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Abstract

Optical Meta-structures for Exceptional Points, Bound States in the Continuum, and
Polarization Control

by
Haoye Qin
in Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Boubacar Kante, Co-chair

Professor Connie Chang-Hasnain, Co-chair

Optical nanostructures like high contrast gratings and metasurfaces have received increasing
interests for their capability in tailoring wave propagation with optical flatness. Basics optical
properties (amplitude, phase, and polarization) can be effectively tuned and controlled by
a designed nanostructures, which is beneficial for applications in science and engineering.
Here we investigate the optical metasurfaces for realization of bound states in the continuum
(BICs) and exceptional points (EPs), and employ the polarization selective feature in high
contrast grating to reach high performance linear and circular polarizers. Optical BICs are
demonstrated in enhancing optical forces, chirality, nonlinear harmonics generation, and
nonlinear chirality. Optical EPs are explored with eigenmodes and transmission matrix, and
proposed to improve sensitivity in refractive index change and gyroscopes. Silicon nitride
HCG and metal grating are designed and verified for polarization generation and control.
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Chapter 1

Introduction

General periodic nanostructures include 1D periodic grating [1] and 2D periodic metasur-
face or plasmonics meta-structure [2]. The grating is periodic along x direction with infinite
length in y direction, while metasurface has a unit cell that repeats infinitely in both x and
y direction. In order to modeling periodic nanostructures, periodic boundary condition is
introduced in simulation assuming an infinite repeat for the specific unit cell. Periodic bound-
ary condition allows one to calculate the response of the entire system by only simulating
one unit cell. Computational methods include finite difference time domain (FDTD) and
finite element method (FEM), with representative demonstrations in Lumerical Solutions
and COMSOL Multiphysics, respectively. Basically, FDTD solves Maxwell’s curl equations
in non-magnetic materials [3]:

oD
E =VxH
D(w) = e (w) E(w)
8—H = —iV x E
ot Ho

where H, E; and D are the magnetic, electric, and electric displacement fields, respectively.
e-(w) is the relative frequency-dependent dielectric constant. In three dimensions, Maxwell
equations have six electromagnetic field components which can be analysed under TE (trans-
verse electric), and TM (transverse magnetic) conditions. For TM case, Maxwell’s equations

reduce to
oD, B 0H, _ 0H,

ot 0z Jy
D, (w) = eger(w) B, (w)

0H, 1 0E,
ot o Oy
OH, 1 9E,

ot _Mo ox



CHAPTER 1. INTRODUCTION 2

In FDTD method, ”Yee lattice” is used to discretize Maxwell’s equations in space, involving
the placement of electric and magnetic fields on a staggered grid. The FDTD method solves
these equations on a discrete spatial and temporal grid. Each field component is solved at
a slightly different location within the grid cell (Yee cell, Figure 1.1). The resulting finite-
difference equations are solved in a leapfrog manner: at first the electric field components
are solved at a given time in a specific volume of space; then in the same spatial volume the
magnetic field components are solved at the next step in time; and the process is repeated
over and over again until the electromagnetic field within the settled time and space is
fully evolved. In Lumerical Solution, FDTD solver runs and reconstructs the equation and
simulation data automatically, and thus the user does not have to deal with the physics
during usage.

TE ™ D E,_ s
. . Yee "‘
©l_lZ EX ®EZ HX g rld EX F
H
> -~ X X
cor L
l_y l_y ¥ 4 y Hz

H

v

Figure 1.1: A ”Yee lattice” involving electric and magnetic fields can be used to discretize
Maxwell’s equations in space. In three dimensions, the lattice consists of a multiplicity of Yee
cells. Reproduced under a Creative Commons Attribution (CC BY) license [4]. Copyright
2015.

