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Abstract

High refractive index dielectric nanoantennas have emerged as a promising unit for
improving optical nanodevices by compensating the drawbacks of plasmonic
nanoantennas, which have played a key role in nanophotonics to date. The features of
high refractive index dielectric nanoantennas, such as low energy losses, excitation of
strong magnetic resonances and enhancement of electric field inside and outside the
particle, are expected to provide novel methods to manipulate electromagnetic waves in
the nanometer scale.

In this thesis, we theoretically explore and experimentally demonstrate a variety of
nanostructures based on high refractive index dielectric nanoantennas to aim at the
efficient and tuneable control of electromagnetic waves in linear and nonlinear manners.
Firstly, asymmetric Si dimers are investigated to achieve unidirectional forward scattering
with high efficiency. An electric or magnetic dipole mode is excited in each particle
constituting the asymmetric dimer at the same wavelength. The interference between
these two dipolar modes can direct the scattered field selectively into the forward
direction with high scattering efficiency. Secondly, we investigate metasurfaces built of
array of Si nanodimers to obtain switching from high transmission to reflection depending
on the incident polarization. The different linear polarization direction of the incident
light can alter the hybridization modes of the constituent Si dimers and, hence, the
effective permittivity and permeability of the metasurface. The resulted overlap and
separation of the electric and magnetic dipolar resonances facilitates the control over the
switching between high transmission and reflection. Thirdly, asymmetric Si dimers are
explored to obtain tuneable control of directional scattering either in the left or right
direction from the incident axis. Our theoretical analysis reveals that the electric or
magnetic dipoles excited perpendicular to the dimer axis are mainly responsible for the
tuneable scattering. Experimental demonstration of the scattering tuneability is carried out
along the substrate by using back focal plane techniques combined with a prism coupling
setup. Fourthly, we show that the third harmonic generation from a high refractive index
dielectric nanoantenna can be significantly improved by adding a metallic component to
build a metal-dielectric hybrid nanostructure. In this way, the plasmonic resonance of a
Au nanoring can boost the anapole mode excited in a Si nanodisk, strongly enhancing the
electric field inside the Si nanodisk. As a result, high third harmonic intensity and
conversion efficiency can be achieved even in nanometer scale. Our findings on how we
can attain the efficient and tuneable control of electromagnetic waves using high
refractive index dielectric nanostructures will contribute to opening the new paths towards
the realization of novel optical nanodevices.



Contents

1. Introduction 1
1.1. General introduction of high refractive index dielectric

nanostructures for nanophotonics ...................................... 1

12 CulTeﬂt reSearCh and Challenges AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 4

1.3. Objective and structure of the thesis «-»+--+r-rrrrerrrrrreeenes 5

2. Theories — the resonances and optical effects of dielectric

nanostructures 9
2.1. Localized surface plasmon resonances of metallic nanoparticles
and their drawbacks .................................................... 10

2.2. Mie resonances of high refractive index dielectric nanoparticles 11
2.3. Achievement of Kerker conditions using dielectric

nanoantennas for unidirectional light scattering-«------+---------+- 17
2.4. Highly transmissive or reflective dielectric metasurfaces «------- 18
2.5. Excitation of non-radiating anapole modes in dielectric
nanoparlicles ............................................................ 21
2.6. Third harmonic generation from dielectric nanoparticles-------+- 23
3. Methods

3.1. Simulations and modellings
3.1.1. Analytical dipole-dipole model based on Mie theory

3.1.2. Finite-difference time-domain method ««---+-xeeeeereereresereeeeeeeeens
3.2. Sample fabrications
3.2.1. Electron beam lithography and reactive ion etchin

3.2.2. Fabrication of all-dielectric nanostructures

3.3. Optical MEASUIEMENLs ««++«wwesrrrssrressresnintaiies e
3.3.1. Dark field optical spectroscopy for measuring forward and backward
light scattering from NanOANtENNAS ++++«+«++++++ o wsssssrsmsnsnsecne 35
3.3.2. Fourier transform infrared spectroscopy for measuring transmission
and reflection of metasurfaces «++-----wveereesroeeree e 37
3.3.3. Back focal plane technique combined with prism coupling for
measuring scattering patterns along the substrate -« +«---troorrreereees 37

3.3.4. Nonlinear optical measurement with fs pulsed laser--«-«-++-reeeoeeeeeees 39

vi



4. Unidirectional light scattering with high efficiency using

asymmetric Si dimers 41
4.1. Theoretical study of asymmetric Si spherical dimers for

highly efficient unidirectional forward scattering-««-«--+----+-++ 42

4.1.1. Scattering properties of an asymmetric Si dimer«---«---=errererereeees 42

4.1.2. Theoretical investigation on the fulfilment of the first Kerker
CONAILION =7 v v v v e e e e e 46

4.1.3. Comparison with other structures showing unidirectional forward

scaltcring ......................................................................... 47
4.2. Experimental demonstration of the unidirectional forward
scattering with Si disk asymmetric dimer -« -«-xorereeereeeeees 50

4.2.1. Scattering properties of fabricated samples observed with dark field

spectroscopy-
4.2.2. Verification of the suppression of the backward scattering and highly
efficient unidirectional forward scattering <+« -«r sererrrrrres 54
4.3. Oligomer nanostructures for multiwavelength forward
Scanering AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 55

4.3.1. Trimer of Si special nanoparticles showing unidirectional forward
scattering at multiple wavelengths -

4.4. Summary

5. Polarization control over switching high transmission / reflection
from dielectric metasurfaces 57
5.1. Mode hybridization of electric and magnetic dipolar resonances

in a high refractive index dielectric nanodimer depending on the

incident polarization «««««++««++ rressrrssrsai 58
5.2. Theoretical verification of the switch with dimer array of
Spherical Sl dimers AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 59
5.2.1. Polarization dependent extinction of a dimer of Si spherical
nanoparticlcs .................................................................... 59
5.2.2. Transmission and reflection of an array of the spherical Si dimers------ 61

5.3. Experimental demonstration of high transmission to reflection




6. Tuneable directional light scattering from asymmetric dielectric

dimers 67
6.1. Si spherical asymmetric dimer for tuneable scattering «-+-+--+-+-+ 68
6.1.1. Numerical simulations of scattering properties:««««-=««=++-rereereeee 68
6.1.2. Theoretical analysis of phase difference ==+« «+=seeserrrrmer 73
6.2. Experimental demonstration of tuneable scattering along
a Substrate AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 75
6.3. Example of a practical application: tuneable excitation in
Optical nanocircuitry ................................................... 82
64 Summary AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 84
7. Efficient third harmonic generation from metal-dielectric hybrid
nanoantennas 85

7.1. Excitation of anapole mode with the hybrid nanostructure ------- 86
7.1.1. Extinction spectra of fabricated sample -

7.1.2. Electric field distribution and enhancement -
7.2. Nonlinear optical Measurement -+«++««++««+++sxesssreeseseasees
7.2.1. Experimental verification of the enhancement in THG using the

DyDrid NANOSIUCHUTE ««+++«+++erssrersrsarsrsirsnirsiit it 89

7.2.2. TH efficiency and effective third order susceptibility

7.3. Scalability of highly efficient third harmonic generation =91
7.4. Summary - 94
8. Conclusion and outlook 95

8.1. Conclusion

8.2. Outlook
Appendix 101
References 111
Publications 123
List of figures 125

Acknowledgements 131

viii



Chapter 1

Introduction

1.1. General introduction of high refractive index dielectric

nanostructures for nanophotonics

Nanophotonics is a research field which investigates light-matter interactions at the
scale near or even smaller than the wavelength of light, aiming at gaining physical
understandings and implementing useful manipulations of electromagnetic waves in the
nanometer scale' ™. Research in nanophotonics has grown at a rapid pace recently for
various reasons; the increase in capability of data processing that makes large numerical
analyses and simulations possible, and the development in the fabrication and
characterization techniques that facilitate the experimental demonstration of optical
phenomena using subwavelength nanostructures. Both the research community and
industry have given tremendous attention to nanophotonics, since it could play a key role
in providing novel solutions towards recent global issues, such as climate change and the
sharp rise in the amount of data processing. One of the promising solutions by
nanophotonics is the development of highly efficient optical devices, such as solar cells

and light emitting diodes®

, which could encourage the usage of renewable energy
sources and reduce the emission of green-house gases by saving the energy consumption.
Moreover, nanophotonics could lead to the development and fabrication of unprecedented
devices, such as all-optical logical devices which can process data and information at an
incredibly fast speed to meet the increasing demand for high speed and high quantity data
processing’'. However, to employ nanophotonics in these nanometer scale devices, a
fundamental problem needs to be solved; the size of light confinement in free space is
larger than its wavelength because of the Abbe’s diffraction limit of light'*. Furthermore,
the strength of light-matter interactions at the nanometer scale is quite small because of
the short light path and hence the small chance for light to significantly interact with
matter™®. These issues have to be overcome to attain control of electromagnetic waves in

nanometer scale.



One of most established methods to manipulate light even beyond the diffraction
limit is the use of plasmonic resonances of metallic nanoparticles''”. Plasmonics — a
field of research that deals with interactions between electromagnetic waves and free
electrons in metals — has played an important role in the development of nanophotonics.
When incident light shines on a metallic nanoparticle, a coherent oscillation of free
electrons can be excited in the particle, which is called a localized surface plasmon
resonance (LSPR). The restoring force is exerted on the oscillated electrons, which results
in the enhancement of electric field near the particle surface. Since the size of metallic
nanoparticles that show LSPR in visible light regime is in general several tens of
nanometers, the enhanced electric field near the particle can be strongly confined beyond
the diffraction limit of light'"”. Furthermore, LSPR excited in a nanoparticle prompts
strong scattering of light in the far field. The amplitude and pattern of the scattered field
can be determined and tuned by the mode of LSPR in nanometer scale® . These
charateristics of plasmonic nanoparticles have made them one of the most promising
techniques to manipulate light on the nanometer scale, stimulating many attempts to
utilize them to realize highly efficient optical nanodevices. For example, the efficiency of
some of the aforementioned optical devices, solar cells and light emitting diodes, can
potentially be improved utilizing LSPR of metallic nanoparticles®**°. Also, LSPR can
drastically improve the signal and sensitivity of spectroscopic and sensing applications,
such as Raman, IR, and fluorescence, by amplifying the electric field intensity near

targeted molecules® 2,

Furthermore, as LSPRs can provide the control of
electromagnetic fields even beyond the diffraction limit, plasmonic nanoparticles can be
the building blocks of metamaterials, which show unique and intriguing optical properties.
One typical example is the negative refractive index that can be achieved when both the
effective permittivity and permeability of medium consisting of a lattice of plasmonic
nanoparticles are negative . Novel optical applications, such as an invisibility cloak
and diffraction-free planar lenses, can be achieved using the optical effects of

metamaterials®

, potentially providing a novel platform for controlling electromagnetic
waves.

However, inevitable drawbacks of plasmonics have hindered the realization of those
applications using plasmonic nanoparticles. The main problems, which will be discussed
in detail in Chapter 2.1, are substantial energy losses and heat generated by the absorption

404 Plasmonic

of light, especially in near infrared (NIR) and visible regimes
nanoparticles are generally made of noble metals, such as Au and Ag, which have a large
imaginary part of the refractive index in the NIR and visible light regions®. The large

value of the imaginary refractive index originates from ohmic losses of free electrons.



The energy dissipation decreases the quantum efficiency of optical devices using
plasmonic nanoparticles”®. Furthermore, a considerable amount of heat could be
generated via damping processes of the energy dissipation at the LSPR*. Even though
several attempts have utilized the heat from LSPR for thermal therapy of tumors®, it
would be undesirable in some cases, such as spectroscopic measurements of molecules
that are sensitive to heat*. Another drawback of metallic nanoparticles is the lack of
strong magnetic resonances. The interaction with the magnetic field of light is a key
factor to manipulate electromagnetic waves, as well as the interaction with the electric
field. However, large magnetic effects cannot be easily achieved with metallic
nanoparticles; complex structures, such as a split-ring resonators, are required to excite
magnetic modes when plasmonic nanoparticles are used”’. This requirement makes the
fabrication challenging on the nanometer scale, impeding the realization of practical
plasmonic applications.

In recent years, nanostructures made of high refractive index dielectric materials,
such as Si, GaAs, GaP and Ge, have emerged as an alternative to overcome the
drawbacks of plasmonic nanoparticles. High-index dielectric nanoparticles can exhibit
Mie resonances when excited with light, similar to the LSPRs, allowing their use in
optical nanodevices. A clear advantage of high-index dielectric nanostructures over
plasmonic ones is the lack of ohmic losses due to the absence of free electrons. This
makes the imaginary part of their refractive index relatively small compared to that of
metallic materials, leading to small light absorption and suppression of the heat
generated*’>*, Moreover, high-index dielectric nanoparticles are capable of exhibiting the
excitation of not only electric but also magnetic resonances even with simple geometries,
like a sphere or disk® . A rotational oscillation of displacement current can be generated
inside the particle when the excitation wavelength in the particle approximately matches
the size of the particle. From Maxwell equations, the rotation of the displacement current
induces a magnetic field, offering the excitation of magnetic resonances in high-index
dielectric nanostructures. The presence of the magnetic resonances can potentially
introduce other ways of controlling electromagnetic waves (this will be presented in
Chapter 2). Another distinct feature of high-index dielectric nanoparticles, compared to
plasmonic ones, is the concentration of an enhanced electric field inside the particle. This
would be suitable for optical nonlinear harmonic generations as the field enhancement in
large volume of nonlinear susceptible media can increase the efficiency of nonlinear

B . 60-62
harmonic ~ generations™ .

Even though the field enhancement by plasmonic
nanoparticles is larger, the enhanced volume of the metallic material is generally too

small to obtain high enough nonlinear harmonic generation efficiency® ®. Large volume



field enhancement is achieved inside high-index dielectric nanoparticles and is expected
to improve the efficiency of harmonic generation, exhibiting the possibility of the

realization of nonlinear optical nanodevices.

1.2. Current research and challenges

The magnetic resonances excited in high-index dielectric nanostructures can
potentially interfere with the electric resonances. An example utilizing this interference is
the directional control of electromagnetic field scattered from high-index dielectric
nanoantennas. Besides the conventional platforms, such as particle waveguides and

. 66-70
Yagi-uda nanoantennas®®

, one of the unique methods to achieve directional light
scattering from dielectric nanoantennas is the fulfillment of Kerker conditions. Kerker’s
conditions, which were proposed in 1983 using ideal magnetodielectric nanoparticles’’,
provide a fundamental foundation on how the interference between the excited electric
and magnetic resonances results in unidirectional forward or backward scattering. By
satisfying Kerker’s conditions, a simple sphere and cylinder of high-index dielectrics can
exhibit unidirectional forward and backward scattering’> .

The excitation of magnetic resonances provides not only the control over the
scattering of dielectric nanoantennas, but also the control over the transmission or
reflection of dielectric metasurfaces consisting of arrays of high-index dielectric
nanoantennas. In the ideal case where the excited electric and magnetic resonances show
a perfect spectral overlap, high transmission with a full 25t phase control was theoretically
proposed and experimentally demonstrated’®””. The high transmission has been achieved
with dielectric metasurfaces with low-aspect ratio resonators, which would be preferable
for spectral overlapping. On the other hand, a high reflection of more than 99 % was
demonstrated with metasurfaces made of arrays of high aspect ratio dielectric
resonators”® *, The mechanism behind the high reflection is either negative permittivity
or negative permeability, which can be achieved based on the peak separation between
the electric and magnetic dipolar resonances.

Besides the linear optical effects shown above, nonlinear optical phenomena can be
attained using high-index dielectric nanoantennas with high efficiency. In particular, the
third harmonic generation (THG) from dielectric nanoantennas has been intensely
explored since THG can be generated from crystals even with an inversion symmetry®**'~

8 High refractive index in general results in high third order harmonic susceptibilities



from the generalized Miller’s rule®, making high-index dielectrics a promising material
for nonlinear effects. Furthermore, the electric field is enhanced inside the dielectric
nanostructures, offering a large volume enhancement®*®, Among various studies of THG

from high-index dielectric nanostructures®™" 18347

, the largest value of TH efficiency
thus far is 0.001 %, which was achieved from a high order anapole mode (this term will
be described in detail later) excited in a Ge nanodisk®”. This conversion efficiency is quite
high in nanometer scale, in comparison to plasmonic nanoantennas.

Thus, high-index dielectric nanoantennas have many interesting optical effects and
great potential in extending the capability of devices based on nanophtonics. However,
there are still several problems that need to be addressed in order to improve the usability,
practicality and feasibility of high-index dielectric nanoantennas. The first issue is the
efficiency of the optical effects from dielectric nanostructures. Although Kerker’s
conditions provide high directionality in light scattering, the scattering efficiency is quite
low with a simple spherical dielectric nanoparticle because of the spectral separation of

73.74

the excited electric and magnetic dipoles Also, the nonlinear third harmonic

generation still showed low conversion efficiencies, which are not sufficient to apply to

practical nanodevices®**

. The efficiency of optical effects of high-index dielectric
nanostructures is crucial to fully utilize their advantages of low energy losses and low
absorption. The second issue is the lack of tuneablity of the obtained optical phenomena.
For example, Kerker’s conditions can only determine the direction of scattering along the
incident axis, limiting the possibility of how we can exploit the directional scattering in
practical applications. Another example is high-index dielectric metasurfaces showing
only high transmission or reflection. Whether the high transmission or reflection can be
achieved is usually determined by the shape of nanoantennas and hence cannot be
actively tuned. Some attempts using liquid crystals or circular polarization states of the
incident light have been conducted to add tuneability to these highly transmissive or
reflective metasurfaces® ", Nevertheless, more simple and efficient methods to tune the
transmission and reflection are still needed.

1.3. Objective and structure of the thesis

In this thesis, we explore various nanostructures based on high-index dielectric
materials to extend their capability of controlling electromagnetic waves in nanometer

scale, especially in terms of efficiency and tuneability.



In Chapter 2, theoretical background will be introduced to understand how
high-index dielectric nanostructures can exhibit low loss electric and magnetic resonances.
First, we will review the response of LSPR in metallic nanoparticles and their drawback
of large absorption for comparison. Mie resonances of high-index dielectric
nanostructures are then explored to reveal the origin of low absorption and excitation of
magnetic resonances, followed by an explanation of optical effects that can be obtained
with the resonances of dielectric nanostructures. We will discuss how Kerker conditions
can lead to unidirectional forward or backward scattering thanks to the interference
between electric and magnetic resonances. High-index dielectric metasurfaces showing
high transmission or reflection are also explored, detailing the importance of tuning
permittivity and permeability in attaining the desirable optical behavior of the
metasurfaces. In the following section, we examine the excitation of a unique mode, a
non-radiative anapole mode, which can be realized by a destructive interference between
an electric and toroidal dipolar resonances in a high-index dielectric nanoparticle. Finally,
nonlinear THG from high-index dielectric nanostructures are studied. Special attention
will be paid to the clarification of mechanisms behind the high conversion efficiency.

Chapter 3 details theoretical, numerical and experimental methods that we used to
understand and demonstrate novel optical effects which are the focus of this thesis. A
theoretical model to understand the optical behavior of high-index dielectric dimers, an
analytical dipole-dipole model based on Mie theory, is re-constructed for asymmetric
dielectric dimers. Since the finite-difference time-domain (FDTD) method is used
throughout the thesis for numerical simulations of our high-index dielectric
nanostructures, its basic theory is introduced in this chapter. This is followed by a
description of the fabrication procedure we used to fabricate two types of nanostructures;
all-dielectric and hybrid metal -dielectric nanostructures. Dry fabrication processes
including electron beam lithography and reactive ion etching techniques are employed to
fabricate target nanostructures. Characterization methods and setups, which are
introduced in this chapter, vary depending on the purpose of the measurement. To obtain
the spectra of the scattering intensity into the forward and backward direction from single
nanoantennas, dark field optical spectroscopy with a microscope is set up. Transmission,
reflection and extinction spectra are retrieved by Fourier transform infrared spectroscopy
technique. We also build up a back focal plane imaging system combined with prism
coupling to monitor the distribution of light scattering which propagates along the
substrate. The nonlinear third order harmonic generation is observed by nonlinear optical
measurement setup using fs-pulsed laser, which is developed for single nanoantennas
measurement.



The following four chapters 4-7 present our theoretical and experimental work on
how we can improve the performance of high-index dielectric nanostructures in terms of
efficiency and tuneability. Chapter 4 explores asymmetric Si dimers for highly efficient
unidirectional forward scattering by satisfying the first Kerker condition. The electric and
magnetic dipolar resonances are excited in each particle of the Si dimer at the same
wavelength. This fulfills the achievement of the first Kerker condition at the peak of the
resonances, leading to the high scattering efficiency towards the forward direction. The
analytical dipole-dipole model confirms that the first Kerker condition is satisfied even
with the Si dimer. The experimental demonstration of highly unidirectional forward
scattering is carried out using dimers of Si diskl nanoparticles fabricated on a sapphire
substrate. The forward and backward scattering is characterized by the dark field optical
spectroscopy with a microscope. The idea of using dielectric trimers for unidirectional
forward scattering at multi-wavelengths is also proposed to achieve broadband responses.

