch was then run to remove the remaining chrome mask. The wafer was
once again coated with AZ 1529 for temporary protection and diced into 1 cm x 1 cm chips.
Finally, acetone was used to remove the protective resist layer. Pillar heights typically ranged

between 150 nm to 170 nm. Fig. B.1 shows a schematic of the entire process.

Table B.1. Etching parameters for the pillar fabrication process.

Step Cr Etch O: Strip SiO: Etch
Gas/Rate [sccm] Clo/42 02/50 CHF3/50
Gas/Rate [sccm] 02/8 N/A SFe/25
Gas/Rate [sccm] N/A N/A Ar/25

Power [W] 1200 200 1000
Temp. [C] 20 20 20
Pressure [mT] 12 100 90
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Fig. B.1. A schematic representation of the pillar fabrication process flow
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Pillar substrates were comprised of 63 individual chips labelled A2 through H8 which were
otherwise identical. The feature sizes on each chip ranged from 1 um to 8 um. Each individual chip
was further sectioned into an 8 by 8 array of repeating unit cells. Figure B.2 below shows one
such unit cell. The minimum features size specified by the MLA 150 is on the order of 1 um, which
was also the smallest size of pillar fabricated. The 1 pum diameter pillars were clearly visible post-
lithography but often ended up being smoothed over or washed away, presumably during the
etching process. Most pillars ended up being smaller than designed, an observation we attribute to

either exposure or development during photolithography.
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Fig. B.2. A unit cell containing patterned oxide structures that was used to obtain the results seen in

Chapter 4.

Several issues were encountered during the process development of the pillar substrates
first used in Chapter 3. First, it was observed that the RIE recipe used during the oxide etch often
left “spikes” near the center of features. These spikes could significantly interfere with the hBN
transfer process by piercing the film and thus disrupting the strain. This issue was mitigated by
over etching whenever possible. Figure B.3(a) shows a pillar with a spike near the center. Spike
artifacts near the center of some pillars could potentially be exploited as a method of localizing
emission if fabricated reliably. The second issue was that the etching processes tended to leave
behind an optically rough surface, as seen in Fig. B.3(b) below. The rough surfaces present in
many of the devices undoubtably resulted in scattering but could likely be smoothed while still
preserving sharp feature edges using a buffered oxide etch. Rough surfaces have the potential to

trap contaminates as well as damage hBN films during the transfer process.
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Fig. B.3. SEM images of interesting defects noticed early on in pillar fabrication. (a) A pillar with
a spike on the top resulting from the reactive ion etching process. (b) Surface roughness that resulted

from the reactive ion etching process.

In addition to what was presented in Chapter 4, a sampling of the final transfer product can
be seen in Fig. B.4. Film regions near the edges of transfers were typically rougher than interior
regions. Characteristic wrinkling and crackling can also be observed across all cells. Furthermore,
hBN transfers were also carried out for hole samples, where the hBN was transferred to a substrate
with the pillars mask inverted. This was done in preparation for integration with the buckled
microcavity devices discussed in Chapter 5 when it was realized that the delamination process

favoured holes rather than pillars. A sampling of the final transfer product can be seen in Fig. B.S

Fig. B.4. A sampling of BF images showing the success rate of the hBN transfer process on

nanopillar substrates. The top row shows films edges while the bottom row shows interior regions.



Fig. B.5. A sampling of BF images showing the success rate of the hBN transfer process on
nanoholes substrates. Cell A2 is uncoated, cell B3 is partially coated, and the rest of the cells are

completely coated. Wrinkles are visible in cells F§8 and H7.

