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Abstract

Integrated nano-optics and nano-photonics have been very hot topics in the last two
decades, and they play very important roles in telecommunications, optical inter-
connectors, integrated sensing devices, just to name a few. Traditionally, integrated
photonic crystals, Mach Zehnder waveguides interferometers, ring resonators, grat-
ings are the key elements for integrated photonic circuits, however, they are bulky
and there is a room to decrease further the functional areas to make more compact
integrated photonic devices. Due to their ability to confine light in sub-wavelength
volumes plasmonic nanoparticles and nanoantennas can serve as a fundamental link
between electronic and photonic circuits, as they can bridge large size mismatch be-
tween the electronic and optical wave function. Thus, plasmonic elements can be
utilized to increase the integration density and performance of active and passive
photonic devices, as well as to include new functionalities and concepts for photonic
chips. Therefore, our goal is to design subwavelength functional areas by utilizing
plasmonic meta atoms to manipulate both farfield and localized light and integrate
these plasmonic functional areas into dielectric optical waveguides. However, plas-
monic materials suffer from their intrinsic absorption. All-dielectric nanoantennas,
on the other hand, exhibit high radiation efficiencies, but the lower field confinement
and enhancement which also reduce coupling efficiencies.

Therefore, this thesis is mainly focused on exploiting the novel applications in
integrated photonic devices based on applying the advantages of plasmonic and di-
electric nanoantennas, respectively. The topics include the integration of plasmonic
nanoantennas on silicon waveguides, such as the spectral band splitting by using a
single Fano nanoantenna, and polarization demultiplexing by utilizing a dragon fly
shape nanoantenna. Furthermore, this thesis also contains hybrid and all dielectric
metasurfaces in localized light manipulating, biosensing, and opto-mechanics appli-
cations.
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Chapter 1

Introduction

1.1 Thesis Statement and Motivation

Our data and information hungry world has driven the immense progress in the
semiconductor electronics industry and we have witnessed a continuous progress to-
wards smaller, faster and more efficient electronic devices over the last five decades.
Device scaling has also brought about countless challenges. Currently, two of the
most daunting problems preventing significant increases in processor speed are ther-
mal and RCL delay-time issues associated with electronic transceivers [1]. Optical
interconnects, on the other hand, possess an almost unimaginably large data carry-
ing capacity and may offer interesting new solutions for circumventing these prob-
lems [2]. Optical alternatives may be particularly attractive for future chips with
more distributed architectures in which a multitude of fast electronic computing
units need to be connected by high speed links. Therefore, silicon photonics has
been considered to be the next generation of data transmitting interface both for
on-and off-chip’s solutions. People design light source, modulators, detectors, and
demultiplexers based on silicon photonics platform. [Fig. L1 (a),(b),(c)].

“This future 3D-integated chip consists of several layers connected with each other with
very dense and small pitch interlayer vias. The lower layer is a processor itself with many
hundreds of individual cores. Memory layer (or layers) are bonded on top to provide fast
access to local caches. On top of the stack is the Photonic layer with many thousands of indi-
vidual optical devices (modulators, detectors, switches) as well as analogue electrical circuits
(amplifiers, drivers, latches, etc.). The key role of a photonic layer is not only to provide point-
to-point broad bandwidth optical link between different cores and/or the off-chip traffic, but
also to route this traffic with an array of nanophotonic switches. Hence it is named Intra-chip
optical network (ICON)” , IBM press release.
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Figure 1.1: (a) IBM’s multilayer chip. It uses light instead of electrical signals to trans-
fer information. Thus it allows large volumes of data to be moved fast (25Gbps per
channel) between computer chips in servers, large data-centers, and supercomputers
via pulses of light. (b) Cross-sectional view of an IBM Silicon Nanophotonics chip
combining optical and electrical circuits. (c) Cross-sectional SEM view of a 90nm
CINP metal stack with Ge PD embedded into the front-end. Zoomed-in image of a
photodetector is shown on top left. Optical microscope top-down image is shown on
the low left [3]. (d) Sketch of an integrated nanophotonics polarization beamsplit-
ter [4]. (e) A silicon wavelength demultiplexer that splits 1300 nm and 1550 nm light
from an input waveguide into two output waveguides [5]. (f) Utilizing discrete nano-
antennas, we can direct different colors or polarizations of light between waveguides,
so as to control the complex traffic of optical information. (g) Ultra-compact wave-
length demultiplexer waveguide coupler with a single nano-antenna [6]. (h) Scheme
of a waveguide-integrated plasmonic nanoantenna for mode-selective polarisation
(de-)multiplexing. The device couples light of orthogonal polarisations into different
directions and modes of the underlying silicon waveguide.

Unfortunately, their implementation is hampered by the large size mismatch be-
tween electronic and dielectric photonic components. Dielectric photonic devices are
limited in size by the fundamental laws of diffraction to about half an effective wave-
length of light, and tend to be at least one or two orders of magnitude larger than
their nanoscale electronic counterparts, even the latest publications of polarization
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beam splitter [4] [Fig. 1.1l (d)] and wavelength demultiplexer [5] [Fig. L.l (e)] claimed
the smallest (micron size). This obvious size mismatch between electronic and pho-
tonic components presents a major challenge for interfacing these technologies. It
thus appears that further progress will require the development of a radically new
solution that can bridge the gap between the world of nanoscale electronics and mi-
croscale dielectric photonics. In contrast to conventional large-scale optical dielectric
photonics which are difficult to miniaturize, plasmonics nanoantennas [7] provide a
superb opportunity that can shrink the functional area into nanometer regime thanks
to its light confinement capability. In addition plasmonic nanoantennas provide a
promising pathway towards a range of advanced light manipulation functionalities,
such as directional scattering, polarization conversion, and fluorescence enhance-
ment. Therefore, in the new generation of data processing and transmitting tech-
nology, the role of nanoantennas [Fig. [L.1] (f)] can be a nanometer-size light router.
Each nanoantenna can be used as signal splitters that can pass different informations
from one waveguide channel into a different layer of orthogonal optical channels
for the further data processing, such as nano wavelength demultiplexer (Fig. [T/ (g),
Chapter 2] and [3) and nano polarization demultiplexer (Fig. [L.1l (h), Chapter 4). In
this way, the future’s processing and transceiver chips can not only remain its com-
pact size with multilayer design but also apply ultra-wide bandwidth and low loss
photonics signal channels.

Moreover, plasmonic nanoantennas can also be tailored to provide a link between
localized optical near-fields and propagating optical far-fields, allowing for strong
enhancement of light-matter interaction processes such as spontaneous emission and
quantum light source enhancement. However, they suffer from their intrinsic ab-
sorption. All-dielectric nanoantennas, on the other hand, exhibit high radiation ef-
ficiencies, but the lower field confinement and enhancement also reduce coupling
efficiencies. Hybrid metal-dielectric nanoantennas composed of plasmonic feed ele-
ments and dielectric director elements provide a combination of the advantages for
both plasmonic and all-dielectric nanoantennas. Hence, they may offer large Purcell
enhancements for the localized quantum light source and highly directional radia-
tion patterns while preserving high radiation efficiencies at the same time. This is
essentially crucial for manipulating quantum light in nanometer scale for quantum
computing and quantum information technology, which has a promising potential
to dramatically speed-up in information and data processing rate as comparing to
the fastest current electronic computers. Furthermore, this hybrid design may also
benefit the bio-sensing and bio-detection field, as the plasmonic feed elements can
enhance the marked fluorophores and the dielectric directors can pass photolumi-
nescent information efficiently to the direction of the detectors. We will discuss it
in Chapter [5| on the design, fabrication and characterization of hybrid nanoantennas
array, or hybrid metasurfaces.

Furthermore, in the current world, a lot of brilliant physics ideas still have huge
gaps to the practical applications, and most of them are majorly due to the low
efficiency of devices, such as nonlinear optics applications, quantum information
technology, negative index metamaterials and so on. Therefore, more and more
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researchers are eager to discover high efficient approaches, which can provide bright
opportunities to increase devices’ performances. Luckily, all dielectric metasurfaces
has been reported close to unity efficiency and such metasurfaces are ideal candidates
for high quality factors and low damping devices. In chapter[6l we will discuss our all
dielectric metasurface solutions for high sensitivity bio-sensing, and low-power drive
opto-mechanics applications. Briefly, we designed a dielectric metasurface based on
non-parallel coupled electric dipoles made from amorphous silicon material, and
this metasurface can provide very narrow resonance linewidth (sub-nanometer scale,
we can achieve 5 nm linewidth experimentally due to the fabrication imperfections).
Such high Q and high efficiency system can provide high sensitivity and high figure
of merit bio-sensors, as well as low power optical dynamic spatial modulation, and
dynamic polarization manipulation.

All in all, this thesis includes integrated optical devices for communication, quan-
tum information technology, bio-sensing, opto-mechanics with the most compact and
efficient solutions.

1.2 Nanoantennas

1.2.1 A brief history and background (radio wave to optical antennas)

aaaaaaa

Figure 1.2: (a) Marconi station at Poldhu, Cornwall, England in 1905. The four
wooden towers support a network of wires which converge to a point just above the
transmitting and receiving buildings between the towers. (b) A scene at St. John’s,
Newfoundland, showing Senatore Marconi’s arrangement for using a kite to support
the antenna which he used in his first experiments. (c) Google map showing St.
John’s and Cornwall.

In 1831, Michael Faraday presented the first experiment on electromagnetic in-
duction by sliding a magnet around the coils (loop antenna) of a wire attached to a
galvanometer, and this experiment gave birth to the first antenna which receives the
electromagnetic radiation detected by the galvanometer. However, the electromag-
netic waves had not been considered at that time until 1865, James Clerk Maxwell
brought electricity, magnetism, and light as manifestations of the same phenomenon,
which gives the classical theory of electromagnetic radiation [15,16]. In 1886, Hein-
rich Rudolph Hertz demonstrated the first wireless electromagnetic communication
system. He used a coil-driven spark gap and one-meter wire pair as a radiator.
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Figure 1.3: (a) An aluminium nano-antenna at the end face of an aperture near-
field fibre probe, and a spatial fluorescence map achieved by scanning a with ran-
domly placed isolated single fluorescent molecules [8]. (b) Scheme of the plasmonic
nanoparticle array laser and the emission spectra with different pump pulse ener-
gies and polarizations [9]. (c) An Scanning electron microscopy (SEM) image of an
open-sleeve dipole antenna detector and its measured photocurrent responses with
two orthogonal polarizations [10]. (d) An SEM image of five-element Yagi-Uda an-
tenna with quantum dot by the feed element, and its radiation pattern, which shows
highly directional scattering of emitted light [11]. (e) The sketch of detection of the
thermal radiation scanning tunnelling microscope (TRSTM) signal and TRSTM image
recorded simultaneously at 170 °C, showing the infrared near-field thermal emission
scattered by the tip [12]. (f) A palladium and a gold nanoparticles can sense the hy-
drogen efficiently with the resonance shift of the gold antenna that can be optically
detected [13]. (g) Gold resonant antennas on an n-type silicon substrate that can
make more compact, wavelength-selected, polarization-specific photodetectors [14].
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Capacity spheres were present at the ends for circuit resonance adjustments. The
receiver was a simple half-wave dipole antenna. In 1901, Guglielmo Marconi was
sending information over large distance from Cornwall, England to St. John’s New-
foundland (now part of Canada). He used several vertical wires attached to the
ground as a transmitting antenna [Fig. .2 (a)]. Across the Atlantic Ocean, the receiv-
ing antenna was a 200 meter wire held up by a kite [Fig. [.2] (b)] [17]. This was the
dawn of the antenna and the wireless telecommunication era. From the inception of
Marconi’s demonstration, antennas and telecommunication continuously flourished.
Yagi-Uda antenna was invented in 1926, Horn antenna in 1939, phased array an-
tenna and parabolic reflectors in 1940s, microstrip antennas in 1970s and inverted
F-antenna used in the mobile phone market in 1980s.

Nowadays, radiowave or microwave antennas are considered to be an indispens-
able and mature technology in communication and detection fields. To push an-
tennas theory and its applications into optical frequency regime, more and more
people from optics, plasmonics and nano-technology fields are getting involved into
this unprecedented new area- optical antenna, or nanoantenna. The history of opti-
cal antenna is accompanied with the near-field optics [18-20], which started with
nano-particles, dating back to almost a century ago. However, optical antennas
research started to flourish just two decades ago due to the fast development of
nano-fabrication technology. As this field has been developing very fast, it diverged
into many different sub-fields, such as optical antennas for nano-imaging and spec-
troscopy [8,21-23]|[Fig. [1.3| (a)], nano-lasing [9,24][Fig. [L.3] (b)], enhanced light-matter
interaction [10,25][Fig. (c)], localized light manipulation [11}26]27][Fig. [L.3] (d)],
energy harvesting [12,28-30][Fig. (e)], sensing [13,131}132][Fig. (D], advanced
photovoltaic devices [33], information and detection technology [14)}34][Fig. [L.3] (g)
and so on.

Moreover, plasmonic nanoparticles and nanoantennas have proven to provide
unprecedented opportunities to control and guide light at the nanoscale [35-37]. Due
to their unique ability to confine and enhance light to subwavelength volumes, they
provide the basis for the development of novel types of solar cells, photo detectors,
imaging devices, advanced plasmonic sensors, and nanolasers [36}38]. Plasmonic
nanoantennas have also opened up an effective way of manipulating and directing
light from localized photon sources and quantum emitters [11,37,[39] via near-field
interactions providing directed emission of light from localized light sources [11}/40~
45]. Furthermore, plasmonic nanoantennas can provide an efficient way to couple
light from free space into plasmonic [27,146/47] or dielectric [48}/49] waveguides and
vice versa. Thus, they can serve as a new type of waveguide coupler for optical chips.
Unlike traditional optics, in nano-optics field, the amplitude, phase and polarizations
of light can be manipulated within sub-wavelength scale, and nano-antennas are
the vital players in this promising field which can tremendously shrink the devices’
sizes compared to the traditional ones. Therefore, nano-optics creates a precious
opportunity that allows people to understand, master and manipulate the nano-
world. This technology can potentially help medicine science, gene engineering,
brain study, computer chip, energy storage and so on.
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1.2.2 Fundamentals of Nanoantennas

Nanoantennas are antennas for optical wavelength which cover visible to infrared
frequency spectrum. Generally, they are used for manipulating light in nanome-
ter scale, such as controlling a localized light source, coupling light into nanometer
waveguides and enhancing active materials” photoluminescence. All of these appli-
cations are working with nanoantennas’ resonances, therefore, the resonance system
is fundamentally necessary to be understood in the first place and the very basic
model is a general oscillation. This system describes well in important parame-
ters for nanoantennas and nanoparticles, such as resonance characteristics, scattering
properties and radiation patterns.

1.2.2.1 General Oscillations — the Lorentz Model

If a simple spring oscillator is undriven and undamped, the forces governing the
motion of the mass are only Newton’s second law and Hooke’s law

Newton’s second law: F = mi;

Hooke's law: F = —kx

where, F is the force, m is the object mass, and k is the hooke’s factor. Putting both
together, we obtain the equation for the object’s displacement with respect to time
from the equilibrium position

m¥ = —kx (1.1)

k
The solution to this equation is sinusoidal function with frequency wy = pt This is

a natural frequency or fundamental frequency of an undamped spring-like oscillator.
To make it more general, a normal oscillation system should include a driving force
and a damping force. A typical type of damping is linearly proportional to the
velocity of the mass — Fjyuping = —m7y%. Any kind of force can be a driving force.
Combining Newton’s second law, damping factor, Hooke’s law and a driving force,
we can have the Lorentz equation

mx + myx + maJ?jx = Firiving (1.2)

We assume that the position and the driving force are time-harmonic varying, and
the solution of this equation is
F driving/ m

X=—F——"—— (1.3)

2 2 _
wg — w* —iyw

If v # 0, the proportionality factor between x and Fjiving is complex, hence, the
displacement and driving force are not in phase generally. In order to study phase
difference, we write displacement X:AeZ@(Fdriving /m), where the amplitude A and
phase © are
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If we differentiate the amplitude equation of (L.4), we can achieve the largest
amplitude for the driving frequency or the damping frequency [50]

WDF = \/w%—'yz/Z (15)

red shifted from the natural frequency of the oscillator by an amount determined by
the damping 7.

1.2.2.2 Lorentz Model for Nanoantennas

A dipole antenna is the simplest structure of the antenna family. Now, we take a gold
nanorod for example. The rod diameter is 40 nm, and the length is 160 nm. A linearly
polarized plane wave Ej,., whose electric field is along the antenna axis, excites
the rod antenna [see Fig.[1.4(a)], and the antenna radiates (scatters) electromagnetic
fields. This oscillation system can be described by Eq.(L2) [50,51], where the mass
m is the effective mass of the conduction electrons in the particle, the displacement
x is the plasmon amplitude, and mw3 corresponds to the electromagnetic restoring
force originating from the displacement of the conduction electrons, <y is the damping
factor due to electron collisions, and driving force now is from the plane wave. In
addition, this system can also be described by a dipole antenna equivalent circuit
[Fig. L.4b)]. Therefore, we can have the differential equation in terms of circuit
current i

d?i(t) Rdi(t) 1., w

This is also a Lorentz differential equation description of nanoantenna system with
a different perspective.

We use CST Microwave Studio to simulate gold rod nanoantennas’ characteristics,
which is a 3D electromagnetic simulation software utilizing the frequency domain
solver. We monitor the local electric field amplitude and phase of the rod antenna by
inserting a probe at the center of the nanorod antenna, [see Fig. [.4(c)]. The results
indicates that the electric field of nanorod antenna can be well fitted by the Lorentz
model [Eq.[L.4]]. The phase analysis is particularly important for directional radiation
(scattering) with nanoantenna, and we will discuss it specifically in chapter 2 and
chapter 3 in different cases.
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Figure 1.4: (a) A gold rod nanoantenna with its scattered farfield pattern and its
collective excitation mode as an electric dipole oscillation. (b) Antenna’s equivalent
R L C circuit. (c) The electric field amplitude and phase of the nanorod antenna. (d)
Radiation cross section and absorption cross section of the nanorod.

1.2.2.3 Cross Sections of Nanoantennas

In order to study nanoantenna’s radiation (scattering), absorption abilities, and how
nanoantennas react with external electromagnetic fields, here, we introduce the scat-
tering, absorption and extinction cross sections [52]. Extinction is the attenuation of
an electromagnetic wave by scattering and absorption as it travels through particles.
Therefore,

Cext = Cubs + Csca(md)' (1.7)

where C,y; is the Extinction Cross Section, Cgps is the Absorption Cross Section, and
Cica(rad) is the Scattering Cross Section (or Radiation Cross Section). Fig.[L4(d) presents
the absorption and radiation cross section of the rod antenna, and both of them show
the resonance frequency of the antenna, which are simulated by CST Microwave Stu-
dio. Because the cross sections are related to power rather than field, cross section’s
lineshape [Fig. [.4(d)] is squared by the field lineshape [Fig. 1.4(c)]. Scattering (Radi-
ation) of electromagnetic waves is related to the heterogeneity of the system. A gold
nano particle in vacuum, for instance, is illuminated by an electromagnetic plane
wave, and electric charges in the nanorod is set into oscillation which radiates elec-
tromagnetic energy in all directions. Moreover, the excited charges in nanorod may
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transfer part of the incident electromagnetic energy into other forms, thermal energy,
for example, and this process is absorption.

1.2.2.4 Radiation Pattern and Directivity

The radiated power (the square of the magnitude of the electric or magnetic field) in
the farfield region is represented as a function of the directional coordinates, named
the Radiation Pattern [17][see Fig.[L.4(a), a rod antenna with its radiation pattern at
resonant frequency].

T 27
| [ pl.gsintagdo = P (1.8)

where p(6,¢) is the angular power density. Directivity [17] of an antenna defined
as the ratio of the radiation intensity in a given direction from the antenna to the
radiation intensity averaged over all directions.

where p(0, ¢) is radiation intensity (W /unit solid angle), P, is radiation intensity of
isotropic source (W /unit solid angle), and P,,; is total radiated power (W).

1.2.2.5 Babinet’s Principle of Complementary Screens

(b) Complementary dipole

(a) Screen with opening

Figure 1.5: Equivalent radiators according to Babinet’s principle. (a) Opening on a
screen and (b) its complementary dipole.

In antenna design’s perspective, sometimes, it is very useful and convenient to
apply Babinet’s principle. Babinet’s principle [17,/53,54] claims that when the field
behind a screen with an opening is added to the field of a complementary structure,
the sum is equal to the field when there is no screen (see Fig[L.5). Suppose a screen
and its complement are immersed in a medium with an intrinsic impedance # and
have terminal impedances of Z; and Z,, respectively, the impedances are related by

(1.10)

2

Ui
2/, = —.
STy
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The farfields radiated by the opening on the screen (Egs, Egs, Hgs, Hys) are related to
the farfields of the complement (Eq., Egc, Hoc, Hpc)

E E
Egs = Hoe, Egs = Hpe, Hps = ——, Hpe= ——o (1.11)
Ul Mo

where 7 is the impedance of vacuum. The Babinet principle will help the design
of a compact Fano nanoantennas, which we will discuss in more details in chapter 2
and chapter 3.

1.3 Nanoantenna Array — Metasurfaces and Metamaterials
In the previous section (Chapter [[.2), we discussed about nanoantennas, and in

this section, we will expand single nanoantenna to infinite two dimensional arrays—
Metasurfaces.

1.3.1 Two dimensional expansion of identical nanoantennas

Figure 1.6: Planar regular array of small electrically or magnetically polarizable par-
ticles. The array extends to infinity along x and y axes.