The finite element method (FEM) is a widely used method for numerically solving space-
and time-dependent problems that are usually given in terms of partial differential equations
(PDEs). Assume a function u is dependent variable in a PDE. The function u can be
approximated by a function u, using linear combinations of basis functions u ~ u, = ) u;,
where 1); is the the basis function and wu; is the coefficient. The benefit of FEM method is that
the discretization can be uniform or nonuniform [5], offering great freedom in the selection
of discretization (Figure 1.2).

Gratings and metasurfaces with subwavelength thickness enable manipulation of wave
propagation and a spatially varying optical response like amplitude, phase, and polarization
[6]. These advantages have contributed to various applications:

e Arbitrary phase gradient and beam forming
e Polarization conversion and control

e Nonlinearity and harmonic generation



CHAPTER 1. INTRODUCTION 3

Optical chirality, asymmetric transmission, and nonreciprocity

Wave guidance and radiation

Active and tunable metasurfaces

e Thermal-optics and heat transfer
e Quantum optics and photonics

Especially, high contrast gratings have been extensively employed as broadband reflector
in vertical-cavity surface-emitting lasers due to its high performance and reduced thickness
[1, 7]. Holography and metalens take advantage of tunable phase gradient and amplitude
from designed metasurface [8, 9]. Birefringence metasurface can serve as linear and circu-
lar polarizers with arbitrary input state [10]. With nonlinear metarials at hand, enhanced
harmonic generation [11] and nonlinear hologram are explored using bound state in the
continuum and Pancharatnam-Berry (PB) phase [12]. Plasmonics and dielectric metasur-
faces have revealed three-dimensional chirality and nonlinearity induced nonreciprocity [13].
Thriving investigations are going into electrically-tunable metasurfaces and thermal effect in
plasmonics metasurfaces [14].

active cell inactive cell finite element

I \ Y

single well

domain and boundary finite difference approach finite element approach
(structured grid) (unstructured mesh)

Figure 1.2: Comparison between discretization and mesh used in FDTD and FEM. Used
with permission from [5] copyright 2013 by Springer Nature

This thesis will focus on demonstrations and applications of exceptional points (EPs),
bound states in the continuum (BICs), and polarization control using both all-dielectric and
plasmonics metasurfaces (high contrast gratings). Chapter 2 will introduce optical BICs and
applications of BICs to enhanced optical forces, chirality, and nonlinearity. Chapter 3 will
discuss different arrangements for realizing exceptional points in eigenmodes via coupled
modes and transmission matrix. It will also involve hybrid modes where plasmonics and
photonics modes are coupled to form BICs and EPs. In Chapter 5 and Chapter, HCGs are
designed to work as a flat-optics, high performance linear and circular polarizers. Nanofab-
rication of HCGs are included in Chapter 5.



Chapter 2

Optical bound state in the continuum

2.1 Bound state in the continuum for trapping waves

In 1929, von Neumann and Wigner showed that Schrodinger’s equation can have bound
states above the continuum threshold , which is called bound states in the continuum (BICs),
showing resonances without decay [15]. For several decades afterwards the idea lay dormant,
regarded primarily as a mathematical curiosity. BICs arise naturally from Feshbach’s quan-
tum mechanical theory of resonances, and are thus more physical than initially realized.
Recently, it was realized that BICs are intrinsically a wave phenomenon and are thus not
restricted to the realm of quantum mechanics. They have since been shown to occur in
many different fields of wave physics including acoustics, microwaves and nanophotonics.
The seminal work demonstrating trapped light was presented by Chia Wei Hsu and cowork-
ers [16]. The PhC slab supports guided resonances where the frequencies lie within the
continuum of radiation modes in free space. These resonances typically have infinite lifetime
and thus infinite quality factor. While at the k point, light becomes perfectly confined in the
slab with quality factor reaching infinity. They verify and demonstrate this photonics BIC
with experiments, FDTD simulation, and coupled mode theory. By changing incident angle
on the slab, radiative quality factor can be tuned from infinite to finite, opening intense
investigation on BICs in the linear wave phenomenon. In meta-optics and nanophotonics
associated with BICs, nanoparticle resonators and metasurfaces receive great attention [17].
Quasi-BICs in isolated subwavelength nanoparticles have been explored by employing the
mode coupling between Mie-like mode and Fabry—Pérot mode [18]. In-plane symmetry and
broken symmetry in periodic structures result in BIC and quasi-BIC with very high qual-
ity factor and enhanced field localization [19], contributing to improving optical chirality
and nonlinear harmonic generation. It’s exciting to observe the formation of BIC in hybrid
plasmonic-photonic systems, where lossy plasmonics mode is pushed towards BIC with in-
creasing quality factor [20]. Recently, BIC is also realized in an open acoustic resonator for
sound trapping, extending BIC to the acoustic wave [21].
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2.2 Tunable and enhanced optical force with QBIC