In Chapter 5, metasurfaces made of high-index dielectric nanodimer arrays are
studied to obtain the tuneability to switch high transmission to reflection by changing the
linear polarization of light. Because of the orientation of each dipole, the interaction
between electric and magnetic dipoles excited in the Si dimer is modulated by the linearly
polarized incidence. While the metasurface itself remains passive, resulting mode
hybridizations present the spectral overlap and separation of the electric and magnetic
dipoles, which is preferable for high transmission and reflection, respectively.
Metasurfaces of Si disk nanodimers verify the switching between the high transmission
and reflection by linear polarization in experiment using the microscopic Fourier
transform infrared measurement system.

Chapter 6 presents tuneable control of light scattering direction either to the left or
right side from the incident axis using asymmetric dielectric dimers. Detailed theoretical
investigations reveal that the interference between the electric or magnetic dipoles excited
in each particle can tune the light scattering direction, depending on the excitation
wavelength. Experimental demonstration of tuneable light scattering along the substrate
from an asymmetric Si dimer is conducted using a specially designed back focal plane
imaging system combined with prism coupling. An evanescent wave excited at the
interface propagates along the substrate, exciting the fabricated Si dimer. An objective
with high numerical aperture collects the scattered fields, which provides scattering
patterns on the back focal plane. The applications of the asymmetric dimers for optical
nanocircuitry is theoretically studied by achieving selective excitation using the tuneable
directional scattering.

In Chapter 7, highly efficient third harmonic generation from metal-dielectric hybrid



nanostructures is presented. Si nanodisk excites an anapole mode, which is a unique
excitation mode confining electric field inside the dielectric nanoparticle. The anapole
mode in the Si nanodisk is enhanced more by coupling with the plasmonic resonance of a
Au nanoring. The greatly enhanced electric field inside the Si nanodisk in the hybrid
structures leads to the high efficiency of third harmonic generation, reaching 0.007 % at
maximum. This value is, to our best knowledge, the highest value in third harmonic
generation in the nanometer scale reported so far. The scalability of the efficient THG
from the hybrid nanoantennas is also demonstrated by changing their geometrical
parameters.

Chapter 8 delivers the conclusion of our work and emphasizes its crucial role in
obtaining efficient and tuneable control of electromagnetic waves using dielectric
nanostructures for the realization of novel optical applications in nanometer scale.
Prospective future work based on our studies is also proposed to further understand and
improve the optical effects offered by high-index dielectric nanostructures.

We believe that the work described in this thesis can provide us with new schemes to
boost the development of novel optical devices in nanometer scale using dielectric
nanostructures.



Chapter 2

Theories - the resonances and optical effects of

dielectric nanostructures

This chapter introduces the theoretical descriptions of the resonances and optical
effects of high-index dielectric nanostructures. We first explore the localized surface
plasmon resonances (LSPRs) of metallic nanoparticles and their drawbacks which have
hindered the realization of nano-photonic applications using plasmonic nanoparticles. The
theoretical investigations of resonances of high-index dielectric nanoparticles based on
Mie theory are conducted in detail to clarify the origin of their low-loss electric and
magnetic resonances. The excitation of the magnetic resonant modes in the dielectric
nanoparticles is a key aspect because it enables the achievement of some unique and
intriguing optical effects which have already been broadly studied with ideal magnetic
nanoparticles. One of these optical effects is the Kerker conditions, by which
unidirectional forward or backward scattering can be achieved due to the interference
between the electric and magnetic resonances excited in high-index dielectric
nanoparticles. Also, we examine dielectric metasurfaces that can be used to tune their
effective permittivity and permeability by electric and magnetic resonances of dielectric
nanoparticles. Later in this section, how the precise control of these optical constants
gives rise to high transmission or reflection from the metasurface will be presented. The
next section describes the excitation of an anapole mode using dielectric nanostructures.
This mode is non-radiating due to destructive interference between electric and toroidal
dipole moments, resulting in the strong field confinement inside dielectric nanostructres.
The last part of this chapter will be devoted to the introduction of the nonlinear optical
effects, specifically third harmonic generation, that can be achieved with resonant
high-index dielectric nanoparticles. High-index dielectric nanoparticles improve the
efficiency of third harmonic generation in nanometer scale, an advantage compared to

their counterpart plasmonic nanoparticles.



2.1. Localized surface plasmon resonances of metallic

nanoparticles and their drawbacks

When illuminated by light at a certain wavelength, small metallic nanoparticles
exhibit a collective oscillation of free electrons coupled to the electromagnetic field. This
excitation is so-called localized surface plasmon resonance (LSPR), and it is capable of
confining electromagnetic fields even below the diffraction limit'>'%1892°% 1n this section,
we go through the physics of LSPR and discuss its drawbacks, specifically the problems
associated with the absorption of light.

In the case that the radius a of a spherical metallic particle is much smaller than the
incident wavelength in the medium, the incident field Eq generates the electric dipole
moment p, which is proportional to the incident field, in the particle. The polarizability at

the LSPR is calculated from the definition p = goe,,aEog as follows"®

e—ep

a = 4na®
&+ 2e,

@1

where ¢ and ¢,, are the permittivity of the metallic nanoparticle and medium, respectively.
Thus, the metallic nanoparticle experiences a resonance when the polarizability is
maximized. In other word, the LSPR of a metallic particle is excited when the system’s

permittivity profile satisfies the following condition
Re(e + 2¢ep,) =0 2.2)
and Im(e + 2¢,,) is small, although it cannot be exactly zero due to the causality.
The scattering and absorption of the particle are quantitatively estimated by scattering

and absorption cross sections, Csca and Cabs, respectively, which can be calculated using

polarizability « as follows'.
Kt
Coea = 5 lal? @3)

Cabs = KIm(a) @4



Cext = Cscat + Cabs 25)

where k is the wavenumber in free space. Figure 2.1 shows the spectra of scattering,
absorption and extinction of a Au nanoparticle (50 nm diameter) in air, calculated using
eq. (2.3) — (2.5). The optical constants were obtained from a ref”. The spectrum is
normalized by the geometrical cross section of the nanoparticle. A peak around 520 nm is
observed in the spectrum of the Au nanoparticle, corresponding to the LSPR exciting
electric dipole mode'. This resonance is dominated by the substantial non-radiative
absorption, rather than radiative scattering, which is caused by the ohmic losses in the Au
nanoparlicle"q Also, the absorption would result in a considerable amount of heat, which
reportedly reaches up to 1000 K*. The generated heat may cause problems in, for
instance, sensing applications for molecules which are sensitive to heat, or optical devices
whose performance could be degraded by heat’’. These drawbacks of plasmonic
nanoparticles are believed to be the main causes hampering the development and
realization of nanophotonics applications using LSPRs*'.
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Figure 2.1. Scattering, absorption and extinction spectra of a Au nanoparticle (diameter 50 nm)
calculated by the eq. (2.3) — (2.5).

2.2. Mie resonances of high refractive index dielectric

nanoparticles



While metallic nanoparticles exhibit LSPRs due to the coherent oscillation of free
electrons, high-index dielectric nanoparticles can excite resonances due to the

697 This type of resonances can be

displacement current inside the particle instead®"
exactly determined by Mie theory in the case of a spherical nanoparticle’®’. This section
discusses how electric and magnetic resonances can be achieved using high-index
dielectric nanoparticles with low energy losses.

Electromagnetic waves that satisfy Maxwell equations and wave equations can be

described in spherical coordinates using vector spherical harmonics M and N as follows™.

-m
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dP"(cos 6) ’
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dhi"(cos6) (“’59); @ 29)
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sin@ p d

+ sinm¢

+ mcosmg {PZn(P)}uq;

m,

where P,"(cosd) is the associated Legendre function of the first kind of degree n and
order m, z, is any of four spherical Bessel functions (ju, yu, " or h,,"’), and p is the
dimensionless variable p = kr. The incident electric and magnetic fields (E; and H;), the
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scattered fields (E, and Hy), and the fields inside the spherical particle (E; and H)) are
calculated with following equations’®.

> 241
= ; @ N»
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where the superscript (1) or (3) to the vector spherical harmonics indicate the number of
kind of Bessel functions, x and u, are the permeability of the particle and medium,
w = i"Eo(2n + 1)/in(n + 1), and a,, b,, ¢, and d, are the coefficients of the scattering
electric and magnetic fields and fields inside the particle.
Now we try to solve the equations for unknown four coefficients by imposing
boundary condition at the interface of the particle and medium r = a.

(E; + E; — E)xu, = (H; + Hy — H)xu, = 0 (2.16)



Then the four coefficients are calculated as follows™.
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where x is the size parameter ka, m is relaive refractive index N/N,, (N and N,, are the
refractive indices of the particle and medium, respectively), y, and &, are the Riccati
Bessel functions.

U = pin(p), & = ph{V (), @21

Now that we have expressions for the scattered electric field. Then the extinction,

scattering and absorption cross sections are determined”®.
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Note that the Mie coefficients are the function only of the size parameter and relative
refractive index. Therefore, the scattering and absorption properties can be determined
only by the diameter and optical constants of the nanoparticle.

Figure 2.2a shows the extinction, scattering and absorption cross section spectra of a
Si nanoparticle, deriving from the calculation of Mie coefficients a; and b, which
correspond to the electric and magnetic dipoles, respectivelyw, The diameter of the Si
nanoparticles is set as 160 nm, and the refractive indices are obtained from ref*. The Si
nanoparticle shows absorption significantly smaller than the scattering throughout the
optical spectra, showing the low loss resonances in contrast to the LSPR of metallic
nanoparticles presented in the previous section. Furthermore, there are two distinct peaks
at A = 520 nm and 642 nm observed in the extinction spectrum. To clarify the origin of
these two peaks, we decomposed the extinction spectrum into the two Mie coefficients a;
and b, (Figure 2.2b). Both the two coefficients, which correspond to the electric and
magnetic dipolar resonances, present the resonance at A = 520 nm and 642 nm,
confirming the capability of exciting electric and magnetic dipolar modes. The presence
of the magnetic resonances is a clear advantage of high-index dielectric nanoparticles
over plasmonic ones. This offers a new mechanism to control the behavior of
electromagnetic waves when interacting with matter, which will be shown in the later part
of this chapter. Note that higher order resonances, such as quadrupolar modes, are
neglected here since the higher order resonances are excited at shorter wavelengths and
do not have significant influence on the optical effects which are discussed in this thesis.
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Figure 2.2. (a) Scattering, absorption and extinction spectra of a Si nanoparticle (diameter 160
nm) calculated by Mie theory. (b) The contribution of electric () and magnetic () dipoles to
the extinction spectrum.



To understand the origin of the magnetic dipolar mode excited in Si nanoparticles,
the electric field inside and outside the particle under plane wave illumination is
calculated at A = 520 nm and 642 nm using eq. (2.14) and (2.15), and shown in Figure 2.3.
At A = 520 nm, where the electric dipolar resonance is obtained, the oscillation of the
displacement current is observed, offering a similar field map just outside the particle to
that of a plasmonic resonance. On the other hand, the rotation of the displacement current
is achieved inside the particle at the resonance of magnetic dipolar mode at A = 624 nm.
This rotational oscillation of the displacement current produces the oscillation of
magnetic field at the centre from Maxwell equations, which results in the excitation of the
magnetic dipole. The rotation of the displacement current can be achieved due to the
small absorption of light in the Si nanoparticle, allowing electromagnetic waves to
penetrate the particle. Thus, the electric field can be reversed at each side of the particle,
causing the rotation of the current. The deep penetration of electromagnetic field into the
particle is not possible in the case of noble metals, because of their large imaginary part of
refractive index and hence very thin skin depth.
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Figure 2.3. Normalized electric field distribution of the Si nanoparticle (diameter 160 nm) at A =
520 nm (a) and A = 642 nm (b), which correspond to the electric and magnetic dipolar modes,
respectively. White arrows in the figures show the real part of electric field vectors at each

calculation cell.



2.3. Achievement of Kerker conditions using dielectric

nanoantennas for unidirectional light scattering

Dielectric nanostructures possess not only electric but also magnetic resonances, even
without considering complex shapes or arrangements. This feature allows dielectric
nanoantennas to perform intriguing optical effects, one of which is unidirectional forward
and backward scattering when the Kerker conditions are fulfilled”™'®. The presence of
the magnetic resonances induces constructive and destructive interferences with the
electric modes, which defines the radiation pattern of the scattered field. At certain
wavelengths, the electromagnetic wave can then be scattered from the dielectric
nanoparticles selectively either in the forward or backward direction. In this section, we
theoretically revisit the Kerker conditions and verify the fulfillment with a Si
nanoparticle.

Now we only consider the electric and magnetic dipole excitations and exclude any
other higher order multipole modes. The scattering cross section (2.22) is rewritten as
follows.

(3
Coea = gz (ul? + %) 225

The far field scattering distribution can be calculated as the differential scattering cross
section in terms of the solid angle, which is averaged over the polarization of the incident
light”,

dCsca ., 9 2 2 2
a0 ® = 8Kk2 {(las]* + 1b,1*)(A + cos® 8) (2.26)
+ 4Re(a, b, ") cos 6}

where the exact forward and backward directions correspond to & = 0° and 6 = 180°,
respectively. The scattering intensities in the forward (0°) and backward (180°) directions

can be then simplified as

9

sl b @27
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These equations suggest that, when a; = by, the backward scattering is completely
suppressed and unidirectional forward scattering can be achieved. This is the fulfillment
of the first Kerker condition. On the other hand, the forward scattering would have zero
intensity if a; = -b;. However, because of the causality principle, the real parts of a; and
b, are always positive, preventing the achievement of the equality condition between a;
and -b,. Nonetheless, if the absorption of the particle is negligible, the forward scattering
intensity shows a minimum when Re(a;) = Re(b;) and Im(a) = -Im(b;). This leads to the
fulfillment of the second Kerker condition.

Although the Kerker conditions were first theoretically proposed more than 30 years
ago using ideal magnetodielectric particles’, they have recently re-emerged in the science
community after high-index dielectric nanoparticles arose as low loss nanoantennas
which can excite both the electric and magnetic dipoles””. Even simple spherical
nanoparticles made of Si have been reported to satisfy the first and second Kerker
conditions, exhibiting selective forward and backward scatteringn, As an example, Figure
2.4a shows the forward and backward scattering spectra of a Si spherical nanoparticle of
160 nm diameter calculated based on the Mie theory, detailed in the previous section. At
A =594 nm, the forward scattering presents a clear dip and, hence, the F/B ratio becomes
minimum. As a result, the far field pattern shows a very small amount of forward
scattering, resulting in directional backward scattering (Figure 2.4b). On the other hand,
the backward scattering is clearly suppressed at A = 694 nm. This leads to a far field
distribution dominated by the forward scattering, as shown in Figure 2.4c. Note that the
wavelengths of the Kerker conditions coincide with the intersecting points between a; and
by spectra shown in Figure 2.2b, providing the proof of the fulfillment of the Kerker

conditions.

2.4.Highly transmissive or reflective dielectric metasurfaces

Metasurfaces are thin optical layers with nanoresonators that are artificially
fabricated to exhibit custom and unique optical effects that other materials in nature do
not offer. Considering Maxwell equations and wave equations, the permittivity and

permeability of the metasurfaces are keys to controlling electromagnetic waves. One
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Figure 2.4. (a) Forward and backward scattering spectra of a Si nanoparticle (diameter 160 nm),
and the ratio between forward and backward scattering. (b,c) Far field scattering patterns of the Si

nanoparticle at A = 594 nm (a) and A = 694 nm (b).

example of optical effects obtained by metasurfaces is the near unity transmission or

767 which is discussed

reflection of light by controlling the permittivity and permeability
in this section. For simplicity, we consider the transmission and reflection at the interface
between air and a semi-infinite medium.

The reflection coefficient r and intensity R of a plane wave at normal incidence are

defined as follows at the interface™.

_z—l_(z’—1)+iz”
Tz+1 (@ +D+i7

r (2.29)

(Z-12+2"
o 230
R=1rl (z'+1)2 42" 230
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where z =z’ +iz"" is the complex impedance of the metasurface calculated by z = \/m,
in which ¢ (= ¢’ + ig”) is the complex permittivity and u (= u’ + iu”) is the complex
permeability.

Firstly, we explore the conditions to achieve near unity transmission, which requires

R =0. This can be satisfied when z’= 1 and z’’ = 0. Simple arithmetic manipulation gives

the requirements of ¢ and u.
g=u (2.31)
e"=pu"=0 (2.32)

These two conditions can be satisfied with a high-index dielectric metasurface at the
electric and magnetic resonances of its constituent nanoantennas, if these two resonances
have a perfect spectral overlap’’. From Lewin’s effective medium model'”’, the effective
permittivity and permeability of a metasurface are equal when the Mie coefficients a; and
by of component nanoantennas are equal. This can be satisfied with high-index dielectric
nanoantennas in analogy with the first Kerker condition which was explained in the
previous section. Furthermore, the electric and magnetic resonances can be achieved with
a small amount of absorption by using high-index dielectric nanoantennas, leading to the
fulfilment of eq. (2.32)". In fact, the near unity transmission with full 27 phase control
has been demonstrated using metasurfaces made of dielectric nanodisks’”'%*'®. For high
transmission, nanodisks with low aspect ratios have been used to present spectral overlap
between the electric and magnetic dipolar resonances (Figure 2.5a).

Secondly, the near unity reflection, which is R = 1, is explored. The required
condition is z” = 0 from eq. (2.30), which can be converted to the requirements of ¢ and

as follows.

.

;%< 0 2.33)

' —¢e'u'=0 (2.34)
Dielectric metasurfaces again could fulfill these two conditions. When the electric and
magnetic dipolar resonances of the high-index dielectric nanoatnennas forming the

metasurfaces are separated sufficiently, dispersion-like resonances occur in the real part
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of effective permittivity and permeability at different wavelengths'®'

. This provides
certain wavelength ranges where either ¢’ or 4’ can be a negative value, leading to a
single negative metamaterial and satisfying the eq. (2337880105106 Although eq. (2.34)
looks more restrictive, low loss dielectric metasurfaces have near zero ¢” or u ”, allowing
the approximate fulfilment of the eq. (2.34). The perfect reflection was theoretically and
experimentally demonstrated using dielectric metasurfaces which are designed with
dielectric nanoantennas’”®’. The aspect ratio of the dielectric nanoantennas in this case is
assumed to be high enough to possess a spectral separation between the electric and

magnetic dipolar resonances (Figure 2.5b).
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Figure 2.5. Schematic images of dielectric metasurfaces showing selective transmission (a) or
reflection (b). The aspect ratio of the dielectric nanoantennas determines the distance of spectral
separation between the electric and magnetic dipolar resonances, and hence, if the high reflection

or transmission can be realized.

2.5. Excitation of non-radiating anapole modes in dielectric

nanoparticles

The excitation of non-radiating resonant modes enables the strong concentration of
electromagnetic fields into a particle. An anapole mode is a non-radiating resonance and
vanishes in the far field'”’, where electric and toroidal dipoles are destructively interfered
(Figure 2.6). The toroidal dipole is one of terms in the multipole expansion of the current
distribution inside the particle'™. In this mode, an electric field distribution of solenoid

shape induces a magnetic toroid generating an electric field at the center of the particle,
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which has the same shape as the electric dipole. Therefore, the electric and toroidal
dipoles are indistinguishable in the far field.

From the current inside the particle, an electric dipole moment p can be calculated
with displacement current inside the particle J in the following equations'®”.

i
p= ;f Jdr (2.35)

J = —iwey(n? — 1)E (2.36)

On the other hand, a toroidal dipole t can also be calculated as follows'”".
t= 100 [ (@D -2r7a D)
=To¢ r-J r4]}dr .

By summing the contribution from these two dipolar modes, the scattered field can now

be described as'”’

2

k
=— i 2.38
pre (nxpxn + iknxtxn) (2.38)

Eg
where n is the unit vector of the observation point. Eq. (2.38) suggests that the scattered
field could vanish (E; = 0) when the electric and toroidal dipoles are the same in
amplitude but are out of phase

p = —ikt (2.39)

Thus, by the destructive interference between the electric and toroidal dipoles, the

non-radiating anapole mode can be achieved. The anapole mode was experimentally

107,109

demonstrated very recently using high-index dielectric nanoantennas , showing the

potential of boosting the optical effects of dielectric nanostructures, such as broadband

absorption and nonlinear optical harmonic generation®"*"!"°,
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Figure 2.6. Schematic illustration of the excitation of an anapole mode. In the toroidal dipole
moment, solenoid displacement currents generate a circulating magnetic field. The resulted
toroidal dipole has the same shape as the electric dipole, leading to the destructive interference in
far field.

2.6. Third harmonic generation from dielectric nanoparticles

Nonlinear optics describes optical phenomena that respond in a nonlinear manner to
the strength of an applied electromagnetic field™’. One of the beneficial nonlinear effects
is harmonic generation, currently used in commercial laser equipment by exciting bulk

nonlinear crystals with large illumination powers'"

. In particular, third harmonic
generation (THG), a process that coherently triples the energy of the incident photon, can
be induced regardless of the inversion symmetry of the media, in contrast to, for example,
the case of second harmonic generation (SHG). Interestingly, under appropriate
conditions, this nonlinear phenomenon can also be realized at the nanometer scale,

becoming a subject of intense research due to its potential applications in (bio)-imaging' 2

drug delivery!13 and high-efficiency solar cells'*'".