Metasurface is generally formed by a two-dimensional periodical subwavelength
array of small identical particles (nanoantennas) [55H58] [Fig. [L.6]. Suppose they are
electrically polarizable unit cells. Let the grid have square cells of the size axa and be
excited by incident electric field E;,. of plane wave. If we want to know the reflection
and transmission coefficients, we have to calculate the dipole moment of the unit
cells. The key problem now is the calculation of the field acting on every particle, the
local field, which is the sum of the incident field E;;,. and the field induced by all other
neighbor cells E;,;—interaction field. We can calculate the interaction field numerically,
summing up the fields of the dipoles in the array. An appropriate limit can be taken
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as the grid contains infinitely amount of particles. Here, we introduce a circle of
radius R around one of the particles [Fig.[L.7] and calculate

Ejole = 2E, (1.12)

summing up the fields created at the origin by all the dipoles sitting inside the circle

toa b/
<>

Ia

t t

Individual Scatterers

ORI

Homogenized current sheet

Figure 1.7: Calculation of the local field: individual dipoles near the reference particle
and a homogenized current sheet far from the reference particle. Electric dipole
moments of small particles are shown by the small arrows. the reference dipole at
the center has been removed.

of radius R except the reference dipole located at the origin. In the next step, we
increase the radius R until the result converges. Actually, the wave field of dipoles at
distance R behaves as 1/R, but the number of dipoles located at distance R increases
proportionally to R. Assume small losses in space, and the wave number k has a
small negative imaginary part, and split the interaction field into two parts: the field
of the dipoles inside the circle of radius R and field of the dipoles located outside
this circle. The calculation of the second part can be simplified if we assume that
we can replace the discrete set of dipoles by an averaged continuous distribution of
polarization, which makes sense for large R. This is because from a large enough
distance the reference dipole cannot "see" the individual dipoles but rather feels the
tield of the averaged polarization. Thus

Ejoc = Eine + Espeer + Enole (1-13)

where Eg,,.; is the field of a current sheet with a hole of radius R. The sum of the two
last parts gives the interaction field

Eint = Esheet + Ehole = ,BP (114)

where p is the dipole moment of one inclusion, B is the array interaction constant. In
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addition, the book Ref. [58] gives a detailed description on the interaction constant
and its relation to the hole radius R [Fig. [L.7]. It concludes that the interaction field
in infinite arrays is determined by a few nearest inclusions and R=a/1.438.

In general, the electromagnetic properties of a single electrically small scatterer

can be modeled with the help of polarizability dyadics [57]
Ejoc

MR
m Rme  Bnm Hj,,

(1.15)

where p and m are the electric and magnetic dipole moments that are induced by
the local fields E;,. and Hy,. at the location of the small particle. If you think general
metasurface, the array period is smaller than the free space wavelength, so that no
higher-order propagating waves are created. The effect of the array on the local field

[((LI3), (L14)] can be modelled with the interaction constant [58,59]

Eoe = Eiet+ E_@ P (1.16)
H,e = Hiyc+pm-m (1.17)
where
5 @m0 g L g 0€0M0WY w7
'Be Re[ ]4[12 (1 + ]kR)e ]It +][ 67T 2[12 ]It (118)
Bu = % (1.19)
0

where k = w,/€pjip is the free space wave number, 1790 = \/Ho/€p is the free space
wave impedance, R=a/1.438, I; is the tangential unit dyadic, ny is the unit vector

normal to the array plane [Fig.[1.6], and Re[z] is the real part of z.

In order to study the reflection and transmission from an array, one has to solve
the induced dipole moments. This time, we use the effective polarizabilities that

relate the induced dipole moments to the incident field
i ] . |:Einc]

{p] _ |:_5Cee &em
m Rme  Bym Hi,c

(1.20)

The effective polarizabilities can be obtained by substituting the local fields in Eq.

from Eq. and Eq.[[.17 and finding the dipole moments as functions of E;,. and
H;,.. The result for the effective polarizabilities are functions of the polarizabilities
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of an individual particle and the interaction constants j.

Eee = <Tt - E‘ee : Be - E‘em : Bm . (Tt __Emm . Em)il) . Efme : Be)il (1-21)
'(‘iee + &em : ,Bm : (1=t - ‘imm ',Bm)_l=me)
T 1

g‘em = <Tt - Eee 'Ee - E‘em Em ' (Tt - Emm ' Em)il) ' E‘me 'Be)i (1-22)
(Bem + Zem * B+ (It — Boum - Bn) ™ Boum)

Bome = (It — Bonm - B — Bome - Be - (It — Bee - Be) ™) - Bem - ) " (1.23)
(Rme + Xpme 'Be : (Tt — Ree - Be>_15‘%)

Emm = (1=t — Rnm Bm — Qe * Be ’ (Tt — Ree - 56)71) Mo 'erl (1.24)

(Emm + E‘me : Be : (Tt - 5‘@@ . ,Be)_laem)

In the incident plane wave, the electric and magnetic fields are related and the

1 -
induced dipole moments (L.20) with H;,. = —— - J; - E;;,. can be written as
1o

= 1= =
P = <5‘ee - %&em ’ ]t) “ Eine (1.25)

lg‘mm : t) : Einc (1-26)
To
where ]=t =ng X I; is the transverse rotation dyadic.

The above polarizability dyadics are very general case for isotropic media. How-
ever, many metasurfaces are based on non-chiral, symmetric inclusions, such as nan-
odisk structures. In this case, the polarizabilities have no cross terms, and just have its
electric and magnetic components. In addition, each meta-cell is one nanoantenna,
therefore we model the polarizabilities using the conventional Lorentz dispersion
model near the resonance [Eq.[1.3], adequately describes electric and magnetic dipo-
lar response of small inclusions of arbitrary nature

A
Roe = - wze_ o (1.27)
Am

O e (1.28)

where v, and 7, are the loss factors of the electric and magnetic modes of the unit
cell, respectively. A, and A,, are the amplitude coefficients.

The induced dipole moments (1.25) and (1.26) correspond to averaged electric
and magnetic current sheets with the surface current densities J, = (jwp)/a? and
J,, = (jwm)/a? that radiate plane waves into free space. The reflected field is the
sum of the fields radiated by these surface currents
jw

Br=oal

7op — no X m) (1.29)

Similarly, the transmitted field is the sum of the incident field and the fields caused
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by the array
W
E; = E;, — ﬁ - [nop + np X m] (1.30)

Combining Equations (L.25), (1.26), (1.29) and (1.30), we can have the Reflectance
and Transmittance expressions:

R = (EEf )2 (1.31)
T= (L)
= ( . ) (1.32)

Moreover, the phase control in term of transmission and reflection can also be
achieved

Or = tan*l(i) (1.33)
Einc

Qr = mn—l(i) (1.34)
Einc

1.3.2 Collective Oscillation System — Electromagnetic Response of Mate-
rials and Metamaterials

In the previous section, we showed that arrays of dipoles behave as a two-dimensional
metasurface with an effective response, such as transmittance and reflectance. Next,
we present a simplified effective oscillator response which is useful for describ-
ing the effective material parameters for homogeneous materials, including three-
dimensional metamaterials.

1.3.2.1 Optical Dielectric Response — Lorentz Model

Think about a dielectric medium with an external light excitation. The induced
dipole moment p of an oscillator is ex which produced by one electron displacing
from its atom-core of its dielectric material, if 7 is the number of oscillators per unit
volume and e is the electron charge, the polarization P = nex. According to Eq.(L.3)
with Fyjping = €E, we have

(,L)Z
4
C(JO — W —1yw

[ 102

ne

where the plasma frequency is w, = v The dielectric function is
0

w2
e=1l+x=1+—F—F—— (1.36)
Wy — w* —1yw
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with real and imaginary parts

2 2 2
' r_ wP(wO —w )
€ = 1+x =1+ o (1.37)
w2 w
e = x'= Py (1.38)

o (w% — w?)2 + 42?2

where y is the electric susceptibility. The above dielectric functions are well described
for light-matter interactions, which is based on each individual dipole moment p or
polarizability. Suppose we have three dimensional nanoantennas array, which lattice
constant is much smaller than the wavelength. This three-dimensional nanoantenna
arrays can mimic the collective polarizability as a whole, as such, we can engineer
materials dielectric function, in terms of its permittivity and permeability. This is the
concept of Metamaterials. Generally, metamaterials are formed by either dielectric or
metal unit-cells depending on different functionalities. The Lorentz model describes
well the dielectric material, while the Drude model is suitable for metals.

1.3.2.2 Optical Metal Response — Drude Model

The optical properties of metals can be explained by a plasma model [60] — a collective
motion of the free electron gas against a fixed background of positive ion cores. The
electrons oscillate in response to the applied electromagnetic field, and their motion
is damped via collisions occurring with a characteristic collision frequency v = 1/7.
T is the relaxation time of the free electron gas. The optical response of a collection of
free electrons can be achieved from the Lorentz oscillator model [Eq. (1.2)] without
Hooke’s springs (F = kx). Therefore, we can have Drude Model

mX + myx = —eE (1.39)
in this case, the macroscopic polarization is given by

w2
P=—nex=———"—¢E (1.40)
w*= + 17w
therefore, we can have the dispersion of dielectric function for metal

2

“p

TPt (14D
with real and imaginary parts

2

/ “p
=1- 55— 1.42
¢ w? 42 (1.42)

2
w

o= T (1.43)
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1.3.3 Introduction and Background of Metasurfaces and Metamaterials
1.3.3.1 Metamaterials

Metamaterials [61] are artificially designed with meta-atoms or meta-molecules that
are much smaller than the wavelength being considered for manipulating electro-
magnetic waves in different ways. As a material, the electromagnetic response is
determined by the permittivity e and permeability y [62]. These two parameters de-
scribe the electromagnetic wave and matter interaction, with two important values-
refractive index n = ,/p¢, and impedance Z = \/ﬂ, which are the macroscopic
parameters. Fig. (c) presents the relation between different types of materials
and its permittivity and permeability with their real parts. Conventional transparent
materials are in the first quadrant, which has both positive values of ¢ and y, such
as air, water, crystals and semiconductors. A negative value of &(y) means that the
vector of the induced electric(magnetic) field inside the material points at the oppo-
site direction to the incident field. Noble metals are good examples representing the
materials in the second quadrant with positive u but negative . A very rare example
of negative u was discovered in ferromagnetic medium near a resonance [63]. All
in all, metamaterial research is to innovate and explore the electromagnetic parame-
ter space [Fig. [L.8 (c)]. In other words, people in this field create artificial materials
which do not violate the Maxwell’s equation but expand region of the parameter
space which the conventional media cannot reach.

The earliest metamaterials to our knowledge would be the Lycurgus Cup [Fig.[L.8
(a)], the Roman glass challis dating back to 4th century AD. The glass with metallic
nano particles [Fig. [1.8 (b)] embedded [65], appears green when viewed in reflected
light but red with light transmitted through the glass [64,[71]. At that time, peo-
ple applied metamaterials in art pieces, but didn’t fully understand the physics be-
hind this phenomenon. The research on metamaterials started to be blossomed since
1990s, when J. B. Pendry et al proposed the periodic thin wires can work as a low
frequency plasma with a negative value of effective permittivity [72], and periodic
double split ring resonators can provide strong magnetic resonances which cause a
negative value of effective permeability [Fig[l.8(e)] [67]. Following Pendry’s predic-
tion, in 2000, D. R. Smith et al experimentally demonstrated a composite medium
exhibits a frequency region in the microwave regime with simultaneously negative
values of effective permeability and permittivity [Fig[L.8(f)] [68]. Right after the suc-
cessful experimental work, at the same year, Pendry’s theoretical work on perfect
lens [Fig[l.8(g)] [69] represented the very first try to fill the gap of a novel concept
of metamatrials and its exciting applications. Five years later, the first experiment
paper on the "perfect lens" was published [Fig[L.8(h)] [70]. Conspicuously, the field
of metamaterials originated from the negative refraction medium, which was the-
oretically predicted by Veselago dating back in 1968. Veselago’s proposal [66] has
several interesting phenomena, such as reversed Doppler effect, reversed Cerenkov
radiation, reversed Goos-Hiinchen shift, and left-handed lens[Fig. (d)]. In order
to reach the negative refraction in optical frequency, a bunch of approaches have
been introduced, such as coupled cut-wires [73], fishnet structure [74-77], and coax-
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Figure 1.8: (a) Lycurgus Cup viewed with reflected light (left), and with transmit-
ted light (right) (British Museum; AD fourth century) [64]. (b) A TEM image of a
metallic particle in the glass of the Lycurgus cup [65]. (c) The coordinate system
for permittivity and permeability [61]. (d) Veselago’s prediction in reversed Doppler
effect, reversed Cerenkov radiation, and left-handed lens [66]. (e) Pendry’s work on
negative effective permeability [67] (f) The first demonstration of a negative index
metamaterial by D. R. Smith et al [68]. (g) The perfect lens proposed by J. B. Pendry,
that made of negative materials [69]. (h) The first experimental demonstration of
superlens with a thin slab of silver [70].
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ial waveguide arrays [78[79]. Nowadays, metamaterials study has been expended far
beyond negative refraction, and it has emerged into other research directions, such
as optical magnetism [73,[80H82], artificial chirality [83-87], nonlinear optical meta-
materials [88-91], super resolution imaging with metamaterials [70,92-98], and elec-
tromagnetic cloaks of invisibility [99-103], and so on. Moreover, modern research on
metamaterials is continuously making revolutions in different fields, including opti-
cal sensing, quantum photonics, miniature phase array antenna, novel waveguides,
nano-scale photolithography and photonic circuits.

1.3.3.2 Metasurfaces

Those demanding practical applications require solid design and fabrication support
to make them meaningful. Although nano fabrication technology has been devel-
oped fast during last two decades, there are still a lot of limitations for real three di-
mensional metamaterials [111]. Hence, currently, more and more works are focused
on thin layer metasurfaces [112,113], which are generally formed by a two-dimensional
periodical subwavelength arrays of small particles. Such metasurfaces can provide a
variety of unprecedented advancement compared to the traditional optical devices,
such as lenses, waveplates and holograms. The conventional optical components
root on gradually phase change accumulated during light propagating in the bulk
medium to shape light beams. In contrast to this, metasurfaces can provide abrupt
amplitude, phase and polarization change within the scale of a wavelength. In 2011,
N. Yu et al experimentally demonstrated light phase shifted when passing through a
50 nm thin metasurface. By changing the angle of each v-shape meta-atoms, the light
phase can be changed accordingly and locally, therefore it paves an innovative way to
manipulate the beam shape and wave front. [Fig.[L.9](a)] [104]. Applying the similar
design, in 2012, N. Yu et al experimentally presented a high efficient quarter-wave
plate which can cover a broadband wavelength range by a thin layer of metasurface
[Fig. (b)] [105]. In the same year, S. Sun et al designed a microwave metasurface
that can couple free space electromagnetic waves into propagating waves and sur-
face waves on metasurface [Fig. (c)] [106]. In general, a thin layer metasurface
spans a lot of practical and applicable fields such as functional hologram genera-
tion [Fig. (d)] [107]; vortex beam generation and beam control [Fig. (e)] [108]
which is very useful in optical communications, LADAR (laser detection and rang-
ing) system, optical tweezers, optical trapping and laser beam shaping; ultra-compact
metalens [Fig. ()] [98]; Polarisation splitter based on metasurface spin Hall effect
[Fig. ()] [109]. Above metasurfaces” functionalities are extremely attractive to
currently innovative technology applications, especially those related to integrated
optics and photonics that can dramatically shrink the size of the device and make
the products look smarter and more portable, such as compact optics in virtual real-
ity (VR), augmented reality (AR) and mixed reality (MR) devices [Fig. (h) [114]].

Furthermore, metasurfaces provide prospective solutions to current cutting edge
technology research areas, such as quantum dot light enhancement and manipula-
tion [39,[115] [Fig. (a)], two-dimensional materials photoluminescence enhance-
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Figure 1.9: (a) Abrupt light phase shifts in the optical path with 50 nm thick metasur-
face [104]. (b) Metasurface quarter-wave plates can generate high quality circularly
polarized light over a broad wavelength range [105]. (c) Metasurface can couple
free space planewave to surface wave [106]. (d) Spatially and spectrally shape light
tields, and simultaneously contol the amplitude and phase of the transmitted fields
by metasurface and this technique can be applied to the holographic imaging [107].
(e) Metasurface composed of dipolar antenna array that can generate an optical vor-
tex beam [108]. (f) Visible-range metalenses with high efficiency and high resolu-
tion [98]. (g) A strong photonic spin Hall effect with large splitting of polarized light
at metasurface [109]. (h) Virtual reality headset and smart contact lenses [110].
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Figure 1.10: (a) Hybridyzing semiconductor quantum dots with plasmonic meta-
materials leads to a multifold intensity increase and narrowing of their photolumi-
nescence spectrum [115].(b) Plasmonic metasurfaces give a significant enhancement
(65%) of the photoluminescence intensity, clear evidence that the optical properties of
the MoS, monolayer are strongly influenced by the nanoantenna surface plasmons,
which also rise the local temperature [116]. (c) Hyperbolic metamaterials as an opti-
cal sensor which offers significant opportunities in the field of medical research and
clinical diagnostics, particularly for the detection of small numbers of molecules in
highly diluted solutions [117]. (d) Dielectric photonic metamaterial presented a giant
nonlinear optical response driven by resonant optomechanical forces [118]. (e) Sili-
con metasurface at telecommunication wavelengths that can control the wavefront of
optical beams with near-unity transmittance efficiency and close to 0-27t phase cover-
age [119]. (f) High efficiency polarization-insensitive holographic Huygens” metasur-
face based on dielectric resonant meta-atoms capable of complex wavefront control
at telecommunication wavelengths [120].
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ment and temperature control [116] [Fig. (b)], and high sensitivity bio-sensors
that can assist medical research and clinical diagnostics [117] [Fig. (0)]. Those
metasurfaces are majorly made from noble metals for localized field enhancement
and the hyperbolic metamaterials mechanisms. However, for traditional optics, such
as lenses and waveplates, it is better to have low loss media with high transparency
for the phase and polarization control. In addition, opto-mechanical force systems
normally need high quality factor and low energy dissipation as well. Therefore,
all dielectric metasurfaces are getting more and more popular in recent years. Such
platform can support a giant nonlinear optical response driven by resonant opto-
mechanical forces [118] [Fig. (d)], near-unity transmission efficiency wavefront
control with 0-27t phase coverage [119][Fig. (e)], and highly efficient holographic
metasurfaces [120][Fig. H].

1.4 Thesis Outline

Chapter 2 gives an introduction on the directional scattering with Lorentz reso-
nance dipole’s phase analysis. In addition, we explain how Fano resonance helps
bi-directional scattering which can route light in opposite directions for two dif-
ferent operation wavelengths. We utilize a Fano resonance to tailor the radiation
phases of a gold nanodisk and a nanoslit that is inscribed into the nanodisk to re-
alize bidirectional scattering. At last, we show the simulation results that this Fano
nanoantenna operates as a bidirectional waveguide coupler at telecommunication
wavelengths and, thus, is suitable for integrated wavelength-selective light demulti-
plexing.

Chapter 3 will continue the previous chapter to present the experimental realiza-
tion of an ultra-compact plasmonic spectral-band demultiplexer integrated onto an
silicon waveguide that couples two wavelength-encoded optical signals in the O and
the C band in opposite directions. In addition a ring grating was used for mapping
the nanoantenna’s directivities at 1550 nm and 1310 nm wavelength, respectively.

In chapter 4 we introduce and investigate directional, polarization-, and mode-
selective onchip nanoantennas merged with a silicon rib waveguide. We demonstrate
that these nanoantennas can separate polarization-encoded optical signals by cou-
pling different polarizations of light vertically to different waveguide modes propa-
gating into opposite directions. As the central result of this work, we then show the
suitability of this concept for the control of optical signals modulated at a frequency
of 10 GHz without measurable signal degradation. Our results demonstrate that
waveguide-integrated nanoantennas have the potential to be used as ultra-compact
polarization- and mode-demultiplexing on-chip devices in high-bit-rate telecommu-
nication applications.

In chapter B we study functional hybrid nanoantenna array consisting of metal-
dielectric nanoantennas that direct light from an incident plane wave or from lo-
calized light sources into a preferential direction. The directionality is obtained by
carefully balancing the multipolar contributions to the scattering response from the
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constituents of the nanoantenna array. The hybrid nanoantennas are composed of a
plasmonic gold nanorod acting as a feed element and a silicon nanodisk acting as a
director element. In order to experimentally realize this design, we have developed
a two-step electron-beam lithography process in combination with a precision align-
ment step. The optical response of the fabricated sample is measured and reveals
distinct signatures of coupling between the plasmonic and the dielectric nanoantenna
elements that ultimately leads to unidirectional radiation of light.

In Chapter [6], we introduce all dielectric metasurfaces that in opto-mechanics and
bio-sensing applications.

For opto-mechanics, we investigate a metamaterial where the structural symme-
try can be broken by optical forces, giving strong modulation of electromagnetic
properties. Since symmetry sets fundamental bounds on the optical response, break-
ing it controls the metamaterial properties over the entire resonant frequency band.
This can be achieved by a polarized pump beam, exerting scattering forces which are
not constrained by structural symmetry. We illustrate this concept by introducing a
planar metasurface composed of zig-zag chains of dipole meta-atoms, and find that
a highly asymmetric force exists for appropriate incident polarization. The effect is
employed to transform a planar achiral metasurface into a stereoscopic chiral struc-
ture. Importantly, the handedness of the induced chirality can be actively switched
to opposite by changing incident polarization. The proposed concept can be em-
ployed to achieve dynamic spatial control of metamaterials at infrared and optical
frequencies.

For bio-sensing metasurfaces, we demonstrated the results from the real-time
microfluidic bioassay measurements. We performed a protein/antibody binding ex-
periment using protein A/G and antibody IgG on functionalized sensor chips. We
investigated different amounts of IgG and were able to detect concentrations down
to 5 ng/mL, which is competitive with current biosensor designs based on plas-
monic nanoholes and even surface plasmon resonance (SPR). In addition, the high
light transmission and sharp resonances (5 nm linewidth) of the metasurface make
measurements in our setup straightforward and lead to high signal-to-noise ratios.
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Chapter 2

Directional scattering and Fano
resonances

In this chapter we will introduce the concept of the uni-directional scattering by
dipoles interference model. In addition, we will discuss how Fano resonance makes
bidirectional scattering. Combining these analysis, we designed a compact single-
element Fano nanoantenna that allows for directional coupling of light in opposite
directions of a high-index dielectric waveguide for two different operation wave-
lengths. We utilize a Fano resonance to tailor the radiation phases of a gold nanodisk
and a nanoslit that is inscribed into the nanodisk to realize bidirectional scattering.
We show that this Fano nanoantenna operates as a bidirectional waveguide cou-
pler at telecommunication wavelengths and, thus, is ideally suitable for integrated
wavelength-selective light demultiplexing.

2.1 Introduction

2.1.1  Nanoantennas and light manipulation

Directional farfield scattering by plasmonic nanoantennas is achieved by detuning
the resonance wavelengths of two or more antenna elements and, thereby, adjusting
their relative phase differences in the radiation fields. This results in constructive
interference of radiation in one direction and destructive interference in the other
direction. Since the sign of the relative phase difference between the antenna ele-
ments usually does not change with the wavelength of the incident light, most of
the plasmonic nanoantennas investigated to date are designed for directional scat-
tering of the incident light at one operation wavelength and into one direction only
[11},27,46-49,121-124]. However, in order to increase optical data-communication
speed and bandwidth it is essential to provide nanoantennas with multi-frequency
operation [125] that allow to increase information density by parallel encoding of
information at different operation wavelengths (multiplexing). In such a scheme
wavelength-selective bidirectional nanoantenna-waveguide coupling to separate in-
formation encoded in the wavelength is an essential device for on-chip light demul-
tiplexing. To realize bidirectional nanoantennas, however, a strong relative phase
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difference with opposite signs has to be realized.

