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Abstract

Fluorescence enhancement of localized light sources is important for both funda-
mental science, e.g. for study of quantum emitters and strong coupling effects, and
for practical applications, e.g. for detection systems in genome sequencing or bio-
imaging. Traditionally, plasmonic nanostructures have been used for fluorescence
enhancement applications. Plasmonic nanoantennas demonstrate very strong field
confinement, but suffer from large dissipation losses. Plasmonic structures are
typically limited to electric resonances, which makes designing nanoantennas for
specific radiation patterns a very difficult task. Newer dielectric nanophotonic
structures nearly eliminate dissipative losses and have greater flexibility in reso-
nance tuning including both electric and magnetic resonances, but are unable to

match the field confinement of their plasmonic counterparts.

In this thesis I experimentally demonstrate two approaches to combining plasmonic
and dielectric nanostructures, harnessing the strengths of each to create a nanoan-
tenna capable of providing both high enhancement factors and high out-of-plane
directivity. One approach is based on coupling two standard plasmonic and dielec-
tric nanostructures and optimizing their interaction, while the second approach is

a proof-of-concept of a novel design of hybrid plasmonic-dielectric nanoantenna.

In the first approach I took two canonical antenna designs, a gold bowtie nanoan-
tenna and a silicon ring nanoantenna and developed techniques to optimize their
geometries to work as single efficient hybrid nanoantenna. Since the resulting struc-
ture geometry has many degrees of freedom, brute force scanning of parameters
was not a feasible way of achieving an optimal design, so more elaborate iterative
approaches were developed. Having achieved an optimal design, fabrication was
the next hurdle to overcome, because of the complexity of integrating several dis-
tinct nanostructures on the same substrate. After fabrication, expected antenna

performance was characterized by optical measurements.

In parallel, several techniques for the integration of my hybrid antenna with quan-

tum emitters were being explored, from simple spin coating of quantum dots, to

viil
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precise fabrication of single quantum emitters via FIB. Ultimately, the full process
of fabricating the hybrid nanoantenna and integration with quantum emitters was

experimentally demonstrated, though the overall complexity was deemed too high.

Therefore focus shifted to a different approach, using a concept that drastically
simplified the antenna fabrication process — replacing the gold bowtie nanoantenna
integrated into the hybrid structure by a gold mirror placed under the silicon
ring portion of the antenna. This also had the additional effect of simplifying the
integration of quantum emitters with the hybrid structure, giving me more freedom

to choose from all of the explored techniques.

Finally, the resulting silicon ring on gold mirror antenna structure was fabricated
and coupled to quantum dots positioned beneath the silicon ring, and the structures
high directional enhancement factor, as well as capabilities to tune the nanoan-

tenna’s directivity were demonstrated.
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Chapter 1

Introduction

1.1 Background

Fluorescence, or Photoluminescence is the emission of light by a substance after
absorbing some form of light [2]. Typically, the emitted light has lower photon en-
ergy, and thus longer wavelength than the absorbed, excitation light, though certain
non-linear effects allow for higher harmonic generation through the interaction of
multiple photons. A Jablonksi diagram demonstrating the excitation, followed by

non-radiative decay and light emission by a molecule is shown on Figure 1.1A.

Fluorescent molecules, fluorophores, are commonly used in life sciences as fluores-
cent markers that bind to studied molecules and are then detected by an imaging or
spectroscopic setup. The applications for such fluorescent markers are numerous —
DNA sequencing [3], glucose monitoring [4], tracking cell and protein interactions

[5] and more.

Fluorescent quantum dots have been used in Light-emitting diodes (LED) [7] and
fluorescent color defects in nanodiamonds have applications in quantum computing

and quantum communications [8, 9].

Fluorescent molecules, quantum dots, and other nanoscale, localized light sources
or quantum emitters tend to emit very weak signals, making their detection a
challenge. A schematic of a typical microscopy setup used from fluorescence spec-
troscopy or fluorescence imaging is shown on Figure 1.1B. In such a setup, a fluo-

rescent sample is excited by a laser and the fluorescence signal is collected by an

1
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FIGURE 1.1: A Energy diagram demonstrating the process of fluorescence. B
Schematic diagram showing a typical spectroscopy microscope setup. Repro-
duced with permission from [6]

excitation filter

objective lens and sent to a detector for analysis. Because of the limited collec-
tion angle of the objective lens, only light emitted into the collection angle can
be detected. To address this issue, one must first enhance the light emission from
the quantum emitters and second, direct the emission into the collection angle of

detection setup.

Nanostructures called optical nanoantennas are capable of addressing these chal-
lenges. These are resonant structures designed to enhance and shape light emission
[10, 11, 12, 13, 14, 15, 16].

The study of nanostructures for fluorescence enhancement of quantum emitters is
important from both a fundamental perspective, e.g. for the study of single quan-
tum emitters and their interactions [11, 13, 17], and from a very practical, applied
perspective, e.g. for fast and accurate biological sensing for medical applications

(17,18, 19, 20, 21, 22, 23], making sensing down to the single molecule level feasible.

A brief introduction to the topic of nanoantennas will be given in the first part of
the introduction, where I highlight the different approaches to nanoantenna design,

their pros and cons and their key differentiating factors.

Another important part in fluorescence enhancement of quantum emitters is the
positioning of the emitters close enough to the antenna structures to actually be
able to interact. Ideally, one would like to bring the emitters to those regions of

the nanoantennas where the enhancement is maximum, the so-called “hot spots”.
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This task, however, is highly complicated, as will be explained in the second part

of the introduction.

1.2 Nanoantennas

The size mismatch between single quantum emitters, which can go down to single
nanometers in size, and light, which is usually around several hundreds of nanome-
ters, makes interactions between the two difficult and inefficient [18, 24]. Optical
nanoantennas have proven to be essential to nanoscale light manipulation, includ-
ing, among others, highly directional light scattering and fluorescence enhancement
from localized light sources, both biological [25, 26, 27] and solid state [28, 29, 30].

Radiation a b
-

= Nanoantenna

| Waveguide
~ o
- V4 N

’l

FIGURE 1.2: Principal applications of nanoantennas (exemplified by a dipole).
Near field (a) or waveguide mode (b) transformation into freely propagating
optical radiation; (c, d) illustrate a reception regime. Figure reproduced with
permission from Ref. [31]

Classical antennas are used to transmit and receive radio-frequency electromag-
netic radiation and convert it to electric signals for further processing. Optical
antennas, similarly, are designed to interact with free propagating radiation and
convert it to localized, near-field electromagnetic radiation, at optical (UV, VIS,

IR) wavelengths (see Figure 1.2) [31, 32, 33].
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Optical nanoantennas can be described by their two main properties, Directivity
(D) and Radiation Efficiency (n:.q) [31, 33, 2]:

47
D = =" max(p(6,0) (L.1)
rad
Prad
ra = 5 1.2
Trad = rad + Ploss ( )

Proq = /27T /27T ) sin(#)dOd¢p (1.3)

Where P,.q and P are integral radiated and absorbed power, 6 and ¢ are spherical
angles and p(f, ¢) is the radiated power density in a given direction. These two
characteristics define a nanoantenna’s overall efficiency and its ability to focus

radiated power into a given angle.

A common use for optical nanoantennas is fluorescence enhancement of quantum
emitters. A quantum emitter in an excited state can spontaneously decay back
to its ground state (see Fig. 1.1A for and energy diagram showing the process)
the rate at which this happens, the spontaneous decay rate, is, according Fermi’s
golden rule proportional to the local density of states (LDOS) [2]. In the presence
of a nanoantenna, the LDOS is modified, and, in turn, affects the decay rate of the
quantum emitter. Thus, nanoantennas can be used to “engineer” the LDOS and

increase quantum emitter decay rate.

A figure of merit for fluorescence enhancement is the antenna’s Purcell factor, the
increase of spontaneous emission of a single quantum emitter in the presence of an

antenna relative to spontaneous emission of the emitter in free space, represented

s [2, 34, 35, 36]
3 /N Q
Fp_4_7r2<ﬁ) v (1.4)

where % is the resonant wavelength, ) is the quality factor of the mode excited in
the antenna and V' is the mode volume of the antenna. A mode’s ) factor inversely
proportional to the rate the modes loses energy, either through radiation or through
non-radiative dissipation. V', the mode volume, represents the spatial confinement

of the electromagnetic field of the mode. The @/V ratio is proportional to the
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LDOS, and thus a large part of nanoantenna design is trying to optimize Q/V [33,
37, 38, 39].

This can also be written in terms of decay rates [2]:

F,=-L (1.5)

Where 7 is the decay rate of the quantum emitter in the presence of the antenna and
7% is the decay rate of the emitter in free space. Decay rates of quantum emitters
can be directly measured by time-resolved fluorescence microscopy [40], allowing
one to directly measure an antenna’s Purcell factor. Since quantum emitters are
not perfect, an absorbed photon by an emitter will not always result in the emission
of another photon (called radiative decay), sometimes the emitter will relax into
its ground state through nonradiative means (hence, called nonradiative decay). A
measure of a quantum emitter’s quality is the ratio of emitted photons to absorbed

photons, called quantum efficiency (QE) or quantum yield (QY):

VYrad
Y= —"—— 1.6
Q Yrad + “Ynonrad ( )

The presence of an antenna can modify both radiative and nonradiative decay rates

of an emitter.

The Purcell factor is only part of the story when discussing fluorescence enhance-
ment by a nanoantenna — efficiently exciting the emitter and efficiently collecting
the resulting photons are two other important elements. The total fluorescence
enhancement provided by a nanoantenna coupled to quantum emitters, compared
to the quantum emitters in free space (denoted by the superscript “?”); can be
described by the following equation [14, 10, 41]:

Vexc Dem QY

EF = —
,ngC ng QYO

(1.7)

The first ratio represents the excitation enhancement of the quantum emitters,

and is proportional to the change in quantum emitter excitation efficiency in the
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presence of the nanoantenna. The second ratio represents the collection efficiency
enhancement, which corresponds to enhancement of the collected signal into a given
numerical aperture (NA). The last ratio represents the enhancement of the emitter

quantum yield (QY).

This total enhancement factor is directly measurable by comparing the fluorescence

intensity of free standing emitters to emitters coupled to the nanoantenna.

Nanoantennas can be classified into three main categories by the type of material

they are made from: plasmonic, dielectric and hybrid.

1.2.1 Plasmonic Nanoantennas

Plasmonic nanoantennas, which are an extension of traditional radio-frequency an-
tennas into infrared and optical wavelengths [42], were historically the first to be
developed. At optical frequencies, electromagnetic radiation is capable of pene-
trating into the the surface of a metal an exciting oscillations in the free-electron
gas. Typically, gold or silver are used as materials for plasmonic nanoantennas
because of their low absorption and good metallic properties [43], though many

other materials can also be used[44, 45].

(a) Scattering Cross Section o (b) Absorption Cross Section i (C)
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FIGURE 1.3: Optical properties of metallic (Ag) nanoparticles. a Normalized
total scattering cross section (Qsq¢) of the Ag nanoparticle. b Normalized ab-
sorption cross section (Qgps) of the Ag nanoparticle. ¢ Normalized scattering
spectra of the Ag nanoparticle of radius 30nm Insets: schematic diagrams rep-
resenting the fundamental modes of the metallic nanoparticle (electric dipole,
plasmonic mode) Figure reproduced with permission from Ref. [18]

These collective oscillations of free electrons or plasmonic resonances, have been
used to interact with light at the nanoscale [16, 27, 33, 18]. They have shown great

utility in light manipulation due to their ability to concentrate electromagnetic
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energy in extremely small regions, achieving great levels of field enhancement in
these, so-called, “hot spots” [24, 25]. They exhibit easily tunable behavior, by
changing their shape and size, of their electric resonances (see Fig. 1.3 and Fig. 1.4)
and are able to provide field enhancement coefficients in the order of hundreds [24,
46]. Because of such high field confinement, plasmonic nanoantennas with Purcell
factors in excess of 1000 have been demonstrated [10, 47, 12, 48].

This has led to their use in ultrafast emission in the picosecond range [10, 11, 12],
strong coupling [49, 50] surface-enhanced Raman scattering (SERS) [51, 19, 17],
optical interconnections [52, 53] and control of emission patterns [13, 14, 15], finding
applications in near-field microscopy [54, 55, 56|, biosensors [57, 58], photovoltaics
[59, 60], and photodetection [61].
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FIGURE 1.4: Examples of plasmonic nanoantenna structures A. Various nanoan-
tennas with gap sizes down to 10 nm, fabricated by focused ion beam milling.
e—g, Yagi-Uda antenna (e), gap nanoantennas (f) and plasmonic waveguide and
split-ring resonator (g), fabricated by electron-beam lithography and subsequent
lift-off. Figure reproduced with permission from [16]. B. Split-Ring Resonator.
Figure reproduced with permission from [62]

With the large local field enhancement being their main advantage, the flip side of
plasmonic nanoantennas is their inherent high losses, related to the finite conduc-
tivities of the metals at optical wavelengths, leading to high absorption of light (see
Fig. 1.3).This leads to plasmonic nanoantennas having relatively low efficiencies [18§]
and parasitic heating [63, 64], which can be a hindrance in certain applications [18].
This is especially important in fields related to biological sensing, where studied

objects are very sensitive to temperature changes and can easily be destroyed[64].
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Another limiting factor for plasmonic nanoantennas is the effect of quenching (see
Fig. 1.5) — where the fluorescence of emitters is inhibited when brought too close
to the nanoantenna because of the effect of non-radiative energy transfer [65].
This puts a lower limit on how close quantum emitters can be brought to the
nanoantenna, yet because of the high field confinement achieved by the antenna,
there is a upper limit on quantum emitter distance to the antenna without losing
coupling efficiency. Thus, plasmonic nanoantenna design is often a balancing act

between preventing quenching and maintaining coupling.

Another drawback of plasmonic nanoantennas is that they are limited to electrical
modes, unless fabricated with complex shapes, for example split-ring as resonators
(see Fig. 1.4)B [62].

This means that designing nanoantennas for specific directivity patterns usually
requires large complex composite antennas, like micron scaled bulls-eye antennas
(66, 67], multi-director Yagi-Uda antennas [13] or even large-scale metasurfaces [68,
69, 70]. Designing nanoscale, sub-wavelength, electrically small nanoantennas for

directivity is a non-trivial task.

0 0
I30 20 40 60 80 100 0 20 40 60 80 100
z (nm) z (nm)

FIGURE 1.5: Calculated quantum yield ¢, , excitation rate v, and fluorescence
rate Yem as a function of molecule-particle separation. ey and ey, are normal-
ized with their corresponding free-space values (z — inf). The solid curves are
the result of multiple multipole (MMP) calculations (max. error 2%) whereas
the dashed curves correspond to the dipole approximation which fails for short
distances z. In a the particle diameter is d = 80nm and in b it is indicated in
the figure. Excitation wavelength is A = 650nm and ¢ = —12.99 + ¢1.09(gold).
Figure reproduced with permission from [65]
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1.2.2 Dielectric Nanoantennas

In dielectric nanoantennas, based on high refractive index materials (typically semi-
conductors, most commonly silicon), the interaction with light excites resonant

polarization charges and displacement currents [18, 71, 72, 73].
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Radius, nm Wavelength, nm
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FIGURE 1.6: Optical properties of dielectric (Si) nanoparticles. a Normalized
total scattering cross section (Qsq) of the Si nanoparticle, depending on their
radius (R) and wavelength. b Normalized absorption cross section (Qgups) of
the Si nanoparticle, depending on their radius and wavelength. Normalized
scattering spectra of the Si nanoparticle (of radius 85nm) placed in air (€, = 1,
blue curves) and water ( e, = 1.77, red curves). Insets: schematic diagrams
representing the fundamental modes of the dielectric nanoparticle (magnetic
dipole, Mie mode). Figure reproduced with permission from Ref. [18]

These have inherently lower absorption losses, especially in the visible and in-
frared spectral ranges (see Fig. 1.6) and thus less heating than in their plasmonic
counterparts [63, 18], though dielectric antennas designed specifically for localized,
nanoscale heating have been reported [21, 20] (in contrast to [64], where dielectric
antennas are used to minimize heating). This is one of the main advantages of
this type of antenna. Another important advantage is the rich phenomenology
of optical modes they can support. Even single dielectric nanoparticles of simple
shapes support the excitation of both electric-like and magnetic-like modes [74, 71]
(see Figure 1.6 and Figure 1.7 for modes supported by silicon nanospheres), whose

mutual interference can lead to strong directionality [75, 76, 77, 78].

One more advantage of dielectric nanoantennas is that they, unlike plasmonic
nanoantennas, can be manufactured using conventional, mature, nanofabrication
processes, e.g. complementary metal-oxide—semiconductor (CMOS) processes for
silicon nanoantennas antennas, while common plasmonic materials gold and silver

are not CMOS-compatible materials [73, 72].
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The main disadvantage of dielectric nanoantennas is that the achievable field en-
hancement and confinement is highly dependent on the contrast of refractive indices
of the antenna and the surrounding medium, almost invariably resulting in lower
enhancement factors than for plasmonic antennas [18], with the best nanoantennas
demonstrating Purcell factors less than 50 [79]. The most commonly used material
for dielectric nanoantennas, Silicon has a refractive index of n & 3.5 in the trans-
parent near-IR region, another material, Gallium phosphide, with a transparent
region extending further into the visible range, has a similar refractive index in the
visible range. Germanium has a higher refractive index of n = 4 in its transparent
region in the mid-IR. Other optically transparent materials like Silicon nitride or
Gallium nitride have refractive indices of n g 2.5 [80, 81, 82, 83].
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FIGURE 1.7: Close-view dark-field microscope (i) and SEM (ii) images of single
nanoparticles. Figures 3 (a) to (c) correspond to nanoparticles of increasing
diameter. (iii) Experimental dark-field scattering spectra of the nanoparticles.
(iv) Theoretical scattering and extinction spectra calculated by Mie theory for
spherical silicon nanoparticles of different sizes in free space. Corresponding
nanoparticle sizes are defined from the SEM images (ii) and noted in each figure.
Figure reproduced with permission from [74]

Figure 1.8 demonstrates the differences between plasmonic and dielectric nanoan-
tennas: Fig. 1.8a and Fig. 1.8b show the interaction of a silicon dimer with a dipole,
representing a localized source, in the two principal orientations, while Fig. 1.8c
and Fig. 1.8d show the same dipole interacting with an equivalent gold dimer. We

can see that the silicon dimer gets a significant response in both orientations of
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the dipole, owing to the greater diversity of supported resonances, most notably
the magnetic dipole resonance in each of the silicon particles, while the gold dimer
only gets a significant response in one orientation. In that orientation, however,
the gold dimer gets almost an order of magnitude stronger response than its silicon
counterpart, for small gaps between the particles, owing to higher field enhance-
ment and confinement. When the gap is increased, this difference decreases, and

both nanoantennas can provide similar levels of enhancement.

Fig. 1.8e,f,g compare the thermal response of a silicon and gold dimer. It can be
clearly seen that, because of the higher absorption of gold, the gold dimer exhibits
massively larger heating, especially at higher energy densities of the exciting laser.
This can be a limiting factor when working with biological objects that are sensitive

to temperature changes|[64].
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FIGURE 1.8: Comparison of the emission properties and temperature increase
between Au and Si nanoantennas. Enhancement of the radiative decay rate and
quantum efficiency of an electric dipolar emitter positioned in between two a,b Si
and c¢,d Au nanospheres of 150nm radius. Orientations of emitters positioned at
the centers of the systems are shown in the schematics. Gap widths are given in
the legends. e—g Temperature measurements over Au and Si nanoantennas. Box
plot shows the average temperature T, measured for e Si and f Au nanoantennas,
excited at the resonance. The inset in each figure shows the calculated tempera-
ture map around the disks for the heating laser intensity of 5 mW pgm™2 in both
cases; scale bars are 100 nm. g Extracted temperature in the gap for selected
silicon (cyan) and gold (magenta) nanoantennas as a function of the heating
laser intensity at 860nm. The dashed lines show the numerical calculations for
the temperature at the gap, presenting good agreement with the experimental
data. Error bars show the standard deviation of the temperature measurements,
obtained from error propagation from the fluorescence measurements. (a—d) re-
produced with permission from [84]; (e-g) reproduced with permission from [64]
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1.2.3 Hybrid Nanoantennas

These differing sets of advantages and drawbacks of the two different classes of
nanoantennas have led to attempts at making hybrid plasmonic-dielectric nanoan-
tennas that try to capitalize on the high field enhancement and confinement of
plasmonic structures and low losses and greater flexibility of dielectric structures

in a single operating device [85].

AL,O; (Substrate)
(a)

FiGURE 1.9: Examples of proposed and fabricated hybrid nanoantenna struc-
turesA. Silicon disk and gold ring antenna. Figure reproduced with permission
from [86] B. Hybrid Yagi-Uda antenna. Figure reproduced with permission
from [87] C. Dielectric particle on gold mirror antenna. Figure reproduced with

permission from [8§]

By combining plasmonic and dielectric elements in one structure one can get a
wider array of different types of plasmonic and Mie-type resonances to manipulate
light [85]. The interaction of these different type of resonances has been used
to create nanoantennas for directional emission enhancement [89], switching and
routing of light [90], unidirectional scattering [91] and higher harmonic generation
[92].

