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Abstract

This thesis presents an investigation of optical meta-atoms and reconfigurable optical
meta-atoms both via experiments and simulation. Electron energy-loss spectroscopy
(EELS), an outstanding technique to characterize both near- and far-field optical prop-
erties, is extensively used in the thesis.

Optical meta-atoms based on silicon, boron phosphide, gold and nickel are considered in
the thesis. We characterize the EELS response of Mie resonant silicon nanoparticles and
place them on a thin gold film to efficiently launch surface plasmon polaritons. We excite
the short-range surface plasmon polaritons of the thin metal film via electron beam and
show its scattering by a silicon nanoparticle. Using cathodoluminescence spectroscopy at
low acceleration voltages, we show the interference effects from the transition radiation.
We introduce boron phosphide material as a promising candidate for UV photonics and
demonstrate experimentally that boron phosphide nanoparticles can support Mie modes.
We investigate the localised surface plasmon hybridization effect with another localised
surface plasmon in gold dimers, and with the interband transition in nickel. We shift the
hybridized plasmon modes in gold nanodimers into the visible and show experimentally
an approach to fine-tune these resonances by a thin silver shell. For nickel nanoparticles,
we demonstrate the interband hybridization effect with multipole order localised surface
plasmons in individual particles.

We investigate reconfigurable meta-atoms based on two effects, thermo-optic effect and
electromechanical tuning. We utilize the thermo-optic effect to spectrally tune the res-
onances in silicon nanoparticles in the visible range and show one linewidth tuning for
the magnetic quadrupole mode. Then, using the electron energy-loss intensity maps,
we demonstrate the tuning between the near-fields of different Mie modes. We fabricate
silicon nanobeams separated by a gap and perform electromechanical tuning of the res-
onance associated with the coupled nanobeams.






Resumé

Denne afhandling praesenterer en undersggelse af optiske metaatomer og rekonfigurerbare
optiske metaatomer bade via eksperimenter og simulering. Elektron energitab spek-
troskopi (EELS), en fremragende teknik til at karakterisere bade naer- og fiernfelts optiske
egenskaber, anvendes i stor udstraekning i athandlingen.

Optiske metaatomer baseret pa silicium, bor phosphid, guld og nikkel behandles i denne
afhandling. Vikarakteriserer EELS signalet af silicium nanopartikler, som understgtter Mie
resonanser, og placerer dem pa en tynd guld film for effektivt at ansla overfladeplasmon
polaritoner. Vi anslar kort-distance overfladeplasmon polaritonerne af den tynde metal-
film via elektronstralen og viser dens spredning af en silicium nanopartikel. Ved hjeelp af
katodeluminescens spektroskopi ved lave accelerationsspaendinger viser vi interferensef-
fekterne fra overgangsstralingen. Vi introducerer bor phosphid som en lovende kandidat
til UV fotonik og demonstrerer eksperimentelt, at bor phosphid nanopartikler kan under-
stgtte Mie resonanser. Vi undersgger hybridiseringen af en lokaliseret overfladeplasmon
med en anden lokaliseret overfladeplasmon i en guld dimer og med interbandsovergan-
gen i nikkel. Vi forskyder de hybridiserede plasmontilstande i guld nanodimer til det syn-
lige spektralomrade og viser eksperimentelt en tilgang til at finjustere disse resonanser
med en tynd sglvskal. | nikkel nanopartikler demonstrerer vi interband hybridisering med
lokaliserede overfladeplasmoner af forskellige multipolsordner i individuelle partikler.

Vi undersgger rekonfigurerbare metaatomer baseret pa to effekter, den termooptiske ef-
fekt og elektromekanisk justering. Vi bruger den termooptiske effekt til spektralt at justere
resonanserne i silicium nanopartikler i det synlige og demonstrerer en linjebreddejuster-
ing pa én for den magnetiske quadrupol tilstand. Derefter demonstrerer vi ved hjeelp af
den rumlige fordeling af elektron energitab intensiteten at nzerfelterne af forskellige Mie
tilstande kan kontrolleres. Vi fremstiller silicium nanotrade adskilt med et gab og udferer
elektromekanisk justering af resonansen forbundet med de koblede nanotrade.
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1 Introduction

Optical meta-atoms are the elemental building blocks of optical metamaterials, the artificial
materials with engineered optical properties which are not obtainable with natural media.
The properties of these artificial atoms which can be effectively tailored by their shape, size
or material composition combined with their particular arrangement in the metamaterial
define the outcome functionality of the resulting devices, allowing such novel applications
as optical cloaking [1, 2], optical metasurfaces [3, 4] or negative index of refraction [5].
The meta-atoms are even utilized separately as nanoresonators in nanoantennas [6, 7]
or nonlinear optics [8, 9]. This broad range of possible applications dictates the need
to tailor their properties even further. In most current applications, the meta-atoms and
metamaterials are operated statically, i.e. their response cannot be actively modulated
after their fabrication. However, there is a growing need to obtain actively modulated
optical elements or reconfigurable meta-atoms, the response of which can be controlled
with an external stimulus [10, 11].

The meta-atoms can be split into three large groups based on their material composition,
high-refractive-index semiconductor or dielectric materials [6, 8], metals [7, 12] and hy-
brid dielectric-metal [13, 14, 15]. The first is characterized by a high refractive index with
low non-radiative losses and support of multiple dielectric resonances, while the metals
are characterized by low refractive indices with non-negligible radiative losses but they
support free-electron oscillations, plasmons which can be coupled to light, leading to sub-
wavelength plasmon polaritons. The hybrid meta-atoms combines the advantages of both
material types. In this thesis, we consider several examples of meta-atoms of both mate-
rial types, silicon and boron phosphide in the case of high-refractive-index materials, gold
and nickel for metals, as well as we consider silicon on a thin gold layer hybrid system.

We focus our investigation on the reconfigurable meta-atoms based on the high-refractive-
index materials. Various active tuning mechanisms of dielectric meta-atoms have already
been demonstrated, including photothermal [16, 17], electromechanical [18, 19, 20], via
photocarrier generation [21, 22], coupling to liquid crystals [23, 24, 25], using phase
change materials [26, 27, 28, 29, 30], and through the thermo-optic effect [31, 32]. In
this regard, we further explore two tuning mechanisms, through the thermo-optic effect
and electromechanical tuning. In both cases, we utilise silicon as a material for dynamic
tuning due to its combination of high refractive index, CMOS compatibility, high thermo-
optic coefficient [33], and moderate Young’s modulus [34].

There are several different experimental techniques to study the response of the meta-
atoms with photon [35, 36] and electron excitation sources [37, 38, 39]. We broadly utilize
electron energy-loss spectroscopy to study our optical metaatoms. This near-field tech-
nique which is performed with an electron excitation in a scanning transmission electron
microscope provides excellent spatial and good energy resolution [40]. The near-field na-
ture allows us to directly map the modes which are characteristic of a particular meta-atom
that can be used to characterize its near-field properties. Moreover, since reconfigurable
meta-atoms often involve a change in the geometry of the structure it allows us both to
track these changes in real-time both spectrally and via imaging ultimately characterizing
the stability of our actuation method. The ability to perform the actuation in the TEM mi-
croscope is enabled by a new generation of TEM holders which allow electrical biasing,
changing chemical environment and heating.



1.1 Thesis outline
The outline of this thesis is as follows:

» Chapter 2. Scattering by small particles

In this chapter, we perform a brief theoretical introduction to the scattering by small
spherical particles, fundamental examples of optical meta-atoms, using the Mie the-
ory. We show the main difference between the metal and high-refractive-index par-
ticles.

* Chapter 3. Characterization Techniques

This chapter describes the characterization techniques which have been utilized
for the fabricated structures. First, we describe film thickness measurement tech-
niques, ellipsometry and profilometry. Then, we perform a general introduction to
electron microscopy and consider the types of signals which can be excited by the
electron beam. We introduce three spectroscopic electron techniques, electron en-
ergy loss spectroscopy (EELS), energy-dispersive X-ray spectroscopy and cathodo-
luminescence spectroscopy with a particular focus on EELS where we describe its
simulation and experimental data post-processing steps.

» Chapter 4. Meta-atoms

The chapter covers meta-atoms based on four materials, silicon, boron phosphide,
gold and nickel. We perform EELS characterization of Mie resonances in silicon
nanospheres. Then, we place them on a thin gold film and show plasmon launching
and scattering effects. Using CL characterization at low acceleration voltages we
show non-negligible transition radiation interference effects for the silicon spheres.
We numerically discover a promising optical material in the UV range, boron phos-
phite and demonstrate its Mie resonances using EELS. Using the laser reshaping
method, we propose a way to achieve spherical BP particles and experimentally
demonstrate it. Then, we consider gold dimer geometry and demonstrate the shift
of its resonances into the visible range, as well as demonstrate EELS profiles of sym-
metrical and antisymmetric modes supported by the dimer geometry. Using a thin
silver shell, we suggest a way to fine-tune these resonances. In the case of nickel
nanoparticles, we show the dependence of the bulk and surface electron losses on
the electron beam position and demonstrate the coupling between different multi-
poles orders of localized surface plasmons and interband transition supported by
the nickel.

» Chapter 5. Reconfigurable meta-atoms

Here, we consider two active tuning mechanisms for silicon meta-atoms, thermal
tuning and electromechanical tuning. We perform thermal tuning using the thermo-
optic effect in silicon shifting the Mie resonances in resonance energies. Then,
we show near-field tuning between different Mie modes utilizing the characteristic
EELS maps. We perform electromechanical tuning of silicon nanobeams shifting
the resonance associated with the coupled nanobeams in resonance energy.

» Chapter 6. Conclusions and Outlook

We conclude the thesis in this chapter and present an outlook for future develop-
ments related to the investigation presented in this thesis.

2 1.1. THESIS OUTLINE



2 Scattering by small particles

For a homogeneous isotropic spherical particle with a radius r illuminated by a plane wave
polarized along z direction and propagating along z direction, the scattered electromag-
netic field at any point in space r can be calculated as an expansion into vector spherical
harmonics according to the Mie-Lorenz theory [41]:
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where a,, and b,, are the Lorentz-Mie scattering coefficients of the n-th order electric and
magnetic multipole terms; N.;,,, M., Noi, M, are vector spherical harmonics; k is the
wavenumber of the surrounding medium; ¢ and . are the relative electric permittivity and
the relative magnetic permeability of the sphere respectively; E,, = i"Ey(2n+1)/n(n+1)
where Ej is the amplitude of the incident wave.

Assuming the same relative magnetic permeability inside and outside the particle, the
Lorentz-Mie scattering coefficient are given by the following expressions:
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where m = N; /N is the complex relative refractive index with NV; and NV being the complex
refractive indices of the particle and surrounding medium respectively; © = 27 Na/\ is the
size parameter with ¢ being the particle radius and ) being the wavelength of incident
light; v,, and &,, are the spherical Ricatti-Bessel functions.