2.1.2 Fano resonance and bidirectional light scatting

One promising way of achieving this goal is the use of Fano resonances [126}127]
where the constructive and destructive inference of two resonances with very differ-
ent radiation characteristics provide positive and negative relative radiation phases
in a given wavelength range.

(a) Discrete state Mixing Continuum Fano resonance
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Figure 2.1: (a) Adapted from [127]. Illustration of the Fano formula as a super-
position of the Lorentzian line shape of the discrete level with a flat continuous
background. (b) Adapted from [126]. Mie scattering against a solid metallic sphere.
Radar back scattering (RBS; red) and forward scattering (FS; blue) cross-sections ver-
sus normalized frequency w/w,.

Fano resonance is caused by the interference of a discrete autoionized state with
a continuum gives rise to characteristically asymmetric peaks in excitation spectra
[128]. The Fano resonance lineshape of a scattering cross section can be defined [127]

_ (e+9)?
=1 @1)
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where € is a reduced energy q is the asymmetry parameter as a ratio of the transition
probabilities to the mixed state and to the continuum (Fig. 2.1(a)). This asymmetric
resonance can provide bidirectional scattering according to the analytical simulations
(Fig.2.1kb)). Fano resonances in plasmonic nanostructures have already been found
to support bidirectional radiation of light from localized quantum emitters [40,42//43],
however, studies of bidirectional scattering for farfield excitation are, so far, limited
to the directional excitation of surface-plasmon polaritons [27,46,47] or the use of
the interband transitions of bi-metallic dimers which are all connected with
large losses [27,/46}[129] or are not scalable with regard to their operation frequency
[129]. Furthermore, a bidirectional nanoantenna design providing the functionality
of a bidirectional waveguide coupler for wavelength demultiplexing has not been
presented to date.

2.2 Results and discussion

Figure 2.2: (a) Artist view of the bidirectional Fano nanoantenna. The incident broad-
band light (depicted in yellow) is scattered in opposite directions (k. (A1), kr(ARr))
for different wavelengths (A1, red and Ar green). (b) Dipole scheme showing the
interference conditions for bidirectional scattering with ky (A) and kgr(Ag).

Here, we present a compact single-particle Fano nanoantenna that shows the ca-
pability of simultaneously directing light of two different wavelengths in opposite
directions for broadband farfield excitation in free space [see Fig.[2.2(a)]. We demon-
strate that this Fano antenna can be integrated onto a high-index dielectric waveguide
and can be utilized as a bidirectional waveguide coupler for wavelength demultiplex-
ing. In order to achieve bidirectionality, we effectively merge a rod-shaped aperture
antenna and a circular patch antenna into one compact subwavelength nanoparti-
cle. We utilize the interference of the radiation from those two elements that can
be regarded as two electric dipoles with very different resonance widths in order to
achieve wavelength-selective bidirectional scattering [Fig. 2.2(b)]. The first electric-
dipole resonance with a broad linewidth is obtained from a gold nanodisk with a
diameter of d = 400nm and a thickness of i = 30nm. To realize the second electric-
dipole resonance with approximately the same resonance frequency but a narrow
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linewidth (as required for the formation of a Fano resonance) we inscribe a 15-nm-
wide and 120-nm-long nanoslit in x direction [see Fig. 2.3(a)] and displace it by
s = 100nm from the center of the gold nanodisk. To intuitively understand how
the Fano-antenna characteristics shown in Fig. 2.3(a) give rise to bidirectional scat-
tering for different operation wavelengths, we describe the two elements of the Fano
antenna (the nanodisk and the nanoslit) as two electric dipoles (P, and P;) oriented
in y direction, one positioned at the nanodisk center and the other at the center of
the nanoslit [see inset Fig. 2.3(a)]. The radiation characteristics are then governed
by the response of the two (ideal) dipole sources with equal amplitudes P, = ¢
and P, = ¢, where a, and &, represent the phases of the respective dipole radia-
tion [see Fig. 2.2(b)]. Furthermore, the relative displacement s = 100nm of the two
dipoles with respect to each other introduces a retardation phase factor a;. In order
to achieve scattering to the left (—x direction), the conditions o, = (a, — ) + a5 = 0°
(constructive interference to the left) and ag = —(a, — ;) + a5 = 180° (destructive
interference to the right) have to be fulfilled. Likewise, for scattering to the right
(+x direction), a; = (a; — ap) + a5 = 180° (destructive interference to the left) and
ag = —(a; —ap) + a5 = 0° (constructive interference to the right) have to be valid.
While one of these two conditions, corresponding to unidirectional scattering only,
can be met quite easily, fulfilling both conditions at the same time is impossible for
the ideal case of bidirectional scattering with infinite front-to-back ratio (zero back
scattering) since this implies that Aa = a; —a, = +90° and a5 = 90° have to be
fulfilled simultaneously. However, if one allows non-zero backscattering (|Ax| = as),
bidirectional scattering with a maximized front-to-back ratio can be achieved.

In order to investigate the radiation properties of the actual Fano antenna shown
in Fig. 2.3(a), we perform numerical calculations using finite-integral frequency-
domain simulations (CST Microwave Studio). First we excite the Fano antenna that is
suspended in air with a linearly-polarized plane wave incident from the top and cal-
culate the normalized scattering cross section. Figure[2.3(a) shows that the scattering
cross section is characterized by a broad resonance with a pronounced maximum at
1100 nm wavelength and a resonance minimum at 800 nm wavelength. To identify the
origin of the Fano resonance in our nanoantenna design, we analyze the constituent
elements of the antenna, namely the gold nanodisk and the nanoslit, separately. For
a single gold nanodisk [Fig. 2.3[b)] with a diameter of d = 400nm and a thickness
of h = 30nm we find a broad resonance with a pronounced peak at about 1070 nm
wavelength in the scattering cross section [solid line in Fig. 2.3(b)]. This peak can
clearly be identified as the main resonance found for the Fano antenna shown in
Fig.2.3(a). To evaluate the phase of the scattered field, we position an electric-field
probe in the nearfield of the nanodisk and extract the phase delay. Notably, the large
resonance width of the nanodisk is connected with a weak phase dispersion.

Inspired by Babinet’s principle [Chapter [17], we investigate the scattering
properties of the complementary structure — a single gold nanorod with the same
dimensions [Fig. 2.3(c)], in order to analyze the optical response of the nanoslit.
According to Babinet’s principle, the radiation pattern of the nanoslit is identical
in shape to that of a nanorod except that electric and magnetic fields are inter-
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Figure 2.3: (a) Normalized scattering cross section (blue curve) and the phase differ-
ence between the single nanorod and the nanodisk (black dashed curve). The inset
shows the Fano antenna design. The two arrows indicate the dipoles P, and P, rep-
resenting the nanoslit and the nanodisk, respectively. At 702nm (phase difference of
+47 degrees) and at 808 nm (phase difference of —45 degrees) bidirectional scatter-
ing occurs. (b) Normalized scattering cross section (blue curve) and phase spectrum
(black dashed curve) of a single gold nanodisk with a diameter 400 nm and a thick-
ness 30nm. (c) Normalized scattering cross section (blue curve) and phase spectrum
(black dashed curve) of a gold nanorod with a length of 120nm, a width of 15nm
and 30nm thickness.

changed [17,[130]. In order to describe the response of the nanoslit that is excited
by an incident electric field perpendicular to the slit by its complementary structure,
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a nanorod, the orientation of the nanorod has to be parallel to the polarization of
the incident light. Thus, we calculate the response of a gold nanorod with the same
dimensions as the nanoslit in the final nanoantenna design but with perpendicu-
lar orientation [see Fig. 2.3(c)]. Notably, since Babinet’s principle is not exact for
(lossy) optical metals, the nanoslit resonance is slightly blueshifted and spectrally
broadened as compared to the nanorod resonance, however, these small deviations
do only marginally affect the results obtained from the dipole model. We find that
the nanorod shows a resonance (scattering peak) at 800 nm wavelength that can be
linked to the resonance of the nanoslit. Furthermore, the nanorod resonance is rela-
tively narrowband in comparison to the resonance of the nanodisk. This is connected
with a strong phase dispersion in the scattered field at 800 nm wavelength. The in-
terference of the radiation of the nanodisk and the nanoslit in the final nanoantenna
design ultimately leads to a Fano resonance in the scattering cross section at 800 nm
wavelength as can be seen in Fig. 2.3(a). Furthermore, the Fano resonance results in
a relative phase difference Aa of the scattered field of the nanodisk and the comple-
mentary nanoslit that is positive for wavelengths smaller than approximately 790 nm
and negative for wavelengths above this value [dashed line in Fig. 2.3(a)]. Specifi-
cally, we obtain Ax = a; — &, = —45° at 808 nm wavelength and Aw = a, — oy, = +47°
at 702nm wavelength for our actual Fano antenna design. Because of the fixed dis-
placement of the two dipoles s = 100 nm at 808 nm wavelength, the retardation phase
is fixed to a5 ~ 45°. As a result, we expect our Fano antenna to support scattering
to the right at 702 nm wavelength and to the left at 808 nm wavelength for excitation
with a y polarized wave propagating in —z direction [Fig. 2.2(a)].

To verify the bidirectional scattering of our Fano antenna we now calculate the
radar cross sections RCSg in +x direction and RCS; in —x direction and plot the
corresponding (black and red) curves in Fig.[2.4(a). Clearly at 702 nm wavelength, the
right scattering cross section (RCSg) is maximized while the left scattering (RCSy) is
minimal and vice versa at 808 nm wavelength. Furthermore, the side scattering ratios
SSRr = RCSg/RCSy and SSR; = RCS;/RCSg as depicted in Fig. 2.4(b) exceed 17
for both scattering directions. The calculated directivity of the Fano antenna in +x
(at 702nm) and —x (at 808 nm) direction is 2.4 and 2.8, respectively.

In the next step, we integrate the bidirectional Fano antenna onto a chalcogenide-
glass waveguide to couple light with different wavelengths into opposite waveguide
directions. We excite the antenna that is immersed in a droplet of index-matching
liquid with the y-polarized mode of a tapered optical fibre (core diameter of 1 ym)
from the top [see Fig. 2.5(a,b)]. The waveguide width is 600 nm, height is 580 nm,
and the refractive index of the chalcogenide glass is 2.65. The refractive index of the
glass substrate, the index-matching liquid, and the glass fibre is 1.45. To quantify
the amount of light coupled into the waveguide in +x and —x direction we monitor
the energy flow at the faces at each end of the waveguide. We then calculate the
direction-dependent coupling efficiencies, i.e., the power flow through each of the
faces normalized to the incident power flow from the fibre port. In doing so we ob-
tain the spectrally-resolved coupling efficiencies 71 and 5r for the left and the right
wavguide face [Fig. 2.5(c)]. For the Fano antenna integrated onto a chalcogenide
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Figure 2.4: (a) Radar cross section RCSg for scattering to the right (+x direc-
tion) and RCS; for scattering to the left (—x direction). (b) Side scattering ratios
SSRr = RCSgr/RCS; (black dashed curve) and SSR; = RCS;/RCSy (red solid
curve). Radiation pattern at (c) 702 nm and (d) 808 nm wavelength.

waveguide, we obtain maximum coupling efficiencies of ~ 5% for each direction.
This is quite impressive considering the subwavelength scale of both the nanoanten-
nas and the waveguide.

Figure [2.5(d) finally shows the fidelity of the directional coupling, i.e., the ratios
of the power coupled to the opposite waveguide directions for each wavelength. In
our calculations we obtain a maximum fidelity of 11 for coupling to the right direc-
tion at 1250 nm wavelength and a fidelity of 6.2 at 1610nm for coupling to the left
direction. At a wavelength of around 1530nm and 1380nm we get a comparable
fidelity of about 3.3 for both directions. For these two cases we additionally plotted
the y component of the electric field in a cutting plane through the center of the
waveguide. Figure 2.5(e) and (f) visualize the bidirectional coupling that is realized
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Figure 2.5: (a) Top view and (b) side view of the Fano nanoantenna on a
chalcogenide-glass waveguide. The antenna is excited by a glass fibre from the top.
(c) Coupling efficiencies in +x direction (g, red solid curve) and in —x direction
(11, black dashed curve) of the waveguide. (d) The directional ratio 77g /%, (red solid
curve) and #r/yr (black dashed curve) defines the fidelity of the directional cou-
pling. (ef) Top-view color plots of the y component of the electric field in a cutting
plane through the center of the waveguide.

at around 1380 nm and 1530 nm wavelength showing clearly that, for the two selected
wavelengths, the waveguide mode is launched mostly in one direction.

Phase matching is crucial to couple light efficiently from free space into the
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waveguide as guided modes. There are two important factors to achieve an effi-
cient coupling. Firstly, we should calculate the effective wavelength of the guided
mode, and use the effective wavelength to calculate the phase matching condition.
Secondly, we need to calculate the nanoantennas’ resonances and phases in the ac-
cording effective medium rather than in the air.

2.3 Summary

In summary, we have introduced a single-element nanoantenna consisting of a gold
nanodisk and a Babinet-inverted nanorod (nanoslit). We have shown that this nanoan-
tenna exhibits a pronounced Fano response that can be exploited to generate bidi-
rectional radiation patterns for different wavelengths of light with a maximum side-
scattering ratio of approximately 17 for opposite directions. We also demonstrate that
this bidirectional Fano antenna can be integrated onto dielectric waveguides and can
provide an on-chip solution for two-colour routing that may lead to compact de-
vices for wavelength-selective waveguide demultiplexing. Finally, due to the Fano
resonance, the antenna properties are inherently sensitive to changes in the dielectric
environment which makes this Fano antenna a promising candidate for integrated
sensing applications.
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Chapter 3

On-chip wavelength
demultiplexing nanoantenna

In the previous chapter, we discussed about the Fano resonances which can make
bidirectional scattering of light, and this phenomenon can be applied to nano wave-
length demultiplexing by a single plasmonic nanoantenna for the compact integrated
telecommunication applications. Therefore, in this chapter, we will discuss further
about experimental realization of an ultracompact plasmonic spectral-band demulti-
plexer for telecommunication wavelengths integrated onto an optical waveguide that
couples two wavelength-encoded optical signals in the O and the C band in oppo-
site directions of a silicon waveguide. In this way, we demonstrate a plasmonic key
element for on-chip optical data processing that can also be used as a functional link
between on- and off-chip optical signals.

3.1 Introduction

Due to their ability to confine light to subwavelength volumes [35] plasmonic nano-
particles and nanoantennas provide a fundamental link between electronic and pho-
tonic circuits as they can bridge the large size mismatch between the electronic and
photonic wave functions [131,[132]. As a result, plasmonic elements can be utilised
to increase the integration density and performance of active and passive photonic
devices. In this context, many ultrafast and compact devices with designed func-
tionalities have been suggested, including plasmonic photo detectors [14}133-136],
modulators [137,[138], plasmonic waveguides [131,[139], and plasmonic waveguide
couplers [27,146,47,[140,141]. Furthermore first experimental demonstrations of di-
rectional waveguide coupling have been achieved very recently [142-145]. However,
an ultra-compact plasmonic realisation of an optical demultiplexer that is suitable
for on-chip signal processing is still missing. Here we suggest the concept of hy-
brid plasmonic-dielectric devices and realise an ultra-compact plasmonic spectral-
band demultiplexer for telecommunication wavelengths integrated onto an optical
waveguide. In contrast to conventional large-scale optical wavelength demultiplexers
based on prisms, gratings, Mach-Zehnder interferometers, or spectral filtering that
are difficult to miniaturise, we develop and realise a submicron-sized two-directional

35
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nanoantenna that additionally provides an interconnect between free-space and on-
chip photonic circuitry. Key to the device functionality is to realise an antenna
with the capability of simultaneously directing light of two different wavelengths
in opposite directions. Since most of the conventional nanoantennas only provide
unidirectional scattering characteristics [36,[121}[123-125]], these designs are not suit-
able for multiplexing applications. Our design utilises the concept of Fano reso-
nances [40//43/124,126/146] in plasmonic nanostructures for tailoring the nanoantenna
scattering properties in order to separate two wavelength-encoded optical signals. In
this way, we demonstrate a plasmonic key element for on-chip optical data process-
ing that can also be used as a functional link between on- and off-chip optical signals.

Unidirectional scattering or emission of radiation in commonly used nanoantenna
designs like Yagi-Uda antennas [36], for example, is typically achieved by detuning
the resonance wavelengths of two or more antenna elements. In this way the rela-
tive phase differences in the radiation fields of the individual antenna elements are
adjusted to realise constructive interference in one direction and destructive interfer-
ence in the other direction. However, in order to be able to spatially separate optical
signals encoded at different operation wavelengths one requires a nanoantenna that
operates at (at least) two different wavelengths and supports unidirectional scatter-
ing in different directions at each operation wavelength. A solution to enable such
multi-wavelength functionality is the use of Fano resonances [126] which are known
to provide an alternative way of designing farfield radiation patterns [124}[146] and
emission patterns of localised light sources [40,42,/43]. However, the concept of Fano
resonances has never been applied in order to design multi-directional scattering
in plasmonic nanoantennas, the fundamental prerequisite for being able to divide
wavelength-encoded optical signals.

3.2 Results and discussion

We will use the design ideas of the previous chapter, and applied it to the experimen-
tal realization. With the same design as chapter 2, we effectively merge a rod-shaped
aperture antenna (nanoslit) and a circular patch antenna (nanodisk) into one com-
pact subwavelength nanoparticle. These two elements combine a broad nanodisk
resonance with a comparably narrow resonance from the nanoslit that are strongly
coupled to each other via the electric currents within the single particle. As a result,
they give rise to a Fano resonance in the scattering spectrum which, in turn, enables
directional scattering of light with different wavelengths in different directions. This
Fano nanoantenna, which is designed for operation at the O- and the C-band in the
near-infrared, is then processed on top of a silicon-slab waveguide on a silicon-on
insulator (SOI) wafer that is used to guide the scattered light from the antenna. Our
directional nanoantenna then couples incident light of different wavelengths into dif-
ferent propagation directions in the slab-waveguide [see Fig. [3.1(a),(b)] and, hence,
can be used to spatially separate optical signals. A scanning electron microscopy im-
age of a typical Fano nanoantenna is depicted in Fig.[3.1(c)). Furthermore, in order to
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Figure 3.1: (a) Schematics of the wavelength-demultiplexing nanoantenna on a slab
waveguide with a circular ring-grating for detection. (b) Experimental configura-
tion of the nanoantenna on a silicon-on-insulator wafer. (c),(d) Scanning-electron-
microscope image of the fabricated nanoantenna (c) and circular grating (d) on top
of the silicon-slab waveguide. The radius of the inner ring of the grating is 10 um
and the size of the incident laser beam is 2 ym (FWHM).
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detect the radiation that is coupled into different directions of the silicon waveguide
by the nanoantenna, we process an additional gold ring-grating coupler centred on
the nanoantenna [see Fig. B.I[a),(d)]. This allows us to measure the angle-resolved
directivity pattern within the silicon waveguide and, most importantly, to separately
detect the different wavelength-encoded optical signals at two opposite outputs. Ac-
cording to the previous chapter, the rod-shaped aperture antenna (nanoslit) and the
circular patch antenna (nanodisk) combine a broad nanodisk resonance with a com-
parably narrow resonance from the nanoslit that are strongly coupled to each other
via the electric currents within the single particle. As a result, they give rise to a Fano
resonance in the scattering spectrum which, in turn, enables directional scattering of
light with different wavelengths in different directions.

In a first step, we numerically tailor the scattering properties of our bi-directional
plasmonic Fano nanoantenna and identify the nanoantenna parameters for operation
at the two telecommunication bands at A1 = 1310nm (O-band) and A, = 1550nm
(C-band). This results in a circular gold nanodisk with a diameter of d = 300 nm and
a gold thickness of & = 30nm and a 18-nm-wide and 100-nm-long nanoslit which
is displaced by 60nm from the center of the disk in +x-direction. For the numer-
ical calculations we use the finite-element frequency-domain solver of the software
package CST Microwave Studio. In order to calculate the scattering properties of the
nanodisk /nanoslit antenna, we first embed the nanoantenna in an effective medium
with a refractive index of n = 2.1 that emulates the influence of the SOI wafer in
experiment. We then excite the nanoantenna with a y-polarised plane wave inci-
dent from the top and calculate the normalised scattering cross section. Fig. [3.2(a)
shows that the scattering cross section (black solid line) of the nanoantenna which
is characterised by a broad resonance with a pronounced maximum at A ~ 1900 nm
wavelength and a resonance minimum at A ~ 1300 nm wavelength. To identify the
origin of the resonance in our nanoantenna design, we separately analyse the con-
stituent elements of the nanoantenna, namely the gold nanodisk and the nanoslit.
For the single gold nanodisk, i.e. without nanoslit, we find a broad resonance with
a pronounced peak at approximately 1800 nm wavelength in the scattering cross sec-
tion that matches the main peak in the scattering cross section of the final nanoan-
tenna design (red dashed line). In order to investigate the resonance properties of
the nanoslit we calculate, inspired by Babinet’s principle, the scattering properties of
its complementary structure — a single gold nanorod identical in dimensions to the
nanoslit (blue dashed line). The gold nano-rod shows a pronounced and spectrally
narrow resonance peak at approximately 1300 nm wavelength where the resonance
dip for the final nanoantenna design is observed. This behaviour is indeed evidence
for the presence of a Fano resonance in the optical response of the nanodisk/nanoslit
antenna since at this spectral position the narrow resonance of the nanoslit destruc-
tively interferes with the broad resonance of the nanodisk. In a second step, we
numerically calculate the angle-resolved coupling directivity of the nanoantenna on
top of a 220-nm-thin silicon slab waveguide, i.e. the intensity of light coupled in
one waveguide direction normalised to the total intensity coupled into the waveg-
uide, for the two operation wavelengths A; (O-band) and A, (C-band) of the antenna.
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Figure 3.2: (a) Calculated scattering cross section of the nanoantenna embedded in a
medium with n = 2.1 and its constituent elements, a gold nanodisk and a nanorod.
(b) Calculated directivity of light coupling into the waveguide for the two operation
wavelengths. (c),(d) Experimental CCD image (raw data) for y-polarised illumination
of the antenna at a wavelength of (c) Ay = 1310nm and (d) A, = 1550nm. The
antenna (not to scale) is indicated as white outline. (e),(f) Directivity extracted from
(c),(d) by evaluation of the outcoupled power from the ring grating [white-dashed
lines in (c),(d)].

