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Applications

by Md SAAD-BIN-ALAM

Flat-optics enable the miniaturization of many traditional bulk photonic de-
vices routinely used in optical modulation and detection in telecommuni-
cation systems, biosensing and microscopic imaging in biomedical research,
and light detection and ranging (LiDAR) used in automobile, military and
surveillance applications. The backbone of typical flat-optic devices are the
metasurfaces comprising structured nanoparticle lattices embedded in flat
layer of traditional dielectric or semiconductor optical materials. The meta-
surface lattices can create optical resonances by exploiting different aspects
of the light-matter interaction, e.g., light absorption, radiation, scattering and
diffraction by the nanoparticles array. Such resonances are essential for the
efficient optical interactions performed by the flat-optic devices, for exam-
ple, enhancing nonlinear second-harmonic generation for optical frequency

modulators, or enhancing light absorption in photodetectors.

This Ph.D. dissertation reports the mechanisms of exciting and tailoring the
metasurface lattice-controlled resonances using metal nanoparticle arrays.
Exhibiting localized surface plasmon effects, metal particles can dramatically
enhance the light field intensity under resonance conditions. Nevertheless,
by nature, metal particles concurrently exhibit high absorption, radiation,
and scattering losses, which cannot be sufficiently suppressed by the local-
ized surface plasmon resonances. Almost two decades ago, researchers theo-

retically estimated that the benefits of the plasmonic field enhancement could
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still be harnessed by suppressing the scattering loss by organizing such lossy
metal particles in a periodic lattice formation. In contrast to the low-Q local-
ized resonances, such an engineered lattice arrangement could excite high-Q
nonlocalized resonances, which are now often called as lattice plasmon or
surface lattice resonances. Notwithstanding, the efforts on the experimen-
tal validation of such a concept were not succeeding as per expectation in
terms of the resonance Q-factors. Thus, prior to the work accomplished in
this dissertation, it was largely believed by the photonics community that, it
is the "lossy” plasmonic metal particles that do not allow to excite the high-Q
resonances as per the minimum requirements in the practical flat optic appli-

cations.

As a primary contribution to my Ph.D. dissertation, we successfully debunk
that myth. In our work, we systematically proved that the non-localized
lattice resonances can still be excited in ‘lossy” metal nanoparticle arrays.
Precisely, we improved both the design of the metasurface lattices and their
fabrication and characterization techniques to eventually observe the high-
Q lattice resonances as per the theoretical prediction. Our primary success
later inspired us to analyze the systems more profoundly to make them suit-
able for different types of practical applications, which ultimately resulted
in additional secondary successful projects described in my Ph.D. disserta-
tion. The success of these projects would allow us in the future to utilize
the nonlocalized plasmonic metasurface lattice-controlled resonances in a di-
verse range of flat integrated photonics applications, such as free-space light
modulation and detection, which may rely on the nonlinear or electro-optical
light-matter interaction in the flat thin-film region. We believe that the out-
come of this dissertation will pave the way to designing and manufacturing
efficient flat meta-optic devices for real-life applications, particularly in the
telecommunication and medical sectors for the utmost betterment of human

civilization.
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Chapter 1

Introduction

1.1 Flat Optics for Free-Space Light Manipulation

Light is one of the forms of energy existing in the universe which comprises unlim-
ited packets of massless particles known as photons. Unless they meet an object,
waves of light can travel in free space following straight paths called rays with a
constant velocity, which is the maximum speed in the universe. As a form of energy,
light can be transformed into other types of energy (e.g., electricity) or can be gener-
ated from other forms of energy. For example, the atoms of semiconductor materials
can absorb the photons of light, which excite the electrons of the atoms; thus, the
energy of light transforms into electronic energy. Conversely, such electrons emit
photons while returning to their original or ground state; thus, the electronic energy
converts into the energy of light again. Based on these principles, semiconductor
materials are often used as light sources and detectors in various applications in our

everyday life [1]-[3].

The properties of light include its intensity, spectral frequency or wavelength, polar-
ization, and direction of propagation. At its point of origin, intensity, wavelength,
and polarization of light can primarily be controlled by the source. Once emitted
from the source, the traveling light’s propagation direction and the rest of the prop-
erties can be manipulated by one or multiple optical elements made of naturally
available materials placed at the trajectory of light. The direction of light propa-
gation is affected by its transmission through (and refraction at the interfaces of)
dielectric materials, reflection from the surfaces of dielectric or metallic materials,
diffraction from optical structures, and scattering off small objects. The scientific
branch of knowledge dealing with such light-matter interactions is known as Optics.
Besides, the elements which control light’s properties via light-matter interaction are
often called optical components, or sometimes they are also just called Optics. The
common optical elements which are typically used to manipulate light’s properties

in free space are lenses, mirrors, gratings. Light can also be brought from one point
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to another through the engineered optical media, such as, for example, optical fibers

and waveguides made of natural materials [1]-[3].

The traditional optical elements, such as lenses, polarizers, beam-splitters, diffrac-
tion gratings, efc. are often required for manipulating free-space light’s propagation
direction, collimation, focusing, polarization, and temporal and spatial filtering [1]-
[3]. Thus, such optical elements are routinely sought in imaging devices, such as
cameras, microscopes, telescopes, and free-space optical communication devices,
such as transmitters (i.e., sources), modulators, receivers (i.e., photodetectors), etc.
Nonetheless, due to the rapid development of advanced commercial and military
technology, the miniaturization and integration of such optical devices into com-
plex systems are paramount. A common example of such complex systems is mo-
bile smartphones. Just beyond the already existing imaging systems e.g. cameras,
the latest versions of such smartphones include light detection and ranging systems
(LiDARSs) comprising lasers, lenses, and mirrors. However, the miniaturization of
the traditional bulk optical components has almost reached its limit due to the sub-
wavelength diffraction limit of the natural optical materials [4], [5]. On top of that,
further thinning or flattening the optical materials (often called thin films) below the
sub-micrometer range does not allow the input and output light signals to achieve

phase-matching conditions, which is required for nonlinear optical processes.

Notwithstanding, thanks to the advent of modern nanotechnology, there is “plenty
of room at the bottom” to make the miniaturized sub-micron or nanoscale-thick flat
thin-film optical elements to be used and integrated into mobile devices like smart-
phones [6]-[10]. Using the state-of-the-art simulation software and nanofabrication
hardware machines, nowadays it is possible to design and fabricate nanostructured
flat optical thin films, which are commonly known as metasurfaces [9], [11]. Some
specific metasurfaces have also recently been introduced as flat meta-optics [12]-
[19]. The core building blocks of the metasurfaces are a bunch of periodically ar-
ranged nanowires or nanoparticles, which can confine and control the properties of
light in the subwavelength regime by creating strong resonances associated with the
interacting light [20]. Such resonances can boost the weak light-matter interaction
and can relax the phase-matching condition in the miniaturized flat optical compo-
nents [21]. In this dissertation, our ultimate goal is to improve the quality-factor
(Q-factor) of such types of resonances and to explore their potentials. Thus, under-
standing and manipulating the resonance features in metasurfaces, henceforth called
meta-optic systems are paramount. Below we briefly discuss the fundamentals and

different aspects of the resonances corresponding to the flat optical domain.
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1.2 Resonant Metasurfaces for Flat Optics

If light undergoes frequent back-to-back reflection or circulation within an optical
system, the light intensity reaches its peak when the reflected or circulated light
interferes constructively, and it exhibits a minimum when the interference is de-
structive. Such a phenomenon is called optical resonance, which allows for a con-
finement and storage of the energy of light within the optical system at resonance
frequencies [1]. The specific configuration of the optical system that causes light to
be confined and resonated within it is called an optical resonator. The energy of
light leaked from the optical resonator at the peak of the resonance frequency or
wavelength has greater magnitude than the energy leaked at the other frequencies

or wavelengths not matching the resonance peak wavelength.

There are two types of light confinements that can take place in an optical resonator:
temporal and spatial light confinements, which are typically characterized by the
quality factor, Q, and by the mode volume, V, respectively. The fundamental defini-

tion of a Q-factor of a system can be expressed as [22], [23]

0 =27 x En'erigy stored ’ 11)
Energy dissipated per cycle
alternatively which can also be expressed by the following relationship [21]
Resonance center wavelength
Q S (1.2)

~ Full width at half maximum (FWHM) ’

which clearly indicates that linewidth broadening causes a lowering of the Q-factor.
In other words, increasing the Q-factor of a resonator means enhancing the temporal
light energy confinement (i.e., storing energy over a longer period of time) in that
resonator. On the contrary, increasing the volume size V of the resonator means
lowering the spatial confinement in that resonator. If the purpose of using a finite-
size resonator is the enhancement of the light energy, according to Purcell factor,

Fp < Q/V, itis imperative to improve the resonator’s resonance Q-factor [24].

The common optical resonators are typically consisting of two planar mirrors or two
Bragg reflectors, which can be used to excite the Fabry-Pérot resonances by trapping
longitudinal modes of light within a system by manipulating the distance between
the two mirrors or reflectors. One of the most common applications of such bound
optical resonators are bulk lasers where the gain media required for lasing are placed
inside the resonators. However, in the flat optics context, the mechanisms of excit-
ing optical resonances are quite different, which allows trapping of light within the
subwavelength thin flat regions. The principal component of a resonating flat-optic
system is a nanoparticle grating array artificially defined on or embedded inside
the medium constituting the flat optics. Such artificially made nanoparticle grating
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FIGURE 1.1: Examples of metasurfaces comprising meta-atoms.

(a) Nanodisks, (b) bar- or rod antennas, (c) V-shaped anten-

nas, (d) gammadions, (e) U-shaped split-ring resonators, (f)

split-ring resonators with inner and outer diameters, (g) in-

verse asymmetric split-ring resonators, (h) double fishnet struc-
tures [20]. ©2014 Springer Nature.

arrays, called metasurfaces, are comprised of a series of structured subwavelength
unit cells called meta-atoms or meta-molecules, as shown in Fig. 1.1(a-h) [20]. Below
we briefly introduce different types of resonances associated with such meta-atoms
and metasurfaces, and discuss their physical origin. Such resonant behavior can

ultimately govern the functionalities of the flat optics.

1.2.1 Localized Resonances in Meta-Atom Nanostructures
Local-Field Enhancement, Scattering and Absorption Cross-Sections

Meta-atoms are the building blocks of metasurfaces, which can be made either by
using subwavelength dielecric or metallic nanostructured particles of the volume V.
Let us assume that the particle’s radiaus 4, the one-dimensional geometrical param-

3, is much smaller

eter, a associated with the particle’s volume, V such that V = %mz
than the wavelength of light, A such that 2 << A. Once it is encountered by an ap-
plied light field, Ey, the meta-atomic structure exhibits induced electric dipole (ED),
electric quadrupole (EQ), magnetic dipole (MD) and magnetic quadrupole (MQ)
moments [25]. Under the electrostatic approximation, the applied field Ey induces
an electric dipole moment p with the magnitude proportional to Eg inside the meta-
atom structure of the volume V' and frequency-dependent, dispersive, complex di-
electric constant € (w) = Re[e(w)] + Im[e(w)] according to the following relation [26],
[27]:

—C g, (1.3)

P30 )+ 2e
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FIGURE 1.2: (a) [llustration of electric and magnetic dipolar and
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tructures [25]. ©2016 American Association for the Advance-
ment of Science. ©2007 Annual Review of Physical Chemistry.

Here €y and ¢4 are the vacuum permittivity and the homogeneous or effective di-
electric constant of the media surrounding the structured particle of interest. Here,
the term 3V [e(w) — €4]/[e(w) + 2¢4] characterizes the particle’s ability to become
polarized by the applied electric field (the polarizability). Thus, one can define the
polarizability a(w) of the particle as p = €ype aEy, where

_ayflw) —e
a(w) = 3Ve(w) T (1.4)
It is clear from Eq. (1.4) that the polarizability « of the nanoparticle experiences a res-
onant enhancement under the Frohlich condition €(w) = —2¢,. The Frohlich condi-

tion thus enhances the field E;, inside the particle in accordance with the following
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relationship:
3e d

) 15 Eo. (1.5)

in —

The field outside the particle, Eoyt, is also enhanced due to the dipole moment p
according to the following relationship:

‘I(L)_p_ (1.6)

Eout = E
out 0 + V€0€d

Here u is the unit vector in the direction of the outside field oscillation. Thus, such
resonant oscillations cause the local-field enhancement inside and outside the par-
ticle locally coupling and confining the light energy within the subwavelength vol-
ume of the particle. The resonantly enhanced dipole moment increases the particles’
ability to scatter and absorb light. The corresponding scattering and absorption cross
sections, Csca and C,ps, are characterized based on the Mie theory [28] by the follow-
ing relationships:

Cn = ()P 17)
671 ’
and
Caps = kKIm[a(w)]. (1.8)

Here k = 27 is the spatial angular frequency, i.e. the angular wave number that
describe the number of oscillations that the optical wave completes per unit length.
It is clear from Eq. (1.7) that Csc, scales as A ~*, whereas C,ps scales as A 1. One can
note that Csca and Cypg also scale with |a(w)| and Im[a(w)], respectively. However, it
is clear from Eq. (1.4) that, a(w) o V. Thus, for small particles of volume V, we can
write Cgca o V2 and Cyps o V. Henceforth, if the particles” 1D geometrical parameter
a o V3 is on the order of magnitude of the wavelength of light, the scattering cross
section Csea Will be dominant over the absorption cross section C,p,s. Such scattering
is known as Mie Scattering. In contrast, if the particle’s 1D geometrical parameter
a « V3 is subwavelength, i.e. a << A, the absorption cross section C,ps Will be
dominant over the scattering cross section, Csca. Such subwavelength scattering is

known as Rayleigh Scattering.

Mie and Localized Surface Plasmon Resonances

The illustration shown in Fig. 1.2(a) allows one to grasp an idea of the electric and
magnetic dipole- and quadrupole-like localized resonances [25]. As the correspond-
ing scattering cross-sections shown in Fig. 1.2(b), based on the Mie theory [28], both
dielectric and metallic spherical particles can exhibit strong scattering resonances
termed Mie resonances. These resonances depend on the dielectric permittivity e

and the particle size parameter g = 27ta/ A that is proportional to the ratio between
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the radius of a spherical particle 2 and the wavelength of light. If the dimension pa-
rameters for both metallic and dielectric structures are the same, the dielectric per-
mittivity, € for a metal nanoparticle is negative, whereas for a dielectric nanoparticle

€ is positive [25].
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FIGURE 1.3: (a) Illustration of the localized surface plasmon

resonances (LSPRs) [26], [29]. (b) Spectra showing the ex-

tinction (absorption + scattering) and scattering efficiencies of

a plasmonic 100 nm diameter silver sphere surrounded by
glass [30]. ©2010 Optical Society of America.

Physically, for the metallic particles, such Mie resonances happen due to the dipole
moment oscillations of the free-electron clouds surrounding the metallic particles in-
duced by the applied light of frequency wy that is much smaller than the plasma fre-
quency of the free-electrons w,, (here, w, is the natural frequency of the free electrons
in the gaseous state of metals). The oscillation of the free-electron cloud is illustrated
in Fig. 1.3(a) [26], [29], which is known as the localized surface plasmon (LSP). Thus,
the Mie resonances corresponding to that free-electron cloud oscillation of the metal-
lic particles are called the localized surface plasmon resonances (LSPRs) [26], [27],
[29]. Subwavelength metallic structures, for which a << A, produce only LSPRs
corresponding to the electric dipole (ED) and electric quadrupole (EQ) scattering
and extinction (absorption + scattering) cross sections, as shown in Fig. 1.3(b) [25],

[30], while the corresponding magnetic dipole (MD) and magnetic quadrupole (MQ)
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tields vanish inside the metallic structures. Since a << A for the metallic particles of
consideration, the scattering demonstrated by such metallic particles is classified as

the Rayleigh scattering.

1.2.2 Non-localized Resonances in Metasurface Gratings

So far, we have been discussing the light scattering and absorption incurred by the
particles in electrostatic approximation. Nevertheless, apart from the scattering, the
resonant particles absorbing applied electromagnetic (EM) light also act as dipole
antennas that radiate EM light in free space. Once illuminated by an EM plane
wave, the particles scatter that plane wave via dipole radiation. Now, let us con-
sider a collection of nanoparticles arranged in a periodic lattice array with 2D peri-
odicity, as shown in Fig. 1.4. Such lattice arrays comprising structured meta-atoms
or meta-molecules are called metasurfaces [20]. The optical properties of such meta-
surfaces, e.g., the scattering and the extinction (absorption + scattering) cross sec-
tions of the individual meta-atom particles, are governed by the localized resonant
teatures [26]. Concurrently, such particles individually suffer from scattering and
absorption losses (characterized by scattering and extinction cross sections of the
particle). Such losses result in a quick damping of the localized resonances, thus
the corresponding Q-factors are restricted to very low values (only on the order of
10). While the absorption loss is dominant in subwavelength metallic nanoparticles,
their scattering loss can be suppressed by assembling them in a lattice formation.
By engineering the lattice periodicity and the particles” sizes and shapes, one can
excite non-localized high-Q resonances. Due to the nature of their origin, such non-
localized resonances are known as surface lattice resonances (SLRs) [31]-[34]; below

we briefly discuss them.

Surface Lattice Resonances from Radiation and Scattering Coupling

When a metasurface grating is illuminated at normal incidence by a plane wave
with the wavelength Ay, its constituent nanostructured particles exhibit collectively
induced dipole moments along the polarization direction of the incident applied
light. The array of the collectively oscillating induced dipole moments acts like a
series of phased-array radiative antennas, which scatter the plane wave via in-phase
radiation towards the orthogonal direction with respect to the polarization of the ap-
plied light, as illustrated in Fig. 1.4. The radiation of the scattered light collectively
forms a standing grazing wave in the plane of the metasurface. Through construc-
tive and destructive interference, spectral bands of bright and dark modes of the
grazing wave, known as Rayleigh anomaly (RA), appear near the diffraction orders

(DOs) of the metasurface grating. The radiated scattered light coupled to the RAs
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FIGURE 1.4: Tllustration of the top view of a metasurface con-
sisting of periodically arranged meta-atom nanoparticles illu-
minated by an incident light polarized along the x axis inci-
dent from the normal angle direction. Here, the periodicity
of the nanoparticles” array, Px and Py along both x and y axes
are equal. Also, Pyy is the periodicity in the diagonal direction.
Under the x-polarized light, the radiation from the individual
nanoparticles towards the y axis are in-phase, and thus can cre-
ate surface lattice resonances. In contrast, no such a lattice reso-
nance will be created towards the x axis due to the out-of-phase
radiation.

results in both the plasmon-like radiation of the hybrid modes near the LSPR wave-
lengths, as well as the photon-like radiation of the RAs at the wavelengths near the
DOs [31]-[34].

The RA wavelengths near the DOs depend on the periodicity of the grating array
and the refractive index of the surrounding medium. For the grazing wave travelling
in the metasurface array with the reciprocal lattice vector G = 271/P - u, where P
is the array’s periodicity and u is the unit vector along P, the Rayleigh condition
requires that [35], [36]

It = ?T +G, (1.9)

where ki” = 2mn/Ap-u and kﬂ“t = 27n/Aga - u are the projections of the incident
and diffracted wave vectors, respectively, parallel to the array in the medium with

the refractive index n surrounding the array. Under the plane-wave illumination at
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FIGURE 1.5: (a) Extinction cross-section of an isolated plas-
monic nanoparticle that exhibits a Lorentz-like localized sur-
face plasmon resonance (green color), and a metasurface com-
prising a 2D array of plasmonic nanoparticles [21]. (b-c) Nor-
malized electric-field maps showing the field distribution due
to the modified radiative LSPRs surrounding the isolated par-
ticles, and surface lattice resonances in the form of radiative
standing grazing wave, respectively [32]. ©2018 American
Chemical Society. ©2016 Optical Society of America.

normal incidence, kn‘ = 0, thus, the Rayleigh condition for the normal incidence can

be written as
kﬁ“‘f =G, (1.10)

and can be converted into the expression for the in-plane RA wavelength

Ara = nP. (1.11)

The hybridization of the localized resonant modes causes a Fano-like spectral mod-
ification of such resonances, slightly suppressing the radiation losses. Fig. 1.5(a)
shows a Lorentz-like LSPR (green curve) corresponding to an isolated plasmonic
nanoparticle, which is modified into a Fano-like lineshape (blue curve) with a slight
blueshifting when such individual plasmonic nanoparticles periodically form a meta-
surface array [21]. On the other hand, the scattered light coupling with the RAs lacks
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the material absorption loss exhibiting the radiation loss only. Thus, the resonances
excited via such low-loss coupling processes which happen in the plane of the meta-
surface usually exhibit spectrally narrow lineshapes, that is also shown in Fig. 1.5(a)
by the blue curve. Thus, the high-Q (SLRs) are excited in the plane of the meta-
surface [21], [32]. The normalized electric-field maps in Fig. 1.5(b) and Fig. 1.5(c)
demonstrate the typical field distribution corresponding to the localized LSPRs and
non-localized SLRs, respectively [32].