Many of hybrid nanoantenna designs have been proposed [93] and fabricated, from
simple dimer structures [86, 94, 95|, to complex hybrid Yagi-Uda antennas [87]
(see Fig. 1.9 for examples), but few works have demonstrated successful coupling of
localized emitters to hybrid nanoantennas demonstrating directional enhancement.
To the best of my knowledge, only in [96, 97], are localized quantum emitters
coupled to micron-scaled hybrid bullseye nanoantennas [96, 97, 67, 66, 98, 99, 28]

to demonstrate antenna directivity.

Hybrid nanoantennas often utilize a plasmonic structure to provide fluorescence
enhancement and then couple the resulting emission to a dielectric structure for
directivity tuning. A good example of this approach was shown in [87], where a
gold bowtie nanoantenna provided fluorescence, which was then steered by a silicon

Yagi-Uda antenna. The main appeal of this kind of approach is its simplicity —
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known structures with known properties can be put together like Lego blocks to

construct an antenna with desired properties.

An alternative approach would be to use the fundamental modes of plasmonic
and dielectric nanostructures to create hybrid modes from the aggregate hybrid
nanostructure that have the desired properties. An example of such an approach
would be the theoretical exploration of different combinations of dielectric and

plasmonic nanoparticles to create different directivity patterns done in [94].
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1.2.4 Antenna Design

Up until the last couple of years, optical nanoantenna design processes have been
been stuck using a few building blocks — spheres, cylinders, rings, bowties and
SRRs, intuitive designs and parameter sweeps to create and optimize nanoantennas

for specific purposes.

Radiofrequency antenna design has been using a huge variety of design algorithms
for decades — from simple iterative algorithms to compensate for structural defor-
mation [100], fractal antenna design [101, 102], iterative Fourier transform [103] to

evolutionary algorithms [104].

The lagging of optical antenna design algorithms behind their radio-frequency coun-
terparts can potentially be explained by the abundance of resonances supported
by commonly used nanoantenna building blocks, meaning that for simple optical
devices, there was no need for complex antenna designs and therefore, no need for

complex optimization algorithms.

With the advent of optical metasurfaces and attempts at achieving complex beam
deflection, beam forming, polarization conversions, etc [105], required performance
of single nanoantenna components became more and more important. Paired with
the development of the field of machine learning, a myriad of works using some
form of machine learning algorithm either to directly solve the inverse problem
of metasurface response or to solve the forward problem of arbitrary metasurface

response coupled to some form of evolutionary optimization algorithm have been
published [106, 107, 108, 109, 110, 111, 112, 113, 114].

Several works detailing novel design techniques for single nanoantennas have also
been proposed — either machine learning algorithms solving for arbitrary plas-
monic [115, 116, 117] or dielectric [117, 118, 119] geometries, or using a physics-first
approach, tuning the local density of states of the antenna [120].
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1.3 Quantum Emitter Manipulation

For efficient interaction between nanoantennas and localized light sources, one
needs to bring the localized light source to the hot spot of the antenna. Such
precise nanoscale manipulation of objects is a complicated task, with several dif-

ferent techniques developed.

Apart from randomly distributing emitters over the surface of the substrate and
hoping to have emitters located close enough to the antenna to interact with it,
quantum emitter localization techniques can be loosely grouped into three cate-

gories:

e Precisely determining the location of preexisting emitters and then fabricat-

ing the antenna at that location [121].
e Physically moving emitters to the desired location [122, 123]

e Fabricating emitters at the desired location [124, 125]

Choice of optimal technique is highly dependent on the requirements of the de-

sign — what is the operating environment, what are the planned emitters, etc.

1.3.1 Non-localized Emitters

Before getting into describing methods for quantum emitter localization, use of
non-localized emitters to demonstrate the functioning of nanoantennas should be
mentioned. This is the simplest way of characterizing nanoantenna functionality —
taking a substrate with the target nanoantennas and covering the whole substrate
uniformly with quantum emitters, often with a fluorescent dye [79, 126]. This
simple method allows one to couple quantum emitters to nanoantennas without
any complicated manipulation, but provides virtually no control over how many
emitters are coupled to the antenna or how they are distributed at the nanoscale
on the antenna. Figure 1.10 shows two examples of such an emitter distribution —
a monolayer of quantum dots spin-coated onto a substrate or a monolayer CVD-

grown WS, triangles transferred to a target gold-coated substrate.
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FiGURE 1.10: A. SEM image of a monolayer of spin-coated colloidal quantum
dots. B. Optical image of a monolayer WSs triangles after transfer.

A more recent development of this technique came with the active study of 2D ma-
terials with intrinsic fluorescence, where nanoantennas are deposited or fabricated
on top of monolayer flakes of 2D materials like WSy or MoS, [127, 128, 129, 130,
131]. An interesting extension of this was shown in [132], where plasma etching
after depositing nanoparticles on the MoS, flake was done, etching away the un-
covered portion of the flake, effectively localizing the emitting material below the

nanoparticle.

1.3.2 Preexisting emitter localization

If one has preexisting emitters on the target substrate, commonly these will be
epitaxially grown quantum dots, measuring their position could allow further fab-
rication processes to align nanoantennas to the emitters. Many ways for doing this

have been demonstrated [121].

The techniques usually go one of two routes. They can try to locate the emitters
physically, by locating deformations in the surface of the samples caused by the
presence of these quantum dots, as shown in Figure 1.11 [133]. This can be done
using AFM, which is very precise and can easily detect single-nanometer sized bump
on the surface created by the presence of QDs, but as with any scanning probe
microscopy method, is very time consuming, or using SEM, which is a much faster

imaging method, but will struggle to differentiate such small bumps in an otherwise
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FIGURE 1.11: (a) Schematic of the QD wafer structure (not to scale). The wafer
contains InAs QDs capped with a 55 nm-thick GaAs layer. (b) AFM image of
the surface of the as-grown wafer. The typical height of the bumps is |2 nm.
Capture time of the AFM image is 5 min. (c) SEM image of the same wafer as
that in (b), obtained with an acceleration voltage of 1.0 kV. Surface bumps are
originated from QDs underneath. Image capture time was a relatively long 80 s
for a better signal to noise ratio.

Figure reproduced with permission from [133].

monolithic surface. A second approach would be to image the photoluminescence
of the emitters and use that for positioning, as was done in [134] or [135], see
Figure 1.12.
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FIGURE 1.12: (a) Schematic view of cross- marks and reference points made on
the GaAs wafer. The cross-marks have arms of length 31 mm, and the reference
point diameter is 800 nm. (b) Schematic view of the 1-PL setup used to detect
the positions and wavelengths of QDs. An 830-nm continuous wave laser was
used for excitation. (c) PL image of the QDs and positioning markers. The scale
is the same as in (a).

Figure reproduced with permission from [134]
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1.3.3 Physical Emitter Manipulation

Physically manipulating an emitter is also a relatively common technique, where
micromanipulators or AFM probes are used to either push around or pick-and-place

nanoparticles. Examples are shown on Figure. 1.13a and 1.13b [136, 137].
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sandwiched reference
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FIGURE 1.13: A. Series of manipulation steps. 3D AFM images of the sand-
wiched Fluorescent spheres (FS) are displayed above each fluorescence image.
In the fluorescence images, the luminescent spot on the right belongs to the ref-
erence FS, and the luminescent spot on the left belongs to the approached and
sandwiched FS. The left column in the figure shows in top-to-bottom sequence
the approach of a first AuNP toward the FS from the right; the right column
shows the same FS as a second AuNP is brought toward the FS from the left
such that two AuNPs sandwich the FS. When the sandwich is fully formed (in
the last manipulation step), the fluorescence of the F'S is substantially enhanced
as compared to the reference FS. Figure reproduced with permission from [136]
B. (a) Tip of a nanomanipulator is placed near a nanoparticles. (b) Nanoparticle
attached to the nanomanipulator is being placed to a Si cantilever, under SEM.
Figure reproduced with permission from [137]

Using AFM probes to push particles around is usually done for relatively large
particles, tens of nanometers in size, which mostly excludes emitters, as common

quantum emitters like quantum dots and nanodiamonds are in the single nanometer
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size range. Most often, relatively large nanoparticles are manipulated to come into
contact with the smaller quantum emitters as was done in [138], [139] or [136] (see
Figure 1.13a), although direct manipulation of quantum dots, coated in a polymer

to increase their size, has also been demonstrated in [140].

Pick-and-place techniques are more common when trying to manipulate quantum
emitters themselves. They usually consist of a AFM tip or a micromanipulator in
a SEM that is put into contact with the object being manipulated, and hoping for
either electrostatic or Van der Waals forces to get the particle to stick to the tip
(141, 142, 122, 123]. Once the particle has been moved to the target location, the
same procedure is repeated until the particle detaches from the manipulator and

sticks to the target surface.

1.3.4 Deterministic Emitter Fabrication

Another method for localizing quantum emitters would be to deterministically
fabricate them at the desired location. Several methods to do this have been

proposed.

For epitaxially grown quantum dots, many ways of seeding nucleation have been
demonstrated — from creating defects in the substrate to nanopatterning the sub-

strate for selective epitaxial growth [143, 144, 145].

For colloidal quantum dots, a method for directly writing structures out of a spin-
coated layer of quantum dots using either EUV light or e-Beam exposure has been
recently demonstrated [125], fabricating quantum dot cylinders with sizes down to

65nm in diameter (see Figure 1.14).

A similar approach can be realized with Hydrogen silsesquioxane, HSQ, a common
EBL resist. HSQ is known to form emitting silicon nanocrystals after thermal
annealing [146] or e-beam exposure [147], with emission properties suitable for use

with optical nanoantennas [148, 149].

Recent research into 2D materials, namely hexagonal boron nitride, hBN, has
shown that hBN can support single photon emitting (SPE) defects [150, 151, 152,
151, 153, 154, 155, 156]. Emitting defects can be induced by thermal annealing, or
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a variety of plasma treatments. These defects have also been successfully coupled

to plasmonic nanoantennas [157].

More recently, it has been shown that SPE-supporting defects can be deterministi-
cally induced by focused ion beam (FIB) milling [124] (see Figure 1.15) or e-Beam
irradiation [158].

Another method that could potentially be utilized to localize quantum emitters is
based on photopolymerization. Photopolymerization is a group of techniques where
high intensity light is used to cure a, usually, liquid precursor via a photochemical
reaction [159]. The simplest techniques use UV light, but they struggle to achieve
submicron cured volumes. 2-photon polymerization non-linear effect that uses NIR
and has been shown to achieve cured volumes below 100nm in size [160, 161, 162,
163]. To achieve the non-linear regime required for 2-photon polymerization highly
focused pulses are required. An alternative way of achieving the required intensity,
or field concentration, is to utilize nanoantennas that can provide the required field

concentrations, as was done in Ref. [164], and is shown on Figure. 1.16.

Because, in this case, the effect only occurs in the hot spot of the nanoantenna,
in theory, if one were to embed quantum emitters into the precursor, the poly-
merization process would fix the emitters exactly in the hot spot of the antenna.
The difficulties arising here are the compatibility of the emitters with the precursor
used for 2-photon polymerization and the potential deterioration of the emitters

under the high field concentrations required for the photochemical reaction.
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FIGURE 1.14: a. Direct quantum dot patterning with different irradiation
sources. Colloidal quantum dots are spin coated onto silicon substrates to form
thin films. After irradiation with photons or electrons with different energies,
the particles cluster together through cross-linking of their organic shells. Af-
ter submersion in an apolar developer, the irradiated structures remain on the
substrates, while non-irradiated quantum dots dissolve. Images b-h are SEM
images. b. Large field of patterned PbS pillars (180 nm diameter, 400 nm
pitch) after EUV-exposure (140 mJ cm~2) and development. Very few defects
are present. c. Close up of patterned PbS pillars. d. Large-scale field of EUV-
patterned CdSe lines. Exposure dose (55 mJ cm~2). e. Close up of CdSe lines.
The individual quantum dots can easily be identified. f. Larger, circular struc-
ture of CdSe QDs written with e-beam lithography (100 uC cm~2). g.) Thin
(=100 nm) lines of CdSe written with e-beam (100 4C cm~2). h. Pillars of CdSe
quantum dots with a diameter around 65nm written with 1004C cm™2 e-beam
dose.

Reproduced with permission from [125]
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FicUrRE 1.15: Confocal, AFM, and representative photoluminescence spectra
for QEs made with various FIB parameters. Top row (Region 1): Low dose,
low energy. Bottom row (Region 2): High dose, high energy. (a) Confocal scan
showing high QE visibility. (b) AFM image showing rough, nonuniform milling.
(c) Representative photoluminescence spectrum showing a single emission line
with a broad background. (d) Confocal scan showing high QE visibility. (e)
AFM scan showing uniform milling and smooth sidewalls. (f) Representative
photoluminescence spectrum showing a QE spectrum with low background.
Reproduced with permission from [124].
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FIGUure 1.16: (a) SEM image of a pair of gold nanoblocks measuring 100 x
100 x 40 nm® and separated by a 5.6nm wide nanogap before irradiation by an
attenuated femtosecond laser beam. (b) SEM image of other nanoblock pairs
after 0.01s exposure to the laser beam polarized linearly along the long axis of
the pair. (c¢) SEM image of another pair after 100s exposure to the laser beam
polarized in the perpendicular direction. (d and e) Theoretically calculated
near-field patterns at selected planes for the excitation conditions of the samples
shown in (b) and (c), respectively. In (d), the field pattern is shown on the
x-y plane bisecting the nanoblocks at half of their height (i.e., 20nm above the
substrate), and in (e), the field is calculated on the plane coincident with the line
c-¢ shown in (d). The field intensity is normalized to that of the incident wave
and therefore represents the intensity enhancement factor. Figure reproduced
with permission from [164]
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1.4 Thesis Goals

Despite there being many published works on hybrid nanoantennas, actual experi-
mental demonstrations of functioning nanoantennas coupled to quantum emitters
are few and far between. This is probably related to the complexity of both fab-
ricating hybrid nanoantennas and of localising quantum emitters, not to mention
doing both at the same time. Also, there is virtually no published work on the
design and optimization of hybrid nanoantenna structures, as most published work

focuses on either dielectric or plasmonic structures.

The goal of this project is to do just that — design, fabricate and characterize a
hybrid nanoantenna structure coupled to quantum emitters. This means designing
and optimizing a hybrid nanoantenna structure; solving all potential fabrication
issues that may arise and fabricating the designed structure; designing a protocol
for localizing emitters in the nanoantenna hot spot and coupling the emitters to
the fabricated antenna; and finally characterizing the nanoantenna, demonstrating

out-of-plane directivity and fluorescence enhancement.

Thus, the thesis can be split into several main parts:

e Chapter 2, where I describe the development of antenna design and optimiza-
tion techniques and algorithms, taking into account limitations of fabrication
processes on the example of a Silicon Ring and Gold Dimer nanoantenna

structure

e Chapter 3, where I describe development of quantum emitter localization
protocols applicable to concrete antenna designs, e.g. the Ring and Dimer

structure from Chapter 2 or a Particle-on-Mirror structure

e Chapter 4, where I combine the developed methods from Chapter 2 and
Chapter 3 to produce a functioning nanoantenna coupled to quantum dots

for high directional enhancement.
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1.5 Major Contributions

The main contribution of my thesis is the experimental demonstration of a hybrid
nanoantenna coupled to localized quantum emitters achieving over 650 x directional
enhancement and over 50x Purcell factor. This, to the best of my knowledge, is the
first experimental demonstration of the dielectric particle-on-mirror nanoantenna
concept demonstrating fluorescence enhancement and directivity tuning of localized

quantum emitters.

Secondary contributions include:

e the development and demonstration of applicability of several techniques for

the optimization of complex hybrid nanoantenna structures:
— gradient descent optimization for systems with few degrees of freedom
— genetic algorithm optimization for systems with many degrees of free-

dom

e the development of several techniques for the localization of quantum emit-

ters:

— printing of colloidal quantum dots using an AFM tip with a microfluidics

channel,
— namely direct writing of emitting defects in HSQ resist by EBL,

— self-localization of quantum dots from a self-assembled layer via plasma

etching

e the optimization of fabrication processes for the fabrication of complex hybrid
nanoantennas structures based on electron beam lithography (EBL) with

multiple mask alignment;

e the optimization of fabrication processes for the fabrication of hybrid particle-
on-mirror nanoantennas structures with simultaneous quantum emitter local-

ization using EBL without the need for mask alignment;






Chapter 2

Silicon Ring and (Gold Dimer

Nanoantenna

Most modern optical nanoantenna designs are based on a few building blocks,
usually analytically solvable, or at least well-studied shapes, i.e. spheres, cylin-
ders [2, 165, 166]. These building blocks are then put together into intuitively
understood designs, that are then numerically simulated using methods like the
Finite-Difference Time-Domain (FDTD) simulations [167, 168, 169], scanning over
all the design parameters of the system, hoping to achieve the desired optimal

result.

This works for simple systems, but adding more moving parts to the design makes

such parametric sweeps overly time-consuming and difficult to implement.

An example of such a seemingly simple system would be a silicon ring and gold
bowtie design. Gold bowtie nanoantennas have proven to provide high, sub-
wavelength, localized field enhancement and have demonstrated very efficient lo-
calized fluorescence enhancement [16, 170, 171, 172]. Silicon rings, on the other
hand, have been shown to have highly tunable radiation patterns with good out-
of-plane directivity [173, 174, 175, 176]. Thus combining the two is intuitive to use
the advantages of high field enhancement and high directivity.

Both structures on their own are relatively simple and well-studied, but the total
system, a gold bowtie located inside a silicon ring has enough degrees of free-

dom in its design that makes it difficult to optimize with brute force parameter

29
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sweeps. This is exacerbated by the fact that the simulations for this hybrid antenna
structures involve nanoscale plasmonic elements, which generate highly localized
electromagnetic fields, meaning that to ensure the accuracy of the FDTD simu-
lations, very accurate grids are required, making the simulations very time and

memory intensive.

Optimizing such a structure using a brute force parameter sweep would be very in-
efficient and take an extremely long time, so I needed to explore more sophisticated
optimization techniques, which would decrease the number of required simulations

to converge on the optimal solution.

Two different, highly developed optimization methods were used — an implemen-
tation of the steepest descent method[177, 178, 179, 180, 181, 182], and a genetic
optimization algorithm[183, 184, 185, 186]. The steepest descent method allowed
for very simple antenna designs to be quickly optimized, at the risk of getting stuck
in local maxima, which is increasingly harder to detect for a large number of tun-
able parameters in the optimization. Therefore, the steepest descent method was
limited to only 2 tunable parameters, providing enough flexibility to optimize the
antenna geometry, but still simple enough to check for local maxima. Genetic op-
timization, a more stable method, was used for more complex optimizations, with
more tunable parameters. Details on the optimization algorithms and numerical

simulations are provided in Section 2.8.1.

As mentioned in Chapter 1 Section 1.2, nanoantennas’ two main properties, radia-
tion efficiency and directivity define their performance. Optimizing for maximum
radiation efficiency will not necessarily produce optimal directivity, and vice versa.
Therefore, a slightly more complex figure-of-merit was necessary for my optimiza-
tion algorithms. In my simulations, I excited the nanoantennas structure by a
single dipole and collected the radiated power, projected onto a sphere. Normaliz-
ing by the power radiated by a single dipole without the nanoantenna, I would get
the radiative enhancement. By choosing which portion of the sphere I would inte-
grate over, I could get directional enhancement into that solid angle. Therefore, for
my optimization, the chosen figure-of-merit was directional enhancement into an
out-of-plane solid angle approximating the collection angle of a 0.9 NA objective
lens. Schematic showing this configuration is shown on Figure 2.1. This should
provide both optimal enhancement and optimal directivity. More details on the

enhancement simulations can be found in Section 2.8.1.1.
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8y

8y

FI1GURE 2.1: Schematic of nanoantenna simulation. Antenna is in the center
of the schematic, surround by a dotted line representing box of field monitors,
capturing near-field radiation. Dashed circle represents sphere onto wish the
far-field radiation is projected. Thick line on the the circle shows the solid angle
covering a 0.9 NA collection angle.

2.1 Ring and 4-arm Bowtie

2.1.1 Bowtie optimization

The initial design involved a 4-arm gold bowtie surrounded by a silicon ring. The
reason to choose a 4-arm bowtie was to provide polarization-independent fluores-
cence enhancement, while the ring was to shape the directivity pattern of the whole
antenna to provide out-of-plane directivity. Since the first goal was to demonstrate
the viability of the design, the intrinsic photoluminescence of the gold bowtie [187]
was used as the enhanced and shaped fluorescence. A similar approach has been
demonstrated in [87], where the intrinsic photoluminescence of a gold bowtie was

used to drive a hybrid Yagi-Uda antenna to demonstrate in-plane directivity.

Therefore, the first task to optimize the bowtie to have its main resonance at the

wavelength of the intrinsic fluorescence of gold, which is around 650nm.