These results are shown in Fig. 3.2(b) and show that at A; ~ 1310nm wavelength
the nanoantenna shows highly directional waveguide coupling with a maximum
coupling directivity of around 7 to the left (—x-direction) of the waveguide while



40 On-chip wavelength demultiplexing nanoantenna

at Ay ~ 1550nm wavelength the light is coupled to the right with a directivity of
around 6. Hence, our nanoantenna supports two-directional waveguide coupling
when integrated onto a silicon waveguide. Although the antennas are designed for
plane wave incidence, we focus the incident laser beam on the antenna to increase
the energy density and therefore the absolute detection intensity.

Next, we fabricate the nanoantenna on a silicon-on insulator wafer [see Fig.
B.I(b)]. To detect the radiation that is coupled into different directions of the sili-
con waveguide by the nanoantenna we image the light coupled out by the circular
grating onto an InGaAs CCD camera [Fig. B.2(c),(d)]. In this way, we can spatially
separate and analyse the two wavelength-encoded optical signals. Furthermore, the
circular ring grating allows us to directly extract the angle-resolved directional cou-
pling pattern into the silicon waveguide for the two operation wavelengths A; and
Ay. The measured patterns are shown in Fig.[B.2(e),(f) and confirm directional waveg-
uide coupling of the incident light to the left and right with a maximum coupling
directivity of approximately 3 and 4, respectively. In order to estimate the coupling
efficiencies of light into the waveguide at the two operation wavelengths, we cal-
culate the ratio of the power collected from the left/right half of the ring grating
divided by the power of the incident light and obtain coupling efficiencies of 3.3%
for Ay = 1310nm wavelength and 5.8% for A, = 1550 nm wavelength, respectively.
These waveguide-coupling efficiencies assume a grating outcoupling efficiency of
about 25% for A; = 1310nm, and 30% for A, = 1550nm gained from numerical
simulations.

In the previous paragraphs, we discussed the nanoantenna couples light into the
slab waveguide and we can observe the coupling directivity from the nanoantenna
by a ring grating. Furthermore, we can do an inverse experiment that confirm if this
phenomenon can be done inversely. This time, we excite left and right side of the
ring grating and study how nanoantenna reacts with it. We firstly applied 1550 nm
laser to excite right side of the ring grating [Fig. [3.3(b)] comparing to excite left side
of the ring grating [Fig.[3.3(c)] with the same laser power. Apparently, we can see the
nanoantenna decouples light from right waveguide mode excitation is much stronger
than the left waveguide mode excitation. We did the same experiment with 1310 nm
laser, and we observe the opposite results according to [Fig.[3.3(d), (e)].

Finally, we demonstrate on-chip spectral band separation with the use of our
Fano nanoantenna on the silicon waveguide. We modulate the light of the two laser
sources at two different modulation frequencies (fi = fa1 = 148Hz, f, = fi» =
1.78 Hz) utilizing a two-frequency chopper and combine the two signals into a sin-
gle beam with a beam splitter. We then focus the combined laser beam onto the
sample [see Fig. B.4(a)]. The two wavelength-encoded signals are then directionally
coupled into the waveguide by the nanoantenna. After propagating to the left/right,
the light is outcoupled by the circular grating on the left/right. We then monitor
the time-dependent total intensity I;;s = Iy; + )2 at the each of the two opposite
output ports by evaluation of the CCD camera images at the positions shown in
Fig. B.2(c). The measured signal at the output port on the left and on the right is
plotted in Fig. B.4(b) in blue and red, respectively, depicting the time-traces of a typ-
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Figure 3.3: (a) Schematics of the experiment. Laser light excites one side of the
ring grating, which couples light into the waveguide, and the waveguide light is
decoupled by an antenna and the other side of the ring grating. A 1550 nm laser
coupled into the waveguide from the right (b) side of the grating and the left (c) side
of the grating. A 1310 nm laser coupled into the waveguide from the right (d) side
of the grating and the left (e) side of the grating.

ical signal recorded at the respective ports in a time intervall of five seconds. For
each port on the waveguide the corresponding wavelength-encoded signals with the
two frequencies f; = 1.48Hz and f, = 1.78 Hz are nicely separated and recovered.
In order to clearly identify the frequency-components that are measured, we per-
form a Fourier analysis of a 2.5 minutes-long timetrace at each output port. From
the frequency analysis shown in Fig. B.4(c) we can identify two frequency peaks,
one main peak at each port, at the two modulation frequencies of the combined in-
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Figure 3.4: (a) Schematics of the experiment. Two optical signals with f; = 1.48 Hz,
f» = 1.78 Hz are encoded at A; = 1310nm, A; = 1550nm wavelength and coupled
to the left, right by the nanoantenna. The corresponding signals are outcoupled by
the grating and detected by a CCD camera. (b) Detected time signal at the left and
the right output port and (c) Fourier analysis of the detected intensity at the two
outputs confirming that the two original signals have been well separated by the
nanoantenna. The raw data are plotted as dash-dotted lines with the corresponding

envelopes (solid lines).

put beam confirming that the two modulated signals are very well separated by this
wavelength-demultiplexing nanoantenna. The width of each resonance and, hence,
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the frequency spread of the two signals is mainly determined by the frequency vari-
ation of the input signal due to the chopper used in the experiment. Notably, the
operation frequency of our wavelength demultiplexing integrated nanoantenna is
only limited by the technical limitations of the camera used in the experiment which
is fixed to a sampling rate of 59 frames per seconds. There is no fundamental limit
for operation at THz frequencies.

3.3 Sample fabrication

To fabricate nanoantenna-grating samples, we performed three-step electron-beam
lithography (EBL) on silicon on insulator (SOI) wafer (220 nm top silicon thickness, 2
pum buried oxide thickness). In the first step, we fabricated a single Au Fano antenna.
Firstly, we spin coated PMMA495A2 resist with 1000 rpm for 1.5 min, before 3 min
and 180 C hotplate post baking. Then we performed EBL. After electron-beam ex-
posure (with 30 kv voltage, 7.5 ym aperture, 600 #C/sqcm dose), development was
performed using cold 1:3 MIBK to IPA with a development time of 35 s, followed by
a rinse in isopropanol for 30 seconds. After the first lithography, we applied E-Beam
evaporator deposition process for 30 nm Au film. After deposition, we immersed
sample into hot acetone for lifting-off the gold film. In the second step, we fabri-
cated alignment markers around each of the nanoantennas. Firstly, we spin coated
PMMA950A4 resist with 4000 rpm for 1.5 min, before 3 min 180 C hotplate post
baking. Then we performed EBL for markers. After electron-beam exposure (with 30
kv voltage 7.5 ym aperture, 600 #C/sqcm dose), development was performed using
cold 1:3 MIBK to IPA with a development time of 35 s, followed by a rinse in iso-
propanol for 30 seconds. After the second lithography, we deposited 30 nm Au film
by using E-Beam evaporator. After deposition, we immersed sample into hot acetone
for lifting-off the gold film. In the third step, we performed the same procedures as
the second one for gold ring gratings positioning.

Our Fano nanoantenna fabrication is very challenging as the 20 nm enclosed slit
for lifting-off is critical. The slit is a very tiny area for the photoresist standing,
therefore, the resist should be not only thin enough for standing alone within tiny
area after development, but also should be thick enough for the 30 nm gold film
lifting-off. Hence, we use PMMA 495A2 as a 100 nm thin photoresist for our Fano
nanoantenna fabrication. However, 100 nm thin photoresist is difficult for lifting-off
a 30 nm thick, 200-300 nm wide Au grating. Especially for the wide structure, it is
better to use thicker resist as lift-off mask, therefore, we applied a layer of 200 nm
PMMA 950A4 as grating lift-off mask. This is why we use three-step lithography
rather than one step.

3.4 Grating design

The ring grating in this system is crucial as it reflects the antenna’s coupling direc-
tivity, coupling efficiency, and modulation contrast at both 1550 nm and 1310 nm
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wavelengths. Therefore, the design of the grating should be very careful.
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Figure 3.5: The effective dielectric constants dispersion curves simulated based on a
220 nm thick slab silicon waveguide for the first 10 different modes.

The interested wavelengths for our experiment are 1550 nm and 1310 nm, which
corresponds to 194 THz and 229 THz. Fig. indicates the effective dielectric con-
stant of the slab waveguide of SOI based on CST Microwave studio simulation results.
We are interested in the first 3 modes in this waveguide, and the average dielectric
constant of those two wavelengths is about 8 for the first three modes, which is also
the 1430 nm wavelength’s dielectric constant. 1430 nm is the average wavelength of
1550 nm and 1310 nm. Therefore, the effective wavelength of 1430nm of slab waveg-
uide is about 500nm, which is the grating period length. The next step is to decide
the grating’s width and thickness. The thickness normally we use for fabrication lift-
off is 30 nm, and it is easier to keep this height. Therefore, the grating element width
is the next number that we should find for both 1550 nm and 1310 nm light. We fab-
ricated 6 different ring gratings with different widths (72nm, 136nm, 182nm, 237nm,
317nm, 375nm). With fixed laser power for both 1550 nm and 1310 nm, we excite
those samples at one end of the grating and observe the intensity at the other end
[Fig. (a), (b)]. The results [Fig. (c)] shows that the narrow grating unit, 1550
nm light [blue curve] coupling efficiency is considerably low compared to 1310 nm
light [red curve] and the coupling efficiencies are similar for both 1550 nm and 1310
nm light with 220 nm width of each grating unit. We want to make the out coupling
intensity comparable, because our modulation experiment requires two wavelengths
light working at the same time. Finally, we decided use the 220 nm width grating
[Fig. (d)].
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Figure 3.6: (a) The image captured by InGaAs camera the grating is illuminated by
incident light and decoupled by the grating at the other end. (b) the schematic of
slab waveguide grating coupling system. (c) gratings decoupled light counts with
different grating widths and incident wavelengths (1550 nm and 1310 nm). (d) SEM
image of the optimized grating for both 1550 nm and 1310 nm light
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Figure 3.7: Optical measurement setup
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3.5 Optical setup

Figure 3.7 is the optical measurement setup. The chopper is just in front of the
lasers (1550 nm and 1310 nm). The two Pelico beam splitters are in front of 1550 nm
laser and at the left side of the objective. A half waveplate is used for polarization
controlling with a polarizer. The white light can illuminate large area of the sample
to find our grating-antenna area easily. The objective can transmit 9.9 % of 1310nm
light and 9.6 % of 1550nm light. The pelico beamsplitter can transmit 80% and reflect
15.9% of 1310 nm light, and transmit 77% and reflect 18.7% of 1550 nm light.

3.6 Summary

In conclusion, we have demonstrated an ultra-compact plasmonic spectral-band de-
multiplexer for telecommunication wavelengths integrated onto an optical waveg-
uide that couples two wavelength-encoded optical signals in the O- and the C-band
in opposite directions of a silicon waveguide. We make use of the concept of Fano
resonances in order to realize a single-particle plasmonic nanoantenna that supports
bi-directional scattering and can, therefore, be used as the funtional element for
spectral-band demultiplexing. Furthermore, this nanoantenna can be deployed as
either a functional element connecting two optical waveguides or as a functional
link between off-chip signals and on-chip optical circuitry. For both cases the device
functionality is achieved without the need of a functional electronic circuit where an
optical signal has to be converted into an electrical system and back again. Hence,
this spectral-band-division plasmonic nanoantenna provides an ultra-compact func-
tional element for on-chip optical circuitry.



Chapter 4

Ultra-compact mode-selective light
routing with on-chip nanoantennas

Optical nanoantennas provide a promising pathway towards a range of advanced
light manipulation functionalities, such as directional scattering, polarization con-
version, and fluorescence enhancement. While these functionalities of nanoantennas
were so far mainly studied in free space or on homogeneous substrates, the integra-
tion of nanoantennas with optical waveguides offers important additional opportuni-
ties. Taking advantage of their versatility and unrivaled compactness, nanoantennas
imprinted onto optical waveguides as functional elements may enable a dramatic en-
hancement of the design freedom and of the integration density for optical on-chip
devices. Several examples of this concept have been demonstrated recently. However,
the important question whether nanoantennas can fulfill complex functionalities for
high-bit-rate transmission signal without degradation, which is the core purpose of
many integrated optical applications, was not yet investigated.

In this chapter, we will introduce and investigate directional, polarization-, and
mode-selective on-chip nanoantennas merged with a silicon rib waveguide. We
demonstrate that these nanoantennas can separate optical signals with different po-
larizations of light vertically to different waveguide modes propagating into oppo-
site directions. As the central result of this work, we then show the suitability of
this concept for the control of optical signals with amplitude-shift keying (ASK) and
non-return to zero (NRZ) 10 Gb/s modulation without significant BER impairments.
Our results demonstrate that the waveguide-integrated nanoantennas have the po-
tential to be used as ultra-compact polarization-demultiplexing on-chip devices for
high-bit-rate telecommunication applications.

4.1 Introduction

Many of the intriguing opportunities offered by plasmonic nanoantennas severely
suffer from the presence of intrinsic losses caused by metals at optical frequencies
which ultimately stand in the way of bringing plasmonic nanoantennas from the
concept stage to practical devices. Although, very recently, low-loss all-dielectric
nanoantennas [147,[148] have been introduced to address this issue and highly effi-

47
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cient nanoscale devices have been realized [119/120,149,[150], there are many aspects
where plasmonic nanoantennas still are superior to dielectric nanoantennas.

As a result, it is crucial to identify and explore the key areas where plasmonic
nanoantennas can bring large benefits due to their unique functionalities and, in
this way, to identify the niches where plasmonic nanoantennas can find their way
to practical applications. One promising avenue to achieve this goal envisions plas-
monic devices as functional elements on optical chips providing a fundamentally
new link between electronic and photonic circuits [131,[132] like in plasmonic pho-
todetectors [14,133-136] or modulators [137,138] and plasmonic amplifiers [151], for
example. However, these works do not take advantage of the ample possibilities
offered by nanostructured plasmonic particles, particularly nanoantennas, in terms
of their designed functionalities, flexibility, and compactness which can add a whole
new dimension to the functionalities of plasmonic on-chip devices. Using the ad-
ditional design freedom may allow, for example, to realize ultra-compact functional
interconnects which ultimately will increase the integration density and performance
of photonic devices on optical chips. First attempts to use plasmonic nanoparticles as
directional waveguide couplers have been explored only recently [6,/48|142-144]146].

The crucial question for on-chip nanoantenna devices, however, is to what extend
more complex functionalities of plasmonic nanoantennas can be realized on optical
chips and if they are suitable for high-frequency signal processing.

To address these fundamental questions, we integrate hybrid plasmonic nanoan-
tennas on dielectric waveguides and investigate their coupling properties at telecom-
munication wavelengths numerically and experimentally. Specifically, we aim to de-
velop a basic set of on-chip nanoantenna geometries that allow us to selectively cou-
ple light of different polarizations into specific waveguide modes and, in addition to
that, to control in which direction the incident radiation is coupled into the waveg-
uide. We, then, develop a polarization- and mode-(de)multiplexing nanoantenna
that can increase the channel capacity for integrated optical communication applica-
tions by combining two individual mode-selective directional nanoantennas in one
antenna design. Our mode- or polarization demultiplexing nanoantenna can simul-
taneously couple light into different modes and direct the light coupled to each mode
in opposite directions on a 400x400nm footprint (see Fig.[4.1)). In this way, we realize
a highly compact integrated device for polarization- and mode (de)multiplexing in
contrast to conventional large-scale designs that are difficult to miniaturize and often
rely on free space propagation.

Finally, in order to demonstrate the compatibility of our design for high-frequency
applications, we perform high-frequency measurements with 10 GHz signal modu-
lation in order to characterize the performance of the plasmonic device in terms of
a key performance indicator in telecommunication applications — the bit-error rate.
Our results show that designed plasmonic nanoantennas can indeed preserve their
functionalities when transferred onto a dielectric waveguide platform and that they
are very well suitable for high-frequency modulation on-chip signal processing at
telecommunication wavelengths. This makes them a plasmonic key element for on-
chip optical data processing that can also be used as a functional link between on-
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Figure 4.1: Scheme of a waveguide-integrated plasmonic nanoantenna for mode-
selective polarization (de-)multiplexing. The device couples light of orthogonal po-
larizations into different directions and modes of the underlying silicon waveguide.

and off-chip optical signals.

4.2 Results and discussion

In a first step, we numerically design one polarization sensitive gold nanoantenna
that is able to couple horizontally (x-) polarized incident light from free-space to the
TM mode of an underlying silicon waveguide (Figll.2(a)) and a second one that cou-
ples vertically (y-) polarized incident light to the TE mode (Fig. £.2(b)). In addition
to this, the two antenna designs should support uni-directional waveguide coupling
to selectively guide the light into a specific direction. The TM-antenna shown in
Fig. 4.2(a) consists of two horizontally-aligned (along the x-axes) gold nanorods of
different lengths (ITp11 = 190nm and Itprp = 140nm, wrpy = 40nm, htp = 40nm) that
are displaced by a center-to-center distance of 195 nm with respect to each other in
x-direction. Due the orientation of the two elements, the TM-antenna can only be
excited by horizontally polarized light. Importantly, the radiation of both elements
is only coupled to the TM mode of the waveguide (The mode selectivity value is
292 for TM antenna, which can be defined by the ratio of light coupled to the TM
mode divided by the light coupled to the TE mode). Due to the different lengths of
the two elements and their displacement the radiation coupled into the waveguide
is constructively interfered on the right-hand side (+x-direction) and destructively
interfered on the left-hand side (-x-direction) of the nanoantenna. Therefore, the TM
antenna enables uni-directional waveguide coupling of horizontally polarized inci-
dent light to the right-hand side and into the TM mode of the waveguide. Following
the same reasoning, the TE antenna (Fig. 4.2(b)) enables uni-directional waveguide
coupling of vertically polarized incident light to the left-hand side and into the TE
mode of the waveguide. In contrast to the TM antenna, however, the TE antenna
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Figure 4.2: (a) Numerical design of the nanoantenna coupling x-polarized light into
the TM mode of the waveguide to the right (TM-antenna). The electric-field distri-
bution (color-coded arrows) in a cutting plane on the right-hand side of the nanoan-
tenna (blue-dashed line) shows that the light is propagation in the TM-mode. (b) The
corresponding design of the TE-antenna coupling light to the left-hand side into the
TE mode. (c) and (d) shows the spectrally-resolved ratio of the light intensity cou-
pled to the right (right-to-left ratio) by the TM-antenna and to the left (left-to-right
ratio) by the TE-antenna, respectively.

is composed of two vertically aligned (y-direction) nanorods (Irg1 = 180nm and
Itpr = 144nm, wrg = 60nm, hrg = 40nm) with that are displaced by a center-to-
center distance of 130 nm with respect to each other in x-direction. The center-to-
center distance between two pairs of the TE antenna is 260 nm. We use two pairs
here for doubling the intensity of the coupled TE light, as the TE antenna couples
less light than the TM one. The mode selectivity value for TE antenna is 53. The
calculated ratio of light coupled to the right-hand side (right-to-left coupling ratio
RL) and to the left-hand side (left-to-right coupling ratio LR) of the waveguide for
both antennas is around 45.

Having established these basic nanoantenna elements that allows for mode-selective
and directional waveguide coupling, we now use this toolbox to design an integrated
plasmonic nanoantenna device that allows for on-chip polarization-(de)multiplexing.
In order to achieve a clear separation of the polarization-encoded optical signals we
take the above mentioned TM- and TE-antennas which support directional waveg-
uide coupling in opposite waveguide directions and combine them in one nanoan-
tenna design as shown in Fig.[d.3(a). The combined nanoantenna, then, couples hor-
izontal polarization (linear-x polarization) to the right-hand side into the TM mode
and vertically-polarized light (linear-y polarization) to the left-hand side into the TE
mode (Fig. £.3(b)) of the waveguide with a RL approx 20 and LR approx 55 at 1550
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Figure 4.3: (a) Design of the combined TE-TM-nanoantenna coupling x-polarized
light to the right (blue-dashed line) into the TM-mode and y-polarized light to the
left (red-dashed line) into the TE mode of the waveguide. The corresponding electric-
field plots are shown in (b). (c) Right-to-left (Left-to-right) ratio for coupling x-(y-
)polarized incident light with a maximum at around 1550 nm wavelength.
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nm wavelength (Fig. 4.3(c)), respectively. For all calculations the silicon waveguide
has a height of 220 nm and a width of 600nm. The whole system is embedded in an
effective medium with a refractive index of n=1.46.

(a)

left rlght left right

Figure 4.4: (a) Scanning-electron-microscope (SEM) images of a sample for measur-
ing the coupling ratios of the three nanoantennas shown in (b) (TM-antenna), (c)
(TE-antenna), and (d) (TE-TM-antenna). The nanoantennas are placed in the center
(red square) between two gold gratings that are used as output ports (yellow squares)
to detect the radiation coupled to the right-hand side and to the left-hand side of the
waveguide. (b)-(d) show the SEM images (top row) of the fabricated antennas and
the intensity plots at the left and right output ports detected on a CCD camera for

x-polarization (second row) and y-polarization of the incident light of 1550 nm wave-
length.