The extinction cross-section of a sphere is given by the following expression:

T
Cort = 13 > (2n+1)Re(an + by) (2.3)
n=1

Figure 2.1 shows the extinction cross-section from two nanoparticles made of two typical
optical materials, high-refractive-index silicon and metal gold for the same particle radius
of a = 75nm. The cross-section is decomposed to the contributions from first two multipole
orders, n = 1 dipole and n = 2 quadrupoles. The resonances of the silicon nanoparti-
cles are confined inside the particle volume and they are called Mie resonances while
the resonances of the gold particles are confined on the particle surface and are called
localised surface plasmon resonances due to the presence of electron oscillations on the
metal surface. In the case of a silicon nanoparticle, we observe peaks from both mag-
netic and electric contributions, while gold only supports electric multipole resonances
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Figure 2.1: Extinction cross-section of spherical particles with » = 75 nm for (a) silicon
and (b) gold.

which are significantly broader due to optical damping present in metals. This simple
example shows that typical spherical metal nanoparticles do not support magnetic reso-
nances while typical high-refractive-index nanoparticles have resonances of both types,
and, for the same particle radius, the typical spherical metal nanoparticles support less
multipole contributions. The support of different multipole order resonances, as well as
both magnetic and electric resonances in high-refractive-index particles, allows them to
be efficiently utilized in multimode engineering strategies giving rise to new resonance

types such as Huygen dipole, Janus dipole, circular dipole or anapole modes [42] while
typical metal particles lack these features.



3 Characterization Techniques

This chapter describes the characterization techniques which are used throughout the
thesis. We use ellipsometry to determine the thickness of thin layers (from 10 nm up to 2
um) in the intermediate or final steps of the fabrication process. The thickness of thicker
layers is quantified by profilometry. We use electron microscopy for both visualization and
characterization of the samples. We mainly characterize the spectral response of the sam-
ples using electron energy-loss spectroscopy (EELS) in a scanning transmission electron
microscope (STEM). In some studies, we use cathodoluminescence spectroscopy in a
scanning electron microscope as an alternative to EELS. Lastly, we use energy-dispersive
X-ray spectroscopy in a STEM microscope to observe the compositional changes in some
of the samples.

3.1 Film thickness

3.1.1 Ellipsometry

Ellipsometry is an optical technique that measures the change in the polarization state of
light upon reflection or transmission from a sample. We use ellipsometry in a reflection
setup to identify the thickness of fabricated thin layers. A typical setup consists of a light
source, the light from the sources passes through a polarization state generator (PSG)
and reaches the sample. Then, the light which is reflected from the sample goes through
a polarization state detector (PSD) and reaches a detector. PSG and PSD are a set
of polarizers, retarders or photoelectric modulators which change the polarization state
of the light. The resulting electromagnetic wave is decomposed into s- and p-polarized
components and the complex relative amplitude attenuation is given by [43]:
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where 7, and r, are the complex amplitudes of s and p components respectively, tan v is
relative amplitude attenuation, A is a relative phase change.

The tan+ and A are measured for several angles of incidence and fitted to a theoretical
model to find the optical constants and thicknesses of the thin layers. As such, ellip-
sometry is an indirect technique to measure the thickness, however, combined with the
appropriate model of the structure and well-understood nature of the light reflection from
surfaces, it gives quite precise results [44].

3.1.2 Profilometry

Profilometry is an experimental technique that uses a diamond stylus to obtain topograph-
ical data of the sample’s surface. To obtain the data, a stylus is lowered in contact with a
sample surface and the contact force during the scanning is kept constant. We use this
technique to measure the thickness of layers for which not enough light is collected in
ellipsometry or to check the etch depth during the fabrication of TEM membranes. The
thickness of the layers is measured by measuring the step between the area with and
without the layer of interest. We use Dektak 150 surface profiler with a large vertical
range of up to 1 mm and a resolution of not less than 16 nm.



3.2 Electron microscopy

Electron microscopy is a technique that uses the interaction of electrons with matter to
obtain high-resolution images of a sample. The high resolution of electron microscopy
stems from the significantly smaller wavelength of an electron in comparison to the optical
microscopy, at an acceleration voltage of 300 kV the electron wavelength is around 1 pm.
This, however, comes with a disadvantage of high vacuum requirement to ensure low
interaction with air molecules and possible material degradation due to beam-induced
damage of the sample [45].

Electron microscopy benefits from various signals generated from the interaction of the
swift electrons with a sample which are illustrated in Figure 3.1. For the thin samples of a
few hundred nanometers thickness, we can detect the electrons which pass through the
sample, the transmitted electron beam which undergoes no scattering events, and elasti-
cally and inelastically scattered electrons. Elastically scattered electrons can change their
direction, but do not lose their energy, while inelastic scattering involves both changes in
direction and energy. These electrons are used to obtain transmission (TEM) or scan-
ning transmission electron microscopy (STEM) images of the sample. In the former case,
the image is a projection of an electron beam onto the sample, while the latter technique
utilizes tightly focused electron beams to perform raster scanning of the sample. The
spectroscopic data of these electrons can also be utilized in electron energy-loss spec-
troscopy (EELS) to obtain a spectroscopic response of the sample, i.e. the dependence
of the energy loss and electron count. It should be noted that for sufficiently thick samples,
these signals cannot be detected since the electrons lose all their energy in the bulk of
the sample.

Incident electron

Backscattered beam Light
electrons
Secondary
electrons Auger electrons

é Dielectric modes
Elastically scattered Inelastically scattered
electrons electrons

Transmitted
beam

Figure 3.1: Interaction of an incident electron beam with a thin sample. The interaction of
the incident beam with a thin sample results in the transmitted, backscattered, elastically
and inelastically scattered electrons. The inelastic scattering can result in multiple relax-
ation processes: excitation of plasmons, phonons, dielectric modes, generation of elec-
tromagnetic radiation (X-rays, UV and visible light), secondary and Auger electrons. The
respective signals for three electron spectroscopy techniques used in the thesis: elasti-
cally and inelastically scattered electrons for EELS, UV and visible radiation for CL, X-rays
for EDX.
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Some elastically scattered electrons can undergo a reflection from the sample and result
in the backscattered electrons, while the inelastic scattering of electrons transfers some
energy to the sample and this can result in multiple kinds of relaxation processes: sec-
ondary electrons, Auger electrons, electromagnetic radiation (X-rays, visible or UV light),
excitation of dielectric resonances, plasmon and phonon generation. The backscattered,
secondary and Auger electrons are used in scanning electron microscopy (SEM) to obtain
high-resolution images of the sample. The main difference between the secondary and
Auger electrons is that the secondary electrons are generated by the process of knocking
out the electrons from their shell positions by incident electrons, while Auger electrons are
the results of the atom relaxation processes after the generation of secondary electrons.
Depending on the energy of the generated secondary electron, there can be multiple relax-
ation processes where the electron in the higher energy shell relaxes to the lower energy
shell producing the excess energy. This excess energy can result in the generation of
Auger electrons or electromagnetic radiation which characterizes the shell transitions in
the atom.

It should also be noted that electromagnetic radiation can be generated via transition [46]
or Cherenkov radiation [47]. Transition radiation is electromagnetic radiation when a
charged particle passes an inhomogeneous medium, and Cherenkov radiation is radiation
when a charged particle travels through a dielectric medium at a speed greater than the
phase velocity. These combined radiation processes due to atom relaxation, Cherenkov
and transition radiation, can lie in different wavelength ranges: X-rays, UV or visible light.
The X-rays can be detected via energy-dispersive X-ray spectroscopy (EDX), and visible
or UV light in cathodoluminescence spectroscopy (CL).

Excitation of plasmons, phonons or dielectric modes by the electron beam can be mea-
sured via the scattered electrons using EELS. CL can also be used for this purpose if
the modes can emit the electromagnetic radiation in the UV or visible range, or via some
outcoupling mechanism for the plasmon modes to emit this radiation.

In the current thesis, three electron spectroscopic techniques are used for sample char-
acterization: EELS, EDX and CL with a particular focus on EELS characterization. These
techniques are considered in the next respective sections.

3.3 Electron energy-loss spectroscopy

EELS is an experimental technique that measures the loss of kinetic energy of the elec-
tron beam which traverses a thin sample. The typical EELS spectrum consists of a
high-intensity zero-loss peak that incorporates transmitted and elastically scattered elec-
trons, a low-loss and core-loss regions. The low-loss region lies at energies up to a
few tens of electronvolts containing peaks due to excitation of phonons [48, 49], plas-
mons [50, 51, 52], dielectric modes [53, 54] and slow secondary electrons [55, 56] where
the latter is generated through the process of knocking out loosely bound conduction and
valence band secondary electrons. The core-loss region lies at a few hundred electron-
volts energies containing the peaks due to excitation of the fast secondary electrons char-
acterizing the inner shell transitions of the element. In our work, we probe the low-loss
energy range of different plasmonic and dielectric structures to characterize their optical
modes.

A typical low-loss EELS spectrum from a dielectric nanostructure is presented in Fig-
ure 3.2. We probe a silicon nanocylinder located on a silicon nitride membrane. The
highest intensity feature is a zero-loss (ZL) peak. It has a finite width which characterizes
the energy resolution of the experimental setup. A signal of interest is typically hundreds
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of times smaller, and for this particular example lies in the energy range between 1 and
3 eV. Multiple peaks can be observed in this spectral range which are the results of excita-
tion of the characteristic Mie modes of this particular nanostructure. It should be noted that
the low energy phonon modes (10-100 meV) are not visible due to the limited resolution
of our EELS setup.
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Figure 3.2: Typical low-loss EELS spectrum. The spectrum is taken from a cylindrical
silicon nanoparticle with » = 158 nm and h = 200 nm on a 200 nm silicon oxide membrane.
The spectrum is integrated in the square region indicated on the STEM image inset. The
side view of the structure is demonstrated in the schematic inset.

3.3.1 Experimental details

We perform EELS in a monochromated and aberration-corrected FEI Titan operated in
STEM mode at an acceleration voltage of 300 kV. The high acceleration voltage allows the
electron beam to penetrate the samples up to approximately 1000 nm [57]. This thickness
is further limited by multiple scattering events, which in the case of metal structures can be
as small as around 150 nm to avoid multiple plasmon scattering [57]. The final applicable
thickness changes from the particular sample composition and geometry, and microscope
operating conditions, such as acceleration voltage or collection angle.