Several other variations of the hBN transfer process were also investigated in addition to
what is reported in the main text of Chapter 4. Figure B.6 presents a flow chart outlining the
variations that did and did not result in a successful transfer process as well as general comments
and observations. The process can largely be divided to into four general components: (i) coating
one side of the CVD hBN on Cu foil with PMMA. (ii) Removing the undesired hBN and etching
the Cu. (iii) Transferring the hBN/PMMA stack onto the target substrate. (iv) Removing the
intermediate PMMA layer.
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Fig. B.6. A flowchart schematic showing possible pathways for the hBN transfer process that

ultimately led to the optimized version. Legend: green — start and end points, yellow — pathway not

tested, red — failed pathway, blue — comments and overview.
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All the spectral data presented in Chapter 4 was obtained with an Ocean Optics USB4000
spectrometer configured to have a ~ 7 nm resolution. The DeCorby lab was able to obtain an Ocean
Optics QEPro thanks to the generosity of Wilson Analytical Inc. The QEPro had a resolution of >
1 nm and was an overall superior instrument in terms of noise floor, sensitivity, and dynamic range.

Figure B.7 shows photoluminescence results from an interesting hBN-coated micro-bullseye

feature using this spectrometer.
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Fig. B.7. Photoluminescence results from a bullseye where the hBN has folded over the structure in
an interesting way. (a) A non-background corrected PL spectra showing multiple peaks. (b) A BF
image of the hBN coated region showing folding. (¢) A PL image showing preferential emission

from highly disturbed sites as well as some emission near the outer edge of the structure.
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Appendix C — Additional fabrication and

characterization information for buckled microcavity

substrates

Figure C.1 shows index fits for TaxOs and SiO2 obtained with a J. A. Woollam M-2000
ellipsometer. Extinction coefficients are not provided as they were too low to be fit to. The index
of refraction values at the Bragg mirror design wavelength of 600 nm were 2.12 and 1.46 for Ta;Os

and Si0», respectively. This data was obtained from test layers prior to the deposition of the bottom

mirror.
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Fig. C.1. Index of refraction fits for (a) Ta2Os and (b) SiO2 based on test layer depositions in
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Wavelength (nm)

Sputtering System #2 (Doug). Obtained with a J. A. Woollam M-2000 Ellipsometer.

The bottom mirror and field optimization layer were characterized prior to hole etching
and hBN transfer. This was done by measuring the reflectivity at 20°, 50°, and 80° with a J. A.
Woollam VASE ellipsometer. The instrument design paired with the silicon substrate prohibited
characterisation at normal incidence. Plots comparing the TE and TM polarizations for simulated
and experimental data at a 20° angle of incidence can be seen in Fig. C.2. Interestingly, the

experimental Bragg stopband spans a slightly greater wavelength range than the structure
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simulated using the material fits in Fig. C.1. This implies a slightly greater index contrast between

the Ta;Os and SiO> than initially measured.

— Simulated TE
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Reflection
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Fig. C.2. Reflectivity of the bottom 10.5 period Bragg mirror with field optimization layer at a 20°
angle of incidence. (a) Simulated results based on transfer matrices. (b) Experimental results

obtained with a VASE ellipsometer.

Figure C.3 shows images taken at various points in the fabrication process. A large-scale
image representing an hBN transfer is shown in Fig. C.3(a). The edges of the film along with
PMMA residue can approximately be made out, as indicated by the black arrows. Figure C.3(b)
shows a film edge at a smaller scale. The film is difficult to se, but cracks and wrinkles
characteristic to hBN can be made out. An image of patterned PTFE pads on the bottom mitror is
also shown in Fig. C.3(c). Each pad is centered about a hole etched into the field optimization
layer. The combination of the PTFE index and thickness made it difficult to see, hence the red

filter applied to the image.
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(b) Mirror

hBN

Fig. C.3. Images at various points in the fabrication process flow. (a) A quartered mirror piece with
a transferred hBN film indicated by black arrows. (b) A microscope image showing the hBN film
on the quartered mirror piece. (¢) A microscope image showing arrays of PTFE pads on a quartered

mirror piece.
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Fig. C.4. Arrays of (gold-coated) domes with different diameters containing holes of different sizes.
Scale bar represents 1 mm. (a) 40 um diameter domes containing 1 pm diameter holes. (b) 50 pm
diameter domes containing 1 pm diameter holes. (¢) 60 um diameter domes containing 1 pm
diameter holes. (d) 40 um diameter domes containing 2 um diameter holes. (e¢) 50 pm diameter

domes containing 2 um diameter holes. (f) 60 pm diameter domes containing 2 pm diameter holes.