M [:

We note that in addition to the polarization-demultiplexing functionality of the
combined nanoantenna for free-space excitation, this design can also be used as a
waveguide-to-waveguide interconnect [146]. In this case, the device acts as a (TE-TM)
mode-(de)multiplexer, i.e., separating information encoded in different waveguides
modes. Hence, our nanoantenna can serve both as an ultra-compact bridge between
free-space and on-chip photonic circuitry and as an integrated waveguide intercon-
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nect. In the next step, we fabricate all three nanoantennas on a silicon waveguide
and investigate their directional coupling properties. In order to demonstrate the
corresponding functionalities of the three integrated nanoantennas we will, in the
following, provide evidence for the key elements of our devices — the directional
waveguide coupling, the polarization-dependent selective mode coupling, and the
compatibility with high-frequency modulation. To do this, we fabricate two nom-
inally identical sample batches for these experiments. In a first measurement, we
detect the radiation that is coupled into the respective waveguide directions for the
two orthogonal linear polarizations of the incident light. For this purpose small gold
gratings are processed onto the waveguide in a distance of approximately 10 ym to
the left and to the right of the nanoantennas (see Fig. 4.4(a)). By imaging the light
that is coupled out by the gratings onto an InGaAs CCD camera we can measure
the directional coupling ratio of the three antennas depending on the polarization
of the incident light (see Fig. 4.4(b)-(d)). Our measurements shown in Fig. A.4(b)((c))
confirm that the TM- (TE-) antenna couples horizontally- (vertically-) polarized light
to the right- (left-) hand side of the waveguide for horizontal (vertical) polarization of
the incident light with maximum RL- (LR-) ratio of 4.0 (3.7). Figure 4.4(d) shows the
results for the combined nanoantenna and experimentally confirms the polarization-
demultiplexing functionality of the combined, i.e., it shows that for horizontal po-
larization the incident light is coupled to the right and for vertical polarization the
incident light is coupled to the left. The measured RL-ratio for horizontal polariza-
tion and LR-ratio for vertical polarization is around 3.3 and 3.7, respectively. When
we combine TE and TM antennas as a whole, the influence of two types of anten-
nas is trivial, and it does not affect much for the functionality of the system. In
other words, when combining the antennas, the functionality is maintained and the
interactions are small due to the polarization selectivity of the antennas.

In the second experiment, we provide evidence for the mode-selective coupling
properties of the integrated nanoantennas. To this end, we use the second set of nom-
inally identical samples but without a grating on top of the waveguide. We image
the waveguide facet on either side of the cleaved sample onto a CCD camera and use
a polarizing beam splitter to discriminate between the TE and the TM mode of the
waveguide. We, then, detect the emerging light intensity in both waveguide modes
depending on the polarization of light incident on the nanoantenna in the middle
of the waveguide. These results are shown in Fig. For the TM- (TE-) antenna
we detect the signal on the right (left) waveguide facet while for the combined an-
tenna we measure on both sides. Or results in Fig. 4.5(a) ((b)) show that for the TE-
(TM-) antenna, indeed, vertical (horizontal) polarization is coupled to the TE- (TM-)
mode of the waveguide. The corresponding measurements for the TE- and the TM-
antenna have been done at the waveguide end where the maximum output intensity
is expected due to the directionality of the nanoantennas that is at the left and the
right waveguide facet, respectively. For the combined nanoantenna, we measured
the polarization-dependent light intensity for both modes and both directions. These
results are plotted in Fig. 1.5(c) and Fig. £.5(d) and clearly show that vertical polar-
ization of light is coupled to the left into the TE-mode and horizontal polarization is
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Figure 4.5: (a) Detected light intensity at the left end of the (cleaved) waveguide
with the TE-antenna in the center for different polarization angles of the incident
light (also indicated as green arrows for the main polarization directions). The light
intensity in the TE-mode and the TM-mode of the waveguide is separated by a po-
larizing beam splitter in the detection part of the setup and plotted in red and blue,
respectively. For vertical polarization at 90 degrees (corresponding to y-polarization)
the intensity in the TE-mode is at its maximum. (b) Detected light intensity at the
right end of the (cleaved) waveguide with the TM-antenna on top. Here we find an
intensity maximum for horizontal polarization (0/180 degrees, x-polarization) in the
TM-mode. (c) and (d) show the corresponding plots measured at both the left (c)
and the right (d) waveguide end for the combined TE-TM-antenna confirming the
coupling of y-polarized (x-polarized) light to TE-mode (TM-mode) on the left (right).

coupled to the right into the TM-mode, respectively.

Having demonstrated the mode-selective directional waveguide coupling and the
polarization (de)multiplexing capabilities of our waveguide-integrated nanoantenna
in experiment, we finally investigate the suitability of our integrated plasmonic sys-
tem for high-frequency modulation as it is required for telecommunication applica-
tions. Although, in principle, the fundamental limit for the maximum modulation
frequency is only limit by the plasmon decay time, which is on the order of tens of fs
(corresponding to THz modulation frequencies), we want to explore the performance
of our devices in terms of signal quality at 10GHz modulation frequency. The most
important characteristic of a digital transmission link with this regard is the bit-error-
rate (BER) of the system, i.e., the probability of the incorrect bit identification by a
decision circuit. Usually BER of 10712 to 10~!° are achieved for telecommunication
links after forward-error correction [152]. For this purpose, we exemplarily couple
a 10GHz-modulated signal to the TM-antenna, which exhibits the best polarization
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Figure 4.6: (a) Measured eye diagram for the TM-antenna at 10 GHz modulation
frequency. The blue-shaded area is used for the statistical evaluation of the signal and
the calculation of the bit-error-rate. (b) Probability density function for the detection
of a logical one and zero and the Gaussian fitting used to determine the decision
threshold xp. (c) Calculated bit error rate of the sample with nanoantenna (red dots)
and without antenna (black squares) for a series of received powers at the detector.
Since the two data series lay on top of each other, the measured bit error rate is
limited by the measurement setup and not the antenna. Hence the bit error rate of
the antenna is below 10713

selectivity, and analyze the signal emerging from the waveguide. We then measure
the characteristic eye-diagram of the on-chip device (see Fig. d.6(a)) and extract the
probability density function for logical ones and zeros (Fig.[4.6(b)). Evaluation of the
latter finally gives us the decision threshold xg and the BER of the system under the
current conditions [153]. In order to estimate the influence of the measurement setup
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on our results, we compare the BER of the measurement setup with sample and with-
out the sample for a series of power values received at the detector. These results are
plotted in Fig.[4.6(c). From these results we can see that, on the one hand, we achieve
a minimum BER of almost 10~ 13 for a received power of approximately ImW but, on
the other hand, we also observe that the BER of the system with nanoantenna closely
follows the reference BER values of the measurement setup alone. Consequently, the
measured BER of 10~ '® is an upper limit due to our setup and the actual BER of
the plasmonic device is far lower. Nevertheless, our measurements clearly show that
our device is very well competitive with current telecommunication links in terms of
signal quality.
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Figure 4.7: Red and black curves are the fittings from bit error rates of our device
and optical attenuator (according to Fig.[4.6lc)). The blue curve is the bit error rate
penalties.
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4.3 Bit error rate data processing

The bit error rate (BER) is evaluated from eye diagrams, captured by a sampling
oscilloscope. The device acquires a considerable amount of waveforms and uses them
to calculate a histogram of a signal voltage. This histogram represents the statistics of
data hits in the specified window, anchored to the center of the eye (see Fig. 4.6(a)).
For the sufficiently large number of hits in the histogram window (100000 hits), the
normalized histogram approximates the probability distribution function (PDF) of
the received electrical signal — logic ones and zeros.

Eye diagrams are captured by the HP83480 sampling oscilloscope (digital com-
munications analyzer). The device acquires considerable amount of waveforms and
uses the waveforms to calculate a vertical histogram. This histogram represents the
statistics of data hits in the specified histogram window (see Fig. 4.6(a)). If the total
amount of data points is large enough (in our case it was typically about 50000 hits
in the histogram window), then the normalized histogram represents the PDF of the
transmitted signal, which allows us to estimate the BER value.

The histogram collected by the device must be normalized before one can extract
any statistics from it. If the histogram is represented as N(x), where N is the number
of hits in small interval Ax and x is the instantaneous voltage, then the normalized
histogram n(x) is found as:

_ N
This results in a unit area under the histogram given by Ax) N(x) = 1 formula.
After the histogram is normalised we can find an average value (x) of the voltage,
which is used as a preliminary decision threshold %y

Xo=Ax)_ x-n(x) (4.2)

We split the histogram into upper 7+(x) and lower 7| (x) parts using the %, value.
It is very important to note, that this approach is valid only for the equiprobable
signal. In case when the probabilities of logical ones and zeros are not equal, more
complicated method should be used, e. g. fitting of whole histogram with a sum of
two Gaussians and search for a local minimum between peaks.

The PDFs of one and zero in our system are close to Gaussian, but under certain
conditions a pair of close peaks is observed in each semi-histogram.Therefore, we
perform fitting of the semi-histogram with a sum of two Gaussians.

The selection of an appropriate starting estimate is crucial for the good fitting.
For this reason we specify fitting functions f;(x) and f|(x) based on the statistics
extracted from semi-histograms. The fitting function for logical one is:
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where p4 is the mean value and oy is the data variance of the upper semi-
histogram, which is supposed to be close to the normal distribution function.
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We can also derive f| (x) function. The fitting functions f;(x) and f| (x) intersect
with each other at the decision threshold value xg. Hence, xy can be found according
to the equation:

fr(x0) = fi(x0) =0. (4.6)

BER value is defined by a numerical integration of the overlapped regions accord-
ing to the formula:

BER = /ji fr(x)dx + /x:o fi(x)dx. 4.7)

4.4 Bit error rate penalties

Bit error rate penalty is the value that indicates the deviation of the BER of the
device from the optical attenuator. The smaller the bit error rate penalty is, the better
performance of the device.

To extract the BER penalties, we should obtain the BER both for the device under
test (DUT) and the optical attenuator (VOA) with different values of received optical
power [see Fig. A7]. Q-factor of the signal is retrieved from BER, according to the
Ref. 153,154, which is the inverse function of BER.

e_(Q2/2)

We can fit the Q-factor function according to equation

BER = f(Q) (4.8)
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After fitting the BER(Qy;¢) both for the device under test and the optical attenua-
tor, we can derive the BER penalties which is defined:

Qrit(x) n=2. (4.9)

PEN = |logBER(QF'") — logBER(Q{)|. (4.10)

4.5 Numerical Calculations:

For the numerical calculations we use the finite element frequency domain solver of
the software package CST Microwave Studio. We firstly calculate and optimize the
properties of a single-mode waveguide made from silicon, resulting in a waveguide
width of 600 nm and 220 nm of height. The refractive index of silicon is assumed to
be 3.5 at 1550 nm wavelength. The waveguide is placed on a glass substrate with a
refractive index of 1.45 and embedded in a PMMA cladding layer with a refractive
index of 1.46. This configuration then results in an effective index for the TE and the
TM mode of 2.98 and 1.99, respectively. In the second step, we use two orthogonal
linear polarizations of light to excite the antennas, which are placed on top of the
silicon waveguides, and optimize the nanoantennas dimensions in order to achieve
optimum directional coupling ratios, modes selectivity values, and coupling efficien-
cies, respectively. Finally, we design the gold gratings that enable the detection of the
coupled light for the front-to-back ratio and the directional coupling measurements.
For this purpose, we use the averaged effective wavelength at 1550 nm of the TE and
the TM mode as the grating period which is about 650 nm. The width of each stripe
is 200 nm, and the thickness is 40 nm.

4.6 Sample fabrication:

To fabricate nanoantenna-waveguide samples, we performed three-step electron-
beam lithography (EBL) on silicon on insulator (SOI) wafer (220 nm top silicon thick-
ness, 2 ym buried oxide thickness). In the first step, we fabricated single mode silicon
waveguides. Firstly, we spin coated ZEP520A resist with 6000 rpm for 2 min, before
3 min and 180 C hotplate post baking. Then we performed fixed beam moving stage
(FBMS) mode with EBL . After electron-beam exposure (with 30 kV voltage, 20 ym
aperture, 120 #C/sqcm dose), development was performed using cold ZEP developer
with a development time of 80 s, followed by a rinse in isopropanol for 30 seconds.
After the first lithography, we applied inductively coupled plasma (ICP) etching pro-
cess (15 W RF Power, 400 W ICP power, 15 mTorr chamber pressure) using 50 sccm
of CHF3 and 1.8 sccm of SFg as etching gases. Remaining resist was removed by
using oxygen plasma. In the second step, we fabricated alignment markers around
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each of the waveguides. In a first step, we spin coated PMMA950 resist with 4000
rpm for 1.5 min, before 3 min 180 C hotplate post baking. Then we performed EBL
for markers. After electron-beam exposure (with 30 kv voltage 7.5 ym aperture, 600
1uC/sqem dose), development was performed using cold 1:3 MIBK to IPA with a de-
velopment time of 35 s, followed by a rinse in isopropanol for 30 seconds. After the
second lithography, we deposited 30 nm Au film by using E-Beam evaporator. After
deposition, we immersed sample into hot acetone for lifting-off the gold film. In the
third step, we performed the same procedures as the second one for gold nanoan-
tenna positioning. Lastly, we spin coated a layer of PMMA 950A as a cladding layer
for the antenna-waveguide system.

4.6.1 Cold development:

Figure 4.8: SEM images of ZEP520A photoresist mask on top of SOI substrate (a)
without cold development and (b) with cold development; SEM images after ICP
etching (c) without cold development and (d) with cold development.

To fabricate a low loss waveguide is very crucial to this project as loss gives rise
to noise for the device. Typically, after the lithography step, the development of the
photoresist is performed at room temperature (roughly 21 degree Celsius), and this
is good enough in most cases. However, if people demand high resolution nano-
structures, the lithography and development processes could be improved, and the
cold development can be applied to the process. Figure 4.8 indicates the significant
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improvement of the waveguide sidewall roughness due to the cold development
process. Figure d.8(a) is room temperature developed ZEP520A photoresist mask on
SOI wafer compared with (b) low temperature development photoresist mask, and
(c) and (d) after ICP etching, respectively. It is quite obvious to notice the phenomenal
improvement quality of the mask after low temperature development. In this case,
we developed our electron-beam exposed sample with approximately zero degree
Celsius temperature ZEP developer.

4.7 High-frequency measurement setup:

In the optical modulation tests, a typical prototype of a fibre optics telecommunica-
tion line as described in Ref 153 is used [Fig. 4.9/ and Fig.4.10]. The optical signal is
generated from the transmitter part, and the signal is guided by an optical setup to
the sample. Finally, the output signal from the sample is collected and analysed in
the receiver part. In transmitter part, we use an Anritsu MP1701A pulse pattern gen-
erator to generate pseudorandom bit sequence (PRBS) electrical signal which drives
a JDS Uniphase Mach-Zehnder modulator to get an optical PRBS. The resulting mod-
ulated optical signals are amplified by a MANLIGHT EDFA to a power of 100 mW.
Before exciting the plasmonic nanoantennas on waveguides, we introduce a linear
polarizer and a half-wave plate to adjust the polarization state of light. In the re-
ceiver part, we use a lensed fiber to collect light emerging at the end of the silicon
waveguide. The laser light from the lensed fibre passes another EDFA to amplify the
optical signal from the device output. To control the received power, the amplified
signal is then again attenuated by a variable optical attenuator. The optical signals are
converted into electronic signals with an HP 11982A Lightwave converter. Finally, the
electronic signal is detected and analyzed by an HP 83480A digital communications
analyzer.

4.8 Summary

In conclusion, we have designed and characterized plasmonic nanoantennas inte-
grated on silicon waveguides that allow for polarization-dependent, mode-selective,
and directional waveguide coupling at 1550 nm wavelength. We experimentally con-
firm these properties and, furthermore, demonstrate via analyzing an optical signal
with 10 GHz modulation frequency that the waveguide-integrated nanoantennas are
very well suitable for on-chip telecommunication applications due to their low bit-
error-rate penalty Using these ultra-compact hybridized antennas, we finally real-
ize an on-chip polarization-(de)multiplexing device that can be deployed as either
a functional link between free-space signals and on-chip optical circuitry or as a
functional element connecting two optical waveguides. In the latter case the inte-
grated nanoantenna can serve as a mode-(de)multiplexer. Hence, our polarization-
and mode-(de)multiplexing plasmonic nanoantennas provide a set of ultra-compact
integrated functional elements for on-chip optical circuitry. Such a device could e.g.
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be used for future applications in integrated quantum optics, where polarization is
an important degree of freedom used to create entanglement [155].

*We used the telecommunication measurement setup in Applied Physics Insti-
tute, Jena with Dr. Frank Setzpfandt. Fabrication of the silicon waveguide was par-
tially collaborated with Dr. Xin Gai and Prof. Duk-Yong Choi from Laser Physics
Center, ANU.
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Figure 4.9: top: an image of 10GHz experiment set-up; bottom: (adapted from Ref.
[153] ) Scheme of the experimental setup for the BER measurements: 1 - pseudoran-
dom bit sequence generator (PRBS); 2 - electrical driver (DRV); 3 - tunable laser source
(TLS1,2); 4 - Mach-Zehnder modulator (MZM); 5 - Acousto-optical modulator (AOM);
6 - pattern generator (PG); 7, 11, 13 - erbium-doped fiber amplifiers (EDFA1,3); 8 -
polarization controller (PC); 9 - device under test (DUT); 10, 16 - motorized variable
optical attenuators (VOA); 12-power meter (VOA); 14-tunable band-pass filter (BPF);
15 — fiber optic switch (SW); 17 - fast photodetector (PD); 18 - optical spectrum
analyzer (OSA); 19 - sampling oscilloscope (OSC).
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Wil e

Figure 4.10: (a) l-polarization maintaining fiber and collimator, 2-polarizer, 3-
1550 nm zero order half wave plate, 4-beam splitter, 5-100X objective, 6-antenna-
waveguide device, 7-10X objective, 8-polarization beam splitter, 9, 12- infra-red cam-
era, 10-mirror, 11-30cm convex lens, 13-Tungsten light, 14-lensed fiber; (b) Zoomed
in image of sample area; (c) image of lensed fiber and silicon waveguide coupling.



Chapter 5

Multipolar coupling in hybrid
metal-dielectric nanoantenna arrays

All-dielectric and plasmonic nanostructures have complementary advantages regard-
ing their capabilities for controlling light fields at the nanoscale. While all-dielectric
nanostructures can provide near-unity efficiency, plasmonic nanostructures are more
compact and offer strong near-field enhancement. Combination of photonic nanos-
tructures of both types offers a promising route towards compact optical elements
that unify low absorption losses with small footprints. In this chapter, we will dis-
cuss functional hybrid nanoantenna arrays consisting of metal-dielectric nanoanten-
nas that direct light from an incident plane wave or from localized light sources
into a preferential direction. The directionality is obtained by carefully balancing
the multipolar contributions to the scattering response from the constituents of the
nanoantenna array. The hybrid nanoantennas are composed of a plasmonic gold
nanorod acting as a feed element and a silicon nanodisk acting as a director ele-
ment. In order to experimentally realize this design, we have developed a two-step
electron-beam lithography process in combination with a precision alignment step.
The optical response of the fabricated sample is measured and reveals distinct sig-
natures of coupling between the plasmonic and the dielectric nanoantenna elements
that ultimately leads to unidirectional radiation of light.

5.1 Introduction

Nanoantennas can provide an efficient link between localized optical near-fields and
propagating optical far-fields, allowing for strong enhancement of light-matter in-
teraction processes such as spontaneous emission enhancement, nonlinear optical
processes, or perfect absorption in a small, defined volume. To this end, the nanoan-
tenna array can harness the abilities of nanoparticles to concentrate light into small
volumes and to establish highly directional scattering patterns, thereby emitting or
receiving light into or from a narrow solid angle efficiently. As such, the meta-atoms
borrow their functionalities from optical nanoantennas including plasmonic and di-
electric antennas. While plasmonic nanoantennas [11)38,45,[156] have proven to pro-
vide good directionality and excellent coupling properties due to the strong field

65
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enhancement, they suffer from their intrinsic absorption [157]. All-dielectric nanoan-
tennas [148,149,158-160], on the other hand, exhibit high radiation efficiencies but the
lower field confinement also reduces coupling efficiencies. Hybrid metal-dielectric
nanoantennas composed of plasmonic feed elements and dielectric director elements
allow for combining the advantages of both plasmonic and all-dielectric nanoanten-
nas. Hence, they may offer large Purcell enhancements and highly directional radi-
ation patterns while preserving high radiation efficiencies at the same time. Various
recent theoretical and numerical studies have analyzed hybrid nanoantenna architec-
tures, mainly in the context of emission manipulation [161-164]. Typically, a resonant
plasmonic dipole or feedgap antenna is used as a nanoantenna feed element, provid-
ing a strong near-field enhancement and thus a high enhancement of the radiative
decay rate. Then, in order to shape the radiation pattern of the hybrid nanoantenna
without introducing notable additional losses, a dielectric nanoantenna is employed
as a director element. This allows us to capitalize on the strong field enhancement
provided by the plasmonic feed element and, at the same time, to efficiently direct the
emission in a specific direction. As a result, this sequential approach where nearfield
coupling between metallic and dielectric particles results in designed far-field radia-
tion patterns can provide record values for directional emission enhancement from a
dipole source which cannot not be achieved with plasmonic or all-dielectric nanoan-
tennas alone under the same conditions [164]. In addition to their prospective use for
tailoring emission from nanoscopic sources, metal-dielectric nanoantennas can also
offer very interesting opportunities for bidirectional scattering [6,146]. For example,
coupling of a plasmonic antenna element (with a low quality factor) to a dielectric
antenna element (with a high quality factor) allows to combine resonances of very
different quality factors and results in Fano resonances which, in turn, can be used
to achieve extended control over the directional radiation characteristics [6,146].

Altogether, hybrid nanoantenna geometries are interesting candidates for a range
of photonic applications, including directional nanoscale light sources [161-164],
biosensing [165], as well as optical switching and routing [166]. By employing hybrid
nanoantennas as meta-atoms for functional nanoantenna arrays we, thereby, define a
new type of hybrid nanoantenna arrays with radiation properties defined by the prop-
erties of the underlying constituents. Since we use metal-dielectric nanoantennas
as meta-atoms, these hybrid nanoantenna arrays can provide new functionalities to
realize directional and emission-shaping nanoantenna arrays when, e.g., quantum
emitters are coupled to the plasmonic feed elements [39,[156]. However, due to their
structural complexity, the fabrication of resonantly coupled metal-dielectric nanoan-
tenna array is considered as a challenge and not many works has been demonstrated
so far.

5.2 Metal-dielectric multi-layer structure fabrications

Here, we address this challenge and fabricate stacked metal-dielectric nanoantennas
consisting of subwavelength arrays of gold nanorods coupled to silicon nanodisks
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[Fig. 5.1l (a)] and investigate the optical response and directional radiation properties
at near-infrared wavelengths.
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Figure 5.1: (a) Sketch of the two-dimensional hybrid nanoantenna arrays and (b) the
detailed geometry of a single metal-dielectric nanoantenna. (c) Steps performed for
fabrication of the stacked hybrid nanoantenna arrays.