In the macroscopic scale, third harmonic (TH) conversion efficiencies can be
optimized through a phase-matching condition, k3., = 3k, (k is the wavenumber, o is the
frequency of the incident light), which produces a strong constructive interference effect
for the generated radiation. However, in the case of subwavelength structures, the typical
propagation distance of light is generally insufficient to lead to powerful in-phase

interactions.
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Instead, high third order susceptibility and electric field enhancement are required to
improve the efficiency of THG in nanometer scale. The third order nonlinear polarization

is proportional to the cube of the electric field amplitude''’.

PO(t) = gy PE(t)? (2.40)

where P*¥) is the third order nonlinear polarization, & is the permittivity of free space,
is the third order nonlinear optical susceptibility, and £ is the electric field amplitude. For
simplicity, only the scalar quantities have been taken in Eq (2.40). In the simple case that
the applied electric field is monochromatic, E(t) = Ecoswt, eq. (2.40) is substituted as

follows,

1 3
3) == ©)x] z B3
PBR(t) 480)( E cos3a)t+4£0)( E3 cos wt .41)

= £0x® Bw; w, w, W)E3 cos 3wt + 9@ (w; w, —w, w)E3 cos wt

The first term in eq. (2.41) corresponds to the third harmonic generation, whereas the
second describes a nonlinear contribution to the refractive index. This clearly shows that
the third order harmonic generation is a function of the third order susceptibility of
){‘3)(311);(0, o, ®) and the electric field amplitude E. On the other hand, the second term in
eq. (2.41) induces a change in the refractive index of a material proportional to £, which
is known as optical Kerr effect™.

As for the third order susceptibility, an empirical rule, which is known as the
generalized Miller’s rule, correlates the third order susceptibility to the linear

susceptibility as follows''®.

1@ Bw; w,0,w) = AP (w)? (2.42)

where 4 is a constant often assumed to be frequency and material independent. Therefore,

materials which have a high linear susceptibility 5"

which is related to the permittivity
and refractive index, would possess a high third order susceptibility for efficient third
harmonic generation.

In this context, metallic nanoantennas exciting LSPRs have been intensely
investigated, not only due to their ability to highly confine the incident electric field, but
also due to the high third-order susceptibilities of metals, which enables, in principle,
excellent THG performance® "1 Nevertheless, since the skin depth of conductors is
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generally small and, hence, electric fields almost do not penetrate inside their volumes,
any third-order nonlinear effect from metals results strongly reduced. That is why, to
further enhance the THG process, plasmonic nanostructures have been combined with
non-metallic nanometer-scaled nonlinear materials. For example, by placing an ITO
nanoparticle at the hot spot of a metallic nanodimer, its TH efficiency has been shown to
increase by up to six orders of magnitude'?*"'? But still, the inherent confinement of the
electric field by plasmonic nanostructures strongly restricts the amount of nonlinear
material that can be excited, highly limiting the overall TH conversion efficiency that can
be attained. Moreover, the absorption of light by metals is relatively large at typical
operation wavelengths in the visible and NIR range, leading not only to a reduction in the
nonlinear performance, but also to the generation of undesired heat that may damage the
structure or shift the resonance wavelength because of changes in refractive indices of the
nanoparticle and surrounding medium#1.95.123,

These limitations of plasmonic nanoparticles for efficient nonlinear THG prompted
the studies of nanoantennas made of high refractive index dielectrics, such as Si,
germanium and GaP, for an alternative unit®S15262 At their Mie resonances, dielectric
nanoantennas can highly enhance electric and magnetic fields within or around the
dielectrics without considerable energy losses>*****°. Moreover, from the generalized
Miller’s rule as detailed in eq. (2.42), a high refractive index material implies a high third
order nonlinear susceptibility medium, making the dielectric nanoantenna a key element
for THG processes®™®'. Furthermore, the size of enhanced field regions produced by Mie
resonances in dielectric nanoantennas can highly exceed that corresponding to plasmonic
modes in metallic nanostructures, enabling THG from relatively large volumes, boosting
the nonlinear effects®. These advantages of high-index dielectric nanoantennas have raised

the THG conversion efficiency up to 0.001 % in the nanometer scale®”**

, making
high-index dielectric nanoantennas a highly respectable candidate for the realization of

nonlinear optical nanodevices.



Chapter 3

Methods

3.1. Simulations and modellings

3.1.1. Analytical dipole-dipole model

As addressed in Section 2.2, the electric and magnetic dipolar resonances of a single
dielectric spherical nanoparticle can be exactly described by Mie theory®. To apply this
theoretical analysis to dimers of dielectric nanoparticles, an analytical dipole-dipole
model, as detailed in ref”, is employed. We modify this model, which was originally
developed for symmetric dimers, to analyze the excited modes of asymmetric dimers.

The electromagnetic response of high-index dielectric spheres can be replaced by their
electric and magnetic dipoles when the dimension of the sphere is much smaller than the
wavelength of light. Here we consider a simple case under the plane wave illumination,
which is electrically polarized along the dimer axis (y) and propagates towards the

z-direction.

E;(r) = Egexp (ikz)u,, @3.1)
Eo .
H;(r) = —7exp (ikz)u, 3.2)

where Z = (uoptn/(€06m))" % is the impedance in the medium (uo and & are the permeability
and permittivity of free space, 4, and &, are the relative permeability and permittivity of
the medium). The Mie coefficients a; and b, of the dielectric nanosphere can be
calculated by eq. (2.17) and (2.18) in Chapter 2.2.

In the case that there is no interaction between the two spheres, electric and magnetic
dipolar polarizabilities are calculated using these coefficients as a. = (67[[//(7’)111 and &, =
(6mi/k*)b:. The electric (p) and magnetic (m) dipolar moments are given by

P = EocmcEy 33)



m = a,H; (3.4)

Total field is the sum of the incident and scattered filed. Scattered field from the dimer
can be calculated with the following equations™.

k2 o o
Egcar(r) = Z( GE(r—rf)'p,-HZszM(r—rf)'mj> 35
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where j = 1,2 corresponds to each of the particles forming the dimer, EE and EM are the
electric and magnetic dyadic Green’s functions, respectively, and g(r) is the scalar
Green’s function™*'?*,

In the dimer case, each dipole is affected by electromagnetic fields generated from
other dipoles excited in the other particle. Hence, electric and magnetic dipoles excited in

the dimer are calculated by coupled dipole models™

P1 = &EmaEi(ry) + aEkZEE(rl —5) P (3.10)
+iZegemaok Gy — 1y) - m,

am k* o o
my = @ () = i G = 1) Pz + Gk Ge(y — 1) -my - G1D)
€0Em

P2 = £0Em@cEi(r) + ack?Ge(r, — 1) - py (3.12)
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(3.13)

The first terms in the right side of these equations derive from the electromagnetic
response of the system to the incident field. The second terms are attributed to the
excitation by the electric dipoles of the other particle'”. The last terms are given by the

magnetic dipoles in the other particle'”

. Note that we are treating only electric and
magnetic dipoles. Therefore, the problem of the light scattered from a dimer has been
reduced to this coupled dipole model only in the case that the particle is small enough in
comparison with the wavelength of excitation™.

When the dimer is illuminated by an incident plane wave along the z axis with the
electric field polarized along the y axis and magnetic field along the x axis, the Green’s

function can be expressed as™’

o i 1
Ge(r; — ) -uy, = (1 +E_W)H(D)u" = —Guxly (3.14)
o ) 1
Gy(r; — 1) uy, = 7(1 - kaf)g(D)u, = g, (3.15)
. i 1
Ge(r, — 1) u, = (1 Jrﬁfm)g(D)uz = —gxlly (3.16)
o 1
Gu(ry — 1) uy, = (l —E—)g(D)ux = —gl, (3.17)
o 20 2
Gp(r — 1), = (_E_W)g(p)uy =g, (3.18)
Gy — 1), =0 (3.19)
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where D = |r; — 1. Due to r; — r» = ~(r> — 1), the electric and magnetic dipoles in the
nanoparticle j = 2 can be calculated by substituting the Green’s functions above as

follows
E|:("1 —r)= 61:("2 —r) (3.20)
Gu(r — 1) =~ Gu(z — 1) @21

Thus, each component of the electric and magnetic dipoles in the two particles is given by
solving following equations.

Piy = €0EmeEy + ack?gyypay (3.22)

P2y = €0Em@eEo + ack?gyyp1y (3.23)

Prz = —@ek?GuxP2z + i0EmAeZK? Gy Moy (3.24)

P2z = —Qek?GuxD1y — i€0EmAeZK? GrxMyx (3.25)

My = _a7mEu + ia%:)%gzxpzz = Ank? Gy Moy (3.26)
A ay k?

Moy *7E0 - 178079::(13“ = Ak GrxMax (3.27)

The extinction cross section can be then calculated by considering the imaginary part of
the excited dipoles in the forward direction:

k? Zk

4m 2
Oext = rEolm Imege (P1y +p2y) — e (Mg +mMyy) (3.28)

The far field distribution of the scattered field intensity per unit area is calculated from the

scattered field Eqca(r) and Hye(r) at » — oo,

5(6,8) = lim 3 Re(Escar () ¥Hoce (1) (3.29)
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Equations (3.1) — (3.29) were coded and calculated in Matlab.

3.1.2. Finite-difference time-domain method

Theoretical analyses based on Mie theory and the analytical dipole-dipole model are
useful for the detailed investigations of the resonances of ideal spherical nanoparticles.
However, computational simulations with a large number of numerical calculations would
be required to explore the optical responses of complex single nanostructures, such as
ring-disk hetero structures, or periodic arrays of nanostructures. One of the most used
numerical simulation methods is the finite-difference time-domain (FDTD) method'?. In
FDTD simulations, electric and magnetic fields are calculated straightforwardly by
solving Maxwell equations which are discretized into differential equations as a function
of space and time.

In this section, we briefly revisit the basic principles of the FDTD method. Maxwell
equations are described as follows when combined with Ohm’s law,

oH

- _ 3.30

VXE = - (3.30)
JE

= ez 331

VXH = —g ==+ 0 (3.31)

Time derivatives of electric and magnetic fields can be discretized in terms of time in the

following equations.

oE _Er-E?

ot t:((n—% At) B At (.32)
il ol

oH| _HT2-HT2 (3.33)

at t=(nAt) At

Inserting eq. (3.32) and (3.33) into (3.30) and (3.31) yields
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The discretization of fields in terms of space coordinates are carried out by dividing
calculation regions into small Yee cells (Figure 3.1). Electric and magnetic fields are
calculated on the edges of the cells and at the centre of the faces of the cells, respectively,
which can fulfill the discretized Maxwell equations (3.34) and (3.35). FDTD method
provides us the solution of Maxwell equations, electric and magnetic fields, at any Yee
cell and at any discretized time. This method is convenient to analyze optical phenomena,
such as the enhancement of near field and far field scattering properties.

x
Figure 3.1. A Yee cell with electric and magnetic field elements assigned in the positions to

calculate the propagation of electromagnetic waves in FDTD method.

The FDTD method is generally robust and straightforward as Maxwell equations are
directly solved without any complicated assumptions. This feature also causes some
disadvantages; for example, fine grids are required to investigate configurations with

small features, such as a narrow gap in dimers, resulting in huge computational region
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and long calculation time. However, obtained results are usually trustful given the good
convergence is achieved. Since the studies in this thesis range widely from light scattering
to nonlinear harmonic generations from nanoantennas, we adopted the FDTD method for
a numerical simulation to analyze obtained optical effects. A commercially available
FDTD solver Lumerical was used for numerical simulations in this thesis.

3.2. Sample fabrications

All nanosturctures experimentally studied in this thesis were fabricated by
dry-etching process based on electron beam lithography (EBL) and reactive ion etching

(RIE) techniques. In comparison with other methods, such as a laser ablation technique'?’,

chemical syntheses'**'?°, laser printing'*’ and nano-imprinting technique'®’, the top-down
method using EBL and RIE enables the fabrication of finely controlled nanometer scale

dielectric structures on a substrate.
3.2.1. Electron beam lithography and reactive ion etching

In this section, we shortly describe the basic nanofabrication techniques; EBL and
RIE. EBL is a lithography method using an electron beam to expose a pattern onto an
clectron-sensitive material called a resist. The chemical property of the resist is changed
either soluble or insoluble to developer solution by the electron beam exposure, providing
the pattern defined by soluble and insoluble regions. Since the energy of electron is high
enough to have very small wavelength (e.g., 10 ekV electron beam has a wavelength of
0.01 nm), EBL can draw the pattern with nanometer scale resolution. RIE is a dry etching
process using chemically reactive plasma. The chemical plasma can remove the material
selectively depending on the reactivity between them. For instance, the etch rate ratio of
chemical plasma generated by the mixture of SFs and CHF3 gases is significantly high
between Si and Cr; Si can be etched down easily by this chemical plasma, while Cr can
remain stable. This selectivity enables the patterning of Si nanostructures with a Cr mask.

3.2.2. Fabrication of all-dielectric nanostructures

All-dielectric Si nanostructures, which are studied in Chapters 4, 5 and 6, were
fabricated using EBL and RIE techniques. For samples in Chapter 4 and 5, we used a
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commercially available epitaxially grown Si-on-sapphire substrate with a polished
backside. For the samples in Chapter 6, a thin layer of amorphous Si deposited on a silica
substrate by plasma-enhanced chemical vapor deposition was used to match the refractive
indices of the substrate and prism in the experimental setup. The refractive indices of the
Si used in this thesis were measured by ellipsometry technique and shown in Figure 3.2.
The epitaxially grown Si thin layer on the sapphire substrate showed the real and
imaginary part of refractive index as high as single crystalline Si*’, confirming the
capability of generating electric and magnetic resonances when it’s patterned into
high-index dielectric nanostructures. The real part of the refractive index of the
amorphous Si on silica substrate, on the other hand, was slightly smaller than the
crystalline Si (around 3.2 at A = 650 nm). However, this refractive index is high enough
as to excite electric and magnetic resonance, as nanostructures of refractive index larger
than 2 reportedly showed resonances on a silica substrate®’. Therefore, we confirmed that
both the Si samples were suitable for our studies in which high-index dielectric
nanostructures provide with electric and magnetic resonances.
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Figure 3.2. Real and imaginary parts of the refractive index of the commercial crystalline Si on

sapphire substrate (a) and the deposited amorphous Si on silica substrate (b).

In the fabrication process, which is summarized in Figure 3.3, the thin Si layers were
first etched down to a desirable thickness by RIE using SFs and CHF; gases. The
substrates were coated with positive tone resist PMMA (poly (methyl methacrylate)) and
baked at 180 °C for 2 minutes. Spin-coating technique was used, providing the PMMA
layer of 220 nm thickness, which was confirmed by a stylus profiler. Electron beam (20
ekV, 10 um aperture) was exposed onto the PMMA according to the pattern prepared by

a CAD program. The electron beam exposure was followed by a development procedure
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with MIBK (methyl isobutyl ketone) : IPA (isopropanol) = 1 : 3 solution for 70 seconds.
Then a 40 nm Cr thin layer was deposited by thermal evaporation, followed by lift-off
process with acetone solution. Subsequently the pattern was transferred to the Si layers
using the RIE process with the Cr nanostructures as a mask. The Cr mask was removed

with commercial Cr etchant solution to obtain the final sample.
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Figure 3.3. Fabrication procedure of all-dielectric nanostructures based on EBL and RIE

technique.

3.2.3. Fabrication of Au — Si hybrid structures

Fabrication of hybrid nanostructures of Au and Si (used in Chapter 7) were
conducted by a similar procedure to the all-dielectric ones. A schematic illustration is
shown in Figure 3.4. First the Si nanostructures were fabricated using Si on sapphire
substrates by the method above. After the fabrication of the Si nanodisk, the second
PMMA layer was coated on the substrate, which had the thickness of 300 nm. The thicker
PMMA layer was used to make the layer as flat as possible even in the presence of Si
nanostructures on the substrate. The PMMA layer was treated by the same EBL
procedures. The position of the second PMMA mask was aligned to the Si nanodisk using
cross-shaped markers enabling the fabrication of hetero-material structures in 20 nm
resolution. A Au layer was then thermally evaporated onto the substrate, and the
following lift-off process provided final hybrid samples.
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Figure 3.4. Fabrication procedure of Si — Au hybrid nanostructures based on EBL and RIE

technique.

3.3. Optical measurements

Despite that the scattering efficiency of the resonant nanoantenna is usually large,
optical signals from small nanostructures are often quite weak and have some noise
hindering detailed and precise analyses. This often forces researchers to build their own
optical setups to obtain sufficient signals from the nanostructures and to analyze it
correctly. The required systems depend on the purpose of the optical measurements. In
this section, we introduce the optical measurement setups that we have built up for each

project.

3.3.1. Dark field optical spectroscopy for measuring forward and
backward light scattering from nanoantennas

In Chapter 4, we discuss light scattering towards forward or backward direction from
dielectric nanoantennas. Dark field microscopy is a suitable technique to collect the

scattered field from individual nanoantennas. For that purpose, we developed an optical
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dark field measurement system equipped with a microscope (Nikon, Ti-U), photon
counter and spectrometer, as shown in Figure 3.5. The incident light of the Xe lamp was
illuminated from a dark field objective (Nikon LU Plan ELWD 100x NA0.80) with an
incident angle 8; = 60-70°. The incident light was polarized parallel to the dimer axis by a
linear polarizer placed on the light path. The polarization direction was confirmed by
inserting another polarizer right over the fabricated sample. In the case of forward
scattering, another dark field objective set below the sample collected the scattered field.
Backward scattering was detected by the same dark field objective used for illumination.
The NA of the objectives for light illumination and collection was 0.8, which corresponds
to the maximum collection angle 6 = 53°. The collected light was collimated by a set of
lenses and went through a fiber with a 50 wm pinhole. In the ideal case, this pinhole and
the magnification of the used objective provides 500 nm resolution in the collection area
given the wavelength of interest is short enough. The scattered light was then divided into
two paths either to the photon counter or spectrometer by a flipping mirror. The position
of the measurement was determined by maximizing the signal collected by the photon
counter. Finally, the spectrum of the scattered field from single nanoantennas was
obtained with the spectrometer. The normalization of the measured signal intensity was
carried out using a commercially available flat pellet of barium sulfate fine powder which
can generate reflection close to the Lambertian pattern.

The backward scattering setup is also used in Chapter 5 to confirm the presence of
electric and magnetic resonances of fabricated dielectric nanoantennas.

Xe lamp

- Dichroic mirror
Flipping mirror

Connecting to one o L
of the two fibres =3 F
APD

Forward scatering Backward scattering

I I In)

" W

Spectrometer

Figure 3.5. Schematic image of the dark field optical measurement setup for the forward

scattering and backward scattering.
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3.3.2. Fourier transform infrared spectroscopy for measuring
transmission and reflection of metasurfaces

When the spectrum of interest is in the IR region, Fourier transform infrared (FTIR)
spectroscopy is a useful method to measure optical responses of samples. In comparison
with an ordinary dispersive spectroscopy which sweeps monochromatic light in a certain
range, FTIR spectroscopy uses a broadband light source. Then the frequencies of the
incident light can be altered by using Michelson interferometer, in which one of two
mirrors after a beam splitter moves precisely, causing the difference between the optical
paths via the two mirrors. This optical path difference results in interference of light
between the two optical paths, and light intensity of incident light can vary by moving the
mirror, generating an optical interferometry which can be converted to a spectrum by
Fourier transformation.

In Chapter 5, we investigate the transmission and reflection of dielectric metasurfaces
using the FTIR technique. An FTIR microscope (Bruker Infinion) with 35x Cassegrain
objectives was used to collect the transmission and reflection signals from dielectric
metasurfaces. The objective has a weighted-average incident and collection angle of
approximately 25°. An aperture was used for all samples to limit the collection area to 50
x 50 pm?, so that dielectric metasurfaces fabricated by the EBL and RIE techniques can
be observed. The transmission and reflection signals from the samples were normalized
by the transmission in air and the reflection from a Au mirror under the same settings,

respectively.