Devices typically existed in three distinct states after buckling. The first is buckled, where
the top mirror successfully separated from the bottom mirror in a cylindrically symmetrical
manner. The second is a pop-off, where the top mirror over the patterned PTFE separated entirely
from the substrate, leaving the bottom mirror exposed. The third device state is unbuckled, where

the top mirror did not separate from the bottom mirror at all, leaving the device looking much like
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it did prior to the buckling process. Figure C.5 shows examples for each type of device. The 2 pm

holes etched into the mirror can also be seen in the center of each dome.

00000
0000 ()

100 pm

Fig. C.5. A microscope image showing an array of domes with circled examples. Legend: red —

buckled, green — popped off, blue — unbuckled.

It was noted that the low-adhesion fluorocarbon layer exhibited a broad, low amplitude
fluorescence across most of the visible range that was ~ 10x dimmer than that obtained from CVD-
hBN on Cu. Measurements were taken using an integration time of 5 seconds with the 100x
objective in Table 3.2. The approximate beam spot size is shown at collection areas for reference.
A photoluminescence measurement of the bare silicon next to the patterned fluorocarbon is also
provided to show that there is no appreciable signal, demonstrating that the signal observed in Fig.
C.6(b) is likely not due to scattered light, autofluorescence, etc. While bulk PTFE is not known to
fluoresce [151], the low-adhesion layers deposited here were typically on the order of 10 — 20 nm
which may result in material characteristics that differ from the bulk material and could explain

the emission. Our measured spectrum is also similar to what has been reported previously [145].
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Fig. C.6. The initial discovery that thin-film fluorocarbon emits light in the visible range when
pumped with a 405 nm laser (~ 4 mW of incident power). (a) A bright field image showing pattern

patterned fluorocarbon on silicon with a 10 pm scale bar. (b) Photoluminescence signal obtained
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from patterned fluorocarbon. (¢) Photoluminescence obtained from bare silicon showing no

appreciable signal.

@

Fig. C.7. Accidental domes formed by delamination of the hBN film in non-patterned areas. (a) A
bright field image clearly showing two domes of different sizes. (b) A photoluminescence image

showing emission originating from the dome areas.

Fig. C.8. An area where a large, millimeter-sized portion of the hBN film has delaminated. The
differences in buckle height across the film are greater than the depth of focus of the objective used,

making certain areas appear blurred. (a) A bright field image. (b) A photoluminescence image.

After discovering that reflection measurements of the buckled microcavities could not be
obtained using the microscope setup described in Chapter 3, a series of proof-of-concept
measurements were carried out using fiber reflection scheme with an NIR dome sample. Fig. C.9
shows an example measurement performed with a standard cleaved SMF-28 fiber. An NKT
SuperK COMPACT supercontinuum source was launched into a fused-fiber bidirectional coupler.
A cleaved SMF-28 fiber was used at the tapped output to couple light into the cavity mode as well
as collect reflected light. The unused output was capped with a fiber terminator. A Yokogawa OSA
was used at the tapped input to measure the reflected signal. The sample reflection measurement
was performed with membrane-in-the-middle devices fabricated by Lintong Bu (Fig. C.9(a)). It
should be noted that this measurement has also been successfully attempted with a tapered fiber
chosen to match the numerical aperture of the devices studied, though the availability of such

tapers in the visible range prevented this measurement from being transferred over.
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Fig. C.9. Proof of concept for reflection measurements with a cleaved fiber performed around 1550
nm. (a) An unnormalized reflection spectrum. (b) A camera view from the side with the fiber backed
off showing the fiber, dome, and fiber reflection. (¢) A camera view from the top with the fiber
backed off showing an array of domes. (d) A camera view from the top showing the fiber to dome

distance required for reflection measurements.