For the optimization, the three parameters that could be tuned were h, the height
of the bowtie, g, the gap between the arms and r, the size parameter, which, for the
isosceles triangles that make up the antenna corresponds to the base and height of
triangles that form the arms of the antenna. Initial simulations were done assuming

a surrounding medium with refractive index n = 1.
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FIGURE 2.2: a., Top view of the 4-arm bowtie antenna design, with r denoting
the base and height of the isosceles triangles forming the antenna and g — the gap
between the triangles, b., 4-arm bowtie nanoantenna enhancement simulations;
Optimization was done for emission at 650nm. c¢. SEM images of the fabricated
gold triangle bowties. Scale bar is 100nm. Full fabricated bowtie with all 4
arms. Design specifications were size r = 65nm, gap g = 30nm and height
h = 40nm d. Schematic of field enhancement simulation. e. Maximum field
enhancement dependant on wavelength provided by the bowtie nanoantenna. f.
Field enhancement map at resonant wavelength.

The choice of bowtie design was base on previous work from [87]. Bowtie structures
have been widely studied, [188, 189, 190, 191, 192, 170, 193, 194, 195, 196, 189]
showing that both the geometry of the triangles and the gap size affect the reso-
nant response of the bowtie, but the triangle geometry predominantly affects the

resonance position, while the gap size mainly determines strength of the response.

The schematic of the antenna is shown in Fig. 2.2a. Since the gap of the an-
tenna mostly affects the level of enhancement that the bowtie provides, the two
parameters chosen for the gradient descent optimization were height A and size r,
while the gap was fixed at 20nm, a realistic gap that could be reliably fabricated.
The permittivity model for the gold was chosen to fit the experimental data from

Ref. [197]. In the far-field simulations, the bowtie was excited by a single point



Chapter 2. Si Ring Au Dimer 33

dipole to simulate excitation by a single quantum emitter, and the intensity of the

emitted field was used as the main figure of merit in the optimization.

Supporting simulations of the field enhancement provided by the bowtie nanoan-
tenna are shown in Fig. 2.2e and f. The simulations were carried out by exciting the
the bowtie structure with a normal-incidence plane wave, and measuring the field
enhancement provided by the bowtie in the bowtie plane, at mid-height. These
simulations show that the highest field enhancement provided by the bowtie is
achieved at the same spectral position as the highest far-field emission enhance-

ment, and that the highest field concentration is located in the bowtie gap.

Problems arose during the optimization process — shifting the main resonance to
wavelengths shorter than 770nm was difficult within the constraint of designs that
could be feasibly fabricated. Electron beam lithography (EBL), which was used
for all the fabrication processes is generally limited to structures larger than 10nm
in size, and reliably fabricating gaps below 20nm was an issue for the full hybrid
structure, as will be shown in Section 2.1.3. Another constraint was that depositing

gold layers thinner than about 20nm was not a stable process.

Only a higher order, secondary resonance could be moved to close to the target
wavelength. The closest to optimal design ended up with a size s = 65nm, height
h = 40nm and gap g = 20nm. The antenna’s wavelength dependent enhancement

is shown in Fig. 2.2b.

2.1.2 Ring Optimization

Despite having only a sub-optimal bowtie antenna, it was decided to try and op-
timize the silicon ring to facilitate out-of-plane emission. Using the same gra-
dient descent method, the ring was described by 3 parameters: inner radius,
r; = 100nm, outer radius r, and height h, with the latter two used for optimization
(see Fig. 2.3a). The bowtie from the previous step was included into the simulation,
so that any interaction between the bowtie and the ring would be accounted for.
Simulations of the field enhancement provided by the ring and bowtie nanoantenna
are shown in Fig. 2.3e and f, showing that at the main resonance of the bowtie
antenna, there is very little field enhancement related to the ring structure, and the

field enhancement in the gap of the bowtie nanoantenna is virtually unchanged.
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Ring and Full Bowtie Layout
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FIGURE 2.3: a. Top view of the design for the ring and 4-arm bowtie. r; and r,
denote the inner and outer radii of the silicon ring. Bowtie parameters are taken
from Fig. 2.2 b. Simulated directivity of ring and bowtie antenna embedded in
medium with n = 1.46, c. Fabricated bowtie with all 4 arms surrounded by a
ring. Presence of the ring caused the bowtie to be over-exposed and merge into a
connected cross., d. Schematic of ring and 4-arm bowtie field enhancement sim-
ulation. e. Maximum field enhancement dependant on wavelength provided by
the ring and 4-arm bowtie nanoantenna. f. Field enhancement map at resonant
wavelength of 4-arm bowtie. g. Schematic of ring and connected 4-arm bowtie
field enhancement simulation. h. Maximum field enhancement dependant on
wavelength provided by the ring and connected 4-arm bowtie nanoantenna. i.
Field enhancement map at resonant wavelength of connected 4-arm bowtie.

This resulted in an antenna that, predictably, didn’t operate optimally at the
desired wavelength of A = 650nm, as can be seen in Fig. 2.3b. The directivity
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pattern of the whole structure, though, was close to what I was aiming for, as
shown in Fig. 2.4. Since this was deemed to be the optimal result that could be
achieved with the current bowtie antenna, it was decided to fabricate the design

to test the fabrication pipeline.

Directivity Directivity
90° 90°

180° 180°

(a) (B)

FIGURE 2.4: a. Simulated directivity of 4-arm bowtie. b. Simulated directivity
of ring and 4-arm bowtie.

2.1.3 Ring and bowtie fabrication

Fabrication of all the structures was done using electron beam lithography (EBL)
for mask writing. Silicon structures were fabricated using chemical vapour depo-
sition (CVD) of amorphous silicon, followed by reactive ion etching (RIE) to pro-
duce the final structure. Gold structures were fabricated by electron-beam physical
vapour deposition of gold and mask lift-off to produce the final structure. Since the
Ring and Bowtie structure need to be aligned with each other, alignment markers
were first fabricated on the sample to align both the ring and bowtie structures.

A detailed description of all the fabrication methods is given in Section 2.8.2.

Fabricating the stand-alone 4-arm bowtie antenna (see Fig. 2.2¢) and, separately,
the silicon rings was not much of an issue. Unfortunately, attempts to combine
the two structures consistently resulted in the bowtie being overexposed — turning

into a cross structure, as shown in the SEM image in Fig. 2.3c.
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The most likely explanation is that since the bowtie fabrication process was carried
out after the silicon ring was fabricated, meaning that the bowties were fabricated
inside existing rings, proximity effects of the existing silicon ring were causing the
resist to be overexposed [198, 199]. A simple mechanism could be constrained
charge draining in the ring region because of the complex topography, or uneven
distribution of the charge draining E-Spacer layer could have ended up unevenly
spread over the ring structures, decreasing charge draining efficiency. More com-
plex effects including electron scattering on the ring could also be affecting the

fabrication process.

Such a connected cross structure no longer functions as the original bowtie — the
original bowtie resonance is strongly quenched and a new resonance appears at
much longer wavelengths, as can be seen comparing Figure 2.3E and H and for the
stand-alone plasmonic structure in Figure 2.5. This quenching of the resonance
has been demonstrated experimentally in [170], where bowtie nanoantennas were
shown to stop emitting once the gap between the lobes closed. Thus if I were to try
and use the cross structure, I would need to redo the whole optimization process for

a completely new structure with, potentially, much worse operating characteristics.
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FIGURE 2.5: d. Schematic of 4-arm bowtie field enhancement simulation. e.
Maximum field enhancement dependant on wavelength provided by the 4-arm
bowtie nanoantenna. f. Field enhancement map at resonant wavelength of
4-arm bowtie. g. Schematic of connected 4-arm bowtie field enhancement sim-
ulation. h. Maximum field enhancement dependant on wavelength provided by
the connected 4-arm bowtie nanoantenna. i. Field enhancement map at reso-
nant wavelength of the 4-arm bowtie.
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2.2 Ring and 2-arm Bowtie

To decrease the total required dose, I removed two of the arms of the bowtie(see
Fig. 2.6a), and redid the whole optimization procedure. This still did not achieve
the required resonance positions as can be seen in Fig. 2.6b. The radiation pat-
tern of the antenna, remained virtually unchanged, as can be seen in Fig. 2.8.
Supporting simulations of the field enhancement provided by the 2-arm bowtie
nanoantenna are shown in Fig. 2.6e and f, also showing virtually unchanged field

enhancement profiles.
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FIGURE 2.6: a. Top view of the 2-arm bowtie antenna design, with r denoting
the base and height of the isosceles triangles forming the antenna and g — the gap
between the triangles, b. 2-arm bowtie nanoantenna enhancement simulations;
blue - optimized for 800nm, orange - optimized for 770nm, green - optimized for
700nm, red - optimized for 650nm. Size is the length of the base and height of
the isosceles triangles the form the bowtie antenna. Gap between the triangles
was fixed at 20nm. Plots shift on y axis for clarity. c¢. SEM images of the
fabricated gold triangle bowties. Scale bar is 100nm. Fabricated bowtie with
2 arms. Design specifications were size r = 65nm, gap ¢ = 30nm and height
h = 40nm. d. Schematic of 2-arm bowtie field enhancement simulation. e.
Maximum field enhancement dependant on wavelength provided by the 2-arm
bowtie nanoantenna. f. Field enhancement map at resonant wavelength of 2-
arm bowtie.
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This allowed me to reduce the total required dose for the fabrication process enough
to make fabricating the structure possible, Fig. 2.6c¢ and Fig. 2.7c. However, the
proximity effects of the ring were still strong enough to strongly distort the final
bowtie (compare Fig. 2.6¢ and Fig. 2.7c), and made fabricating bowties with small

gaps virtually impossible.
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FIGURE 2.7: a., Top view of the design for the ring and 2-arm bowtie. r; and r,
denote the inner and outer radii of the silicon ring. Bowtie parameters are taken
from Fig. 2.6 b. Simulated directivity of ring and bowtie antenna embedded
in medium with n = 1.46, c. Fabricated bowtie with 2 arms surrounded by
a ring. Design specifications of the ring were r; = 100nm, r, = 245nm and
height h = 130nm. d. Schematic of ring and 2-arm bowtie field enhancement
simulation. e. Maximum field enhancement dependant on wavelength provided
by the ring and 2-arm bowtie nanoantenna. f. Field enhancement map at
resonant wavelength of 2-arm bowtie.

Therefore I needed a structure with a simpler geometry, that would be more robust
to the proximity effects during fabrication, and would have a resonance structure

that wasn’t as dependant on precise gap engineering.
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FIGURE 2.8: a. Simulated directivity of 2-arm bowtie. b. Simulated directivity
of ring and 2-arm bowtie.
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2.3 2-arm Bowtie and Cylinder Dimer Compari-

son

At this point, it had been demonstrated that it was possible to fabricate the ring
and bowtie structure, and that achieving an optimal antenna for intrinsic gold flu-
orescence was not feasible with the current design. One of the explanations for
the failure to achieve an optimized triangle bowtie structure is the fact that I was
limited in the number of optimization parameters and thus wasn’t able to account
for all the degrees of freedom present in the system. Such degrees of freedom could
include the radius of curvature at the tip of the bowtie, the opening angle of the
triangle and even the radius of curvature at the top of the triangles [192, 170, 193,
194, 195, 196, 189]. Adding these degrees of freedom to the optimization routine
would exponentially increase to computational requirements. Another limiting fac-
tor would be the fabrication of such an optimized structure — I had already found
that fabricating the bowtie inside the silicon ring leads to proximity effects that
distort the resulting structure, making any fine-tuning of the simulated structure

futile.

Therefore, a different design, with a simpler structure that would be easier to
tune to the required wavelengths, and which would be more robust to fabrication
inaccuracies was needed. A cylinder dimer structure was chosen for this purpose.
The geometry of each cylinder can easily be defined by its’ radius and height and,
while providing lower absolute enhancement factors, can provide field enhancement
in a larger volume, which will be advantageous for the future purpose of coupling

the antenna to a quantum emitter.

Field enhancement maps and profiles of a bowtie and cylinder dimer nanoantenna

with the same resonant wavelength are show on Figure 2.9.

Also, replacing the bowtie structure with the cylinder dimer, didn’t strongly af-
fect the radiation pattern of the whole structure, as shown in Fig. 2.10, further
supporting the notion, that the ring structure mostly accounts for the directivity

pattern, while the dimer is responsible for fluorescence enhancement.
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FIGURE 2.9: Comparison of field enhancement by bowtie and cylinder dimer
nanoantennas with same gap size and similar resonance peak spectral position.
a. Bowtie maximum field enhancement. A = 20 nm, ¢ = 20 nm, r = 65 nm.

b. Bowtie field enhancement map at resonant wavelength.

c. DBowtie field

enhancement slices. d. Cylinder dimer maximum field enhancement. h = 20 nm,
g = 20 nm, » = 55 nm. e. Cylinder dimer field enhancement map at resonant

wavelength. f. Cylinder dimer field enhancement slices.
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FiGure 2.10: a. Simulated directivity of cylinder dimer. b. Simulated direc-
tivity of ring and cylinder dimer.
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2.4 Ring and Cylinder Dimer

This cylinder dimer structure, is shown in Fig. 2.11a, where r is the radius of the

cylinders, g is the gap between the cylinders and A is the height of the dimer.

It was decided to optimize for an antenna embedded in a medium with a refractive
index of n = 1.46, which is close to the refractive index of the substrates that
would be used for the eventual fabrication of the antennas, and of potential poly-
mers (most notably, poly(methyl methacrylate), PMMA) to be used to embed the
fabricated antennas, so as to minimize substrate effects on the operation of the

antenna.

The new structure was easy to tune to arbitrary wavelengths, as shown in Fig. 2.11,
because the position of the resonance of the cylinder dimer was strongly dependent

on the radii of cylinders.

This time, to be able to fully account for the interaction of the gold dimer with the
silicon antenna, the whole antenna was optimized in a single run, using a genetic
algorithm with 4 parameters: r,4, hg, size and height of the dimer and r, and h,, the
outer radius and height of the ring. The gap of the dimer was fixed at 20nm and the
inner ring radius was fixed at 100nm. This gave me more freedom in designing the
hybrid antenna, with the genetic algorithm producing several families of candidate

designs.

The examples of the two main families of designs produced by the genetic algorithm
are shown on Figure 2.12 — A narrow ring (r, = 140nm, r; = 100nm, r;, = 150nm)

and a wide ring (r, = 340nm, r; = 100nm, r;, = 280nm).

The narrow ring structure provides 200x total fluorescence enhancement and over
300x directional, out-of-plane, fluorescence enhancement for at a wavelength of

630nm. The radiation pattern achieves slightly over 2x out-of-plane directivity.

The wide ring structure also provides 200x total fluorescence enhancement, but
over 1000x directional, out-of-plane, fluorescence enhancement for at wavelengths
of 700nm to 750nm. The radiation pattern achieves approximately 10x out-of-

plane directivity.

These new designs were then fabricated and prepared for characterization, as seen

on Figure 2.13.
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FicUre 2.11: a. Top view for the the dimer antenna design, with r denoting
the radius of both cylinders and g — the gap between the cylinders., b., Cylinder
dimer nanoantenna enhancement simulations; blue - optimized for 800nm, orange
- optimized for 770nm, green - optimized for 700nm, red - optimized for 650nm.
Size is the radius of the cylinders that form the dimer antenna. Gap between
the cylinders was fixed at 20nm, c. SEM images of fabricated gold cylinder
dimer. Design specifications were radius r = 35nm, gap g = 40nm and height
h = 20nm.

d. Schematic of the cylinder dimer antenna field enhancement simulation.
Antenna size used for the simulation was r = 35nm, g = 20nm and h = 20nm. e.
Maximum field enhancement dependant on wavelength provided by the dimer
antenna. f. Field enhancement map at the resonant wavelength of the antenna.



46 2.4. Ring and Cylinder Dimer

Directivity @ 630nm

Total Enhancement

. -
400 Top View €500 .
€
200 g
€ €100
O |
c 0 <
= . S i
-200 - Enhancement in 15deg Cone
C 1
[}
-400 g 300
. ; S
. 300 Side View © 200 os
£ 200 ®100
5 100 I <
Y00-200 6 200 400 600 650 700 750 800
X, nmM wavelength, nm
() (B) ()
Directivity @ 701nm
; Total Enhancement 1
200 Top View e
o 12
€200
200 9]
v 10
€ S 100
al 6 2
> § o )
—200 - Enhancement in 15deg Cone .
C
-400 g
. . 5 4
300 Side View g 1000
€ 200 © 2
<
100 r
%60-200 0 200 200 v 8o 650 700 750 800 0
X, nm wavelength, nm
(D) (E) (F)

FIGURE 2.12: A Schematic of antenna optimized for directional enhancement
at 630nm. Antenna parameters: Dimer radius » = 22nm, height h = 18nm,
gap g = 20nm, Ring outer radius r, = 140nm, inner radius r; = 100nm, height
rp, = 150nm. Antenna is embedded in n = 1.46 medium B Total fluorescence
enhancement either integrated over a full sphere, or into a narrow cone perpen-
dicular to the substrate plane. C Antenna Directivity at 630nm. D Schematic of
antenna optimized for directional enhancement at 700nm. Antenna parameters:
Dimer radius » = 31nm, height h = 19nm, gap ¢ = 20nm, Ring outer radius
ro = 340nm, inner radius r; = 100nm, height r, = 277nm. Antenna is embedded
in n = 1.46 medium E Total fluorescence enhancement either integrated a full
sphere, or into a narrow cone perpendicular to the substrate plane. F Antenna
Directivity at 701nm.
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2.5 Design and fabrication summary

As a result of all of the simulations and fabrication done up to this point, I had de-
signs for gold bowtie nanoantennas that should provide a directional enhancement
well in excess of 1000 for wavelengths A = 700 — 750nm at a gap in the bowtie of
g = 20nm, which could be reasonably used for enhancement of quantum emitter

emission at those wavelengths.

Cylinder dimer designs also exhibited high enhancement factors, though they were
smaller than for comparable bowtie antennas, reaching only 350 at a gap g = 20nm.
The cylinder dimer, though, turned out to be a lot more flexible and stable than
the bowtie design — the same size parameters worked for all tested gaps, whereas,
for the bowties, adjustments to the geometry were required when changing the gap

between the arms of the bowtie.

5U8220 1.0kV-D 4.0mm x100k SE+BSE(TU)

(a) (B)

FicURE 2.13: SEM Images of fabricated Ring and Dimer nanoantennas. A
Wide ring nanoantenna. B Narrow ring nanoantenna

For the full ring and dimer structure, I have optimized the designs and success-
fully fabricated nanoantennas that should be able to provide over 300 directional
fluorescence enhancement for at a wavelength of 630nm or in excess of 1000x di-

rectional enhancement at wavelengths between 700nm and 750nm.
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2.6 Characterization

The fluorescence response of gold was experimentally found to be too weak to be
able to demonstrate the operating characteristics of the fabricated antennas, i.e.

to demonstrate fluorescence enhancement and directivity.

Therefore, to validate the fabricated structures, the scattering spectra of the con-
stituent parts of the hybrid nanoantenna were measured and compared with sim-
ulated scattering spectra, showing good correlation. Typical scattering spectra
and the corresponding simulations are shown on Figure 2.14. Details on dark field
scattering measurements and scattering simulations can be found in Section 2.8.3.1
and Sections 2.8.1.3

For the gold cylinder dimer (Figure 2.14A), experimental polarization-resolved scat-
tering measurements (Figure 2.14D) show two distinct scattering spectra with dif-
ferent resonance positions — red-shifted for incident light polarized parallel to the
dimer and blue-shifted for light polarized perpendicular to the dimer. Simulated
scattering spectra (Figure 2.14G) show the same trend.

The wide ring structure (Figure 2.14B) exhibits a complex mode structure in ex-
perimental scattering measurements (Figure 2.14E), with several strong peaks in
the 600nm to 800nm range, which correlate to the positions of the peaks present
in the simulated scattering spectra (Figure 2.14H), though direct comparisons be-
tween simulated and experimental scattering spectra are difficult to do because
of the complexity of simulating dark-field scattering (see Section 2.8.1.3 for more
details). Simulated spectra only show one polarization, since, because of the sym-
metry of the structure, the simulated spectra are identical; Experimental spectra
show two polarizations to highlight any features related to asymmetry caused by

fabrication imperfections.

The narrow ring structure (Figure 2.14C) exhibits a much simpler mode struc-
ture in both experimental scattering measurements (Figure 2.14F) and simulated

scattering spectra (Figure 2.141), with two main peaks at about 550nm and 700nm.
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FIGURE 2.14: Au Dimer and Si Ring Scattering measurements and simulated
scattering spectra. A SEM of Gold Dimer r = 35nm, A = 25nm, g = 20nm. B
SEM of Wide ring r, = 300nm, r; = 100nm, A = 150nm. C SEM of Narrow ring
7o = 150nm, r; = 100nm, A = 150nm. Measured polarization-resolved dark field
scattering spectra of D the gold dimer, E the wide ring and F the narrow ring.
Cut-off at 500nm in the experimental spectra is caused by a long pass filter in
the collection beam path. G Simulated scattering spectra for same dimer. H
Simulated scattering spectra for same wide ring. I Simulated scattering spectra
for same narrow ring.
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2.7 Conclusions

In this Chapter, I have developed two methods applicable to the optimization of
hybrid nanoantennas and demonstrated their results on a Ring and Dimer antenna
design, with simulations showing the optimized designs demonstrating over 800 x

directional fluorescence enhancement and over 8x out-of-plane directivity.