3.3.3. Back focal plane technique combined with prism coupling for
measuring scattering patterns along the substrate

The back focal plane (BFP) imaging technique is a useful tool to characterize the
directionality of the electromagnetic field of light scattered from nanoantennas, as the
position of pixels in the BFP images corresponds to the light propagation angle21.22132,
BFP techniques reported to date for measuring the scattering patterns from nanoparticles
were, in general, designed to monitor the scattered field propagating towards the substrate

12232133 That setup has not yet

with the incident illumination normal to the substrate
been used to investigate the scattering light in a plane along the substrate. This is the main
objective in Chapter 6 due to its importance for applications such as optical nanocircuitry

or efficient light guiding in a medium on the substrate.
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Here, a specially designed BFP imaging setup combined with prism coupling was
built to measure the scattering profiles parallel to the substrate. This system provides an
evanescent wave to excite the nanoantenna and allows us to explore the distribution of the
scattering field for light travelling along the substrate. A schematic of the experimental
setup is shown in Figure 3.6. A Yb:KGW PHAROS laser system was used as the pump
for an ORPHEUS collinear optical parametric amplifier with a LYRA wavelength
extension option (Light Conversion Ltd, pulse duration 200 fs, repetition rate 100 kHz).
The incident laser was directed towards the nanoantenna through the silica substrate that
was combined with the silica prism. The grazing incident light, which was set at an angle
of 80°, resulted in total reflection at the interface between the silica substrate and air,
generating an evanescent wave to excite the nanoantenna. Light scattered from the
nanoantennas was collected by an objective (Nikon CFI Plan Fluor 100x NA0.90). BFP
images of the objective which corresponds to the scattering patterns were recorded with a
CCD camera after being magnified by a set of two lenses (f= 75 mm and 175 mm) so that
full BFP images can be collected in the sensor of the camera. There have been reported
some measurement techniques to improve image quality of BFP from a single
nanopaniclem"”. In this study, we used a pinhole to restrict the sample area and to
collect signal from a single nanostructure. The enlarged view in Figure 3.6 also shows the

- Camer-

Lenses for magnifying BFP images.

Objective
(NA=09)

100 kHz - 140 fs Samplg !
S

Incident laser.

Prism

Figure 3.6. Schematic diagram of the optical setup for measuring the scattering along the
substrate using a BFP imaging technique combined with a prism coupling. Evanescent field,
which is generated by the total internal reflection at the interface of the substrate and air,
propagates along the surface and decays exponentially into the air. The enlarged view on the

right-hand side includes the scattering pattern calculated at A = 480 nm, 6= 0-180° and @ = 7°.
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scattering pattern calculated at A = 480 nm, 8 = 0-180° and ¢ = 7° (details will be
described in Chapter 6). The scattered light has a certain lobe width extending from the
surface of the substrate to at least 45°, which is detectable by the objective of NA0.90,
corresponding to the collection of light up to 64°.

3.3.4. Nonli optical ement with fs pulsed laser

Since the efficiency of nonlinear harmonic generations from optical nanoantennas is
low, the measurement of the nonlinear optical effects requires a high-power laser and
elaborate detecting system to measure small signals. To study third harmonic generation
from metal-dielectric hybrid nanoantennas, which will be described in detail in Chapter 7,
we built up the experimental setup illustrated in Figure 3.7. A pulsed Yb:KGW PHAROS
laser system was used as the pump of a collinear optical parametric amplifier ORPHEUS
with a LYRA wavelength extension option (Light Conversion Ltd., pulse duration of 180
fs, repetition rate of 100 kHz). The excitation beam was reflected by a short-pass dichroic
mirror (Thorlabs DMSP805 for A = 1300—1500 nm or DMSP1000 fork = 1500—1800 nm)

XYZ piezo stage

Sample

Obijective
(NA=0.9)

100 kHz — 140 fs
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Lens

Flipping mirror

Spectrometer

APD

Figure 3.7. Schematic image of the experimental THG measurement setup.
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and focused onto the sample with a 100x (NA = 0.90) air objective from Nikon, giving
rise to an excitation spot of 1400 nm FWTM (full width at tenth of maximum). The third
harmonic emission was collected in a backscattering configuration via the same objective
and detected with an avalanche photodiode (MPD PDM series by Picoquant) for imaging
or by a spectrograph (PI Acton SP2300 by Princeton Instruments) for spectral
measurements. The sample was fixed to an XYZ piezo-scanner stage (Nano-Drive, Mad
City Laboratories) to perform the scanning. The conversion efficiency was determined by
directly measuring the collected TH emission power with a calibrated Si photodetector
(Newport), and the excitation power with a germanium photodetector (Thorlabs), and
then computing the ratio between the both. For <1 pW TH powers, values were calibrated
by using the measured TH spectra.
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Chapter 4

Unidirectional light scattering with high efficiency

using asymmetric Si dimers

The Kerker conditions, as detailed in Chapter 2.3, were proposed first with an ideal
magnetodielectric particle in 19837, After high refractive index dielectric nanoparticles
were found to excite both the electric and magnetic resonances, the unidirectional forward
and backward scattering by the Kerker conditions have been theoretically and
experimentally examined using these dielectric nanoparticles with the expectation that
this could open the path to realize high-performance directional low-loss nanoantennas’
7. However, the scattering efficiency at the wavelength of the Kerker conditions is
generally quite low for spherical particles. This is because spherical dielectric particles
have the electric and magnetic resonances with considerably large spectral separation in
terms of resonant wavelength and intensity, and the Kerker conditions are fulfilled far
from the resonant peaksﬂjf Heterodimer structures using Au and Si nanospheres were
investigated to enhance the scattering intensity with high directionality, exploring the
interference between broad and narrow-band hybrid modes; however, structures with
metals still suffer from substantial ohmic losses'**. These losses could cause not only the
reduction in scattering efficiency but also substantial heat which is undesirable for many
applications, such as spectroscopic techniques for heat-sensitive molecules’%. A
theoretical study on dielectric spheroids and core-shell particles has revealed that tuning
the aspect ratio of the spheroid or the core radius of the core-shell particle can shift the
electric and magnetic dipole modes to the same resonant wavelengths'>"'*. However,
these structures are quite difficult to fabricate on the nanometer scale with fine precision.
Dielectric nanodisks with low aspect ratio could be another possible candidate to obtain
unidirectional forward scattering with high efficiency’®. However, in order to optimize
resonant intensity and peak width, only adjusting the aspect ratio of the structure itself
would be insufficient. For instance, the precise control of refractive index of a substrate
and surrounding media equal to 1.66 is reportedly required to attain high transmittance,
which has been demonstrated only theoretically””.

In this section, we investigate asymmetric dimer configurations of high-index
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dielectric nanoparticles, Si in particular, as a novel solution to achieve directional
scattering with high efficiency. The resonant wavelengths of dielectric nanostructures are
tuneable by changing the dimension of the particles®. Also, previous studies revealed that
dielectric dimers can offer strong coupling between the electric resonance excited in one
particle and the magnetic one in the other if the two particles are placed close to each
other’'*. This study will use a detailed theoretical analysis based on an asymmetric
dimer of spherical Si nanoparticles, which is introduced in Chapter 3.1, to prove the
concept of Kerker-like unidirectional forward scattering but with high scattering
efficiency near the resonance. Furthermore, a practical configuration of a dimer of
asymmetric Si nanodisks on a transparent substrate will be used to experimentally
demonstrate highly efficient unidirectional forward scattering of visible light from the
nanoantenna. We will also discuss a design to obtain a multi-wavelength or broadband
response by adding more finely tuned nanoparticles. The dielectric nanoantennas
introduced in this chapter could be a key unit constituting metasurfaces and nanometer

scale devices such as efficient solar cells and optical sensors.

4.1. Theoretical study of asymmetric Si spherical dimer for

highly efficient unidirectional forward scattering

4.1.1. Scattering Properties of an asymmetric Si dimer

We first numerically investigate an asymmetric dimer of Si spherical nanoparticles in
air using the FDTD simulation method and the analytical dipole-dipole model to clarify
whether the Kerker conditions can be achieved in the dimer case. Note that the spherical
nanoparticles were used in this section since the full Mie theory can be applied, giving us
the exact solutions of the resonant modes.

Figures 4.1 shows the numerical results of the scattering spectra towards forward and
backward direction and their ratio (F/B ratio) for single and dimer configurations. Two Si
spherical nanoparticles, whose diameters were 165 nm and 225 nm, were placed in air
forming a dimer. For the theoretical analysis, we first used a separation distance of 5 nm
to obtain strong coupling between the two particles. This dimer was illuminated by a
plane wave polarized parallel to the dimer axis. Two broad peaks were observed around A

=530 nm and 654 nm, and around A = 660nm and 860nm in the scattering spectra of the
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small and large single particle cases, which correspond to the electric and magnetic
dipolar resonances of the small and large particles, respectively. The scattering peaks
observed at shorter wavelengths than the dipolar modes were attributed to higher-order
mode resonances. In the F/B ratio spectra of the single spheres, two peaks were observed
at wavelengths shorter than the electric dipole resonance and longer than magnetic dipole
resonance, at which the first Kerker condition was achieved. However, the forward
scattering efficiency at those wavelengths was very low, as reported previously, since the
first Kerker condition occurs away from the resonance peaks’’*. The asymmetric dimer
structure, on the other hand, showed a distinct new peak in its F/B ratio spectrum around
A = 650 nm, at which the forward scattering presented a peak and backward scattering

a
~06 8
€ - - - forward c
Zo. ===+ backward
1 —— flbratio {6
S
20.@®
203 4 <
8 @
I
;,’, 02 5
£ 0.1 J\J e y
8 bl
@09l Sl 0
00 500 600 700 800 900 1000 x
Wavelength (nm) 0.6 forward
0.5 backward
~06 8 —— flb ratio 6
E
205
g 0.4 °
g k]
203 48
g @
=
é’, 02
H 2
S04
s . 7 Wavelength (nm)
@ 0.0

s K o
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4.1. Configuration and results of the FDTD simulation. (a-c) Spectra of scattering cross
section to the forward and backward direction and F/B ratio of the 165 nm diameter single sphere
(a), the 225 nm diameter single sphere (b) and the dimer of these spheres (c). Insets are

configurations used in the calculation.
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was suppressed. This demonstrates unidirectional scattering to the forward direction with
high scattering efficiency using the asymmetric dimer configuration. The wavelength
showing this unidirectional scattering is close to the wavelength at which we observe the
magnetic dipolar resonance in the small particle and the electric dipolar resonance in the
large.

The other peaks in the F/B ratio spectra of the dimer configuration derive from the
response of each individual particle; for example, the peak of F/B ratio at A = 900 nm of
the dimer structure agrees well with that at A = 925 nm of the large single particle. The
scattering efficiencies at these wavelengths, however, were low compared to the new
peak around A = 650 nm. Please note that we integrated the scattered filed throughout
hemispheres in the forward and backward direction to calculate the scattering efficiencies
and F/B ratio since this condition is close to the experimental demonstration described
below. A previous theoretical work showed that a single Si nanodisk which has diameter
of 620 nm and thickness of 220 nm exhibited more than 10° front to back ratio at NIR
wavelengths’®. However, that number was calculated with an ideal point dipolar source
and considering a singular forward and backward direction point (0° and 180°
respectively). When the structure was illuminated by a plane (or Gaussian) wave, and the
scattered light was collected throughout both hemispheres in the far field, the nanodisk
exhibited a F/B ratio of around 8. This F/B ratio is comparable with those of the single
spheres and the dimer shown in Figure 4.1 given the same calculation method is used.

Figure 4.2a shows the radiation patterns of the scattered field on x-z plane at the
wavelengths of maximum F/B ratios. The scattering intensity of the dimer in the 0°
direction, which corresponds to direct forward scattering, was more than 10 times larger
than for single spheres. This enhancement in intensity clearly showed the advantage of
the asymmetric dimer which can fully utilize the scattering resonance for unidirectional
forward scattering. A small fraction of scattering to the backward direction was also
observed in the far-field distribution of the dimer, possibly due to the presence of
magnetic quadrupoles excited near the electric dipolar response of the larger sphere. The
far field patterns on y-z plane is shown in Figure 4.2b, where the high scattering intensity
of the dimer was also confirmed.

The electric near field in the y-z plane was monitored at A = 647 nm (Figure 4.3) to
explore the resonances excited in the dimer. The typical rotation and oscillation of the
displacement current, which correspond to the magnetic and electric resonances
respectively, were observed in the small and large spheres. The electric resonance in the
large particle shows not only a y-component but also a z-component, since an electric

resonance along to the z-axis was induced by the interaction with the magnetic resonance
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Figure 4.2. Scattering pattern in far field from the single spheres and dimer configuration

projected in (a) x-z plane and (b) y-z plane.

of the small particle®. Intense confinement and enhancement of the electric field was
generated in the gap, suggesting the presence of coupling between the electric and
magnetic near-field dipolar resonances of each particle. The hot spot generated at the gap
introduces another key advantage of this asymmetric dimer over the single disk configu-

z (nm)

Figure 4.3. Electric field intensity and coupling between the resonances. Cross section of electric
field intensity inside and near the dimer configuration at 647 nm illumination in the y-z plane.

White arrows in the figure show the real part of electric field vectors at each calculation cell.
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-ration. As reported®®>>'*1"*2the hot spot of dielectric nanodimers can be applied to
surface enhanced spectroscopic applications. In fact, we would expect that combining the
highly efficient unidirectional forward scattering with the hot spot generated at the gap of
the dimer could open up the path to highly sensitive spectroscopic applications in
nanometer scale.

4.1.2. Theoretical investigation on the fulfilment of the first Kerker
condition

To verify the achievement of the first Kerker condition, we analyzed the dimer
configuration using the analytical dipole-dipole model described in detail in Chapter 3.1.
The electric and magnetic dipoles excited perpendicular to the incident axis in the small
(p1, and m,, and large (p», and m»,) nanoparticles contribute to the directional scattering
along the incident axis. The first Kerker condition can be fulfilled when the Mie
coefficients of electric and magnetic dipolar resonances are equal. The contribution of the

electric and magnetic dipoles both in real and imaginary parts are calculated as follows,

1
R, = Re <E (pay + pzy)> “4.1)
R = —Re(Z(my, +myy)) 4.2)
- 1
S =1Im . (pry +P2y) 4.3)
S = —Im(Z(myy +myy)) @4

where & is the vacuum permittivity, &, is the relative permittivity of the lossless media,
and Z is the vacuum impedance. In order to achieve the first Kerker condition, we need
to satisfy following equations.

Re =R (4.5)

Je =3nm (4.6)



The real and imaginary part of the electric and magnetic dipolar resonances are
plotted in Figure 4.4. The equations (4.5) and (4.6) were satisfied around 650 nm at which
unidirectional forward scattering was observed in the FDTD numerical simulation. This
agreement strongly suggests that the first Kerker condition was achieved with the
asymmetric dimer configuration around 650 nm, at which the resonant scattering peak
was also observed. Note that the analytical dipole-dipole model we used includes all the
possible couplings such as electric-electric, magnetic-magnetic and electric-magnetic
dipoles”. As shown in Figure 4.3, the electric-magnetic coupling was dominant and
contributed most to the unidirectional forward scattering.

Dipole amplitude (a.u.)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4.4. Theoretical analysis using the dipole-dipole model. The real and imaginary part of the
electric and magnetic dipolar resonances excited in the dimer configuration calculated using the

analytical dipole-dipole model.

4.1.3. Comparison with other structures showing unidirectional forward
scattering

We now compare our asymmetric dimer configuration with a symmetric one, which
exhibits a directional Fano-like resonance. This resonance can be obtained in the
symmetric Si dimer structure due to the interaction between the sharp magnetic dipolar
resonance and the electric dipolar resonance broadened by strong coupling between the
two paniclesm. This strong coupling is possible only when the two particles are placed
very close to each other™. The scattering and F/B ratio spectra of an asymmetric dimer of

165 nm and 225 nm diameter Si spherical nanoparticles and a symmetric dimer of 165 nm
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diameter nanoparticles are shown in Figures 4.5a-d, for gap of 5 nm and 20 nm. With the
smaller gap, the forward scattering cross section has a resonant peak at 647 nm for the
asymmetric dimer, and at 657 nm for the symmetric one. The F/B ratio at the resonant
maximum was almost the same between the two configurations. However, the situation
changed significantly when the gap separation is increased to 20 nm. Both the forward
scattering and the F/B ratio spectra of the asymmetric dimer showed little change even for
the larger gap. In contrast, the maximum forward scattering efficiency of the symmetric
dimer dropped by 12 %, and the forward scattering and F/B ratio peaks were shifted,
showing more separation between them. Figure 4.5¢ shows the F/B ratio at the forward
scattering maximum as a function of the gap separation distance for both dimers. As the
gap increases, the F/B ratio of the symmetric dimer structure drops more rapidly than that
of the asymmetric one. In addition, the maximum of forward scattering efficiency also
showed a drop only in the case of symmetric dimer (Figure 4.5f). These differences in
behavior with gap size are due to the fact that strong coupling is necessary to achieve a
Fano resonance, owing to broadening of the electric mode. In contrast, the fulfilment of
the Kerker condition requires only the overlap of the independent electric and magnetic
resonances and, therefore, becomes less dependent on the coupling amplitude. These
results would make the asymmetric dimer superior to the symmetric one for practical
applications since gap sizes are not so critical in the Kerker case, enabling realization with
less demanding lithography.

We note that the wavelength of the electric and magnetic resonances generated in
dielectric particles is tuneable by changing the dimension of the nanoparticles. As an
example, we show in Fig. 4.6 the calculated scattering and F/B spectra of a dimer with Si
spherical particles of 110 nm and 150 nm diameter (Fig 4.6a), and of 225 nm and 310 nm
diameter (Fig 4.6b), both with a gap separation of 5 nm. Efficient unidirectional forward
scattering was confirmed as well around A = 480 nm and A = 860 nm, which were shifted
from A = 650 nm in the former dimer case as the dimensions of the nanoparticles were
changed. Furthermore, the rescalability of highly efficient unidirectional scattering is not
restricted to the optical regime. It is well known that the scattering properties of a
dielectric object are fully scalable with identical properties as long as the size parameter
of the object is the same®®”>'**, Therefore, the concept introduced in this study of using

asymmetric dimers could be used from the optical to the microwave regime.
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Figure 4.5. Comparison between Kerker-like asymmetric and Fano-like symmetric dimer
structures. (a-b) Spectra of scattering cross section to the forward and backward direction and F/B
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(e-f) F/B ratio (e) and forward scattering efficiency (f) as a function of the gap separation of

asymmetric (black, solid line, full square) and symmetric (red, broken line, open circle) dimers.
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Figure 4.6. Scattering properties shifted to the boundaries of the visible regime. Spectra of
scattering cross sections to the forward and backward directions and F/B ratio of the dimer using
Si spheres of 110 nm and 150 nm diameter (a) and the dimer using Si spheres of 225 nm and 310

nm diameter (b).

4.2. Experimental demonstration of the unidirectional forward

scattering with Si disk asymmetric dimer

4.2.1. Scattering properties of fabricated samples observed with dark
field spectroscopy

We fabricated isolated Si nanodisks and Si nanodimers on transparent sapphire
substrates using the lithography method described in detail in Chapter 3.3.1. Insets of
Figures 4.7a-c show the SEM images of a fabricated nanodisk dimer and isolated single
nanodisks. From the top side, the shape of the structures was almost an exact circle and
the gap of the dimer was clear without any residuals. The lateral view of the fabricated
dimer showed that the side wall of the disks vertically reached the surface of the substrate.
The diameters of the disks were 125 nm and 155 nm for the small and large particles
respectively, both with a thickness of 220 nm. These dimensions were suitable to study
the overlap of the electric dipolar resonance of one particle and the magnetic resonance of
the other, because a high aspect ratio favours the spectral separation between electric and
magnetic dipolar resonances’. The gap of the dimer structure was designed as 20 nm,

which is close to the resolution limit of our electron beam lithography equipment.
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To experimentally confirm the directional forward scattering, we conducted
nanoparticle dark field spectroscopy measurements for the single and dimer disks into the
forward and backward scattering directions. The experimental setup is described in detail
in Chapter 3.4.1. Note that the antennas were fabricated with a pitch of 5 um between
antennas, which was sufficient to ensure that scattering was collected from a single
antenna at a time. In Figure 4.7, we show on the left-hand side the forward and backward
scattering spectra obtained experimentally (Figures 4.7a-c). In Figures 4.7d-f, we
compare them with the numerically simulated scattering spectra. The forward scattering
spectra of the single disks have two resonant peaks at A = 585 nm and A = 623 nm for the
small disk, and at A = 642 nm and X = 718 nm for the large one. The backward scattering
spectra present peaks at A = 613 nm and A = 703 nm for the small and large disks,
respectively, showing no clear dip around the wavelengths of the forward scattering peaks.
However, in the case of the dimer, the spectra show the largest forward scattering peak
around A = 660 nm, where a clear suppression of the backward scattering was observed.
This result shows that preferential forward scattering was achieved with high forward
scattering efficiency only for the dimer configuration.

A numerical study based on the FDTD method was carried out to analyze and
interpret the experimental findings (Figures 4.7d-f). The experimentally obtained
scattering spectra agreed well with those numerically calculated. The spectra of the single
disks presented high F/B ratios at wavelengths shorter than the electric dipolar resonances
and longer than the magnetic ones. However, the directional forward scattering was
achieved away from any resonant peaks and the forward scattering intensity was low, as
well as in the single sphere case. In the asymmetric dimer case, in contrast, the peak of
the forward scattering and the dip of the backward scattering were observed at the same
wavelength around A = 650 nm, leading to the high F/B ratio with strong forward
scattering. These results showed that placing the two disks in a proximity to get strong
coupling between the electric and magnetic dipolar resonance resulted in increasing the
scattering efficiency at the same time in improving the F/B ratio.