Light-actuated motors, vehicles, and even space sails have drawn tremendous attention for
practical and exciting applications in space exploration, biomedical, and sensing. Optical
bound state in the continuum (BIC) is known to be capable of trapping light and improv-
ing light-matter interaction. Herein, we propose an incorporation of BIC for generation of
enhanced and tunable optical forces and torques in metasurfaces. A sharp lineshape is ob-
served in forces and torques spectrum when approaching BIC mode induced by the high-Q
resonance. Wavelength and polarization tunability are also illustrated for sensitive direction
switch associated with BIC.

The concept of bound state in the continuum (BIC) has attracted considerable interest for
its ability of trapping waves inside the continuum without radiation lossl. First proposed
in quantum mechanics, BIC has been observed in various wave phenomenon from optics
and acoustics to water and elastic waves. Especially, the emerging periodic optical plat-
forms such as metasurfaces, gratings, and photonics crystal enable practical demonstrations
and applications of BIC, which provides a simple avenue for realizing high-(Q) resonances.
Symmetry-protected bound states have been demonstrated in coupled waveguide array, pho-
tonics crystal slab, waveguides coupled to resonators, and dielectric spheres. Lasing action
from an optically pumped BIC cavity have enabled arbitrarily high Q factors with direc-
tional output and single-mode operation. There is also formation of BIC in lossy plasmonics
system, such as the hybrid plasmonics-photonics system with a plasmonics grating coupled
to dielectric optical waveguide8, and the anisotropic plasmonics metasurfaces governed by
BIC collective resonant modes. In practice, Fano-like quasi-BIC mode with a broken in-
plane symmetry in all-dielectric metasurfaces shows extending applications for enhancement
of nonlinear effects, biosensing, and lasing. Recently, the concept of BIC is enriched with
chirality to break the limitation of linear polarizations and provide chiral engineering. It’s
well known that light can exert forces and torques as illustrated in optical tweezers [22] and
particle-trapping devices [23]. Metasurfaces provide unprecedented opportunities to engi-
neer and manipulate light, thus leading to the conception of light-based propulsion for space
travel, i.e., laser and solar-driven spacecraft [24, 25]. Recently, novel studies on optical force
contribute to the proposal of meta-vehicles [26], plasmonics motors [27, 28], self-stabilizing
photonics structure for levitation and propulsion, and lightsails, which rely on asymmetric
scattering of light [24]. However, there still lack demonstrations on metasurfaces enabled
large tunibility and enhancement of optical forces and torques, which is beneficial for build-
ing up effective light vehicles/motors/sails with full controllability via properties of incident
light.