In general, SLRs can be excited collectively by both dielectric and metallic nanos-
tructures arranged in a periodic metasurface [31], [36]. Due to the relatively low
absorption loss happening locally in the dielectric, one may ideally prefer to use
dielectric nanoparticles instead of the metallic ones, i.e. plasmonic nanostructures.
Nevertheless, if one’s purpose is to excite high-Q SLRs with a greater flexibility in
tunability, using subwavelength plasmonic nanostructures could be a better choice
for that purpose. To protect the SLRs from being affected by the extinction losses
associated with the nanostructures, it is paramount to design the metasurface such
that it exhibits SLRs far from the localized resonances, in the longer-wavelength re-
gion [37]. One of the ways to achieve such spectral distance is to increase the lattice
periodicity in the direction of the radiation (i.e., orthogonal to the light polariza-
tion) to red-shift the SLRs from the localized resonances. However, in practice, if
one needs to excite the SLRs at a particular wavelength, the only approach that can
be taken is to blue-shift the localized resonances by reducing the dimensions of the
nanostructures [37]. Applying the latter approach to dielectric nanostructures would
be tricky, because decreasing the dimensions of a dielectric nanostructure (which is
typically its radius) beyond a certain limit would result in disappearance of Mie
scattering. In contrast to that, tuning LSPRs in metallic nanostructures is much more
flexible. One can blue-shift the LSPRs by reducing the dimension of the metallic
structures in the direction of the light polarization. Although such decreasing in one
dimension would also reduce the Rayleigh scattering cross-section of the subwave-
length metallic structures, one can boost the strength of such scattering by increasing
their dimensions in the direction of the radiation of light (i.e., perpendicular to the
light polarization). Since SLRs are excited via radiative coupling, the SLR modes are

bright modes.

Bound-States in the Continuum with Fano-like Resonances

The radiating modes corresponding to the in-phase dipole-like oscillations are known
as the bright modes. Such modes are generally exhibited by the Mie resonances and
the LSPRs. Nonetheless, there also exist non-radiating dark modes corresponding
to the out-of-phase quadrupole-like oscillations (i.e., the symmetric distributions of
the out-of-phase positive and negative charges) in symmetrically shaped nanostruc-

tures [40]. Since there is no radiation of energy, such oscillations would have lossless
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FIGURE 1.6: (a) Meta-atoms/meta-molecules with a broken in-
plane inversion symmetry of the typical BIC/quasi-BIC meta-
surfaces [38]. (b) Evolution of the (d) Transformation of the
BIC trasmission spectra into the Quasi-BIC as a function of the
symmetry-breaking of the meta-atom/meta-molecule struc-
tures presented at the left inside the box. The corresponding
electric and magnetic fields for the BICs and quasi-BICs are
also presented at the right inside the box [38]. (c) Quasi-BIC
metasurfaces with (from the left to right inside the box) the
symmetric (Bravais lattice) array, position-detuned (non- Bra-
vais lattice) array, size-detuned (non- Bravais lattice) array and
doubly-detuned (non- Bravais lattice) array, respectively [39].
©2018 American Physical Society. ©2022 John Wiley & Sons,
Inc.

resonances with zero spectral linewidth, i.e., infinitely large Q-factors. Such lossless

modes are called symmetry-protected bound states in the continuum (BICs) [38].

In reality, since such dark modes cannot be coupled to a system through absorption
and radiation, no true BIC resonances can be excited in a practice. Nevertheless,
by coupling the localized in-phase bright modes and the out-of-phase dark modes,
one can excite spectrally asymmetric Fano resonances in contrast to the Lorentz-
like spectrally symmetric localized resonances. In such a way, resonant coupling
can suppress the overall localized radiative loss; hence, the corresponding spectral
asymmetric lineshape originated in between the dipole- and quadrupole-like oscil-
lations typically has a relatively narrow linewidth, which corresponds to relatively
high-Q-factor Fano resonances. Due to the presence of the BIC dark modes in such
low-loss high-Q Fano resonances, the resonantly coupled finite narrow-linewidth
hybrid modes are also called quasi-BIC modes [38]. To introduce such modes locally

in the nanostructures, one may either need to break the geometrical symmetry of
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the individual nanostructures to create an intra-nanostructure near-field coupling,
or to bring more than one nanostructures in a close proximity to create an inter-
structure near-field coupling, as shown in Fig. 1.6(a) [38]. Due to the nature of the
symmetry-broken structures, such quasi-BIC modes are called the symmetry-broken
quasi-BICs. Fig. 1.6(b) shows the transformation of the BIC modes into the quasi-BIC
modes due to the transformation of the symmetric structures into the assymetric

structures [38].

Quasi-BIC Lattice Resonances

Apart from the bright SLR modes, it is also possible to excite the so-called quasi-
BIC resonant modes in a periodic metasurface either by breaking the symmetry of
the individual meta-atom nanostructures” geometry or forming the individual meta-
molecule unit cells comprising asymmetrically organized nanostructures in sym-
metrically periodic metasurfaces (e.g., square, rectangular, honeycomb lattice for-
mations, etc.; also known as Bravais lattices), or by breaking the symmetry of the

periodicity itself (non-Bravais lattices), as shown in Fig. 1.6 [39].

1.2.3 Resonant Waveguide Gratings

So far, we have briefly discussed different types of localized and delocalized res-
onances which can be excited in the flat-optics platforms using meta-atoms and
metasurfaces. While the localized resonances can confine light only near the in-
dividual meta-atom structures, the delocalized resonances can trap light in the 2D
areas spread across the planar metasurfaces. Furthermore, one can also trap light in
the thin films of optical materials by integrating them with resonant metasurfaces.
In this case, a thin film-metasurface duo forms a resonant waveguide grating struc-
ture, where the metasurface serves as a diffraction grating, as shown in Fig. 1.7(a).
Such gratings can couple free-space light into the thin films made of the materials
with the refractive indices higher than those of the free space and the host substrates.
The coupled light then undergoes total internal reflection repeatedly inside the thin
films, thereby creating resonances at the desired wavelengths, which depend on the
angle of incidence 6 and the free-space wavelength A of the transverse electric (TE)
or transverse magnetic (TM) incident light, the metasurface grating elements’ size
(for example, height d), shape, lattice formation and periodicity A alongside the thin-
film thickness t and its refractive index ny as depicted in Fig. 1.7(a). Such resonances
are called guided-mode resonances (GMRs) due to the high-index thin-film media
acting like slab waveguides. Characteristically, they are similar to the Fabry-Pérot

resonances [41]. Fig. 1.7(b) shows an example of the dependency of the resonance
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FIGURE 1.7: (a) Illustration of a standard resonant waveg-
uide gratings (RWGs) allowing a complete destructive inter-
ference of the propagating light in transmission at a specific
angle of incidence and wavelength [41]. (b) Simulated trans-
mission spectra of a glass nanostrips-integrated lithium niobate
on-insulator thin film RWG metasurface, which depicts a single
guided mode resonance (GMR) for a normal incident light and
two GMRs for the light with a nonzero incident angle. The field
intensity maps in the insets show strong field enhancement in
the thin-film layer. ©2018 John Wiley & Sons, Inc. ©2018 Amer-
ican Association for the Advancement of Science.

position of the GMR transmission spectra on the incidence angle in a GMR meta-
surface, whereas the insets demonstrate the corresponding large field enhancement

inside the metasurface [42].

1.3 Motivation and Objective of the Thesis

1.3.1 Motivation

Metasurface-integrated flat optical materials, which can act as the passive and active
optical components for a diverse range of practical applications, are getting their

popularity as flat meta-optics. Such structured flat optical components promise to
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miniaturize and flatten the overall size and shape of devices where they are to be in-
tegrated. Due to their compact size and reduced weight, the flat meta-optics-based
devices are gradually replacing the traditional bulk optical devices in different ap-
plications. One of the examples of the applications that already finds its place in the
commercial productions is the metalens [43], which has the ability to diffract, focus
and polarize the free-space light within an ultra-thin subwavelength region [44]-
[50]. Other applications of the flat meta-optics include the sensors, imaging cam-
eras, detectors, and LiDARs, etc, which are currently of growing demand in the big
markets for commercial, research and military usage [51], [52]. The list of imple-
mentations ranges from biomedical instruments to telecommunication systems to
automobile systems, security and surveillance systems to our everyday portable de-

vices, e.g., smartphones, smart headsets and eyewear supporting augmented and
virtual reality (AR/VR) [19], [53].

Nonlinear Electro- and All-Optical Modulations

The common functionalities of the flat meta-optics include the modulation and de-
tection of light. Thus, they need to be made using the dielectric or semiconductor
materials which have the ability to modulate and detect light characteristics. The
light modulation techniques typically involve electro- or all-optical modulation pro-
cesses, which are governed by the Pockel electro-optical and Kerr nonlinear optical
effects. Such effects depend on the materials that naturally exhibit second- and third-
order nonlinear optical susceptibilities, x?) and x®), respectively. One of the mate-
rials that possesses both strong x(?) and x(®) is lithium niobate (LiNbO3) [54]. Nev-
ertheless, comparing to the bulk crystalline versions, light matter-interaction within
the thin-film versions of the materials including LiNbOj3 is relatively weak due to
the lack of the required nonlinear interaction length and phase-matching. Thus, it
is essential to excite resonances inside the thin films with high Q-factors to relax the
phase-matching conditions [55]-[58].

Light Absorption for Photodetection

For the light detection purposes, semiconductor materials are the champion over all
other materials that can be used in fabricating photodiodes. Semiconductor photo-
diodes can absorb the incident photons and convert them into the electrical signal by
creating electron-hole pairs in their p-n junction regions. Such processes are typically
characterized by two parameters: responsivity and quantum efficiency (Q.E.) of the
photodiodes, which depend on the efficiency of photon absorbtion and photocurrent
generation. Regarding the choice of materials to determine the spectral dependency
of the photodiodes, Silicon (Si) is the best choice for absorbing light in the visible
and near-infrared spectral range (300 nm to 900 nm), while indium gallium arsenide

phosphate (InGaAs) remains unbeatable for absorbing light in the short-wavelength
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infrared (SWIR) spectral regime (900 nm to 1700 nm). Typically, an InGaAs thin-film
absorber layer is grown on a lattice-matched indium phosphide (InP) substrate [1],
[59], [60].

There exist spectral regions which still lack the suitable natural materials that can
make a base for efficient photodiodes. One of such spectral ranges that represent
challenge for detection techniques is beyond 1700 nm and up to 2400 nm in near-
IR, which is known as the extended SWIR regime. Photodetection in the extended
SWIR band could be beneficial for the imaging and LiDAR operations in foggy
weather, or imaging through smoke or in dark environment. Also, light in the ex-
tended SWIR regime is beneficial for eye safety. Due to its energy bandgap limit,
InGaAs cannot naturally absorb photons beyond 1700 nm. One can extend the en-
ergy bandgap by producing indium-enriched InGaAs. However, In-rich InGaAs is
lattice-mismatched with respect to InP, which severely reduces the signal-to-noise
ratio (SNR) of the resulting detectors. Another technique for extended-SWIR pho-
todetection could be the use of InGaAs quantum dots to manipulate the energy gap
via the intraband transition process, however, that technique comes with a cost of
cooling down the device significantly below the room temperature using an expen-

sive and bulky cooling system [61]-[63].

1.3.2 Thesis Objective

Recently, high-Q quasi-BIC and GMRs-based dielectric metasurfaces have been demon-
strated for efficient free-space light manipulation [12], [14], [15], [41], [64], such as,
beam-steering [56], [57], nonlinear harmonic generation [58], [65], quantum entan-
gled photon-pair generation [66], [67], and biosensing [68], [69]. Nonetheless, there
still exists the opportunity for improving the efficiency of such processes by max-
imizing the resonance Q-factors and other performance aspects, for example, the

multiresonant features.

In parallel, SLRs-based plasmonic metasurfaces have recently demonstrated their
potentials and promises in many applications, including nonlinear harmonic gen-
eration, nanolasing and imaging. However, the experimentally reported Q-factors
of plasmonic SLRs did not exceed 102, although their theoretically predicted values
exceeded 10° [21].

Motivated by these existing challenges, in this thesis, we design plasmonic metasur-
faces for controlling the characteristics of the SLRs and GMRs, such as the Q-factor,
polarization dependency, and ability to excite multiple lattice resonances inside the
flat optical media. To fulfill our objective, We investigate the interaction of the reso-
nant lattice modes with different types of optical media including transparent, non-

linear and absorptive materials.
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1.4 Outline of the Thesis

Apart from this introductory chapter 1, this thesis contains five additional chapters
(Chapter 2 to Chapter 6) describing five different projects and followed by Chapter 7
as the concluding chapter. All these chapters and thesis projects are interrelated and
represent milestones of the thesis objectives, as specified above. The following five
chapters sequentially tell the story of ‘resonating’ journey of a series of repeated
success, failure, climax and again success in our work towards achieving the thesis

objectives.

In Chapter 2, we present the experimental observation of the SHG response of the
metasurfaces consisting of plasmonic meta-atomic nanoparticles. The project was
initially launched during my Master’s program, when our primary focus was to
develop an analytical nonlinear RLC model to estimate hyperpolarizability of the
individual nanoparticles which exhibit low-Q LSPRs [70]. Nevertheless, in the very
early stage of my Ph.D. program, we experimentally observed that nonlocal high-Q
SLRs can significantly enhance the SHG response. Such an important observation,
that was included in the Supporting Information attached at the end of Chapter 2,
ignited our interest in analysing and improving the SLR Q-factors in the following

chapters.

In Chapter 3, we present the experimental manifestation of an ultra-high-Q SLR in a
plasmonic metasurface operating near 1550 nm telecom wavelength. Following the
theoretical predictions, we experimentally realize metasurfaces featuring plasmonic
SLRs with Q-factors on the orders of 10%, reaching a nearly two-decade-long goal
pursued by the research community. Earlier experimental efforts at the realization
of high-Q SLRs were not very successful due to the lack of optimal design, fabri-
cation and characterization processes. We thoroughly investigated and optimized
each process, which ultimately lead us to observe plasmonic SLR with the record-
high Q-factor around 2,340.

After discovering the techniques of generating high-Q SLRs discussed in Chapter 3,
we set the goal of exciting multiple SLRs at different wavelengths which are ex-
pected to match the fundamental and second-harmonic (SH) wavelengths in the
SHG process. Such an investigation, particularly for the applications involving more
than one spectral wavelength regions, is paramount for achieving high-efficiency
SHG facilitated by SLRs. Thus, in Chapter 4, we experimentally demonstrate a
polarization-controlled dual-SLR metasurface by manipulating the dimension pa-
rameters and the periodicity of a 2D lattice of "V’-shaped nanoparticles. In this work,
we successfully excite two periodicity-dependent SLRs alongside two geometry-
dependent LSPRs, where one ultra-high-Q SLR is excited in the infrared and another
low-Q SLR is excited in the visible wavelength range. This experimental work serves
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an important step towards the experimental demonstration of SHG enhancement by
SLRs at both the fundamental and SH wavelengths.

While working on the projects discussed in Chapter 3 and Chapter 4, we needed
to ensure that the surrounding media of the metasurface nanoparticles arrays are
homogeneous; in other words, the refractive index surrounding the nanoparticles
should be uniform to excite the SLRs by a light illuminating the array at normal
incidence. Although one can create such a system in the lab environment by cov-
ering the nanoparticles fabricated on a fused silica glass substrate by a glass micro-
scope cover slip using a commercially available refractive-index-matching oil, such
a system is often not user-friendly for practical applications. To eliminate this is-
sue, we decided to replace the cover slip-index matching oil duo by a permanent
ultra-thin fused silica layer deposited on the substrate by thermal evaporation tech-
nique. Nevertheless, we could deposit such a cladding layer only with a thickness
on the order of the wavelength of light (i.e., on the order of a micrometer). Surpris-
ingly, such a thin-film cladding layer of material with the refractive index matching
that of the substrate exhibited multiple additional narrow resonances alongside the
SLR. We explored the nature of this observation by performing numerical simula-
tions. In Chapter 5, we report and analyze the results, which eventually lead us to
realize that such additional resonances are created by the out-of-plane lattice modes
trapped inside the cladding layer. Such out-of-plane modes are collectively scattered
by the periodic nanoparticles and then repeatedly undergo the total internal reflec-
tion within the thin-film cladding layer at the air-dielectric interface. Thus, those
lattice-controlled out-of-plane modes create multiple Fabry-Pérot-like guided-wave
narrow resonances. In addition, due to the overlapping with the LSPRs, such out-of-
plane lattice resonances could also suppress the scattering losses of the individual
metal nanoparticles corresponding to the LSPRs. The resulting quality factors of
these resonances are considerably higher compared to the typical Q-factor values
for ordinary LSPRs.

As already mentioned above, our ultimate goal is to excite multiple high-Q reso-
nances by coupling free-space light into flat nonlinear, electro-optic and absorptive
materials. The results discussed in Chapter 5, which is coincidentally obtained using
a plasmonic metasurface embedded in a homogeneous glass medium, open a great
opportunity to explore similar features in other types of media. Nevertheless, unlike
the case with glasses, it is not possible to deposit same-index material layers on top
of many useful dielectric and semiconductor materials. As we mentioned earlier,
such index-matching is required to excite SLRs at a normal incidence. To overcome
this bottleneck, in one of the projects described in Chapter 6, we adopt the concept
of lattice diffraction grating-coupled GMRs in flat optical thin films. Here, instead of
covering the nanoparticles array by a thin-film cladding layer, we place the nanopar-
ticles array on top of a high-refractive-index lithium niobate thin film. We design in
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such a manner a metasurface-integrated lithium niobate thin film-on-insulator flat
optical system, such that multiple out-of-plane lattice modes-controlled ultra-high-
Q GMRs spanning infrared-to-visible octave-band can be excited. Here, we choose
lithium niobate since, as already mentioned earlier in the previous section, it is a

broadly transparent highly nonlinear medium with a strong electro-optic effect.

The results obtained in the first project in Chapter 6 also inspired us to explore the
potentiality of lattice-controlled GMRs in a different thin-film material platform for
a different application. In particular, we explored a photon absorption enhancement
process inside thin-film semiconductor absorber layers in photodiodes in extended-
SWIR regime. Thus, in another project described in Chapter 6, we enhance the light
absorption within an InGaAs quantum-dot photodetector diode operating around
1900 nm within extended-SWIR band by exploiting the lattice-controlled guided

modes using a plasmonic metasurface diffraction grating.

Finally, we draw the conclusion of our research contributions in Chapter 7 by dis-
cussing the challenges and obstacles we meet in each project which yet require
to be solved. Last but not least, we briefly discuss the possibility of future re-
search that could be conducted based on the progress demonstrated in this Ph.D.
dissertation. We believe that design improvement and practical implementation
of the metasurfaces demonstrated in this thesis could dramatically boost up the
field intensity in a nonlinear dielectric medium and absorption inside a semiconduc-
tor absorber flat-optical systems used for electro-optical and all-optical modulation,
frequency-mixing and conversion, entangled photon pair generation, photodetec-

tion and imaging in free-space communications and biomedical systems.
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Chapter 2

Nonlinear Plasmonic Meta-Atoms

and Metasurfaces

2.1 Summary

Although the primary focus of this chapter was to analyze the microscopic nonlin-
ear optical response of plasmonic nanoparticles in a metasurface environment, at the
end, it contains an exciting result that was ultimately turned into the main motiva-

tion of the whole thesis.

Primarily, in this project we theoretically and experimentally determined the second-
order nonlinear response, i.e. hyperpolarizability of individual plasmonic meta-atom
nanoparticles. At first, we performed a second-harmonic generation (SHG) exper-
iment in a metasurface consisting of randomly organized but identically oriented
elongated nanoprism gold meta-atoms, from which we extracted the hyperpolar-
izability of the individual meta-atoms. Next, we analytically derived a formula to
estimate the hyperpolarizability based on the RLC equivalent-circuit model of the
localized surface plasmon resonances (LSPRs) associated with the individual plas-
monic nanoparticles. While both the experimental and analytical hyperpolarizabili-
ties agreed well, our collaborator Prof. Lora Ramunno and Dr. Mikko J. Huttunen’s

gr plasma m and nonlinear scattering theory-based simulations.

Nevertheless, this project became an interesting work when we repeated the SHG
experiment on the periodically organized plasmonic meta-atoms. Such organization
led to excite nonlocalized surface lattice resonances (SLRs) close to the LSPRs with
relatively narrow linewidth (i.e., high-Q-factors). The excited SLRs significantly en-
hance the SHG response minimum by one to two orders of magnitude, as reported
in the Supporting Information. This exciting result ultimately sparked our curiosity
for investigating the nature of the high-Q SLRs in the metasurface platforms in the

following chapters.
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2.2 Contribution

The results provided in this chapter have been published in Nano Letters [71]. In
this project that is a brainchild of Prof. Ksenia Dolgaleva, as per the suggestion of
Prof. Kosmas L. Tsakmakidis, I treated the individual meta-atom as an RLC circuit
to predict its nonlinear optical response, and thus developed the analytical non-
linear RLC model for a plasmonic structured meta-atoms. To support my analyt-
ical model, I also performed linear simulation using Lumerical software, based on
which Dr. Kashif M. Awan fabricated a metasurface. As a part of the collaboration,
I went to Finland to work with Dr. Mikko J. Huttunen and Dr. Antti Kiviniemi to
carry out the measurements at Tampere University. Mr. Joshua Baxter performed
the linear and nonlinear hydrodynamic-FDTD model simulations. Mr. Joshua Bax-
ter and Prof. Lora Ramunno derived an expression for the nonlinear coefficient 2 us-
ing intuitive physical arguments. Ms. Yaryna Mamchur prepared an illustration for
the journal article. Last but not least, Prof. Ksenia Dolgaleva, Prof. Lora Ramunno,
Dr. Mikko J. Huttunen, Prof. Kosmas L. Tsakmakidis, and Prof. Antonio Cala Lesina
supervised the research and the development of the manuscript. Dr. Mikko J. Hut-
tunen, Mr. Joshua Baxter, and I wrote the first draft of the manuscript. All coauthors
subsequently took part in the revision process and approved the final copy of the

manuscript.