A sketch of the considered hybrid nanoantenna arrays and the meta-atom geom-
etry is shown in Fig.5.1l(a,b). A gold nanorod with its fundamental resonance tuned
to the design wavelength of 1.1 ym for an electric field polarized along its long axis
is used as a feed element. The gold nanorod is placed in a specific distance above
a silicon nanodisk featuring strong quadrupolar resonances around the same
wavelength. This silicon nanodisk acts as a director element. The nanoantenna array
is processed on a SiO; substrate with a refractive index of 1.45. The dimensions of the
gold rod are | =180nm, w =40nm, and ¢ =40 nm. The silicon nanodisk has a height
of h =220 nm and a radius of r =235nm and is covered by a 75 nm-thin layer of SiO,
that acts a spacer layer between the two elements. The spacer layer is optimized to
achieve maximum directivity in forward direction [—z-direction in Fig. 5.1l(b)]. The
entire structure is embedded into an index-matching oil. In order to produce the
nanoantenna array, we arranged the meta-atoms in a two-dimensional array with a
lattice constant of 4 = 670 nm as shown in Fig. 5.1l(a).

To fabricate the hybrid meta-atoms, we have developed a two-step electron-beam-
lithography (EBL) procedure, which is schematically illustrated in Fig. BJl(c). The
first step of EBL defining the silicon-nanodisk director elements is performed on
a silicon-on-insulator wafer (SOITEC) with a silicon-layer thickness of 220 nm using
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the negative-tone e-beam resist NEB32A. The resulting resist pattern serves as a mask
for reactive-ion etching (RIE) of the device layer. Any residual resist is removed by
oxygen-plasma etching. In the second step, we concentrate on hybridizing these
dielectric elements with the plasmonic gold nanorods in a defined fashion. To this
end, we first sputter a thin layer (approx. 5nm) of Indium-Tin-Oxide [not shown in
Fig. B.1l(c)] to restore the DC conductivity of the sample which has been lost during
the etching procedure in the previous step. Next, cross-shaped gold alignment marks
are lithographically defined at the corners of the nanodisk arrays and the sample
is carefully mapped in a scanning electron microscope. Note that the latter two
steps are not mandatory and have not been depicted in Fig. 5.Il(c) as alignment
markers can also be directly incorporated into the first EBL step. Next, we deposit
a 75nm-thin layer of SiO; as a spacer defining the separation distance between the
feed element (gold nanorod) and the director element (silicon nanodisk).

silicon (.
nanodisk

gold = A
nanorod

Figure 5.2: Scanning electron micrograph of the fabricated hybrid metal-dielectric
nanoantenna array. The inset shows a magnified and oblique view of the same sam-

ple.

We then perform the second step of EBL defining the gold nanorod feed elements
using the positive-tone electron-beam resist PMMA 950K A4 from Microchem. The
predefined marks enable the precise alignment of the second exposure step with re-
gard to the pre-defined silicon nanodisks. Following exposure and development, we
deposit 40nm of gold via electron-beam evaporation and we perform a lift-off pro-
cedure in hot acetone. As a last step, in order to ensure that the resulting structures
are situated in an isotropic, low refractive-index environment during measurement,
we drop-cast an index-matching oil (n=1.45) onto the sample. Alternatively, the ap-
plication of a thick SiO, layer can be considered to provide a homogeneous dielectric
environment. A scanning electron micrograph of the resulting nanoantennas before
drop-casting the oil is displayed in Fig. The inset shows a close-up of a few
hybrid nanoantennas in the array.
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5.3 Nanoantenna array characterization

In the following, the fabricated structures are optically characterized, the measured
spectra are compared to numerical simulations and the directional radiation prop-
erties of the hybrid antenna design are studied. For optical characterization we
perform linear-optical transmittance measurements using a home-built white-light
spectroscopy setup which employs a tungsten-halogen lamp as a light source. By
inserting a linear polarizer behind the light source we can choose the electric-field
polarization of the incident light to be aligned parallel or perpendicular to the long
axis of the gold nanorod, respectively. This allows us to selectively excite the nanorod
resonance at approximately 1.1 ym wavelength only for the polarization parallel to
the long axis of the gold nanorod. An aperture is introduced in an additional im-
age plane behind the sample to select the light that is passing through the nanoan-
tenna array only. All measurements are referenced to an unstructured sample area
of equal size next to the nanoantenna array. The measurement results are displayed
in Fig.[5.3|(a). A significant difference between the transmittance of the nanoantenna
array for the two incident polarization directions is observed in the spectral region
around the operation wavelength of the nanorod at 1.1-1.2 ym wavelength and in
a second spectral region at 1.3-1.4 ym wavelength as well. Since the silicon mate-
rial tends to be notably lossy below a wavelength of 1 ym, the experimental spectra
become noisy when the wavelength approaches 1 ym.

In order to provide an explanation for the observed spectral behavior, we com-
pare our experimental results with numerical finite-integral frequency-domain calcu-
lations using the commercial software package CST Microwave Studio. In these sim-
ulations the nominal geometry of the fabricated sample has been fully considered.
For the optical properties of gold we use the data from Ref. [168] and for silicon we
consider a refractive index of 3.5, respectively. Calculated transmittance spectra for
the two linear polarizations are displayed in Fig. £.3|(b), showing good qualitative
agreement with the experimental spectra. In particular, we note that the difference
in the transmittance for the two orthogonal polarizations is less pronounced in the
experimental spectra as compared to the numerical ones. This is mainly due to sam-
ple imperfections, such as imperfections in the alignment of the plasmonic nanorod
with respect to the center of the silicon nanodisk.

To shed light on the directional radiation properties of the hybrid nanoanten-
nas, we furthermore calculate the radiation cross-section of the corresponding single
metal-dielectric meta-atom [Fig.[5.4/(a)] and calculate the radiation pattern at the two
resonance positions. We additionally calculate the front-to-back ratio [Fig.[5.4(b)] de-
fined here as the radiated power in the forward direction [—z-direction in Fig.[5.1],(b)]
divided by the radiated power into the backward (+4z-) direction. The obtained
front-to-back ratio for the two relevant spectral regions is above 60 and 100, respec-
tively. We note that the occurrence of the characteristic radiation properties shown
in Fig. 5.4l(a,b) can, in principle, be qualitatively explained by a superposition of the
electric and magnetic dipoles of the silicon nanodisk [148,149] and the electric dipole
of the gold nanorod that is displaced by 185nm in +z-direction from the overlap-
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Figure 5.3: (a) Measured and (b) numerically calculated normal-incidence linear-
optical transmittance spectra for incident light polarized parallel (blue) and perpen-
dicular (red) to the long axis of the gold nanorod. The interplay of the plasmonic
and the dielectric nanoantenna elements results in a significant difference between
the transmittance for the two incident polarizations for the spectral region where the
nanorod resonance is excited but also for the off-resonant case at 1.3-1.4 yum wave-
length.

ping dipoles of the nanodisk. However, due to interactions in the system this picture
doesn’t reflect the quantitative radiation properties shown in Fig. 5.4l(a,b). To shed,
nevertheless, light on the scattering properties of such a hybrid device, we perform a
multipole decomposition of the local fields of a single metal-dielectric meta-atom to
identify the multipole components that give rise to the characteristic radiation prop-
erties. In the multipole analysis we consider a situation in the simulation where the
antenna is illuminated by a plane wave according to the experimental situation. We
use again CST Microwave Studios to solve the full wave problem and to extract the
scattered field. The scattered field is afterwards projected onto the different spherical
harmonics, which represent eventually the fields of electric and magnetic dipoles and
quadrupoles. This allows to extract the multipole moments induced in the antenna
by the respective illumination. Fig.[5.4l(b) shows afterwards the contribution of each
multipole moment to the scattering cross-section. This allows to understand the im-
portance of each multipole moment and constitutes an excellent base to understand
the ability of the hybrid antenna to preferentially scatter the light into the forward
direction. More details on the multipole analysis can be found in Ref. [169]. Using
this method, we extract the dominating multipole contributions with respect to the
central coordinate of the silicon nanodisk from the local near-fields of the meta-atom
and plot the dominating multipole contributions in Fig. 5.4l(c). From Fig. 5.4l(c) we
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Figure 5.4: (a) Numerically calculated radiation cross-section for a single metal-
dielectric nanoantenna and (b) the calculated front-to-back ratio of the light radiated
by the hybrid nanoantenna for incident polarization along the long axis of the gold
nanorod. (c) Multipole decomposition of the local fields composed of electric dipole
(ED), magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole
(MQ) contributions. The insets in (a) show the radiation patterns at the spectral
positions marked by the arrows.

can identify that at wavelengths from 1.1-1.2 ym, i.e. when the plasmonic nanorod is
in resonance, the directional radiation is caused by the superposition of a pronounced
magnetic dipolar contribution with electric (and weaker magnetic) quadrupolar com-
ponents of the combined system in accordance with previous theoretical findings
where a directional radiation behaviour has been attributed to the superposition of
electric and magnetic multipole moments in plasmonic nanoantennas [45]. We note
that, even though the plasmonic nanorod has a scattering response that is purely elec-
tric dipolar, the scattered field from the nanorod in the hybrid design is expanded
with respect to a central coordinate that is outside of the nanorod, i.e. it is in the cen-
ter of the silicon nanodisk. Therefore, additional multipole moments than the electric
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dipole moment are necessary to describe the scattered field of the gold nanorod. In
the specific situation the displacement, however, is small and the scattered field is
well described by those multipole moments depicted in Fig. 5.4l(c). Nevertheless,
when exploring the ability to suppress the backscattering from those hybrid nanoan-
tennas using e.g. generalized Kerker conditions, the characteristic radiation pattern
shown in the inset of Fig.[5.4l(a) can be explained by the superposition of the cor-
responding multipole components [170]. As such, although the front-to back ratio
is higher at the longer-wavelength resonance, the scattering pattern becomes more
directive at the resonance of the plasmonic nanorod due to this excitation of higher-
order multipoles in the nanodisk.

In contrast to this, the spectral region from 1.3-1.4 ym wavelength is dominated
by a superposition of the electric and magnetic dipole components of the nanodisk
director element that ultimately gives rise to unidirectional radiation with the corre-
sponding characteristic radiation pattern shown in the inset of Fig. 5.4/(a). Remark-
ably, in this regime the hybrid meta-atom acts as a Huygens’ element [149] and could,
therefore, be also used as a fundamental building block for efficient wave-shaping
devices.

5.3.1 Multipole expansion for the individual elements of the hybrid metal-
dielectric nanoantenna
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Figure 5.5: A single gold nanorod multipole expansion.

Figure and Figure are the multipole expansion for a single gold nanorod
and a single silicon nanodisk, respectively. Both multipole decompositions are done
at the center of the silicon nanodisk. We chose this origin so that all expansions can
be compared, and this is why the gold nanorod does not appear as a perfect electric
dipole. This indicates that the quadruopole mode of the disk gives the directionality
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Figure 5.6: A single silicon nanodisk multipole expansion.

together with the nanorod.

The multipolar expansion shows that the hybrid structure contains both the elec-
tric dipole and the magnetic quadrupole, and since these modes are not orthogonal,
they can couple to each other. Hence, in general, the two modes can be excited by
the other one.

5.4 Summary

In conclusion, we have realized a hybrid metal-dielectric nanoantenna array com-
posed of gold nanorods that are coupled to silicon nanodisks. To this end, we have
implemented and successfully demonstrated a multi-layer fabrication approach to
realize stacked metal-dielectric meta-atoms that combine the advantages of both
plasmonic and dielectric elements. We have studied the optical properties of this
nanoantenna array and investigated its directional radiation properties. We show
that our design supports uni-directional radiation of light with a maximum front-
to-back ratio of above 100 and analyzed the interplay of its multipolar electric and
magnetic contributions that lead to the directed radiation behaviour of the single
constituent elements. In particular, we have identified the operation band where
the meta-atoms effectively behave as Huygens’ elements that, in principle, allow for
full 27t phase manipulation. Therefore, our hybrid nanoantenna array can be used
in a range of photonic applications, including wave-front manipulation, directional
nanoscale light sources, biosensing, or optical switching and routing.

*Silicon nano-disks were fabricated in Sandia National Lab by our collaborators.
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Chapter 6

All-dielectric metasurface in
biosensing and opto-mechanics
applications

Unlike plasmonic metasurfaces, all-dielectric metasurfaces benefit a lot from its high
transmission, low losses and compatibility with current semiconductor technologies.
Furthermore, high-index low-loss dielectric material is always a promising candidate
for engineering functional metasurfaces structures due to the large index contrast
between the metasurface layer and the substrate. Amorphous silicon is an ideal one
thanks to its wide spectra transparent window starting from 700 nm to mid-infrared
region and high refractive index property. Therefore, in this chapter, we will discuss
about all-dielectric amorphous silicon metasurface in biosensing and opto-mechanics
fields.

6.1 Dielectric metasurfaces for biosensing

6.1.1 Introduction

Biosensors are pivotal in diagnosing epidemics for public and global health, dis-
cerning drugs and materials for national security and defense, assisting in disease
detection and drug discovery for fundamental biology and pharmacology. These
applications demand biosensors to be sensitive and rapid enough. Nowadays, re-
searchers in the bio-sensing field are pushing the performance of optical sensors at a
higher level, utilizing either plasmonic or all-dielectric nanostructures. Both of them
have their own advantages. Plasmonic bio-sensors [32] can confine and enhance light
at the surface of the nanostructures, therefore, they can increase the light matter in-
teraction, which is advantageous for detection of single molecules or monolayer sub-
stances. On the other hand, all-dielectric sensors cannot provide the localized field
enhancement as plasmonic ones, however, due to their low loss and near unity effi-
ciency characters, all-dielectric ones can provide a significant resonance contrast and
high quality factors. Based on good designs, all-dielectric metasurfaces can provide
clean, narrow, deep, one-peak resonance which can be analyzed in more obvious and
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convenient ways. In this chapter, we will talk about this new design which can pro-
vide a narrow, pronounced, clean one-peak resonance metasurface for bio-sensing
applications.

6.1.2 Design the metasurface for biosensing

We use tilted elliptical pillar pairs as our design. This design can provide a very
sharp and pronounced resonance, which gives high quality factor. Moreover, dipole
coupling in the pair forces the electric field localizing on the particle edges rather
than their centers. The other reason to use this specific design is we want the adjacent
elements to have forces which are perpendicular to the metasurface plane when they
are excited via external electromagnetic field, and this will be described in detail in
the next chapter. The sharp line-width (Figl6.I[a)) is due to the collective resonance
rather than the specific design of elliptical shape or the diffraction grating effect. The
elliptical shape of the meta-atoms could be changed into rectangular without losing
the metasurface properties. We chose elliptical shape because it is better for the
fabrication, while the rectangular shape is difficult to fabricate in practice when the
element size is very small (the edges can’t be sharp corners). If the design is parallel
ellipses, the resonances of the nanoparticles or metasurfaces cannot be excited. We
can see in Figurd6.I(b), and the excitation electric field is more overlapped to the
minor axis of the ellipse. The periods of the pairs are x = 490 nm, y = 368 nm, the
ellipse tilted angle is 13 deg, the ellipse long axis length is 269 nm, the ellipse short
axis length is 98 nm and their thickness is 100 nm.

The standard definition of Spectral Sensitivity [171] is the wavelength shift divided
by the refractive index change

S = AA/An. (6.1)

The spectral sensitivity has a unit of nm/RIU, where RIU is the abbreviation of
refractive index unit. Sensitivity is not enough to determine how good the sensing
device truly is, and the resonance width of the sensing device is also crucial to the
quality of the device. Therefore, full width half maximum (FWHM) of the resonance
is introduced here to define the resonance’s width of the sensing device. Hence,
a more comprehensive index of Figure of Merit (FOM) is defined as the following
equation

FOM = S/FWHM. (6.2)

Figure [6.](a) shows the design of metasurface which is made from an array of
tilted elliptical amorphous silicon pillar pairs on glass substrate embedded with lig-
uid on top. We simulated the metasurface’s spectra with different immersion liquid
(water and ethanol). We calculate the sensitivity and conclude that it is 250 nm/RIU,
FWHM is about 1.5 nm, and FOM is 167. The reason for the spectral shift is the
surrounding medium’s refractive index change, which leads changing the contrast
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Figure 6.1: (a) The numerically calculated normal-incidence linear optical transmit-
tance spectra of the metasurface in the liquid with refractive index of 1.33 (water) in
blue color, and 1.36 (ethanol) in red color. The inset shows metasurface’s geometry.
(b) The power distribution of EM field on metasurface with x-polarized excitation at
800 nm.

of the refractive index between the metasurface and the surrounding medium. Fig-
ure [6.1(b) indicates the power distribution on the metasurface. Our design utilizes
high index amorphous silicon and electric dipoles coupling, and the most of the field
can be distributed in the gap among the elements (Figl6.d(b)). Therefore, the field
can interact with sensed objects strongly at the area adjacent to the metasurface. We
use the high refractive index (RI) of Si for the design because we want to increase
the contrast of the RI between the metasurfaces layer and the surrounding medium
(such as the substrate or the immersion liquid). The high contrast gives better res-
olution of the sensing device as well as gives a better resonance (sharper linewidth,
and higher resonance contrast). Coupling of the individual dipoles can provide the
collective effect, which makes the most of the field at the gap between the elements,
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rather than in the elements.

6.1.3 Dielectric metasurface fabrication
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Figure 6.2: Scanning electron microscope image of the fabricated silicon metasurface
on glass substrate with the oblique view.

To fabricate the biosensing metasurface, we firstly deposit a layer of 100 nm thick
amorphous silicon on glass substrate. We process the deposition with an Oxford
Instrument Plasma-enhanced chemical vapor deposition (PECVD) machine with 475
sccm Helium and 25 scem Silane at 250 degree Celsius, 1500 mTorr chamber pres-
sure, 15 W forward power. We then performed an electron-beam lithography (EBL)
on a silicon-glass wafer (100 nm top silicon thickness, 200 ym glass thickness) using
the negative-tone resist ma-N 2403. After cleaning the top silicon surface by oxygen
plasma (2 min, 200 W) with barrel etcher, we first spin-coated HMDS (Hexamethyld-
isilazane) as an adhesion promoter (3000 rpm, 30 s), directly followed by spin-coating
the electron-beam resist (3000 rpm, 30 s), resulting in a resist thickness of 300 nm. We
performed both a pre-exposure bake (100 C, 1 min) and a post-exposure bake (90 C,
1 min). After electron-beam exposure (7.5 ym aperture, 30 kv electron gun voltage),
development was performed by inserting the sample into ma-D 525 developer for 35
s, followed by rinsing it in de-ionized water for 2 minutes. The resulting resist pat-
tern was then used as an etch mask for an inductively coupled plasma (ICP) etching
process (15 mTorr chamber pressure, 15 W RF power, 400 W ICP power) using CHF;3
(50 sccm) and HFg (1.8 scem) as etch gases. Remaining resist was removed by oxygen
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plasma.

6.1.4 Protein A/G and antibody IgG detection
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Figure 6.3: The measured transmission spectra of field F3 (a), field F4 (b), and field
F5 (c) in air, water and ethanol, respectively.

We use protein A/G and antibody IgG for the experiment. IgG stands for Im-
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munoglobulin G, which is a type of antibody. The protein A/G is a recombinant
fusion protein that combines IgG binding domains of both Protein A and Protein G.
Optical characterization of the elliptical pillar arrays is performed through spec-
troscopy measurements, where we use a polarized broadband white light source.
Light transmitted from the sensor chip is collected by a high-magnification objective
lens (100X Nikon objective lens with NA: 0.6 embedded in a Nikon Eclipse-Ti micro-
scope) and then detected with a SpectraPro 500i spectrometer. Transmission spectra
are determined by taking the ratio between the spectra of light transmitted from the
aperture system and the spectra of the bare light source. This method helps us to
consider the spectral shape of the halogen light source in order to accurately deter-
mine the linewidth of the metasurface resonances. We measured the transmission
spectra in different refractive index liquids (Fig.[6.3). We compared the spectra in air
(blue curve), water (red curve) and ethanol (yellow curve). The spectral red-shifts as
the refractive index increases. We designed metasurface in water and ethanol, and it
does not optimized in air, so in air it has much less response than the others. The de-
vices’ sensitivities (Fig.[6.3) are comparable with the simulation results. However, the
spectra line width in experiment (5-6 nm) is much wider than in simulation (1.5 nm).
This is due to the fabrication imperfections, such as the etched silicon nano pillars’
surfaces are not smooth and it gives rise to some scattering loss; the metasurface field
is not large enough in experiment compared with simulation one (infinite array), so
that the coherent length is influenced. We manufactured 5 different metasurfaces
tields using different exposure doses in fabrication process. These are named as field
F1 to field F5. Because the field F1 and the field F2 are underexposed, they do not
show any resonance in the transmission spectral measurements. Therefore, we just
take analysis on the remaining three fields, namely field F3, field F4 and field F5
(Fig.[6.3).

After the spectra measurement of metasurface in different liquids, we performed
a protein/antibody binding experiment using protein A/G and antibody IgG on
functionalized sensor chips. Firstly, we performed the functionalization of our sen-
sors such that the protein A/G is binding uniformly on the surface of glass substrate
as well as silicon pillars which naturally contain a thin layer of native oxide. Secondly,
we perform the microfluid experiment. Fig.[6.4(a) presents the real-time results of
resonance peak shifts (AA) with different density of IgG, which is measured in a mi-
crofluid chamber, and our metasurfaces were able to resolve the capture of 5 ng/ml
IgG on protein A/G with acceptable signal to noise levels. Then, we use the sta-
ble wavelength shift value of Fig.[6.4(a) to compare the density of IgG as Fig. [6.4(b)
shows. We only consider the linear portion (inset of Fig. [6.4(b)) because the total
amount of protein A/G on metasurface is fixed, which requires the limited dose of
IgG to be detected. If the IgG’s density is above a certain threshold, the surface pro-
tein A/G will quickly be fully bound with IgG, which leads to the saturation. The
refractive index difference will stay the same level, even the density of the IgG in-
creases. Therefore, this sensing device is only applicable for low density detections,
which is an excellent candidate for sensitive detection.

In order to test if multi-functional chip is possible for the future detection ap-
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Figure 6.4: The real-time microfluid bioassay measurements. (a) Monitor metasurface
resonance peak wavelength shifts as protein (A/G) and antibody (IgG) binding with
different density of 1gG. (b) The final wavelength shift with respect to 1gG’s density,
according to Fig. (a). The inset shows the zoomed in image of linear part.

plications, the next experiment we perform is monitoring the real-time results of
resonance peak shifts (AA) with different density of IgG for three different meta-
surfaces with different resonances at the same time. We can see from Fig. that
our metasurfaces not only can detect low density of IgG, but also can distinguish
the shift difference between metasurfaces with the same amount density of IgG. Al-
though Fig. [6.5(c) indicates too much noise for distinguishing different sensors due
to the wide linewidth (Fig. [6.3) of the metasurfaces, our sensors are good enough
for low density antibody detections already. We can decrease the metasurfaces res-
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Figure 6.5: The real-time microfluid bioassay measurements for the three sensors
(sensorl(field F3), sensor2(field F4), sensor3(field F5)) at the same time, with the
density of IgG (a) 50 ug/ml, (b) 100 ng/ml, (c) 5ng/ml.
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onance linewidth by increasing the detection area size to get larger coherent length,
and improve the quality of metasurfaces.