The proof-of-concept measurement system was adapted for visible range measurements in
which case a spectrometer was used instead of an OSA. Figure C.10(a) shows a transmission plot
of the source (NKT SuperK COMPACT) connected to a single mode fiber (Thorlabs 460HP) and
aligned to the spectrometer (Ocean Optics QEPro) in free space. The spectrum is relatively ripple
free when multimode fiber is avoided. Figure C.10(b) shows a reflection plot corresponding to a
planar region on the samples described in Chapter 5. Characteristic Bragg mirror spectral features

are present including the stopband, but there are no sequential notches indicative of cavity modes.
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Fig. C.10. Supplementary reflection plots using a cleaved fiber in the visible range. (a) A plot
showing the lineshape of the source used for visible range tapered fiber reflection measurements.

(b) A reflection measurement of a planar region where no cavity modes are present.

In some cases, it was noticed that a Fabry Perot cavity formed between the dome and
cleaved fiber resulting that appeared to depend on the working distance of the fiber. Some domes
exhibited a particularly interesting phenomenon where a broad notch, possibly attributable to this
unintentional Fabry Perot, appeared to shift in wavelength as heat was applied to the dome. Figure
C.11 shows one case where this has happened to a 60 um dome over a 30 second period. Thermal
tuning of domes typically results in resonances shifting to higher wavelengths as the airgap
between the top and bottom mirrors lengthens. The opposite was observed here, which is consistent
with the unintentional Fabry Perot theory. However, the process observed here does not seem to
be reversible, causing further contradiction.

Alternatively, the true power circulating inside the dome could be significant enough to
vaporize the PTFE low-adhesion layer, which might blue shift cavity features. This theory is also
supported by the fact the spectral drifting doesn’t seem to be reversible. However, the refractive
index of the thin-film PTFE used in the fabrication of buckled dome microcavities is typically
between 1.4 and 1.5. A 15 nm layer of PTFE should not be able to induce a ~ 25 nm shift in
wavelength.

Finally, it is possible that this thermal drift is the result of further induced buckling caused
by the thermal power provided by the NKT. This would explain why this phenomenon was only
observed a handful of times, as well as why it was not reversible. Further study would be required

to make any definitive claims.

109



0.9

0.8

Time (s)

0.3

0 )
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. C.11. A time trace diagram showing the effect of temperature on a certain dome. The
time/temperature dependent notch could be due to a Fabry Perot cavity formed between the dome

and cleaved fiber which changes in length as the dome is heated.
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Appendix D — Streamlined Lumerical code for

simulating buckled microcavity structures

The code presented below is a streamlined version of what has previously been used by the
DeCorby group and can be used as a starting point for future work. Several other important
features have been added including field apodization, automated layer calculations, and the
creation of mirror layers through looping. It is my hope that this well-commented code will save

future students time and significantly speed up the creation of related models.

HHH R R
Title: ExampleScriptForThesis600nm

Authors: Kyle Scheuer, Phillip Kirwin, Ray DeCorby
Date: March 01, 2022

A useful template for anyone who is interested in simulating
buckled dome microcavities. This version generates a
symmetrical 10.5 period Ta205/Si02 mirror separated by a 300
nm airgap with the dipole placed in the very center.
HHH R R R

HoHHHHHEHH
HHEHHFHAFHH

###### Clear all data #H#####

deleteall;

if (materialexists("Ta205"))
{ deletematerial("Ta205");
if (materialexists("Si02"))
{ deletematerial("SiO2");
}

#it#t##H# Add materials #itH#
mymaterial2=addmaterial("(n,k) Material");
setmaterial(mymaterial2, "name","Ta205");
setmaterial("Ta205", "color",[0.1,0.2,1,0.9]);
setmaterial("Ta205", "Refractive Index", 2.1041);

setmaterial("Ta205", "Imaginary Refractive Index", 0);

mymaterial2=addmaterial("(n,k) Material");
setmaterial(mymaterial2, "name","Si02");
setmaterial("siOo2", "color",[0.1,0.6,0.3,0.9]);
setmaterial("Si02","Refractive Index", 1.4737);

setmaterial("Si02","Imaginary Refractive Index", 0);