2.3 Article

The published article follows verbatim.
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ABSTRACT: Plasmonic metasurfaces are promising as enablers of nanoscale nonlinear optics
and flat nonlinear optical components. Nonlinear optical responses of such metasurfaces are
determined by the nonlinear optical properties of individual plasmonic meta-atoms.
Unfortunately, no simple methods exist to determine the nonlinear optical properties
(hyperpolarizabilities) of the meta-atoms hindering the design of nonlinear metasurfaces.
Here, we develop the equivalent RLC circuit (resistor, inductor, capacitor) model of such meta-
atoms to estimate their second-order nonlinear optical properties, that is, the first-order
hyperpolarizability in the optical spectral range. In parallel, we extract from second-harmonic
generation experiments the first-order hyperpolarizabilities of individual meta-atoms consisting of
asymmetrically shaped (elongated) plasmonic nanoprisms, verified with detailed calculations
using both nonlinear hydrodynamic-FDTD and nonlinear scattering theory. All three approaches,
analytical, experimental, and computational, yield results that agree very well. Our empirical RLC

model can thus be used as a simple tool to enable an efficient design of nonlinear plasmonic metasurfaces.
KEYWORDS: Plasmonics, Meta-atoms, Nonlinear Optics, Hyperpolarizability, Anharmonic RLC oscillator

hotonic metamaterials are artificial structures exhibiting
optical properties that in natural materials are either very
weak or entirely lacking. Among these properties are phase
mismatched light-propagation, optical magnetism, strong
chirality, and epsilon-near-zero behavior.' = There is a growing
interest in understanding and harnessing the nonlinear optical
responses of metasurfaces.””'* Many photonic applications
including frequency conversion, THz generation, photon-pair
generation, ultrashort-pulse generation, frequency-comb gen-
eration, and all-optical switching'*~'? rely on nonlinear optics
occurring in large bulky devices where one must contend with
phase mismatching. In contrast, the small footprint of
metasurfaces virtually guarantees phase matching, and more-
over, the nonlinear emission can be precisely controlled.”**%*'
Plasmonic metasurfaces have recently emerged as a
promising candidate for enabling nanoscale nonlinear optics.®
The optical responses of plasmonic meta-atoms serving as unit
cells of metasurfaces are dictated by the collective movement
of the conduction electrons giving rise to localized surface
plasmons (LSPs). Therefore, it is imperative to investigate the
conduction electron dynamics and the nonlinear response of
the constituting meta-atoms. Such investigations can be
performed, for example, by using the hydrodynamic plasma
model”” ™ and the nonlinear scattering theory.”® However,
relying on computational tools is not always convenient due to
their complexity and the large amount of computational
resources they often require.
Linear and nonlinear optical responses of plasmonic meta-
atoms can also be predicted by equivalent RLC circuit

© 2020 American Chemical Society
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(resistor, inductor, capacitor) theory.”” ' This approach has
correctly described the nonlinear and magnetic responses of
split-ring resonators operating at microwave frequencies.32
Nevertheless, it remained unclear whether the RLC approach
could describe conduction electron dynamics in plasmonic
meta-atoms adequately enough to accurately predict their
nonlinear responses at optical wavelengths as well. In this
Letter, we derive the first-order hyperpolarizability of
individual plasmonic meta-atoms by adapting the equivalent
RLC model that we find can, indeed, be used to predict
collective second-order nonlinear responses of large meta-
surfaces. First, we derive an expression for the first-order
hyperpolarizability with an unknown nonlinear coeflicient a
that represents the strength of the nonlinear charge oscillation
in an individual meta-atom. Our goal is to determine the value
of a through physical arguments and to validate our approach
through rigorous experiments and numerical calculations.
Next, we describe our second-harmonic generation (SHG)
experiments, where we measured SHG emission from
metasurfaces consisting of randomly arranged gold elongated
nanoprisms. From these measurements, we extract the
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Figure 1. An artist’s depiction of (a) an equivalent RLC circuit diagram for the investigated nanoprisms, and (b) metasurface consisting of a

random array of elongated gold nanoprisms.

spectrum of their first-order hyperpolarizability. This result is
then validated by two sets of finite-difference time domain
(FDTD) calculations. In the first, the material nonlinearities
are directly implemented within the code via a nonlinear
hydrodynamic plasma model. The second is based on
nonlinear scattering theory where the experimentally deter-
mined second-order nonlinear permittivity of gold is used.

Finally, we present a simple empirical derivation for the
unknown RLC-model nonlinear coefficient a, which we then
use to perform an order-of-magnitude estimate of the first-
order hyperpolarizability. Our intuitive physical interpretation
of a is such that the RLC circuit model we present can be
extended to describe metasurfaces with different meta-atoms
without requiring a priori experimental validation. This simple
analytical tool, capable of predicting the hyperpolarizabilities of
meta-atoms based on their shapes, dimensions, and material
compositions, will prove indispensable in the realization of
metasurfaces with tailored nonlinear optical responses.

Because of its resonant nature, a plasmonic meta-atom
behaves as an RLC circuit, illustrated in Figure la, whose
dynamics can be described via®

LE + RT + V(@) = %) )
where T is the free charge current, L is the distributed
inductance, R is the distributed resistance, and VC is the
induced voltage due to the effective capacitance C of the
circuit. We use a tilde to represent time-varying quantities and
an overdot to represent time derivatives.

The free charges of a rodlike plasmonic meta-atom, in the
presence of an incident field E,. = E, exp(—iwt) polarized
along its length /, will accumulate at a facet resulting in a charge
separation and an effective capacitance C. The incident field
drives the RLC circuit by creating an electromotive force,
which in the dipole approximation, takes the form & = E.l
The dynamics of the free charge is described by the current q =
I, where +q is the induced charge at opposing facets of the
nanostructure. We assume that the nonlinearity is sufficiently
weak, allowing us to write the nonlinear voltage as*”

Ve(d) = (7 + ag*)/C )

where a quantifies the strength of the nonlinearity. Note that
the nonlinear perturbation we assumed here is valid at least up
to ~10 GW/cm? incident field intensities.> Inserting these

expressions into eq 1, we obtain
G+ 27§ + o + awgq” = CaglE,, (3)

where @, = 1/+/LC is the resonance frequency of the circuit
and y = R/2L is the free-electron damping constant of

52

metals.>> This model accounts for the dispersive nature of
metals by implicitly considering a Drude model with ¥ in eq 3
and @, in eq 10b which are given for gold in Methods.”* The
RLC model is valid in the same wavelength ranges as the
Drude model. Typically for plasmonics, this is when the pump
wavelength is in the infrared.

When the excitation wavelengths are close to the LSP
resonance of the meta-atom, the conduction electron dynamics
are well described using the RLC approach.”® A steady-state
solution to eq 3 is found by implementing perturbation
theory™*

2 2
aCofl N

D¥w)D(2w) ™

L Cwgl
9= D(a)) inc

—iwt —i2wt

(4)

where D(@') = (0 — @'* = 2iyw’). We write the total
induced dipole moment as p = gl, and recall that the dipole
moment can be expressed in the frequency domain as™

p= €OaEinc + €OﬁEiic (5)

where «a is the linear polarizability and f is the first-order
hyperpolarizability of the meta-atom. Combining eqs 4 and §,
we obtain

_ Cwozl2
(@) = e,D(w) (62)
_ ClolP
plw; @) = " e,D2w)D* (@) (6b)

As the lengths of the meta-atoms can be a significant fraction
of the exciting wavelength, higher-order multipoles can be
excited, and one must consider this possibility in general,
especially for nonlinear emission at shorter wavelengths.®
However, in this study our goal is to create a model that gives
an order of magnitude estimate of SHG emission, and we
therefore consider only the electric dipole term. The
hyperpolarizability in eq 6b can be considered an “effective”
hyperpolarizability that helps us to achieve this goal. In what
follows, we use experimentally and computationally derived
hyperpolarizability spectra to determine a quantitative value for
the nonlinear coeflicient a.

We first need to consider a geometry for our meta-atom.
SHG is a coherent second-order nonlinear process, and
therefore, very sensitive to the symmetry of the object under
investigation. * In fact, centrosymmetric-shaped structures
exhibit very weak electric-dipole SHG responses™ (see also
Figure S1 in Supporting Information Section S1). Nanostruc-
tures with low symmetry, such as split-ring resonators, L-

https://dx.doi.org/10.1021/acs.nanolett.0c02991
Nano Lett. 2021, 21, 51-59
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Figure 2. (a) Representative scanning electron micrograph of a fabricated gold nanoprism. (b) Schematic of the nonlinear SHG experimental setup

(details in ref 36).

shapes, or nanoprisms exhibit a stronger second-order
response, and consequently are especially interesting in studies
of even-order nonlinear optical effects.’*>* We therefore study
elongated triangular nanoprisms due to their low symmetry
and simple geometrical shapes.

We now determine the hyperpolarizability through experi-
ments. Four metasurfaces containing gold nanoprisms with
widths of w = 100 nm, thicknesses of = 20 nm, and lengths of
[ =145, 156, 167, and 178 nm were fabricated on a fused silica
substrate using electron beam lithography, thermal evapo-
ration, and a standard metal lift-off procedure.”” In order to
minimize interparticle coupling effects occurring in periodic
arrays,""™* each metasurface consisted of 10000 identical,
randomly positioned nanoprisms (oriented in the same
direction) deposited into an area of 200 X 200 um? This
allowed us to investigate ensemble responses that have spectral
features identical to the responses of individual meta-atoms.*”
The arrangement is schematically represented in Figure 1b,
while a representative scanning electron micrograph of an
individual nanoprism is shown in Figure 2a. Alternatively,
individual meta-atoms could be investigated by using nonlinear
microscopy.48

The transmission spectra of the four metasurfaces are shown
in Figure 3a. To verify successful fabrication of the
metasurfaces, we compared the measured spectra with those
obtained from FDTD (see Methods) [see Figure 3b]. In order
for the simulated nanoprism to closely resemble the actual
fabricated meta-atoms, we rounded its corners with a circle of
1S5 nm radius. The LSP resonances of simulated nanoprisms for
I =145, 156, 167, and 178 nm peaked at 1030, 1080, 1120, and
1170 nm, respectively, which are in good agreement with the
measurements.

We performed SHG experiments using the setup shown in
Figure 2b (described in detail elsewhere’ ©). A laser beam
originating from an optical parametric oscillator (Chameleon
Compact) was used to illuminate the sample metasurfaces. The
optical parametric oscillator was pumped with a Ti:sapphire
laser (Chameleon Vision II), generating 200 fs long pulses with
a repetition rate of 82 MHz. The average power of the signal
beam was kept at 8 mW to avoid potential sample damage via
accumulative heating. The SHG emission from the meta-
surfaces was detected as a function of fundamental wavelength
ranging from 1000—1300 nm using a power-calibrated
photomultiplier tube [see Figure 3c]. The input-beam
polarization was set to be linear and aligned with the long
axes of the nanoprisms.

We verified the calibration of our setup to provide order-of-
magnitude estimates for the first-order hyperpolarizabilities j.
This was achieved by measuring SHG emission from a 0.5
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Figure 3. Measured (a) and calculated (b) transmission spectra of
random arrays of elongated gold nanoprisms of different lengths I
along the direction of the light polarization (I = 145, 156, 167, and
178 nm). Measured (c) and calculated (d) SHG emission intensity as
a function of second-harmonic wavelength for the same four
metasurfaces.

mm-thick Y-cut quartz crystal and using the model described
in ref 49 to estimate the second-order susceptibility @ value

https://dx.doi.org/10.1021/acs.nanolett.0c02991
Nano Lett. 2021, 21, 51-59
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Figure 4. (a) Experimentally extracted values of § for the investigated nanoprism samples. Corresponding values of f, predicted by (b)
hydrodynamic-FDTD, (c) nonlinear scattering theory, and (d) the introduced nonlinear RLC model.

for the quartz crystal. Our estimate ()(,(jci =

excellent agreement with the literature.”

To estimate the values of f for the nanoprlsms from the
experimental data, we calculated the macroscoplc P using the
same approach as we used for quartz.*” We estimated the
meta-atom number density of the metasurfaces to be n =
10 000/(200 pm X 200 pm X 20 nm) = 1.25 X 10" m™3, then
linked the detected SHG intensities to the hyperpolarlzablhtles
using the relation f§ = e @ /n. The extracted values of pasa
function of the incident fundamental wavelength are plotted
for the four investigated nanoprisms in Figure 4a.

Next we wish to determine the hyperpolarizability using
numerical computations via the hydrodynamic plasma
model.”>™>° This was used in conjunction with the two-
critical-points model® for gold in an in-house 3D-FDTD
code’’ As the metasurface contains randomly positioned
nanoprisms, periodic boundary conditions could not be used
to simplify the calculation. Further, the metasurfaces were too
large for a single FDTD simulation. We therefore developed a
new method for quantitative approximation of the power. First,
we calculated the nonlinear scattered power in the forward
direction of a single nanoprism resulting from a Gaussian pulse
with duration and peak intensity as in the experiments. For
each nanoprism in the random metasurface, the forward-
scattered power was scaled to the laser field incident on that
particular nanoprism. The individual powers from all nano-
prisms in the metasurface were then incoherently summed.
The calculated second-harmonic power spectrum, shown in
Figure 3d shows excellent quantitative agreement with
experimental measurements.

To estimate f using the hydrodynamic plasma model, we
first calculate the nonlinear scattered power from a single
nanoprism by integrating the nonlinear scattering spectrum
from a single pulse and multiplying it by the repetition rate of
the laser. If the nonlinear scattered power Py was purely from
a dipole, we can approximate the magnitude of nonlinear
dipole moment Ipl by IpP* = 122Py; / (nciZk3),>* where ¢, is the
speed of light in vacuum, k; is the vacuum wavenumber, Z, is

0.53 pm/V) is in
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the vacuum impedance, and n is the refractive index of the
surrounding medium. We calculate 8 using eq 5 and plot it in
Figure 4b. One can see excellent quantitative and qualitative
agreement between the simulation and experimental results.

Finally we use another numerical approach based on the
nonlinear scattering theory””** to determine the nonlinear
coeflicient a. Though not as rigorous as the hydrodynamic
plasma model, it is a simpler and more computationally
efficient technique for calculating nonlinear emission from
nanostructures. Because the SHG emission was detected only
in one direction, and the detector was in the far-field, we were
able to use the Lorentz reciprocity theorem.”**> First, we
obtained the local field distributions for both the fundamental
and SHG wavelengths of interest via linear simulations. The
excitation field was assumed to be a normally incident plane
wave polarized along the long axis of the nanoprism. The
dimensions of the simulated nanoprism were matched with the
experimental values, and the sharp corners of the meta-atoms
were again rounded.

Then we calculated the generated nonlinear source polar-
ization present on the surface of the meta-atom, where we used
the experimentally extracted local nonlinear susceptibility
values for gold.*° The local field was transformed into the
surface coordinate system by reconstructing the surface of the
meta-atom by using a Delaunay triangulation mesh and
performing subsequent field interpolation onto that surface.
Once the nonlinear surface polarization was calculated, we
used the Lorentz reciprocity theorem to predict the emitted
SHG field from the meta-atom (in the forward direction) by
calculating the mode overlap integral between the SHG source
polarization and the local field distribution at the SHG
wavelength.”>*” The last step was to use eq 5 to calculate .
The values of j3 are plotted in Figure 4c and agree in resonance
position and in the order-of-magnitude values with the
experimental and hydrodynamic plasma model results.

Now that we have obtained agreement for the values of f
from the experimental data and the two numerical approaches,
we can estimate the value of the nonlinear coefficient a

https://dx.doi.org/10.1021/acs.nanolett.0c02991
Nano Lett. 2021, 21, 51-59
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required for the RLC model from eq 6b. We find that a ~ 10"
C™!, and plot eq 6b, our RLC model prediction, in Figure 4d.

While we are confident in the order of magnitude of g, it was
quite labor intensive to obtain. We now present a physically
intuitive explanation for the order of magnitude of a that we
have obtained. In the discussion surrounding Miller’s rule
presented by Boyd,34 it is argued that for a bulk material, the
linear and nonlinear restoring forces felt by an electron are
comparable in magnitude when the charge displacement is
approximately equal to the interatomic spacing d. This is then
used to estimate the strength of the nonlinear restoring force.

In contrast, the polarization of a meta-atom results from an
accumulation of free charge on the surface. The charge buildup
occurs at the facet within a thin layer with thickness on the
order of the Fermi wavelength (4z ~ 0.5 nm for gold). In the
absence of external fields, the density of free electrons in this
layer would be n,, the equilibrium free electron density, and
thus there is no excess charge at the surface.

In the presence of an external field, it is reasonable to
assume that at most two electrons (with different spins) can
reside within Az of each other. This would lead to a surface
charge density of

0 R tengly (7)

where the sign depends on which side of the meta-atom is
being considered. Under this condition one would expect the
linear and nonlinear responses to be comparable, in a similar
spirit to ref 34; in fact, Az & d, the interatomic spacing in gold.
From eq 2, the linear and nonlinear terms of V. are equal
when § = ag?, giving a = 1/3, where § = 6A and A is the surface
area containing ¢ on one side of the meta-atom.

For the nanoprisms considered in this paper, our simulations
showed that the region over which there is significant charge
density covers a perimeter of approximately 100 nm both at
the tip end and at the base end. Given the height of the
nanoprism is 20 nm, we obtain

=1.1x 10" c™*
engAlg (8)

where 1y = 5.9 X 10* m™ in gold. This is remarkably close to
what the detailed simulations and measurements predict.

It is also worth mentioning that from the RLC model we can
obtain the ratio

a =

pQw, ®) _ ag;

aX(w)a2w)  CP 9)

which is, in essence, a form of Miller’s rule for meta-atoms. It is
frequency independent and only depends on the geometry of
the particle. This is similar to the anharmonic oscillator model
of ref 34 where the ratios of the susceptibility functions are also
only dependent on the effective mass and the number density
of the electrons.

From Figure 4, we see that all four approaches yield values
of f# within the same order of magnitude ~107*° m*/V. This
agreement is very encouraging because it has been notoriously
difficult to make quantitative predictions of nonlinear optical
processes occurring in plasmonic materials.”*® The simpler
methods (RLC and nonlinear scattering theory), though
predicting the correct spectral peak positions, are missing
some features that are visible in the experimental results and
hydrodynamic calculation, such as the oscillations at longer
wavelengths. These features are believed to be caused by a

secondary resonance of the nanoprisms and interband
transitions in gold.

Despite the great amount of previous work on nonlinear
metasurfaces, only a handful of investigations have provided
order-of-magnitude estimates of meta-atom’s hyperpolarizabil-
ities.*>**~°" Our values of hyperpolarizability are 2—3 orders
of magnitude smaller than previous estimates of somewhat
similar meta-atoms; this discrepancy is not unexpected,
because the experimental setups, the wavelength ranges
considered, and the investigated meta-atoms have all been
different. While we investigated the coherent SHG emission,
earlier investigations measured incoherent hyper-Rayleigh
scattering (HRS) signals, and estimated the values of f
indirectly by comparing the HRS signals from meta-atoms with
HRS signals measured from known solvents. Furthermore, the
earlier HRS experiments performed at shorter excitation
wavelengths than what we considered. Because the interband
transitions of gold start playing a role at wavelengths shorter
than 550 nm,*” these earlier-extracted hyperpolarizability
values may have contained an additional contribution arising
from the interband transitions.”*

Our results also demonstrate the usefulness of the nonlinear
RLC approach. Although simple and intuitive, it describes the
dynamics of conduction electrons adequately enough to
predict the strength of nonlinear optical responses of
plasmonic meta-atoms. Nonlinear RLC model had earlier
been found to accurately describe nonlinear responses of
metamaterials at the microwave wavelengths.”> We show here
that it can be adapted for optical wavelengths as well. This
model can also be applied to meta-atoms of any other
geometry made of any other plasmonic material, which will be
demonstrated in an upcoming publication.

To conclude, we have derived a nonlinear equivalent RLC
circuit model that can be used to quickly and accurately predict
the nonlinear optical responses of meta-atoms in the visible
and near-IR spectral ranges. We fabricated four metasurfaces
consisting of randomly positioned gold nanoprisms and
characterized their second-harmonic generation emissions.
We compared the experimental results with the predictions
based on the hydrodynamic plasma model, nonlinear scattering
theory, and our nonlinear RLC model. All of the results were
found to be in good agreement. Our RLC approach provides
new insights into understanding the nonlinear responses of
meta-atoms and opens new possibilities for ag})lication-
oriented efficient nonlinear metasurface design.****®~%

B METHODS

Parameters for the Nonlinear RLC Model. In order to
find the expressions for the capacitance C and inductance L for
an elongated nanoprism [shown in Figure la], we first
calculated the capacitance C and inductance L of a rectangular
nanobar from its geometrical dimensions using the following
formulas

C = mege,t, (10a)
I I
L= ' log 4 + /2‘0
2 h _pwh
& (10b)

In eq 104, the capacitance C can be defined as the electric
charge divided by the potential difference between the two
facets of a rectangular nanobar (similar to ref 28 for a
plasmonic cylindrical nanorod).

https://dx.doi.org/10.1021/acs.nanolett.0c02991
Nano Lett. 2021, 21, 51-59



2.3. Article

27

Nano Letters

pubs.acs.org/NanoLett

To keep similarity with the formula for C given in ref 28, we
assumed r, ~ 10~ nm in eq 10a as a constant parameter
mimicking the radius of a cylinder encircling the nanobar.
However, due to the geometrical difference between the
cylinder and rectangular nanobar, we slightly modified eq 10b
for the inductance L to match the LSPR spectral position with
the simulation and experimental linear transmission data.

In eq 10b, the self-inductance is given by

Hy 41
L = — log —
self o og h (11)

the kinetic inductance is given by

@ (12)

€, is the vacuum permittivity (8.85 X 107> F/m), the relative
permittivity of glass is €, & 3.9, ji, is the vacuum permeability
(1257 x 107° H/m), w, = 13.8 X 10" rad/s is the plasma
frequency for gold in the optical regime,’” and ¢, = 3 X 10° m/
s is the speed of light in vacuum.