Therefore, in this section, focusing on the need of the two features, a distinctive quasi-BIC
feature is used to enhance the generation of optical forces and torques with highly tuning
capability, which aims at providing controllable and improved optical manipulation and new
design method of meta-motors or vehicles. The quasi-BIC is formed through introducing an
asymmetry ratio between two coupled dielectric particles, and the calculated optical force
and torque show significant enhancement. By controlling wavelength and/or polarization of



CHAPTER 2. OPTICAL BOUND STATE IN THE CONTINUUM 6

the incident light, generated force and torque can switch direction and intensity, which is
useful for on-demand all-optical manipulation.

b MST box

g=75nm g

Px

a= (L —Ly)/Ly

Figure 2.1: Schematic of the proposed coupled particles showing BIC mode for enhanced
optical force. (a) Top view of the asymmetric silicon bars with length L (fixed at 280 nm)
and Lo. Both bars have width W of 200 nm. The gap between them ¢ is 75 nm and thickness
t is 250 nm. The asymmetry ratio « is defined as (Ly — Lo) /L;. (b) Simulation domain for
calculating the optical force and torque. The stress tensor is integrated over the boundary
of the Maxwell stress tensor (MST) box. Periodic boundary condition is applied in x and y
direction with a lattice constant p, = 200 nm and p, = 530 nm respectively.

The designed metasurface unit-cell for quasi-BIC mode is shown in Figure 2.1. Two
silicon bars with the same width (200 nm) and length L, (fixed at 280 nm) and Lo are
placed in free space. The gap is 75 nm and thickness 250 nm. Periodic boundary condition
is applied in z and y direction. Lo can be tuned to get different asymmetry ratio which
is defined as o« = (L; — Lo) /L;. When o = 0, both bars have the same length the in-
plane symmetry is fulfilled, and a BIC mode is present. Reducing the length of the one bar
breaks this symmetry and a quasi-BIC mode will appear with a sharp spectral resonance.
To investigate the optical force and torque associated with the high-Q quasi-BIC mode, we
employ a method of integrating the Maxwell stress tensor (MST) around a box enclosing the
unit cell (Figure 2.1(b)). The expressions for calculating time-averaged force and torque are
given by [29]

F=(T-n)dA (2.1)
Tor=r x (T-n)dA (2.2)
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where S is the surface of the MST box, n is the unit vector normal to the surface, r is the
position vector regarding the original point. 7" is the stress tensor with its elements defined
as T;; = € (EiEj — % |E\2 51-]-) + M—lo (BZ-Bj - % ]3\2 (5ij), where E; and B; is the i*" component
of the electric and magnetic field respectively which can be obtained by solving the electric
and magnetic fields with a conventional method. All numerical electromagnetic simulations
were performed using the commercial finite-element-method solver COMSOL Multiphysics.

Figure 2.2 illustrates the optical characterization of the metasurface with two asymmetric
particles as a unit cell. In Figure 2.2(a), the evolution of transmission spectrum is shown for
different asymmetry ratio. As anticipated, at a = 0, in-plane symmetry produces BIC mode
with disappeared linewidth. Increasing « leads first to a sharp resonance dip (grey square
marker) that keeps degrading, broaden and blue-shifted wavelength. Figure 2.2(b) shows the
exponentially decreasing Q factor of the collective mode extracted with a rational fit method
for the complex S5; parameter. An interesting phenomenon accompanied with the “visible”
collaborative quasi-BIC mode is that two individual quasi-BIC modes have emerged. The
latter two modes can be seen in the enlarged view of the spectrum (Figure 2.2(c)), featuring
sharp lineshape but poor transmission. They arise from the in-plane symmetry of individual
particle instead of the two interactive particles and are then perturbed by the mode coupling
to reveal quasi-BIC feature. The individual mode 2 is more responsive in resonant wavelength
than the individual mode 1 because the length of one the bar is reduced, thus increasing its
resonant frequency, while the other is kept unchanged. Electric and magnetic field profiles
for individual mode 1 and 2 plotted in Figure 2.2(d) confirm this explanation with a mode
localization in only one particle. Figure 2.2(e) shows the near-field distributions of the electric
and magnetic fields for the collaborative quasi-BIC mode in a unit cell with an asymmetry
ratio of 0.05, where the strongly confined profile indicates a high-Q resonance. It is named
as a collaborative mode as there is a clear interaction between the two resonant particles.