#H#####H Set constants #i#H#H##H#

r_dome = 20e-6;

target_lambda = 600e-9;

lambdastart = 585e-9;

lambdastop = 610e-9;

lambdanum = 20;

num_period = 10.5;

dH = real(target_lambda/(4*getindex("Ta205",1)));
dL = real(target_lambda/(4*getindex("Si02",1)));
period = dH+dL;

dA = target_lambda/2; # peak buckle height
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###### Create bottom structures and layers
addstructuregroup;

set("name", "bottom");

set("x",0); set("y",0); set("z",0);

x_res = 120;

y_res = 120;
x=linspace(-1.2*r_dome,1.2*r_dome,x_res);
y=linspace(-1.2*r_dome,1.2*r_dome,y_res);
X = meshgridx(x,y);

Y = meshgridy(x,y);

Z = @*ones(x_res,y_res);

# Extra high index layer (N+1/2)
addimport;

set("name","hi index 1");
set("render type","detailed");
set("detail",0.1);
importsurface2(z,x,y);
importsurface2(z,x,y,9);
set("upper ref height",0);
set("lower ref height",-dH);
set("material", "Ta205");
addtogroup("bottom");

# Build layers

for(p=1:num_period)

{
# Low index
addimport;
set("name","lo index " + num2str(p));
set("render type","detailed");
set("detail",0.1);
Z =2 - dH;
importsurface2(Z,x,y);
importsurface2(z,x,y,0);
set("upper ref height",0);
set("lower ref height",-dL);
set("material","si0o2");
addtogroup("bottom");

# High Index

addimport;

set("name","hi index " + num2str(p+1));
set("render type","detailed");
set("detail",0.1);

Z =2 - dL;
importsurface2(Z,x,y);
importsurface2(z,x,y,0);
set("upper ref height",0);
set("lower ref height",-dH);
set("material","Ta205");
addtogroup("bottom");

}

# Add silicon substrate
addimport;

set("name","Si substrate");
set("render type","detailed");
set("detail",0.1);

Z =127 - dH;
importsurface2(z,x,y);
importsurface2(z,x,y,9);
set("upper ref height",0);
set("lower ref height",-1e-6);
set("material”,"Si (Silicon) - Palik");
addtogroup("substrate");

HHHHH

##H#H#H# Create upper structures and layers ####i#

addstructuregroup;
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set("name", "upper");

set("x",0); set("y",0); set("z",0);

x_res = 120;

y_res = 120;
x=linspace(-1.2*r_dome,1.2*r_dome,x_res);
y=linspace(-1.2*r_dome,1.2*r_dome,y_res);
= meshgridx(x,y);

meshgridy(x,y);

= sqrt(X"2+Y~2);

Bessel function models buckle geometry
= dA*(0.2871+0.7129*besselj(0, 3.8317*sqrt(X"2+Y~2)/r_dome));

N # 5 < X

# Zero area surrounding dome
for(gx=1:x_res)
{

for(qy=1:y_res)

{

if(sqrt(X(gx,qy)"2+Y(gx,qy)*2) > r_dome)
{

Z(gx,qy) = ©;

}

# Extra high index layer (N+1/2)
addimport;

set("name","hi index 1");
set("render type","detailed");
set("detail",0.1);
importsurface2(z,x,y);
importsurface2(z,x,y,9);
set("upper ref height",dH);
set("lower ref height",0);
set("material", "Ta205");
addtogroup("upper");

# Build layers
for(p=1:num_period)

{
# Low index
addimport;
set("name","lo index " + num2str(p));
set("render type","detailed");
set("detail",0.1);
Z =27 + dH;
importsurface2(Z,x,y);
importsurface2(z,x,y,0);
set("upper ref height",dL);
set("lower ref height",0);
set("material","si0o2");
addtogroup("upper");
# High Index
addimport;
set("name","hi index " + num2str(p+1));
set("render type","detailed");
set("detail",0.1);
Z =27+ dL;
importsurface2(Z,x,y);
importsurface2(z,x,y,0);
set("upper ref height",dH);
set("lower ref height",0);
set("material","Ta205");
addtogroup("upper");