Simulations. Linear FDTD Simulations. Linear FDTD
simulations were performed to calculate the linear transmission
spectra of the metasurface using an in-house FDTD solver.”'
The spectra were calculated by subtracting the absorption and
backscattering cross sections of all the meta-atoms on the
metasurface from the total area of the metasurface. The
transmission spectrum is then T = (A csurtace — (Abackescatt +
Ap))/Anetasurace: The cross-sectional data is calculated from a
single meta-atom and scaled by the number of meta-atoms on
the metasurface. A standard total-field/scattered-field layout is
used to calculate the cross sections and the simulation domain
is truncated by convolutionaly perfectly matched layers. The
linear Drude +2 critical points model’ is used for the optical
properties of gold and accounts for contributions from the
conduction electrons and interband transitions. A broadband
raised cosine pulseSl is used as a source excitation.

Hydrodynamic FDTD Simulations. Hydrodynamic FDTD
calculations were conducted using the same in-house FDTD
solver. The simulation setup is identical to that used in the
linear transmission spectra, except that the hydrodynamic
model (solved via centered finite differences) replaces the
Drude model (in the Drude +2 critical points model), and the
source excitation is replaced with a 200 fs Gaussian pulse
centered at wavelengths ranging from 1000 to 1300 nm. All
simulations using the in-house FDTD solver were run on the
Graham cluster operated by Compute Canada.’®

Nonlinear Scattering Theory. The nonlinear response of a
meta-atom was estimated also by using calculations based on
the nonlinear scattering theory and the Lorentz reciprocity
theorem.”” The strength of the SHG emission in the
direction of interest was evaluated by calculating a mode
overlap integral over the fundamental excitation and SHG
emission modes. The relevant field profiles for the fundamental
and SHG fields were calculated using the Lumerical FDTD
software, and the mode overlap integrals were calculated
numerically using Matlab. In the FDTD simulations the optical
constant of gold was taken from ref 67. The fields on the
surface of the meta-atom were estimated by using Delaunay
triangulation, and only the surface contributions were
consisclered when calculating the nonlinear response of the
gold.

56

Fabrication. We used 2 cm X 2 cm fused silica chips as
substrates. The chips were coated with bilayer electron-beam
resist, consisting of 50 nm thick PMMA with a molecular
weight of 495 k as the bottom layer and 25 nm thick PMMA
with a molecular weight of 950 k as the top resist layer. The
plasmonic nanostructures were then patterned using 30 kV
Raith electron-beam lithography system (CRPuO, uOttawa)
with a dose of 550 uC/ cm?. The patterned resist was then
developed for 2 min in 3:1 MIBK/IPA (methyl isobutyl
ketone/isopropyl alcohol), followed by depositing a 20 nm
layer of gold by electron-beam evaporation and, finally, a lift-off
by immersion in acetone. A computer-aided layout of a
randomly arranged elongated nanoprism array that was used to
create the resist mask and a schematic of the fabrication
process flow are shown in Figure S2 and Figure S3,
respectively, in Supporting Information Sections S2 and S3.
More details are described in ref 39.

Characterization. Linear Characterization. Linear trans-
mission spectra of the samples were measured using a
collimated tungsten-halogen light source (experimental setup
is shown in Figure $4 in the Supporting Information Section
S4). The incident polarization was controlled using a
broadband linear polarizing filter. The entire sample was
illuminated, and the transmission from a single device was
measured by first using a lens to image the sample plane into
an intermediate image plane. The transmission from the
correct device was then selected by a translating a variable
aperture in this image plane, and by using a second lens to
guide the transmitted light into the spectrometer.

Nonlinear Characterization. Signal beam from an optical
parametric oscillator (Chameleon Compact) was used to
illuminate the sample metasurfaces using a spectral SHG setup
described in Supporting Information Section SS (shown in
Figure SS). The optical parametric oscillator was pumped
using a Ti:sapphire laser (Chameleon Vision II) generating
200 fs long pulses with a repetition rate of 82 MHz. The
average power of the signal beam was kept at 8 mW to avoid
potential sample damage via accumulative heating. The SHG
emission from the metasurfaces was detected as a function of
the fundamental wavelength ranging between 1000 and 1300
nm using a power-calibrated photomultiplier tube (see Figure
SS in the Supporting Information Section SS). The input beam
polarization was set to be linear and aligned with the long axes
of the nanoprisms.
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In Sec. S1, Fig. 1 shows a comparison between the symmetric and non-symmetric nanos-
tructures’ SHG response. In Sec. S2, Fig. 2 shows a computer-aided design of the layout
of the randomly oriented elongated nanoprisms prior to the electron-beam lithography pro-
cess of the plasmonic metasurfaces. In Sec. S3, Fig. 3 shows a schematic of the fabrication
process of the plasmonic metasurfaces. In Sec. S4, Fig. 4 shows the experimental setup (a
short description is also provided) we used to measure the linear transmittance of the fabri-
cated metasurfaces. In Sec. S5, we elaborately describe the details of the experimental setup

(shown in Fig. 5) used in SHG power measurement.
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S1: Symmetric vs. non-symmetric nanostructures, the
lattice arrangement, geometric vs. surface contributions
on Second-Harmonic Generation (SHG)

Symmetric vs. non-Symmetric nanostructures, and the lattice arrangement:
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Fig. 1 — Symmetric (randomly positioned) vs. non-Symmetric (periodically

positioned) meta-atoms. Linear transmission (a, ¢, e) and SHG photon-count (b, d,
f) as a function of incident wavelength for (a-b) rectangular nanobars arranged randomly,
(c-d) elongated nanoprisms arranged randomly, and (e-f) elongated nanoprisms arranged
periodically in the metasurface arrays. For randomly positioned rectangular nanobars, there
is no SHG peak enhancement (b) at the LSPRs identified in (a) even though they were after
pumped by 40 mW input laser power. For randomly positioned elongated nanoprisms, there
is a clear SHG peak enhancement in (d) at the LSPRs evedent in (c) even with much lower
input laser power within 5 to 8 mW. This comparison between (b) and (d) clearly depicts
that, under electric-dipole approximation, SHG signals generated from the geometrically
symmetric nanostructures is weaker than its geometrically non-symmetric counterparts. A
large SHG peak enhancement occurs in the array of periodic elongated nanoprisms (f) due
to the narrow plasmonic surface lattice resonances at longer wavelengths than the LSPRs,
as evident in (e).
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S2: Computer-aided design (CAD) layout of the array

of the randomly arranged elongated nanoprisms

Random Array layout: (aligned horizontally with the labels)

00 mm

' @ U=ej |:|'\3

Fig. 2 — Computer-Aided Design (CAD) Image. Close-up of a computer-aided layout
of a randomly arranged elongated nanoprism array that is used to create the resist mask in
the Electron-beam lithography.
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S3: Plasmonic metasurface fabrication process

21 Jayer F-beam Metal Lift-off:
spin-coated exposure deposition PMMA stripped

= » I ~ BN ~ nie

Fig. 3 — Fabrication Process. Schematic of the fabrication process flow.

S4: Experimental setup for linear transmittance mea-
surement

Fig. 4(a) shows the schematic of the linear transmittance measurement setup. A broadband
source is collimated and is polarized using a broadband linear polarizing filter. A first iris
is optionally placed to help align the sample in the center of the beam. The beam is then
passed through the sample. The surface of the device is imaged using a lens, and a pinhole
is placed in the image plane to select the desired array. The transmitted light is collected in
a large core multimode fiber and is analyzed using an optical spectrum analyzer. Fig. 4(b-c)
shows the SEM images of a Rectangular nanobar and an elongated nanoprism. Fig. 4(d-e)
shows the corresponding transmission spectra of varying lengths (average lengths for both

shapes: [ = 145, 156, 167 and 178 nm)
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Optical Spectrum
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Fig. 4 — Linear Setup and Measurement. (a) Experimental setup for the linear

transmission measurement. (b-c) SEM images of a Rectangular nanobar and an elongated
nanoprism. (d-e) corresponding transmission spectra of varying lengths (average lengths for
both shapes: | = 145, 156, 167 and 178 nm).

S5: Details of nonlinear experimental setup

A schematic of the SHG experimental setup is illustrated in Fig. 2. A motorized achromatic
half-wave plate (HWP) and a polarizer were used to control the level of power P, from the
OPO. Before entering the polarization-control part of the setup, the fundamental beam was
cleaned and expanded with a set of lenses and an aperture (diameter D = 25 pm). To

weakly focus the beam on the sample arrays, an achromatic lens with the focal length of
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150 mm was used, ensuring a relatively small beam waist diameter of the excitation beam
(around 100 pm) while the plane-wave approximation could still be used. To control the
input polarization, we used a high-quality polarizer and an achromatic HWP, whereas to
select the polarization of the emitted SHG light, we used a film polarizer after the sample.
Then, to pass (block) the fundamental beam, we used a 900 nm long-pass (700 nm short-
pass) filter. To efficiently collect the generated SH signal, a lens with the focal length of
16 mm was used after the sample. After being reflected by a dichroic mirror and passing
through another short-pass filter (900 nm), the SHG signal was focused on the active area of
a photomultiplier tube (PMT) module with another achromatic lens of 150 mm focal length.
For sample alignment, the light transmitted through the dichroic mirror was used to image
the sample plane with a CMOS camera and a camera lens (MVL50M23). The PMT has

been calibrated using a sensitive power meter, and the result is that 1 count/s corresponds

to 5.2 aW.
M1
QPO H LASER
PMT
CMOS
f= 150mm 5 f= 16mm Camera
PBS RS : —cr
M2 LPF2 SPFl PBS Iﬂ

HWP
= 150mm
f= SUmm F= 150mm

Fig. 5 — Nonlinear SHG Experimental Setup. Schematic representation of the ex-
perimental setup for measuring SHG. M — mirrors, HWP — motorized half-wave plates, P —
polarizers, S - sample, L — lenses (L1 has f = 30 mm, L2 has f = 150 mm, L3 has f=150 mm,
L4 has f=16 mm, L5 has f=150 mm, L1, L2, L3, and L5 — achromats). LPF — long-pass
filter at 900 nm, SPF1 — short-pass filter at 700 nm, A — film polarizer (analyzer), DM —
dichroic mirror, SPF2 — short-pass filter at 900 nm, PMT — photomultiplier tube (PicoQuant
PMA-C 192-M).
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Chapter 3

Plasmonic Metasurface with
Ultra-High-Q Resonances

3.1 Summary

This chapter presents the first-time experimental observation of an ultra-high-Q sur-
face lattice resonances in a metasurface platform enabled by periodically arranged
plasmonic nanostructures made of gold. Integrating such metasurfaces with any
electro-optical or semiconductor flat optical thin films would lay down the base of
dynamic or active modulation of free-space light for beam steering, sensing, pho-
todetection, and imaging. Nevertheless, the intrinsic losses in the plasmonic metals
have so far been thought of as the primary barrier to the practical efficient realization
of the pronounced potential applications. Notwithstanding, a careful design of plas-
monic metasurfaces, for example, the wise selection of the incident light polarization
alongside the individual plasmonic nanoparticles’ shape, size, and lattice periodic-
ity, can excite nonlocalized diffraction-order modes in the plane of the metasurface,
which may exhibit very high-Q resonances. Despite the theoretical prediction, ex-
perimental manifestation of such high-Q resonant modes, also called plasmonic sur-
face lattice resonances (SLRs), has not been previously observed due to the limitation
existing in the sample fabrication and characterization processes. In the project pre-
sented in this chapter, by overcoming these limitations, we observed ultra-high-Q

SLRs and their polarization dependence.

3.2 Contributions

The results provided in this chapter have been published in Nature Communica-
tions [72]. I was the only graduate student involved in this project. I primarily
accomplished three tasks: 1. The design of the plasmonic metasurface with an SLR
feature at the desired wavelength using Lumerical FDTD software, 2. Building a lin-

ear transmission measurement setup in the lab, and 3. Figuring out the limitations
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in the design and characterization techniques which obstructed the observation of
ultra-high-Q SLRs in other groups’ experiments. My findings ultimately led me to

overcome the challenges in my design and experimental characterization processes.

Notwithstanding, throughout the duration of this project, I required help from my
colleagues. Together with Dr. Orad Reshef and Dr. Mikko J. Huttunen from the Uni-
versity of Ottawa and Tampere University, I conceived the basic idea for this work.
I obtained the training from Dr. Orad Reshef who helped me to perform FDTD sim-
ulations. Together with Dr. Mikko J. Huttunen and Dr. Orad Reshef, I performed
the lattice-sum calculation. Dr. Orad Reshef and Dr. Graham Carlow fabricated the
device. Dr. Zahirul Alam and Dr. Mikko J. Huttunen trained me in designing and
building the experimental setup. Ms. Yaryna Mamchur, a former undergraduate
Mitax Globalink intern student from Ukraine, assisted me in performing the mea-
surements at the final stage of the experimental characterization. I analyzed the
experimental results by comparing them with the simulated data, which helped me
to understand how to improve the devices to obtain the desired results. Last but not
least, Dr. Jeremy Upham, Dr. Brian T. Sullivan, Prof. Jean-Michel Ménard, Dr. Mikko
J. Huttunen, Prof. Robert W. Boyd, and Prof. Ksenia Dolgaleva supervised the whole
research project and the development of the manuscript. I wrote the first draft of the
manuscript, which was checked and corrected by Dr. Orad Reshef. All co-authors
subsequently took part in the revision process and approved the final copy of the

manuscript.

3.3 Article

The published article follows verbatim.
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Plasmonic nanostructures hold promise for the realization of ultra-thin sub-wavelength
devices, reducing power operating thresholds and enabling nonlinear optical functionality in
metasurfaces. However, this promise is substantially undercut by absorption introduced by
resistive losses, causing the metasurface community to turn away from plasmonics in favour
of alternative material platforms (e.g., dielectrics) that provide weaker field enhancement, but
more tolerable losses. Here, we report a plasmonic metasurface with a quality-factor (Q-
factor) of 2340 in the telecommunication C band by exploiting surface lattice resonances
(SLRs), exceeding the record by an order of magnitude. Additionally, we show that SLRs
retain many of the same benefits as localized plasmonic resonances, such as field
enhancement and strong confinement of light along the metal surface. Our results demon-
strate that SLRs provide an exciting and unexplored method to tailor incident light fields, and
could pave the way to flexible wavelength-scale devices for any optical resonating
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etallic nanostructures are essential to many applications

in photonics, including biosensing!, spectroscopy?3,

nanolasing?, all-optical switching®, nonlinear optical
processes®, and metasurface technologies’~®. These plasmonic
elements form flexible components with geometry-dependent
responses and have many desirable properties, such as the pos-
sibility to confine light to sub-wavelength scales and large local-
field enhancements”!0. Metals also possess intrinsic nonlinear
optical constants that are many orders of magnitude larger than
dielectric materials!!.

When structured at the sub-wavelength scale®12, individual
nanostructures exhibit localized surface plasmon resonances
(LSPRs), where electromagnetic fields couple to the free-electron
plasma of a conductor at a metal-dielectric interface®1?,
Depending on its shape, an individual nanoparticle may be
polarized by an incident light beam, acting as a lossy dipole
antenna!? and trapping light for a short period of time. In con-
trast to other photonic resonant devices such as whispering gal-
lery mode resonators, microring resonators, or photonic
crystals!4-16, resonating dipoles in a metasurface can easily be
accessed by a beam propagating in free space and require only a
sub-wavelength propagation region for operation. Therefore, a
plasmonic metasurface resonator enables a series of specialized
optical responses, including phase-matching-free nonlinear opti-
cal effects®17, strongly localized field enhancements®, multi-mode
operation!8, and a spatially localized optical response’. Such a
metasurface with a large quality factor (Q-factor) could be used as
a cavity for applications that need increased light-matter inter-
actions, small mode volumes, large field enhancements, and large
optical nonlinearities, such as an ultra-flat nano-laser with a large
transverse mode size*!° or frequency conversion applications
(e.g., nonlinear harmonic generation?) or THz-wave genera-
tion?!). One frequently cited limitation of LSPR-based meta-
surfaces are their low Q-factors (e.g., Q < 10) due to the intrinsic
Ohmic losses present in metals at optical frequencies!®22-24, As
the Q-factor is related to the light-matter interaction time as well
as to enhancements to the electric field, it is typically desirable to
maximize this quantity!%. Low Q-factors therefore make many
potential applications of plasmonics-based metasurface devices
impractical, and new methods for obtaining large Q-factor reso-
nances in a metasurface have long been sought after.

The optical response of coupled plasmonic nanoresonators has
been a topic of intense study?’. Notably, plasmonic metasurfaces
of large periodically arranged nanostructures support collective
resonances called surface lattice resonances (SLRs)26-32, Here the
individual responses from the surface plasmons of many indivi-
dual nanostructures form a collective response that couples to
in-plane diffraction orders of the periodic array?®3%. As a con-
sequence, a relatively high-Q resonance can emerge at an optical
wavelength Agir = nP, close to the product of the refractive index
of the background medium 7 and the lattice period P?%-32. Recent
theoretical studies of this platform have predicted Q-factors on
the order of 103 by properly engineering the dimensions of the
individual nanostructures and the period of the lattice’1-33,
hinting at the possibility of combining the aforementioned ben-
efits of metals with long interaction times provided by high Q-
factors. However, to date, the highest experimentally observed Q-
factor in an SLR-based metasurface is 43034 The disparity
between theory and experiment has been attributed to a variety of
reasons, including poor spatial coherence of light beams?%:3>,
small array sizes30-31:36, fabrication imperfections®31, and the
addition of an adhesion layer?”.

Inspired by this discrepancy, here we perform a detailed
investigation to determine the dominant factors that most dras-
tically affect the observed Q of an SLR-based metasurface: the
nanostructure geometry, the array size, and the spatial coherence

of the probing light source. Using the results of this study, we
demonstrate a plasmonic metasurface capable of supporting
ultra-high-Q SLRs.

Results

The metasurface in consideration consists of a rectangular array
of rectangular gold nanostructures embedded in a homogeneous
silica glass (n ~ 1.45) environment (Fig. 1a). The lattice constant
P,=1060 nm was selected to place the SLR wavelength in the
telecommunication window; P, =500 nm was reduced from a
square lattice, increasing the nanoparticle density and conse-
quently increasing the extinction ratio of the resonance. The
overcladding is carefully matched to the substrate material to
ensure a symmetric cladding index, as it has been shown that the
Q of an SLR may be affected by the homogeneity of the
environment?6-3839. As shown by the numerical predictions in
Fig. 1b, for an x-polarized beam, this metasurface is expected
to support an LSPR at A;spr =830 nm and an SLR of the first
type around Ag g = 1550 nm (See Supplementary Sec. S2: SLR
type). The SLR linewidth is substantially narrower than that
of the LSPR, corresponding to a much higher Q-factor. Inci-
dentally, the inset field profiles in Fig. 1b also reveal that the
SLR provides a more significant field enhancement, with
|E max (Asir)| ~ 3|Emax (Arspr)|- Figure 1c shows an image of the
fabricated device with dimensions matching those of the simu-
lations. The measured transmission spectra are presented in
Fig. 1d, closely matching the predicted spectrum. Notably, the full
width at half-maximum of the linewidth is only AA =0.66 nm,
corresponding to a Q-factor of Q=2340. This value exceeds
the record for plasmonic metasurfaces by an order of
magnitude3#3740 and is among the highest reported in a meta-
surface. It is roughly within a factor of two of semi-analytic cal-
culations performed using the lattice sum approach (LSA), where
Q ~5000 (see “Methods” for details). In order to observe this
value for the Q-factor, both the metasurface and the measurement
apparatus needed to be arranged with a few considerations in
mind, which we describe in greater detail below.

The role of nanoparticle polarizability. First, the individual
structures need to be engineered to exhibit the appropriate
response at Agir. The optical response of a nanostructure can be
approximated using the polarizability of a Lorentzian dipole,
a(w) = 0, 1)
W — W, + 1y
where A, is the oscillator strength, wy = 27mc/A1spr corresponds to
the nanoparticle resonance frequency, and y is the damping term.
These quantities all depend on the particle geometry!? (here the
length L, and width L, of a rectangular bar). The contribution of
the particle lattice to the polarizability can be introduced using
the LSA3%41:

a(w)

o (w) = 1 — gya(w)S(w)’

(2)
where o (w) is known as the effective polarizability of the entire
metasurface and S(w) corresponds to the lattice sum. This latter
term depends only on the arrangement of the lattice. An SLR
appears approximately where S(w) exhibits a pole, at wg g =
(27mc/Ag r). At this spectral location, the individual responses of all
of the nanostructures contribute cooperatively4!.