A reliable method for fabricating such hybrid nanoantennas has been demonstrated,
with complete hybrid nanoantennas fabricated, and all of their constituent compo-

nents verified by scattering measurements and simulations.

The next step with this design will be, once quantum emitter manipulation and
localization is achieved, to fabricate a design optimized for operation with the

chosen quantum emitter, and demonstrate enhanced fluorescence and directivity.
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2.8 Methods

2.8.1 Numerical Simulations

2.8.1.1 Fluorescence Enhancement and Directivity Simulations

Fluorescence enhancement and directivity simulations were done in Lumerical
FDTD, using a method derived from the one described in Ref. [200].
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FiGure 2.15: A and B Schematic of the ring and bowtie antenna simulation
area. Dashed lines represent the box power monitors. € is the permittivity of
the medium. Antenna is excited by a single dipole in the center of the bowtie.
C and D Schematic of the normalization simulation. Dashed lines represent the
box power monitors. € is the permittivity of the medium. Simulation excited by
a single dipole in the center of the bowtie.
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A single dipole source was used to excite the whole antenna structure. A box of
power and field monitors were used to record radiated power and EM fields —
enclosing the whole dipole and antenna system. A second simulation including
only the the dipole was done in a similar fashion. Schematics of the simulation are

shown on Figure 2.15.

EF — VYrad :Prad o §S<S> -ds

= S 2.1
“rado P fS < Sy > -ds ( )

Where the radiative enhancement if equal to the quotient of radiative decay rates
Yrad in the presence on the antenna and 7,40 in a homogeneous environment, which
is equal to the quotient of total radiated power P,,q in the presence on the antenna
and F, in a homogeneous environment. Where the total radiated power is the

integral of the Poynting vector over the surface of the box monitors.

The same simulation also provide information on the radiation pattern of the an-
tenna — projecting the fields from the box monitors onto a sphere gives us the

far-field radiation pattern.

2.8.1.2 Antenna Field Enhancement Simulations

Antenna scattering simulations were done using MEEP [168]. Schematics of the

simulation are shown on Figure 2.16.

The antenna structure was excited by a plane wave with normal incidence on the
structure, and the field was collected by a single plane monitor. The same simu-
lation was then carried out without the antenna structure. Then, the fields from
the the first simulation were normalized by the fields from the second simulation,

giving field enhancement caused by the antenna structure.

(2.2)
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FIGURE 2.16: A and B schematic of the field enhancement simulation setup.
Dashed lines represent plane power monitors. Antenna excited by a plane wave
with normal incidence.

2.8.1.3 Antenna Scattering Simulations

Antenna scattering simulations were done in Lumerical FDTD. Dark field scat-
tering experiments are notoriously difficult to accurately simulate [201], so the
emphasis on these simulations was simplicity. Schematics of the simulation are

shown on Figure 2.17.
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FIGURE 2.17: A and B schematic of the scattering simulation setup. Dashed

lines represent plane power monitors. Antenna excited by a plane wave with
normal incidence.

The antenna structure was excited by a plane wave with normal incidence on the

structure, and the scattered field was collected by a single plane monitor. The
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monitor size simulation area were chosen to collect scattered light up to angles

equivalent to the optical setup used for experiments — 0.9NA.

2.8.1.4 Gradient Descent

The gradient descent, or steepest descent method used in my simulations is a
simple version of the mathematically rigorous steepest descent method described
in Ref. [177].

The original algorithm can be written as follows. For f(Z) defined on R™ with a
defined gradient V f(Z) over the same R", to minimize f(Z) from a starting 7,
for iterations ¢ = 1,2..., at every step choose a direction u; with the maximum
gradient and choose a step size giving the minimum value of f(Z) in the direction,

thus setting ; = ¥;_1 + \; * u;.

2o —Vf(@i1)
LW = wr@o

2. ¥; = ¥j_1 + M\, where \; is chosen such that f(7;_1 + \t;) = miny f(Z;_1 +

The algorithm is terminated when at least one of the following criteria is met:
either the distance between two adjacent steps is less than €, the gradient at a

evaluation point is less than e,, or the difference between the value of f(x) at two

adjacent points is less than es.

1. ||fz _fi—lH < €1
2. [IVA(@)] < e

3. 1f(@) = f(Zia)]] < es

When applied to my problem, where every simulation is computationally intensive,
the method was simplified, losing the explicit calculation of the the gradient and
following choice of size of step by minimizing (or maximizing) the function along the
chosen optimization direction. In my case, which was limited to a 2D, 2 parameter,
discretized optimization, the algorithm became, for f(x,y), and Zy = (o, yo), and

minimum steps dx, dy:
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par A

T

par B

FIGURE 2.18: Schematic representation of walking up the gradient in a 2 pa-
rameter optimization, where each arrow indicates a shift to a position with a
higher value of the function being optimized.

1. for 4,5 = —1,0,1 calculate f(Z;;), where Z; ; = (2,1 + dx * i, Yp_1 + dy * j)
2. set @, to &; j for which f(Z;;) is minimized

3. terminate algorithm if 7,, = 7,

Such a naive approximation of the full steepest descent algorithm is highly prone to
getting stuck in local maxima (minima), but is very easy to implement and requires
a small number of simulations for every optimization iteration. As was later shown
by genetic optimizations, this naive optimization was sufficient to achieve optimal
antenna design parameters. A graphical schematic of the algorithm can be seen in
Fig. 2.18

2.8.1.5 Evolutionary Optimization

A evolutionary optimization algorithm is an algorithm that mimics natural se-
lection and evolution to optimize a function [202]. A simple genetic algorithm
parametrizes the function to be optimized (usually into a fixed-length 2 bit signa-
ture). One then generates (usually randomly) a set of candidate solutions to the
problem, called a generation. Of the generation, a certain percentage of candidates
is selected to continue on to the next generation, based on the performance of each
candidate, whereas the remaining candidates are replaced by “offspring” of the
selected solutions. Offspring are generated by mixing elements of the parameter
signature of pairs of solutions and potentially mutating the signature to generate

new solutions. This process can be continued for any number of generations.
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After the completion of the evolutionary process, the best candidates can be se-

lected as the final result of the optimization.

A step-by-step description of such a process can look like:

1. Start with a randomly generated population of n candidate solutions to a

problem.
2. Calculate the fitness value of each solution in the population.
3. Repeat the following steps until n offspring have been created:

e Select a pair of “parents” from the current population, the probability of
selection being an increasing function of fitness. Selection is done “with
replacement”, meaning that the same chromosome can be selected more

than once to become a parent.

e With a certain probability, randomly mix the parameters of “parents”
to form two offspring. If no crossover takes place, form two offspring

that are exact copies of their respective parents.

e Mutate the parameters of the two offspring with a certain probability,

and place the resulting new sets of parameters in the new population.
4. Replace the current population with the new population.

5. Go to step 2.

The implementation used for my purposes is a Python library called DEAP [203],
designed for implementation of evolutionary algorithms, from simple ones like de-
scribed above to highly complex evolutionary schemes outside the scope of this

work.

2.8.2 Fabrication

The whole hybrid antenna structure fabrication process is shown on Figure 2.19.
Details on each step of the process are written below. To fabricate only gold dimer
structures, only steps 9 — 12 are required, while fabricating pure silicon structures

can be done using steps 1 and 6 — 8.
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Hybrid Ring and Dimer Nanoantenna Fabrication Process

1. aSi CVD Deposition 2. PMMA spin-coating
- 3. EBL
5. Lift-off 4. Au Deposition

6. HSQ spln coating

7. EBL 8. RIE Etching
- 9. PMMA spin-coating
11. Au Depostion 10. EBL

12. Llft off

FIcURE 2.19: Schematic detailing fabrication process for hybrid ring-dimer
nanoantenna.

1. First, I deposited ~ 250nm of amorphous silicon by ICP-CVD (Oxford
PlasmaPro 100) at 250°C from a SiH4 precursor (45 sccm SiHy and 30 scem
Ar at 8mTorr process pressure, 50watts RF power at 20 DC forward bias and

3000watts ICP RF power) onto a quartz substrate.

2. Poly(methyl methacrylate), PMMA 495K A4, further diluted 1:1 in anisole,
spin coated at 3000 rpm for 1 minute and then baked at 180°C for 2 minutes;
and a change dissipation layer (Espacer 300AX01), spin coated at 1500 rpm

for 1 minute were used for the EBL writing.
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10.

Alignment markers were written using EBL (Elionix ELS-7000), at an accel-
eration voltage 100kV and a current of 100pA, with a dose of ~ 3mC/cm?.
After that, the resist was developed in a solution of Methyl isobutyl ketone in
isopropyl alcohol (MIBK:IPA 1:3) at —10°C for 15 seconds and then rinsed

by de-ionized water to stop the development.

Then I deposited 40nm of gold onto the sample with a 2 nm titanium adhesion
layer by EBPVD (Denton Explorer) at a rate of 0.54/s.

Lift-off of the PMMA resist was done in 1-meythl-2-pyrrolidone at room

temperature for 24h.

For writing the rings, hydrogen silsesquioxane e-beam resist (Dow Corning
XR-1541-06), spin coated at 5000 rpm for 1 minute and a change dissipation
layer (Espacer 300AX01), spin coated at 1500 rpm for 1 minute were used.

EBL (Elionix ELS-7000) was done at an acceleration voltage 100kV and a
current of 500pA, with a dose of ~ 300mC/cm?. The mask was aligned to the
the previously fabricated alignment markers. The sample was then developed
by NaOH/NaCl salty solution (1% wt. /4% wt. in de-ionized water) for 60

seconds and then rinsed by de-ionized water to stop the development.

The ring structures were created by ICP-RIE etching (Oxford Plasmalab
100) using chlorine gas (22 sccm Cly at 5mTorr process pressure, 100watts
RF power and 300watts ICP RF power).

For the gold dimer structures, Poly(methyl methacrylate), PMMA 495K A4,
further diluted 1:1 in anisole, spin coated at 3000 rpm for 1 minute and
then baked at 180°C for 2 minutes; and a change dissipation layer (Espacer
300AX01), spin coated at 1500 rpm for 1 minute were used for the EBL

writing.

The dimer structure was written using EBL (Elionix ELS-7000), with the
mask aligned to the previously fabricated alignment markers, at an acceler-
ation voltage 100kV and a current of 100pA, with a dose of ~ 3mC/cm?.
After that, the resist was developed in a solution of Methyl isobutyl ketone
in isopropyl alcohol (MIBK:IPA 1:3) at —10°C for 15 seconds and then rinsed

by de-ionized water to stop the development.
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FIGURE 2.20: Schematic representation of dark-field scattering measurement
setup

11. Then I deposited 25nm of gold onto the sample with a 2 nm titanium adhesion
layer by EBPVD (Denton Explorer) at a rate of 0.54 /s.

12. Lift-off of the PMMA resist was done in 1-meythl-2-pyrrolidone at room

temperature for 24h.

2.8.3 Optical Characterization

All optical measurements were performed in a microspectrometer setup, based on
an inverted microscope (Nikon Ti-U) and a spectrometer system (Andor SR-303i
spectrograph with a 150 lines/mm grating coupled to a 400 x 1600pixel Andor
Newton 971 EMCCD). Incident light was focused on the sample by a 100x objective
lens with a 0.9NA (Nikon LU Plan Fluor). Signal collected by the same objective

lens was then projected onto the spectrograph entrance slit with a width of 250um.

2.8.3.1 Dark-field scattering

For dark-field scattering, white light from a halogen lamp was used to excite the
sample, with the, central, low-k portion of the beam blocked from entering the

objective lens by a annular patch, meaning only light scattered by the nanoantennas
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was collected and sent to the spectrograph. Reflectance of an aluminum mirror was

used as a reference.
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Quantum emitter localization

I explored several techniques for the localization and/or manipulation of single
quantum emitters. The techniques that I looked at can be loosely separated into
two main groups — the precise manipulation of emitters, and controlled creation

of emitters.

For the first group, I looked at using AFM pick-and-place methods to position nan-
odiamonds [141, 142, 122, 123] and using a hollow AFM tip to print quantum dots
suspended in liquid [204]. Both methods were ultimately found to be unsuitable

for my purposes.

AFM pick-and-place techniques turned out to be unsuitable for the equipment
that was readily available to me. AFM printing of quantum dots was successful in
precisely delivering quantum dots to the nanoantennas. PL. measurements demon-
strated spectral modification of the QD signal in the presence of the nanoantennas.
Unfortunately, the method was unable to show sufficient control over the printed

volume to make quantitative measurements possible.

The second group of techniques included direct writing of emitters using EBL [147]
and deterministic creation of emitting defects in 2D materials[150, 151, 152, 154,
155, 124].

61
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Deterministic creation of emitting defect in hexagonal boron nitride, hBN, seemed
like a promising method, with a lot of published literature and seemingly straight-
forward processes, but ended up being unsuccessful. Creating emitters from hy-
drogen silsesquioxane, HSQ, e-beam resist was the only fully successful method of

creating and coupling localized emitters to nanoantennas.

As a final note, I looked at ways of distributing non-localized emitters, either
by simple spin-coating or more sophisticated self-assembly [205, 206, 207, 208] of
nanoplatelets or quantum dots; or through the mechanical transfer of large areas
of epitaxially grown 2D material flakes [209], and the possibility of utilizing them

for my antenna.
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3.1 Localized emitter manipulation

3.1.1 AFM Manipulation

For AFM manipulation of single emitters, there are two main approaches: using
the AFM tip to push the emitter to the desired location, or to get the emitter to
stick to the tip, move the tip to the desired location and then detach the emitter.
While the second approach makes positioning the emitter a relatively easy task,

getting the emitter to detach from the the tip can be a challenge.

The first approach is applicable to relatively large objects like nanoparticles [138,
139] or, rarely, polymer-coated quantum dots [140]. This is one limiting factor,
the other being the inability to move an object into a enclosed shape, like my

Ring and Bowtie antenna design from Chapter 2.

The second approach requires one to press the AFM tip into the emitter until it
sticks to the tip, and then repeat the process at the target location until the emitter

is deposited [122, 123].

I attempted to reproduce those results with nanodiamonds. Nanodiamonds were
selected as they are very efficient single photon sources when they posses nitrogen
vacancy (NV) or silicon vacancy (SiV) color defects [210, 211, 212]. On Figure 3.1
I show a SEM image of a cluster of nanodiamonds stuck to the side of an AFM tip.
This was achieved by progressively pressing the AFM tip closer and closer to the

surface of the sample until it touched the cluster of nanodiamonds during a scan.
The AFM setup used was an attocube tuning fork-based AFM.

A big drawback of tuning fork AFMs is that they are inherently exclusively tapping-
mode AFMs, in that the tip is constantly vibrating and cannot be lowered to be
into constant contact with the surface, as conventional laser deflection-based AFMs
would be capable of. This means that all contact with the surface or any objects
that one is trying to interact with is intermittent — making controlling the force

of interaction with objects on the surface quite difficult.

Because of this, I was unable to achieve consistent detachment of nanodiamonds
from the AFM tip, in this setup. Another potential issue was getting the attached

nanodiamonds to the hot spot of the antenna, which was located deep inside the
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antenna structure. Because of this, and the fact that other approaches had started

yielding good results, this approach wasn’t developed further.

kV 8.9mm x35.0k SE(UL)

(a)

FicUre 3.1: SEM image of AFM cantilever with attached clump of nanodia-
monds.

3.1.1.1 Emitter Attached to Tip

Another AFM-related option to demonstrate the interaction of a single emitter and
an antenna is using an AFM tip with either an embedded, or previously attached
emitter [137] to scan over the surface. This could demonstrate the dependence
of the antennas operating efficiency on the relative position of the antenna and
the emitter as well as perform spatial mapping of the LDOS. For this I looked two
different approaches: either attaching emitters to tips myself (e.g. as demonstrated

in Fig. 3.1), or using ready-made tips with attached/embedded emitters.

Unfortunately, adapting the AFM setup available to me to perform the fluorescence

measurements was not feasible, so the plan was abandoned.
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3.1.2 Cytosurge quantum dot printing

In [204] a method for nanoscale delivery of liquids via a hollow AFM probe was
presented. The method consists of an AFM probe that has an FIB-milled channel,
coupled to a liquid reservoir. By applying positive air pressure to the reservoir,
one can dispense the liquid from the reservoir through the AFM probe. It allows,
in principle, printing of various liquids with sub-micron linewidths at nanoscale,

AFM-level precision.

I attempted to use the same method to print quantum dots suspended in solution

onto my Ring and Dimer antennas from Chapter 2.

Results of printing are shown on Figure 3.2. Figure 3.2A shows optical image of
sample with antennas covered by drops containing quantum dots, while Figure 3.2B
shows wide-field fluorescence imaging of the same area, with the quantum dot-
containing drops clearly visible. The printing itself was quite straightforward. The
AFM probe was used to scan the sample and locate the precise location of the
antennas, then, since the aperture of the probe was almost at the exact location as
the tip, aligning the aperture with the antenna was as simple as moving the probe
to the antenna location as per the AFM scan. Control of the printing QD volume
was discovered to be much more difficult — even on Figure 3.2A it can be clearly
seen, that different printed droplets have visibly different sizes. This was later
to be shown to be a insurmountable problem for this method — since measuring
enhancement of quantum dot emission requires a stable reference, and without

good control of QD printing volume, getting a reliable reference isn’t possible.

Measuring fluorescence signal from the reference quantum dots and the quantum
dots deposited on the antennas showed some spectral modification in the presence of
the antennas, as is shown on Figure 3.3A. Unfortunately, the quantum dot printing
method did not provide enough control over the deposited volume, meaning that no
quantitative measurements were possible. Figure 3.3B shows the reference quantum
dots showing over 5x stronger PL signal, than the quantum dots coupled to the
antennas, without any reliable way to verify the number of quantum dots in either
of the cases. This means even if there is detectable interaction between the quantum
dots and the antennas, no enhancement measurements are possible, because it isn’t

possible to have a stable reference measurement.
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FIGURE 3.2: A Optical image of Ring and Dimer Antennas with printed quan-
tum dots on them. B Wide-field fluorescence image showing fluorescence from
printed quantum dots. Each antenna is surrounded by marks pointing towards
the antenna. The antennas themselves are not discernible in these images. Lo-
cations of several antennas are highlighted in white. Orange highlights a few
antennas that have had quantum dots deposited on them. Red highlights a few
locations without antennas that had quantum dots deposited as a reference.
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FIGURE 3.3: A Normalized PL spectra of quantum dots (orange) and quantum
dots coupled to a nanoantenna, showing spectral modification. B Same spectra,
but without normalization, showing the impossibility of quantitative measure-
ments of fluorescence enhancement.
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3.2 Localized emitter fabrication

3.2.1 Direct writing of emitters — HSQ

HSQ resist is known to form emitting silicon nanocrystals after thermal annealing
[146] or e-beam exposure [147]. Depending on fabrication conditions and resulting
nanocrystal sizes, photoluminescence spectra with peaks ranging from 650 nm to

over 1000 nm [213, 214, 215] and quantum yields of up to 60% [216] have been

reported.

Thermal annealing is not a viable method for my purposes, since the plasmonic
antennas that I fabricate are made out of gold, which can degrade at temperatures
required to produce emitting nanocrystals out of HSQ — this can be seen on
Figure 3.4, which shows photos of HSQ- and gold- coated substrate before and
after thermal annealing at 1100 deg C, the temperature used nanocrystal growth

in HSQ [146]. The gold layer can be seen to have almost completely degraded after

the annealing process.

(a) ()

FIGURE 3.4: A Silicon substrate coated with gold and HSQ before annealing. B
Silicon substrate coated with gold and HSQ after annealing, showing significant
degradation of gold layer.

Therefore, e-beam exposure was the chosen technique for emitting nanocrystal
fabrication. I used EBL with precise mask alignment to fabricate SiO, pillars from

HSQ resist, using the same conditions as described in Chapter 2 Section 2.8.2.

Mask alignment to an array of gold dimers allowed me to embed the gold dimers
in HSQ pillars.
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(B)

FIGURE 3.5: A SEM of a stand-alone HSQ cylinder. B SEM of an HSQ cylinder
with Au dimer embedded inside. C Same HSQ cylinder, but SEM done at
higher acceleration voltage to see Au Dimer through the HSQ. D HSQ cylinders
misaligned with an Au Dimer. Au dimers false-colored yellow to make it easier
to distinguish them.

SEM images of the fabricated structures are shown on Figure 3.5. Figure 3.5A
shows a stand-alone HSQ pillar, Figure 3.5B and C show a HSQ pillar with an Au
dimer embedded inside. Figure 3.5B was taken at a higher acceleration voltage, so

that the embedded dimer could be more clearly seen.

The photoluminescence spectra exhibited by the two fabricated pillars from Fig 3.5A
and Fig 3.5B are shown on Figure 3.6A and Figure 3.6B, respectively.

The gold dimer embedded in the HSQ pillar demonstrated photoluminescence en-

hancement, as can be seen on Figure 3.6B.

The measured enhancement of fluorescence from HSQ cylinders when containing
an embedded gold dimer does not exceed 3x, despite the fact that in Chapter 2,
Section 2.4, Figure 2.11, the gold dimer is simulated to provide over 300x en-
hancement. This is caused by the small volume of the dimer hot spot where field
enhancement occurs — with many papers estimating the hot spot volume to be

approximately equal to the gap volume [192, 193, 170, 217].