Note that the calculated F/B ratio was lower than in the case of the sphere. The
increase in the incident angle caused the reduction in the F/B ratio because disks on a
substrate do not have the perfect symmetry that spheres in air have. The illumination from
a wide incident angle, hence, could cause the distortion in the resonances, disturbing the
coupling between the two nanoparticles. To verify and evaluate this, scattering spectra of
Si dimer nanodisks on a sapphire substrate were calculated when changing the incident
angle of the dark field source 6; from 10 — 20° to 60 - 70° by 10°, and plotted the F/B

ratio as a function of the maximum incident angle in Figure 4.8. When incident light is
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Figure 4.7. Experimentally measured scattering properties and comparison with simulations. (a-c)
Scattering spectra to the forward and backward directions obtained in dark field single
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diameter (b) and the dimer of these two disks (c). (inset) SEM images of the fabricated samples
with a scale bar of 100 nm. (d-f) Scattering spectra to the forward and backward directions and

the F/B ratio calculated using the FDTD method.
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normal or close to normal to the substrate, the F/B ratio increases significantly and can
reach values of around 15. However, the F/B ratio was decreased as the incident angle
increased.

0 10 20 30 40 50 60 70 80 90
Maximum incident angle (deg)

Figure 4.8. FDTD simulation results of maximum F/B ratio of scattered field from the dimer of Si

nanodisks on a sapphire substrate as a function of the incident angle.

The experimental results only show minor differences when compared to the
simulated results. The small differences would be attributed to the imperfectness of the
fabricated structures. We conducted the same measurement with other dimers, which
revealed small differences amongst each other in the shape of the spectra but the clear
reproducibility of the unidirectional forward scattering and some vague peaks which
agree well with the spectra obtained in the simulation (Figure 4.9).
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Figure 4.9. Scattering spectra of dimers obtained in experiments. (a,b) Spectra of the scattered

field from the dimer measured with the single particle dark field spectroscopy measurements.
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4.2.2. Verification of the suppression of the backward scattering and
highly efficient unidirectional forward scattering

Backward scattering spectra of single and dimer disks are also compared in detail. In
these experimental spectra (shown in Figure 4.10a), no dip is observed by just summing
the spectra of each single disk, while a clear dip in the backward scattering appeared in
the dimer spectrum around A = 660 nm. The backward scattering spectra obtained in the
simulation are plotted in Figure 4.10b, showing a similar tendency, and confirming that
only the dimer structure exhibits a dip around 650 nm. This comparison suggests that the
suppression of backward scattering and directional forward scattering can be obtained
with the dimer configuration where strong coupling between the electric and magnetic
dipole in each particle is observed. Note that, as it was obtained with the sphere case, the
unidirectional forward scattering with the dimer of Si nanodisks on a substrate is also
spectrally scalable. The electric and magnetic dipolar resonance can be easily tuned by
changing the height and/or diameter of the disk shape™’.

The theoretical analysis and experimental demonstration with the dimer of
nanospheres and high-aspect ratio nanodisks showed that the concept of using asymmetric
dimer for unidirectional forward scattering with high efficiency is not restricted by the
shape of the nanoparticles. The proposed idea could be applied to any arbitrary shapes
including spheres, spheroids, high or low aspect ratio disks and rectangles.
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Figure 4.10. Comparison of experimental (a) and theoretical (b) scattering spectra to the
backward direction of the single disks, the numerical sum of these two disks and the dimer

configuration.
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4.3.Oligomer nanostructures for multiwavelength forward

scattering

4.3.1. Trimer of Si special nanoparticles showing unidirectional forward
scattering at multiple wavelengths

The dimer configuration shows unidirectional forward scattering with high scattering
efficiency at a certain wavelength that can be tuned with the particle size ratio. However,
other applications such as solar cells and lighting instruments may require
multi-wavelengths or broadband responses to improve their performance. In order to
extend the wavelength range which shows unidirectional forward scattering, a trimer
configuration was also explored. As an example, three Si spheres aligned in line with
diameter of 165 nm, 225 nm, and 310 nm and a gap of 5 nm between each particle were
investigated with FDTD simulations using incident light with polarization parallel to the
trimer axis (Figure 4.11a). We chose these three diameters to obtain the overlapping
between the electric and magnetic dipolar resonances at two different wavelengths in
visible regime as shown in Figure 4.1c and 4.6b. Figure 4.11b shows forward and
backward scattering spectra from the trimer and their F/B ratio. Large F/B ratios were
obtained around A = 650 nm and A = 850 nm, where the forward scattering also showed

a b
~ 10 8
€ -~ - forward W
Eo 2 ggl 7 backward
5 %[ —fibratio 6
Ho 3
) 4 8 06 2
2 4 8
/ 8 @
5 04 o
o
y & 2
§ 02
/ g v
X ? 09 0
600 7 800 900 1000

00
Wavelength (nm)

Figure 4.11. (a) Schematic image of the configuration used in calculation. (b) Scattering spectra
of the trimer. Scattering cross section to the forward and backward direction and F/B ratio of the

trimer using Si spheres of 165 nm, 225 nm and 310 nm diameter.
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resonant peaks. This result shows that the proposed asymmetric configurations are not
limited to one wavelength, but can be extend to multi-wavelengths resonances. Note that
the multi-wavelength response obtained in this study is distinguishable from previous
works where the oligomer configuration was used for highly directional nanoantennas
based on Yagi-Uda like structures®”'**'*®. The oligomer proposed here consists of
nanoparticles which are designed to provide multiple overlapping between electric and
magnetic modes throughout the desired range of wavelength and, hence, could reach a

broadband unidirectional forward scattering with high efficiency.

4.4. Summary

We revealed that highly efficient unidirectional forward scattering can be obtained
using dimers of asymmetric Si nanoparticles (spheres or disks). Theoretical and numerical
analyses of the spherical dimer showed that this configuration is capable of scattering
light towards the forward direction selectively with high efficiency by fulfilling the first
Kerker condition between the electric dipolar resonance excited in one particle and the
magnetic in the other. This unidirectional scattering was experimentally confirmed by
dark field scattering measurements with a dimer of asymmetric Si disks on a sapphire
substrate. Our study shows that finely tuned and aligned dielectric nanoparticles act as
low-loss nanoantennas which can route light with high efficiency, and hence boost the
realization of practical metasurface and nanometer scale devices using optical
subwavelength nanoantennas. Also, the presence of the hot spot, when coupled to the
highly efficient unidirectional forward scattering demonstrated in this work, could help

improve existing spectroscopic techniques.
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Chapter 5

Polarization control over switching high
transmission / reflection from dielectric

metasurfaces

Metasurfaces are flat, ultrathin optical components artificially consisting of arrays of
subwavelength optical nanoantennas'’'**, Despite the light propagation distance being
smaller than the wavelength, strong light-matter interactions mediated by the resonances
can still offer the manipulation over the amplitude and phase of electromagnetic waves,
providing interesting optical properties not found in materials in nature, such as negative

refraction, beam shaping and perfect absorption'*’'*,

The optical effects from
metasurfaces, therefore, can be mainly determined by the resonant properties of the
constituting nanostructures. Plasmonic nanoantennas made of noble metals have been
commonly employed as nanoresonators for metasurfaces, due to their ability to confine

and control the light even below the diffraction limit'***

. However, ohmic losses and
consequentially undesirable heat are inevitable with plasmonic nanoparticles especially in
the visible and NIR regime. This has hampered plasmonic metasurfaces from being
applied in real applications“, Also, the lack of strong magnetic resonances in plasmonic
nanoantennas has limited the capability of plasmonic metasurfaces for manipulating
electromagnetic waves.

These drawbacks of conventional plasmonic metasurfaces have stimulated the studies
of all-dielectric metasurfaces as an alternative for flat optical componemsm‘m’”’z. The
presence of magnetic resonances and low energy losses of high-index dielectric
metasurfaces have offered unique optical effects, as well as high-index dielectric
nanoantennas. One example is the high transmission efficiency from a metasurface using
low aspect-ratio resonant dielectric nanoantennas as Huygens’ sources’®’”'**!% The
overlap of the electric and magnetic resonances excited in the nanoantenna results in the
selective forward scattering’"”*”*. By finely optimizing the configuration of both the
resonator and its surrounding medium, the metasurface based on the Huygens’ sources
can fulfill eq. (2.31) and (2.32) in Chapter 2.4, showing nearly unity transmission with
full phase control from 0 to 27t". On the other hand, perfect flat reflectors have also been
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reported using metasurfaces built of high aspect-ratio dielectric resonators’™ **'>. The
spectral separation of the electric and magnetic dipolar resonances offers single-negative
metasurfaces, in which either its relative permittivity or permeability is negative. The
single-negative metasurfaces without substantial energy losses can offer nearly full
reflection by satisfying eq. (2.33) and (2.34).

However, the control over the switching of high transmission / reflection have been
barely explored®”. Very recently, a circular dichroism waveplate was proposed using
Si-based all-dielectric chiral metasurface, showing high transmittance or reflectance
depending on the circular polarization®'.

In this Chapter, we theoretically and experimentally demonstrate how metasurfaces
can act as a switch of the conversion from high transmission to high reflection by simply
changing the linear polarization state of light in NIR region. These metasurfaces are
composed of an array of Si dimeric nanoparticles, in which excited electric and magnetic

dipoles are coupled and form hybridized modes™" ',

Although the metasurface
remains passive, the energy level of the hybridized modes can be controlled by the
incident polarization, allowing the metasurfaces to have anisotropic optical responses.
The concept is confirmed with numerical simulations using an array of Si spherical
nanodimers in air, which is the ideal case that can be theoretically explored. Later, we
fabricate an array of Si disk nanodimers with electron beam lithography on a sapphire
substrate for the experimental demonstration. These ultrathin metasurfaces that can work
either as a transmitter or as a reflector by simply controlling the linear polarization of the

incident light could be one of the key components in tuneable optical flat devices.

5.1. Mode hybridization of electric and magnetic dipolar
resonances in a high-index dielectric nanodimer depending

on the incident polarization

In this section, we explore the mode hybridization in a high-index dielectric dimer.
Similarly to the well-known interactions of the electric dipoles in plasmonic

nanoparticles'®#+16,

electric and magnetic resonances excited in the dielectric
nanoparticles can also show interactions between the resonances and hence mode
hybridizations can occur. Here only the hybridization modes of electric — electric and
magnetic — magnetic dipole interactions are explored. The higher-order modes, such as

quadrupolar resonances, in general concentrate the electric field enhancement inside the
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particles, leading to less strong interactions™. Also, heterogeneous electric — magnetic
dipole interactions can be achieved in the dimer of dielectric nanoparticles; however, the
contribution of this coupling is much smaller than the homogeneous electric — electric or
magnetic — magnetic coupling, and it can be neglected, as previously reported™'*’. We,
therefore, explore only the homogeneous dipole interactions of electric — electric and
magnetic — magnetic dipoles couplings.

Figure 5.1a and b show the schematic images of the electric and magnetic dipoles
excited in a high-index dielectric dimer under the illumination of incident light polarized
along (TM polarization) and perpendicular to (TE polarization) the dimer axis'*’. The TM
polarized incidence excites electric dipoles along the dimer axis, inducing the bonding
electric — electric dipole interaction, similar to the plasmonic dimers case'*'®. This
interaction can lower the energy of the excited electric dipoles, resulting in a redshift of
the resonant wavelength of the electric mode, as shown in Figure 5.1c. At the same time,
the magnetic dipoles are excited in each particle but perpendicularly to the dimer axis.
The repulsive force between the poles in the particles heightens the energy level of the
magnetic mode, leading to a blue-shift of the resonant wavelength. On the other hand, the
other polarization (TE) results in an opposite effect both on the spectral shift and on the
energy diagram of the dielectric dimer system. As shown in Figure 5.1b, the magnetic
dipoles are excited along the dimer axis and form the bonding modes to red-shift its
energy level by the TE polarized light (Figure 5.1d). The electric modes, in contrast, are
blue-shifted by the coupling of the electric dipoles excited perpendicular to the dimer axis.
Thus, the optical responses and hybridization modes of a high-index dielectric dimer can

be controlled by changing the linear polarization state of the incident light.

5.2. Theoretical verification of the switch with dimer array of

spherical Si dimers

5.2.1. Polarization dependent extinction of a dimer of Si spherical
nanoparticles

To confirm the polarization dependent mode hybridizations described in the former
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Figure 5.1. Polarization dependent dipole excitation and hybridization of the Si dimer illuminated
by (a,c) TM polarization and (b,d) TE polarization. (a,b) Schematic images of excited electric and

magnetic dipoles. (¢,d) Mode hybridization of the Si dimer.

section, we first investigate an ideal dimer of spherical Si dimers in air. The unit cell of
the metasurface consists of a dimer of Si spherical nanoparticles of 300 nm diameter,
which are separated 10 nm. The FDTD method was used to numerally calculate the
optical responses of the single unit cell and of the metasurfaces. Figure 5.2 shows a
comparison of the calculated extinction spectra of a Si dimer and one of the isolated Si
nanospheres forming the dimer, under the excitation of linearly polarized light. The
isolated spherical nanoparticle showed the electric and magnetic dipolar resonances at A =
860 nm and A = 1110 nm, respectively. When the Si dimeric nanoparticle was excited by
TM polarized light, the resonances of electric and magnetic dipoles were red-shifted and
blue-shifted, respectively. These spectral shifts resulted in the two resonances
approaching each other and showing a spectral overlap around A = 1000 nm. The TE
polarized light, on the other hand, blue-shifted and red-shifted the electric and magnetic
dipolar resonances, respectively, causing the large spectral separation between the two
resonant wavelengths. These results agreed well with the model of mode hybridizations,
which present the energy shift depending on the incident polarization'®*. Thus, the
illumination of TM and TE polarized incident light can give rise to the spectrum overlap
and separation in the extinction spectrum of the Si nanodimer, respectively. Note that the

spectral overlap of constituent nanoantennas of metasurface reportedly results in the high
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transmission, whereas the spectral separation leads in opposition to a high reflection of
the system”® .

a ™ b TE
_10 _ 10
3 Single sphere 3 Single sphere
S g| ——DimerT™ S g| — DimerTE
> >
3 3
5 5
26 I
= €
S 5
24 2 4
2 g
52 g 2
& &
800 900 000 1100 1200 800 900 000 1100 1200
Wavelength (nm) Wavelength (nm)

Figure 5.2. Extinction spectra of a single Si nanosphere and dimer which are illuminated by TM
(a) and TE (b) polarized incidence.

5.2.2. Transmission and reflection of an array of the spherical Si dimers

As discussed in Chapter 2.4, high transmission and reflection of the metasurfaces can
be achieved by the manipulation of their effective permittivity and permeability'*"1>1%,
which can be tuned by the electric and magnetic resonances of constituent dielectric
nanoparticles’"”®. Since high-index dielectric dimers show the pursued spectral overlap or
separation between the electric and magnetic dipolar resonances depending on the
incident polarization, an array of dielectric dimers could work as a metasurface that can
switch the high transmission and reflection simply by changing the linear polarization of
the incident light.

‘We numerically simulated the array of the Si spherical dimer using the FDTD
method with an incident plane wave normal to the dimer array (Figure 5.3a). Figure 5.3b
shows the transmission and reflection of the dimer array having the dimensions described
in the previous section (diameter of 300 nm and separation distance of 10 nm). The
periodicities of the array along and perpendicular to the dimer axis were set to 790 nm
and 480 nm, respectively. The light illumination of TM polarization evoked high
transmission 96.5 % at A = 975 nm. However, when the dimer array was excited by the
TE polarized light, the transmission peak disappeared and the reflection stayed as high as
R = 86 % at A= 975 nm. The switching wavelength between high transmission and
reflection by the incident polarization agreed well with the wavelength where the spectral
overlap and separation were observed in the extinction spectrum of the Si spherical dimer
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unit (Figure 5.2). Thus, the switch from high transmission to reflection was theoretically
demonstrated using the linear polarization tuning of the electric and magnetic
hybridizations in high-index dielectric dimer unit cells.

Transmission or Reflection

Si dimer

A

0'800 900 100;) 1100 -1200

Wavelength (nm)
Figure 5.3. (a) Schematic image of the Si dimer array in air shined by the linearly polarized
incident light. (b) Transmission (red lines) and reflection (blue lines) spectra of the Si dimer array

under the illumination of TM (solid lines) and TE (broken lines) polarization.

Note that the reflection observed from the array of the Si spherical dimer under the
excitation of TE polarized light was a bit lower than the reflection obtained using Si
cylindrical nanoparticles with high aspect ratio’. This might be because the spectral
separation of the electric and magnetic modes in the Si dimer in the case of
TE-polarization was too large to achieve the high reflection. The centre wavelength of the
large spectral separation is far from both the resonances and, hence, the absolute values of
effective permittivity and permeability are small. This leads to the small imaginary part of
the refractive index and allows the evanescent tunneling to occur, causing the reduction in

the reflection value of the metasurface’™”.

5.3. Experimental demonstration of high transmission to

reflection switching

To experimentally demonstrate the switch between high transmission and reflection

of a high-index dielectric metasurface, we fabricated an array of Si disk nanodimers on a
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sapphire substrate using electron beam lithography and reactive ion etching, as described
in detail in Chapter 3.3.1. The SEM images of the fabricated sample are shown in Figure
5.4, showing the dimers of Si nanodisk of 652 nm diameter and 314 nm height. The
aspect ratio of the Si nanodisk was lower than 1 so that the electric and magnetic dipoles
are excited at closer wavelengths under the illumination of the TM polarized incidence,
and the large spectral separation, which reduces the reflection of the metasurface, can be
circumvented under the illumination of the TE polarized incidence. The periodicities of
the array were set to 1544 nm and 852 nm along and perpendicular to the dimer axis,
respectively. These periodicities would meet the requirement of nanoresonator density
which needs to be high enough to avoid the strong diffraction effect as discussed later.
Also, the densely packed array is preferred especially for the high reflection to achieve
the sharp dispersion in permittivity and permeability which can reach the negative value’®.
As shown in the SEM images, the array of identical Si dimers was fabricated uniformly
throughout the metasurface.

Figure 5.4. SEM images of the Si dimer metasurface fabricated on a sapphire substrate. The
image of low magnification (a) confirmed the uniform fabrication on the substrate. The small gap

and circular shape were observed in the image of high magnification (b).

We investigated the transmission and reflection of the fabricated Si dimer
metasurface (Figure 5.5a) using FDTD method and FTIR spectroscopic technique (as
detailed in Chapter 3.4.2), and the transmission and reflection spectra are shown in Figure
5.5b-c. In the FDTD simulation results, the metasurface exhibited the switch from the
transmission of 99 % to reflection of 95 % at A = 1688 nm by changing the polarization
from TM to TE state. The experimental spectra also showed high transmission (T=86 %)
and high reflection (R = 77 %) at A = 1718 nm depending on the incident polarization.
These results theoretically and experimentally confirmed that a metasurface comprised of
dielectric nanodimers can switch the high transmission and reflection by changing the

linear polarization state of the incident light. The small disagreements between the
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numerical simulations and experiments might be attributed to the imperfection of the
sample fabrication, and also to the experimental measurement conditions which were
different from the ideal simulation. We used Cassegrain objectives in the experiment to
observe transmission and reflection of the dielectric metasurfaces in the NIR region and,
therefore, the transmitted or reflected light normal to the substrate cannot be observed.
This might cause the small disagreement with the simulation in the obtained optical
responses. However, the experimental setup can still monitor substantial amount of the

transmitted and reflected light and, hence, does not change our conclusion.
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Figure 5.5. (a) Schematic image of the Si dimer array on a sapphire substrate illuminated by the
linearly polarized incident light. (b-c) Transmission (red lines) and reflection (blue lines) spectra
of the Si dimer array under the illumination of TM (solid lines) and TE (broken lines) polarization

in the FDTD simulations (b) and experiments (c).

The periodicity along the dimer axis was 1544 nm, which was close to the switching
wavelength around 1700 nm. Another optical effect, the diffraction of light, then might
affect the transmission and reflection properties of the fabricated metasurfaces. To

estimate the influence of the light diffraction, we numerically calculated the transmission
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and reflection of the metasurfaces by varying the diameters and height of the nanodisks
and the periodicities of the dimer unit, which are shown in Figure 5.6. When the size of
the particles forming the unit cell of the metasurfaces became just 5 % smaller or larger
than the original one (Figure 5.6a and 5.6b), the switching wavelength was
correspondingly shifted by up to 70 nm. However, as shown in Figure 5.6¢ and 5.6d, the
change of 5 % in periodicity of the unit exhibited little shift, up to 20 nm, in the position
of the wavelength at which the switch between high transmission and reflection was
observed. The very small shift observed by varying the periodicity could be attributed to
the interaction between the dimers which can be altered by the separation distance. These
results suggest that the switching between high transmission and reflection observed by
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Figure 5.6. Transmission (red lines) and reflection (blue lines) spectra of the Si dimer arrays
under the illumination of TM (solid lines) and TE (broken lines) polarization in the FDTD
simulations, where the geometrical parameters were changed. (a,b) The diameter and height of the
dielectric nanodisk were changed from the original nanodisk of 652 nm diameter and 314 nm
height, to (a) 619 nm diameter and 298 nm height and (b) 685 nm diameter and 330 nm height.
(c,d) The periodicities of the dimer unit were changed from the original metasurface with
periodicities of 1544 nm and 852 nm along and perpendicular to the dimer axis, to (¢) 1467 nm
and 809 nm, and (d) 1621 nm and 895 nm.
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the dielectric metasurface originated mainly from the manipulation of effective
permittivity and permeability determined by the electric and magnetic dipoles excited in

the dielectric dimers, rather than the diffraction effect.