Equation (2) may be used to predict the optical response of the
entire metasurface, including the behavior of its many resonances,
as a function of the geometry of its nanostructures (see
“Methods”): by changing the geometry of a nanostructure!242,
its individual resonance wavelength A;spg, oscillator strength A,,
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Fig. 1 High-Q metasurface nanocavities using arrays of plasmonic nanostructures. a Schematic of the metasurface consisting of a rectangular array of
rectangular gold nanostructures. Here L, =130 nm, L, = 200 nm, t = 20 nm, P, = 500 nm, and P, = 1060 nm. The blue shaded regions illustrate the electric
field, reproducing the mode structure in the inset of b. b Numerical (FDTD) calculations of the transmission spectrum of this metasurface for x-polarized
light. Both the LSPR and the SLR are observed in these results. Inset: The simulated magnitude of the electric field |E| for the entire unit cell of both LSPR
and SLR modes in the x-y plane that bisects the nanoparticles. The color bar indicates the relative magnitude when normalized to the incident plane wave.
¢ Helium ion microscopic image of the fabricated metasurface prior to cladding deposition. d Measured transmission spectrum (black dots) and fits to
semi-analytic calculations (LSA, red line). Inset: Zoomed plot of the highlighted region in d. Fitting the measurement to a Lorentzian function yields a
linewidth of AA=0.66 nm, corresponding to Q = 2340 (see Supplementary Sec. S1: Q-factor extraction).

and damping constant y are all modified. In turn, adjusting these
values changes the polarizability of the nanostructures through-
out the spectrum, including at the SLR wavelength a(ws;r), and
therefore also the response of the entire metasurface at this
wavelength o' (wsrr). Here we adjust the above parameters by
changing the dimensions of the nanostructures (see “Methods”),
while the parameters could be alternatively modified by
considering altogether different nanostructure shapes, such as
nanorings, nanorods, or core-shell nanoparticles*2. By contrast,
the spectral location of the SLR wavelength is dictated mainly by
the lattice period and the background index Ag;p = nP324344, In
other words, the lattice configuration governs the presence of the
SLR, and the nanostructure geometry dictates its coupling
efficiency to free space. Indeed, recent theoretical studies in this
platform have shown Q-factors on the order of 103 by properly
selecting the dimensions of the individual nanostructures3!-33.
We reproduce this dependence in this platform explicitly by
plotting the calculated transmission of a metasurface (see
“Methods”) as a function of nanostructure resonance wavelength
Arspr (Fig. 2). (The dependence of the SLR behavior on particle
dimensions, which is connected to the resonance wavelength, is
also demonstrated using full-wave simulations in Supplementary
Sec. S3: Dependence of SLR behavior on particle dimensions.)
Here we hold the oscillator strength A, and damping term y
constant and slowly increase the nanoparticle resonance wave-
length A;spr. Note that the resonance position differs slightly

from the position of the dip due to the incorporation of a long-
wavelength correction?®. In Fig. 2b, c, the SLR wavelength does
not change substantially from its location around Ag g = 1542
nm; however, the extinction ratio AT and the linewidth AA of the
resonance change dramatically. In Fig. 2d, we plot the extracted
Q-factors for these SLRs and for other values of Ay, as well (see
Supplementary Sec. S1: Q-factor extraction for the fits). Based on
well-established relationships between nanoparticle geometry and
polarizability!%-46, this A, range corresponds to a change in
nanoparticle volume of roughly 20%. We find that, for every
given value of Ay, there is a corresponding A;spr for which light
couples optimally to the lattice resonance at Ag;r and produces
the highest Q-factor. The optimal conditions are therefore found
in the balance between increasing « relative to P, (i.e., increasing
coupling strength) and maintaining a large spectral gap between
Arspr and Agp g (i.e., limiting Ohmic losses associated with metallic
nanoparticles). The trade-off between coupling and loss is a
traditional one for optical resonators and is reproduced in the
SLR-based metasurface platform?’.

Effect of array size. Next, we study the dependence of the Q-
factor on the array size. For certain metasurfaces, it has already
been predicted that larger array sizes lead to better device
performance36-48. This dependence makes some intuitive sense—
since high-Q operation requires low absorption losses, we are
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Fig. 2 Coupling to a surface lattice resonance. The colors in a-d are consistent, corresponding to the same type of nanoparticle. a The imaginary part of
the individual particle polarizability for various nanostructures with increasing resonance wavelength A, spr, holding both the oscillator strength Ag and the
damping term y fixed. Here A spg is tuned from 800 to 1000 nm. b Simulated broadband transmission spectra for gold nanostructure arrays as a function of
tuning A spr. By tuning the LSPR wavelength, the extinction factor of the SLR is observed to change near 1 =1542 nm. While A spr changes dramatically, the
SLR wavelength As;r does not change much. ¢ Zoomed-in plot of the SLR in b. d The Q-factor of the surface lattice resonance as a function of A spg for
various oscillator strengths Ag. The optimal LSPR wavelength for a high-Q SLR changes as a function of Ag. The oscillator strength Ay increases from

3.98x 1077 to 4.77 x10~7 m3/s, roughly corresponding to a 20% increase in the particle volume. The squares indicate the Q values extracted from the

curves in c.
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Fig. 3 Effects of array size and spatial coherence of light source. a Calculated and measured (using coherent and incoherent sources) transmission
spectra for identical metasurface arrays of varying size (from top to bottom: 300 x 300, 400 x 400, 500 x 500, and 600 x 600 pm?, respectively). The
spectra are offset for clarity, and each vertical division corresponds to an increment of AT = 0.2 in transmittance. b The Q-factors extracted from
Lorentzian fits to the calculations and to the measurements shown in a. An increase in the number of nanostructures in the array results in an increase in
the estimated Q-factors. Additionally, the observed Q-factor is globally larger for each array when measured using the coherent source.

required to operate the device far from the LSPR. However, at a
sufficiently far operating wavelength, the scattering cross-section
is also small, resulting in each antenna scattering very weakly.
Consequently, far from the LSPR, one requires a sufficiently large
number of scatterers to build up the resonance. Equivalently, the
standing wave mode in an SLR consists of counter-propagating
surface waves; therefore, a larger array provides an expanded
propagation length in the cavity to support these modes.

To examine the dependence of Q on the number of
nanostructures explicitly, we fabricated and characterized a series
of devices of increasing array size. Figure 3 shows the resulting
transmission spectra, as well as their corresponding semi-analytic
predictions. The observed Q-factors increase monotonically as a
function of array size (Fig. 3b—see Supplementary Sec. S1: Q-factor
extraction for the fits). In the smallest array (300 x 300 um?), the
SLR is almost imperceptible. This trend might help explain the
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relatively low Q values observed in previous studies®3%31:36 where
array sizes were typically no larger than 250 x 250 um?, likely due to
the relatively slow write-speed of the electron-beam lithography
process necessary for fabrication?637. By contrast, our devices
have array sizes reaching up to 600 x 600 um? (see Supplementary
Sec. S4: Image of the device).

The role of spatial coherence. Finally, it is of critical importance
to consider all aspects of the characterization system in order to
get an accurate measurement of the Q-factor. In particular, we
have found that the spatial coherence of the probe beam was
critical to obtaining a clean measurement of the dip in trans-
mission indicating a resonance. A spatially coherent beam, such
as a laser, excites every region of the metasurface in phase, pro-
ducing a resonance feature that is both deeper and narrower
compared to using a spatially incoherent source. Additionally, the
higher-order modes of the lattice are more sensitive to angular
variance in the measurements, leading to broader peaks when
using incoherent sources®®. Furthermore, in our particular
experiment, the transmitted signal from our coherent super-
continuum source was both brighter and could also be better
collimated than our incoherent thermal source. Therefore, the
light collected from the metasurface array could be isolated with a
smaller pinhole in the image plane, selecting the signal coming
from nanostructures at the center of the array with a more uni-
form collective response.

In Fig. 3, we compare the performance of the metasurface
when illuminated using different light sources: a broadband
supercontinuum laser (ie., a well-collimated coherent source),
and a tungsten-halogen lamp. The comparison between these
measurements indicates that the Q increases with the coherence
of the light source—using the thermal light source reduces the Q-
factor by a factor of 2-5 when compared to the laser.
Additionally, it decreases the resonance coupling strength, as is
evident from the reduced extinction ratio of the SLRs. Figure 3b
summarizes the Q-factors extracted from these measurements
and compares them to numerical predictions. LSA calculations
predict that Q-factors increase as a function of array size; this
trend continues for both smaller and larger devices than those
probed experimentally. Note that, even when using an incoherent
source, the largest array still produces a very large Q-factor (Q ~
1000). The observation of such a high Q using an incoherent
source reinforces the validity of our aforementioned metasurface
design criteria—that is, the importance of the choice of
nanostructure geometry and of the array size.

In some of the measurements, the value for the normalized
transmittance can be seen to exceed unity (ie, T>1). We
speculate that this is because the nanostructures aid in coupling to
the substrate, reducing the reflections from the first interface.

Discussion

Despite promising results, Fig. 3b also highlights some dis-
crepancies between the simulation and the experiment for the
largest arrays, notably reducing the measured Q-factors. This
disparity could be due to multiple reasons, which we enumerate
below. First, the prediction produced by the LSA might be
overestimating the Q by assuming that each nanoparticle is
excited with a constant-valued local field. This assumption cannot
be entirely correct for a Gaussian beam and a finite array, where
particles closer to the boundaries of the array feel a weaker local
field than the particles near the center. Second, the fabrication
procedure produces stitching errors, which become more
important for larger arrays. This added disorder might contribute
to the reduction in Q. Lastly, the Q-factors might be limited due
to additional measurement considerations, such as the finite

coherence length of the light source or imperfections with the
collimation.

In this work, we only looked into rectangular nanoparticles in
rectangular lattices. Based on LSA calculations and the discrete-
dipole approximation (DDA) used in previous work26:39:44,49,50,
it is evident that any particle geometry (e.g., cylindrical, rectan-
gular, or triangular) that can be approximated by dipoles with the
same Lorentzian parameters Ag, A;gpr, and y will yield an iden-
tical SLR Q-factor. For nanoparticles that cannot be modeled by
dipoles—regardless of the particle geometry—the SLR Q-factor
will be the same provided that the polarizability at Ag;z remains
the same. Regarding different lattice configurations, the spectral
responses of other lattice geometries such as hexagonal, orthor-
hombic, and kagome are likely to be different than the rectan-
gular lattice design we have adopted. However, lattice sums can
be computed for these regular lattices, and therefore they can also
be treated using our method. Therefore, strategies presented in
this work are largely blind to the specific lattice arrangements,
and its conclusions will be helpful in obtaining resonances with
large-Q factors in other geometries.

The Q-factors for the type of device presented here could be
further increased, however, by considering larger arrays or by
further optimizing the nanostructure dimensions—instead of
rectangles, a more intricate nanostructure shape could tailor the
Lorentzian dipole coefficients Ay, Apspr, and y more indepen-
dently to allow for optimal coupling and higher extinction ratios.
These shapes include L-shaped antennas’!, split-ring resona-
tors®?, and others that also exhibit higher-order moments>3>4.
Alternatively, a nanoparticle with a large aspect ratio could
increase coupling to more neighboring particles using out-of-
plane oscillations*4. Finally, the metasurface shown here can be
combined with other established methods to enable multiple
simultaneous resonances>>0:>3,

Table 1 contains a short survey of the literature on metasurface
nanocavities. Other than the reported Q-factors, we have inclu-
ded, when available, information that is relevant to compare their
work against ours, such as the operating wavelength, the material
platform, the array size, and the type of light source used. Our
work demonstrates the highest Q by an order of magnitude
among metasurfaces with plasmonic components and is exceeded
only by metasurfaces that incorporate a bound state in the con-
tinuum (BIC).

To summarize, we have fabricated and experimentally
demonstrated a plasmonic metasurface nanoresonator with a
high Q-factor, which is in excellent agreement with numerical
predictions. Our work presents the experimental demonstration
of a high-Q plasmonic metasurface nanoresonator with an order-
of-magnitude improvement over prior art (see Table 1). We have
found that the observed Q-factor obtained from an SLR may be
limited by a poor choice of nanostructure dimensions, a small
array size, or poor spatial coherence of the source illumination;
we hypothesize that one or many of these factors may have been
the cause for the low Q-factors reported in previous experiments
featuring SLRs. Additionally, our device follows simple design
principles that can be easily expanded upon to enable multiple
resonances to fully tailor the transmission spectrum of a
wavelength-scale surface. Our result highlights the potential of
SLR-based metasurfaces and expands the capabilities of plas-
monic nanoparticles for many optical applications.

Methods
Simulations
Finite-difference time domain (FDTD). Full-wave simulations were performed
using a commercial three-dimensional FDTD solver. A single unit cell was simu-
lated using periodic boundary conditions in the in-plane dimensions and perfectly
matched layers in the out-of-plane dimension. The structures were modeled using
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Table 1 Summary of experimentally obtained Q-factors in metasurfaces.

Mechanism Q A (nm) Material Light source Array size (um?2) Reference
SLR 2340 1550 Au NPs Supercontinuum 600 x 600 This work
LSPR <10 700 Au NPs Tungs.-halogen lamp 3000 x 3000 61

SLR 25 930 Au NPs Collimated source 135 %135 27

SLR 30 850 Au NPs Tungs.-halogen lamp 3000 x 3000 61

SLR 40-60 600 Au NPs Ellipsometer 200 % 200 28

SLR 60 800 Au NPs Tungs.-halogen lamp 35x%x35 26

SLR 150 764 Au NPs Tungs.-halogen lamp N/A 62

SLR 230 900 Au NPs Tungs.-halogen lamp ~10,000 % 10,000 63

SLR 300 1500 Au nanostripes Tungs.-halogen lamp 300 x 100 40

SLR 330 648 Ag NPs Tungs.-halogen lamp 2500 x 2500 37

SLR 430 860 Au NPs Tungs.-halogen lamp 1000 x 1000 34

Mirror image 200 5000 ITO nanorods Collimated source N/A 35

EIT 483 1380 Si Tungs.-halogen lamp 225x 240 64

Fano resonance 65 THz Al particles THz laser 10,000 x 10,000 65

Fano resonance 100 THz Au Assym. NPs FTIR 150 x 150 66

Fano resonance 350 1000 Si N/A N/A 67

Fano resonance 600 1000 GaAs N/A N/A 67

BIC 2750 825 GaAs Laser 60 %108 68
Quasi-BIC 18,511 1588.4 Si Laser 15x15 69

The results presented in this work are in bold.

Q quality factor, A resonance wavelength, NP nanoparticle, SLR surface lattice resonance, LSPR localized surface plasmon resonance, EIT electromagnetically induced transparency, BIC bound state in the
continuum.

fully dispersive optical material properties for silica®® and for gold>”. Minimal
artificial absorption (Im(n) ~ 10~*) was added to the background medium to
reduce numerical divergences.

Lattice sum approach. The LSA is a variant of the DDA method8. It is a semi-
analytic calculation method that has been found to produce accurate results for
plasmonic arrays3*4144, The main assumption in LSA when compared to DDA is
that the dipole moments of all interacting nanoparticles are assumed to be iden-
tical*4. The main benefit of using LSA for our application compared to alternatives
such as FDTD is its capability to model finite-sized arrays with an arbitrary number
of nanostructures, by assuming that the overall response of the array closely follows
the responses of the nanoparticles at the center of the array. By comparing
simulations performed using the LSA against the DDA, this assumption has also
been found to be quite accurate®4. Its rapid simulation time makes it a useful tool
for iterating many simulations to study trends and behaviors of entire meta-
surfaces, especially for finite array effects, such as the effect of array size on the Q-
factor.

Using the LSA approach, the dipole moment p of any particle in the array is
written as

. eoa(w)Einc =¢ * .
pP= 1— 600((0))S((0) = € (w)EmU (3)

where the effect of inter-particle coupling is incorporated in the lattice sum S and
o is the effective polarizability. This equation produces Eq. (2) in the main text.
The calculations presented in this work also incorporate a modified long-
wavelength correction®>:

static ((0)

o 2 k)
1- % lk3 static (“)) - kT Kstatic (“))

a(w) —

©

where k is the wavenumber in the background medium k = (277n/1) and [ is the
effective particle radius. Also here, minimal artificial absorption

(Im(n) = 6x 10~*) was added to the refractive index n = 1.452 of the background
medium to reduce numerical divergences associated with the approach when
considering large arrays*!. We set /=180 nm for all calculations. The static
polarizability of the nanoparticle is given by

— 4y
= >
w— wy — iy

Agtaric (@) (5)
where A, is the oscillator strength, wo = 27c/A;spr corresponds to the nanoparticle
resonance frequency, and y is the damping term.

For a planar array of N dipoles, the lattice sum term S is

N_exp(ikr;) (1 — ikr,)(3cos?6; — 1)
S(w) =) 1: eorjj ®+ : 7 : ; (6)
=

where r; is the distance to the jth dipole and 6, is the angle between r; and the dipole
moment p.

The optical transmission spectra can be obtained by using the optical theorem,
Ext o< kIm(a*)%:

Imla” (w)], 7)

where P, and P, are the lattice constants along the x and y dimensions, respectively.

To produce the plots in Fig. 1d, we performed an LSA calculation using the
following parameters for the single dipole: A;spr = 780 nm; Ay = 3.46 x 10~/ m?/s,
y=28.5x1013s~1. LSA parameters were determined by matching to FDTD data.
The lattice constants were P, = 500 nm and P, = 1067.5 nm. The total array size
was 600 x 600 um?, corresponding to N, = 1200 x N, = 562 nanostructures,
respectively. The LSA calculations in Fig. 3 used these same parameters but varied
the total number of nanostructures.

To calculate the figures in Fig. 2a, ¢, we performed a series of LSA calculation
using the following parameters for the particle: Ao = 3.98 x 10~7 m%/s, y=1/[27
(2.115)] = 7.6 x 1013 s~ 1. The dipole resonance wavelengths A;spr were 800, 833,
866, 900, 933, 966, and 1000 nm, respectively. Based on the performed FDTD
simulations, these resonance wavelengths could correspond to rectangular gold
nanostructures with widths of L, = 110, 120, 130, 140, 150, 160, and 170 nm,
respectively, if L, = 190 nm, and ¢ = 20 nm. (Note that, in the main text, L, =
200 nm). See Supplementary Sec. S3: Dependence of SLR behavior on particle
dimensions for the corresponding simulations. The lattice constants were P, =
500 nm and P, = 1060 nm, respectively. The total array size was 600 x 600 pm?,
corresponding to N, = 1200 x N, = 567 nanostructures, respectively. To obtain
Fig. 2d, a series of LSA calculations were performed for many values of A;gpr
ranging from 800 to 1000 nm, and the Q-factors were extracted from the results
using a fit to a Lorentzian. The curves in Fig. 2d come from repeating this
procedure with oscillator strengths of Ag=3.98 x 107, 4.38 x 1077, and 4.77 x
10~7 m3/s.

Device details. We fabricated different metasurface devices with array sizes of
300 x 300, 400 x 400, 500 x 500, and 600 x 600 um?, with a corresponding number
of participating nanostructures of 600 x 284, 800 x 378, 1000 x 472, and 1200 x
567, respectively. The lattice constants of the rectangular arrays are P, = 500 nm x
P, =1060 nm. The dimensions of the rectangular gold nanostructures are L, =
130 nm x L, = 200 nm, with a thickness of ¢ =20 nm. The lattice is embedded
within a homogeneous background n ~ 1.46.

Fabrication. The metasurfaces are fabricated using a standard metal lift-off pro-

cess. We start with a fused silica substrate. We deposit a silica undercladding layer
using sputtering. We then define the pattern using electron-beam lithography in a
positive tone resist bi-layer with the help of a commercial conductive polymer. The
mask was designed using shape-correction proximity error correction® to correct
for corner rounding. Following development, a thin adhesion layer of chromium
(0.2-nm thick) is deposited using e-beam evaporation, followed by a layer of gold
deposited using thermal evaporation. Lift-off is performed, and a final protective
silica cladding layer is deposited using sputtering. The initial and final silica layers
are sputtered using the same tool under the same conditions to ensure that the
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environment surrounding the metasurface is completely homogeneous. Before
characterization, the surface of the device is then covered in index-matching oil.
The backside of the silica substrate is coated with an anti-reflective coating to
minimize substrate-related etalon fringes.

Characterization. See Supplementary Sec. S5: Experimental set-up for a schematic
of the experimental set-up.

Coherent light measurements. To measure the transmission spectra, we flood-
illuminated all of the arrays in the sample using a collimated light beam from a
broadband supercontinuum laser source. The wavelength spectrum of the source
ranges from A =470 to 2400 nm. The beam comes from normal incidence along
the z-direction with light polarized in the x-direction. The incident polarization is
controlled using a broadband linear polarizing filter. Light transmitted by the
metasurface is then imaged by a f= 35 mm lens, and a 100-pm pinhole is placed in
the image plane to select the desired array. The transmitted light is collected in a
large core (400 um) multimode fiber and analyzed using an optical spectrum
analyzer and is normalized to a background trace of the substrate without gold
nanostructures. The resolution of the spectrometer is set to 0.01 nm.

Incoherent light measurements. Here the experiment goes as above, but the samples
are excited using a collimated tungsten-halogen light source (ranging from A = 300
to 2600 nm) and a 400-pum pinhole.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.

Code availability
The code used to analyze the data and the related simulation files are available from the
corresponding author upon reasonable request.
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Supplementary Information

Below is the supplementary information for Ultra-high-Q resonances in plasmonic metasurfaces by M. Saad Bin-Alam, Orad
Reshef, Yaryna Mamchur, M. Zahirul Alam, Graham Carlow, Jeremy Upham, Brian T. Sullivan, Jean-Michel Ménard, Mikko J.
Huttunen, Robert W. Boyd, and Ksenia Dolgaleva. In Sec. S1, we present supporting material for Fig. 2d and Fig. 3b. In Sec. S2
we determine the type of SLR by looking directly at the polarizability and the lattice sum. Section S3 shows the dependence
of the LSPR and SLR behaviours on the particle geometry, produced using FDTD simulations. It also contains additional
measurement results for a different metasurface with the same lattice geometry. In Sec. S4, we present a representative image
of a fabricated device. In Sec. S5, we describe our experimental setup.

S1 (Q-factor extraction

Figure S1 shows Lorentzian fits to a series of LSA calculations with varying A;spr (see Methods for values). The Q-factors
extracted from these fits are used to produce the black curves in Fig. 2d. In Fig. S2, we reproduce the fits to the measurements
that produced the values for Fig. 3b.
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Fig. S1 | Parameter sweeps of LSA calculations. The black curves are calculated using the LSA using the values described
in the Methods. The red curves correspond to Lorentzian fits.
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S2 SLR Type

Figure S3 shows the real part of the inverse of the particle polarizability Re[1/ o] as well as the real part of the lattice sum Re[8]
for the metasurface in Fig. 1. As these two values cross twice near Agy g, this SLR is considered to be an SLR of the first type
according to the nomenclature of Ref.!.
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Fig. S3 | SLR type. The real part of the inverse of the particle polarizability Re[1/a] as well as the real part of the lattice sum
Re[8] for the metasurface in Fig. 1.