Thus, we can estimate the expected enhancement of such a system:

4
‘/dimer ~ 571-7"2 (31)

‘/cylinder ~ WT?I’L (32)
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Where Vgimer 18 the volume of the dimer hot spot, which has a gap of ~ 20 nm,
meaning that r4 ~ 10 nm, and where Viyiinder is the volume of the HSQ cylinder,
which has a radius r. ~ 140 nm. According to the HSQ spin-coating parameters
and the spin-curves of HSQ resist [218], the height of the HSQ cylinder i & 40 nm.

With these numbers,

4
‘/dimer ~ 57”’2 (33)

4
= 5#(10)3

~ 4.2¢% nm?

(
(
‘/;ylinder ~ WTgh (
~ 7(140)* x (40) (

(

~ 2.5¢% nm?

Assuming an even distribution of emitting nanocrystals over the whole cylinder
volume, emission intensity of the HSQ cylinder will be proportional to the cylinder
volume, while emission intensity from the cylinder with an embedded dimer will
be the sum of the enhanced dimer volume and the rest of the cylinder. Assuming
a uniform enhancement factor of F =~ 320, as was estimated in Chapter 2, we can

get an estimate for the average enhancement:

[cylinder X chylinder (39)
Idimer 6.8 ‘/cylinder + ‘/dimer * B (310)
I imer
By = =2 (3.11)
Icylinder
2.5e5 + 4.2¢3 x 320
= 3.12
2.5¢6 ( )
3.8¢"
~—— 3.13
2.5¢6 ( )

~ 15 (3.14)
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As a result of this very simple estimate, we expect an enhancement factor of around
E = 1.5, which is similar to, but slightly lower than the measured enhancement.
The fact that the measured enhancement is higher than the estimate can be ex-
plained by the fact that the estimate, among other things, doesn’t take into account
the volume of the dimer inside the cylinder and assumes a homogeneous distribu-

tion of emitting nanocrystals inside the dimer.

To increase the apparent emission enhancement, the simplest thing to do would be
to decrease the size of the HSQ cylinder, but this would increase the required EBL
mask alignment precision, which already is the main challenge with this technique.
Figure 3.5D shows the misalignment from 3 EBL runs in the same conditions,
meaning that for good alignment, each fabricated array must include variable shifts
to optimize alignment — increasing complexity by an order of magnitude if trying

to add HSQ pillars to already fabricated hybrid Ring and Bowtie antennas.

HSQ Cylinder HSQ Cylinder with embedded Au Dimer
12000 - — PolV 12000 1 —— PolV
Pol H Pol H
10000 A 10000 A
3 8000 3 8000
c c
° o
4 6000 & 6000
€ €
(] (]
4000 A 4000 A
2000 /\ 2000
0 *“/ T T S 0 sl T e p—
300 400 500 600 700 800 900 300 400 500 600 700 800 900
wavelength, nm wavelength, nm
(a) (B)

FIGURE 3.6: Polarization-resolved photoluminescence measurements of A Pure
HSQ cylinder, B HSQ cylinder with embedded Au Dimer. Pol V refers to
excitation laser polarized along Au Dimer axis, Pol H - perpendicular to dimer
axis.

3.2.2 Direct writing of emitters — hBN

Hexagonal boron nitride, hBN, has been shown to support single photon emitting
defects [150, 151, 152, 154, 155]. There is also published work on coupling these

SPEs to plasmonic nanoantennas [157].
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Most published methods for creating the SPE in the visible spectrum range are
based on a combination of annealing and plasma treatment of either bulk hBN or
thin hBN flakes. Methods published by different groups vary widely and are often
contradictory — some require annealing in oxygen, while others make a point of

stating that annealing must be done in an inert, often argon, atmosphere.

More recently, in [124] a method for deterministic creation of these defects by
FIB milling of hole in thin hBN flakes has been demonstrated. A similar method
described in [158], using e-Beam irradiation yielded similar results, but in the UV

spectral range.

While most papers agree that SPE defects appear at grain boundaries, flake edges
and other hBN crystal defects [154, 151], some insist on the presence of SPEs in
continuous areas of hBN, away from the grain boundaries [219, 220]. In the case of
FIB milling, the milled holes create new edges and defects in the crystalline struc-
ture that can then host the emitting defects, which should appear after annealing
or plasma treatment. The nature of these defects is also debated, with some papers
showing a defining role of carbon in defect creation [156, 221], while others show
oxygen as having the defining role [154, 222] and others show nitrogen-vacancy
style defects as the emitting defects [223].

I made numerous attempts at reproducing results of these published studies, using
exfoliated hBN flakes from various sources, with thicknesses varied from over 100nm
to below 10nm. Annealing conditions were varied with temperatures from 750
degrees to over 1100 degrees, done in vacuum and in ambient atmosphere, following

recipes from papers cited above.

For plasma treatment I explored oxygen and argon plasma, also mimicking pub-

lished recipes.

For samples where I was attempting to repeat FIB milling experiments from [124],
FIB milling was done using Ga ions on a Zeiss Crossbeam 540 FIB-SEM, again,

mimicking conditions from the paper.

Figure 3.7 show typical results of my SPE creation experiments in hBN flakes.
Fig. 3.7A shows an optical image of an exfoliated hBN flakes after FIB milling,
showing the milled holes; Fig. 3.7B shows the same flake in SEM during the FIB
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FIB Milled hBN Photoluminescence

coordinate, um

()

F1GURE 3.7: Three images of same hBN flake: A Optical image with milled
holes visible. B SEM image of flake during FIB milling. C Photoluminescence
map of hBN flake, showing some slight increase in photoluminescence intensity
near milled holes.

milling experiments, Fig. 3.7C shows a PL map of the flake after milling (532nm ex-
citation wavelength), where the milled holes are clearly visible with slightly higher
PL intensities, and several holes seem to demonstrate much stronger PL, relative to
the background. Unfortunately, attempts at measuring the spectrum of the bright
points on the flakes invariably led to the bleaching of the emitters, preventing me
from quantifying the type of emitters produced by FIB milling and subsequent
annealing or plasma treatment. This rapid bleaching emitters has also been noted
in published literature and is usually attributed to interaction of oxygen with the
emitting defects under laser illumination [224, 223, 225, 226].

As a result I have been unable to reproduce reported stable hBN-based SPEs.

All of this seems to indicate that there is a lack of understanding as to the nature of
the hBN-based SPEs — How they are created and what their chemical composition
is, meaning that in all of the above works, the researchers stumbled upon a method

that works, but didn’t identify the crucial element of the process.
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3.3 Non-localized emitters

All the previous methods I discussed attempt to precisely position emitters to later

couple them to antennas.

Most published work on coupling antennas to quantum emitters attempt to ho-
mogeneously, randomly, distribute emitters and then demonstrate that antennas
make the signal from the emitters brighter than the background, e.g. [10] or [79].
This is much simpler, and in many cases sufficient to demonstrate the desired ef-
fect, but makes it difficult to distinguish pure nanoantenna-enhanced signal from

background fluorescence.

A recent paper, though, [132], started with the same premise of coupling non-
localized emitters to a resonator located above the emitting material, MoS,y, but
later exposed the substrate to Ar plasma, etching away the MoSs everywhere,
except directly under the resonator, effectively localizing the emitting material

under the resonator.

This method wouldn’t work for the existing Ring and Bowtie design from Chapter 2,
because the antenna hot spot is located inside the antenna structure, between the

two gold dimer cylinders.

But a different class of nanoantenna designs, particle-on-mirror nanoantennas, as
shown in [10, 12, 93] have the hot spot located between a metal substrate and
antenna structure. For these types of antennas, the method of quantum emitter
localization described above is perfectly suitable. Fabrication of such a hybrid

system with quantum emitters will be shown in Chapter 4.

3.3.1 2D materials

Building on experience from working with hBN and attempts at creating single
photon emitters, 2D material-based emitters were an obvious choice for anten-
nas sandwiching emitters between the antenna and the substrate. WS, is a good
choice of material because of strong and relatively uniform room-temperature pho-
toluminescence from monolayer triangles as was shown in [127] and also by our

measurements, as seen on Figure 3.8a. Also there have been a number of published
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works on coupling WS, to resonators, proving that this is a viable concept [128,
129, 130, 131].

CVD-grown or MBE-grown WS, monolayer triangles are relatively easy to transfer
from their substrate to the target substrate, by sticking them to a PMMA support
layer and then using HF' to etch the substrate, leaving the WS, triangles attached
to the PMMA film, which can then be deposited on any target substrate [209]
(example on Figure 3.8b, Gold-coated substrate).

The main difficulty encountered during my experiments with WS, was the degra-
dation of the triangles during further nanofabrication processing steps — ALD of
Al1203, CVD of aSi all degraded the triangles, making them unusable to for photo-
luminescence measurements. This meant that the flakes needed to be mechanically
covered by a protective layer to prevent chemical interaction during subsequent pro-
cessing. This could be done by mechanically transferring hBN flakes, but would
defeat the purpose of having a large area of non-localized emitting material —
without the hBN flakes any subsequent processes would not require any precise
alignment, while added the hBN protection flakes would again require me to align

my EBL mask for antenna writing.

Another consideration for 2D material-based emitters and coupling them to nanoan-
tennas, is their effective dipole orientation, which, for such monolayer emitters, has
been shown to be mostly in-plane [227], as will be discussed in more detail in Chap-

ter 4, Section 4.6.6, would be very inefficient for coupling to my antenna design.

3.3.2 Quantum dot and nanoplatelet self-assembly

Another common method for creating a uniform luminescent layer is depositing
a monolayer of colloidal quantum dots [228] or nanoplatelets [229]. The simplest
way to deposit quantum dots or nanoplatelets is spin-coating, but experimentally
I found that nanoplatelets tend to clump and don’t form good uniform layers.
Therefore, for nanoplatelets a slightly more complicated self-assembly procedure

was used, while spin-coating of quantum dots delivered good results.
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FI1GURE 3.8: A Photoluminescence map of WSs triangles, showing relative uni-
formity of PL in undamaged triangles. B Optical image of WSy triangle after
transfer from sapphire substrate to Gold-coated substrate.

3.3.2.1 Nanoplatelet self-assembly
To produce uniform nanoplatelet monolayers, simple spin coating was found to be

unsuitable, because the nanoplatlets had a tendency to form tendril-like clumps on

the substrate, as can be seen on Figure 3.9.

10pm JEOL

X 2,300 1.00kV SEI GB_HIGH WD 4.7mm

FiGure 3.9: SEM image of spin-coated nanoplatelets, showing distinct tendril-
like structures.

Since nanoplatelets typically have a thin (thickness usually single-digit nanome-
ters), rectangular shape (tens of nanometers long and wide) [229], therefore arrang-

ing them in a uniform layer on a substrate can be done in two different ways: all
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of the nanoplatelets lying face down (See Figure 3.10b), or all of the nanoplatelets
arranged edge-up (See Figure 3.10b). This kind of orientation control, along with
near-total uniform surface coverage is possible using self assembly procedures based
on floating the nanoparticles on a surfactant. This has been demonstrated on vari-
ous types of nanocrystals [207, 208, 230, 231], and, more recently, on nanoplatelets
[232, 205, 206, 229].

Of particular interest is the procedure described in [206], where choice of subphase,
either ethylene glycol (EG) or acetonitrile (ACN) determines the orientation of the
resulting layer of nanoplatelets. The procedure is shown on Figure 3.10a, and

resulting monolayers of NPLs are shown on Figure 3.10b and c.

Stacked NPL monolayer

\

v
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(II0)
——T
v

NPL monolayer

FIGURE 3.10: (a) Liquid-air interface self-assembly procedure: (I) Blank sub-
strates are placed inside the subphase. (II) NPL solution is poured onto the
subphase and is then allowed to dry. (III) The subphase is subsequently drained
after the evaporation of the NPL solution. Finally, the residual subphase on the
substrates is evaporated. NPL orientation on the liquid-air interface depends on
the subphase. Schematic representation of NPL monolayers (b) on acetonitrile
(ACN) and (c) on ethylene glycol (EG), along with SEM images of these films
after being transferred to a solid substrate. The scale bars of the SEM images
are 300 nm. ACN results in nonstacked selfassembly, whereas EG results in
stack formation. Insets in the SEM images show real-color fluorescence images
of the resulting monolayer assemblies on wafers of thermal oxide with scale bars
of 1 cm. Reproduced with permission from [206]

Replicating the procedure was vary straightforward and produced comparable and

repeatable results, and is shown on Figure 3.11.
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(D)

FiGurE 3.11: A, B and C SEM images of self-assembled CdSe NPLs assembled
with ACN as the subphase, resulting in face down monolayers of NPLs. D, E
and F SEM images of self-assembled CdSe NPLs assembled with EG as the
subphase, resulting in edge-up monolayers of NPLs.

Unfortunately, as will be discussed in more detail in Chapter 4, Section 4.6.6,
my antenna designs, compatible with such self-assembled monolayers on NPLs,
selectively couple to emitters with effective dipole orientations perpendicular to the
plane of the substrate (“out-of-plane”). Since NPLs effective dipole orientation is
“In-plane” [205, 233, 234, 235], the face down self-assembled NPLs would have very
weak coupling to the nanoantenna structure. This leaves only the edge-up NPL
layers as possible candidates for coupling to the nanoantennas. This also has several
issues: edge-up or “stacked” NPLs tend to have lower photoluminescence because
of nonradiative decay [236]; also, since the lateral dimensions of the NPLs are on
the order of tens of nanometers, edge-up NPLs would increase the distance between
the antenna and the substrate, which, as shown in [93] and further discussed in

Chapter 4 will decrease the maximum achievable fluorescence enhancement factor.

3.3.2.2 Quantum dot spin-coating

Figures from this section are published in [1].
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Quantum dots are another common type of emitter that can be easily homoge-
neously distributed on a substrate. Because of their roughly spherical shape (i.e.
no pronounced anisotropy as present in NPLs, usually only a single characteris-
tic size parameter, “radius”) [237, 238, 228], issues present in the NPL films, like
orientation control for film quality and coupling to antennas, aren’t present in
quantum dot films. One can assume an almost homogeneous distribution of dipole
orientations for a quantum dot film. Thus, a much simpler coating procedure,

spin-coating, should be adequate to achieve a homogeneous film.

By varying quantum dot concentration in the solvent and spin-coating speed, I
was able to achieve near-perfect monolayer coverage of a flat Silicon substrate.
No special functionalization of either QDs or substrate for improved adhesion was

required.

Near optimal spin-coating conditions were determined to be approximately 5 mg
of QDs per ml in toluene, spin-coated at 2000 rpm for 1 minute. SEM images
of resulting layer of QDs on glass and on a gold-coated substrate are shown on
Figure 3.12a. and b., respectively. The quantum dots I used were CdSe/ZnS
alloyed quantum dots synthesized following the protocols described in [239], for a

emission peak centered at 650 nm.

For the purposes of coupling the quantum dot layer to my nanoantennas, as will
be discussed in Chapter 4, the substrate that I needed to coat with quantum dots
needed to be changed from a Silicon substrate, to a substrate covered with a thin
Gold film. Because the growth of gold results in a relatively rough film consisting
of gold nanoislands [240], spin-coating quantum dots on such a film results in a less
than perfect layer, but, as will be shown later, sufficient to demonstrate coupling of

quantum dots to nanoantennas and demonstrate strong fluorescence enhancement.
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FIGURE 3.12: A SEM image of near-monolayer of spin-coated quantum dots.
B SEM image of quantum dots spin-coated with same conditions onto a gold-
coated substrate.
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3.4 Conclusions

Several methods of quantum emitter localization were explored: AFM manipu-
lation of nanodiamonds with NV-centers, direct writing of emitters using EBL,
printing of emitters using cytosurge AFM probes and creation of single photon

emitters in hBN using FIB or E-beam.

The most successful method proved to be direct writing of emitters using EBL
from HSQ resist, demonstrating good control of emitter position and demonstrating
successful coupling of the written emitters to gold dimer antennas (see Fig. 3.6).
Further development of the method could yield an effective technique for direct
writing of quantum emitters. This would require quantification of the dependence
of emitter density on e-beam dosage, repeatability of emitter fabrication, as well

as a more detailed characterization of the emitters’ optical characteristics.

The limiting factor of the method is the mask alignment accuracy — as was shown
on Figure 3.5¢, several alignment attempts were sometimes required to successfully
align the HSQ cylinder with already existing antennas. The antenna structure
from Chapter 2 already required two EBL alignment steps, and this method using
EBL with another alignment step further increases complexity and exacerbates any
misalignment errors. Thus this method of aligning emitters would have a very low
yield of successful antennas with the equipment available to me, so I continued

exploring alternative techniques.

Printing of quantum dots using a hollow AFM tip was successful in delivering quan-
tum dots to nanoantennas, but did not display enough control over the deposited
liquid volume to allow for any quantitative measurements — different droplets

would have over a 10x difference in intensity.

Creation of emitting defects in hBN was unsuccessful in creating stable emitters
that could be quantified, potentially because of a lack of understanding of the exact

method of emitting defect formation.

AFM manipulation of nanodiamonds was discarded because of lack of suitable
equipment and potential future issues with depositing the nanodiamonds deep in

the nanoantenna structure.
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The problem with all the explored methods of localizing quantum emitters is com-
plexity — complex manipulations using AFM, EBL or FIB, which, on top of already
complex fabrication procedures for hybrid nanoantennas, make the overall process
to make a hybrid antenna and emitter system very laborious and low-yield. Ideally,
one would want to minimize complexity as much as possible. In [132] the authors
demonstrated an interesting concept — using the antenna structure itself as a mask
to protect the emitting 2D-material below the antenna from the following etching
process, leaving the final structure with emitting material only directly below the
antenna, effectively localizing emitters without any precise alignment. This kind
of self-localization would eliminate most of the complexity related to emitter local-
ization, but required the development of a method for the distribution of quantum
emitters in a homogeneous layer on a substrate for further antenna fabrication.
Several methods were attempted — transfer of flakes of 2D materials with homo-
geneous emission onto target substrates, which was successful, but required the
deposition of an additional protective layer before any other antenna fabrication
could be carried out; and distribution of either NPLs or QDs via self-assembly
methods onto target substrates. Both methods showed promise, but require a
change in antenna design, since the original design discussed in Chapter 2, has
its hot spot for emitter coupling inside the antenna structure, while the emitters

would be located beneath the antenna.

In the next chapter, self-assembled QDs coupled to a hybrid nanoantenna design

will be presented.

3.5 Methods

3.5.1 Fabrication

HSQ Cylinders were fabricated using the same methods described in Chapter 2,
Section 2.8.2.
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FI1GURE 3.13: Schematic of photoluminescence mapping setup.
3.5.2 Characterization
3.5.2.1 Photoluminescence Mapping

For photoluminescence mapping measurements, a 532nm CW laser was used to
excite PL. The pump laser was focused onto the sample substrate by a 100x 0.8NA
objective lens, A 650nm band pass filter with a 50nm FWHM was used to cut off
any pump laser light in the collection beam path. A motorized mirror before the
objective was used to deflect the laser beam and scan the sample. Collected light

was sent to an APD. Setup shown on Figure 3.13.



Chapter 4

Silicon Ring on Au Mirror

The material in this chapter is published as [1].

4.1 Introduction

In this chapter I propose and demonstrate single subwavelength hybrid dielectric-
plasmonic optical nanoantennas coupled to localized quantum dot emitters that
constitute efficient and bright unidirectional photon sources under optical pump-
ing. To achieve this, I devised a silicon nanoring sitting on a metallic (gold) mirror
with a 10nm gap in between, where an assembly of quantum dots is embedded.
Such a structure supports both gap mode and (radiative) antenna mode reso-
nances. It is experimentally shown that the assembly of quantum dots localized
within the nanogap can efficiently couple to these two kind of modes, the reso-
nant gap modes and the antenna modes, for the dual purpose of enhancing the
absorption of the optical pump by the emitters, and for out-coupling the light into
the far-field with high directionality. Moreover, almost independent control of the
resonance spectral positions is achieved by simple tuning of geometrical parame-
ters such as the ring outer and inner diameters, which is not possible with other,
simpler, particle-on-mirror nanoantennas. Using the proposed architecture, I ob-
tain average fluorescence enhancement factors of the assembly of emitters up to
654 x folds together with a high radiation efficiency, and a directional emission of
the photoluminescence into a cone of +17° in the direction normal to the sample

plane.

83
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FIGURE 4.1: Design and fabrication of hybrid dielectric-plasmonic nanoanten-
nas. a. Artist’s impression of the aSi nanoring placed on a Au substrate, with a
Al,O3 spacer layer containing the embedded QDs (represented by the red dots).
b. Tilted SEM image of a typical fabricated sample. The scale bar represents
400nm. c. TEM image of the CdSe/ZnS quantum dots. The scale bar rep-
resents 10nm. d. SEM image of the Au substrate coated by a first layer of
AlyOg3 itself covered with spin-coated QDs. The scale bar represents 400 nm.
e. Experimental scattering measurements for different nanoantennas with same
Doyt = 380nm and H = 230 nm, but increasing Dj, (from bottom to top). The
insets show SEM images of the corresponding fabricated nanoantennas. The
scattering for the case Dj, = 60nm (chosen to be discussed in the rest of this
work and called “Antenna A”), is highlighted by a thicker line. The scale bars
represent 100nm. f. Simulated scattering cross-sections (lines, left axis) and
calculated eigenwavelengths (real part \.) of three resonant modes labelled a;,
a9, as (points, right axis) for different nanoantennas with same Do,y = 380 nm
and H = 230 nm, but increasing Dj, from D; = 0 to D; = 120nm (by steps of
20 nm for the former case, and by steps of 10 nm for the latter case, from bottom
to top). The mode widths (determined as two times the imaginary part 2)\”)
are also shown by the shaded areas. The lines joining the points are guide-to-
the-eye, and the horizontal dashed line shows the case D; = 60 nm (Antenna A).