5.4. Summary

We theoretically and experimentally demonstrated that metasurfaces comprised of
the array of high-index dielectric dimers can switch the optical response from high
transmission to high reflection simply by changing the incident linear polarization. The
hybridization mode of the excited electric and magnetic dipoles in the dielectric dimer can
be tuned by the polarization of the incident light. The numerical simulations of an array of
Si spherical nanodimers revealed that the different mode hybridizations lead to the
spectral overlap or separation between the electric and magnetic dipoles, depending on
the incident polarization. These spectral features resulted in switching between high
transmission and high reflection of the dielectric dimer metasurface by tuning linear
polarization state. The switch between high transmission and reflection was
experimentally confirmed using a Si disk nanodimer array fabricated on a sapphire
substrate and FTIR measurement setup. The tuneable control of the optical response of
metasurfaces demonstrated in this chapter could boost the development of highly

functional surface for flat optics.
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Chapter 6

Tunable directional light scattering from asymmetric

dielectric dimers

Chapters 4 and 5 mainly focused on dielectric nanostructures which were used for the
directional control of light propagation into the forward or backward direction along the
incident axis. This chapter will attempt to extend the capability of dielectric
nanostructures of controlling the direction of light propagation by adding a tuneability of
the direction away from the incident axis. Precisely, we theoretically and experimentally
reveal that a dielectric nanodimer consisting of nanoparticles with different dimensions
can scatter light directionally either into the right or left direction by just changing the
incident wavelength. Whereas plasmonic nanoantennas would require complex
configurations, such as bimetallic structures to attain such functionality”'®’, dielectric
nanoantennas can offer easier ways to achieve bidirectionality. A V-shaped nanoantenna
made of Si has very recently shown that scattered light can be routed depending on the
excitation wavelength'*”, However, a V-shaped antenna fabricated on a substrate are only
suitable to steer the scattering of light propagating towards the substrate at normal
incidence. Tunable control of directional scattering along the substrate would be
preferable for many applications, such as spectroscopic techniques and optical
nanocircuitries.

In this chapter, asymmetric Si dimers are explored to achieve tunable directional
scattering along the substrate. The underlying reason for directional scattering is that, as it
has been shown in previous chapters, amplitude and phase differences of electric and
magnetic resonances in dielectric nanoparticles can be tuned by changing geometrical
dimensions®>*". Therefore, by carefully designing the dimer configuration, the direction
of the scattered light becomes tunable due to the interference between the dipoles excited
in each particle. Here, we carry out full theoretical calculations using the analytical
dipole-dipole model to determine a favourable configuration for highly directional
scattering which is tunable by the incident wavelenglhm, Experimental demonstrations are
conducted using a back focal plane (BFP) measurement technique combined with a prism

coupling setup. The prism coupling setup with grazing incidence illumination generates
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an evanescent wave, which propagates along the substrate but decays exponentially in the
air, and excites the nanoantenna. We also propose a practical configuration of asymmetric
dimers as a nanoscale routing element for an optical nanocircuit using electromagnetic
radiation. Tuneable directional control of the scattered light combined with low energy
losses presented in this paper can facilitate the development of efficient sensors,

waveguides and optical circuits at the nanometer scale.

6.1. Si spherical asymmetric dimer for tuneable directional

scattering

6.1.1. Numerical simulations of scattering properties

The polarizability of dielectric nanoparticles strongly depends on their dimensions*.
Therefore, phase differences in the polarization and interferences between them should
appear when two dielectric particles of different dimensions are placed in proximity. This
interaction may be able to determine the properties of scattered fields from the dielectric
dimer, providing a method to tune the scattering direction.

First, we theoretically investigated a dimer system consisting of spherical Si
nanoparticles in air based on an analytical dipole-dipole model (as detailed in Chapter
3.1). Here the electromagnetic responses of Si spherical nanoparticles are substituted by
electric and magnetic dipoles, justified by the large ratio of wavelength to particle
dimension leading to less significance of higher order modes”™. In our optimized
exemplary system, two nanospheres of diameter D and D> (D < D), are placed at r and
r, in a Cartesian coordinate space. The configuration used in the theoretical analysis is
described in Figure 6.1a. The radii of the smaller and larger spheres are D; = 150 nm and
D, =230 nm, respectively, and these two spheres are separated by a gap of d = 8 nm in air.
Figure 1b shows the calculated extinction spectra of electric and magnetic dipoles excited
in a dimer of Si spherical nanoparticles. The two spectra show three peaks; the resonances
at the shortest and longest wavelengths are attributed to the excited electric dipoles in the
larger particle, and the resonances at intermediate wavelengths correspond to the dipoles
excited in the smaller particle. The resonant wavelength of the dielectric particle strongly
depends on their dimensions since the oscillation or rotation of displacement current

inside the particle results in the excitation of electric or magnetic resonances'**’. Note
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that the intensities of these resonances are comparable between the two spheres and,

hence, suitable for generating constructive or destructive interferences.
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Figure 6.1. (a) A schematic image of a dimer of Si spherical nanoparticles and the propagation
direction of incident radiation (TM-polarized). (b) Extinction spectra of electric and magnetic

dipoles calculated using an analytical dipole-dipole model.

In Figure 6.2a, we plot the angle of maximum scattering intensity in the projection of
the far field pattern on the y-z plane. Here the scattering angle of ¢ = 0° corresponds to
the forward scattering, and the two quadrants (¢ = 0° ~ +90° and ¢ = 0° ~ -90°)
correspond to the scattering hemisphere of the smaller and larger particles, respectively.
The direction of the scattered light bends left (¢ = +18°) or right (¢ = -52°) at A =500 nm
and A = 630 nm, respectively. The y-z plane projection of the far field patterns at these
wavelengths are shown in Figure 6.2b. At A = 500 nm, the scattered light was directed to
the smaller sphere but suppressed in the direction of the larger sphere. Meanwhile, a
completely opposite result was achieved at A = 630 nm,; the light scattered to the smaller
sphere was suppressed but the light to the larger sphere was intensified. This means that
the direction of the scattered field can be tuned by changing incident wavelength.

Note that the diameters and gap separation of the dimeric structure are parameters
that can affect the resonant characteristics of the dielectric dimer and, hence, the property
of light steering. Figure 6.3a and 6.3b show the influence of the gap size of the
asymmetric Si dimer. Extinction spectra and far field patterns of scattered field of the
spherical dimer were calculated with different gap separations (d = 8, 50, 100, 300, 600
nm) at & = 630 nm. As the gap was enlarged, electric dipolar resonances became narrow,
which was revealed in the previous study”’. The directionality of the scattering to the

larger sphere side was reduced by increasing the gap distance, specifically the separation
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Figure 6.2. (a) Angle of maximum scattered intensity on the y-z plane projection. (b) Far field

radiation patterns of the scattered light at A = 500 nm and A = 630 nm.

d > 100 nm. This is because the second term of the phase difference model described in
the next section changes with the gap separation. Furthermore, the small gap is suitable
for creating nanoantennas which would be used in optical nanocircuit application. We
also estimated the influence of diameter ratio between D; and Ds to the steering of
scattered field. Figure 6¢ shows the extinction spectra of Si spherical dimers where the
ratio of the diameter between the two spheres, X = D; / D,, was varied as X = 0.5 (D) =
125 nm and D, = 250 nm), 0.65 (D; = 150 nm and D, = 230 nm), 0.8 (D; = 168 nm and
D, =210 nm) and 1 (D, = D, = 190 nm). The position of the resonant peaks shifted since
the electric and magnetic resonant wavelengths depend on the dimension of the particle.
Note that here we changed the diameter of both the two spheres because the wavelengths
at which the directional scatterings can be observed should be kept within visible regime
considering the prospective application of optical nanocircuit proposed here. Figure 6d
shows the far field distribution of scattered fields in which the directional scattering to
cither left or right was achieved depending on the excitation wavelength. Since the
resonant wavelengths of the dipolar modes were shifted because of the change in the
geometrical dimensions, the wavelengths showing the directional scattering were also
shifted. However, the steering of scattered field can be basically achieved when
asymmetric Si dimer is used, whereas the symmetric dimer (X = 1) does not steer the light

either to left or right throughout the incident wavelengths.
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Figure 6.3. Influence of (a-b) gap size and (c-d) size ratio to the scattering properties (a, c) Total

extinction spectra of the dimer and (b,d) far field patterns of the scattered field at A = 630 nm.

Figure 6.4a shows the extinction cross section calculated by both the dipole-dipole
model and the full numerical simulations by FDTD method to verify our theoretical
model. These spectra basically showed a good agreement. A distinct peak at A = 640 nm
was observed only in the FDTD simulation, which corresponds to the magnetic
quadrupolar resonance of the larger sphere (not contemplated in the dipolar model).
Figure 6.4b shows the scattering radiation patterns at A = 630 nm calculated by both the
analytical and numerical simulation. These patterns agreed well with each other, even
though the FDTD calculation includes higher order modes. This may be because higher
order modes generally show narrow peaks compared to the dipolar modes, which could
result in the small effect onto far field radiation patterns calculated by the dipole-dipole
model. The existence of the magnetic quadrupolar resonance in the FDTD calculation
could be responsible of the smaller scattering rotation (¢ = -33°) than that in the dipole
model (¢ = -52°) due to the interference.
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Figure 6.4. Comparison of the (a) extinction spectrum and (b) far field radiation pattern of the
scattered field at 630 nm, calculated by the analytical dipole-dipole model (black solid line) and
by the full numerical FDTD method (red dash line).

Figure 6.5 shows the angle of maximum scattering intensity in the far field radiation
pattern on the y-z plane calculated by the dipole-dipole model and FDTD methods.
Although these two plots showed a good agreement, the new peak of the magnetic
quadrupolar mode at A = 640 nm caused a destructive effect for the light steering to the
right direction. However, we can see that there was also extra constructive interference in
the FDTD result to enhance the degree of steering around A = 550 nm to the left and A =
850 nm to the right. Note that the configuration here was not optimized with the FDTD
calculations. Furthermore, as the FDTD calculations show later in this chapter, in a real
situation of a dimer of Si disks on a substrate, the steering of light is of around 30°, which
is enough to excite a target at a certain position selectively. These results show that the
influence of higher order modes does not change our conclusion.

Scattering direction (deg)
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Figure 6.5. Angle of the maximum scattered field projected on the y-z plane calculated by the
dipole model (black solid line) and numerical FDTD method (red dash line).
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6.1.2. Theoretical analysis of phase difference

To understand the basic mechanism of this directional scattering, the phase difference
of the excited dipoles was extracted from the analytical dipole-dipole model and analyzed.
The electric dipoles excited along to the dimer axis were found to have no major
contributions to the scattered light along the y-axis direction. In a similar manner, the
electric dipoles excited along the z-axis by the magnetic dipoles can be neglected since
their intensity in the analyzed illumination configuration is very small. Therefore, we
focus only on the magnetic dipoles excited along the x-axis. The oscillation of the
magnetic dipole can generate the electromagnetic field, which can contribute to scattered
field intensity in far field. It should be noted that excitation of magnetic resonances is
possible due to the high refractive index of the dielectric material, whereas in the case of

plasmonic nanostructures this is not possible because the small skin depth does not allow

the field to penetrate enough as to sufficient displ rent currents for the
excitation of magnetic resonances®’. The phase difference generated by each particle, Ad®,
and A®,, can be calculated from the complex value of the magnetic polarizabilities. For
the phase difference model, the scattering intensities /. and 1 due to the interferences

between the two magnetic dipoles are given by

2
I, = |Im1x|E’M” + |m2x|ef(szfk(R1+R2+d))| 6.1)

2
I = ||m1x|e*A°1 — |mZX|e’(A“’2’k(R1+R2+‘i))| 6.2)

in the direction of the smaller disk (+) and the larger disk (-), respectively. Directional
scattering is achieved if constructive interference occurs in one direction and destructive
interference in the other. Figure 6.6 shows a comparison of the scattered light intensity
propagating towards ¢ =+90° and ¢ = -90°, given by the far field calculated with the
analytical dipole-dipole model and with the approximated phase difference model. These
two plots qualitatively agree well specifically in terms of the wavelengths at which
directional scattering occurs. The small discrepancy between the two plots can be
attributed to not considering the presence of electric dipoles and their very small

interaction with magnetic dipoles.
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Figure 6.6. Comparison of the difference in scattering intensity calculated by the analytical

dipole-dipole model (black solid line) and the phase difference model (red dash line).

We also explored different polarization configurations of the exciting radiation.
Electric and magnetic dipoles in dielectric nanoparticles are excited at different
wavelengths and perpendicular to each other. A change in incident polarization could lead
to a shift of the wavelength at which the directional scattering is achieved. Here, the
dimer structure was the same as the previous one, but the incident light is configured with
electric polarization perpendicular to the dimer axis (TE-polarized). Figure 6.7 shows the
far field distribution of the scattered light which was projected on the y-z plane at A = 430
nm and 604 nm. The scattered light was also directed to the larger (¢ = -13°) or smaller (¢
= +10°) sphere, depending on the incident wavelength. In this polarization configuration,
the directional scattering could be mainly attributed with the interference between the two
electric dipoles excited perpendicular to the dimer axis. Since the electric dipoles resonate
at shorter wavelengths than the magnetic dipoles, the wavelengths at which the directional
scattering was achieved were blue-shifted, which also supports our conclusion that the
dipoles excited perpendicular to the dimer axis are responsible for the tuneable directional
scattering. The degrees of the rotation were slightly smaller, because the dimensions were
optimized in the case of TM polarization. The obtained results, therefore, suggest that
incident polarization provides, in addition to excitation wavelength, another route for

tuning the spectral response of directional scattering.
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Figure 6.7. Far field radiation patterns of the scattered light at A = 430 nm and 604 nm excited

with TE-polarization.

6.2.

xperimental demonstration of tuneable scattering along a

substrate

For the experimental demonstration, a dimer of Si nanodisks was fabricated by
electron beam lithography followed by reactive ion etching, as described in Chapter 3.3.1.
An amorphous Si thin layer on a silica substrate was used here to match the refractive
indices between the substrate and prism, which was incorporated in the measurement
system of the scattering patterns. Figure 6.8a shows scanning electron microscopy (SEM)
images of the fabricated asymmetric Si dimer. The SEM observations confirmed that the
side walls of the structures were vertical relative to the substrate and, hence, the gap
distance between the nanodisks of the dimer was uniform from the bottom to the top of
the disks. Isolated single nanodisks were also fabricated for comparison as a reference, as
shown in Figure 6.8b and 6.8c.

First, the backward scattering spectra of the fabricated samples were measured using
dark field optical spectroscopy, as illustrated in detail in Chapter 3.4.1. The antennas were
fabricated with a pitch of 5 um between them, which was sufficient to ensure that
scattering was collected from a single antenna at a time. Incident light was polarized
along the dimer axis using a linear polarizer along the illumination path. Numerical
simulations were conducted with FDTD method to calculate the scattering spectra of Si
nanodisks on a silica substrate. A dark field source was used in the numerical simulations
to reproduce the experimental settings. The experimental and simulated scattering spectra

are shown in Figure 6.8d-f. Theoretical and experimental results show good agreement,
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verifying that the experimentally fabricated samples have both of electric and magnetic
resonances as theoretically predicted. The experimental spectrum showed a shift to
shorter wavelengths by around 30 nm. This is likely due to small imperfections in the
fabricated samples and the presence of a native oxide layer covering the surface of the
nanoantennas. Such a native oxide layer would reduce the effective volume of the
nanoantennnas’.
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Figure 6.8. (a) SEM image of the fabricated asy ric dimer of Si disks. The scale bar is

equal to 100 nm. H = 170 nm, DI = 180 nm, D2 = 250 nm and d = 40 nm correspond to height,
diameters of the small and large nanodisks, and the gap distance, respectively. The isolated small
(b) and large (c) disks were also fabricated for comparison. (insets) SEM images from tilted angle.
(d-f) Dark field scattering spectra of the dimer (d), small disk (e) and large disk (f), obtained from

experiment and simulation.

Measurements of the scattering patterns of the fabricated asymmetric dielectric dimer
were then performed using the BFP imaging setup combined with prism coupling, which
was illustrated in detail in Chapter 3.4.3. This measurement system allows us to explore
the field scattered from the nanoantennas, propagating along the substrate. Figure 6.9
compares the calculated and measured scattering patterns for incident illumination at A =
480 and 590 nm. Here, we define scattering towards the smaller particle side as the
positive direction and scattering towards the larger particle side as the negative direction,
as shown in Figure 6.9a. The scattering patterns obtained experimentally agree well with
the numerically calculated patterns. At A = 480 nm, the scattered field was steered to the
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positive direction. On the other hand, at A = 590nm the scattering direction is clearly
steered towards the negative direction. From the results obtained in the numerical
simulation, the steering angle was estimated as +9° at & = 480 nm and -47° at A = 590 nm.
These angles would selectively guide light and signals with different wavelengths to two
different angular regions, as shown later.

a

A =590 nm, simulation

A =480 nm, simulation
—t—

A =480 nm, experiment

= Y

Figure 6.9. Scattering patterns from an ic dimer of Si disks. (a) Schematic image
describing how the scattering angle was defined. Scattering patterns were monitored for incident
illumination at A = 480 nm (b,d) and A = 590 nm (c,e) in the simulation and experiment. Note that
experimental results include some speckles, which is an undesirable artefact of light being
scattered from the optical measurement setup or some defects/roughness on the sample’s surface.

See the experimental setup detailed in Figure 3.6.
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For comparison, the experimental and simulated scattering patterns for single disks
are also shown in Figure 6.10. Even though the shape of the simulated and measured
scattering patterns did not fully agree, due to the small signal collected from the isolated
nanodisks and the limitation in the sensitivity of the CCD camera, the single disks did not
show any asymmetric side scattering in either the positive or negative directions, but only
along the incident axis (0°).

a

A =480 nm, small disk

pe o

15 ¥

A =590 nm, small disk

c d
A =480 nm, large disk A =590 nm, large disk

Figure 6.10. Scattering patterns of isolated single Si nanodisk on a silica substrate in the
experiment. (Insets) Scattering patterns simulated by FDTD methods. Scattering patterns were

d for incident illumination at A = 480 nm (a,c) and A = 590 nm (b,d) in the simulation

and experiment.

In order to quantitatively analyze the directionality of the nanoantenna, we calculated
the directivity, D, of the scattered lightz"m. The directivity was estimated as the ratio of
light intensity scattered to the two directions,

O +8,0p+6 .
-’.f((s,,:&,;:—)rzs)) S(6, ) sin6 dpdo

(Om+8,9n+8) .
ﬂ(gm,‘;};}n,&) S(6, ) sin6 dpdo

D = 101logy, (6.3)
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where S(6,¢) is the intensity of the scattered light at a given angle in the BFP image. 6, =
57°, @, = 9°, @, = -47° and 6 = 7° were assigned for the calculation (see Figure 6.11a).
Figure 6.11b shows a plot of the directivity as a function of the wavelength. The
experimental results showed a reasonable agreement with the numerical ones obtained
from simulation. The tuning of scattering direction from the positive to negative direction
was clearly observed in the wavelength region from A =450 nm to A = 650 nm. The range
of the directivity reached -4.8 to +6.8 dB in the simulation and -3.1 to +3.1 in the
experiment. The quantitative differences between the experiment and simulation may be
caused by small errors in the fabrication and the undesirable speckles observed in the
experimental BFP images. As shown in the previous section, the scattering properties of
asymmetric dielectric dimers can be significantly affected by a variety of geometrical
parameters of the constituent nanodisks. Also, the ellipticity of dielectric nanoparticles
have been studied as a key factor to determine the scattering pattern in far field*’*7>1%",
Moreover, the directivity defined by eq. (1) in this paper could be slightly shifted when
strong noise is observed in the experimental BFP images. However, this does not change
the conclusion that an asymmetric Si dimer can steer light to selective directions

depending on the wavelengths of excitation, as it can be seen in Figure 6.11b.
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Figure 6.11. (a) A schematic image of the angular regions (blue and orange circles) used for the
directivity calculation. (b) Directivity of the scattered field from the asymmetric Si nanodimer

calculated from the obtained scattering pattern in the simulation and experiment.

To support the result of the scattering directivity, we plotted the peak scattering angle
of @in Figure 6.12. We used the data at 6,, = 57°, which corresponds to the polar angle
used to calculate Figure 6.11b. In the experimental plot, since the data was noisy, we
smoothened the data near the peak with polynomial function to find the peak. This plot
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qualitatively showed that the scattering direction was shifted from the positive to negative
direction as the excitation wavelength was increased.
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Figure 6.12. The peak scattering angle as a function of excitation wavelength.