A typical STEM EELS system schematic is presented in Figure 3.3. The system consists
of an electron gun, which is a field emission gun emitting electrons with an energy spread
of around 0.4 eV (as measured by the full-width at half-maximum of the zero-loss peak).
The gun is directly followed by a monochromator, which further improves the energy res-
olution. The monochromator system in our FEI Titan is a double Wien filter [58] and can
provide an energy resolution up to 0.08 eV. The double Wien filter disperses the energy of
the electron beam, and the aperture selects the electrons with a particular energy. Then,
the electrons are projected onto a thin sample by a set of condenser and objective lenses.
The beam is raster-scanned by a set of deflection coils. Projective lenses focus the elec-
trons that are scattered at high angles onto an annular detector to form a STEM image of
a sample, while the electron scattered at low angles are projected onto a dispersive prism.
The dispersive prism is a magnetic prism that disperses and focuses the interacted beam
onto a CCD detector to obtain an EELS spectrum.
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Figure 3.3: Schematic of a STEM EELS system.
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The spatial resolution is typically limited by the aberrations present in the electron beam.
The condenser and objective stigmators assist in improving the spatial resolution. The
stigmators are quadrupole lenses that typically correct the astigmatism of the system due
to imperfections in the other lenses. In FEI Titan, there are multiple condenser stigmators
that also correct for spherical aberrations and can provide the spatial resolution ~0.5 nm
with an excited monochromator.

3.3.2 Experimental data post-processing: Zero-loss

To improve the signal to noise ratio and highlight the resonances in optical nanostructures
obtained with our system, we employ several manipulations steps with a low-loss EELS
spectrum:

1. Zero-loss centring
2. Zero-loss normalization
3. Zero-loss deconvolution

Zero-loss centring is a procedure of shifting all EELS spectra for different beam scan
positions in energy to centre at the signal maximum and shifting this maximum to 0 eV
which is in case of the low loss spectrum is zero loss. This is required to correct for the
energy drift during the EELS acquisition, which can be unpredictable drifts due to energy
changes in the beam of electrons or predictable drifts such as drifts appearing during the
scanning with the electron probe. For our setup, the main contributor to the drift is the
latter which is typical for the microscopes without double deflection coils. This energy drift
is the result of the change in the entrance angle into the EELS spectrometer as the beam

(@) Simulation

0.8~

)]

(b) Experiment, no ZL normalization

1.93 eV, 2.47 eV 2.86 eV

(c) Experiment, with ZL normalization

1.93 eV 2.47 eV 2.86 eV

Figure 3.4: EELS maps of different Mie modes for a silicon nanosphere with radius r =
80 nm on top of a 40 nm silicon nitride membrane. (a) COMSOL simulation of EELS
maps. (b) Experimental EELS maps without zero-loss normalization. (c) Experimental
EELS maps with zero-loss normalization.
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scans the sample [59]. The typical value of the energy drift for the 250 by 250 nm scan
is a 1.5 eV energy difference in the zero-loss maximum position between the opposite
spatial edge points of the EELS map. We align the zero-loss peak using python hyperspy
implementation which performs the alignment with subpixel energy resolution.

Zero-loss normalization is the process of normalizing the zero loss to the same maximum
for all spatial points in the EELS map. It is typically required to account for the thickness
dependence of the EELS signal. First, we show the simulated EELS maps for a typical
silicon nanosphere in Figure 3.4(a) (For simulation method, check Section 3.3.4). Then,
we plot zero-loss centred experimental EELS maps in Figure 3.4(b) and compare it with
the simulation. It can be seen that the simulation does not account for the thickness
dependence of the EELS signal and holds only the probabilistic nature of exciting the Mie
modes in the silicon nanoparticle. We perform zero-loss normalization in Figure 3.4(c)
to remove the thickness dependence and observe a close match between the simulation
and experiment.

Zero-loss deconvolution is the process of reduction in the energy blurring/spreading of
the resulting spectrum affected by the limited resolution of the system, i.e. limitations
and fluctuations in the EELS system. The following equations show how the true data is
affected by the response of the EELS system [60]:

I(i) = ZP(z’ —5)0()) (3.2)

Raw data
—— Reflected tail
—— Vacuum

u O N

N

Energy loss (counts)
w

N

=
| -

L B L L I

1.0 1.5 20 25 3.0 3.5
Energy (eV)

Figure 3.5: Zero-loss deconvolution. ZL centered and normalized EELS data: raw data
(orange), RL deconvoluted with two different PSF inputs, reflected tail method (red) and
the zero-loss obtained in vaccum (green).
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where I(i) is the experimentally obtained EELS spectrum, P(i — j) is the point spread
function (PSF) of the EELS setup which describes how the point representing specific
energy spreads over multiple channels of the CCD detector, O(5) is the original unblurred
spectrum.

Richardson-Lucy (RL) deconvolution approach can be used to deconvolute the response
of the system and significantly sharpen the features of interest. We show the results of
this approach in Figure 3.5. We compare the raw ZL centred and normalized data with its
deconvolutions using two types of input as the PSF. We fix the deconvolution threshold
parameter for both cases at 0.01 [61]. First, we use the reflected tail approach [62, 63]
where the ZL function is generated as the mirror to the negative range of the actual EELS
measured data in each spatial point, then this artificially generated signal is fitted with
a combination of Lorentzian and Gaussian functions in each spatial point of the EELS
measurement and used as the PSF to deconvolute with the actual EELS signal at the
same spatial positions. We see that a significant part of the original ZL is still presentin the
reflected tail approach. Then, we show a second approach where the ZL peak measured
in vacuum [64], i.e. with the sample removed from the path of the electron beam in the
STEM EELS system, is used as a PSF for the deconvolution process. We can see a
significant improvement in the resulting spectrum using this approach. In conclusion, it
can be stated that the use of the ZL measured in a vacuum is a more precise and physically
correct approach to approach the deconvolution process. The reflected tail approach can
be used for symmetric ZL peaks response, which in the general case is not true for the
EELS system due to asymmetries present in the original zero-loss or PSF of the system.

3.3.3 Experimental data post-processing: Spectra and maps

We perform further post-processing for the EELS spectra and maps. For the EELS spec-
tra, we typically integrate the signal around some locations of the structure to increase the
signal-to-noise ratio (Figure 3.2). The typical integration regions used throughout the the-
sis are square, circle and annulus. An example with circle and annulus-shaped integration
regions can be found in Figure 4.3. The integration is followed by spectra smoothing with
a Gaussian function (¢ = 0.03 eV).

The EELS maps are obtained by summing the deconvoluted EELS data in a spectral
window of 0.02 eV width centred at the resonance energies. To improve the signal-to-
noise ratio, the maps are spatially binned, reducing the effective number of pixels by a
factor of 2 in each row and column, i.e., a factor of 4 in total. Afterwards, a Gaussian
filter with o = 0.8 pixels is applied to smooth the image. For spherical geometries, we
perform integration of the maps along an azimuth angle at the coordinates located at the
same distance from the centre of the geometry. Figure 3.6 shows typical changes in the
EELS maps after each step of the process. The result of the post-processing can be
directly compared with the simulation in Figure 3.4(a). It demonstrates that with each
step, we achieve closer correspondence of the experimental data with the simulation as
a consequence of the improved signal-to-noise ratio.

3.3.4 Numerical simulation
We express the energy loss as the mean energy dissipation within a volume V' [65]:

1

Weeis() = = | Reli’(r.w)-E(r.w)]aV (33)

where j(r,w) and E(r,w) is the current density and electric field in frequency domain.
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Figure 3.6: Post-processing of EELS maps.

In the case of an electron beam that propagates along z-direction and generates an in-
duced electric field by dielectric or plasmonic structure on itself, we can simplify the energy
loss to one-dimensional integral:

Weeto(w) = 5 [ Re [, zi) - E(ra,2.00)] 0= (34)

Where j(re, z,w) = —e26(r—re)e™?*/V is the frequency domain representation of the current
density of an electron moving at a speed v along the z-direction, and re = (x.,y.) is the
in-plane position of the electron beam.

We solve the Maxwell’s equations in COMSOL Multiphysics using edge current boundary
condition for the electron beam and obtain the induced field as the difference between the
electric fields with and without the structure EM(r,, z, w) = E3"(r,, 2, w) — ES'(r,, 2, w)

The energy-loss Weg, g is directly related to the energy-loss probability I'gg s [40] where
the electron beam is considered as a charged particle moving in time and the loss proba-
bility is expressed as a force exerted by the induced electric field onto the electron. Both
approaches are reduced to calculating the induced electric field along the electron trajec-
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tory.

3.4 Energy-dispersive X-ray spectroscopy

We perform energy-dispersive X-ray spectroscopy (EDX) characterization in the same
FEI Titan system as the EELS characterization. To increase the EDX signal, we do not
excite the monochromator which leads to higher electron currents. The X-rays produced
by the interaction of the electron beam with a sample are collected by an X-ray detector
located above the sample.

The collected X-rays characterize the inner shell transitions inside the sample, allowing
to perform elemental analysis of the sample based on well-known and unique inner shell
transitions for different chemical elements. A typical EDX spectrum is presented in Fig-
ure 3.7. We measure the EDX spectrum from a silicon nanoparticle on top of a silicon
nitride membrane. Using the tabulated values of characteristic energy transitions of N,
O, Si, P elements we assign the peaks to the corresponding elements and identify the
chemical composition of the sample.
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Figure 3.7: Typical EDX spectrum from a silicon nanoparticle on top of a silicon nitride
membrane. The inset is a STEM image of the nanoparticle, where the green circular
region represents the integration region for the EDX signal.

3.5 Cathodoluminescence spectroscopy

We perform CL characterization in a Tescan Mira3 scanning-electron microscope (SEM)
operated at an acceleration voltage up to 30 kV. A typical schematic of an SEM CL system
is presented in Figure 3.8. The system features a Schottky emitter as an electron source,
which is a field-assisted thermionic source of electrons. The electron beam is projected
onto a thin sample by a set of condenser and objective lenses and raster-scanned by a
set of deflection coils. The interaction of the electron beam with the sample results in
the emission of multiple signals. In particular, an SEM image is formed by collecting the
secondary electrons, while the CL signal is focused by an ellipsoidal mirror onto a CL
detector to obtain a spectroscopic response of a sample.
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Figure 3.8: Schematic of a SEM CL system.

The spatial resolution in the SEM system is typically limited by the size of the electron
spot, which in turn depends on the acceleration voltage and the electro-optical system
that produces the scanning beam, and further electron spreading in the material, the in-
teraction volume of the electrons. For the typical 30 kV scanning voltage, the electron
wavelength is very small in comparison to the effects of the electro-optical system. The
typical spot size is ~ 8 nm for the beam currents of 1.7 nA.

The electron spreading in the material is material and voltage dependant and at 30 kV
voltage does not have a significant effect. Figure 3.9 shows a Monte-Carlo simulation
of the beam scattering events inside the 150 nm silicon on a 30 nm silicon nitride two-
layer system. It can be seen that the interaction volume of the electrons with the sample
does not spread significantly in comparison to the entrance beam size. For the SEM
images where SE are detected, the SE which reach the detector are typically in the first
100 nm sample thickness, so the effect of spreading is even less significant. However,
the CL signal typically escapes the structure from the depth of several micrometres, so
the spatial resolution should be less than for SEM imaging and should be affected by the
whole interaction volume.
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Figure 3.9: Monte-Carlo simulation of electron trajectory in 150 nm silicon - 30 nm sili-
con nitride two-layer system. The acceleration voltage is 30 kV. The electron spread is
simulated in the Monte Carlo program CASINO [66].
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4 Meta-atoms

This chapter is dedicated to the elemental building blocks of the reconfigurable optical
systems: the meta-atoms. We consider different optical nanostructures based on two
main groups of optical materials, high-refractive-index materials and metals.