6.1.5 Conclusion

In conclusion, we have realized an all-dielectric metasurface composed of array of
amorphous silicon nano-elliptical pillar pairs. To this end, we have implemented
and successfully demonstrated sharp resonances dielectric metasurface bio-sensors.
We have studied the optical properties of this metasurface and investigated its sen-
sitivities for bio-detection. We show that our design supports sharp resonance with
figure of merit over 50 experimentally and performed our detection limit which is
below 5 ng/ml. In particular, we have identified that the multi-functional chips are
possible based on our three metasurfaces real-time experiment. Therefore, our di-
electric metasurface can be used in a range of sensing applications.

*This chapter’s measurement results are based on our collaboration with Mr.
Cenk Ozdemir, Dr. Andreas Tittl and Prof. Hatice Altug from EPFL Lausanne. Dr.
Mingkai Liu designed this metasurface.

6.2 Polarization-induced symmetry breaking in metamateri-
als

6.2.1 Introduction

Metamaterials provide a unique tool-kit to tailor the electromagnetic space and con-
trol the propagation of electromagnetic waves in ways unimagined before. The great
design flexibility of these structures allows one to manipulate the amplitude, phase
and polarization of waves on demand. [61,/99/[113]172-174] In the design of metama-
terials, structural symmetry sets fundamental bounds on the electromagnetic prop-
erties that can be achieved. For example, optical chiral effects including circular
dichroism and circular birefringence typically require stereoscopic structures with
broken mirror symmetry (three-dimensional chirality), [175H179]while circular con-
version dichroism (elliptical dichroism) can be found in planar chiral geometries
(two-dimensional chirality). [180-182]

Recently, much effort has been devoted to the development of dynamically tun-
able metamaterials [183-H186]]. Although the modulation of optical chiral effects is
achieved by hybridizing chiral metamaterials with tunable media, [187,188] the ef-
fects demonstrated are highly dispersive since they are based on a resonance shift. To
arbitrarily manipulate the optical chiral effect, i.e. to not only control the strength but
also the sign of chirality over the entire resonance band, one needs to dynamically
and spatially control the structural symmetry at the subwavelength scale. This becomes
challenging for metamaterial structures operating at infrared or optical frequencies,
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and introducing dielectrics to avoid the high losses of metals further increases the
demands on the design.

One of the promising approaches for reconfiguring metamaterials is to exploit
optomechanical effects [118][189-193]. As has been shown in previous studies, the
direction of the optical force acting on optomechanical structures is determined by
the symmetry of the eigenmode profiles. [194-196] To generate an optical force in a
certain direction, one also needs to break the structural symmetry in that direction
[118,[190,[197] — this is the case when the gradient force of the system dominates.
However, in metamaterials, gradient and scattering forces coexist, and the latter can
be designed to be much stronger than the former. Importantly, since the scattering
force has many degrees of freedom controlled by the incident wave, it provides a
new possibility to generate an optical force and even control its direction without the
restrictions imposed by structural symmetry.

Here, we introduce an optomechanical paradigm that allows full spatial control of
metamaterials working at infrared and optical frequencies. We first show analytically
that for a general two-resonator coupled system, the optical forces acting on the
two resonators are asymmetric as long as the incident wave overlaps with the two
normal modes of the system, i.e. the symmetric and antisymmetric modes. We
propose a simple system based on non-parallel coupled electric dipoles which is
inherently achiral (mirror symmetric). We show analytically and numerically that
due to the interaction and the collective enhancement in the array structure, the
scattering force acting on the dipole meta-atoms can become highly asymmetric if the
incident polarization explicitly breaks the mirror symmetry of the system, i.e. when it
is not aligned with the symmetry axes of the system or becomes circularly polarized.
This relative force can be employed to actuate the structure and transform it into
a stereoscopic chiral metamaterial. Importantly, the induced optical activity is purely
nonlinear, and the handedness of the nonlinear optical activity can be controlled
with the polarization of the incident pump wave. By further introducing a spatial
gradient in the incident polarization, one can generate chiral domains and spatially
control the scattering of left and right circular polarizations, paving a way towards
dynamic spatial modulation of light with subwavelength resolution.

6.2.2 Results and Discussions

6.2.2.1 Analytical Modeling of Optical Forces in Coupled Pairs of Non-parallel
Dipoles

To provide clear physical insight to this effect, we start with the simplest unit: a
coupled pair of non-parallel electric dipoles, in which the dipole moments are aligned
in the x — y plane, as shown in Fig. (a). Although we use dipole model here,
there is no limitation on the actual implementation of the meta-atom as long as
its electric response is highly polarization-dependent. The dipole meta-atoms have
identical geometries but opposite orientation angles, and they form a coupled unit
satisfying mirror symmetry. We define the two different orientations of meta-atoms
with respect to y axis as 6; = —6, = 0. It will be subsequently shown that the effect
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Figure 6.6: (a) Schematic of a pair of non-parallel coupled dipoles. The optical forces
acting on the dipoles become different when the incident polarization is not aligned
with the symmetry axes, leading to a transverse optical torque M°Pt # 0; the direc-
tion of torque can be controlled with incident polarization. (b) Schematic of a zig-zag
array of dipole meta-atoms. When excited with an appropriate incident polarization,
the optical force acting on the dipoles becomes highly asymmetric near the resonant
frequency of the antisymmetric mode. By introducing flexible mechanical feedback,
the relative force can be employed to transform the planar achiral structure (s = 0)
into a stereoscopic chiral metamaterial (s # 0). (c) The handedness of the optome-
chanically induced chirality, denoted by chiral index {, can be controlled with the
incident polarization.

in a one-dimensional or two-dimensional array is qualitatively the same and can be
substantially enhanced due to collective resonance.

The key effect studied in this paper is the optical force acting on the dipole meta-
atoms: FOPt = Fint 4 pext where FI' i the internal force (gradient force) due to
the near field interaction of meta-atoms via the scattered field (ES, B%), and F®! is
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the external force (scattering force) due to the interaction of meta-atoms and the
excitation plane wave (E!, B'). We are particularly interested in the z component of
the time-averaged optical force. The forces can be determined from the following
equations (see supplementary material for details):

B o [p(mp™(d) =J() T ()] er -z, 63
B = Limfp- ()], 64

Here, p and J are the polarization charge and current of a meta-atom with an ef-
fective electric dipole moment p. Fi"* discribes the internal force between two cou-
pled meta-atoms, with their displacement vectors denoted by r and r/, respectively;
eg = (r—1')/|r—r'|. Note that for a more general excitation field, Eq. can
contain additional terms due to the local gradient of intensity V|E!|? and the local
curl of spin density V x [E! x (E')*] [198], but they all vanish for homogeneous plane
wave excitation.

Equations (6.3) and (6.4) show that while the direction of FI" is inherently bounded
by the mode symmetry of the coupled system, the direction of F&* is determined by
the relative phase with respect to the incident field. For example, for a meta-atom
in the coupled system, FI"t changes sign when the coupled mode changes from sym-
metric to antisymmetric state [consider p(r') — —p(r') and J(r') — —J(r')], and it
vanishes when all the meta-atoms are on the same plane (eg -z = 0). Thus it is
impossible to actuate the originally planar structure in the z direction and transform
it into a stereoscopic structure if only F"* is employed. In contrast, F®* is free from
such restriction, and the strength of F&t can become much stronger in an array due
to the collective enhancement (as shown below).

To model the electromagnetic interaction, we employ a semi-analytical model
based on the free space Green'’s function [199-202] (see supplementary material for
details). The coupled equations for a two-resonator system can be expressed explic-
itly as follows:

.| Zn Zi Q| [ &
lw{zzl Zzz}[Qz]_{&]' (6.5)

where Q is the mode amplitude that describes the resonant behavior of meta-atoms.
The impedance matrix describes the self and mutual interaction of the meta-atoms,
in which Z;; and Z;; are the effective self impedance and mutual impedance, re-
spectively. All the matrix elements can be defined from the normalized current and
charge distribution of the eigen mode of each individual meta-atom [199-202]; from
symmetry we get Z1; = Za, Z1p = Zp. & is the effective electromotive force im-
posed by the incident field; for plane wave excitation, £ = 1- E',where 1 = p/Q is
the normalized dipole moment of a single meta-atom.

Our two-resonator coupled system supports two normal modes: symmetric mode
&g = \%[1, 1] and antisymmetric mode é5 = \%[1, —1]. The coupled equations can
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be rewritten in a more instructive form based on the eigenbasis of normal modes:

. [ Zs 0 Qs ] { &s ]
iw = , 6.6
{ 0 Za ] { Qa Ea (6.6)
in which Zg = Z;; + Zjj, Zpn = Z;; — Zjj are the impedances of symmetric and anti-
symmetric modes, respectively; Qs = (Q; + Q2)/v2 and Q4 = (Q1 — Q2)/V/2 are
the corresponding mode amplitudes; & = (& + &)/ V2 and E4 = (& — &)/ V2

are the corresponding effective electromotive forces. They can be obtained via the
following transformation:

[%QL :?{212]?”r 6.7)
[&:::?:&] (68)
[2:::?:2] (6.9)

where

<?:%%F:%[ijﬂ (6.10)

is the transformation matrix.

We assume that both meta-atoms are initially in the same plane, i.e. the separation
of the two meta-atoms in the z direction is s = 1, — 12, = 0. In this case, innt =0.
From Eq. (6.4), we can get the relative force with an explicit expression

k
AF = Rz = Bz = 2 Im (Quf — Qo63). (6.11)

Using Eq. (A7) and Eq. (A.9), the relative force can be rewritten as

k
Ag:-ﬁm@q+m@)

k * *
:_Jm%éﬁ+&%> (6.12)

4w Zs Za

Equation (6.12) shows that in order to achieve a nonzero relative force, it is essential
to have the excitation field overlap with both symmetric and antisymmetric modes
so that neither £ nor £4 vanishes. It should be noted that this conclusion is quite
general since the model used from Eq. (6.5) to Eq. (6.12) is valid for any two-resonator
coupled systems.
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Now consider an incident plane wave propagating in the x — z plane:

Ey siny cos «
Ei — Ey —E ei(p cos 1)[] ei(—wt-‘rk”Z-I-ka),
E, sin i sin &

(6.13)

where « is the angle of incidence, and ¢ and ¢ describe the polarization state. At
normal incidence, the relative force can be written in a concise form

2| Fi|2 o3 : —ig ip
AF, — _ KI*[E| s1n2951n21pRe<e e >

— 6.14
Zs + Za (6.14)

2w

Equation (6.14) shows that for the non-degenerate configuration, i.e. 8 # 0° or 90°,
the optical forces acting on the two meta-atoms can become asymmetric if the inci-
dent polarization explicitly breaks the system mirror symmetry, i.e. p # 0° or 90°
[note that £4 (€s) becomes zero when ¢ = 0° (90°)]. Importantly, the sign of the
relative force can be manipulated by the incident polarization state i and ¢, and
the optimum value of i is £45° at normal incidence. The force asymmetry can be
enhanced at the resonances of symmetric and anti-symmetric modes, and the en-
hancement factor is directly proportional to the quality factor of the resonance (as
shown below). Note that while there are many ways to construct an anisotropic
dipole meta-atom, the optimum design should provide the maximum normalized
dipole moment /.

From energy conservation, it can be proved that for electric dipoles without ma-
terial loss, the square of the normalized dipole moment [ is proportional to the real
part of the self-impedance that represents the radiative loss

K312 k%nl?
Re(Z;;) = — =T

= = , 6.15
67TEW (4 ( )

where 7 = //€ is the wave impedance of the environment. Substituting Eq. (6.15)
into Eq.(6.14), we get

37|E!|? sin 26 sin 2¢ e”lv el?
AF, = — wz‘u Re(Zﬁ)Re Zs + Z_A .

(6.16)

Note that the factor Re(Z;;)Re(1/Zg(4)) represents the enhancement of the relative
force, and for linearly polarized exciation (¢ = 0), it reaches the maximum value of
Re(Z;;)/Re(Zs(4)) at the resonant frequencies of the normal modes. Therefore, the
enhancement of the relative force is directly proportional to the ratio of the linewidths
of the single dipole resonance and the coupled normal modes.
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6.2.2.2 Collective Enhancement in Arrays

The force asymmetry can be significantly enhanced when such non-parallel coupled
dipole pairs form a zig-zag array, as shown in Fig. (b). For simplicity, we start
with a one dimensional infinite periodic array, of which the coupled equations can
be simplified to the same form as Eq. (6.5) using the Bloch boundary condition:

Q(j,n) — Q(llo)elkinAx — QieikL)’le. (6.17)

Here the subscript i = 1 or 2, denoting the two types of meta-atoms with different
orientations, and n denotes the 1y, meta-atom of type “i”. Ay is the lattice constant
in the x direction. The elements of the impedance matrix in Eq. (6.5) for the infinite

array are redefined as:

Zii = Z(io)60 +2 Y Zi0),(im) cos(kLnAy), (6.18)
n=1
Zij = 2 Z Z(i,O),(j;éi,n) COS[kL (1’1 + 1/2)Ax]. (619)
n=0

Since the coupled equation for the infinite array has the same form as the coupled
dimer, the analysis and the conclusion from Eq. (6.5) to Eq. (6.16) is qualitatively the
same. The quantitative difference comes from the collective enhancement that leads
higher quality factor of the resonance. By properly manipulating the incident polar-
ization, it is possible to generate a highly asymmetric F&** along the array, which can
be employed to trigger the symmetry breaking in the z direction, as shown below.
As noted above, such flexibility is highly desirable for the optomechanical manipu-
lation of metamaterials, since it provides the possibility to generate the optical force
in directions prohibited by the symmetry of the normal modes.

To show a particular example, we first use the analytical model to calculate the
scattering force acting on an infinite chain of short metallic dipoles; the forces shown
in this paper are all normalized to an incident power density of 1 mW/um?. For
simplicity, the dipoles are treated as thin current lines made from perfect electric
conductors, with a sinusoidal current distribution. The angles and the length of the
dipoles, the periodicity of the array are chosen as 6 = £15°, 670 nm and 1000 nm,
respectively.

To maximize the relative force, we choose ¢ = 45°,¢ = 0. Figure (a) and
(b) show the spectra of the amplitudes and phases of meta-atoms “1” and “2”. The
asymmetric Fano lineshape in Fig. (a) is due to the interference of the broad
symmetric mode and the narrow antisymmetric mode. At the antisymmetric mode
around 201 THz [see Fig. (b)], the optical forces acting on meta-atoms “1” and
“2” become highly asymmetric. One unique feature is that the optical force acting
on meta-atoms “2” can become negative [see Fig. (c)]. In contrast to previous
studies, the origin of this negative force is neither a strong gradient force [203] nor the
excitation of high order multipole moments [204,205]. It is due to the unusual phase
response of the meta-atoms around the antisymmetric mode. For a single electric
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Figure 6.7: (a) The mode amplitudes, (b) the phases, and (c) the optical forces of the
two types of meta-atoms “1” and “2” in an infinite array. The incident polarization
is p = 45°, ¢ = 0 (45° linear polarization); the orientation angle 6 = 15°. The dashed
line indicates 201 THz. (d) The relative force AF, as a function of ¢, with { = 45°;
the black dotted lines indicate AF, = 0. (e) The relative force as a function of incident
angle a, with ¢ = 45° and ¢ = 0. (f) The relative force AF, for different orientation
angle 0, with p = 45° and ¢ = 0.

dipole, its phase around the resonance should be within (0, 77) due to causality and
passivity, and therefore the imaginary part of Eq. (6.4) is positive. However, when
the meta-atoms are coupled and support the antisymmetric mode, the phase of one
type of meta-atom can fall into (—7t,0) [see Fig.[6.7] (b)], leading to a negative force.
As a comparison, we plot the optical forces when the incident polarization becomes
90°. In this situation, only antisymmetric mode is excited, and the forces are identical
and positive [see curves marked with diamonds in Fig. (0]

At normal incidence, the strongest relative force exists at || = 45°, while the
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phase ¢ provides an additional degree of freedom to modify the effect. As depicted
in Fig.[6.7] (d), since antisymmetric mode dominates around 201 THz, the strongest
effect exists when the incident polarization is close to linear [see the circles in Fig.[6.7]
(d)], and the direction of the relative force reverses as ¢ varies by 180°. The rela-
tive force drops from maximum to zero at the resonant frequency, when the incident
polarization changes from linear (¢ = 0,180°) to circular (¢ = £90°), which is consis-
tent with the prediction from Eq. (6.14). Due to the collective nature of the resonance,
the resonant frequency can be further red shifted by increasing the incident angle «,
and the relative force becomes even stronger due to the enhanced quality factor of the
resonance [Fig. [6.7] (e)]. The relative force can be further enhanced by reducing the
orientation angle 6, which leads to a higher quality factor of the resonance; however
the relative force starts to decrease and vanishes when the orientation angle reduces
to the degenerate configuration of 6 = 0.

6.2.2.3 Polarization-induced Chirality

The highly asymmetric optical force shown above provides a new opportunity to
control the structural symmetry of metamaterials. By hybridizing these meta-atoms
with flexible mechanical feedback, it is possible to achieve controllable symmetry
breaking and optical chiral effect [see schematics of Fig.[6.6](b) and (c)]. As the meta-
atoms “1” and “2” are driven towards opposite directions by the external force F&Xt,
the mirror symmetry of the system is broken, and the initially planar metasurface
becomes a stereoscopic chiral metamaterial. Meanwhile, the internal force P;nt starts
to exist once the meta-atoms are no longer in the same plane. Figure 6.8 (a) and (b)
depict the external force and internal force as a function of the mutual separation s
with incident polarization ¢ = 45°, ¢ = 0. Unlike previous studies where the internal
force/torque dominates [189,190,192,193], the external force plays a major role in the
current design parameters. This is mainly due to the relatively large center-to-center
distance of the neighboring meta-atoms, which significantly reduces the strength of
near-field interaction and the internal force.

The force induced in a finite array is quantitatively very similar. We calculate the
optical force acting on an array consisting of 30 pairs of meta-atoms with the same
incident polarization used in Fig. (c). At the resonant frequency of 201 THz, the
optical force shows high uniformity along the array, and apart from edge effects it
agrees well with the results of the infinite array [see the Fig. (c) and Fig. (c)
for comparison].

To estimate the nonlinear optomechanical interaction, we introduce elastic me-
chanical feedback into each meta-atom, with a spring constant x = 100 pN/um. We
assume that the meta-atoms are only allowed to move in the z direction. A rigor-
ous calculation of the system can be performed by solving both the optical response
and the mechanical response simultaneously in the time-domain. However, since
the mechanical oscillation period in our system is much longer than the life time of
the optical resonance (10° ~ 10° times longer), the optical force at each integration
time step of the mechanical dynamics can be approximated with the stationary solu-
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Figure 6.8: (a) and (b) The external force and the internal force acting on meta-atoms
“1” and “2” in an infinite array under different separation s in the z direction, as
denoted in Fig. (b). The incident frequency is 201 THz; the orientation angle
f = 15°; the incident polarization i = 45°, ¢ = 0. (c) and (d) The input optical force
acting on a finite array. The blue circles and the red diamonds indicate meta-atoms
“1” and “2”. The green arrows show the spatial variation of the incident polarization
on the x — y plane. (e) and (f) The corresponding final stable displacement of the
meta-atoms in the z direction. (g) and (h) The corresponding spatial distribution of
the modulation contrast Cy; of the scattered field in the plane of y=0, generated by
an x-polarized plane wave impinging on the chiral array and chiral domains shown
in (e) and (f), respectively.
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tion and only depends on the instantaneous positions of the meta-atoms. Under this
approximation, the coupled dynamic equations can be written as:

2 N
4 Z Z(l/m)/(]/n)Q(]/n) = 5(1,1”’[)’ (6.20)
j=1 n=1
5(c) (c) __  popt mech
ME Gy T TGy = Fio + Fim) - (6.21)

Here M is the mass of the meta-atom, estimated as 5.4x 104 ;g based on the geom-

etry of a silicon meta-atom proposed in Fig.[6.9] T is the mechanical damping due
to the viscosity of the environment, Lim

h _ ()
Fiom) = ~(im
law. Note that the electromagnetic and mechanical equations are coupled because

the mutual impedance Z; ;) (;.n), the mode amplitude Q; ;) and the resulting opti-

) is the center of mass of the meta-atom, and

)€z is the mechanical feedback force approximated with Hooke’s

cal force F(Ofyfz) are functions of the displacements of all the meta-atoms in the array;,
which in turn depend on the optical forces acting on them.

We focus on the stationary response of the system. As shown in Fig. (e),
the final stable state agrees well with the input optical force, this is mainly due to
the weak nonlinear response of the force to the displacement change. To evalu-
ate the chiral optical effect, we use an x-polarized plane wave to excite the chiral
structure shown in Fig. (e), and decompose the scattered field on the plane of
y = 0 into left and right circular polarizations. The modulation contrast, defined as
Cm = (|Ercp|*> — |Ercp|?)/ (|[ELcp|* + |Ercp|?), clearly demonstrates that the induced
chiral structure is “right-handed” since it scatters right circularly polarized waves
much more strongly.

Apart from uniform deformation, we can also generate spatially varying defor-
mation by introducing a spatial gradient in the incident polarization. As an example,
Fig. (d) depicts the spatially varying force along the array. The input polar-
ization shown in the figure (green arrows) can be synthesized by interfering two
coherent plane waves with left and right elliptical polarizations, of which the in
plane components are circularly polarized: E;, = E[(x +iy)e ¥ + (x — iy)elf1¥]
E[xcos(k x)+ ysin(k, x)]. The final stable state of the system consists of chiral do-
mains that allow effective spatial modulation of circular polarizations [Fig. (f)
and (h)]. Unlike the case in our previous study, where chiral domains are gener-
ated via spontaneous chiral symmetry breaking [193], the method shown here is well
controlled by the explicit symmetry breaking from the input.