The scattered light measured in the experiment did not propagate exactly along the
substrate since the objective used to collect the scattered light in this study had NA = 0.9,
which corresponds to a collection angle of up to 64°. However, this NA value is enough
as to observe the tail of scattering lobes from excited dipoles (see Figure 3.6). This was
confirmed via numerical simulation using an incident wave propagating along the
substrate and the asymmetric dimer which has the same dimensions as in the experimental
case. The calculated scattering patterns in the plane which is parallel to the substrate are
shown in Figure 6.13. Although the wavelengths and scattering angles used in Figure 6.13
were not the same as those used for the experimental demonstration due to the use of a
different excitation method, the asymmetric nanodimer showed the capability of

Figure 6.13. Scattering patterns of the asymmetric Si dimer in the plane parallel to the substrate.

The di was illumi d by the incid: propagating along the substrate.
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routing the scattering either to the left or to the right direction along the substrate. This
result clearly suggests that the experimental demonstration in this study provides the
proof of concept of controlling bidirectional scattering along the substrate using
asymmetric dielectric antennas.

Also mention that a monometallic Au dimer was reported to show side scattering, but
not tuneability of the scattering direction”. To highlight this, we conducted numerical
FDTD simulations of the Au nanodimer under the same simulation condition as the Si
nanodimer. As representative scattering patterns at A = 480 nm and 590 nm are shown in
Figure 6.14, the Au nanodimer showed a small steering of light, but no tuning between
the negative and positive direction throughout the visible regime. The main hypothesis of
this behavior is the change or switch of the magnetic dipoles excited perpendicular to the
dimer axis are mainly responsible to tune the scattering direction in the Si dimer case.
However, in the case of the Au nanodisks, the asymmetric dimer cannot excite the
magnetic resonances, resulting also in a very little steering of the scattered light.

(a) (b)
A =480 nm, Au dimer A =590 nm, Au dimer

Figure 6.14. Simulated scattering patterns of the Au nanodimer at (a) A= 480 nm and (b) 590 nm.
The dimensions of the Au dimer were as follows: /=50 nm, D; = 110 nm, D, = 130 nm and d =
40 nm correspond to height, diameters of the small and large nanodisks, and the gap distance,

respectively.
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6.3. Example of a practical application: tuneable excitation in

optical nanocircuitry

In an optical circuit, a tuneable nanoantenna could be responsible to guide the light to
an appropriate direction. In this section, we investigate the possibility of using our
asymmetric dielectric dimer as a tuneable nanoantenna for an optical circuit.

We performed numerical simulations of the electromagnetic behavior of the light
scattered from the nanoantenna using the FDTD method. Specifically, we explore a
platform with a dimer of Si nanodisks placed on a silica substrate, in line with
experimentally achievable geometric dimensions. The disks have diameters of 108 nm
and 140 nm and a height of 120 nm, being separated 20 nm. A plane wave source
illuminates the structure in parallel to the substrate with the electric field polarized along
the dimer axis. The scattering spectrum calculated in this configuration is shown in Figure
6.15a. A small peak at A = 470 nm corresponds to the electric dipolar resonance of the
smaller disk. The overlap of the magnetic dipole of the smaller disk and the electric
dipole of the larger disk manifests itself with a distinct peak at A = 510 nm. The peak at A
= 610 nm is associated with the magnetic dipole of the larger disk. Note that the peaks
around A = 400 nm correspond to the magnetic quadrupolar resonances of the Si disks.
These higher order modes were neglected in the analytical dipole-dipole model used in
the previous section. Figure 6.15b shows the scattering patterns in the far field at A = 440
nm and 600 nm. While the scattered light was directed to the smaller disk at A = 440 nm,
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Figure 6.15. (a) Scattering spectrum of a dimer of Si disks on a silica sub illumi d

by an incidence propagating along the substrate with TM-polarization. (b) Far field radiation

patterns of the scattered light on the plane parallel to the substrate at A = 440 nm and 600 nm.
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the scattering direction changed towards the larger disk side at A = 600 nm. Thus, the
dimer of Si nanodisks on a substrate also exhibits switchable scattering depending on the
wavelength of incidence. This configuration would be quite straightforward to fabricate
by top-down single-step lithography, in contrast to scattering elements based on
bimetallic structures.

This directional scattering could be used to route light propagation to selective
positions, depending on the incident wavelength. To explore this possibility, we studied
configurations with two dimers using FDTD method. The first dimer was excited under
the same source conditions as the single one described in Figure 6.16. The second dimer
was placed at two different angular positions from the first dimer, +7.2° and -27° and at a
separation distance of 1.2 um. The intensity of the electric near field excited inside and
outside the second dimer was monitored. When the first dimer was illuminated by
incident light at A = 440 nm, the second dimer placed at +7.2° showed a higher electric
field intensity than the other placed at -27°. In contrast, when the first dimer was illumina-
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Figure 6.16. (a) Schematic illustration of the configuration used for the demonstration of tunable
optical guide. The first dimer was illuminated by the incident light parallel to the substrate with
polarization along the dimer axis. The second dimer was placed at either left (¢,=7.2°) or right
(»=27°) from the first one. The separation distance is L=1.2 pm. (b,c) The electric field intensity

monitored at the second dimer with the wavelength of excitation at A = 440 nm (b) and 600 nm

(c).
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-ted by incident light at A = 600 nm, the second dimer placed at -27° was excited more
than the other placed at +7.2°. This selective and tuneable excitation corresponds to the
far field distribution of the first dimer and its dependence on the incident wavelength.
These results suggest that asymmetric dimers of high refractive index dielectrics can be
used as nanoantennas which can tune the direction of the scattered field propagation by

simply changing the wavelength of excitation.

6.4. Summary

In conclusion, we have theoretically and experimentally demonstrated that
asymmetric dimers of dielectric nanoparticles can function as nanoantennas for tuning the
scattering direction of incident electromagnetic radiation by changing the incident
wavelength. The excited dipoles and scattered fields have been theoretically explored
using the analytical dipole-dipole and phase difference models, revealing that interference
between two dipoles generated perpendicular to the dimer axis is mainly responsible for
the directional scattering. The tuneable directionality of the scattered field was achieved
even when the dipoles perpendicular to the dimer axis were exchanged between electric
and magnetic ones by changing the incident polarization. The optical measurement setup
using prism coupling and a BFP imaging technique enabled the characterization of the
profile of the scattered field propagating along the substrate, demonstrating that the
scattering direction can be routed by changing the excitation wavelength. Finally, an
application as a tunable nanoantenna for optical nanocircuitry has been demonstrated.
This study shows that asymmetric high-index dielectric dimers could be a basic unit for
spectroscopic techniques and nanocircuitry where tuning the light propagation direction

would be helpful to improve their performance.
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Chapter 7

Efficient third harmonic generation from

metal-dielectric hybrid nanoantennas

In the previous chapters, we investigated linear optical responses, specifically the
efficient and tuneable control of the light propagation direction, using the electric and
magnetic resonances of dielectric nanostructures. Recent studies have revealed that the
dielectric nanoantennas are also promising optical units to achieve efficient nonlinear
optical effects in nanometer scale. The high nonlinear susceptibility of high-index
dielectric materials and the large volume of field enhancement without considerable
energy losses can significantly improve the efficiency of nonlinear harmonic generations,
as explored in Chapter 25931522 However, despite the fact that all-dielectric
configurations have, in several cases, highly exceeded plasmonic-based nonlinear

3.
performances®>***7

, there is still a clear demand for novel strategies that further improve
the THG efficiency at nanometer scales. Indeed, while Ge nanostructures have shown
conversion efficiency values as large as 0.001% at 550 nm (green) TH wavelength (1650
nm fundamental wavelength) **, this performance cannot be extended to the blue region of
the visible spectrum. This is due to the very high intrinsic absorption of gemanium below
1600 nm, including 1300-1400 nm fundamental wavelengths of the blue THG*.
Moreover, while absorption in Si is small in this spectral regime (enabling tunability at
blue TH frequencies), its lower refractive index and third-order susceptibility compared to
Ge, lead to a clear reduction of maximum possible efficiencies, reaching values of only
0.0001%-0.0002% even when considering complex Si metamaterials®*$$358,

In this Chapter, we reveal that a hybrid structure that combines a metallic and a
high-index dielectric nanoparticle can produce efficient THG along all the optical regime
(from blue to red wavelengths). The adopted approach, theoretically modelled very
recently'”x, can boost the electric field enhancement inside a resonant Si nanodisk, placed
at the core of a plasmonic Au nanoring (schematic illustration shown in Figure 7.1),
highly improving the nonlinear capabilities of the nanosystem. When exciting the
composed structure at the anapole mode, which is detailed in Chapter 2.6, a TH
conversion efficiency as high as 0.007% at a TH wavelength of 440 nm is experimentally

demonstrated by femtosecond laser pumping. Comparison with the isolated Si and Au
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nanostructure components further confirms that the high TH intensity in the hybrid is
achieved by the coupling between its constituting elements. Finally, by adequately
modifying the dimensions of the metal-dielectric nanoantennas, we extend its spectral
range of operation to longer wavelengths in the visible light region.

E,
Tffyn(

{
t

Au '

Al,O; (Substrate)

Figure 7.1. Schematic of the experimental configuration used for THG studies.

7.1. Excitation of anapole mode with a hybrid nanostructure

7.1.1. Extinction spectra of the fabricated samples

Si-Au (nanodisk-nanoring) hybrid structures were fabricated on a sapphire substrate
via electron-beam lithography and reactive-ion etching techniques. Figure 7.2 shows a
scanning electron microscope (SEM) image of the designed hybrid nanoantenna. A 155
nm thick Si nanodisk (680 nm diameter) is surrounded by an 80 nm height Au nanoring
(inner diameter of 780 nm, outer diameter of 1360 nm), with a gap of 50 nm in-between
to ensure strong coupling®®'**1®°,

We first numerically and experimentally analyze the extinction spectrum of the
fabricated samples to explore their linear response. Numerical simulations were
conducted using the FDTD methods considering linearly polarized plane waves
propagating normal to the substrate surface. The experimental extinction spectrum,
characterized through FTIR spectroscopy, was obtained by measuring the transmission
(T) spectrum of an array of identical 20 x 20 hybrid nanostructures, interspaced by 3.5
um distance to avoid optical coupling between them. Black curves in Figure 7.3a and
7.3b show the experimental and simulated extinction spectrum of the metal-dielectric
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Figure 7.2. SEM image of the fabricated hybrid nanoantenna. The Si nanodisk has a diameter D,
= 680 nm with height /, = 155 nm, and the Au nanoring has an inner diameter D,; = 780 nm,

outer diameter D>, = 1360 nm and height //, = 80 nm. The scale bar is 1 um.

nanosystem, respectively, presenting a minimum at around A = 1325 nm. As verified later
in the chapter, this sharp valley in the extinction spectrum indicates the excitation of the
anapole mode, whose physical origin has been theoretically attributed to the destructive
interference in the far field between the radiation patterns produced by the electric and

toroidal dipole modes'”’

. Note that the minor differences observed between experiment
and theory could arise from the small size and shape variations among the different

structures composing the measured array.

1w

Experimental extinction (a.u.)
imulated extinction (a.u.)

0
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Figure 7.3. (a) Experimental and (b) simulated extinction spectrum of the hybrid nanoantenna
(black curves). Experimental extinction values were calculated as 1-T. Red curve in (b) describes

the normalized electric field intensity averaged within the Si nanodisk (F).

The simulated extinction spectra of the isolated Si disk and Au ring are also shown in
Figure 7.4 as reference, showing no clear dips in comparison to the hybrid structure.
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Figure 7.4. Simulated extinction spectra of the isolated Si disk and Au ring.
7.1.2. Electric field distribution and enhancement

In order to predict the THG capabilities of the hybrid structure, we evaluate its ability
to concentrate the electric field inside the dielectric core. To that end, we numerically
explore the normalized electric field intensity, averaged within the Si nanodisk, using the

following expression:

E|2dV
F :% (1.1)

where V is the volume of the Si nanoparticle, and |Eo| the amplitude of the incident
electric field. Interestingly, as shown in Figure 7.3(b), F' (red curve) exhibits a sharp peak
at the valley of the simulated extinction cross section (black curve). To further analyze the
origin of this resonance, we computed its corresponding electric field distribution, shown
in Figure 7.5a, which revealed the pattern of the anapole mode inside the dielectric, as
anticipated®"*™'””. When studying the composing particles separately, we found that the
Au nanoring alone produced enhanced field regions mainly at its empty inner core (Figure
7.5b, left panel), enabling strong interaction with the dielectric nanodisk when placed at
the geometrical center. Consistent with this, we observed that the electric field
enhancement factor (|E|/|Eo|), which reached a maximum value of only 2 when
considering the bare Si nanoparticle (Figure 7.5b, right panel), increased to around 9 for
the hybrid nanosystem (Figure 7.5a), demonstrating the magnitude of the metal-dielectric
coupling. Furthermore, by confining the electric field inside the Si nanodisk, rather than
at the surfaces, undesirable energy losses from the surrounding metal were largely
avoided.
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Figure 7.5. Normalized electric field distribution of the hybrid (a), bare Au nanoring (b, left
panel) and isolated Si nanodisk (b, right panel), computed in the XY-plane at 40 nm above the

substrate surface, at & = 1325 nm.

7.2. Nonlinear optical measurement

7.2.1. Experimental verification of the enhancement in THG using the
hybrid nanostructure

To experimentally analyze the nonlinear THG response from the fabricated samples,
we employed a standard optical microscope setup coupled to femtosecond laser excitation,
as detailed in Chapter 3.4.4. Figure 7.6 shows the measured TH spectra from the hybrid
nanoantenna and its individual (isolated) components when exciting at A = 1320 nm, i.e.
at the valley of the extinction spectrum (Figure 7.3), where the electric field inside the
dielectric is predicted to be maximum (Figure 7.3(b)). In all cases, a single peak at A =
440 nm (1320 nm/3) was observed, as numerically predicted. Remarkably, the hybrid
structure exhibited a TH intensity 1.6x10° and 3x10° times larger than that of the isolated
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Si nanodisk, and that of the bare Au nanoring, respectively, demonstrating a strong
interaction between its composing parts. The fact that the signal measured from the
uncoupled Au nanoring was found to be significantly smaller than that from the
individual Si nanodisk can be understood from the volume of excited nonlinear material.
While the bare Si nanodisk enhanced the electric field mainly in its volume, the Au
nanoring confined the light inside the empty ring core, inefficiently exciting the high third
order susceptibility metal (see Figure 7.5b).

TH intensity (a.u.)

0 410 420 430 440 -450 - 460 - 470
Wavelength (nm)
Figure 7.6. THG spectra of the hybrid structure, isolated Si nanodisk and bare Au nanoring

measured at A = 1320 nm excitation wavelength and 1 pW excitation power.
7.2.2. TH efficiency and effective third order susceptibility

To further study the nonlinear characteristics of the hybrid nanostructure, we also
measured the absolute power of the collected TH emission when varying the excitation
power, as shown in Figure 7.7a. As observed in the figure, at low excitation powers
(below 1.5 pW), the TH intensity is found to increase with the cube of the pump power,
as evidenced by the linear fit in logarithmic scale, which presents the expected slope
equal to 3. However, for larger excitation powers (above 1.5 pW), the nanosystem
deviated from the predicted trend, possibly due to heating effects induced by the strong
illumination power, which would have weakened the nonlinear performance by driving
the nanoantenna off resonance®’. It should be noted here that no physical damage of the
structure was observed in the range of powers analyzed. As a result, as shown in Figure
7.7b, the TH conversion efficiency, 5y, defined as the ratio between emission and
excitation powers, presented a saturation behavior, reaching a maximum value of 0.007%.
Remarkably, this performance represents the highest TH efficiency reported to date on the

nanoscale at optical frequencies, to the best of our knowledge. The obtained TH
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efficiency exceeds by more than one order of magnitude previous reports on Si-based

nanoantennas and metamaterials***

, and by a factor of 7 the case of the Ge nanodisk
excited at a higher-order anapole mode®’. By comparing the nonlinear performance of the
hybrid system with that of bulk Si, we calculated the effective third-order nonlinear
susceptibility of the hybrid nanoantenna to be ,((3 ’Hybnd= 496 x 107 esu, which is around
1000 times higher than that of bulk Si'™. Moreover, we obtained a penetration depth (8 =
MAmk, with « as the extinction coefficient) for the dielectric at 440 nm of ~200 nm, which

is larger than the height of the Si disk, allowing effective extraction of TH light from the

nanosystem.
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Figure 7.7. Measured TH power (a) and TH conversion efficiency (b) as a function of pump
power at A = 1320 nm. The dashed line in the figure 7.6(a) is a fit of the data considering the

expected cubic dependence.

7.3. Scalability of highly efficient third harmonic generation

Finally, in order to expand the spectral range of operation of our system, we
appropriately modified geometrical parameters of the nanoantenna to shift the anapole
mode resonance to lower frequencies in the near-infrared regime, enabling efficient TH
emission at longer wavelengths in the visible range. Figure 7.8 shows the extinction
spectra of the hybrid structures in which the geometrical parameters were modified to
expand the spectral range of operation of our nanosystem. The dimensions of the hybrid

nanoantennas corresponding to the figures are as follows. (a) Si nanodisk: 840 nm
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diameter and 195 nm height. Au nanoring: 940 nm inner diameter, 1720 nm outer
diameter and 145 nm height. (b) Si nanodisk: 960 nm diameter and 220 nm height. Au
nanoring: 1060 nm inner diameter, 1960 nm outer diameter and 160 nm height.
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Figure 7.8. Experimental extinction spectra of the hybrid nanoantenna which generates TH at (a)
A =515 nm and (b) A =590 nm.

Figure 7.9a shows the nonlinear response experimentally obtained from three different
samples (corresponding SEM images on top), including the previously analyzed case,
when varying the excitation wavelength at fixed pump power. As it can be observed,
when the dimensions of the system are increased, the maximum TH efficiency is achieved
at longer wavelengths. This result can be understood from the usual resonance redshift
characteristic when increasing particle height or diameter™’. In order to theoretically
describe this behavior, in Figure 7.9b we plot, for the three different configurations, the
spectral dependence of the third power of the normalized electric field intensity averaged
within the dielectric (i.e., F°). Noticeably, in all cases, the simulated curves suitably
reproduced their corresponding nonlinear experimental results, in consistency with the
characteristic of the THG phenomenon as a third-order nonlinear effect. Regarding the
measured TH efficiencies, we find that they are within the same order of magnitude for
all different frequencies, showing an effective control of the nonlinear emission
throughout the visible regime.
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Figure 7.9. (a) Dependence of the TH spectrum on the excitation wavelength for the fabricated
three hybrid nanoantennas at 1 pW excitation power, with respective SEM images displayed on
top. The sets of curves are normalized to have equal maximum intensity. Each spectrum
corresponds to a different fundamental wavelength of triple that of the central TH wavelength. (b)
Corresponding spectral depend. of the simulated third power of the normalized electric field

intensity averaged within the Si nanodisk.
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7.4. Summary

In conclusion, we have demonstrated that a hybrid structure consisting of a Si
nanodisk and a Au nanoring can generate strong TH emission in the optical range. The
anapole mode supported by the dielectric core, boosted by the plasmonic resonance of the
surrounding metal nanoparticle, produced high electric field enhancement within the Si
nanostructure. As a result, the TH conversion efficiency was found to drastically improve
due to the coupling between the individual components that define the hybrid structure,
reaching values of up to 0.007%. We have also shown that the optimum emission
wavelength can be tuned from the blue to the red region of the visible spectrum by
suitably adapting the nanosystem geometrical dimensions. Combining plasmonic
nanostructures with resonant high-index dielectric nanoparticles to enhance their field
confinement capabilities presents as a key concept for the realization of highly efficient

nonlinear optical systems at nanometer scales.
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Chapter 8

Conclusion and outlook

8.1. Conclusion

In this thesis, a variety of high refractive index dielectric nanostructures have been
studied to achieve efficient and tuneable control of electromagnetic waves in nanometer
scale. High-index dielectric nanostructures can potentially compensate plasmonic
nanostructures by overcoming their drawbacks, thanks to the excitation of both the
electric and magnetic resonances without considerable energy losses. However, we still
need to improve the performance of dielectric nanostructures in terms of efficiency,
tunability and directionality for prospective future applications.