We consider nanoparticles based on two high-refractive-index materials, silicon and boron
phosphide. In the case of silicon nanoparticles, we characterize their EELS response to
identify and map their Mie resonances and employ them in a combination with a 10 nm thin
gold layer to launch and scatter surface plasmon polaritons. Moreover, we perform their
CL characterization and show resonant interference effects from the transition radiation
coming as a result of comparatively low acceleration voltages.

Then, we investigate the nanoparticles based on the BP material, a material that has the
potential to be utilized in UV nanophotonic devices. Using EELS we demonstrate that
BP nanoparticles with a random shape support the UV Mie resonances. We suggest an
approach to obtain nanoparticles with a more defined spherical shape and perform its
experimental validation.

The next two sections deal with two metal meta-atoms, namely gold nanodimers and
nickel nanospheres. We utilize both structures to achieve the hybridization between two
localized surface plasmons in the case of gold and hybridization between a localized sur-
face plasmon and interband transition in the case of nickel. For the gold nanostructures,
we propose a way to fine-tune the resonances via utilizing a thin silver shell, while for the
nickel nanostructures we show the hybridization between localised surface plasmon of
different multipoles orders and the interband transitions.

4.1 Silicon nanoparticles
The work presented in this section is based on Paper A and B.

4.1.1 Introduction

Dielectric meta-atoms have high refractive index and low absorption, and support multiple
possible optical resonances such as Mie resonances [36, 67], Fano resonances [68, 69],
bound states in the continuum [70]. They have been utilized in various applications such
as dielectric nanoantennas [6, 71, 72, 73], resonant nonlinear optics [74, 75, 76] and
metasurfaces [77, 78, 79, 80]. In this section, we consider the Mie resonant nanoparticles
which have both strong magnetic and electric response and can support modes in the
broad wavelength range based on silicon material.

The Mie resonant silicon nanoparticles have been studied by several optical techniques
with light excitation [35, 36], as well as an optical technique with electron excitation,
cathodoluminescence [37], and only recently, there have been reports on their EELS re-
sponse in Ref. [38, 39] and our work in Paper A. Ref. [38, 39] deal with disk, triangular or
rectangular geometries while we consider the response of silicon nanospheres which are
symmetrical in all three dimensions providing the most simple, yet representative, picture
of dielectric Mie modes. Using the near-field nature of EELS, we experimentally map and
differentiate between spectrally close Mie resonances of silicon nanospheres, as well as
track their resonance energy - particle size dependence in a broad spectral range.
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4.1.2 Fabrication

We can separate the fabrication of the samples for characterization of silicon nanopar-
ticles properties into three main steps: fabrication of the TEM membranes, fabrication
of the silicon nanoparticles and deposition of the nanoparticles on the TEM membranes.
The samples which are used to characterize launching and scattering of SPPs with sil-
icon nanoparticles have an additional step of gold deposition which is mentioned in the
fabrication of TEM membranes.

TEM membranes. We deposit a low-stress silicon-rich nitride layer on top of an n-type
(phosphor) (100) double-side polished silicon wafer (350 um thickness) by low-pressure
chemical vapour deposition (LPCVD). The resulting thickness determined by ellipsometry
is around 33 nm, with a 1 nm native silicon oxide below the nitride. Using UV lithography,
we create a photoresist pattern for the membrane windows on one side of the wafer.
Afterwards, we dry etch the silicon nitride using the lithographic pattern. The dry etching is
followed by a photoresist strip, wet KOH etching of the silicon, and water:HCI 4:1 cleaning.
The water:HCI etching is required to remove the iron oxide particles depositing onto the
surface of the sample during KOH etching [81].

For the samples with a thin metal layer, this is followed by a step of gold layer deposition.
The wafers are submerged into a solution of 95% isopropanol, 2.5% water and 2.5%
APTMS for 3 hours to achieve a 1 nm APTMS layer, followed by two steps of isopropanol-
water rinsing. Sputter deposition is used to produce a 10 nm thick gold layer. Both AFM
and ellipsometry confirm the thickness of the gold layer to be 9-10 nm. The root mean
squared roughness of the gold surface as measured by AFM is around 1.5 nm. The
method produces high-quality metal films with negligible influence on the APTMS layer
on the SPP propagation [82].

Afterwards, we cover the wafer with a protective layer of a photoresist. In the case of
the samples with silicon nanoparticles only, we introduce grooves along the lattice planes
with a high power laser and manually break the wafer into smaller TEM chips. For the
samples with a thin metal film, we perform saw dicing through the whole wafer. The laser
cutting is not performed on the gold samples due to damage introduced to the thin gold
layer by the procedure.

The detailed process flow for both samples types can be found in Table A.1.

Fabrication of silicon nanoparticles. The crystalline silicon nanoparticles of spherical
shape are produced by thermal annealing of silicon suboxide (SiOx) and extraction into
methanol by our collaborators, the procedure is described in Ref. [73].

Deposition of silicon nanoparticles. We remove the protective photoresist and clean
the TEM membranes in acetone followed by isopropanol solutions for 10 minutes in both
steps. Then, we ash the chips without the gold layer in oxygen plasma for 5 minutes.
The samples with a thin gold layer are not ashed since the process introduces damage
to the gold layer. The methanol solution with nanoparticles in a vial is submerged into
an ultrasound bath for 5 minutes to disperse the particles. We drop cast 10 yL solution
of silicon nanoparticles in methanol onto the membranes. After 1 minute wait time, this
can be followed by an optional step of ethanol rinsing to reduce the concentration of the
particles on the sample surface. However, we do not perform this step since the result-
ing concentration of the nanoparticles is satisfactory in our STEM measurements. The
membrane is nitrogen dried at the end of the process.
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4.1.3 Size analysis of silicon nanoparticles

In the STEM-EELS experiment, we determine the radii of the silicon nanoparticles us-
ing their STEM images. First, we consider processing performed for a particle without
a gold film in Figure 4.1(a). We use image processing operations implemented in the
Python scikit-image library. Initially, we manually determine the approximate particle ra-
dius, expected radius rexp. For the samples without the gold layer, a Canny filter with
o = 3 pixels is applied to find the particle edges (Figure 4.1(b)). Then, we remove the
false edge pixels by a combination of two morphological operations, diameter 0.77¢xp, and
area 1.47mrexp Opening, which remove small edge boundaries (Figure 4.1(c)). We use the
Hough circle transform on the edge map to find the best fit for the radius and particle cen-
tre (Figure 4.1(d)). The Hough circle transform is performed by positioning a circle with a
particular radius on each pixel of the edge map, and calculating how many circles with a
particular radius intersect at some point, usually a centre point of the resulting fitted circle.
The radii which are analyzed in this process lie in the provided radii range rexp & range-
We demonstrate the obtained best fit result overlayed on top of a STEM image in Fig-
ure 4.1(e) where the radius of the particle is determined to be 93 nm. Then, we use the
number of intersections-radius dependence from the circle Hough transform to determine
the uncertainty in the radius determination (Figure 4.1(f)). We fit the dependence with a
bimodal distribution of 2 Gaussians. The uncertainty is taken as the standard deviation
of the smaller Gaussian or the width of the edges determined with Canny filtering (1 pixel
wide edges are the image resolution) if the edge width is larger than the standard devia-
tion. In the example provided in Figure 4.1(f), we get the final uncertainty in the particle
radius of 3.29 nm.

Then, we enlarge the edge map (Figure 4.1(c)) by 2 pixels in width and perform the cir-
cle Hough transform and Gaussians fitting again. This results in the new best-fit circle
parameters and the uncertainty. If the uncertainty is smaller than the previous value and
not larger than the image resolution of 3 pixels, it is taken as a new true value, otherwise,
the previous values are preserved. This procedure is repeated multiple times resulting in
edges that are increased by 2 pixels every step. For the particular example in Figure 4.1,
we perform two enlargement operations and the result is shown in 4.1(g-h) with a final
particle radius » = 90 4+ 2 nm. Qualitatively, if we compare Figure 4.1 (e) and (g), we can
see a clear improvement in the quality of the fit.

The samples with the gold layer follow a similar procedure with some modifications. In the
beginning, we predetermine the particle edges with a ¢ = 20 pixels Canny edge detector.
Knowing that the particle is located approximately in the centre of the image (particle
centre coordinates c, and ¢, are in the centre of the image), all the edges after 2reyp are
removed. We fit the resulting edge map using the Hough circle transform resulting in the
intermediate radius i, and intermediate particle center coordinates c,; and c,;. Then,
we find the particle edges with o = 10 pixels Canny edge detector. Assuming the particle
center is located at c,; and c,;, all edges before 0.8ri,; and after 1.3r,; are removed,
followed by a diameter 0.1rexp opening. Finally, the Hough circle transform is applied on
the last edge map to find the best fit for the radius and particle centre. The procedure of
predetermining the particle edges is required to decrease computational cost since the
gold film produces multiple false edges. We can decrease the number of false edges by
using a Canny filter with a comparatively strong smoothing to define a rough location of
the particle and use this rough location with a weaker smoothing to remove excessive
false edges. The determination of the particle size uncertainty and the final best fit to the
circle follows the same procedure as for the samples without the gold layer.