4.2 Design and fabrication

The nanoantenna design, as shown schematically in Figure 4.1a, consists of an
amorphous silicon (aSi) nanoring on a gold (Au) mirror substrate, with an alumina

(Al,O3) spacer in between where the quantum emitters are embedded. Scanning
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electron microscopy (SEM) images of our fabricated samples are shown in Fig-
ure 4.1b and as insets on Figure 4.1e. On one hand, this design is inspired by a
hybrid dielectric-metal resonator proposed in [93], that supports “gap mode reso-
nances” which are created by surface plasmon polaritons bouncing back and forth
at the dielectric particle termination [241, 93]. Thus, the resonance wavelengths
have a geometric origin and are essentially related to the diameter of the particle
with a similar condition as for Fabry-Perot resonances [241, 93]. Moreover, since
these gap modes are strongly confined inside the nanogap, they can be exploited to
enhance the absorption of the quantum emitters, which is what we do in this work.
On the other hand, silicon nanorings can present strong scattering properties, with
geometrically tunable “antenna resonances” (also called “Mie resonances”) that
provide control over the scattering directionality, and potential ability to tailor the
emission of electric or magnetic dipole emitters [173, 174, 176, 175]. In this work,
we focus on the emission enhancement of electric dipole emitters by such antenna

resonances.

We use CdSe/ZnS quantum dots (QDs) as quantum emitter model system. Trans-
mission electron microscope image of the QDs is shown in Figure 4.1c, and we ob-
tained a rather good homogeneous distribution of QDs obtained after spin-coating,
as shown in Figure 4.1d. The QDs are chosen to have an emission peak centered
around 650 nm [239]. Their emission and absorption spectra on top of a glass

substrate are given in Section 4.6.2.

In order to separate the QDs from Au and to prevent quenching [65], a &~ 3nm layer
of Al,O3 was first deposited, and after spin-coating the QDs, a second Al,O3 layer
of same thickness was deposited to protect the QDs from the following CVD depo-
sition of aSi (see Methods section). All the QDs which were not precisely located
between the Au mirror and aSi nanoantenna were etched out; hence, we man-
aged to create spatially self-aligned and localized QDs in a nanogap of ¢ ~ 10 nm,
without requiring any complex emitter manipulation or characterization, similar
to what was previously reported [132]. Comparison of antenna and background
photoluminescence is shown in Section 4.6.1. A fabrication process flow schematics

can be found in Section 4.7.1.

Since the fabrication process exerts thermal and chemical stress that can poten-
tially degrade the QDs [242], we characterized optically the QD layer at all steps

of the fabrication process to quantify the changes in photoluminescence (PL) and
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fluorescence lifetimes. We observed that the intensity of the QD PL is reduced by
almost 98% after depositing the second layer of Al,Oz, that is in the configura-
tion Au/Aly03/QDs/Al;O3 (under the same excitation power). Moreover, time-
resolved PL experiment (see Methods section) revealed that this drop in PL is corre-
lated with a reduction of the QDs lifetime from 79 = 5.00 ns to 75 = 0.65 ns (see Sec-
tion 4.6.3). From these observations, we concluded that the QDs are degrading be-
cause of thermal stress during the ALD process [242] (see Methods section), which
makes the quantum yield drop from QY° = 0.2 (that we take according to [239],
and which matches our measured lifetime of 75 = 5.00ns) to QY° = 2.6 x 107°.
Therefore, in the rest of this article, we choose to compare any PL enhancements
when the aSi nanoantenna is present to the configuration Au/Al,O3/QDs/Al O3
in which the QDs quantum yield is decreased to QY° = 2.6 x 103, and that we

will call the “Reference” hereafter.

We designed and fabricated the aSi nanorings to have a fixed outer diameter of
Dyut =~ 380nm, chosen to support a gap mode resonance at around Mg ~ 570 nm
(see Section 4.6.4), in order to enhance locally the laser (pump) intensity at that
excitation wavelength. The height of the nanoring was fixed to H ~ 230 nm, chosen
to support an antenna mode resonance around the emission wavelength of the
QDs Aem = 650 nm that strongly radiates in the upward direction (for out-of-plane
emission). We fabricated different samples with approximately same outer diameter
and height, but with different inner diameters Dj, (ring hole) varying between
~ 60nm to &~ 140 nm, in order to tune (shift) the antenna mode resonance (SEM
images of the antennas are shown as insets on Figure 4.1e). As we will see, because
of the presence of these two classes of modes — the gap modes, which are mostly
sensitive to Dy of the ring, and the antenna modes that are strongly sensitive to
D;, — we are able to almost independently control the spectral positions of both
types of resonances, allowing us to adapt the design to match the excitation and

emission wavelengths of the pump and QDs, respectively.

The fabricated nanoantennas were first characterized with dark-field scattering
measurements (see Methods section). Experimental scattering spectra are shown in
Figure 4.1e and reveal that the scattering features are blue-shifted , with increasing
Dy,. This is in fair agreement with the scattering cross-section simulations spectra

(see Methods section) shown in Figure 4.1f. On the other hand, when increasing
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Doy and fixing all other quantities, one observes a red-shift of the resonances
(Section 4.6.5).

We next computed the resonant optical modes E, of the system as well as their
complex eigenwavelengths A\, = A, +1 )2, with « labelling the mode, using quasi-
normal mode (QNM) calculations [243] (see Methods section). We identified that
the main features appearing in the scattering spectra are associated to the excita-

tion of three particular antenna modes, labelled aq, as and a3 in Figure 4.1f.

The mode «; has a Q-factors of about () ~ 30, which is higher than for as and as
(with @ ~ 10 and @ ~ 20, respectively), as can be seen from the sharper features
in the scattering spectra. Moreover, its spectral position is more sensitive to Dj,
than the two other QNMs, allowing for a higher degree of tunability. For these
reasons, we choose the antenna mode «; for the purpose of enhancing the emission
of the QDs. The field profile of the mode a4, shown in Section 4.6.7, reveals that
most of the electric field is located inside the hole of the nanoring, which explains

why this mode is highly sensitive to the parameter D,.

Moreover, a comparison with the case of a standalone nanoring shows that the
presence of the metallic mirror contributes to more than doubling the ()-factor of
the mode aq, in addition to slightly blue-shifting its spectral position (see Sec-
tion 4.6.6, Figure 4.11). Even more importantly, we found that, while for the
standalone nanoring it is mostly the n-plane dipoles that couple to this mode, and
only within a small area (located below the hole of the nanoring), the presence of
the mirror makes the out-of-plane dipoles to mostly couple to this mode, within a
much larger area (that forms a circular “band” surrounding the hole of the nanor-
ing), and with much higher coupling strength (see Section 4.6.6, Figure 4.12). In
practice, since it is very challenging to control the position and orientation of the
emitters precisely, the PL signal coming from the assembly of emitters is averaged
out over emitters spatially distributed over the nanoantenna area with random
dipole orientations. Therefore, a nanoring on top of a metallic mirror is expected
to give a significantly higher PL. enhancement compared to the case of a standalone
nanoantenna, due to higher coupling strength and the more spatially “extended”

coupling.
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4.3 Experimental Characterization

In the following, we present the results obtained for the selected nanoantenna case
having D;, = 60 nm, which we call “Antenna A” hereafter, for which we obtained
the highest total fluorescence enhancement. To characterize the total fluorescence
enhancement of the QQDs with the nanoantenna compared to the Reference situation
(in the absence of nanoantenna, denoted by the superscript “°” hereafter), we
use the well established fact that, in the low excitation regime, the fluorescence
enhancement per emitter (located at r) is proportional to the gains in excitation

rate, collection efficiency and quantum yield [14, 10, 41]:

_ ’Vexc(r) Dem(r) QY([‘)

EF
wlr) =0 = gy

(4.1)
The first ratio represents the excitation enhancement of the QDs, which corre-
sponds to the excitation rate 7ex, and is directly proportional to the local en-
hancement of the pump intensity at the position of the emitter r. This quantity
depends therefore on the wavelength used for the pump laser Ae.. The second
ratio represents the collection efficiency enhancement, which corresponds to en-
hancement of the collected signal into a given numerical aperture (NA). It thus
depends on the collection NA, denoted by NA,,, and also on the wavelength of
fluorescent emission Aqy. Finally, the last ratio represents the enhancement of the
emitter quantum yield (QY), the QY quantifying the radiation efficiency (i.e. the
probability that the excitation of the emitter actually results in the emission of
a photon in the far field), which also depends on the emission wavelength Aep,.
More specifically, in the Reference situation, QY° reads QY° = ~%/(7° + ~2)),
with 7% and 2. being the radiative and non-radiative decay rates of the QDs,
respectively. With the introduction of the nanoantenna, the QY is modified as
QY(r) = 7% (r)/[1:(r) + V2 + Yabs(r)], with 4, (r) is the new radiative decay rate
modified in the presence of the nanoantenna, v,s(r) is a new nonradiative decay
channel that takes into account the absorption by the nanoantenna, and ~? is

assumed to remain unaffected by the introduction of the nanoantenna [244].

Note that all of these quantities are defined for a single electric dipole emitter
with a given position r and also having a fixed orientation of its dipole moment
along the unit vector u, but for the sake of readability, we omit the dependence

on the parameter u in the above quantities. Also, it is interesting to note from
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Equation (4.1) that the total fluorescence enhancement EFy;, depends on the type
of emitter used in the Reference situation through QY?, and is thus not an absolute

figure-of-merit to characterize the performance of a given antenna.

After introducing the above quantities, we now use the fact that QY/QY" =
(Ve (1) /A°][7(r) /7°], where we further introduce the fluorescence lifetimes defined
as 7(r) = 1/[7(r) + 72 + 7aps(r)] and 70 = 1/(7% +42)) in the nanoantenna and
Reference situations, respectively, to recast Equation (4.1) into the following form,
which will be more convenient for our purpose of characterizing the underlying

mechanisms at play in our nanoantenna [14]:

r, Aexc) Tlem (I', )\ern7 NACO])
ntot (I‘, )\em)

nexc
EFu(r) = ( (4.2)
In Equation (4.2), we defined the quantities Nexe = Yexe/Y % a0d Tem = (Dem/D) (7:/70),
which quantify the enhancements in excitation and emission, respectively, and also
the quantity 7t = 7o/7, which quantifies the fluorescence lifetime modification (or
equivalently the total decay rate enhancement no; = Vior /75, With Yies = 771 and

0 _ (0y—1
Yiot = (7°)

in terms of Aexe, Aem and NA . of the terms 7oy, Nem and 7o explicit. We empha-

— also known as the “Purcell factor”), and we made the dependence

size that, through Equation (4.2), the total fluorescent enhancement is related to

but different from the Purcell factor.

4.3.1 Excitation enhancement and gap resonance

Experimentally, we first optimized the excitation wavelength .. to maximize the
excitation enhancement 7. For that, we recorded the PL signal as we varied the
pump wavelength e from 488 to 588 nm, while maintaining a constant pump
power, by collecting the light radiated into air using an objective lens with NA., =
0.9. Even though the QDs absorb shorter wavelength light more efficiently (as
shown in Section 4.7), optimal pumping conditions for PL enhancement in the
case of the nanoantenna were found to be at approximately Aeye = 570nm, as
shown in Figs 4.2a. In all the subsequent measurements, we therefore fix the pump

wavelength at Aexe = 570 nm.

We confirmed by numerical simulations (see Methods section) the presence of a

local maximum for the excitation enhancement around 583 nm, shown in Figs 4.2b.
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FIGURE 4.2: FEzxcitation enhancement for Antenna A and comparison with sim-
ulations. a. Experimental PL intensity spectra in counts (cts) from Antenna
A, showing their dependence on the pump excitation wavelength Ay having a
linear polarization and normal incidence. The maximum emission peak is ob-
tained for Aexc = 570nm. b. Simulated average excitation enhancement (7exc)
for Antenna A as a function of the excitation wavelength Aexc, calculated as the
intensity enhancement of the pump electric field in the nanogap, according to
Equation (4.11) (see Methods section). The maximum intensity enhancement
is obtained for Aexc = 583 nm in the simulation. The vertical dashed line de-
notes the excitation wavelength at Aexc = 570nm. c. and d. Simulated electric
field intensity distribution at Aexc = 570nm in the horizontal cross-section pass-
ing through the middle of the nanogap and in the vertical cross-section passing
through the middle of the nanoantenna, respectively. In the simulations, the
excitation source has its electric field linearly polarized along the z-axis, and
comes at normal incidence, like in the experiment.

We obtain that the theoretical excitation enhancement factor (7ey.) — the bracket
denoting position and orientation averaging of the QDs — is (7exe) = 7.3 at the
pump wavelength A = 583 nm. We also show the field intensity in the horizontal
cross-section located in the middle of the gap, and in vertical cross-section passing
through the center of the nanoantenna, in Figs 4.2c, d, respectively, which reveal
that most of the intensity is located in “hot spots” formed within the nanogap.
We also checked in simulations that the field profile of this gap mode matches the
one expected in theory for the gap mode resonance of symmetry (n = 3,m = 1)
(see Section 4.6.4 and Section 4.6.7), for which the nanoantenna was designed, as

mentioned earlier.
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Finally, note that the intensity distribution of this gap mode (exploited for ab-
sorption enhancement), is mostly located around the hole of the nanoring, and
thus presents a rather good spatial overlap with the area within which the mostly
coupled emitters to the antenna mode (exploited for emission enhancement) are

located, as discussed earlier.

4.3.2 Emission enhancement and antenna resonance

a. Back Focal Plane p, Angle-Resolved Photoluminescence
1.0
©
cC
G <
£3 0.8
<
-0.5
063:
-0.5 0.0 0.5 600 625 650 675 700 725 750 775 e
NA em 3
c. g
0.4=
© £
O
S <
—_
2= 0.2
9]
© —05
0.0

-0.5 ?\IR 0.5 600 625 650 675 700 725 750 775

em

FIGURE 4.3: Brightness enhancement for Antenna A and comparison with Ref-
erence. a. Back focal plane image of the emission PL of Antenna A taken with
a bandpass filter centered around Aep, = 650 nm with a FWHM of 30nm and
using a high-NA collection objective lens of NA.,; = 0.9. b. Angle-resolved PL
spectra of Antenna A using the same collection objective lens and projecting the
image onto a spectrometer. c. and d. Back focal plane image and angle-resolved
PL spectra of the Reference situation (absence of nanoantenna), respectively.

We next measured the angle-resolved PL spectra of the nanoantennas, using back
focal plane imaging technique (see Methods section), using the same objective lens
with NA.; = 0.9. We show in Figure 4.3a and b the back-focal-plane and angle-
resolved PL of Antenna A, respectively. The corresponding images in Reference
situation are shown in Figure 4.3c and d. One can see that the nanoantenna

situation looks brighter and present more directivity than the Reference situation.

Since our nanoantennas are designed for emission in the upward direction (out-of-
plane), and in order to quantify the emission enhancement in the upward direction,

we choose to integrate the angle-resolved PL of Figure 4.3 over a collection NA., =



92 4.3. Experimental Characterization

0.3, which corresponds approximately to +17°. The corresponding PL spectra is
shown in Figure 4.4a (blue line), together with the Reference PL (red line). In
order to deduce the experimental total fluorescence enhancement from these PL
spectra, we deconvoluted the PL signal of the nanoantenna with the Reference PL,
according to the formula:

(FFog) = 722 (43)
where [ (resp. Ip) is the PL intensity collected in the nanoantenna situation (resp.
in the Reference situation) — as shown in Figure 4.4a — and A (resp. Ag) is the
area corresponding to the ring horizontal cross-section that reads A = m(Dgy/2)?
with Dy, = 380nm where the QDs are located (resp. the area of the excitation

spot Ag = T(Dspot/2)? which is estimated to Dgper =~ 1.37 um; Section 4.6.8).
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FIGURE 4.4: Emission enhancement for Antenna A and comparison with sim-
ulations. a. Experimental emission PL spectra for Antenna A (blue curve) and
Reference (red curve), integrated over NA., = 0.9. b. Emission PL enhance-
ment (EF.y,) spectra obtained after deconvoluting the PL from Antenna A from
the Reference PL, according to Equation (4.3), and restricting the integration
over NA ., = 0.3 to capture the directional emission only. A 610 nm long pass fil-
ter was used to cut off any pump laser light in the collection beam path (denoted
by the blue area in the plots which are filtered in the collection channel while the
red area reaches the spectrometer). c. Simulated emission enhancement (7em)
for Antenna A in the upward direction (see Methods section). In all plots, the
vertical dashed line indicates the pump excitation wavelength Aexc = 570 nm.

The obtained experimental total fluorescence enhancement spectra is plotted in
Figure 4.4b. One can see one main peak around the emission wavelength of the
QDs Aem = 652 nm, for which we get a maximum total fluorescence enhancement

factor of (EFe,) = 654 and also a secondary peak at 717 nm.
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We corroborated these experimental total fluorescence enhancement spectra with
numerical simulations (see Methods section). We computed in Figure 4.4c the
emission enhancement < 7y, > in the upward direction (corresponding to NA., =
0), because it corresponds to the direction of maximum directivity, and the bracket
denotes once again position and orientation averaging of the QDs. One can see a
good qualitative agreement with the experiment, with also the presence of two
main peaks at A\ = 680nm and A, = 725nm. The shift of the resonances in
experiment compared to simulation can be attributed to size variations in the height
and outer diameter of the ring (even though we tried to fabricate all samples with
these parameters being fixed, slight variations are unavoidable). The maximum

emission enhancement at the main peak at Aep, = 680 nm is (M) = 206.2.

Moreover, from the previous mode analysis shown in Figure 4.1f, we identify the
two resonances at 680 nm and 725 nm with the antenna modes «; and ag, respec-
tively, as highlighted in Figure 4.4c. One can even see a weaker third resonance
around 700 nm, which we identify with the antenna mode a5 from Figure 4.1f, as
highlighted in Figure 4.4c.

Finally, we obtained the experimental radiation patterns of the nanoantenna from
the angle-resolved PL of Figure 4.3, at the emission wavelengths A, = 652nm
and \g,, = 717nm. Their radiation patterns are presented in Figure 4.5a and b,
respectively (dark lines). The radiation pattern of the Reference situation is also
shown (light blue lines). One can clearly see that each antenna resonance reshapes
the emission into a main lobe oriented in the upward direction. The collection
efficiency enhancement at Ao, = 652nm is estimated to be < Dgy /DY, >= 1.43
in the collection NA NA., = 0.3 (see Equation (4.12) in Methods section for the

formula used).

We also computed the theoretical radiation patterns (see Methods section) at the
two main resonances exhibited in the simulated emission enhancement spectrum.
Figure 4.5c and d display the simulated radiation patterns at the resonances 680 nm
and 725 nm, respectively (dark lines). The simulated reference situation is also
shown (light blue lines). One can see a good qualitative agreement between exper-
iment and simulation, showing strong out-of-plane directivity. We calculated from
these simulation results a collection efficiency enhancement at Ao, = 680nm of
< Dem/DY >= 1.31 in the normal direction (see Methods section), from which to-

gether with the previously calculated maximum emission enhancement, we deduced
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FIGURE 4.5: Directional enhancement for Antenna A and comparison with sim-
ulations. a. and b. Experimental radiation angular patterns for Antenna A
(dark curves) at the two peaks of the PL enhancement (EFe¢yp,) of Figure 4.4b,
located at Aoy = 652nm and Aey, = 717 nm, respectively. The Reference case
at Aem = 650 nm is also shown (light blue curves). Grey dashed lines show the
maximum collection angle corresponding to 6 = 64.2°. c. and d. Simulated ra-
diation angular patterns for Antenna A (dark curves) at the two peaks of the PL
enhancement (ney) of Figure 4.4c, located at Aem = 680nm and Ay, = 725 nm,
respectively. The Reference case at Aemy = 650nm is also shown (light blue
curves).

from Equation (4.2) the radiative decay rate enhancement to be (y,/7°) = 156.2
at ey = 680 nm.

4.4 Results and Discussion

In order to account more quantitatively for the experimental total fluorescence
enhancement, and to interpret the main physical mechanisms involved based on
Equation (4.2), it remains to determine the average lifetime reduction term (1¢) =
79 /7. Since it is usually tricky to obtain this quantity theoretically [245], as it also
depends on experimental input parameters such as the intrinsic non-radiative decay
rate of the emitters 72, we choose to use the experimentally obtained value from
the measured lifetimes with a time-resolved PL setup (see Methods section). After
fitting the experimental data (Section 4.6.9, Figure 4.17), we found a total decay

rate enhancement or lifetime reduction of (1) = 1.79, which is a very modest
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value of Purcell factor, but is due to a certain extend to the very small value of
the quantum yield of our emitters QY° = 2.6 x 1073, and hence is not entirely
characteristic of the nanoantenna. Note that all other terms in Equation (4.2)
calculated theoretically are entirely characteristic of the nanoantenna and do not

depend on the type of emitter, which is not the case for the term (n).