}

##t#HH Perform meshing #it#iH#
mesh_dx = 100e-9;
mesh_dy = 100e-9;
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mesh_dz = period/10; # mesh periodically

# Mesh bottom mirror

addmesh;

set("name", "bottom");

set("set maximum mesh step",1);
set("override x mesh",1);
set("override y mesh",1);
set("override z mesh",1);
set("dx",mesh_dx);
set("dy",mesh_dy);
set("dz",mesh_dz);

set("based on a structure",1);
set("structure","bottom");

# Mesh top mirror

addmesh;

set("name", "upper");

set("set maximum mesh step",1);
set("override x mesh",1);
set("override y mesh",1);
set("override z mesh",1);
set("dx",mesh_dx);
set("dy",mesh_dy);
set("dz",mesh_dz);

set("based on a structure",1);
set("structure", "upper");

# Mesh cavity

addmesh;
set("name","cavity");
set("set maximum mesh step",1);
set("override x mesh",1);
set("override y mesh",1);
set("override z mesh",1);
set("dx",mesh_dx);
set("dy",mesh_dy);
set("dz",mesh_dz);
set("x",0);

set("x span",2*r_dome);
set("y",0);

set("y span",2*r_dome);
set("z",dA/2);

set("z span",dA);

H#####H FDTD #HH##H#
fdtd_x_span = 2*r_dome;
fdtd_y_span = 2*r_dome;
fdtd_z_span =24*period+dA;

addfdtd;

set("dimension",2); # 1 = 2D, 2 = 3D
set("x",0);

set("x span",fdtd_x_span);

set("y",0);

set("y span",fdtd_y_span);
set("z",2*(dH+dA)/4);

set("z span",fdtd_z_span);

set("y min bc","Symmetric");

set("x min bc","anti-Symmetric");
set("simulation time",6000e-14);
set("mesh accuracy",2);

set("pml profile",1);

set("auto shutoff min",1e-20);
set("index",1);

set("pml profile",1);

set("same settings on all boundaries",9);
# setting z min bc to "stabilized", and all other bc to

set("pml profile"”, [1,1,1,1,2,1]);
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###### Add dipole #it#if#

dz = dA/2;

adddipole;

set("x",0);

set("y",0);

set("z",dz);

set("theta",90);

set("wavelength start",lambdastart);
set("wavelength stop",lambdastop);

##H#HHH addtime point #if#it##
addtime;

set("name","time");

set("monitor type",1); # 1 = point
set("x",0);

set("y",0);

set("z",dz - 2*mesh_dz);

set("start time",200e-15);

###HH# addpower normal z #it##

addpower;

set("name","Z-normal");

set("monitor type",7); # 7 = 2D z-normal
set("x",0);

set("x span",2*r_dome);

set("y",8);

set("y span",2*r_dome);

set("z",dA + 1l*period);
setglobalmonitor("frequency points",lambdanum);
set("apodization",3); # 3 = start
set("apodization center",5e-12);
set("apodization time width",1le-12);
set("output power",0);

set("output Hx",0);

set("output Hy",0);

set("output Hz",0);

##H#HH# addpower normal x ###tit#
addpower;
set("name","x_normal_Powermonitor");
set("monitor type",5); # 5 = 2D x-normal
set("x",0.5%dA);

set("y",8);

set("y span",2*r_dome);

set("z",(dA)/2);

set("z span",21*period+dA);
setglobalmonitor("frequency points",lambdanum);
set("apodization",3); # 3 = start
set("apodization center",5e-12);
set("apodization time width",1le-12);
set("output power",0);

set("output Hx",0);

set("output Hy",0);

set("output Hz",0);

setglobalsource("wavelength start",lambdastart);
setglobalsource("wavelength stop",lambdastop);
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