In the SEM-CL experiment, we determine the particle size following the same procedure
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Figure 4.1: Size analysis of silicon nanoparticles. (a) STEM image of a silicon nanopar-
ticle. (b) Edges after Canny filtering. (c) Edges after diameter and area opening. (d)
Best fit from Hough transform. (e) STEM image of the nanoparticle with the best fit which
shows the radius of r = 93 nm. (f) Result of the Hough transform, number of intersecting
points as a function of the particle radius. The dependence is fitted with a distribution
of two Gaussians with o1 = 3.29 nm and o2 = 17.19 nm. The width of the edges after
Canny filtering is 0.28 nm (1 pixel). (g) STEM image of the nanoparticle with the best fit
after two edge enlargement procedures which shows the radius of » = 90 nm. (h) Result
of the Hough transform, number of intersecting points as a function of the particle radius,
after two edge enlargement procedures. The dependence is fitted with a distribution of
two Gaussians with o1 = 2.04 nm and o2 = 12.92 nm. The width of the edges is 1.42 nm
(5 pixels).

as for the silicon on gold STEM-EELS case with the ¢ = 30 pixels Canny pre-processing
filter and the final o = 5 pixels Canny filter. The uncertainty is taken as the width of the
electron beam in the experiments (8 nm at 30 kV).
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4.1.4 EELS response of silicon nanoparticles

The schematic of the EELS measurements of a silicon nanoparticle is presented in Fig-
ure 4.2(a). The system consists of a silicon nanoparticle of a variable radius r on top of a
silicon nitride membrane with a 30 nm fixed thickness and an electron beam which allows
us to probe the EELS response of a particle. The electron beam can be moved around
the particle resulting in the impact parameter b change. Figure 4.2(b) shows a typical
EELS response from a silicon nanoparticle with » = 54.6 +- 1.1 nm obtained by positioning
the electron beam outside the particle. In the theoretical spectrum, the electron beam is
positioned at a precise location b = 75 nm, while the experiments involve the summation
of the EELS signal in the b = 74.6 + 10 nm range to increase the signal-to-noise-ratio of
the resulting spectrum. The outside location of the electron beam allows us to have a
direct comparison with the analytical theory for the EELS probability of a swift electron in
the external vicinity of a vacuum-embedded dielectric sphere [83] (theoretical spectrum)
which exists only outside the particle. As can be seen from Figure 4.2(b) we observe two
clear peaks in the spectrum. Using the analytical solution, we identify them as the two
lowest Mie modes of the nanoparticle, 2.54 eV magnetic and 2.97 eV electric dipoles. Ex-
perimental and theoretical resonance energies are in quantitative agreement, while the
experimental peaks are broadened by the EELS setup. This can be accounted for by
convolution of the theoretical spectrum with a Lorentzian function (area curve) [84].

We extend the considered electron beam positions including the electron beam inside the
particle by using the simulation method discussed in Section 3.3.4. Figure 4.3(a) and (b)
shows typical simulated and experimental spectra from a larger silicon nanoparticle which
supports more Mie modes with » = 90 4+ 2.0 nm. The STEM image of the investigated
structure is presented in Figure 4.3(c) which identifies the experimental integration regions
and simulated points for the EELS spectra. The depicted EELS spectra are obtained by
integrating the deconvoluted EELS data around the experimental impact parameter beyp.
For the disk-shaped integration regions, the experimental impact parameter denotes the
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Figure 4.2: EELS measurements of Mie resonances in silicon nanoparticles. (a)
Schematic of a silicon nanoparticle of radius r placed on a silicon nitride membrane and
excited by an electron beam. The impact parameter b denotes the distance between the
electron beam and the centre of the nanoparticle. (b) Experimental (top) and theoretical
(bottom) EELS spectra of a silicon nanoparticle with radius » = 54.6 + 1.1 nm, acquired
from the electron beam positions shown in (c). The area curve represents a convolution
with a Lorentzian function. (c) STEM image of the nanoparticle, where the purple re-
gion represents the integration region for the experimental spectrum, and the green point
depicts the location of the electron beam in the simulation. Adapted from paper A.
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centre of the disk. For the annulus-shaped regions, the experimental impact parameter
denotes the mean of the inner and outer radii.

Using the localized nature of the electron beam which quantifies the efficiency of mode ex-
citation depending on its position [51], we distinguish between spectrally close ED and MQ
resonances, as well as EQ and MH resonances. From the EELS simulation (Figure 4.3a),
we find that the ED mode is efficiently excited by positioning the electron beam outside the
nanoparticle (b = 145 nm)), while the MQ mode dominates for impact parameters inside
the nanoparticle (b = 60 nm). In the case of EQ and MH modes, EQ is dominant in the
particle centre (b = 0 nm) and MH inside the particle approximately halfway to the parti-
cle edge (b = 60 nm). This change in excitation efficiency shifts the experimental EELS
peak, enabling us to identify multiple resonance energies from each silicon nanoparticle
(Figure 4.3b). In contrary to the identification of spectrally-close plasmonic modes which
are strongly excited near the particle surface [84] and, hence, don’t have a pronounced
spatial dependence, Mie resonances localize light both inside and outside the nanoparti-
cle. This allows us to harness the spatial dependence of the electron beam to identify the
resonance energies of Mie modes while distinguishing neighbouring plasmonic modes
with EELS usually requires the highest energy resolution [61].

We map the first five Mie modes both numerically and experimentally (Figure 4.3d-h).
Using the near-perfect spherical shape, we perform azimuthal averaging of the resulting
EELS maps (Section 3.3.3). The MD mode (Figure 4.3d) has a doughnut-like field pro-
file with a maximum intensity of approximately two-thirds inside the nanoparticle and a
complete minimum at the centre. This demonstrated that the MD mode cannot be excited
when the electron beam is positioned in the particle centre. The MQ mode (Figure 4.3f)
shows a similar intensity map with a stronger localization to the nanoparticle and a weaker
minimum in the centre. In contrast, the ED mode (Figure 4.3e) shows a weak peak in the
centre and maximum inside the particle near its surface. Compared to the MQ mode, the
ED mode extends further outside the particle, which we exploited to distinguish their spec-
trally close resonance energies. The higher-order EQ and MH modes (Figure 4.3g,h) both
have a maximum in the particle centre and a small peak two-thirds inside the nanoparticle.
The MH mode shows a stronger peak than the EQ mode and we use this difference to find
their resonance energies in the experimental data. We note that the EELS maps of neigh-
bouring Mie modes are influenced by the broad nature of the Mie resonances, and, for the
experimental maps, also by the energy resolution of the EELS setup. The resolution of
the EELS setup can be accounted for by plotting the simulated EELS maps of Lorentzian
smoothed EELS spectra (area curves in 4.3(a)) in Figure 4.3(d-h)(bottom). We find rea-
sonable agreement between experimental and simulated EELS maps, which shows that
EELS can be successfully applied to detect the rich field profiles of Mie resonances.

As an outcome of both positioned-dependant EELS spectra plotting and mapping, we
specify the spatial regions which are used for the identification of mode resonance en-
ergies in Table 4.1. The table shows the ranges of electron beam impact parameters
that are used to integrate the experimental EELS signal. The resonance energies of Mie
modes are identified from the resulting spectrum.
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Figure 4.3: EELS mapping of Mie resonances. (a) Simulated EELS spectra of a silicon
nanoparticle with radius » = 90 nm at different impact parameters b. The area curves de-
pict the simulated spectra convoluted with a Lorentzian function. (b) Experimental EELS
spectra for a particle with radius » = 90.5+ 2.0 nm acquired from the regions shown in (c).
(c) STEM image of the nanoparticle, where the coloured areas represent the integration
regions for the experimental EELS signal, and the coloured points are the position of the
electron beam in the simulation. (d-h) Simulation (top), experiment (middle), simulation
convoluted with a Lorentzian function (bottom) of EELS intensity maps of the first five Mie
modes. The EELS maps are individually normalized. Adapted from paper A.

Table 4.1: Spatial ranges for Mie mode identification with EELS.

Mode Impact parameter range
MD [Or, 0.87]

ED [1.37, 2r]

MQ [0.4r, 0.87]

EQ [Or, 0.47]

MH [0.55r, 0.75r]
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Figure 4.4. EELS measurements of Mie resonances in silicon nanoparticles. Measured
resonance energies as a function of particle radius for the first five Mie resonances in
silicon nanoparticles. The colour plot shows the EELS simulation for an impact parameter
b = r + 20 nm and the dashed curves indicate the theoretical Mie resonance energies.
Adapted from paper A.

Using these experimental results and analytical Mie theory [83], we measure the Mie
resonance energies of silicon nanoparticles over a broad size range from 40 nm to 100 nm
(Figure 4.4). The coloured points show the experimentally measured resonance energies
of the first five Mie resonances. The colour plot depicts the calculated EELS probability
using the same analytical theory as in Figure 4.2(b), while the dashed curves show the
first maxima of the different Mie scattering coefficients, which indicate the position of the
resonance energies. We find excellent quantitative agreement between experiment and
theory across the wide span of particle sizes, even though the theory does not account
for the presence of a thin substrate. The strong match evidences that the silicon nitride
membrane has negligible influence on the Mie resonances, which is in agreement with
earlier theoretical studies on the influence of substrates on Mie resonances [85, 86]. In
addition, we highlight that the tightly confined electromagnetic field of the electron beam
couples stronger to higher-order Mie resonances than the plane-wave field used in optical
measurements [87, 36], which enables us to detect them even in small particles.

4.1.5 Plasmon launching with silicon nanoparticles

We utilize the silicon nanoparticles as launchers and scatterers of surface plasmon po-
laritons (SPP) in thin metal films. SPPs supported by metal films guide and localize the
light at subwavelength scales [88] which is desirable to reduce the footprint and energy
consumption of integrated photonics devices [89, 90] as well as realizing two-dimensional
manipulation of light [91]. However, the momentum mismatch between the surface plas-
mon and incoming light does not allow a direct excitation of the SPP waves. Typically,
this is achieved by total internal reflection, such as Kretschmann or Otto prism coupling,
or diffractive effects, such as grating couplers [92]. The former approach is usually bulky
which compromise the miniaturization of the resulting device, while the latter requires pat-
terning of the metal film compromising the quality of the resulting film. This motivates the
utilization of subwavelength scatterers for SPP launching. In this approach, a significant
modal overlap between the field of the resonant nanostructure and the SPP supported
by the metal film is required to achieve efficient SPP launching. However, there has
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been little attention in the literature on improving the modal overlap to boost the plasmon
excitation efficiency where both plasmonic [93, 94] and dielectric [95, 96] resonant nanos-
tructures have been considered. Optically-thick metal films have been used to achieve
plasmon coupling, whose fields are optimized to overlap with neither plasmonic nor di-
electric nanostructures [97, 98].

Here, we experimentally show that Mie resonances supported by silicon nanoparticles
strongly hybridize with the highly-confined SPPs in 10-nm-thin gold films. The strong
hybridization between the SPPs in metal film and Mie resonances in silicon nanoparti-
cles leads to the formation of hybrid dielectric-plasmon resonances [98] where the SPPs
provide the out-of-plane confinement, while the Mie resonances provide the in-plane con-
finement of the hybrid resonances. Such hybrid resonances also occur for optically-thick
metal films, where they offer light confinement with low losses, however, they typically
have high radiation efficiency into free-space light [98, 99], hence, low excitation effi-
ciencies. In contrast, we show hybrid dielectric-plasmon resonances with strong modal
overlap between the Mie resonances of a silicon nanoparticle and the SPP supported
by optically-thin gold films which have most of the incoming light coupled into SPP rather
than the free space light. This proves a promising platform for efficient nanoscale plasmon
generation.

We place silicon nanoparticles on top of a 10 nm gold - 30 nm silicon nitride layers stack
(Figure 4.5(a)) to excite the hybrid resonances and launch SPPs. A thin metal film can
support two SPP modes by itself, long-range and short-range SPPs, however, the asym-
metric dielectric composition of the two layers stack turns the long-range SPP into a leaky
mode [91], and only the short-range SPP remains (Figure 4.5(b), green line). We can
directly excite the short-range SPP, i.e. using the layers stack without a nanoparticle, via
the electron beam which results in a broad peak at 1.3 eV in the EELS spectrum (Fig-
ure 4.5(c)). The broadband nature of the electron source allows the electron beam to
couple to the SPP of the films at different energies and wavenumbers resulting in large
bandwidth of the ELLS peak. The possibility to couple at multiple energies and wavenum-
bers combined with the dispersion relation of the short-range SPP defines the resulting
peak energy in the EELS spectrum [100].