In Figure 2.3, a clear enhancement of optical forces F, and F), assisted by the high-Q
resonance of quasi-BIC mode is shown when the structure is in small asymmetry. In addition
to the significant enhancement, tunability can be achieved by sweeping the wavelength.
Especially there exists a sharp peak switch from positive to negative Fj, which indicates a
negative feedback region for the wavelength-force relation, offering improved controllability.
This sensitive direction switch is attributed to the quasi-BIC mode.

Figure 2.4(a,b) demonstrates an enhancement of optical force generated from the collec-
tive mode in z and y direction with quasi-BIC mode. For instance, at a = 0.05 the optical
force is enhanced by over 10 times as compared to = 0.20. As asymmetry ratio increases, the
optical force reduces exponentially. However, the forces coming from the individual modes
1 and 2 have no clear trend since they are not directly associated with the collaborative
asymmetry. Tunability of optical forces can be achieved through varying wavelength and/or
polarization of the incident light as shown in Figure 2.4(c,d). Around 1140 nm, 1075 nm,
and 1055 nm, there is force enhancement, corresponding to the two individual modes and
one collaborative mode. Changing the polarization from 0.57 (y polarization) to an angle
of 0.371 and 0.17 results in a drop of the collective mode-induced force and an increase of
force from individual modes. The direction of optical force can also be switched by tuning
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Figure 2.2: Optical characteristics of collaborative and individuals quasi-BIC modes. (a)
Transmission spectrum for different asymmetry ratio. For v = 0, there is no resonance dip.
By breaking the in-plane symmetry, quasi-BIC modes reveal as observed in the spectrum
(denoted as different markers). (b) Quality factor as a function of asymmetry ratio for the
collective mode. The blue dots are the extracted quality factor through rational fitting. The
red line is an exponential fit. A drop in Q factor is shown by increasing the asymmetry
ratio. (c) Enlarged view of the two inappreciable individual BIC modes. Corresponding
distribution of electric (d) and magnetic field (e) for individual BIC modes and for collective
BIC mode, respectively. For individual modes field is localized in either the top or bottom
particle.

the incident light wavelength.

Optical torque in z direction (T'or,) is obtained from Eq.2. Figure 2.5(a) presents the
enhanced optical torque from collaborative mode as a function of asymmetry ratio. A sup-
pression is observed for o < 0.13, which is attributed to the competition between the two
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Figure 2.3: Optical force in = (a) and y (b) direction as a function of wavelength for different
asymmetry ratios. The forces calculated from MST box are normalized to the period of the
unit cell.

individual modes as illustrated by their crossing (Figure 2.2(a)). The torque enhancement
is still significant at « = 0.13. In Figure 2.5(b), Tor, as a function of wavelength is plot-
ted for different values. Two peaks on the side, whose positions agree well with the dips in
transmission spectrum, again originate from the individual modes. The center peak degrades
with an increasing , although direction of the torque switches. The direction of the forces
can be tuned with the asymmetry ratio, wavelength, and polarization angle (Figure 2.5(c)),
enabling a full control of the structure’s rotation and angular position. The effect of circular
polarized light (LCP, RCP) is evaluated in Figure 2.5(d). In addition to the peaks induced
by quasi-BIC modes, there is a smooth wavelength region where the torque is stable. For the
collaborative mode, a switch from LCP to RCP also symmetrically switches the direction of
the torque, hence the direction of rotation.