The work here has been carried out to address these issues and to extend the
applications of high-index dielectric nanostructures. The first results chapter (Chapter 4)
explored asymmetric high-index dielectric dimers to obtain highly efficient unidirectional
forward scattering by fulfilling the first Kerker condition. Theoretical and numerical
approach to analyze the optical responses of dielectric dimers verified that precise tuning
of the geometric parameters of the dielectric dimers can attain the satisfaction of the first
Kerker condition at the peak of electric and magnetic dipolar resonances. This led to the
interference between the two dipoles, giving rise to the pursued unidirectional forward
scattering with high scattering efficiency. The highly efficient unidirectional forward
scattering was later experimentally demonstrated using a dark field optical spectroscopy
which was designed to observe the forward and backward scattering from single
nanoantennas. Chapter 5 focused on obtaining a control to switch between high
transmission and reflection of metasurfaces formed by arrays of high-index dielectric
dimers by just changing the linear polarization state of incident light. Mode hybridization
of the high-index dielectric dimer can be altered by changing the linear incident
polarization due to the coupling between electric and magnetic dipoles excited in the
dimer. The hybridization resulted in spectral overlap and separation between the electric
and magnetic modes, which are preferable for high transmission and reflection,

respectively, when metasurfaces of periodic dielectric dimer arrays were formed. The
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experimental demonstration of switching between high transmission and reflection was
carried out using a metasurface of Si dimer arrays fabricated on a sapphire substrate and
FTIR measurement setup. In Chapter 6, an extension of the directional control of
scattering light by dielectric nanoantennas was demonstrated. This time, light was
directed to the left and right side of the incident direction and parallel to the substrate.
Asymmetric Si dimes were shown to have the capability of routing light scattering
direction depending on the excitation wavelength. This is due to the interference between
either electric or magnetic dipoles excited perpendicular to the dimer axis. The tuneable
directional light scattering propagating along the substrate was confirmed experimentally
with a back focal plane technique combined with prism coupling. The excited evanescent
wave propagates along the substrate, exciting the asymmetric Si dimer on a silica
substrate which scatters light in the left or right direction depending on the wavelength.
The scattered light was monitored with a high numerical aperture objective, presenting
scattering patterns on the back focal plane. A tuneable excitation of other Si dimers
located at a certain distance from the source one, acting as targets, was also theoretically
demonstrated, which could be applied for optical nanocircutry. Finally, in Chapter 7, high
efficiency of THG in nanometer scale was attained with hybrid metal — dielectric
nanoantennas. Resonances of a metal nanoring and high-index dielectric nanodisk can be
strongly coupled, leading to the excitation of an enhanced anapole mode. The anapole
mode in the hybrid structures amplified the electric field inside the dielectric nanodisk,
which has a large third order susceptibility due to the generalized Miller’s rule. The high
field enhancement can generate highly efficient TH signal due to its cubic dependence on
the field amplitude. The high efficiency of THG was experimentally verified using the Au
— Si hybrid nanostructures, which were analyzed by a nonlinear optical measurement
setup using a fs-pulsed laser. The maximum TH efficiency of the hybrid nanostructure
reached 0.007 %, which is, to the best of our knowledge, the highest efficiency of THG in
nanometer scale. Furthermore, this highly efficient THG is tuneable throughout the
visible light regime by changing the dimensions of the structures.

Before presenting some concluding remarks, possible applications, where the optical
effects that were revealed in this thesis could be of valuable help in a close future are
described next:

Solar cells and light emitting optical devices showing high efficiency
Highly efficient unidirectional forward scattering demonstrated in Chapter 3 could

enhance the efficiency of some optical devices. One example is a Si solar cell, which
has the problem of high Fresnel reflection at the interface with air. High-index
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dielectric nanoresonator were already reported to be able to perform the function of

. . . 2
anti-reflection units'”"'72

. To improve the ability of dielectric nanoantennas for
anti-reflection, the asymmetric dielectric dimers showing more efficient unidirectional
forward scattering could be a potential candidate. Also, light emitting devices, such as
light emitting diodes, often suffer from the reduction in efficiency because of the

Fresnel reflection and total reflection at the interface with air'”®

. Our asymmetric dimer
again could be a solution to circumvent the considerable reflection by scattering light

only in the forward direction with high efficiency.

Spectroscopic or sensing applications for heat-degradable samples

The directional control of light scattering from dielectric dimers demonstrated in
Chapters 4 and 6 could be used for spectroscopic or sensing applications, especially for
samples which are heat-sensitive. For example, proteins are in general degraded or
denatured when exposed to excessive heat, which could be generated by LSPRs. On
the other hand, dielectric dimers have been studied as low loss nanoantennas to
enhance the spectroscopic and sensing efficiency without causing undesirable heat. To
further boost the sensitivity, directional scattering could be employed, as reported by
previous studies using bimetallic plasmonic nanoantennas’*'®”'”*, Sensitivity of the
applications could be enhanced by placing the detector in the scattering direction in the
case of unidirectional scattering, or by tracing the ratio between the signal captured by
two detectors in the case of tuneable scattering.

Tuneable optical nanocomponents to realize all-optical logical devices

Chapters 5 and 6 presented the tuneability of light propagation direction;
metasurfaces that can switch from high transmission to reflection, and optical
nanoantennas that are able to tune the light scattering direction into the left or right
side. These nanostructures could be the constituent unit cells in all-optical logical
devices such as optical nanocircuitry'®'2. In these devices, the active manipulation of
light is required at nanometer scale, even below the Abbe’s diffraction limit. The
tuneable control of light propagation direction demonstrated in this work, which can be
attained simply by changing the polarization or wavelength of excitation without
substantial energy losses, could be one of key functions to realize the all-optical logical
devices.

Efficient up-conversion nanosystems
The major problem to employ nonlinear optical effects in nanometer scale is
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certainly the efficiency. The work shown in Chapter 7 revealed a new methodology by
employing hybrid metal — dielectric nanostructures to drastically enhance the
efficiency in nanosystems, and it could be a breakthrough for the achievement of
practical nonlinear up-conversion nanosystems. This could be used in various

applications, such as bio-imaging''?, 13

114,115

drug delivery light energy harvesting

devices and sensors' ™. However, the realization of these future applications still

may require further efficiency improvement.

Thus, dielectric nanostructures for the control of electromagnetic waves studied in
this work could provide key elements, efficiency and tuneability, to the development of
novel optical nanodevices, and hence, could boost the research in nanophotonics for

practical applications.

8.2. Outlook

Our work has presented various dielectric nanostructures showing intriguing optical
effects. Nevertheless, we still need to further explore the optical response of other
dielectric nanostructures, based on the work here. Besides the demonstration of some
immediate applications as shown above, following is a list of possible ideas to be

explored in the near future.

Highly efficient unidirectional backward scattering by fulfilling the second
Kerker condition

In some cases, backward scattering is preferable rather than forward scattering
(e.g., spectroscopic technique using a microscope would prefer backward scattering as
only one objective is required.). The highly efficient unidirectional backward
scattering would be more challenging than the unidirectional forward scattering for
two reasons. First, as discussed in Chapter 2.3, zero forward scattering cannot be
achieved because of the causality principle, reducing the selectivity of scattering
towards backward direction’"”’>. Second, the peak separation between electric and
magnetic dipoles is preferable for unidirectional backward scattering, making it
difficult to use the peak of the two dipolar resonances”>"*, A possible solution is to use

21,132

a bit complex structures, such as dielectric V-shape nanoantennas , to utilize not

only dipolar resonances but also higher-order resonances. The interference including
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higher order modes has more parameters to be tuned than the interference of only
dipolar resonances, suggesting a potential achievement of the Kerker-type

unidirectional backward scattering with high efficiency.

Polarization tuning of directional scattering from dielectric nanoantennas

Chapter 6 of the thesis has demonstrated the wavelength tuning of directional
scattering from high-index dielectric nanoantennas in the optical regime. However, full
color control into each direction would be preferred for practical displaying devices.
Besides wavelengths, polarization states of incident light could be an alternative
consideration to regulate the direction of scattering light from dielectric

7
nanoantennas' *+'7'77

. Due to the ability to excite electric and magnetic dipolar
resonances orthogonally, the incident polarization determines which dipole would
mainly contribute to the direction of light scattering, as discussed in Chapter 6. This
exchange between the excited dipoles responsible for directional scattering could result
in tuneable light scattering in either left or right direction, depending on the incident

polarization, enabling the use of full color throughout the visible light wavelength.

Further investigation of hybrid nanostructures for highly efficient THG

The concept of using both the resonances of plasmonic and high-index dielectric
nanoantennas was successfully demonstrated for THG in nanometer scale with high
efficiency. We may still be able to improve the efficiency further by investigating
hybrid nanostrucutres at a greater depth. Both of metallic and high-index dielectric
materials can be substituted for other ones. For instance, Ag may be an alternative for
Au due to its low absorption in visible light region, possibly reducing the energy losses
at the TH wavelength.. Also, Si could be replaced by Ge, which has been reported to
exhibit high TH efficiency even with a single nanoscale object due to its large
refractive index and third order susceptibili(y“‘“, Furthermore, another study revealed
that THG from a high-index dielectric nanoantenna has a directionality by a factor of
up to twenty*®. By considering the directionality, the efficiency of THG from hybrid
nanostructures could be increased.

Hetero structures having resonances at the frequency of 3w and o for efficient
THG

To date, most of studies of THG from dielectric nanoantennas have focused on the
electric field enhancement at the fundamental frequency . However, the resonant

mode of dielectric nanoantennas at the TH frequency 3w could affect the performance
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of THG. For example, if dielectric nanoantennas have a radiative resonance at the TH
frequency, the generated TH field could be coupled to that radiative mode, increasing
the efficiency of TH emission. We could fabricate ring-disk structures in which the
ring and disk have a resonance at the fundamental and TH frequency, respectively, to
investigate whether the radiative characteristics at TH frequency affect the efficiency
of THG.
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Appendix

Al. Lewin theory

The effective permittivity and permeability of a medium loaded with resonant
nanoparticles can be deduced by calculating the scattered filed from the nanoparticles.
Here we revisit a theory'"' providing the effective permittivity and permeability, which is
called Lewin’s theory.

Let us assume that the electromagnetic field propagates in a homogeneous medium
along the +z direction and is polarized along the x direction. The propagating field
impinges on the interface (z = 0) with the same medium but embedding resonant
nanoparticles. The electromagnetic field into the region with the nanoparticles, which has

the effective permittivity £ and permeability x, can be calculated as follows'”".

Eye = (1+1)Eqexp(—ikozy[en) (A2.1)
Hy, = —(1+ 1) JenEoexp(—ikoz/ep) (A2.2)

where E, is the incident electric field, ko is the wavenumber in vacuum, and r is the
reflection coefficient.

H_

€ &
r=—-—-
[ =
\/;+ &

& and p, are the permittivity and permeability of the medium. Thus, the values of the

(A2.3)

effective permittivity & and permeability x4 can be obtained by calculating the propagation
constant ko+/eu in the medium with nanoparticles and the reflection coefficient r.

Next, we consider the scattered field from a nanoparticle embedded in the medium.
When the particle is small enough compared to the excitation wavelength, only the first
scattering terms, which correspond the scattered field from electric and magnetic dipoles,
need to be retained. The scattering coefficients are calculated as follows'”".
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where a is the radius of the particle, and &, and u, are the effective permittivity and
permeability of the resonating nanoparticle. These effective optical constants are

calculated by'"!

& _ My _ 2(sinf — O cos 6)

—_— A2.6
& Hp (62—1)sin0+6cosh ( )
6 = koa,/eu, (A2.7)

where &, and u, are the permittivity and permeability of the material of the nanoparticle.

The scattered electromagnetic fields at z = z, are given by'("

p— & [0

Exs=a [E(Zo)S ¥2¢, <6x2 +ko £1141)

L ko) (A2.8)

1 exp (—ikoTo

lkuMH(Zu)M 2u az To Vék
—H (0
Hys=a [H(Zo)# T2 <0y + ko 51!‘-1)
(A2.9)

K
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& + 26,0z )

The transmitted field at (x, y, z) = (o, yo, Zo) can be retained by summing the scattered
electric field from all the nanoparticles and the incident field. The distance from each
nanoparticle to the point at (x, y, z) = (xo, Y, z) can be calculated as

Ry = \/(ls —x0)? 4+ (ms — yo)? + (ns — zy)? (s is the lattice constant of the particle
101

array). The total transmitted field can be described in the following equation
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Mathematical manipulations can simplify the eq. (A2.8) as follows'""

&
E(zo) = Eoexp(—ikozo\[e11ty 3?E(Zn)m
2im a3j‘ ko Zeu E( )
s 4 . i e
koverp s° 0 & Bl & +2$1 (A2.11)
-y 0
+lk0#1H(Y)” T2 ay}eXp( ikoly

- Zo|\/ 51#1) dy

where y = ns, and there is a similar equation for H(z,). The solution of these equations
presents the transmitted electromagnetic field, from which we can derive the propagation
constant and reflection coefficient. Finally, the effective permittivity and permeability of
the medium loaded with nanoparticles are achieved in the following equations.

el 3f
e=a| 1t oo — (A2.12)
& — & -f
= 1+ 3f A2.13
H= Mp+2H1,f (A2.13)
Hp — M1
4 a3
f=372 (A2.14)

where f'is the ratio between the particles and the total volume of the mixture. Figure A.1
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shows the effective permittivity and permeability of air embedding Si nanoparticles. The
optical constants are obtained from ref'”® and, for simplicity, only the real value is
considered. The radius of the nanoparticle and the lattice constant are set to 80 nm and
180 nm, respectively. The dispersive peaks are obtained at A =520 nm and 650 nm in the
effective permittivity and permeability. Furthermore, at X = 500 — 520 nm and 600 — 650
nm, either the effective permittivity or permeability is negative, and the other is positive.
This condition of single negative constant can give rise to the high reflection at the
interface, as detailed in Chapter 2.4. Note that the wavelengths of the dispersive peaks
correspond to those of the electric and magnetic dipolar resonances of a Si nanoparticle,
as shown in Figure 2.2. This implies that the dispersive peaks observed with the effective
constants would be de rive from the electric and magnetic dipolar resonances of the

constituting nanoparticles.
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Figure A.1. The effective permittivity and permeability of air embedding Si calculated by Lewin’s

theory.

A2. Multipole theory for nanoantennas

Given the scattered electric field E; is known in the medium surrounding the
scattering particles, the multipole coefficients ar(/,m) and ay(/,m) can be calculated from
the distribution of the scattered electric field on any spherical surface that encloses the

scatterer.

(=i)*kr
ag(l,m) = T
RO (k) By [ (2L + DI + D]z

(A2.15)
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(A2.16)

where k is the wavenumber in the surrounding medium, 4" is the spherical Hankel

functions of the first kind, £y is the incident electric field amplitude, Y is the scalar

spherical harmonics, E and H; are the scattered electric and magnetic fields.

Next, we consider the displacement current inside the particle. The displacement

current related to the light scattering can be defined as follows.

Js(r) = —iweole(r) — &m]Es(r)

(A2.17)

where ¢y, is the relatve permittivity of the surrounding medium. Inserting eq. (A2.17) into

Maxwell equations provide the following equations.
in
VB =~ V()

V-Hy(r) = 0

VXE,(r) = —iknH,(r)
ik
VxH,(r) = 7;Es(r) +J5(r)

From eq. (A2.18) — (A2.21), we can derive the scalar wave equations

d
@+ kD) By()] = —ikr J,(0) = i (2 + 72 17-1,0)]
(V2 + k3 [r- Hg(0)] = r+ [Vx]s(r)]
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(A2.18)

(A2.19)

(A2.20)

(A2.21)

(A2.22)

(A2.23)



The multipole coefficients can be calculated by solving the eq. (A2.22) and (A2.23).

ag(l,m)

_n\l+1g,2
= M[ exp(—im¢) {[‘Pl(kr)Jr‘l’l"(kr)]P{"(cos O)u,

B+ D (A2.24)
Wk
30+ D e 0y 1400 — i@ ls(r)]}d3r
_ )12 Oim
autm) = SO [ o imgjhrim @ 1,00
Eolm(2l + 1]z (A2.25)
+Tim(0)uy ']s(r)]
_ 1 20+1 (- m))"?
Oy = [+ D)2 [ 4 (L+m) (A2.26)
d
Tym = EP{"(COS 6) (A2.27)
T = %le(cos 9) (A2.28)

where W((kr) = krj(kr) is the Riccati-Bessel functions and P/ is the associated Legendre
polynomials. Note that the eq. (A2.24) and (A2.25) calculate the multipole coefficients, as
well as eq. (A2.15) and (A2.16), but only by the electric field inside the particles.
Meanwhile, the induced current inside the particle can be also calculated using point
electric current elements'”. Let us assume a wire (length L) carrying a time-harmonic
electric current (complex amplitude I), which can be considered as a point current

element.

J1(r) = IL&(r) (A2.29)
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An oscillating point electric dipole can be assigned to this current element.

Next we treat two point elements where the two currents oscillate in opposite
directions. An element of current +I is set at the distance of s/2 in the positive x direction,
while the other element of a current -I is set at the same distance but in the negative x
direction. This second order element can be deduced from the first one by applying an

operator ¢.

J2(r) = ¢(u)]2(r) (A2.30)
s(u) = —s% (A2.31)

¢ can be defined also in the y and z directions. Any order element of point current can be
obtained by sequentially applying the operator ¢ to the lowest order point element.
The amplitudes of the point current elements can be described by the /th-order

current multipole moments.
MO =—" [j@rr..radr (A232)
(-Dw

The multipoles of the orders 1 = 1,2 and 3 correspond to a dipole (M = p), quadrupole
(M@ = Q) and octupole (M® = 0) moments, respectively.

The current density in the multipole expansion can be then written in the Cartesian
coordinates by repeatedly applying the operator ¢.

-1 l-a-1

J(r) = sz Z Z z M®(u,,a,b)u,
=T ) (A233)
(_1) (l — 1)! de db dl—(a+b+1)
alb!'[l — (a+ b + 1)] dx® dy? dz!-(a+b+1)

8(r)

where M" is the element corresponding to a multipole which can be calculated by
applying the operator ¢ a times in the direction of x, b times in the direction of y, and
I-(a+b+1) times in the direction of z. In order to recreate the coefficients ar(/,m) and
a(l,m) with M, we need to solve the equations of electromagnetic fields by the current
described by eq (A2.33). Then a vector potential A is assumed in the following equation.
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H(@) = 1 VXA(T) (A2.34)
Ho

This vector A satisfies the wave equation
(V2 + kDA = —pol(r) (A233)

in which the vector A and the current J are correlated. The electric field can be calculated
using the vector A by solving the following equation.

E@®) = —iw {A(r) + %\7[\7 . A(r)]} (A2.36)

Inserting the eq. (A2.36) into (A2.15) and (A2.16) provides the multipole coefficients
described by the vector A which can be calculated by the current J. This current J can be
deduced by the multipole elements MO, Finally, we arrive at the multipole coefficients

obtained by the multipole elements as follows.

ag(3,%3) = VI5C;[#(Osux — Oryy — 20y,)

+ i(oyyy = Oyax — Zoxxy)] (4237
ag(3,42) = VI0C;[—20x, + Oyyy — Opx + Oy (4238)
+ (204, + 20y, + 20,4,)]

ag(3,+1) = C3[F(30xx + Oryy — 405,, + 20, — 80,,,) (4239)

+i(30yyy + Oyxrx — 40y, + 204y — 80,,,)]
ag(3,0) = 2V3C3[204, + 20y, — 20,,, + Oypy + Oy, | (A2.40)
ag(2,+2) = 3C[Qux — Qyy F i(Qxy + Q)] (A2.41)
ap(2,£1) = 3C,[Fi(Qur + Qu) + i(Qyz + 0sy)] (A2.42)
a5(2,0) = V6C2[2Q,; — Qux — Qyy) (A2.43)
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ag(1,£1) = C,[Fp, + ipy]
+ 7C3[2(Oxxx + 205yy + 20557 — Oy — Oyp) (A2.44)
= i(0yyy + 20yxx + 2015y — Oxxy — Oz)]

ag(1,0) = V2C,p, + 7V2C5[0rx, + 205y, — 0, — 20,4, — 205y, (A245)

ay(2,£2) = 7Ca[£(=Opxz + Oy + O — Ozy)

+i(O4yz + Oy — 20,)] (A2.46)

ou(ED = 753,[_0"” + Oxzz + Oyyx = Opax (A2.47)
Fi(=0yxx + Oyzz + Oy = 0,)]

am(2,0) = 7V6iC5[0,y, — 0y:] 4248)

(L £D) = SC[~0us + Qux Fi(~0y: + 0] (A249)

an(1,0) = 5V2iC[—Quy + Q] (A250)

where C) = -ik*/(67cEo), Cy = -k*/(60mcEp) and C = -ik*/(210meEo).

The obtained multipole coefficients can be used to identify the current excitations in
the scattering nanoparticles. Special attention would be paid in the three electric dipoe
coefficients ap(1,+£1) and ag(1,0). An octupole current distribution can be found to
produce electromagnetic field indistinguishable from the one created by an electric dipole.
If you consider an octupole of O = Oy + O,y - 20:x - 20.,,, this current distribution
generates exactly the same scattered field as a dipole moment p = 2| O [Ku.. The vector

potential of this octupole can be described in the following equation.

A(r) = l e

d
2) M A2.51
Y 20 (V +uk )h,] (kr) ( )

dz

where the second term is precisely the same as the one of the dipole moment above. The
first term does not contribute to the radiated field, as this is the gradient of a scholar
function.

This multipole theory can explain the origin of an anapole mode, which is described
in Chapter 2.5 and used in Chapter 7. When a toroidal moment, which is one of octupole

moments, destructively interfere with an electric dipolar moment with the same amplitude,
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the total scattered field could vanish and the energy can be concentrated in the

nanoparticle.
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