A combined system which includes a silicon nanoparticle produces a narrower and red-
shifted peak (Figure 4.5(d)). This peak is due to a hybrid dielectric-plasmon mode and,
for the particle with the radius » = 54.1 4+ 0.8 nm, lies at the energy of 1.22 eV. The peak
energy can be accounted in a dispersion relation of a three layers system consisting of an
additional layer of silicon (silicon-gold-silicon nitride) with the thickness of the nanoparticle
diameter (Figure 4.5(b), purple line). The dispersion relation is then sampled at specific
wavenumbers k;,,, defined by the resonance condition of zero round trip phase [98], which
is given by the relation:

k'lmr %jlm (41)

Where j;,,, denotes the m-th zero of the spherical Bessel function of order [. Physically,
the indices (I, m) correspond to the field variations in the radial and azimuthal directions,
respectively. The two lowest quantized wavenumber given by Eq. (4.1) are shown in
Figure 4.5(b) as dashed vertical lines.

We find that the resonance energy given by the lowest-order (0, 1) mode matches with
the energy of the EELS peak excited in the silicon on gold system. The field profile which
corresponds to this mode is depicted in the inset of Figure 4.5(d). We elaborate on the
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nature of the hybrid resonance in Figure 4.5(e) where we show how the fields of the
short-range SPP residing in the gold-silicon nitride films and ED Mie mode of the silicon
nanoparticle hybridize to form the hybrid resonance. The substantial spatial field overlap
of the resulting system results in an efficient excitation of the SPP mode.

The strong hybridization can also be observed in the spectral shift between the ED res-
onance of a bare silicon nanoparticle (Figure 4.2(b)) and the hybrid resonance of the
silicon of gold system. For particles with a similar size of » ~ 54 nm, the ED resonance
of the bare particle at 2.97 eV shifts to the hybrid resonance energy at 1.22 eV. It can
be concluded that the hybrid resonance localizes the light on a smaller scale than the
lowest-order MD resonance of a silicon nanopatrticle. An increase in light confinement by
a factor of A/ Avp =~ 2 can be routinely achieved when we compare the hybrid resonance
wavelength Ay and the MD resonance wavelength \yp of the same particle size. The in-
crease in the light confinement comes from the fact that the SPP confinement defines the
confinement of the hybrid resonances, while the Mie resonances arise due to the confine-
ment of light inside silicon. This shows that a substantially higher effective refractive index
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Figure 4.5: Hybrid dielectric-plasmon resonances. (a) Schematic of a silicon nanoparticle
placed on a thin layer stack consisting of 10 nm gold film on top of a 30 nm silicon nitride
membrane. The structure is probed by an electron beam penetrating the centre of the
nanoparticle (b = 0 nm). (b) Dispersion relation of the short-range SPP supported by
the gold-silicon nitride stack (green line) as well as the silicon-gold-silicon nitride stack
(purple). In the latter, the silicon thickness is 110 nm, corresponding to the diameter
of the nanoparticle. The two lowest-order resonance conditions given by Eq. (4.1) are
depicted as vertical lines. (c,d) Experimental and simulated EELS spectra of the structure
without and with the silicon nanoparticle, respectively. The radius of the particle is r =
54.1 £ 0.8 nm. The inset in (d) shows the = component of the electric field of the (0, 1)
hybrid mode in the zy-plane at the top gold surface. (e) Cross-sectional magnetic field
profiles of the short-range SPP mode without the nanoparticle (top), the electric dipole
mode of an isolated silicon nanoparticle (middle), and the hybrid dielectric-plasmon mode
(bottom). Adapted from paper A.
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can be achieved in the hybrid system compared to purely dielectric materials, leading to
a way to shrink the dielectric scatterers below their diffraction limit.

The importance of a thin gold layer for efficient plasmon excitation is further elaborated
in Figure 4.6. We decompose the electric field generated by an electric dipole placed
above a silicon nanoparticle on top of the gold-silicon nitride layers (Figure 4.6(a)) into
free-space (FS) and SPP radiation [101]. The simulation shows that the field is coupled
to (0, 1) mode which is the same case as for the electron beam. We vary the thickness of
the gold layer and show the coupling efficiency into SPP (Figure 4.6(b)) and FS radiation
(Figure 4.6(c)). The results show the increase in SPP coupling efficiency for smaller gold
layer thickness, while the FS efficiency decreases. This fact highlights the importance of
thin gold films for efficient SPP coupling showing an increase in SPP coupling efficiency
from 1 % in the case of a 50 nm film to around 70 % in the case of a 10 nm film.

As the next step, we analyze the EELS response of silicon on gold structure when we
change the impact parameter, i.e. move the electron beam. Figure 4.7(a-c) shows that
when the beam is radially moved from the particle centre to the edge or outside locations,
the hybrid resonance energy experiences a redshift of around 50 nm. We perform Carte-
sian multipole decomposition [102] of the induced electromagnetic field and plot electric
dipole moment of the hybrid mode (Figure 4.7(f)). We observe the change in the orienta-
tion of the electric dipole as the beam moved further from the particle centre. The change
in orientation slightly shifts the resonance conditions of the hybrid mode and this results
in the redshift of the hybrid mode.

When we move further from the particle, the hybrid mode intensity drops almost com-
pletely. However, other resonances are appearing in the energy range above the hybrid
mode. These resonances are due to plasmon scattering effects and they are considered
in the next section. We also perform EELS mapping of the hybrid mode in Figure 4.7(d-e)
which, as expected, shows that the hybrid mode is localized to the particle volume and it
drops completely when the beam is far from the particle. The increase in the intensity on
the edges of the map are due to the broad modes appearing outside the particle which
are considered in the next section.

We extend the hybrid mode analysis to particles in a broad size range (Figure 4.7 (g)).
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Figure 4.6: SPP coupling efficiency of the hybrid dielectric-plasmon mode as a function of
gold thickness. (a) Schematic of a silicon nanoparticle placed on the gold-silicon nitride
stack, which is probed by an electric dipole oriented along the z direction and located
above the centre of the nanoparticle at a 1 nm gap. (b) Efficiency of SPP and free-space
(FS) coupling of the (0, 1) hybrid dielectric-plasmon mode for increasing gold layer thick-
ness. The efficiency is taken as a ratio of the SPP or FS power to the power radiated by
the electric dipole in a vacuum. Adapted from paper A.
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The results show that the (0, 1) hybrid mode resonance energy can be effectively tuned
from the near-infrared to telecommunication wavelengths by changing the nanoparticle
size. The resonance energies obtained in the experiment are in agreement with our EELS
simulations (colour plot), which also show a linewidth broadening of the resonance at
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Figure 4.8: Plasmon scattering. (a) Simulated EELS spectra of a silicon nanoparticle
(r = 75 nm) on a thin gold-silicon nitride stack at different impact parameters 5. The
area curves depict the simulated spectra convoluted with a Lorentzian function. The grey
dashed lines shows the change in peak energy of the first and second-order reflection as
the beam moves. (b) Experimental EELS spectra for a particle with radius » = 74.5 +
2.6 nm acquired from the regions shown in (c). (c) STEM image of the nanoparticle,
where the coloured areas represent the integration regions for the experimental EELS
signal, and the coloured points are the position of the electron beam in the simulation.
(d,e) Simulated (top) and experimental (bottom) EELS maps of the plasmon reflection
at two separate energies, which correspond to either (d) the first-order reflection (half-
wavelength of SPP) or (e) second-order reflection (one-wavelength of SPP).(f,g) Cross-
sectional magnetic field profiles of the reflected SPP mode for (f) first and (g) second
interference orders, respectively. In both cases, the reflection occurs at the nanoparticle
centre. Adapted from paper A.
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higher energies due to decreasing SPP propagation length.

4.1.6 Plasmon scattering with silicon nanoparticles

We consider the case where the electron beam is outside the particle. As was mentioned
in the previous Section new resonances are appearing outside the particle at the energy
range higher than the hybrid mode. We demonstrate theoretical and experimental spectra
for such case in Figure 4.8(a-c). We can observe two peaks that also move to lower energy
when the electron beam is positioned further from the particle. These peaks occur due
to the plasmon reflection from the particle. Since we can efficiently couple to the SPP
of the bare thin films of gold and silicon nitride with an electron beam, we launch this
SPP when we are outside the particle, the launched wave is resonantly reflected from
the particle resulting in an interference effect with the original wave. Therefore, we can
observe multiple peaks which are due to different interference order maxima. When the
beam moves further from the particle, the interference condition changes, therefore we
see a decrease in the peaks resonance energies. We perform EELS mapping for two
interference orders in Figure 4.8(d-e) which show a maximum at the same distance from
the particle of b = 300 nm. We further prove the interference effect in Figure 4.8(f-g)
where we plot the resulting magnetic field from the simulation in Figure 4.8(a). It shows
a standing wave pattern for the first and second-order interference having half and full
wavelength standing wave patterns respectively. By describing the SPP waves as one-
dimensional plane waves with wavelength Agpp, we find the phase relation:

(2mq — ¢)

b=
4

Aspp- (4.2)

Where ¢ is the reflection phase and ¢ is a positive integer, which denotes the interference
order. We find that the SPP reflection occurs at the nanoparticle centre using the ELLS
simulations (4.8(f-g)). Therefore, a part of the phase pickup occurs in silicon, which differs
from the phase pickup outside the nanoparticle due to the refractive index of silicon. In
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Figure 4.9: Experimental and theoretical dispersion relations of the short-range SPP sup-
ported by the gold-silicon nitride stack. Experimental data points are determined by using
Equation (4.2) on the SPP reflection EELS maps of the nanoparticle in Figure 4.8(d-e).
Adapted from paper A.
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Equation (4.2), we assume that this difference is small and describe the nanoparticle as
a reflecting boundary located at the nanoparticle centre.

We measure the distance b from the ring-shaped EELS maps at different energies. Us-
ing Equation (4.2), we assume a zero phase shift upon reflection and extract the SPP
dispersion relation of the short-range SPP supported by the gold-silicon nitride stack (Fig-
ure 4.9). For energies below approximately 1.5 eV, first-order interference (¢ = 1) is
the main contributor in the reconstruction of the experimental dispersion curve, when the
second-order interference is dominant for the larger energies. This is mainly limited by
the limited spatial range in the experiment. The dispersion curve obtained in the experi-
ment has a good agreement with a theoretical dispersion curve at low energies, but has
a slight deviation at higher energies, even if we consider the different layer thicknesses
within our fabrication tolerance. It should be noted that similar results can be obtained
for particles of other sizes. The difference between the theory and experiment at higher
energies can be explained by an additional phase pickup inside the nanoparticle which
contributes more for shorter wavelengths or higher energies and which is not accounted
for in Equation 4.2. Nevertheless, the dispersion diagram reconstructed from the plas-
mon reflection phenomenon shows that silicon nanoparticles reflect short-range SPP in a
broad energy range.
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Figure 4.14: Experimental CL spectra for an electron beam passing through the centre

of a Si nanosphere with » = 75 nm, for acceleration voltages ranging from 5 kV (upper
panel) to 30 kV (lower panel). Adapted from paper B.

modes. We attribute these resonances to transition radiation effects which are significant
for comparatively low acceleration voltage and thick particles.