By then applying Equation (4.2), and only using the experimentally measured
lifetime reduction (nor) = 1.79 to feed the theoretical formula, the other gains
< MNoxe >= 7.3 and < Moy >= 206.2 being all computed independently with full-
wave simulations, we obtain a theoretical total fluorescence enhancement factor
of (EF),, = 841 (corresponding to a collection in the upward direction), which is
= 654 (for a collec-
tion NA of NA, = 0.3 in the upward direction), but in good qualitative agreement.

slightly higher than the experimentally measured one (EF)
One can infer from this analysis that the emission enhancement < 7, > — which
we recall is the product of the collection efficiency and radiative decay rate enhance-
ments — is the main mechanism responsible for the total fluorescence enhancement
observed here, with also a smaller but non-negligible contribution of the absorption

enhancement.

We also analyze in Section 4.6.9 the results obtained for two other nanoantennas,
called Antenna B and C, having identical outer diameters and heights as Antenna
A whose results were presented here, but larger inner diameters, D;, = 80 nm and
Dy, = 110nm, respectively. We found similarly good qualitative agreements be-
tween experiment and theory, by again only feeding the theoretical formula of Equa-
tion (4.2) with the experimentally measured lifetime reduction for (7). Moreover,
this comparative study between Antennas A, B and C highlights that one can tune
(blue-shift) the resonance exploited for emission by varying (increasing) Dj, with
respect to the resonance exploited for absorption, as already anticipated from the

mode study in Figure 4.1f.

4.5 Conclusion

In this work, we experimentally demonstrated an efficient and multi-resonance
silicon nanoring on gold mirror nanoantenna coupled to localized quantum dots

in a nanogap of ~ 10nm, which transformed very poor emitters into bright and
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directional sources. A total fluorescence enhancement factor of 654 x was measured,
coming from different mechanisms that contributed to increase the brightness of
our Antenna. Firstly, the nanoring antenna support several resonances designed
to have strong scattering properties, that increase the radiative rates of emitters
and improve the directionality in the upward direction. Moreover, the resonance
wavelengths can be tuned using the ring inner diameter to match with the emission
wavelength of the emitters. This is not the case for most other particle-on-mirror
studies[10, 47, 12, 48, 88|, where the particle has mainly one degree of freedom (the
nanoparticle size), giving very limited capability to tune the resonant responses of

the whole system.

Secondly, the metallic mirror creates a nanogap that supports “gap” modes[241,
93], whose resonance wavelength mostly depends on the ring outer diameter and
therefore can be easily tuned using this parameter, in an almost independent way
from the resonances exploited for the emission enhancement. These were used
to create intensity “hot spots” in the nanogap, leading to an overall gain in the

excitation efficiency of the QDs.

Among the improvements that can be carried out on these types of nanoantennas,
we would like to mention a few here. First of all, there is a need to pay atten-
tion to ensure that the QDs are protected and not degraded by the fabrication
process, as reported in this work and in Ref. [246], in order to guarantee higher
quantum efficiencies. Secondly, by exploiting lower order gap mode resonances,
one could increase the excitation enhancement (by a factor 4 for the second har-
monics according to our simulations — not shown here), to potentially bring the
total fluorescence to 3 orders of magnitude enhancement, figures reported so far in
all-plasmonics nanopatch antennas. It was not possible in this work because the
second harmonics was too near to be well separated spectrally from the emission of
the QDs, and this is why we exploited the third harmonics, which provided more

modest excitation enhancement.

The experimental demonstration provided in this paper confirms the relevance of
nanorings in hybrid dielectric-plasmonic nanostructures as highly tunable nanoan-
tennas with subwavelength size, to create efficient, bright and directional photon
sources in the visible spectral range, that can be of foremost importance for the

next-generation of light-emitting devices.
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4.6 Supporting Data

4.6.1 Photoluminescence of antenna compared to background

photoluminescence

Figure 4.6 shows the photoluminescence spectrum of an Antenna compared the
photoluminescence spectrum of the plain substrate after all fabrication steps, show-
ing that quantum dots were etched away everywhere except directly beneath the

antennas.

Antenna Photoluminescence

1.0 —— Antenna A
Background

0.8 -

0.6 A

0.4 -

emission, a.u.

0.2 A

0.0 -

550 600 650 700 750
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FIGURE 4.6: Antenna A PL spectrum compared to the background PL spectrum
of the sample substrate, showing very strong emission of QDs coupled to the
antenna above them. Very low background PL from areas not protected by
antennas, confirming that all the QDs not protected by antennas were etched
away.
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4.6.2 Quantum dot emission and absorption spectra
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FIGURE 4.7: e. Absorption (green) and emission (purple) spectra of the Cd-
Se/ZnS quantum dots used. Pump laser wavelength was 568 nm and a 610 nm
long pass filter was used to cut off any pump laser light in the collection beam

path.

4.6.3 Lifetime and PL measurements during fabrication

process

Time-resolved PL decay shown in Figure 4.8 was fit by a bi-exponential function

using reconvolution [247]. Fitting parameters are shown in Table 4.1. For all

measured samples, the time-resolved decay showed two characteristic decay rates.

For the case of quantum dots on a substrate, this is commonly interpreted as

quantum dots with different orientations exhibiting different decay rates because

of the substrate interactions [48].



Chapter 4. Silicon Ring on Au Mirror

99

a. Reference QD PL b. QD Lifetimes
1000 - 0
{] —— QDs on Si0; L,
800 - —— QDs on Au
—— QDs on Al,03/Au
Al,03 on QDs —4
3 600 - on Al,O3/Au -
c
9 I T T T T T
6 00 05 10 15 20 25 3.0
GEJ 400 A time, ns
c. Decay Components
200 - Y
fast
0 - T T T
500 600 700 800 900 1071

wavelength, nm

decay time, ns

In(cts), au

FIGURE 4.8: Photoluminescence (a.), lifetimes (b.) and fit decay components
(c.) of reference quantum dots. Purple lines - quantum dots on SiO3. Green
lines - quantum dots directly on Au mirror, with noticeable quenching. Blue
lines - quantum dots on Au mirror but with AloO3 spacer separating them from
the gold, which completely stops quenching. Red lines - damaged quantum dots

after second AlyO3 deposition.

TABLE 4.1: Amplitude (aj,a2) and decay (71,72) components of the bi-
exponential fitting used to the experimental lifetime measurements.

ap, a.u. T1, 1S ag, a.u. T2, IS
QDs on SiOq 0.05 0.27 0.019 3.80
QDs on Au 0.08 0.17 0.012 1.30
QDs on Al,O3/Au 0.04 0.27 0.022 5.00
Al O3 on QDs on Al,O3/Au | 0.10 0.10 0.006 0.65

counts, au
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4.6.4 Gap mode resonance
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FIGURE 4.9: a. Spatial distribution of the mode of a circular resonator of sym-
metry (n = 3,m = 1), calculated from Equation (4.4). Redder colors denote
positive values, and bluer color negative ones. b. Schematic of the metal/dielec-
tric 1/dielectric 2 configuration. c. Multilayer dispersion relation given by Equa-
tion (4.5) for a nanogap of thickness g = 10nm and permittivity 1 = 1.772 sand-
wiched between an aSi semi-infinite covering layer of permittivity o = egj (w)
given below without losses (i.e. vs; = 0) and a semi-infinite gold mirror whose
dispersive permittivity &, is the one given below without losses (i.e. v Ay =0
and 72 oy = 0). The oblique dark line corresponds to the light cone in a ho-
mogeneous aSi medium w = kc/y/esi(w — 0) with /egi(w — 0) = 3.3. The
horizontal black line corresponds to the cutoff frequency w.(g1) obtained as the
zero of the standard dispersion relation & = w/ c\/ £1€m/(e1 + &m), that is by
solving: €1 + &, (we) = 0.

It is not very convenient to identify the gap modes using the QNM formalism
because in this spectral region (around and below 600 nm), the number of modes
is very large and they are not spectrally well separated, which makes their analysis
quite tedious. Instead, we use a more intuitive analytical approach to find the

modes, based on geometrical considerations only [241, 93].

As mentioned in [93], the gap resonances of our system can be understood as “the
surface plasmon of a planar multilayer metal-dielectric system restricted to specific

quantized wavevectors”. The cylindrical symmetry of our system implies that
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resonances can be labeled with indices (n, m), enumerating field variations in the
radial and azimuthal directions, respectively. The wavevectors k,,,,, are “quantized”
due to the geometry of the above nanoantenna, which reflects the surface plasmon

at its boundary, similarly to the modes of a Fabry-Perot cavity.

The gap modes can be modelled as the modes of a two dimensional circular res-
onator, which are found by solving the wave equation in polar coordinates (r, ¢)
— which becomes a Bessel’s equation — with Dirichlet boundary conditions [248].

The solutions of this wave equation take the form [248]:
E(r,¢,t) = A- Jp(kr) - cos(mg) - e (4.4)

where A is the amplitude of the mode, k is the wavevector, and m is the azimuthal
number. Due to the Dirichlet boundary conditions, the wavevector is quantized
according to: kpmRout = Jnm, Where Jp,, is the n'® zero of the Bessel’s function
of the first kind of order m (note that in reality, the solutions for a ring are a
combination of Bessel functions of the first and second kind, and the discrete
wave-vectors k,,, must be found numerically [248], but as a first approximation,
we consider the ring inner diameter negligibly small compared to the outer diameter
D, < Dgyt, which allows us to solve these equations to the first order and to obtain

the same results as for a circular resonator, i.e. a plain disk).

Next, the resonance frequency associated to these quantized wavevectors is found
by “sampling” the multilayer dispersion relation of surface plasmons in the con-
figuration metal/ dielectric 1/ dielectric 2 according to [93], where in our case the
metal is gold, dielectric 1 is alumina and dielectric 2 is silicon (configuration shown
on Figure 4.9a, assuming the thickness of Si semi-infinite, which is justified if we are
looking at the surface plasmon polariton in the gap). We thus calculate the mul-
tilayer dispersion relation given by solving the following transcendental equation
[249]:
1+ ok /(emks)

eoky/(e1ks) + €1km/(Emky)
where “tanh” is the hyperbolic tangent function, k; = \/m, with i =1,2

for dielectrics 1 or 2 and ¢ = m for the metal substrate, and ¢ is the thickness

tanh (k1g) = (4.5)

of the dielectric 1 (the metal and dielectric 2 are considered semi-infinite). This
dispersion is plotted in Figure 4.9c, corresponding in our case to ¢ = 10nm, ¢; =

1.77% (permittivity of AlyO3), g2 = &g (w) (dispersive permittivity of aSi given
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below), and the metal permittivity e,, = ea,(w) (dispersive permittivity of Au

given below).

We then apply the above theory to our nanoantenna geometry. In our case, since
we are looking at a gap mode which is excited by the pump laser, which has a
linear polarization in our experiment, only modes with m = 1 can be excited
due to symmetry compatibility. We find that the discrete wavevector ks; (which
corresponds to the third zero of the Bessel function of order m = 1) for a ra-
dius Ry = 190nm (vertical dashed red line in Figure 4.9¢), intersects with the
dispersion curve (blue curve in Figure 4.9¢), at the resonance frequency 574 nm,
which is in quantitative agreement with the observed resonance wavelength of the
pump around Mg =~ 570nm. The spatial profile of this mode with symmetry
(n = 3,m = 1), calculated from Equation (4.4) with ¢ = 0, is shown in Figure 4.9a.

4.6.5 Scattering cross-sections with outer radius increase
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FIGURE 4.10: a. Experimental scattering spectra from antennas with an inner
radius of about 40nm and height of about 230 nm while increasing the outer
radius. b. FDTD-simulated scattering spectra of antennas with a inner radius
of 40 nm, height of 230 nm while increasing the outer radius.
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4.6.6 Comparison between “antenna” mode of the nanor-

ing in free space and on gold mirror cases

a b.
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2
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FIGURE 4.11: Comparison between the Quasi-Normal Mode (called “antenna
mode”) of the ring (outer diameter Dyy = 380nm and height H = 230nm)
standing in free space (blue dots) and on top of a gold substrate (red stars).
a. Inner (hole) diameter Dj, vs. eigenwavelength (real part) of the mode. b.
Inner diameter Dj, vs. quality factor ) of the mode. The cases of D;, = 60,
80 and 110nm, (corresponding to what we call Antenna A, B and C later on,
respectively) are also highlighted (horizontal black dashed lines). The insets
represent the norm of the QNM mode |E,| for the disk (lower inset) and the
ring with Dj, = 60 nm (upper inset) in the plane perpendicular to the substrate,
passing through the center of the nanoantenna.

To understand how the presence of the metallic (gold) mirror affects the antenna
mode (labelled ay), we calculate the eigenfrequency and Q-factor of this mode
when the nanoring is standing in free space, see Figure 4.11a and b, respectively.

The field profiles of this mode E, are also shown as insets.

Now, in order to understand how quantum emitters might couple to this antenna

mode, we compute the mode volume V,(r) associated with this QNM, which is
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given by the relation [250, 243]:

1
Valr) = S B ) ) (4.6)

with €y being the vacuum permittivity. One can see from Equation (4.6) that
the volume quantifies the interaction between electric dipole emitters with dipole
orientation along unit vector u and the QNM field E,(r) at the position of the

emitter r = (z,y, z). The smaller the mode volume, the stronger the interaction.

We calculate the spatial distribution of the mode volume associated with the an-
tenna mode, across the xy plane located 5nm underneath the ring, in the case of
a disk (lower panel) and a ring with D;, = 60 nm (upper panel), related to dipoles
oriented out-of-plane (i.e. perpendicular to the plane, denoted by the symbol L)
and dipoles oriented in-plane (i.e. parallel to the plane, denoted by the symbol ||).

For the standalone nanoring/nanodisk, shown in Figure 4.12a, in both cases of
the disk and the ring, dipole emitters whose dipole moment orientation is in-plane
are more efficiently coupled to the nanostructure in the central area, compared to

emitters with out-of-plane orientation.

In stark contrast, for the nanoantenna on top of gold mirror, shown in Figure 4.12b,
one can see that the coupling of in-plane dipoles, is extremely small, while the
coupling of out-of-plane dipoles is substantial within a circular “band” surrounding
the central area (corresponding to the hole area). This behavior can be understood
partially by the fact that the presence of the metallic substrate forces the tangential

component of the electric field to be near zero at the interface.

We therefore expect to induce a larger enhancement of the PL of quantum emitters
distributed in the nanogap between the nanoantenna and gold mirror even after
averaging over random orientations and spatial distribution, compared to the an-
tenna alone situation, owing to a stronger coupling and also “delocalized” coupling

over a larger area beneath the ring, where the emitters are localized.
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Disk/Ring in Air b Disk/Ring on Gold Mirror

FIGURE 4.12: Spatial distribution of the real part of the inverse mode volume
Re(1/V,) associated with the chimney mode, calculated in a plane located 5nm
below the nanoantenna, in the two cases of a disk and a ring with D, = 60 nm,
both having an outer diameter Dy, = 380nm and height H = 230nm in free
space. We discriminate between the out-of-plane oriented dipoles (symbol L)
and the in-plane oriented dipoles (symbol ||, where in this case we averaged over
x and y-orientations). The dotted white lines represents the projection onto the
plane of the outer and inner diameters of the ring.
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4.6.7 Field profile at the pump excitation wavelength

The local field enhancement shown in Figure 4.2 is mostly due to the z-component
of the electric field, which we show in Figure 4.13. One can note the same symmetry

as the mode profile of a circular resonator shown in Figure 4.9a.
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FIGURE 4.13: Component E, of the electric field at excitation wavelength Aex. =
570nm in (a) the horizontal cross-section 5nm underneath the nanoring and (b)
in the vertical cross-section passing through the middle of the nanoring.

4.6.8 Laser spot size estimation

b. C.
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FIGURE 4.14: a. SEM of a marker on the sample, 10 x 5um?. b. Image of
the same marker through 100x 0.9NA objective lens used to focus laser. Image
scale is approximately 7 pixels per micron. c. Image of the laser spot using the
same optical setup. Measured spot diameter at intensity I = G%Imw is 1.37um.
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4.6.9 Comparison between antennas A, B and C
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100 1 —antenna 100 1 —antenna 100 1 —antenna
5 —ref 5 —ref 5 —ref
2 751 -ipump 2 751 -ipump 2 751 -ipump
2 1 > 1 > 1
@ 501 1 @ 501 1 & 501 1
c 1 c 1 C 1
3 1 2 1 3 1
£ 25 : £ 25 : £ 25 :
0 : T X20 T 0 : T = T 0 : T _/\leo
d. 600 700 e. 600 700 f. 600 700
—Iexperiment —Iexperiment Iexperiment
4 1 11
800 : 400 - : 150 :
A 6004 1 A I A i
x 1 x 1 x 1004 1
i 1 u’ 1 u’ 1
w 40041 1 w 200 A 1 w 1
v ] v ] Vool !
200 | ] ]
1 1 1
01— r 01— T 01— T
600 700 h 600 700 i 600 700
9300 200 T I -
—simulation —simulation simulation
1 1
1 1 as
A 2004 | @ A '
5 i as| § l
< i < i g
V' 100 - ! v !
1 1 az
I @2 I
0 === T 0 . T 01— T
600 700 600 700 600 700
Aem, NM Aem, NM Aem, NM

FIGURE 4.15: a, b, ¢ Experimental PL signal for the nanoantennas (red) com-
pared to Reference quantum dots (blue), d, e, f PL enhancement factor es-
timated from dividing nanoantenna PL by Reference PL. g, h, i Simulated
enhancement factor for the nanoantennas. Dashed line in the plots indicates the
pump wavelength. Blue area in the plots is filtered in the collection channel;
only signal from the red area reaches the spectrometer.

In this Section, we compare three cases experimentally and in simulations of
nanoantenna on top of gold mirror with same height H = 230nm, outer diam-
eter Doy, = 380nm, but different inner diameters: Dy, = 0,60,80,110 nm, which

we will call hereafter “Antenna A”, “Antenna B” and “Antenna C”, respectively.

Their experimental total enhancement spectra are shown in Figure 4.15 for a col-
lection NA ., = 0.3 and compared with simulations of the emission enhancement in
the normal direction in Figure 4.15. Experimentally, around the 650 nm, we have
enhancement factors of 654, 349 and 98 for Antenna A, B and C, respectively. One
can note that the positions of the peaks are slightly blue-shifted as one moves from

Antenna B to Antenna C in experiment. Antenna A does not follow this trend, but
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this is attributed to slight variations in the height and outer diameter compared

to the nominal values.
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_fa. 652nm 0° e. 656nm 0° i. 641nm 0°
5 45° < as° 45 L
g =—antenna A =—antenna s =—antenna S
: —referjnce\/{ﬁ:,, —reference \/{' A - —referjnce.\@,,’
L 90 é)o T 290" 90 6)0 T 290°
o j- 639nm°

45

Simulation

—antenna -
—referjnce.\/f g~

—antenna A
L ~ 1 -~
reference) -
4 — 90° 90

90

Experiment

90°

Simulation

FIGURE 4.16: Experimental and simulated radiation patterns for the nanoan-
tennas at resonant modes with the highest enhancement. Grey dashed lines show
the maximum collection angle.

In simulations, the peaks are blue-shifted as on goes from Antenna A to C as
expected, and the emission wavelengths corresponding to the maximum of the first
resonance are at at 680, 665 and 639 nm, respectively. The calculated emission

enhancements (7ey,) in the normal direction are about 206, 136 and 54, respectively.

We also show the measured and calculated radiation patterns in Figure 4.16, that

reveal directivity in the out-of-plane direction in all cases.

In order to account for the different values of enhancement, we compute the Purcell
factor F,(r) associated to the antenna mode responsible for the peak around 650 nm

(labelled «), according to the formula:

F(r) = GS—gQaRe (Val(r)) (4.7)

The Purcell factor quantifies the decay rate enhancement due to the coupling with
QNM o compared to free space, for an emitter located at position r, and for a

perfect matching of the emission frequency of the emitter with the real part of
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the QNM eigenfrequency. We found that the maximum Purcell factor Fi(r™a),
corresponding to a dipole emitter with an out-of-plane orientation (L) and located
at the position r™®* where Re(1/V,(r™®)) is maximum (that is in the regions
corresponding to the yellow/orange bands in Figure 4.12), increases as the hole
diameter decreases — and is maximized for the disk case; see Table 4.2. This
indicates a stronger coupling of quantum emitters with the QNM as the hole di-
ameter decreases. We also calculated the averaged Purcell factor denoted (F,) for
emitters spreading over the entire area below the ring (corresponding to the geo-
metric cross-section of the ring o4, = mR2,, With Row, = Doyt/2 = 190nm) and
with random orientations; these values are displayed in Table 4.2 together with
the quality factors, ¢),. One can see that the averaged Purcell factor associated
to this antenna mode decreases as the inner diameter increases, in agreement with
the measured and simulated enhancement factors.