S3 Dependence of SLR behaviour on particle dimensions

To explicitly demonstrate how changing the dimensions of the nanoparticle may affect the properties of the SLR, we perform
full-wave simulations in FDTD using a series of particle geometries. Figure S5 depicts the simulation results. Not only the
Q-factor, but also Ag; g and the extinction ratio are all affected by changes in the particle dimensions.
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Fig. S4 | Particle dimension vs. LSPR wavelength. A; spr (shown in x-axis) linearly increases alongside the particle length
L, towards the light polarization (shown in y-axis). This relation is extracted from full-wave simulations performed with FDTD.
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Fig. S5 | Particle dimension sweep. Quality factor Q (left), resonant wavelength Agy g (center), and minimum transmission as
a function of particle dimensions L, and Ly, extracted from full-wave simulations performed with FDTD.

In Fig. S6a, we present a different 400 x 400 um? array with a nanoparticle geometry of L, = 200 nm, L, = 130 nm. Note
that the nanoparticle dimensions are identical to those presented in the arrays above, but due to being rotated by 90 degrees,
their resulting particle polarizabilities are completely different. The lattice constants are identical to the arrays presented in the
main text, that is, P, = 500 nm and P, = 1060 nm.

The measurements in Fig. S6b were performed using an incoherent source. Here, due to the different polarizability, A; spr
is red-shifted (1100 nm vs 840 nm), and consequently, the SLR is dramatically affected: in comparison to the matching array in
the main text which has an SLR of Q = 500, the SLR here only has a Q = 80, despite having the same lattice constants and
nanoparticle geometries. This further demonstrates the importance of the polarizability to the Q of the SLR.

Transmittance
= e o =2
L) S - -]

o

BOO 1000 1200 1400 1600
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Fig. S6 | Metasurface with same lattice constants but rotated nanoparticles. This device consists of a 400 x 400 um?
array with Ly = 200 nm, Ly = 130 nm, P, = 500 nm and P, = 1060 nm. The SLR is also located at Asi.r = 1550 nm, but here
0 = 80.

S4 Image of the device

Figure S7 shows a typical optical image for one of the devices taken with a bright field microscope. Surrounding the device are
large aluminum alignment marks to help locate the device in the experimental setup.

S3
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200 E

Fig. S7 | Large-area high-Q SLR device. Optical image of a 600 x 600 um? array.

S5 Experimental setup

A broadband source is collimated and is polarized using a broadband linear polarizing filter. A first iris is optionally placed
to help align the sample in the center of the beam. The beam is then passed through the sample. The surface of the device is
imaged using an f> = 35 mm lens, and a pinhole is placed in the image plane to select the desired array. The transmitted light is
collected in a large core (400 pm diameter) multimode fiber and is analyzed using an optical spectrum analyzer.

Pinhole on

Polarizer Iris flip mount

Flipping
mirror

2f2 2f2

Fig. S8 | Experimental setup. The metasurface is excited by a broadband collimated and polarized beam. Light is collected
from the image plane of the metasurface and detected using a camera or a spectrum analyser.
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Chapter 4

Plasmonic Metasurface with

Cross-Polarized Resonances

4.1 Summary

In this chapter, we experimentally demonstrate a metasurface comprising an array of
"V’-shaped plasmonic nanoparticles, which is capable of exciting two polarization-
controlled surface-lattice resonances (SLRs) at two distinct wavelengths spectrally
separated by an octave-band distance (one in the infrared and the other one in
the visible spectral regimes). Here, one of the SLRs, that is excited in the infrared
wavelength, possesses an ultra-high-Q feature with the Q-factor on the order of 10°.
The obtained results verified our group’s prior theoretical modelling conducted by
Dr. Mikko J. Huttunen and Dr. Orad Reshef. In addition, this work also inspired
other research group to conduct nonlinear SHG experiments using similar metasur-
faces by implementing the corresponding dual-SLRs at both the fundamental and
SH wavelengths [73]-[75].

4.2 Contributions

The results presented in this chapter have been published in Optics Letters [76]. To-
gether with Dr. Orad Reshef and Dr. Mikko J. Huttunen, I conceived the basic idea
for this work. The idea was to prepare an SLR metasurface for highly efficient non-
linear second-harmonic generation in free-space flat optical regime. As a part of the
collaboration, Dr. Mikko J. Huttunen and I jointly performed the FDTD simulations.
Dr. Orad Reshef fabricated the device based on our design. Dr. Raja Naeem Ahmed,
a PhD intern from Germany, initally assisted with carrying out the measurements
using the experimental linear transmission measurement setup that I built for the
previous project. Dr. Orad Reshef and I analyzed the experimental results. Lastly,
Dr. Jeremy Upham, Dr. Mikko J. Huttunen, Prof. Robert W. Boyd, and Prof. Ksenia

Dolgaleva supervised the research and the development of the manuscript. I wrote
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the first draft of the manuscript. All co-authors subsequently took part in the revi-

sion process and approved the final copy of the manuscript.

4.3 Article

The published article follows verbatim.
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Multiresonant metasurfaces could enable many applications
in filtering, sensing, and nonlinear optics. However, develop-
ing a metasurface with more than one high-quality-factor or
high-Q resonance at designated resonant wavelengths is chal-
lenging. Here, we experimentally demonstrate a plasmonic
metasurface exhibiting different, narrow surface lattice res-
onances by exploiting the polarization degree of freedom
where different lattice modes propagate along different
dimensions of the lattice. The surface consists of aluminum
nanostructures in a rectangular periodic lattice. The result-
ing surface lattice resonances were measured around 640 nm
and 1160 nm with Q factors of ~50 and ~800, respectively.
The latter is a record-high plasmonic @ factor within the
near-infrared type-II window. Such metasurfaces could ben-
efit such applications as frequency conversion and all-optical
switching. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.448813

Resonant metasurfaces promise to enable free-space photonic
applications in nanoscale thin flat optical devices [1]. Thanks
to their strong resonance enhancement characteristics, plas-
monic lattice metasurfaces formed by metal nanostructures are
considered to be strong candidates for such applications as
sensing, spectroscopy, and lasing [2-4]. Among those appli-
cations, some specific processes may involve two or more
frequencies, particularly nonlinear optical processes, such as
harmonic generation, frequency up- and downconversion, cross-
phase modulation or ultrafast all-optical switching [5]. Strongly
resonant responses, like plasmonic resonances, could boost
the efficiency of nonlinear optical processes without requiring
any phase-matching between the input and output waves [6,7].
Thus, an implementation of multiresonant plasmonic metasur-
faces could dramatically enhance the efficiency of applications
involving nonlinear optical phenomena [8].

Under optical illumination, metal nanostructures naturally
exhibit strongly localized surface plasmon resonances (LSPRs)
[9]. However, a longstanding issue with metal nanostructures is
that of their high absorptive and radiative losses, which result

0146-9592/22/082105-04 Journal © 2022 Optica Publishing Group

in the swift decay of excitations associated with the LSPRs.
Whereas absorptive losses are inherent to metals, it is possi-
ble to suppress the radiative or scattering losses by engineering
periodic arrays of metal nanostructures to support plasmonic
surface lattice resonances (SLRs) with longer lifetimes [4,10].
Such SLRs originate from the collective coupling of every parti-
cle in a lattice and suppress the scattered losses associated with
the individual particles. Thus, the resulting resonances can have
significantly high quality factors (Q>2000 [11]), appearing at
the wavelength near the diffraction edge of the lattice period-
icity. Under normal illumination, the spectral position of the
SLRs can be defined by the product of the periodicity, P, of the
particles toward its radiating direction and the refractive index
n of the particles’ surrounding background medium (s, = nP)
[11,12].

As such, SLR modes are generated in the form of in-plane
waves, oscillating orthogonally to the polarization direction of
incident light. Hence, in a 2D plasmonic metasurface array
with a rectangular lattice formation, it is possible to gener-
ate two different SLR modes along two separate orthogonal
directions [13]. Such lattice modes, owing to orthogonally polar-
ized incident waves, may be useful for linear applications, such
as polarization-selective notch filters, or nonlinear optical pro-
cesses, such as cross-phase modulation or two-beam coupling,
which depend on more than one input field.

In this Letter, we report the observation of multiple LSPRs
and SLRs at different wavelengths in the same metasurface.
The resonant wavelengths of the SLRs can be selected through
the careful choice of lattice geometry. The different resonances
can be isolated by selecting a given linear polarization of the
probing light or they can be excited simultaneously by employing
diagonally polarized light.

To properly design a metasurface with multiple resonances in
both the visible and infrared regime, here we consider the behav-
ior of the constituent materials in the spectral range from 400 nm
to 1300 nm. In noble plasmonic metals, like gold and silver, the
interband transition occurs in the visible wavelength regime [14].
This transition causes such metals to absorb most of the visible
light, and to lose their capability to support plasmon oscillations
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in the shorter ultraviolet wavelength regime. However, unlike E J
noble metals, the interband transition in aluminum appears in
the near-infrared (NIR) regime (around A = 850 nm). Further- =
(b) ® @
more, because of the electronic band structure of the aluminum, b 4 7

the interband transition is quite narrow [15]. Hence, aluminum
retains its metallicity at shorter wavelengths, compared with
gold or silver. Subsequently, aluminum nanostructures can
exhibit LSPRs and can thus efficiently scatter light in the vis-
ible or ultraviolet spectral ranges [16]. Inspired by this fact,
aluminum nanostructures have been recently adopted to demon-
strate SLRs in periodic metasurfaces with applications in SHG
and nanolasing [3,12,13]. It was also revealed that aluminum
possesses a comparatively larger nonlinear optical coefficient
than gold or silver [17,18]. We therefore elect to have our
metasurface composed of aluminum nanoparticles cladded in
a transparent, fused silica substrate.

Typically, the collective SLRs are excited at the longer wave-
length tails of the LSPRs corresponding to the individual
nanostructures [4]. As we aim to excite polarization-dependent
SLRs, here we fabricate periodic right-angled V-shaped alu-
minum nanostructures, since this particular shape is used to
exhibit two polarization-dependent LSPRs at different wave-
lengths [6,19,20]. The fabricated dimensions are: length L ~
110-130nm; width W ~ 70-80 nm; and thickness ¢ ~ 30 nm.
The overall array size is 400 x 400 um?. This design was
selected to serve as a proof of principle for this approach to a
flexible multiresonant metasurface, exhibiting SLRs in the visi-
ble and NIR spectra with high Q factors. For conceptual clarity,
we investigated a rectangular lattice, supporting two orthogonal
SLRs, excited using either x- or y-polarized incident light at
normal incidence to the surface. This design makes it straight-
forward to independently control the properties of the SLRs by
adjusting the incident polarization and the tilting angles of the
metasurface. For example, the center wavelengths of the SLR
could be controlled by appropriately tilting the metasurface.
However, we note that different particle geometries or oblique
lattices might be beneficial for applications, such as nonlinear
frequency conversion, where mode overlaps between several
SLRs should be optimized.

Figures 1(a)-1(c) illustrate the designed metasurface in 2D.
Here, we depict the LSPR by the glowing yellow ring encircling
each V-shape nanostructure, the SLR mode for x-polarization in
red vertically, and the SLR mode for y-polarization in green hor-
izontally in Fig. 1(a) and 1(b), respectively. In Fig. 1(c), we show
that both SLRs can be excited simultaneously using diagonally
polarized illumination. A focused-ion beam micrograph of the
fabricated array is depicted in Fig. 1(d). The periodic structured
particles form a rectangular lattice in the xy plane (periodicity
P, = 445nm and P, = 790nm) inside a fused silica substrate
(refractive index n = 1.46).

The sample fabrication and the experimental technique are
similar to those of Ref. [11]. We fabricate metasurfaces using
a standard metal lift-off process. On top of a fused silica sub-
strate, we deposit a silica undercladding layer using sputtering.
Next, we define the pattern of the nanostructure arrays using
electron-beam lithography in a positive tone resist bilayer with
the help of a commercial conductive polymer. To correct for
the nanostructure corner rounding, we design the mask using
shape-correction proximity error correction. After the develop-
ment, we deposit an aluminum layer using thermal evaporation
followed by the lift-off process. We deposit a 200 nm thick final
protective silica cladding layer using sputtering to protect the

(@) ’
<

v v v 9

Fig. 1. Plasmonic metasurface in 2D. Normally incident light
polarized (a) along the x-axis excites an SLR along the periodic-
ity P, (vertical, red), (b) along the y-axis excites an SLR along
the periodicity P, (horizontal, green), and (c) diagonally simultane-
ously excites SLRs along both directions. The yellow ring encircling
each V-shaped nanostructure represents the LSPRs. (d) Focused-ion
beam micrograph of fabricated metasurface.

aluminum nanoparticles from oxidization. To make sure that the
environment surrounding the metasurface is completely homo-
geneous, we sputter the initial and final silica layers using the
same tool under the same conditions. Before the characteriza-
tion, we cover the surface of the device in index-matching oil and
also coat the backside of the silica substrate with an antireflective
coating to minimize substrate-related etalon fringes [21].

In the experiment, we use a normally incident collimated light
beam from a broadband supercontinuum laser source (spectral
range A = 470-2400 nm) to flood-illuminate all of the metasur-
face arrays in the sample. We control the incident polarization
using a broadband linear polarizing filter. We observe the image
of the light transmitted by the metasurface using a lens with a
focal length f = 35 mm and by placing a 100 pm pinhole in the
image plane to collect the image of the desired array. We use a
large-core (400 pm) multimode fiber to collect the transmitted
light from the sample metasurface array and pass it to an optical
spectrum analyzer (OSA). The resolution of the OSA is set to
0.01 nm. The OSA is used to measure the transmittance spectra
by taking the ratio of light transmitted through the aluminum
nanostructured metasurface array to light transmitted through
the substrate without the metasurface array.

Figure 2(a) shows the simulated transmission spectra of our
designed metasurface for different polarization states. The finite-
difference time domain (FDTD) simulation was performed
using Lumerical FDTD software. We also measured the nor-
malized transmission spectra of our fabricated metasurface,
illuminating it with a normally incident collimated beam gen-
erated from a broadband supercontinuum source. Figure 2(b)
shows the measured normalized transmission spectra for differ-
ent polarization states; these are in good agreement with the
simulated results, shown in Fig. 2(a). For convenience, the res-
onances in the visible and infrared are presented separately in
Figs. 2(c)-2(h) for different polarization states. It is evident in
the enlarged spectra that, in the visible regime, the x-polarized
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LSPR [Fig. 2(c)] overlaps with the y-polarized LSPR and SLR
[Fig. 2(d)] under diagonally polarized excitation [Fig. 2(e)].
We note that the resonance strength is halved from its origi-
nal value, as conceptually predicted in Fig. 1(c) and simulated
in Fig. 2(a). Such overlapping causes the resonances in the vis-
ible regime to superimpose with each other and thus form a
modified spectral line shape, as depicted in Fig. 2(e). The Q
factors of the LSPRs for both the x- and y-polarization are
around 5, whereas the SLR Q factor for the y-polarization is
around 50.

As expected, the SLR for the x-polarization in the infrared
regime [shown in Fig. 2(f)] emerged at the far spectral dis-
tance, redshifted from all other resonance features in the visible
regime. From different samples of our designed metasurface,
we find the Q value for this infrared SLR to vary between 700
and 820. Although the high-Q SLR feature completely van-
ishes under y-polarized excitation [see Fig. 2(g)], it can emerge

without any spectral modification for any other polarization
states with reduced strength. Thus, as expected, we observe the
re-appearance of the high-Q SLR in Fig. 2(h) for the diagonal
polarization.

Next, we investigated the impact of the polarization state
rotation on the in-plane electric field distribution inside the meta-
surface for all the resonances we discussed previously (Fig. 3).
The simulated normalized electric field distribution correspond-
ing to the LSPR around A = 629 nm is presented in Fig. 3(a) and
the SLR around 1158 nm is presented in Fig. 3(b) for the x-
polarization. These figures show that the horizontally excited
LSPR mode is only localized near the individual nanostruc-
tures; however, the delocalized SLR mode forms a delocalized
diffraction grating-like standing wave, extended along the y-axis
orthogonal to the polarization direction, which is in keeping with
previous investigations of such lattice modes [12]. The electric
field strength of the SLR is significantly higher than that of its
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LSPR counterpart, as indicated by the color bars in Figs. 3(a)
and 3(b), respectively. Such a large field enhancement in the
SLR is the outcome of the scattering loss reduction by trapping
the energy of scattered light near the diffraction order. The field
distributions for these modes under y-polarized illumination are
presented in Figs. 3(c) and 3(d). These modes are similar to their
x-polarized counterparts, except that they are pointed along the
y-direction, and feature smaller field enhancements, owing to a
lower value of the associated Q factor.

We now turn to the electric field distribution under diagonal
polarization. The fields in Fig. 3(e) depict the LSPR field under
diagonally polarized light at 640 nm. Here, an SLR-like grat-
ing mode can be observed forming along the edges of the unit
cell. This SLR-like feature around the LSPR center wavelength
stems from the y-polarized SLR mode at 649 nm [Fig. 3(d)]. This
indicates that, under diagonally polarized light, the x-polarized
LSPR and the y-polarized SLR are superimposed. Comparing
the scales between Fig. 3(a) and Fig. 3(e),we see that the over-
all field strength of the original LSPR for the x-polarization
is slightly reduced in this superimposed mode by the off-axis
diagonal polarization state.

In contrast, Fig. 3(f) shows no deviation of the stand-alone
high-Q SLR field distribution around 1158 nm for the diagonal
polarization from its x-polarization counterpart in Fig. 3(b),
except the reduction of the field strength values indicated by
the color bars. This feature confirms the behavior previously
observed in Fig. 2(h), which depicts no spectral modification of
the sharp infrared SLR in Fig. 2(f), owing to the lack of any other
resonance nearby in Fig. 2(g). Next, we see that the LSPR field
distribution for the y-polarization around 575 nm in Fig. 3(c)
is also modified by the diagonally polarized light in Fig. 3(g).
Such a modification occurs because of the superimposing of this
LSPR for the y-polarization around 575 nm with the LSPR for
the x-polarization around 640 nm. Contrary to the LSPR around
640 nm, this short wavelength modified LSPR around 575 nm
is positioned relatively far from the SLR around 649 nm. Thus,
the corresponding field distribution in Fig. 3(g) does not show
a pronounced SLR-like grating.

Lastly, the field distribution in Fig. 3(h) depicts an SLR-like
field distribution, just as in Fig. 3(d). These observations suggest
that the field distribution of the localized, plasmon-like modes
are dictated by polarization, whereas the SLR mode is dictated
by the excitation wavelength.

In summary, we have experimentally demonstrated a tech-
nique to simultaneously excite cross-polarized dual LSPR and
SLR modes in a nanostructured periodic metasurface via diag-
onally polarized normally incident light. The two different
orthogonal SLRs, at wavelengths 4 =649 nm and A4 =1158 nm,
could be tuned independently by modifying P, and P,, respec-
tively. These two SLRs can be excited simultaneously using
diagonally polarized light. We observed an unprecedentedly
large Q factor for the SLR in the infrared type-II regime (Q
~ 800 around A4 =1158 nm) and analyzed the resonance charac-
teristics and relevant electric field distribution of the generated
modes. The Q factor of the SLRs in the visible region could prob-
ably be further enhanced by tuning dimensions and periodicity
and enlarging the metasurface area [11,13]. In addition, because
this approach to a multiresonant metasurface is independent of

Letter

multiresonances demonstrated elsewhere [21], they could prob-
ably be combined to design particular mode coupling or even
hybridized modes. This multiresonant high-Q metasurface is
a proof of principle for efficient, polarization-selective filter-
ing. Nonlinear optical processes in flat photonic devices, such
as SHG to photon-pair generation via spontaneous parametric
downconversion, may also be possible.
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51 Summary

In this chapter, we demonstrated a multiresonant metasurface that operates by trap-
ping the out-of-plane scattering radiaion of a metallic nanoparticle array. Here we
deposited a thin-film cladding layer with the refractive index matching the meta-
surface substrate, that had a thickness on the order of wavelength of light. That
thin-film cladding layer acted as a waveguide thanks to its air-dielectric interface
on one side, and the surfaces of the periodically arranged metallic particles on the
other side. Thus, the cladding layer trapped the metasurface lattice-controlled out-
of-plane collective scattering from the particles via total internal reflection, which
ultimately resulted in the generation of multiple narrow-linewidth resonances with
relatively high-Q factors compared to those of the broad localized surface plasmon

resonances (LSPRs) associated with the individual metallic nanoparticles.

5.2 Contributions

The results demonstrated in this chapter have been published in Nano Letters [77].
The idea of this project was conceived by Dr. Orad Reshef and myself right after
I understood the origin of the unexpected resonance features in the experiment.
Based on my amended concept and design, Dr. Orad Reshef carried out the FDTD
simulations, whereas Dr. Mikko J. Huttunen performed the lattice sum calculations.
Dr. Orad Reshef and Dr. Graham Carlow then fabricated the devices. For the char-
acterization, I used the same setup that I built for the previous projects and car-
ried out the measurements. Dr. Orad Reshef analyzed the experimental results.
At the end, Dr. Brian T. Sullivan, Prof. Jean-Michel Ménard, Prof. Ksenia Dolgal-
eva, and Prof. Robert W. Boyd supervised the research and the development of the

manuscript. Dr. Orad Reshef wrote the first draft of the manuscript essentially based
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on my observations, and all authors subsequently took part in the revision process

and approved the final copy of the manuscript.

5.3 Article

The published article follows verbatim.
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ABSTRACT: Resonant metasurfaces are devices composed
of nanostructured subwavelength scatterers that generate
narrow optical resonances, enabling applications in filtering,
nonlinear optics, and molecular fingerprinting. It is highly
desirable for these applications to incorporate such devices
with multiple high-quality-factor resonances; however, it can
be challenging to obtain more than a pair of narrow
resonances in a single plasmonic surface. Here, we
demonstrate a multiresonant metasurface that operates by
extending the functionality of surface lattice resonances, which
are the collective responses of arrays of metallic nanoparticles.
This device features a series of resonances with high-quality
factors (Q ~ 40), an order of magnitude larger than what is

transmittance

typically achievable with plasmonic nanoparticles, as well as a narrow free spectral range. This design methodology can be used
to better tailor the transmission spectrum of resonant metasurfaces and represents an important step toward the miniaturization

of optical devices.