We explain this effect in Figure 4.13(a). When the electron approaches the nanoparticle
one at atime, it collapses with its image charge [105, 106, 107] at the nanoparticle surface
leading to a formation of an electric dipole and resulting in transition radiation. This effect
is repeated at the other particle boundary with a time delay t; = d/v (where d is the
electron path inside the particle, v is the electron velocity). These two dipoles can interfere
constructively or destructively resulting in the oscillations in the resulting CL spectrum
which is overimposed on the original CL spectrum of Mie resonances. The corresponding
oscillations in time are sketched in Figure 4.13(b) with the NP Mie resonance (dashed
grey line). Calculated CL spectra of a r = 75 nm particle for different acceleration voltages
are shown in Figure 4.13(c). At a low voltage of 5 kV, the signal comes mainly from the
transition radiation, when the voltage is increased, the contribution of Mie resonances
increases. The Mie resonances are superimposed with the transition radiation leading to
new peaks in the CL spectrum.

We perform an experimental verification by collecting CL spectrum from » = 75 nm sphere
at different acceleration voltages in Figure 4.14. We can observe traces of the oscillations
related to transition radiation. For example, we observe four resonance at 1.8, 2 (MD), 2.6
(MQ) and 3.1 eV for 20 kV acceleration voltage, where the resonances at 1.8 eV and 3.1
eV are not a result of Mie theory. Noticeably, there are broad shoulders at 2.3 eV for 10
kV and 1.8 eV at 20-30 kV acceleration voltages which appear and disappear when the
voltage is varied. We believe that this is a clear feature of transition radiation interference
effects which have oscillatory behaviour in the resulting spectrum.

4.1. SILICON NANOPARTICLES 35





















shells for gold cores [140] to provide an additional mechanism to finely tune the magnetic
mode.

4.3.2 Fabrication

We fabricate gold nanodimers with and without a silver shell in four main steps: synthesis
of gold nanorods, (with shell) silver coating combined with DNA functionalization or (with-
out shell) DNA functionalization only, conjugation of DNA-functionalized nanostructures
with DNA origami and their deposition on TEM membranes. The first three steps are per-
formed by our collaborators and the procedure can be found in Ref. [140]. The fourth step
is described below.

Deposition. We deposit the conjugated dimer nanostructures onto 10 nm thick commer-
cially available silicon nitride TEM membranes (TEMwindows). The silicon nitride TEM
grids are plasma-treated for 3 min. Next, we functionalize the membrane’s surface by
application of 10 uL of Poly-L-Ornithine solution (0.01 %) and incubate it for 30 s. The
membranes are rinsed with ultrapure water with the excess water being removed with
a filter paper. We drop cast 5-7 L of conjugated dimer nanostructures onto the mem-
brane’s surface and incubate for 2 min. Then, we wash the TEM grids once more with
ultrapure water with the excess water being removed with filter paper. The samples are
left for drying.

4.3.3 Magnetic dipole in the visible

We characterize our structures with electron energy-loss spectroscopy to resolve nanome-
ter gaps present in our devices as well as to investigate their near field properties. For
this purpose, we deposit the gold dimers on top of a 10 nm thick silicon nitride membrane.
First, we show the EELS response of a single 77x24 nm gold rod (Figure 4.19(a)). Us-
ing the position-dependent excitation of the modes by an electron beam, we can identify
three modes in the gold rod: a longitudinal surface plasmon (1.77 eV), transverse surface
plasmon (2.28 eV) and bulk surface plasmon (2.42 eV) modes. We also map these three
modes to obtain their characteristic field profiles in Figure 4.19(b-d). The longitudinal
mode depicts two maxima located at the two edges along the length of the rod demon-
strating a localised surface plasmon excitation along the long axis of the rod while the
transverse mode has one maximum located in the middle of the structure demonstrating
the excitation of the localised surface plasmon mode along the short axis, the bulk mode is
distributed at the whole volume of the particle which is typical for the bulk plasmon mode.
Then, we perform characterization of a gold dimer with a 2.5 nm gap and 43 nm offset
(Figure 4.19(e)). As for the single rod case, we can identify three modes (1.57, 2.34, 2.46
eV) with a new mode excited at 1.95 eV. The longitudinal mode (1.57 eV) is redshifted
due to an increase in the effective length of the combined structure and shows two max-
ima at the furthest edges of the combined structure (Figure 4.19(f)). This proves that the
gap is sufficiently small to allow plasmon hybridization and shows the symmetric plasmon
coupling nature of this mode. The EELS maps of the new mode at 1.95 eV demonstrate
two maxima at the closest longitudinal edges between two rods (Figure 4.19(g)). It is
characteristic of the magnetic dipole mode which is a result of asymmetric plasmon cou-
pling [137]. Both transverse and bulk modes exhibit a slight blue shift compared to the
single rod case which can be due to slightly smaller average widths of two rods. The
transverse mode EELS map shows two maxima in the middle of the rods with a slight
overlay of the map from the magnetic dipole mode (Figure 4.19(h)). The bulk mode, as
expected is distributed around the whole volume of the rods (Figure 4.19(i)).

We deposit silver shells around our gold rods to fine-tune the gold dimers and perform
their characterization. The presence of the silver shell modifies the EELS response of the

42 4.3. GOLD-SILVER CORE-SHELL NANODIMERS



(a) 1.0
‘? 250
C
0.8~
3 200 S
NS ©
7 150 0.6 o
oS 3
> 100; o
o 0.4 5
o 501 a—)
c c
Yoo | 0.2
1.0 f 2.0 2.5
Energy (eV) 0.0
(e) 1.0
‘w3001
S 0.8~
3 >
& 200- L
")) 0.6 "
3 2
> 100- -
g 0.4 >
s e
01 0.2
1.0 1.5 2.0 2.5
Energy (eV) 0.0

Figure 4.19: EELS of a gold dimer. (a) Experimental EELS spectrum of a 77x24 nm Au
single rod acquired from the electron beam positions indicated in the STEM image inset.
(b-d) Experimental EELS maps of an Au single rod for three rod modes. (e) Experimental
EELS spectrum of a (77x22 (left), 77x24 (right)) nm Au dimer (2.5 nm gap, 42 nm off-
set) acquired from the electron beam positions indicated in the STEM image inset. (f-i)
Experimental EELS maps of an Au dimer for four dimer modes.

single rod (Figure 4.20(a)). The longitudinal mode at2.17 eV experiences a large blue shift
of 0.4 eV in comparison to the gold rod case. As expected, it has two maxima along the
length of the rod (Figure 4.20(b)). The transverse and volume modes mask each other
which makes it not possible to differentiate between these modes. We expect to have
1 transverse and 2 volume modes of gold and silver respectively in the 2.5-4 eV energy
range. Even plotting the near-field profiles (Figure 4.20(c,d))) at the edges of the combined
broad peak does not allow us to safely separate the modes. The spectral response of
the gold dimers with a silver shell also exhibits energy shifted peaks in comparison to
the gold dimers ((Figure 4.20(e))). Both the longitudinal and transverse modes show a
large blue shift of 0.22 and 0.34 eV respectively. They have their typical EELS maps
((Figure 4.20(f,g))) as for the gold case. The others modes are also masked by each
other as for the single rod with a shell case. There are some minor alterations in the
EELS maps at the energy edges of the combined EELS peak (Figure 4.20(h, i)), which
can be mainly due to the presence of the strong magnetic dipole mode.
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Figure 4.20: EELS of a gold dimer with a thin silver shell. (a) Experimental EELS spectrum
of a 67%26 nm Au single rod with a thin silver shell acquired from the electron beam
positions indicated in the STEM image inset. (b-d) Experimental EELS maps of an Au
single rod with a thin silver shell for three rod modes. (e) Experimental EELS spectrum of
a (64x26 (top), 67%27 (bottom)) nm Au dimer (4 nm gap, 29 nm offset) with a thin silver
shell acquired from the electron beam positions indicated in the STEM image inset. (f-i)
Experimental EELS maps of an Au dimer with a thin silver shell for four dimer modes.

4.3.4 Concluding remarks

We shift the magnetic mode supported by the gold dimer nanostructure and characterize
it via EELS. EELS allows us to obtain near field maps of the symmetric and antisymmetric
modes present in this type of structure which can be used to perform the mode identifica-
tion. We suggest and experimentally demonstrate a fine-tuning mechanism of the dimer
modes by depositing a thin silver shell.

4.4 Nickel nanospheres

4.4.1 Motivation

Another approach to achieve hybridized plasmonic systems is the usage of interband
transitions (IBT) in some metal nanoparticles where the hybridization is achieved via the
interaction between the localized surface plasmon and IBT [141]. Contrary to the previous
case of metal dimers, the resonator is coupled to itself since it supports both resonances
that couple to each other. This hybridization effect have been demonstrated in such metals
as Al [142] and Ni [143]. While the latter demonstrates the hybridization effect without
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consideration of different multipole resonances and does not investigate the response
from individual particles, we shed the light on hybridization effect between different order
multipoles and the IBT transition of individual nickel particles. STEM EELS is particularly
well suited for this purpose since it allows us to study the response of isolated particles
and access the deep UV spectral range where we investigate these resonances.

4.4.2 Fabrication
We use commercial nickel nanospheres of 99.7 % purity in a nanopowder form with radii
of 40-180 nm. We add around 1 g of this nanopowder to acetone and ultrasonicate for
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Figure 4.21: Bulk and surface contributions to EELS signal of a nickel nanosphere. (a)
Schematic of a nickel nanoparticle placed on an 8 nm silicon oxide membrane. (b) STEM
image of the nanoparticle, where the coloured areas represent the integration regions
for the experimental EELS signal, and the coloured points are the position of the electron
beam in the simulation. (c) Simulated EELS spectra of a nickel nanoparticle (r = 37 nm) at
different impact parameters b from the colour points shown in (b). Each EELS spectrum
is separated into bulk and surface contributions. (d) Experimental EELS spectra for a
particle with radius » = 36.8 + 0.8 nm acquired from the regions shown in (b).
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10 min to ensure nanospheres separation. We drop cast the Ni nanospheres in acetone
onto the substrate with an 8 nm thick silicon dioxide membrane and wait for the acetone
to evaporate.