TABLE 4.2: Quasi-normal modes related quantities for four antennas configura-

tions on gold mirror: Disk, Antenna A, Antenna B and Antenna C. Shown in

the table are: the real and imaginary parts of the complex eigenfrequencies wgy,

the @Q-factors associated with each mode calculated as Q, = —w/ /(2wY), the

maximum Purcell factor associated to each mode calculated for a dipole with

out-of-plane orientation and located in the positions where the coupling is max-

imum, and the averaged Purcell factor associated to each mode calculated after

averaging over dipole orientations and emitter positions in the plane located
below the antenna and in the middle of the gap.

wy, [rad/s] we, [rad/s] Qo oy (e™)] (Fa)
Disk 2.654 x 10 —4.402 x 103 30.1 41.6 6.5
Antenna A 2.748 x 107 —4.849 x 10" 28.3 274 4.4
Antenna B 2.811 x 10" —5.188 x 10*3 27.1 22.0 3.4
Antenna C 2.923 x 10" —5.438 x 1013 26.9 14.1 2.2

We also measure the lifetime for the nanoantennas A, B and C, which is shown in
Figure 4.17, with the fitting parameters being displayed in Table 4.3. The “fast”
decay rate enhancement is about 1.43, 1.11 and 1.43 for Antennas A, B and C,
respectively and the “slow” decay rate enhancement is 1.86, 1.18 and 1.3 for A, B
and C, respectively. Assuming an homogeneous distribution of QD orientations,
the average decay rate enhancement is just the average of the “fast” and “slow”
enhancements, giving 1.65, 1.15 and 1.37 average decay rate enhancements for
Antennas A, B and C, which corresponds to the averaged Purcell factor discussed

in the earlier. Note that this is the “total” Purcell factor, which is different from the
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“modal” Purcell factor calculated in Table 4.2 which is calculated for the antenna

mode only.

Antenna Lifetimes
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FIGURE 4.17: a. Measured and fit lifetime signal from nanoantennas and refer-
ence quantum dots. Grey curve is the instrument response function. Blue curve
is freshly spin-coated quantum dots lifetime. Red curve is the same quantum
dots after ALD. Dark blue, violet and orange curves are the lifetime signals from
Antennas A, B and C, respectively. Grey curve is the instrument response func-
tion. PL decay was measured for a narrow spectral band, centered at 650 nm.

TABLE 4.3: Amplitude (aj,a2) and decay (71,72) components of the bi-
exponential fitting used to the the experimental lifetime measurements.

a, a.u. T1, IS as, a.u. T2, IS
Antenna A 0.12 0.07 0.004 0.35
Antenna B 0.12 0.09 0.004 0.55
Antenna C 0.12 0.07 0.003 0.60

We summarized the different calculated and measured enhancement factors in Ta-
ble 4.4, and found very good qualitative agreement between experiment and cal-

culations.
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TABLE 4.4: Comparison between calculated and measured averaged fluorescence
enhancement factors. The “theoretical” enhancement factor (EFyy,) is calculated
based on Equation (4.2), where all the contributing ratios are computed theo-
retically, except the ratio between the lifetimes 79/7, which is taken from the
experimental measured values. The “experimental” enhancement factor (EF cxp)
is extracted from the measured photoluminescence based on Equation (4.3). All
the quantities that depend on the excitation wavelength and emission wavelength
are taken at Aexe = 570nm and Ay, =~ 650 nm, respectively. The theoretical en-
hancement factor is calculated for a collection NA ., = 0, while experimentally

we integrate the signal over a non-null NA of NA., = 0.3.

<’Yexc/fygxc> <Dem/ng> <7r/7?> <7_0/7—> <EFth> <EF6XP>
Antenna A | 7.3 1.31 156.2 1.79 841 654
Antenna B | 5.0 1.26 107.9 1.17 585 349
Antenna C | 3.8 1.21 43.9 1.12 183 98
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4.6.10 Optical constants of amorphous silicon and gold

We fit our experimental data of the optical constants of our amorphous Si (i.e.
refractive index n and extinction coefficient k, obtained via ellipsometry measure-
ments, shown in Figure 4.18a,b), by a Lorentz model with 1 pole (or oscillator),
which is in a quantitative agreement with the experimental data for wavelengths
A > 550nm. The complex permittivity ¢ = &’ +ie”, which is related to the optical
constants by the relations ¢’ = n? — k? and ” = 2nk, that we use in the case of Si

reads:
2

gsi(w) = €osi |1 — “pS . (4.8)
’ w? — Wi ; + w7

with eogi = 1, wpsi = 15 x 10 [rad/s], wosi = 5 x 10'° [rad/s|, and 7g; = 0.3 x
10% [rad/s].

In the case of the Au substrate, we did not measure the optical constants and
assumed that they correspond closely to the values measured by Johnson and
Christy [197]. In order to fit these experimental data, we used a Lorentz-Drude
model with 2 poles (oscillators), which is also in a quantitative agreement with the
experimental data for wavelengths A > 550 nm (see Figure 4.18¢,d). The complex

permittivity that we use in the case of Au reads:

2 2
wp,l,Au wp,2,Au (49)

- . - 9 .
w? +iwyran W? — Wiy A T iWY2 A0

EAu (U)) = €o0,Au 1

with €0 au = 6, Wp1.au = 5.37 x 101 [rad/s], y1,.au = 6.216 x 10 [rad/s], wp2.au =
2.2636 x 10" [rad/s], wp2.au = 4.572 x 101 [rad/s], and 79,4, = 1.332 x 10" [rad/s].
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FIGURE 4.18: Fitting of refractive index n (a) and extinction coefficient x (b)
of the amorphous silicon used for the fabrication of the nanoantennas, and of the
gold used for the substrate (c and d). The fitting parameters for the analytical
curves (red lines) are given in the Methods section. The experimental data (blue
points) were obtained via ellipsometry measurements in the case of silicon, and
taken from Ref. [197] in the case of gold. The wavelength of maximum emission
of the quantum dots at 650 nm is also shown (vertical black dashed line).
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4.7 Methods

4.7.1 Fabrication

The whole antenna structure process flow is shown in Figure 4.19. Details of each

step of the process are given below:

Silicon Ring on Gold Mirror Fabrication Steps

>

1. Au Deposition

L

2. Al,05 Deposition

-<
3. QD spin-coating

+ 4. Al,05 Deposition

>
5. aSi CVD Deposition

akl

6. HSQ spin-coating

7. EBL

@&

+ 8. RIE Etching

\

FIGURE 4.19: Schematic showing nanoantenna fabrication steps

1. We deposited a 100 nm gold thin film onto a silicon substrate with a 5 nm
titanium adhesion layer by EBPVD (Denton Explorer) at a rate of 0.1A/s.
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2. Next, using ALD (Beneq TFS 200), we deposited several nanometers (30

cycles) of alumina from trimethylaluminum and HyO precursors at 120°C.

3. After that, a layer of CdSe/ZnS alloyed quantum dots [239] were spin-coated
at 2000 rpm for 1 min from a solution of 5 mg QDs per mL in toluene (shown

on Figure 4.1c¢).

4. The quantum dots were then covered by another layer of alumina (30 cycles),

this time using ALD at a temperature of 80°C.

5. For the ring structure, we deposited an ~ 230 nm thick film of amorphous
silicon by ICP-CVD (Oxford PlasmaPro 100) at 80°C from a SiH, precursor
(45 scem SiHy and 30 scem Ar at 8 mTorr process pressure, 50 W RF power
at 20 DC forward bias and 3000 W ICP RF power).

6. Hydrogen silsesquioxane e-beam resist (Dow Corning XR-1541-06), spin-
coated at 5000 rpm for 1 min, and a change dissipation layer (Espacer

300AX01), spin coated at 1500 rpm for 1 min, were used for the EBL writing.

7. EBL (Elionix ELS-7000) was performed at an acceleration voltage 100kV
and a current of 500 pA, with a dose of &~ 300 mC/cm?. The sample was then
developed in a NaOH/NaCl salty solution (1% wt. /4% wt. in de-ionized

water) for 60s and then rinsed by de-ionized water to stop the development.

8. The final structure created by ICP-RIE etching (Oxford Plasmalab 100) using
chlorine gas, with a slight over etch to etch any quantum dots not protected

by the silicon structures (22 sccm Cly at 5 mTorr process pressure, 100 W RF
power and 300 W ICP RF power).



116 4.7. Methods

4.7.2 Optical Characterization

The same optical setup, as described in Chapter 2, Section 2.8.3, was used.

All optical measurements were performed in a microspectrometer setup, based on
an inverted microscope (Nikon Ti-U) and a spectrometer system (Andor SR-303i
spectrograph with a 150 lines/mm grating coupled to a 400 x 1600 pixel Andor
Newton 971 EMCCD). Incident light was focused on the sample by a 100x objective
lens with a 0.9NA (Nikon LU Plan Fluor). Signal collected by the same objective

lens was then projected onto the spectrograph entrance slit with a width of 250 pym.

4.7.2.1 Dark-field scattering measurements:

For dark-field scattering, white light from a halogen lamp was used to excite the
sample, with the central low-k portion of the beam blocked from entering the
objective lens, meaning only light scattered by the nanoantennas was collected and

sent to the spectrograph. Reflectance of an silver mirror was used as the Reference.

4.7.2.2 Photoluminescence spectroscopy:
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FIGURE 4.20: Schematic of photoluminescence measurement setup.

For photoluminescence measurements, a supercontinuum source (SuperK Power,
NKT Photonics) with band-pass filter (SuperK Varia, NKT Photonics), pulse du-
ration 70 ps, 78 MHz repetition rate was used to excite PL. The band-pass filter was
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used to scan the pump wavelength from 488 to 588 nm with a 10 nm bandwidth.
Average pump power was maintained at ~ 250 uW. The pump laser was focused
onto the sample substrate by the same 100x 0.9 NA objective lens, resulting in
an approximately 1.2 um diameter laser spot (see Section 4.6.8) for details on the
method used to estimate the laser spot size). A 610 nm long pass filter was used to
cut off any pump laser light in the collection beam path, the 610 nm cut-off can be
clearly seen in all the photoluminescence curves on Figure 4.4 and in Figure 4.7,

Figure 4.8a and Figure 4.15.

A schematic of the setup used for photoluminescence measurements is shown on
Figure 4.20.

See Chapter 4, Section 2.8.3.1.

4.7.2.3 Back-focal-plane imaging
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FIGURE 4.21: Schematic of photoluminescence back focal plane measurement
setup.

To capture back-focal-plane images, the same 100x 0.9NA objective lens was used
to collect light emitted by the nanoantennas, except that, instead of the image
plane, the back focal plane of the objective was projected onto a CCD. The max-
imum collected angle, according to NA = nsinf, and in our case, n = 1 (air), is

about # = 64.2°. A schematic of the setup in shown on Figure 4.21.

Grainy features seen in all of the back-focal-plane images are artifacts related to

dust in the collection system and are unrelated to the sample.
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4.7.2.4 Back-focal-plane spectroscopy

To measure angle-resolved PL spectra, the same 100x 0.9NA objective lens was
used to collect light emitted by the nanoantennas, except that, instead of the image
plane, the back focal plane of the objective was projected onto the spectrograph
entrance slit. The maximum collected angle, according to NA = nsinf, and in

our case, n = 1 (air), is about 6 = 64.2°.

4.7.2.5 Lifetime measurements

Time-resolved photoluminescence was studied using a Picoquant Microtime 200
TCSPC system coupled to our microspectometer setup. The same supercontin-
uum source was used to excite the sample. Spectrally integrated PL in a narrow
5 nm range, centered at 6560 nm was collected using a Si single photon avalanche
photodiode. The instrument response function (IRF) was recorded using excita-
tion light scattered from the sample, where the IRF was measured to be 77 ps.
PL decay measurements were fit using reconvolution with the measured IRF by a

bi-exponential function using reconvolution [247].
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4.7.3 Numerical simulations
4.7.3.1 Scattering cross-sections

To compute the scattering cross-sections, we used the finite-difference time-domain
(FDTD) method in Ansys Lumerical FDTD. The Si particle (nanoantenna) in the
presence of Au mirror was surrounded by a Total-Field Scattered-Field (TFSF)
source, which simulates a planewave excitation and allows to separate directly the
scattered field from the incident field. The distance between the TFSF box and
nanoantenna was set to be larger than 100 nm. The incident wave was chosen to be
linearly polarized and coming at normal incidence from the top of the nanoantenna.
The scattering cross-section (i.e. the power flowing out of the particle divided by
the source intensity, with a unit of m?) was calculated using six plane monitors that
formed a closed box surrounding the particle and located outside the TFSF source.
The distance between the monitor box and the TFSF box was about 50 nm. Note
that we consider for the simulations that the gap between the Si particle and Au
mirror is filled with a homogeneous medium of refractive index corresponding to

the one of alumina, i.e. n = 1.77.

See Chapter 2, Section 2.8.1.3.

4.7.3.2 Mode calculations

The quasi-normal modes (QNMs), denoted E,(r), can be defined as an eigenvalue

problem of the solution of Maxwell equations in the absence of sources:

V x iv X Eq(r) = wie(r,wq)Eq(r) (4.10)
where w, = w!, +i1w! denotes the complex eigenfrequency associated with the eigen-
mode E,(r), and supplemented by outgoing boundary conditions (also known as
the Sommerfeld radiation condition as |r| — o0). Note that w” < 0 due to the
convention “e™ ! used for the time-harmonic fields. Here, the system is consid-
ered nonmagnetic with a vacuum permeability pg, and e(r,w) denotes the rela-
tive permeability of the medium. the complex eigenwavelengths are defined as

Aa = 27C/wy.
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In order to solve Equation (4.10) and obtain the eigenmodes and eigenfrequencies
in the configurations shown in Figure 4.1g, we employed the “QNMEig solver”,
developped by IOGS-CNRS [251], which, computes and normalizes the QNMs of
plasmonic and photonic resonators, implemented using COMSOL Multiphysics.
The QNMEig solver needs all dispersive material permittivities to be modelled
by a N-pole Lorentz-Drude model, in order to reformulate Equation (4.10) into a
linear eigenvalue problem (see, for example, [251]). The parameters of the Lorentz-
Drude model that we used for the dispersive permittivities of amorphous silicon

(nanoantenna) and gold (substrate) can be found in Section 4.6.10.

4.7.3.3 Excitation enhancement simulations

To compute the term 7ey.(r, Aexc) in Equation (4.2) shown in Figure 4.2, we use

the fact that the normalized excitation rate can be readily expressed as [252]:

2

u-E(r, A\xc)

_ 4.11
u- EO(r7 )\exc) ( )

Nexc (I‘, )\exc) =

where we recall that u is a unit vector showing the orientation of the emitter dipole
moment, r is the position of the emitter, and E(r) (resp. Eq(r)) is the electric field
at the emitter position r for a given excitation source in the nanoantenna case (resp.
in the Reference case). In our case, we consider illumination as a linearly polarized
planewave coming at normal incidence from the top of the nanoantenna. We
computed, using Ansys Lumerical FDTD, this enhancement factor by integrating
the electric field intensity in the horizontal plane (i.e. parallel to the substrate)
and located in the middle of the nanogap over an area corresponding to the ring
horizontal cross-section, which we obtained the averaged excitation enhancement
(Mexc) after averaging over all directions to account for randomly distributed and

oriented dipole emitters, and normalizing by the case without Si nanoantenna.

4.7.3.4 Emission enhancement simulations

The calculations of the radiative emission enhancement 7oy, (r, Aep) from Equa-
tion (4.2) and shown in Figure 4.4 were carried out using the reciprocity principle,

following the method well described in Ref. [253]. This method was implemented
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in Ansys Lumerical FDTD, where planewave sources were used with two orthog-
onal linear polarizations to excite the nanoantenna, using the TFSF source tool.
Then, the near-field response was recorded in a plane located in the middle of the
gap by point monitors, distributed in an area with the same size as the nanoan-
tenna cross-section, and with a density of 3600 um~2 (i.e. we use approximately
408 point monitors homogeneously distributed below the ring within an area of
mR? with R = Dyy/2 = 190nm). By reciprocity, the power recorded in each
point monitor and calculated from the projection of the electric field along axis i
(1 =z, y or z) is equal to the emission power of light with the same polarization
as the source from a point electric dipole oriented along ¢ and located at the same
position as the monitor. To obtain the averaged emission enhancement (7ey,) of
the assembly of electric dipoles randomly oriented and distributed uniformly under
the nanoantenna, the power over all orientations ¢ and over the spatial distribution
of monitors was integrated, averaged over two orthogonal linear polarizations, in
the direction out-of-plane (normal incidence), and normalized to the case without

nanoantenna.

4.7.3.5 Directional enhancement simulations

To obtain the directivity patterns shown in Figure 4.5, we use the same reciprocal
simulations as mentioned above, and made a sweep over all angles of incidence. In
Figure 4.5, we show the emission angular power distribution (averaged over two

orthogonal linear polarizations).

In order to quantify the percentage of light that can be collected in the upward
direction with given collection NA NA_,, we use the relation (see e.g. [94]):

b — [27 7 p(8, ¢) sin()dOdg (412

027r fowp(ea ¢) sin(0)dOdeo

with p(0, ¢) being the angular power radiated into a certain solid angle (parametrized
by 0 and ¢), and 0, is defined as 6., = sin™'(NA.,). We consider only one di-

rection for the calculated radiation patterns, which is the upward direction to be

consistent with the enhancement spectra shown in Figure 4.4, that is we set 6., = 0

in Equation (4.12).






Chapter 5

Conclusions and proposed future

work

5.1 Conclusions

In this dissertation I have developed and demonstrated the full cycle of designing,
fabricating and characterizing hybrid plasmonic-dielectric nanoantennas. Starting
from developing optimization techniques for complex geometries, through antennas
fabrication, localization of quantum emitters to couple to the antenna and culmi-
nating in demonstrating a functioning hybrid nanoantenna coupled to quantum
dots showing tunable out-of-plane directivity and providing over 650 directional

enhancement and over 50x Purcell factor.

Chapter 2 focuses on my original antenna design, a silicon ring and gold bowtie
antenna, where the bowtie provides most of the fluorescence enhancement and the
ring provides directivity. To optimize this design, several optimization techniques
were developed, applicable to antennas with differing degrees of freedom. A gra-
dient descent method, while quick and easy to understand, but limited to designs
with small numbers of degrees of freedom, was used to optimize the bowtie and
later cylinder dimer portion of the antenna. After adding the ring to the nanoan-
tenna, there were too many degrees of freedom to efficiently utilize the gradient
descent method, so I switched to genetic algorithms to optimize the whole struc-

ture. This required some thought to be put into figures-of-merit for the antennas,
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because optimizing for fluorescence enhancement and for directivity can potentially

be conflicting optimization objectives.

After optimizing the antenna, fabrication also posed challenges because of the
required precision in mask alignment and bowtie parameters. At this point I de-
cided to switch from a bowtie structure to a cylinder dimer structure because of
less stringent fabrication requirements and also because the cylinder dimer offered
more tunability. An issue that needed to be accounted for was proximity effects
caused by the ring structure during the subsequent dimer fabrication. After fabri-
cation issues were resolved, I switched to localising quantum emitters to couple to

the antennas.

Chapter 3 focuses on the methods of quantum emitter localization that I explored.
For the original ring-and-bowtie design, the most promising method was the direct
creation of emitting defects in hydrogen silsesquioxane resist by e-beam exposure.
This allows for very good precision, aligning the emitting HSQ almost perfectly to
the nanoantenna hot spot. Unfortunately this requires an additional mask align-

ment step, which is the most difficult part of the whole fabrication process.

An alternative method, allowing for quantum emitter localization without any
additional mask alignment, was also explored — evenly distributing emitters all
over the sample substrate and then using the subsequently fabricated antenna
structure as a mask to protect the emitters that I want coupled to the antenna,
while removing the rest. This is a very simple method, but one that required me
to change my antenna design — in the original design, the antenna hot spot was
in the gap between the cylinders of the gold dimer, while this method of emitter
localization would leave emitters below the antenna. This bring me to the final

chapter.

In Chapter 4 I take the simple method of quantum emitter localization, and cou-
ple the emitters to a silicon ring on gold mirror antenna structure, demonstrat-
ing highly directional enhancement of quantum emitter fluorescence by a hybrid
particle-on-mirror antenna. The antenna structure achieves up to 650x directional
enhancement, by 8.8x pump enhancement, 1.5x directivity and 50x radiative

Purcell enhancement.
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5.2 Proposed future work

In my project I coupled multiple quantum dots or multiple emitting defects to
nanoantennas for fluorescence and directivity demonstrations. The next logical
step would be to couple a single quantum emitter to the antenna, to be able to
demonstrate enhancement of a perfectly localized single photon emitter. To this
effect, in Chapter 3 I explored creation of single photon emitters in hexagonal
boron nitride, unfortunately, as of yet, was unable to produce stable emitters,

despite attempting to reproduce results of multiple papers [124, 154].

Another vector for further research would be more robust antenna design and
optimization algorithms. Since, for my project, known antennas structures were
used, I only focused on the optimization of those structures, meaning that many,
potentially even better, designs remained outside the scope of my thesis. Several
methods for antenna design have recently been proposed, unbound by concrete
geometries [120, 119], utilizing these methods could potentially allow for more

efficient antenna designs.
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