A practical design with 20x20 unit cell and glass substrate added to the quasi-BIC
element is proposed and verified. The finite size structure incorporates a bottom layer of
glass 0.5um thick and previously studied asymmetric particles with asymmetry ratio of 0.09.
Simulated transmission of Figure 2.6(a) shows a quasi-BIC resonance dip corresponding to a
Q-factor of 1135, which is comparable with the Q-factor previously extracted from an infinite
structure which is 1528 (Figure 2.2(b)). Figure 2.6(c) shows the enhancement and tunability
of optical forces and torque as expected. For this quasi-BIC enhanced metasurface as an
optical motor in water, due to the large aspect ratio (~20:1) for parallel surface and frontal
area, the friction drag coefficient is considered as the total drag coefficient CD, which can
be estimated from the local skin coefficient. Under Laminar flow approximation,
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Figure 2.4: On-resonance optical force for the three BIC modes. Normalized optical force
in = direction F, (a) and in y direction Fj, (b). Different modes are plotted with different
markers. Blue squares indicate the collaborative mode tuned via asymmetry ratio, where an
exponential decrease of optical force is observed. (c,d) Optical force F, and F, with o = 0.13
for different polarization of incident light. The optical force can be switched from positive to
negative value via tuning the incident light wavelength and force intensity via polarization
angle.
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Figure 2.5: Generated optical torque in z direction. (a) Normalized Tor, as a function of
asymmetry ratio, where an enhancement is shown at a = 0.13. Inset: schematic shows the
optical torque and its direction. (b) Tor, as a function of wavelength for o = 0.13, 0.17,
0.25 and 0.29. The central peak corresponds to the collective modes. (c¢) Torque for different
polarization angles. (d) Evaluation of optical torque under left and right circular polarized
light.

where Re; = % is called Reynolds number, and U, L, b, v represents the flow velocity,

length, depth of the metasurface, and kinematic viscosity of the flow, respectively. Especially,
for water at room temperature, v = 8.917 x 10~ "m?/s results in Re;, = 16.26U and Cp =
&?8 for propulsion in y direction. To allow for other drag effects under real experiments,
the final drag coefficient is multiplied by an additional drag ratio. Assuming a balanced
force at final state, the achieved velocity per illumination intensity with optical propulsion
in y direction is shown in Figure 2.6(d) for different addition ratios at peak optical force.
Figure 2.6(d) plots the velocity per illumination intensity as a function of wavelength at the
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Figure 2.6: Proposed meta-motor on glass substrate. (a) Transmission spectrum from finite-
size simulation showing a Q factor of 1135. Inset shows the electric filed distribution of the
corresponding high-Q mode present in the transmission spectrum. (c¢) Calculated optical
force and torque from finite-size simulation. (d) Estimated final-state velocity per illumi-
nation intensity for propulsion in y direction as a relation of additional ratio for the drag
coefficient. (e) Estimated final-state velocity per illumination intensity for propulsion in y
direction as a relation of wavelength with additional ratio of 2 (top) and 5 (bottom).

additional ratio of 2 and 5.

In conclusion, we have presented the incorporation of quasi-BIC mode into metasur-
face for enhancement of optical forces and torques with large tunability. By changing the
asymmetry of two-bar structure, high-Q quasi-BIC mode can be revealed showing enhanced
force in z, y direction and torque in z direction. Along with this enhancement, wavelength
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and polarization tuning of force (torque) direction and amount can be realized. Hence, the
proposed metasurface may contribute to on-demand control of light vehicles/motors/sails
for applications in space exploration, medical, sensing, and actuators by only modulating
properties of incident light.

2.3 Enhanced harmonic generation and circular
dichroism at QBIC

Periodic cylinder pattern has been demonstrated to reveal BIC with InGaAsP [30] and per-
ovskite [31] for lasing and quasi-BIC (QBIC) with AlGaAs for enhanced second harmonic
generation and low-threshold optical self-switching [32]. In this section, evaluation is con-
ducted on nonlinear harmonic generation and chirality related to QBIC. It’s noteworthy
that the chirality, characterized by circular dichroism (CD), is not limited to the funda-
mental response against circular polarizations, but second-harmonic CD and third-harmonic
CD. The greatly enhanced field localization at QBIC leads to enhanced linear CD, harmonic
generation, and nonlinear CD.