6.2.2.4 Proposed Implementation in Optics

To estimate the practicality of the concept, we propose an implementation by com-
bining the meta-atoms with flexible nano-beams [206-208]. We calculate a two-
dimensional infinite array composed of silicon meta-atoms supported by silicon ni-
tride nano-beams, as shown in Fig. (a). The relative force is quite significant when
the wave is incident from the side of the nano-beams, and can be up to eight times
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Figure 6.9: (a) Schematic of a metamaterial with silicon meta-atoms (e5; = 12.15)
supported by silicon-nitride nano-beams (esi;n, = 3.92). The lattice period in x and
y directions are 1000 nm and 900 nm, respectively. The nano-beam width and thick-
ness, and the inter-beam gap are 400 nm, 100 nm, and 100 nm, respectively. The
length, width, thickness and orientation angle of the meta-atoms are 550 nm, 220
nm, 150 nm, and £22.5° respectively. (b) The relative force under linear and circular
polarizations, and with different relative longitudinal displacement. (c) The circu-
lar dichroism under different relative displacement. (d) The relative displacement
of nano-beams as a function of incident power density; the incident polarization is
chosen as ¢ = 45°, ¢ = 0. Inset is a schematic of the device. (e) The corresponding
polarization angle of the transmitted wave. (f) Nonlinear circular dichroism of the
metamaterial with right circularly polarized wave illumination.

the scattering force acting on the whole unit cell. Both 45° linear polarization and cir-
cular polarization can generate strong relative force [see Fig.[6.9](b)], which can drive
the meta-atoms towards opposite directions and transform the planar array into a
stereoscopic chiral system, leading to giant optical chiral response. The effect of cir-
cular dichroism in transmittance becomes prominent when the relative displacement
of neighboring beams s = 40nm [see Fig. (0]

To estimate the nonlinear response, we design the nano-beams to be 110 um
long and fixed at both ends, giving an effective spring constant x ~ 90 pN/um.
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Note that there are other mechanical designs that can provide the same effective
spring constant. We further assume that each nano-beam supports 40 meta-atoms
on the central part [see inset of Fig.[6.9] (d)]. The relative displacement-dependent
force calculated in the periodic structure is employed to calculate the stable state of
the system under different input power levels. As shown in Fig. [6.9 (d), for a 45°
linear polarized incident wave, the nano-beams can show a relative displacement
of more than 50 nm with a pump power density of less than 10 uW/um?, which
corresponds to a total power consumption of around 16 mW over a 40ym x 40'm
area of metamaterial. The corresponding giant optomechanically induced chirality
is shown in Fig. (e); more than 70° of polarization rotation can be found at the
frequency of 200.8 THz.

One important feature of our structure distinguished from previous studies is
that we can control the handedness of the metamaterial directly using circularly
polarized waves. For example, by pumping the metamaterial with a right circularly
polarized wave, it becomes more transparent to right circular polarization and more
opaque to the opposite handedness [see Fig. 6.9 (f)]. Note that in the linear regime
the system is purely achiral. The current design provides a unique paradigm to
achieve pure nonlinear optical activity with a controllable handedness in the optical
frequency regime. In comparison to previous proposal [209], the nonlinear optical
activity achieved here is based on the change of structural symmetry rather than
resonance shifting; therefore the strength of nonlinear optical activity is symmetric
for both handedness and it does not require any pre-introduced unbalancing (linear
chirality).

6.2.3 Metasurface-Membrane Nano-fabrication

To fabricate the opto-mechanical metasurface, we performed a three-step electron
beam lithography. We firstly deposit a layer of 100 nm thick amorphous silicon
on 100 nm thick silicon nitride membrane (NORCADA). We process the deposition
with an Oxford Instrument Plasma-enhanced chemical vapor deposition (PECVD)
machine with 475 sccm Helium and 25 scem Silane at 250 degree Celsius, 1500 mTorr
chamber pressure, 15 W forward power. We then performed an electron-beam lithog-
raphy (EBL) on a silicon-silicon nitride wafer (100 nm top silicon thickness, 100 nm
silicon nitride thickness) using the negative-tone resist ma-N 2403. After cleaning
the top silicon surface by oxygen plasma (2 min, 200 W) with barrel etcher, we first
spin-coated HMDS (Hexamethyldisilazane) as an adhesion promoter (3000 rpm, 30
s), directly followed by spin-coating the electron-beam resist (3000 rpm, 30 s), result-
ing in a resist thickness of 300 nm. We performed both a pre-exposure bake (100 C,
1 min) and a post-exposure bake (90 C, 1 min) and after baking, we spin a layer of
e-spacer for conductive surface. After electron-beam exposure (7.5 ym aperture, 30
kv electron gun voltage), development was performed by inserting the sample into
ma-D 525 developer for 35 s, followed by rinsing it in de-ionized water for 2 minutes.
The resulting resist pattern was then used as an etch mask for an inductively coupled
plasma (ICP) etching process (15 mTorr chamber pressure, 15 W RF power, 400 W
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Figure 6.10: Scanning electron micrograph of the fabricated amorphous silicon ellip-
tical pillar pairs metasurface on 100 nm thick silicon nitride nano-beams (a) whole
view of the sample, and (b) magnified and oblique view of the same sample.



§6.2 Polarization-induced symmetry breaking in metamaterials 97

ICP power) using CHF3 (50 sccm) and HFg (1.8 sccm) as etch gases. Remaining resist
was removed by oxygen plasma. The second lithography we processed is for gold
markers. We use PMMA 950 for the photoresist mask and perform EBL, following by
applying electron-beam evaporator to deposit 30 nm gold film. After deposition, we
use hot acetone for lifting-off the film to obtain gold markers. At the final EBL step,
we use ZEP 520A as a positive-tone photoresist (4000 rpm, 2 min) and perform posi-
tioning lithography (7.5 ym aperture, 30 kv electron gun voltage), development was
applied by using cold ZEP developer for 80 s, followed by rinsing it in isopropanol
for 1 min. Finally, use the same recipe to etch silicon nitride membranes to achieve
the nano-beams.

6.2.4 Conclusion and future work

We have proposed a novel paradigm to achieve full spatial control of metamaterials
working at infrared and optical frequencies. We found that scattering forces may play
a significant role in triggering the structural symmetry breaking. We have analyti-
cally and numerically investigated the force asymmetry in pairs and arrays based on
non-parallel coupled dipoles, showing that this effect is quite general as long as the
incident wave can simultaneously overlap with the two normal modes. The effect in
an array becomes more significant due to the collective enhancement, which can be
used to achieve achiral-chiral phase transition with controllable handedness. While
the designs presented here are focused on the manipulation of structural symmetry
and optical chirality, it can also be employed to achieve other types of spatial mod-
ulation. Due to the subwavelength nature of metamaterials, the proposed paradigm
holds great potential to achieve dynamic spatial control of the near-field components
of light.

In the future, we will measure the spectra of the fabricated devices. Secondly, we
will apply nonlinear measurement for the optical forces, such as Figlp.9(f). We can
apply two different circular polarized light to excite the metasurfaces and observe the
transmission. Furthermore, we could also measure the polarization state regarding
to different incident powers.

*This chapter’s theory part is from Dr. Mingkai Liu, and the fabrication was
performed by myself and Prof. Duk-Yong Choi.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

In the 21st century, human beings are drastically developing their technologies and
civilizations, spanning from the space exploration and colonization, to human bodies
health and gene engineering; from brain study to artificial intelligence; from wearable
devices to robots. The boom of those technologies are originated from the demand
of human beings for biological advancement, and the tools that can help to realize
our desires. Physics and engineering are always the pivotal fundamentals for those
technologies. In order to benefit the development of those fields, nano-optics and
nano-photonics are the ones which are crucial tools assisting the detection and diag-
nostics of substances and elements, such as biological molecules, drugs, and human
bodies” health conditions (such as wearable devices for heartbeat rate, blood pres-
sure, blood glucose level measurement and so on). Moreover, they can also help the
advanced logical calculations and super fast information deliveries, such as quan-
tum computing and optical communications. Based on this big picture, this thesis
is focused on integrated nanoantennas in advanced optical communications fields
and two-dimensional metasurfaces for quantum light manipulation, dynamic spatial
controlling near-field light, bio-detections and compact optical devices.

Generally, in this thesis, we have designed, fabricated, and characterized the de-
vices that we proposed. We normally design our devices with an FDTD software
CST Microwave studio, such as calculating optical waveguides modes and disper-
sions; single nano-particle cross-sections, electric field, phase, scattering pattern; and
metasurface transmission, reflection spectra, surface fields, phase. Then, we per-
form different fabrication techniques for different circumstances. Normally, we use
electron-beam lithography (EBL) to generate a mask layer of photoresist for the nano-
structures, and those masks can be utilized either for lifting-off or etching. For those
metallic nanoantennas and alignment markers, we use lift-off techniques by immers-
ing samples into hot acetone or photoresist remover, depending on what resist we
use. On the other hand, for those dielectric materials such as silicon and silicon ni-
tride, we perform inductive coupled plasma (ICP) to etch the materials. Multiple
EBL processes should be performed for the multilayer-structure samples. For most
metallic film deposition, we use an electron beam evaporator or thermal evaporator,

99
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while, for the dielectric film deposition, we use sputter, plasma-enhanced chemical
vapor deposition (PECVD) or atomic layer deposition (ALD) machines.

Chapter 2] - chapter 4 are focused on nanoantenna waveguide integration. While
in chapter[fland chapter[6, we aimed at the study of nanoantenna arrays—metasurfaces.

Specifically, Chapter2mainly talked about directional scattering with two dipoles
interference model and how Fano resonance makes bidirectional scattering. We com-
bined the above two concepts with Babinet’s principle, and designed an innovative
and compact single particle nanoantenna that can split different wavelengths of light
into opposite directions which can be potentially used as a nanoscale wavelength
demultiplexer.

Continuing Chapter s design and idea, in Chapter [3] we experimentally re-
alized Fano nanoantenna and silicon waveguide integration. We fabricated a gold
plasmonic Fano nanoantenna and a ring grating on the slab silicon waveguide. We
measured the nanoantenna’s directivities with 1550 nm and 1310 nm laser light via
the ring grating and we achieved excellent results. Finally, we excited our nanoanten-
nas by two different wavelength of laser light with different modulation frequencies
and the coupling signals were captured by an InGaAs camera. In this way, we can
measure how our nanoantennas can simultaneously demultiplex two different wave-
lengths of light and couple them into opposite directions of the waveguide.

Following the nanoscale wavelength-demultiplexer in chapter [3] in chapter 4] we
proposed a nano polarization demultiplexer. Firstly, we discussed the design of po-
larization sensitive uni-directional waveguide coupler nanoantennas, and we com-
bined two orthogonal polarizations sensitive nanoantennas together to realize an in-
tegrated polarization-sensitive mode-selective demultiplexer. We then fabricated low
loss single-mode silicon rib waveguides and integrated plasmonic polarization sen-
sitive nanoantennas on top of waveguides. We achieved high coupling front to back
ratios measured with the help of plasmonic gratings at the each side of nanoanten-
nas. We also characterized the response of the waveguide modes with respect to the
incident light polarizations, and it indicates that the waveguides modes polarizations
can be controlled by the polarizations of the incident light with our nanoantenna. Fi-
nally, we successfully presented low bit-error-rate penalty with a 10 GHz modulated
1550 nm light applied on our antenna-waveguide device. Therefore, this nano-scale
polarization demultiplexer is ready for commercial telecommunication applications.

Chapter [BI's goal is to provide a possibility for high efficient quantum or local-
ized light manipulation. We presented the fabrication procedures for hybrid multi-
layer metasurfaces and experimentally characterized the sample with its transmission
spectra for different polarizations responses. In addition, we also numerically ana-
lyzed the cross-sections, front to back ratio, and multipole expansion with a single
pair of our hybrid elements. Our design can not only enhance the localized source
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with a plasmonic feed element, but also efficiently and uni-directionally scatter light
with a dielectric director element.

In chapter [6l we proposed an all dielectric metasurface made from arrays of tilted
elliptical pillar pairs. This metasurface can provide a narrow, clean, well-pronounced
resonance with high efficiency. Based on those characters, we applied this design
into two different projects — bio-sensing and opto-mechanical applications. For bio-
sensing metasurface application, we fabricated amorphous silicon nano pillar arrays
on glass substrate, followed by the spectra measurement, which achieved high sensi-
tivity and high figure of merit. We also performed the real-time microfluid bioassay
measurement with protein (A/G) and antibody (IgG) for the single sensor detection
and for the multiple sensors detections. Finally we achieved the multiple sensors
detection’s limit is below 5 ng/ml and for the single sensor detection, it is far below
this limit. For opto-mechanics applications, we designed and fabricated the fish-bone
structure metasurface. It consists of two layers of structures. The first layer is formed
by 100 nm thick amorphous silicon elliptical nano-pillar arrays, and the second layer
consisted of 100 nm thick silicon nitride nano-beams. Furthermore, we have analyti-
cally and numerically investigated the force asymmetry in pairs and arrays based on
non-parallel coupled dipoles, showing that this effect is quite general as long as the
incident wave can simultaneously overlap with the two normal modes. The effect in
an array becomes more significant due to the collective enhancement, which can be
used to achieve achiral-chiral phase transition with controllable handedness. While
the designs presented here are focused on the manipulation of structural symmetry
and optical chirality, it can also be employed to achieve other types of spatial mod-
ulation. Due to the subwavelength nature of metamaterials, the proposed paradigm
holds great potential to achieve dynamic spatial control of the near-field components
of light.

7.2 Outlook

In this thesis, we have talked about nanoantenna-optical waveguide integration for
vertical light coupling, and this is mainly for multilayer vertically crossed waveg-
uides information exchange (Fig. [LL1l (a),(f)). Since this work is very meaningful
for optical information interconnectors, as well as highly compact multilayer opti-
cal transceivers, more works could be done related to the previous ones, such as
two (multi-) layers of vertically crossed waveguides light transition via nanoantennas
(Fig. [l (f)). The nanoantennas at the intersections could also be used as wavelength
demultiplexer and polarization demultiplexer.

Furthermore, after we have demonstrated the possibility of fabrication of hybrid
nanoantennas or metasurfaces, we have opened some very promising research op-
portunities, which could be explored in the future. In the field of quantum optics,
we can use the plasmonic antennas to enhance the quantum dot light emission and
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to utilize the dielectric antennas to direct single photons to a desired direction for the
further quantum information processing. Moreover, in biosensing applications, the
plasmonic nanoantennas can enhance the fluorophore’s photoluminescence, while
the dielectric ones can guide the photoluminescence light into the right direction to
achieve highly efficient detections.

In addition, all dielectric metasurfaces have a lot of potentials in various fields,
due to their low loss, sharp resonances characteristics. The sensitivity of their narrow-
band resonances to the changes of the external environment can be applied for gas,
liquid and dust detection applications. Furthermore, the low loss metamaterials are
very suitable as an alternative of traditional optical components, such as lenses and
waveplates. Although there are some meta-lens works published to date [98]], a mul-
tilayer, aberration corrected meta-lens can be the next big field. This is because of
the huge current demand for highly compact and integrated optics, such as portable
virtual/augmented /mixed reality devices, and wearable technology.
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A.1 Theoretical model of electromagnetic interaction

We employ a nearfield interaction model based on the free-space Green’s function to
quantitatively evaluate the electromagnetic response of coupled meta-atoms. As we
have shown in our previous studies [200-202], meta-atoms can support a number of
eigenmodes, and the mode profiles, i.e. the spatial distributions of current and charge
are in general frequency dependent. However, such variations are very small around
the eigen frequencies, particularly for meta-atoms made from good conductors. In
this situation, the current J(r, w) and charge p(r, w) density of a single meta-atom can
be separated into spatial distribution and frequency-dependent mode amplitude, i.e.
J(r,w) = —iwQ(w)j(r), p(r,w) = Q(w)q(r). q(r) = —V -j(r), where the mode
profiles are approximated by the ones at the eigen frequencies, which can be found
numerically [202]. For the lowest order eigenmode of a cut-wire meta-atom, it has a
sinusoidal-like current distribution. The advantage of using this eigenmode approx-
imation is that we can calculate the resonant behavior of complex coupled systems
over a broadband of frequencies.
The coupled mode equations of the zig-zag dipole system can be written as

2 N
iw Z% Zl Z(im), (im Qim) = E(im)- (A1)
j=1 n=

Q is the frequency-dependent mode amplitude that describes the resonant behavior.
Z is the effective impedance that describes the interaction, which can be defined from
the normalized current and charge distribution j and q. The first subscript i denotes
the two different orientations of meta-atoms, i.e. 0,1 = —0;—p = 60, the second
subscript denotes the number of meta-atoms. £ is the effective electromotive force
imposed by the incident field

£ = /j CE'dr, (A2)

For plane wave excitation, £ =1- E!, wherel = p/Q is the normalized electric dipole
moment of a single meta-atom.
The effective impedance Z = iwL + 1/(iwC) can be calculated directly from the
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spatial distributions of current j (r) and charge q(r) of the eigenmode, where

L B ] . )] 1k0|r im (],n)‘ d3 d3 A 3
(im),(jn) — // 47TC2€O ’l‘(l‘/m)—l'(j,n)‘ r(i,m) r(j,n)/ ( . )

lkg‘l‘ im ( n)|
v / / qlr iml ¢ = Prg Pri, (A4)
Cliym), (jm) 4”80 X im) =T ()|

The coupled matrix can be diagonalized and rewritten in the basis of normal
modes. This can be done by using a transformation matrix T composed of the
eigen-basis of normal modes. For a simple two-resonator coupled system, it supports
two normal modes: symmetric ég = \%[1,1] and antisymmetric &5 = \%[1,—1].
The coupled equations can be rewritten in a more instructive form based on the
eigenbasis of normal modes:

s 2118)- 2]
_ , A5

{ 0 Za Qa Ea (A.5)

in which Zs = Z;; + Zij, Zpn = Z;; — Zjj are the impedances of symmetric and anti-
symmetric modes, respectively; Qs = (Q1 + Q2)/v2 and Q4 = (Q1 — Q2)/V/2 are
the corresponding mode amplitudes; & = (£ + &)/vV2 and E4 = (&1 — &)/V2

are the corresponding effective electromotive forces. They can be obtained via the
following transformation:

Zs 0 ] = Zu Zin <
= T T 7, A.6
[0 Za | | Zn1 Zzz} (A.6)
Qs | = QO ]
- 7 ) AT
[ Qa | | Q2 (A7)
53 . [ 81
[5A_ _ T_gz}, (A8)
where
& o_aoar_ L [1 1
T = [eSI eA] - \/E |: 1 —1 :| (Ag)

is the transformation matrix.

For one-dimensional infinite array with periodicity Ay in the main text, the equa-
tion can be simplified using the Bloch boundary condition: Q;,) = Q(ilo)eikX”Ax =
Q;e*x" 4+ The simplified coupled equation can be written as
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where the self-impedance Zs and the mutual impedance Z,, are re-defined as

Zs = Z(i,O),(i,O) +2 Z Z(i,O),(i,n) COS(kleAx), (A.11)
n=1
Zm = 2 Z Z(i,O),(]';éi,n) COS[kx<Tl + 1/2)Ax] (A12)
n=0

In the main text, for better readability, we use Z;; = Zs and Z;; = Zn,. Solving the

coupled equations gives the mode amplitudes of the two meta-atoms within a unit
Cell, Ql = glA — 52B, Qz = ng — 51B, with A = Zs/(Zg — Zrzn), B = Zm/(Zg — len)

A.2 Calculation of Optical Forces

Once the mode amplitude Q of each meta-atom is found, we can calculate the time-
averaged optical force directly from the current density J(r,w) and charge density

p(r,w):
FP'(r) = F™(r)+F"(r), (A.13)
where F&t is the external force due to the interaction of the meta-atom and the

incident wave (E', B'), and F™ is the internal force due to the interaction of meta-
atoms via their scattered field (E®, B®).

For a plane wave interacting with a meta-atom dominated by electric dipole mo-
ment (such as a cut-wire),

Fot(r) — %Re (0" (B (1) + 7 (x) x B'(r)|

~ %Re [VE!(x) - p*] (A.14)
and
F(r) = SRe[p (1E(r) 4" (1) x B(r)

_ %Re{p*(r) [—Vsb(r) - %A(r)} 17 () % |V < A®)| } (A.15)

where the scalar potential ¢(r) and vector potential A(r) at the field point r are
determined by the current and charge at the source point r/

— M 3.7
¢(r) = . 4m_:o‘r_r,‘d v, (A.16)

J(r/)eiko\rfrﬂ y
A(r) = ——d°r. A7
(r) v 4rtceg|r — v'| f (A.17)
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. o I

t{ns) nx

Figure A.1: (a) The dynamics and (b) the final stable state of a finite array of meta-
atoms. The blue and red curves correspond to meta-atoms “1” and “2”. The incident
polarization is chosen as ¢ = 45° and ¢ = 0 (45° linear polarization); orientation
angle 0 = 15°.

From Egs. (A.I5) to (A7), we get the expression for the internal force in terms of
the current and charge of interacting meta-atoms:

. 1 iko|r—r'| 1 . . , iw /
g _ ERe{ L e () o (e en + 50 ()

neplr — /| |\ Jr— 7

() ) o)),
(A.18)

where eg = (r—r')/|r —r'|. V and V' are the volume of interacting meta-atoms. The

above method is quite general and can be applied to finite systems. In the design

presented in the paper, the cut-wires are in the x — y plane, and thus there is no z
. opt . . fe

component of current, and the expression of F;* can be simplified as

; 1
Frt = ERe </ P E*+J" Bsdr3> -z
14

1 1 k -1 / x(_/ /.
= gref [ (- ) S oo ()~ 50 3 () fenar®ar | -,
(A.19)

as indicated by the Equation [6.3in the main text.

A.3 Nonlinear Dynamics

By introducing flexible mechanical feedback, the displacement of meta-atoms, de-

noted by the center of mass position rgf)m) can be controlled. The nonlinear dynamics
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and the stable state of the system can be found by solving the coupled equations

2 N
—iw Y Y Zimy,imQimy = Eimys (A.20)

j=1 n=1
Mf%f,%ﬂ‘”éf,)m) = F"pt[rﬁf,)m)] +PmeCh[rE§)m)]~ (A.21)

Here M is the mass of the meta-atom, I is the mechanical damping due to the vis-
cosity of the environment. Note that Z; ) (in), €(im) and the response Q;,,) are
Ef)m) As an example, Figure [A. Tl shows the dynamics and final stable
state of a finite array of meta-atoms, the same as the one studied in Figure 3 of the
main text. The mass of the meta-atom is estimated as 5.4x 10~ *ug based on the ge-
ometry of a silicon meta-atom proposed in Figure.[6.9 of the main text. The damping
is chosen such that the mechanical oscillation is highly damped.

functions of r

*The Appendix is from Dr. Mingkai Liu.
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