KEYWORDS: Plasmonics, surface lattice resonance, resonant metasurface, gold nanoparticles, nanophotonics

lasmonic nanoparticles intrinsically support localized
surface plasmon resonances (LSPRs) that may be
spectrally located from the visible to the mid-infrared
regime."” These resonances can easily be tailored by modifying
the nanoparticle geometry, and this design flexibility has
opened up the field of nanog)lasmonics for applications in
ﬁltering,‘g’4 color generation,s_ and, due to the large intrinsic
nonlinearities of metals, nonlinear optics.”~"' More recently,
gold nanoparticles have been used as meta-atom building
blocks in metamaterials and metasurfaces that exploit the
tunability of LSPRs.">™!¢
Despite this versatility, applications that feature plasmonic
particles are limited by the inherent absorption loss of metals,
which results in low-quality factors (Q < 10) in the optical
regime.”’18 Recently, surface lattice resonances (SLRs) have
emerged as an alternative method to obtain narrow-band
resonances in plasmonic systems.'*”>' These resonances
appear in surfaces consisting of periodic arrays of metal
nanoparticles, and they feature Q factors that are typically
much higher than their LSPR counterparts, experimentally
achieving quality factors on the order of Q > 100,”*** with
numerical predictions exceeding 2000.”* These large quality
factors are advantageous to many practical applications of
plasmonic devices, particularly in nonlinear optics. Indeed,

v ACS Publications  © 2019 American Chemical Society

6429

SLR metasurfaces have already been shown to enhance
nonlinearities,” >* and they have been implemented in
lasers***”*° and nonlinear spectroscopy applications.*!

Many applications have been shown to benefit strongly from
the existence of multiple simultaneous resonances,”” such as
molecular fingerprinting,®® fluorescence imaging,”* heads-up
display technologies,s’BS’36 or nonlinear applications, such as in
frequency mixing’’~*” or frequency comb generation.*"*'
Multiple simultaneous resonances are usually enabled by the
hybridization of LSPRs such as in nanoparticle dimers and
trimers,””*” by using asymmetric particles,”*** or through the
use of multiple different materials.”> More recent develop-
ments include the hybridization of multiple surface lattice
resonances by incorporating multiple particles within a single
unit cell,” among many other approaches in coupling both
localized and delocalized responses.”” However, to date, high-
Q SLR metasurface designs have only supported one or two
simultaneous SLRs,*** typically owing to the number of
degrees of freedom in a two-dimensional plane.** Here, we
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show that a metasurface consisting of a metallic nanoparticle
array cladded by a thin transparent layer may exhibit multiple
hybrid high-Q SLR cavity modes.

In a periodically arranged array of plasmonic meta-atoms
(Figure la), individual LSPRs strongly couple to form a

a . E!E E b c
';;'J_’.r : ' :
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Figure 1. (a) Schematic of the metasurface under investigation,
consisting of rectangular gold nanoparticles in a rectangular array and
cladded by a thin silica cladding layer. (b) In a homogeneous
medium, an incident plane wave (solid arrows) excites a surface lattice
resonance. Here, every dipole is excited, scatters, and excites its
neighbors (dashed blue arrows). (c) Thin cladding layer (h on the
order of a few wavelengths) confines additional resonance modes,
providing another coupling channel between the dipoles (dashed red
arrows). For clarity, the illustrated dashed arrows in panels (b,c)
indicate the light scattered from only the middle incident arrow.

hybridized collective lattice mode. This mode corresponds to
the first-order diffraction mode of the array, which consists of a
pair of counter-propagating surface modes in the plane of the
array (Figure 1b). The lattice response is often modeled using

the coupled-dipole method or the lattice sum approach (LSA),
which calculate the effective polarizability induced in a single
particle of the array by taking into account the change in the
local field felt by the particle due to the light rescattered from
all other dipoles in the lattice.'”*” The explicit form of this
lattice sum therefore depends strongly on the specific
arrangement of the dipoles and their respective coupling
channels (see Methods). For light at normal incidence to the
surface and polarized along the x axis, an orthogonal lattice
periodicity, P, and a homogeneous background refractive
index of n, the LSA predicts that the resonance frequency of
this mode is to be found at about 4 ~ nP,. The Q factor and
extinction ratio of this resonance depend on the polarizability
(and, therefore, the dimensions) of the individual nano-
particles.”* The SLR wavelength has also been shown to
depend on the nanoparticle dimension.”’

An interesting situation arises when a wavelength-scale
transparent film is deposited on top of the periodic lattice.
Figure 2a compares the transmission spectra calculated using
full-wave simulations for a metasurface composed of a
rectangular array of gold nanoparticles in a homogeneous
medium and a metasurface with a finite 2.5 ym thick silica
(Si0,) cladding. The particle dimensions are L, = 200 nm by
L, =130 nm, and the thickness of the gold layer is only ¢ = 20
nm. The rectangular lattice parameters are P, = (1550 nm)/n
~ 1060 nm and P, = 500 nm. In the usual situation with an
infinitely thick cladding layer, we expect only the broad (Q =
4) LSPR with a resonance wavelength at 1100 nm and the
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Figure 2. (a) Full-wave simulations of transmission spectra of a periodic lattice of gold nanoparticles in a homogeneous environment (dashed line)
and with a cladding layer of finite thickness (solid line). (b) Transmission spectra as a function of cladding thickness calculated using 3D-FDTD.
Additional resonances with higher-quality factors appear as the thickness of the cladding increases. (c) Corresponding transmission spectra
calculated using the lattice sum approach. (d) Near-field profiles of resonances indicated in (a) for a 2.5 ym thick cladding layer (solid red box) and

for an infinitely thick cladding layer (dashed blue box).
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narrow (Q =~ 150) SLR at 4 = 1550 nm to appear. However,
when there is a finite cladding thickness, a plurality of hybrid
resonance modes emerge. In particular, the SLR remains
unchanged, and the hybrid resonances nearest to the
nanoparticle’s LSPR wavelength have both the highest Q
factors and extinction ratios. The Q factor (as estimated from
the full width at half-maximum) of the SLR remains at about
150, and the Q factor for the narrowest hybrid resonance is
about 100.

To further investigate the origin of these new resonances, we
perform additional numerical calculations (Figure 2b,c). First,
we perform finite-difference time-domain (FDTD) simulations
for various top-cladding thicknesses, h. Without any cladding
(i.e., h = 0), the SLR mode is not supported, as expected.'®>*"
As we gradually increase h, we also observe an increasing
number of resonances in the transmission spectrum. Addition-
ally, the most pronounced resonances continue to appear near
the nanoparticle resonance, around 4 = 1100 nm. Next, we
perform the same calculations using the LSA. Here, the effect
of a finite cladding layer can be taken into account by adding a
coupling term between the dipoles due to reflection occurring
at the superstrate—air interface (see Figure lc). The LSA
model presented in Figure 2c¢ is in excellent agreement with the
full-wave simulations, confirming that the origin of these
additional modes may be attributed solely due to this coupling
channel. Therefore, in addition to surface waves that travel
parallel to the plane of the metasurface, the finite cladding layer
supports modes that reflect diagonally between the metasur-
face and the upper cladding interface.

Figure 2d illustrates cross-sectional profiles of the magnitude
of the electric field |E| for a select few resonances. In all cases,
the field is most intense on the surface of the nanoparticle.
When looking out of the plane, we observe a notable amount
of field also bound by the cladding layer away from the particle.
Figure 2d also shows the field profile for the original SLR in a
homogeneous background. It is found to be nearly identical to
its corresponding resonance with a finite cladding layer. This
behavior is expected because, in both cases, this resonant mode
is propagating parallel to the plane of the surface, and it helps
explain why its resonance wavelength does not change
substantially as a function of cladding thickness.

To experimentally confirm these new hybrid resonances, we
fabricate a series of arrays of this proposed device (i.e., P, =
500 nm by P, = 1060 nm) with a 2.5 um thick silica top
cladding and with lattice areas of 400 X 400, 500 X 500, and
600 X 600 um? Figure 3 shows images of the metasurface
before the final cladding deposition step. To isolate the effect
of the lattice configuration from that of the nanoparticle
dimensions, we also fabricated a matching set of devices with

Figure 3. (a) Bright-field optical microscope image of the
metasurface. (b) Helium ion microscope image of the metasurface
prior to cladding deposition.
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identical nanoparticles in the same orientation but in a rotated
lattice configuration (i.e., P, = 1060 nm by P, = 500 nm).
Finally, we also fabricated another different series of devices
that support SLR at 4 = 1550 nm (i.e., P, = 400 nm by P, =
1060 nm). In these devices, the particle number was held
constant, resulting in total array sizes of 320 X 400, 400 X 500,
and 480 X 600 um>

Figure 4 displays the transmittance through these devices as
a function of wavelength. The resonances are present in all
devices, in good agreement with the simulations. In devices
where P, = 1060 nm, the SLR appears around the design
wavelength of 4 = 1550 nm. The resonances with the highest
extinction ratio appear near the LSPR, as predicted by the
simulations. Notably, the sharpest hybrid resonance has a Q
factor of 40, an order of magnitude larger than that of the
individual nanoparticles. In every device, both the extinction
ratios and the Q factors of the resonances increase as a
function of array size. Finally, in the array with the rotated
lattice configuration, the SLR does not appear at A = 1550 nm,
as expected (Figure 4b).

The plasmonic metasurface described above supports
multiple resonances with Q factors that are an order of
magnitude larger than those associated with the LSPRs of the
individual nanoparticles. The resulting hybrid modes propagate
along trajectories described by the LSA method and may be
interpreted as higher-order diffraction modes that are confined
by the upper boundary.*® Full-wave simulations show that,
despite their differing trajectories, the different resonances
possess similar field profiles on the surface of the nanoparticle,
with good spatial overlap. These types of multiresonant
surfaces could be exploited for applications in optical
frequency mixing, which would benefit from the combination
of the strong nonlinearities of metals, strong field overlap, and
the modification of the local density of states of high-quality
resonances. The location and number of resonances is
determined by the lattice spacing and the thickness of the
top-cladding layer and can be rapidly predicted using the
modified LSA. As the array size increases, the devices perform
better, manifesting higher Q factors and deeper extinction
ratios. We note that the simulation, which treats an “infinitely
periodic” array, exhibits the narrowest and deepest resonances,
suggesting that larger arrays could display even better
performance, as has been explored in ref 46.

The effect of combining a Fabry-Pérot (FP) microcavity
with plasmonic nanoparticles has already been thoroughly
investigated in the literature.*”~° Typically, lattice parameters
are deeply subwavelength such that the metasurface may be
treated as an effective reflective boundary in an asymmetric FP
cavity. This modeling approach does not work in our case due
to the emergence of diffraction orders. In a more recent
implementation,” an SLR is hybridized with the propagating
eigenmodes of a higher-index slab waveguide. In our approach,
the cladding layer possesses the same refractive index as the
substrate and would not support any propagating slab modes
in the absence of the metasurface. Therefore, our method,
which capitalizes on the periodic structure of the lattice to
exploit the highest Q resonances, is based on a fundamentally
novel resonance mechanism. Its functionality can also be
further expanded by combining with other multiresonance
mechanisms, such as by employing unit cells that contain more
than a single nanoparticle.”’

One interesting consequence of this resonance mechanism is
that the free spectral range (FSR) of this device may turn out

DOI: 10.1021/acs.nanolett.9b02638
Nano Lett. 2019, 19, 6429-6434
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Figure 4. Transmission spectra for (a) P, = 500 nm by P, = 1.06 um, (b) P, = 1.06 yim by P, = 500 nm, and (c) P, = 400 nm by P, = 1.06 ym. The
dashed line corresponds to full-wave simulations with periodic boundary conditions. Multiple resonances emerge with quality factors that are
significantly larger than those of the individual nanoparticles. No SLR is supported at 4 = 1550 nm when P, # 1.06 um, as expected. The
measurements are taken for arrays of different sizes—the extinction is observed to increase monotonically for larger arrays.

to be much narrower than that of an equivalent FP resonator.
An FP etalon formed of 2.5 um of silica glass is predicted to
have an FSR of Avgpg = ﬁ = 42 THz (corresponding to

Alggg = 185 nm near 4 = 1150 nm). However, our devices all
demonstrate a much narrower FSR of Avggy = 22.8 THz (i.e.,
Aldpsg = 94 nm). This platform therefore provides a method
with which one may relax the restrictions on device size for a
given desired free spectral range.

If what is actually desired is to suppress this multiresonance
mechanism, our work tells us that the cladding layer needs to
be much thicker than what is typically used, for example, to
enable high-quality photonic integrated circuits (e.g., ref 51).
Indeed, the simulations in Figure 2 show that a wavelength-
scale cladding layer is insufficiently thick to suppress the
additional modes and that the presence of this layer needs to
be taken into account for SLR metasurfaces with a finite
cladding.

The approach presented above can be used to design the
highest Q factor multiresonant metasurfaces that incorporate
plasmonic materials, which is desirable for nonlinear
applications. These devices feature a simple fabrication
procedure, can be composed using common, non-exotic
materials, and may be trivially scaled to other operating
wavelengths of interest, particularly at longer wavelengths
where dielectric stacks become prohibitively thick for standard
deposition methods.

Methods. Simulations. Full-wave simulations were per-
formed using a commercial 3D-FDTD solver. A single unit cell
was simulated using periodic boundary conditions in the in-
plane dimensions and perfectly matched layers in the out-of-
plane dimension. The structures were created using fully
dispersive optical material properties for silica®” and for gold.>
Minimal artificial absorption (Im(n) ~ 107*) was added to the
background medium to reduce numerical divergences.

The lattice sum approach is a simplified variant of the
discrete-dipole approximation (DDA) method.’* The version
of the LSA code that was used to compute the figures in this
paper can be found in ref 55. The LSA differs from the DDA in
that it assumes an infinite array of identical dipoles (p; = p; =
17:').56 Under these assumptions, the dipole moment p of any
particle in the array can be written as

-
- €Oa'Einc

= e = ¢ o*E,
P l—aS 0 inc

(1)
where the effect of interparticle coupling is incorporated in the

lattice sum S and a* is the effective polarizability. For arrays
with in-plane coupling, the lattice sum term S, is simply
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N exp(ikr,) (1 — ikr)(3 cos* 0. — 1)
Z XpUKT; 12 sin? 0+ j . j
j=1 i T

)

where the sum extends over the N nearest neighboring dipoles,
7; is the distance to the jth dipole, and 6, is the angle between r;
and the dipole moment 5. The simulation in Figure 2 considers
all N = 680000 particles found in the largest (i.e., 600 X 600
um?) array.

For the situation where particles may also optically couple
back into the array via scattered fields reflected at the
superstrate—air interface, the total lattice sum term is modified
by an additional contribution:

S=8,+S8w (3)

The lattice sum term Sgp for arrays with out-of-plane (Fabry-
Pérot type) coupling takes the form

N R, exp(ikd, 1 — ikd)(3 cos® 6. — 1
Sp=) ——- (ikd) k* sin” 6, + ( U )

. 4, ! d;

j=1 ] ]

)
where h is the thickness of the upper cladding,

dj=2,/rj2/4+h2, and R; are the appropriate Fresnel

amplitude reflection coefficients. A similar approach to this
structure can be found in refs 57 and 58. Once the particle
polarizabilities are known, the optical extinction spectra can be
obtained by solving for eqs 2—4 and using the optical theorem
Ext « kIm(a*).”’

Fabrication. The metasurfaces are fabricated using a
standard metal lift-off process and a positive tone resist
bilayer. We start with a fused silica substrate and define the
pattern using electron-beam lithography with the help of a
commercial conductive polymer. The mask was designed using
shape correction proximity error correction® to correct for
corner rounding. Following development, gold is deposited
using thermal evaporation. The final silica cladding layer is
deposited using sputtering. The backside of the silica substrate
is coated with an antireflective coating to minimize substrate-
related etalon fringes.

Characterization. The samples are excited using a
collimated tungsten—halogen light source. The incident
polarization is controlled using a broad-band linear polarizing
filter. The entire sample is illuminated, and the transmission
from a single device is selected using a variable aperture. The
transmission spectrum is measured using a diffraction-grating-
based optical spectrum analyzer and is normalized to a
background trace of the substrate without gold nanostructures.

DOI: 10.1021/acs.nanolett.9b02638
Nano Lett. 2019, 19, 6429-6434
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Chapter 6

Plasmonic Metasurfaces as 2D

Lattice Diffraction Gratings

In the previous chapters, we focused on the in-plane surface lattice resonances (SLRs).
Such lattice-coupled resonances could be useful for enhancing the efficiency of some
selected optical processes which might be required to understand the fundamental
optical phenomena in the laboratory environment. The notable examples of those
selected optical phenomena are the flat nanolasing [78], nonlinear frequency con-
version, and mixing [73], [79], etc. Notwithstanding, to extract the full benefit of the
metasurface lattice-mode resonances, we need to explore alternative techniques to
excite metasurface lattice-controlled high-Q resonances in different materials along-

side new applications.

In this chapter, we describe two recently initiated projects associated with two dis-
tinct applications. In the first project, we are working on exciting non-localized
high-Q resonances in a dielectric optical medium by implementing a 2D plasmonic
nanoparticle array as a lattice diffraction grating. In this system, unlike the in-plane
SLRs, we do not need to embed the nanoparticle array in a homogeneous medium,
we can keep the nanoparticles uncovered from the top. The initial results were pre-
sented in the 2022 Conference on Lasers and Electro-Optics (CLEO) [80].

In the second project, we are implementing a 2D plasmonic lattice diffraction grating
to enhance the light absorption in a semiconductor absorbing medium in a spectral
region where that medium typically cannot absorb light naturally.

6.1 High-Q Guided-Mode Multi-Resonances

As mentioned in the previous chapters, the SLR-based metasurfaces need to be fully
surrounded by a homogeneous dielectric medium in order for the SLR to be ex-
cited. Unfortunately, such homogeneous metasurfaces cannot be used in applica-

tions like biosensing, which require physical contact with the nanoparticle arrays.
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Recently, apart from our SLRs-based work [72], [77], various types of high-Q meta-
surfaces have been demonstrated by exploiting Fano resonance-like quasi-bound-
states in the continuum (quasi-BIC) [38] and guided-mode resonances (GMRs) [41],
which often exhibit the Q-factors on the order of 103 to 10* [81], [82]. It is now
believed that BIC- and GMR-based metasurfaces represent the superior suitability
for practical applications. However, such metasurfaces have their own drawbacks
that make them not ideal for applications. For example, BIC metasurfaces require
breaking the symmetry of the nanoparticle’s geometry or the array periodicity to ex-
cite non-radiative dark-mode resonances, which introduces additional complexity
to the fabrication process. On the other hand, regarding the applications, a common
downside of both SLRs- and BICs-based metasurfaces are the hurdles in simultane-
ously exciting multiple sharp resonances over a broad spectral range. Such high-Q
multi-resonant features could benefit the applications involving nonlinear optical

frequency conversion and mixing, and non-degenerate photon-pair generation.

To address these issues, we design a metasurface with multi-high-Q guided-mode
resonances (GMRs) comprising a two-dimensional (2D) nanoparticle array integrated
on a LiNbOj thin film. The LiNbOj thin film, which should act here like a slab
waveguide, is sandwiched between the relatively low-index media, e.g., air (1,ir ~
1.0003) and fused silica (SiO,) glass, as illustrated in Fig. 6.1(a). Here, the thickness of
the LiNbOj3 thin film is d. As depicted in Fig. 6.1(a), we choose a square lattice array
by setting a common periodicity, Py = Px = P in both y- and x-directions, respec-
tively. Since the light scatters in all directions, we should also take into consideration
the periodicity in the diagonal direction, which we can define as P,y = 4 /Py2 + P2
(not shown in the figure). Considering that the polarization of incident light is
aligned along the x-axis, we decided to use rectangular bar-shaped gold nanopar-
ticles to construct the 2D diffraction grating array. By selecting such a shape with
the shorter rectangle dimension aligned along the light polarization, we want to
push the absorption loss-related localized surface plasmon resonances (LSPRs) cor-
responding to the individual gold nanoparticles towards the visible range, which
should be spectrally far from any nonlocalized sharp resonances lying in the in-
frared and near-infrared ranges. Nevertheless, since such blue-shifting of the LSPRs
also reduces the scattering cross-section, we want to keep the vertical length of the

bars relatively large to compensate for this reduction.

The simulations are performed using Lumerical FDTD software. In Lumerical FDTD,
at first we select a lossy fused silica glass medium as a substrate (refractive index,
Nglass ~ 1.46). We introduce loss by artificially adding imaginary index representing
the absorption inside the glass. Next, we add a thin layer of LiNbO3; with thickness,
d on top of the glass substrate. In practice, LINbOj3 is an uniaxial birefringent ma-
terial. In case of a x-cut LiNbO3 thin film, the refractive index parallel to the any

direction of the thin-film plane is uniform, which is called ordinary refractive index,
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FIGURE 6.1: (a) Illustration of a metasurface comprising a

nanoparticle array-integrated lithium niobate thin film. Here,

collimated light is incident from the normal direction on the

2D nanoparticle array. (b) The simulated transmittance spectra

of the metasurface showing an octave-spanned high-Q multi-
resonances.

ne =~ 2.21 around the 1550 nm spectral wavelength. On the other hand, the refractive
index towards the direction perpendicular to the thin-film plane is called extraordi-
nary refractive index, ne =~ 2.14 around the 1550 nm spectral wavelength. Since in
our case, we want both the x- and y-polarized scattered light from the nanoparticles
to excite both transverse electric (TE) and transverse magnetic (TM) GMRs inside the
thin-film, here we choose a x-cut LiNbO3 layer on top of the glass to ensure that, the
refractive index of the thin film #nynfim is equal to 1, ~ 2.21. Finally, on top of the
LiNbOj thin film, we put a 2D metasurface array consisting of gold nanoparticles

which serve as a 2D diffraction grating array by scattering light inside the thin film.