4.4.3 Electron excitation: bulk vs surface losses

We use electron energy-loss spectroscopy to characterize the resonances of nickel nanopar-
ticles present in a broad spectral range. Figure 4.21(a) shows a schematic of the experi-
ment where we probe a nickel nanoparticle with radius » on top of an 8 nm silicon oxide
membrane with an electron beam displaced from the particle centre by an impact parame-
ter b. We probe a nanoparticle with » = 36.84+-0.8 nm at different impact parameters inside
and outside the nanoparticle indicated in Figure 4.21(b) and show simulated EELS spec-

(a) Simulation (b) Experiment
1-/_/-\ 1099
—~ ] bexp = 35 Nnm
. 0 = 401
S cC
0.5 a
> [o]
= T~ | & 2] bexp = 46 nm
2 g9 b =46 nm "
© . 0
Q9 0.51 o
2 ﬂ 2 30_%
[} = bexp = 50 nm
9 5, b=som—| 5 20 o .
. v =
m b=72nm w204 bexp = 72 nm | =2
0.14 —— Total
0.0 i ]

2 3 4 5 6 7 2 3 4 5 6 7
Energy (eV) Energy (eV)

Simulation

Experiment

Figure 4.22: Interaction of multipoles with IBT. (a) Simulated EELS spectra of a nickel
nanoparticle (r = 37 nm) at different impact parameters 4 from the colour points shown in
(c). Each EELS spectrum is separated into contributions for the first two azimuthal [ = 1,2
numbers. (b) Experimental EELS spectra for a particle with radius » = 36.8 + 0.8 nm
acquired from the regions shown in (c). (c¢) STEM image of the nanoparticle, where the
coloured areas represent the integration regions for the experimental EELS signal, and
the coloured points are the position of the electron beam in the simulation. (d-k) Simulated
(top) and experimental (bottom) EELS intensity maps of the four resonances supported
by the Nickel nanoparticle. The EELS maps are individually normalized.
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Figure 4.23: EELS simulation at the impact parameter b = 3r as a function of the nickel
particle radius r for (a) I = 1 and (b) [ = 2.

tra of » = 37 nm nickel nanoparticle in vacuum in Figure 4.21(c). Here, we separate the
EELS signal into bulk and surface contributions and demonstrate their dependence on the
impact parameter. The bulk contribution dominates in the particle centre having a peak at
3.5 eV due to interband transition. As we move further from the particle, the surface con-
tribution becomes more pronounced with two peaks at 3.4 and 4.7 eV which is indicative
of the hybridization between the IBT and localized surface plasmon of the particle. The
total EELS signal, therefore, is rather complicated due to position dependant weighting of
bulk and surface contributions which lead to apparent shits in the EELS signal. We can
neglect the effect of the bulk contribution if we limit ourselves to the spatial range where
the electron beam position is outside the particle which we use to demonstrate and dis-
cuss the hybridization effect in more detail in the next section. The experimental data in
Figure 4.21(d) shows similar trends having a very broad peak at the particle centre and
more two more pronounced resonances when the beam is outside the particle.

4.4.4 Interaction of multipoles with IBT

Figure 4.22(a-c) shows simulated and experimental EELS spectra of the same nickel
nanoparticle as in Figure 4.21. We separate the simulated EELS spectra into different
azimuthal contributions [ = 1, 2 and show the dependence on the impact parameter (Fig-
ure 4.22(a)). Both [ = 1 dipole and [ = 2 quadrupole multipoles show two peaks at 3.3 and
45¢eV (I =1)or3.5and 6.7 eV (I = 2). The shift in the energy of the dipole mode at 3.3
eV compared to the 3.5 eV IBT can be indicative of the hybridization effect between the
IBT and the dipole LSPRs supported by the particle. For the quadrupole, the energy shift
is not observable due to the large energy separation between the IBT and the quadrupole.
The impact parameter dependence shows a decrease in the contribution of higher energy
modes when the beam is moved further from the particle for both multipoles. This is also
accompanied by a decrease in the contribution of the higher-order multipoles to the EELS
spectrum. This is expected as higher energy modes are typically localized closer to the
nanoparticle surface. The experiment shows a similar trend in the overall EELS spectrum
with some apparent shifts in the EELS spectrum with the change in the impact parameter.
We perform EELS mapping at four energies in Figure 4.22(d-k) both via simulation and ex-
periment which show higher localization of the field to the particle surface for higher-order
modes.

We demonstrate the influence of the particle radius in the IBT - LSPR hybridization in
Figure 4.23(a-b) where we plot the change in the EELS signal for dipole and quadrupole
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6 Conclusions and Outlook

This thesis "Electron energy-loss spectroscopy of reconfigurable meta-atoms” investi-
gates some optical meta-atoms and reconfigurable optical meta-atoms using in-depth
electron energy-loss analysis.

We consider several optical meta-atoms based on two groups of materials, dielectric and
metals. In the case of dielectrics, we consider the EELS response of silicon Mie resonant
nanoparticles in a broad size range. In particular, we obtain the resonance energies of
the first five Mie modes where we utilize position-dependant EELS signals to differentiate
between spectrally close modes. We place the silicon nanoparticle on top of a thin gold
layer to excite the hybrid dielectric-metal resonances. The thin gold layer ensures efficient
plasmon launching due to strong field overlap between the electric dipole Mie mode of the
silicon and the short-range SSP supported by the metal film. We change the resonance
energy of the hybrid resonance by changing the nanoparticle size allowing us to launch
the SPP at the energy of interest. The hybrid mode resonance energy also depends on
the location of the electron beam where we show that the electron beam movement from
the particle centre leads to the change in the orientation of the electric dipole modifying the
resonance condition and leading to a redshift in the resonance. We also demonstrate the
SPP scattering by the silicon nanoparticle where we directly excite the short-range SPP of
the thin gold film by the electron beam and show the interference effect resulting from the
combination of scattered and launched waves. Using a simple relation, we experimentally
reconstruct the dispersion relation of the short-range SPP. We also characterize the sili-
con nanoparticles using CL SEM. Due to low acceleration voltage, we show a significant
contribution from the transition radiation interference effects.

The second dielectric meta-atom we consider is based on boron-phosphide. Using an ab
initio calculation of the dielectric function of the BP material, we show its potential as a
UV material. We characterize the randomly shaped BP particles via EELS to experimen-
tally demonstrate that they can support the Mie resonances at the energies of interest.
We suggest a simple approach to achieve spherical BP nanoparticles and experimentally
demonstrate its validity.

We also consider meta-atoms based on two metal materials, gold and nickel. In both
materials, we observe the hybridization effects leading to the resonances at new distinct
energies. In the case of gold material, we examine gold dimer geometry which has a hy-
bridization between two localised surface plasmon resonances (LSPR) of separate rods.
We shift the resulting symmetric and antisymmetric modes to the visible range and char-
acterize it via EELS. We suggest an approach to fine-tune the resonances via depositing
a thin silver shell.

The nickel nanoparticles with spherical shapes have a hybridization effect between the
LSPR and the interband transition. Using EELS, we show the hybridization effect be-
tween the different order multipole LSPRs and IBT in isolated nickel particles where the
hybridization condition depends on the LSPR resonance energy which is defined by the
particle radius.

Then, we investigate two reconfigurable meta-atoms. First, using the results from the
silicon nanoparticles we considered earlier, we fine-tune their Mie resonances via the
thermo-optic effect. We tune the Mie modes in the visible range by up to 0.15 eV for
the smallest particle of 40 nm radius. We show numerically that the MQ mode can be

65



thermally tuned beyond one linewidth by particle size optimization, with the MD, ED and
EQ modes offering the linewidth tunability in the 0.3 to 0.7 range. Using the near-field
nature of EELS, we show thermal tuning between the near-field profiles of different Mie
modes. We utilize a combination of STEM, EELS and EDX characterization to show a
stable operation of the majority of the nanoparticles up to 1073 K.

Finally, we consider a reconfigurable meta-atom based on electromechanically actuated
silicon beams separated by a small gap. We fabricated such silicon beams with nanometer-
sized cross-sections and demonstrated their electromechanical actuation shifting the mode
of interest by 0.19 eV or 100 nm.

6.0.1 Outlook

In the case of two dielectric materials, we suggest utilizing the silicon nanoparticles in a
combination with other optical materials, for example, two-dimensional materials [169].
Boron phosphide needs new developments in the fabrication methods to obtain meta-
atoms with various precisely defined shapes and geometries.

We suggest utilizing the metal dimers in electromechanically actuated devices to tune the
gap and offset, and hence the optical response of the meta-atom. We show the hybridiza-
tion effects in the nickel nanoparticles, however, the possibility to utilize them in a strong
coupling regime still needs some consideration.

Reconfigurable meta-atoms based on the thermo-optic effect could benefit on investiga-
tion and discovery of new materials. In the case of electromechanically actuated beams,
the fabrication sequence should be perfected to achieve well-defined shapes. Then, this
can be extended into the fabrication of electromechanically actuated devices with a higher
number of silicon beams.
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A Process flows

Table A.1: Fabrication of TEM membranes

Step

Equipment & procedure

Comments

1. Wafer purchase

2. SiN deposition

4", n-type (phosphor), (100) orientation, 350
pum thickness, double side polished

Furnace LPCVD nitride 6 inch: 5 min 30 sec
deposition time

3. Inspection Ellipsometer: 33 nm thickness and 2.1 re-
fractive index of SiN with 1 nm of native oxide
underneath

UV lithography: KOH windows
4.1. Photoresist de- Gamma UV Spin Coater: 1411 recipe (4"

position
4.2. Exposure

4.3 Development

wafer, 1.5 ym MiR 701 resist, HMDS prim-
ing)

MAG-2 Aligner: 13 mW/cm?, 17.2 sec, chan-
nel 2, contact mode, 10 sec stabilization time
TMAH UV-lithography developer: 3001
recipe (4" wafer, post-exposure baking
(PEB)for 60 sec at 110°C, single puddle (SP)
development for 60 sec)

5. SiN etching

6. Resist strip
7. Inspection

8. Si etching

9. Wafer cleaning

Advanced Oxide Etcher (AOE): NAN-
OTECH/ERIJ/SRNETCH2 recipe, 1 minute,
platen temperature is 0°C

Plasma Asher 2: 30 min, 400 ml/min oxygen,
70 ml/min nitrogen, 1000 W, 1.222 mbar
Profilometer DektakXTA: 45-40 nm was
etched (centre-edge location on the wafer)
Si Etch 1 (KOH): wet 28 % KOH etching at
80°C for 4 h 31 min. Rinsing: 2 program
(water overflow only). The wafers are left for

drying (no spin drying)

HCl:water 4:1 solution for 10 min

Visual test: the colour
of SiN areas should
change

Ellipsometeris usedin
the middle of the etch-
ing process to check
the etch rate (1.29
pm/min)

Check with an opti-
cal microscope. If a
noticeable number of
FeO particles is still
present, repeat the
process

Gold layer deposition
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