To excite fundamental TE and TM mode resonances around 1550 nm, through the
trial-and-error simulations, we find that the periodicity P, = P and P = P =
P should be aproximately equal to 780 nm. Here we set the rectangular-shaped
nanoparticle bars” lengths to [, = 70 nm and /;, = 300 nm, respectively. We also
find that shortening the horizontal length [, helps to increase the sharpness, i.c., the
resonance Q-factors. On the other hand, increasing the vertical length [, helps to in-

crease the resonance dip in transmittance spectra, i.e., the resonance strength. Apart
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from the lengths, we also fix the height of the bar at [, = 20 nm in our simulation,
which falls within the range of a typical metal nanoparticle height (20 nm to 50 nm)

suitable for the sample fabrication.
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FIGURE 6.2: Cross-sectional views of the (a) xz and (b) yz
planes of the metasurface showing the p- and s-polarized light
diffracted /scattered by the 2D nanoparticle grating array with
the periodicity P. The light forms the guided TE and TM modes
inside the LiNbQO; thin film with thickness d. (c) Side-view of
the metasurface representing either xz cross-section, yz cross-
section or the diagonal cross-section across the xy plane illus-
trates that a normally incident collimated light can be scattered
by the periodically arranged individual nanoparticles at differ-
ent scattering angles. The scattered light experience total in-
ternal reflection inside the thin film, and thus creates multiple
guided-mode resonances (GMRs).

Fig. 6.1(b) demonstrates the simulated octave-spanning transmittance spectra (800 nm
to 1600 nm) corresponding to the LiNbOj3 thin film integrated with the square lattice
arrays. Here, two extremely sharp resonances appear near our desired fundamental
wavelength around 1550 nm with the linewidth less than 0.5 nm; henceforth, the
corresponding Q-factors are on the orders of 10>. The origin of the two resonances
around 1550 nm correspond to the TE and TM polarized GMRs inside the thin film,
as illustrated in Fig. 6.2(a) and Fig. 6.2(b), respectively. Apart from the fundamen-

tal resonances, there are more pairs of the sharp resonances appearing at different
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shorter wavelengths throughout the 800 nm to 1600 nm octave-spanning broadband
spectral range, which are indicated in different colors. Those resonances are also
the GMR modes, which correspond to the TE- and TM-polarized scattered light in-
side the thin film, scattered by the nanoparticle array in-phase at different scattering

angles in x, y and xy directions, as illustrated in Fig. 6.2(c).

6.2 Extended Short-Wavelength Light Absorption
in InGaAs/InP Semiconductors

Short-wavelength infrared (SWIR) light enables the detection and imaging of objects
of interest that would not be possible in the visible spectral regime. In the SWIR
regime, photons are transmitted through certain visibly obscure media formed by
the particles limited by Mie scattering or the molecular vibrations, such as water
vapor, fog, cloud, and smog, alongside the media absorbing the visible light, such
as silicon. Thus, the SWIR light can be used for detecting and imaging the objects
emitting, reflecting, or absorbing the SWIR photons hidden behind visibly obscure
media with high-resolution imaging contrast [62]. Such a technique finds its imple-
mentation in a variety of applications, for example, imaging of ambient stars and the
background radiance (nightglow) through the cloud, security surveillance, imag-
ing of the biological tissues through which longer wavelengths penetrate deeper
than shorter wavelengths, product inspection and process quality control, and many

more [61].

A handful of semiconductor materials, e.g., germanium (Ge), indium arsenide (InAs),
indium gallium arsenide (InGaAs), indium antimonide (InSb), and mercury cad-
mium telluride (MCT or HgCdTe) can be implemented in SWIR photodetection [1],
[83]. Nevertheless, only lattice-matched InGaAs/InP III-V semiconductor-based pho-
todetectors operating in the 900 nm to 1700 nm wavelength range are capable of
performing practical photodetection via efficient conversion of the absorbed pho-
tons into photoelectrons due to their high quantum efficiency (Q.E.) and low dark
current at room temperature [61]. High Q.E. (henceforth the device responsivity)
requires a micron-scale-thickness (e.g., 3-5 ym) InGaAs absorber. However, such
a large thickness also increases the rise time (i.e., the time taken by the generated
electrons and holes to reach the ohmic contacts of the photodetector circuit), result-
ing in limiting the device speed, i.e., the bandwidth of the photodetector [59], [84].
An InGaAs absorber with a thickness less than 1 ym can be operated at a relatively
high speed but at the expense of relatively low sensitivity. Nevertheless, inserting
such a nanometer-thick absorbing layer into a Fabry-Pérot microcavity (in which one
mirror is formed by using the Bragg-reflector semiconductor bi-layer stack) can con-
stitute a high-speed and high-sensitivity photodetector [59], [85]. As the alternatives
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to the relatively thick Fabry-Pérot microcavity, other types of flat resonators, such as

metasurfaces, can also boost the efficiency of high-speed photodetectors [86], [87].

Such SWIR photodetectors operating at the telecom wavelengths play essential roles
in the long-range light detection and ranging (LiDAR) systems, a recently devel-
oped technology mass-adopted in a variety of applications [51]. Unfortunately, the
use of intense lasers for longer wavelengths and higher-resolution detection typi-
cally imposes eye safety issues, particularly in highly populated urban areas. Thus,
nowadays, the operational spectral range of interest of the LIDAR system is shift-
ing towards the extended SWIR band beyond the wavelength of 1700 nm, up to
2200 nm [83]. However, since the corresponding extended SWIR photon energy
cannot exceed the bandgap energy of the InGaAs lattice matched to InP, one may
increase In concentration of InGaAs to shorten its bandgap energy to absorb the ex-
tended SWIR photons. Notwithstanding, it causes the lattice mismatch between
Indium-enriched InGaAs and InP on which InGaAs is grown. It creates severe
threading dislocation inside the molecular structure of InGaAs/InP layers result-
ing in high dark-current noise in the photodetector circuit, henceforth triggering a
significant drop in the signal-to-noise ratio. Introducing quantum-dots (QDs) in-
side the lattice-matched InGaAs absorber could extend the absorption wavelength
to 1800-2200 nm extended short-wavelength infrared (SWIR) regime to provide an
alternative solution that can help one to eliminate the problem of high dark current
associated with the lattice-mismatched InGaAs/InP photodetector structure. The
absorption in the QDs depends primarily on the number of QD layers; however,
the QD thickness is limited to maintaining high crystal quality in the bulk-absorber
structure. Such a trade-off greatly restricts the absorption efficiency of the QDs.

To counter such material property-limited restrictions in the extended SWIR regime,
we seek solutions from the flat resonators-based technique of improving the ef-
ficiency of high-speed photodetectors operating in the traditional telecom SWIR
regime. Here, using the concept of the metasurface lattice-enabled guided modes,
we show that photodetectors consisting of 2D Bragg-diffraction-grating metasur-
faces can significantly enhance the absorption inside the nanoscale-thin InGaAs QD
absorber layer from 0.4% to approximately 23% of the incident light around the 1900-
nm extended SWIR band. Such a large enhancement of light absorption could enable
the realization of highly efficient InGaAs photodetectors for imaging spectroscopy,

hyper-spectral imaging, and scientific imaging in the extended SWIR regime.

Recently, our collaborators from the National Research Council, Canada have ex-
perimentally observed a small amount of light absorption around 1900 nm after in-
serting multiple layers of 2-nm-thick InGaAs QDs inside the regular lattice-matched
InGaAs layer. In Fig. 6.3(a), we illustrate such a structure comprising the QD layer
without any distributed Bragg reflector (DBR) and metasurface. Here we consider
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FIGURE 6.3: (a) A basic structure of a quantum-dot (QD) In-
GaAs/InP photodetector system comprising the InP cap layer
cladded by an anti-reflection coating (ARC), InGaAs absorber
layer loaded with the QD and the InP substrate. (b) A multi-
stack distributed Bragg reflector (DBR) is added to the structure
depicted in (a). The QD absorbance intensity map and the spec-
tra in the extended SWIR regime are shown side-by-side with
the corresponding structures.

only one thin QD layer with the thickness fjuantum—dot = 200 nm in our simula-
tion instead of 100 ultra-thin layers of the actual QDs with a 2-nm thickness of each
just for the sake of simplicity of the simulation procedure. In our simulation per-
formed with Lumerical FDTD software, we ascribe the absorption to the layer of
QD by adding the imaginary refractive index (i.e., the absorption values k) over
the extended SWIR band from 1800 to 2000 nm. In Fig. 6.3(a), the absorption in-
tensity profile map shows the light absorbed inside the 200-nm-thick InGaAs QD
layer, where the QDs actually absorb only 0.5% of the incident SWIR light as shown
by the absorbance spectral lineshape. However, after adding a DBR in the system
with the reflectance peak around 1900 nm, the absorption around that wavelength
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FIGURE 6.4: (a) A 2D plasmonic metasurface grating is added
on top of the InP cap layer in the photodetector structure (with-
out DBR) shown in Fig. 6.3(a). (b) A 2D plasmonic metasurface
grating is added on top of the InP cap layer in the photodetector
structure (with DBR) shown in Fig. 6.3(b). The QD absorbance
intensity map and the spectra in the extended SWIR regime are
shown side-by-side with the corresponding structures.
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is enhanced up to 2.5% (by a factor of 5 or one order of magnitude intensity en-
hancement), as depicted in Fig. 6.3(b). Next, we add a metasurface array with the
lattice mode around 1900 nm to the absorber layers without and with DBRs, which
are shown in Fig. 6.4(a) and Fig. 6.4(b) with the corresponding absorbance intensity
maps and spectra, respectively. The lattice periodicity P = Py = P, = 575 nm is set

according to the following Bragg diffraction condition:
A =nP, (6.1)

where n = ngi = 3.3 around 1900 nm. Fig. 6.4(a) shows that, in the presence of the
metasurface grating, the absorbed intensity is enhanced by two orders of magnitude

compared to the original absorbed intensity depicted in Fig. 6.3(a). Fig. 6.4(a) shows
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that the absorbance (with the metasurface but without a DBR) is increased to 11%
(~20 times larger than that in Fig. 6.3(a)). Nevertheless, Fig. 6.4(b) shows that the
absorbance (with both the metasurface and DBR) is increased to 25% (~50 times
larger than that in Fig. 6.3(a)).
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FIGURE 6.5: Maximizing the QD absorbance by tuning (a) the

metasurface periodicity alongside the incident-light polariza-

tion, (b) the metasurface periodicity in the direction orthogonal

to the incident-light polarization, (c) the thickness of the indi-

vidual nanoparticles and (d) the area of the individual square
nanoparticles, respectively.

Lastly, Fig. 6.5(a-d) show how we maximize the absorbance peak around 1900 nm
of the extended SWIR band inside the QD by tuning the grating array periodicity
by individually varying the periodicity Px (Fig. 6.5(a)) and Py (Fig. 6.5(b)), the par-
ticle thickness L, (Fig. 6.5(c)) and the particle dimensions Ly and Ly (Fig. 6.5(d)),

respectively.

6.3 Conclusions

In summary, we are presently analyzing the 2D plasmonic nanoparticle arrays de-
veloped in the two different projects described in this chapter to explore their poten-
tial as lattice diffraction gratings to excite out-of-plane non-localized resonances in

different optical platforms.

In one of our ongoing projects, we designed an ultra-high-Q multiresonant and
multi-modal flat meta-optics system by combining a periodic lattice metasurface
with a high-refractive-index thin-film material to trap the collectively scattered out-

of-plane lattice modes of the metasurface in the form of a series of GMRs at multiple
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wavelengths spread over a broadband optical spectrum. Our novel design is based
on a unique mechanism that allows for an interplay between the lattice modes of
the metasurface and the guided modes inside the thin film. Our designed flat meta-
optics is expected to ease the limitation and restrictions that the current metasurface

techniques encounter in practical applications.

In another ongoing project, we designed a plasmonic metasurface-integrated In-
GaAs/InP lattice-matched QD photodetector operating at the extended SWIR regime.
While the InGaAs QD initiates a small amount of the photon absorption at the ex-
tended SWIR band around 1900 nm wavelength, the plasmonic metasurface consist-
ing of the 2D nanoparticles array dramatically enhances the rate of absorption in-
side such lattice-matched QDs. Thus, such an improvement could increase the Q.E.,
henceforth, the responsivity of the lattice-matched InGaAs/InP photodiode struc-
ture, which is essential for the room-temperature operation of the extended-SWIR

photodetector with a high signal-to-noise ratio (SNR).
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Chapter 7

Conclusions and Future Work

7.1 Summary of the Primary Achievements

Over the last decade, metasurfaces with high-Q resonances have been proposed and
demonstrated with a diverse range of functionalities in flat-optic systems. High-
Q resonant metasurfaces can manipulate free-space light’s amplitude, frequency,
phase, and polarization [8], [9], [11], [82], [88]-[90]. Such metasurfaces could be used
for efficient biosensing [69], [91], nanolasing [74], [92]-[94], entangled-photon-pair
generation [95], all-optical and electro-optical modulation-based wavefront shaping,
beam focusing and beam steering [56], [57], [82], etc.

In this dissertation, we designed and demonstrated such resonant metasurfaces with
high-Q resonances comprising plasmonic meta-atoms, which are made of extremely
lossy metallic nanoparticles. Even with low-Q localized surface plasmon resonances
(LSPRs), such plasmonic nanoparticles often contribute in light-matter interaction
via strong local-field enhancements. One such example is the nonlinear plasmonic
effect. Inspired by the fact, in Chapter 2, we see how the plasmonic nanoparticles’
geometry can play a crucial role in forming microscopic second-order nonlinear
optical responses, typically characterized by the hyperpolarizability of the meta-
atoms. Nevertheless, in the end, we also observed how the nonlocalized high-Q
resonances could improve the efficiency of the second-harmonic generation (SHG)
process, which is the most common example of second-order nonlinear optical re-

sponses.

Inspired by such enhanced nonlinear SHG process enabled by non-localized plas-
monic surface-lattice resonances (SLRs) reported in Chapter 2, next, we success-
fully demonstrated a plasmonic metasurface with non-localized ultra-high-Q SLRs
in Chapter 3. We demonstrated the high-Q SLR at the infrared wavelength by ar-
ranging gold nanoparticles periodically in 2D lattice arrangements. The Q-factor of
the observed SLR was on the order of 10°. Such a large Q-factor was at least one

order of magnitude higher than any previously experimentally observed plasmonic
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SLR Q-factors and two orders of magnitude higher than the traditional localized
resonances associated with individual plasmonic or dielectric particles. Apart from
that, in Chapter 4, we also demonstrated a metasurface with polarization-controlled
periodicity-dependent dual SLRs. Throughout these projects, we successfully de-
bunked a long-standing myth, according to which it was believed that plasmonic

elements hinder obtaining high-Q resonances in any optical platform.

Notwithstanding, the high-Q-resonance systems analyzed in Chapter 3 and Chap-
ter 4 have two practical design limitations, which may restrict them from being prac-
tically implemented. First, the in-plane SLR excitation under a normal incidence re-
quires the nanoparticles” array to be cladded by a medium with the same refractive
index as that of the substrate. In the case of any near-field application, for exam-
ple, biosensing, that cladding layer becomes an obstacle between the nanoparticles
and the substance of interest that is supposed to be detected. In addition, under
a particular linearly polarized normally incident light, only a single in-plane SLR
can be excited; in contrast, for many nonlinear optical processes such as frequency

conversion and mixing, multiple high-Q resonances could be more desired.

To address these issues, in Chapter 5, we developed the methods of exciting mul-
tiple high-Q resonances in a metasurface. Here, we demonstrated the technique
of trapping the out-of-plane lattice modes excited by the periodic nanoparticles ar-
ray inside a thin homogeneous cladding layer. However, since those out-of-plane
lattice resonances overlapped with the broad localized surface-plasmon resonances
(LSPRs) associated with the individual nanoparticles, the Q-factors of such out-of-
plane lattice resonances were not sufficiently high. One possibility could be to blue-
shift the LSPRs to avoid such deteriorating overlap. Such blue-shifting would re-
quire reducing the nanoparticles” length alongside the light polarization. However,
larger nanoparticles, which act as a 2D array of small mirrors, are also required to
trap the out-of-plane lattice modes inside the cladding layer. Due to this trade-off,
we cannot eliminate the overlap between the LSPRs and the out-of-plane lattice res-
onances. Despite all of these facts, we considered this novel work a milestone for

future research advancements.

7.2 Current Research on Tackling the Limitations

Many optical dielectric and semiconductor thin-film materials play crucial roles in
light modulation and detection. For example, lithium niobate (LiNbO3) thin films
are frequently used in electro-optical modulation [96], wavefront shaping [56], [57],
optical frequency conversion and mixing [58], and photon-pair generation [95] due
to their strong second-order nonlinear properties [54], [55]. However, the efficiency

of such processes is very low in such thin-film structures. In such cases, SLRs could



78 Chapter 7. Conclusions and Future Work

be useful to enhance the efficiency of such processes. Nevertheless, one cannot de-
posit a thin film of LiNbO3 as a cladding layer; thus, medium homogeneity cannot
be achieved in situations where LiNbQOj is used. A similar situation could arise if
one aims to implement the SLR to enhance the light absorption in a semiconduc-
tor photodiode made of indium gallium arsenide (InGaAs) and indium phosphide
(InP). Note that, here LiNbO3), InGaAs, and InP are just examples; the same problem
could be faced in many other optical dielectric and semiconductor materials which
are not listed here. To counter these challenges, we have recently developed the
concept of 2D nanoparticle lattice diffraction grating-controlled guided mode reso-
nances (GMRs) to enhance light-matter interaction in the inhomogeneous or hetero-
geneous metasurface structures formed by the thin-film materials which fall in the

category described above.

Considering the successfully accomplished projects described in Chapter 2 to Chap-
ter 5 as the groundwork, in our current research, we are applying our metasurface
diffraction lattice-controlled GMR concept in different types of thin-film materials.
We split our current research into two different projects, which are described in
Chapter 6 of the thesis. In those projects, we aim to excite nonlocalized resonances
in different thin-film material platforms using 2D plasmonic nanoparticle arrays for

two different application purposes.

In one of those projects, we have recently designed a plasmonic lattice-coupled
LiNbQOj3 thin film. In our simulation, we have discovered an octave-spanned multi-

high-Q GMRs appear from the metasurface.

In another ongoing project, we also have preliminarily observed the excitation of
a plasmonic lattice-coupled mode in the quantum-dot (QD)-like thin-film layer of
indium gallium arsenide (InGaAs) via a secondary layer of indium phosphide (InP),
which results in the light absorption enhancement inside the InGaAs layer at the

extended short-wavelength infrared (extended SWIR) regime.

7.3 Future Plans for Practical Implementations

As discussed above, Chapter 6 of the thesis describes the two ongoing projects. Nev-
ertheless, the projects are currently in their preliminary design stage. Both projects
ultimately require to be validated by the experimental characterization with success-

ful implementation in their promised applications.

For that purpose, In the case of the first project on LiNbOj3 thin-film-based meta-
surface, very soon we are going to fabricate a test sample and characterize its linear
transmission spectra to verify the appearance of the multi-high-Q resonances in our
simulation. In parallel, we also want to rigorously analyze the origin of such multi-

high-Q resonances by observing their corresponding electric-field maps. Once we
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experimentally verify the existence and analyze the origin of the multi-high-Q, in
the next steps, we aim to investigate the impacts of the multi-high-Q resonances in
practical applications. LiNbOj is famous for the processes like electro-optical light
modulation [21], nonlinear optical frequency conversion and mixing, and entangled
photon-pair generation [55]. Nevertheless, in thin-film configuration, LiNbO; ex-
hibits a relatively low efficiency of the aforementioned processes. In addition, the
uncovered plasmonic nanoparticles in this system could be utilized for sensing pur-
poses [91]. We believe the experimental realization of such multi-high-Q metasur-
faces would bring about numerous benefits for flat-optics technologies, for exam-
ple, beam-steering in light detection and ranging (LiDAR) applications [51]., fre-
quency switching and quantum-signal manipulation in free-space optical commu-

nications [66]., and biosensing in medical applications [69]..

On the other hand, we are also planning to fabricate metasurface diffraction lattice-
coupled InGaAs QD photodiode devices. Once the fabrication of the sample is com-
pleted, we will characterize the sample to verify the absorption enhancement in the
InGaAs QD layers by extracting its quantum efficiency, i.e., the ability to convert the
incident photons into the electric current by creating electron-hole pairs in the pho-
todiode p-n junction. Verification of our simulation would lead us to demonstrate
the first-ever lattice-matched InGaAs photodetector operating at room temperature
to detect extended-SWIR light.

If we succeed in these ongoing projects in the near future, the next step is to im-
plement the metasurface-based flat optical resonators in advanced state-of-the-art
modern technology. My personal interest is in developing a LIDAR comprising a flat
nanolaser, an electro-optical beam-steering device to spatially modulate the laser,
and a detector operating in the eye-safe extended SWIR regime [51], [52]. An im-
proved version of such a LiDAR could be sought in future automobile or free-space
optical communication systems. In addition, I also want to contribute to developing
biosensing and imaging devices for medical applications [69], [97]. I believe, my re-
search contributions described in my Ph.D. dissertation will pave the way to realize
my future plans by creating a bridge between fundamental science and real-life tech-
nologies. Thus, this Ph.D. thesis should be considered not only the end of graduate
studies but also as the end of the beginning of a big dream dedicated to the ultimate

advancement of human civilization.
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