Chiral at QBIC
Y
AlGaAs disk |
| O |
through hole \ = L / half hole \\ ()
\f\‘ o / _d Field enhancement
Linear CD
— Achiral at QBIC SH-CD
e S TH_CD
| P
glass SUDSITLE_
o I N | —
(\ () |

Figure 2.7: Unit cell of the AlGaAs metasurface consisting of a disk and two asymmetric air
holes. The height of the through hole is equal to the height of the disk, and the height of
the half hole is half the height of the disk. Periodic condition is applied in x and y direction.
By changing the relative angle of the two holes, chiral and achiral state can be reached with
QBIC. The chiral QBIC results in enhanced harmonic generation and enhanced linear and
nonlinear CD.
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The QBIC under investigation follows the AlGaAs cylinder design due to its large non-
linear coefficient (Figure 2.7). The cylinder is placed on the top of glass substrate. In
simulation, AlGaAs and glass are modeled as lossless material with index of 3.2 and 1.5,
and periodic boundary condition is applied in x and y direction with a lattice constant of
550 nm. Two asymmetric air holes are etched in the disk, and chiral effects can be observed
when their relative angle is not equal to 180°. And at exactly 180°, CD will vanish. Without
insertion of air hole, the metasurface of AlGaAs disks shows typical Lorentz dip and unob-
servable BIC mode. The through air hole is added to induced symmetric breaking effect of
the BIC mode, resulting in QBIC, as plotted in Figure 2.8(a). The sharp Fano-like lineshape
indicates the occurrence of QBIC. However, the structure is now still achiral showing the
same response to excitation of LCP and RCP light. Therefore, a half hole is employed to
introduce chirality. With = polarized light, red line in Figure 2.7(a) shows that the half hole
does not form QBIC but instead shifts the resonance frequency with 28 nm.
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Figure 2.8: (a) Amplitude of S21 without holes (orange), with only through hole (purple),
and with only the half hole (red). The input polarization is in x direction. (b) Circular
dichroism from linear simulation as a function of wavelength.

After observing the QBIC induced by through hole and frequency shift induced by half
hole, optical chirality of this design is examined with CD, which can be defined as the trans-
mission difference between LCP and RCP input, explicitly, CD = (Trep — Trep)/(Trep +
Trop) [33]. Figure 2.8(b) shows the enhancement of CD at QBIC, where a sharp dip reaches
-0.95. The peak at smaller wavelength is due to the Lorentz resonance. The position of the
QBIC related CD peak is not the same as the peak in Figure 2.8(a), since QBIC is shifted
by the additional half hole. The wavelength difference is about 28 nm, agreeing well with
the Lorentz dip shift.

The large local electric field enhancement at QBIC and second-order nonlinear suscep-
tibility x® contributes to efficient harmonic generation process. The cubic AlGaAs crystal
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Figure 2.9: (a) Simulated SH intensity for RCP and LCP excitation. (b) SH circular dichro-
ism as a function of fundamental wavelength.

belongs to the 43m symmetry group, which can be characterized by non-zero nonlinear ten-
sor ka = x@ only when i # j # k [34]. The value of x? is set as 200 pm/V. Then the
second-order nonlinear polarization can be given as

PS1G(2w) = eox o) [E,E. + E,E. + E,E, (2.5)

Since the SHG process is enhanced, SH filed will affect the fundamental field. Therefore,
a coupled polarization P;(w) is involved to reflect this coupling when conducting linear
simulation.

The simulated SH signal is plotted in Figure 2.9(a) at fundamental wavelength with the
structure in a chiral state (Figure 2.7). Giant enhancement of SH intensity is observed at
the QBIC wavelength for the excitation of both LCP and RCP light. Also, as expected,
SHG from LCP and RCP is different, leading to nonlinear CD (SH-CD) in Figure 2.9(b). A
sharp change shows in SH-CD spectrum at the QBIC position, with the value reaching -0.6.

While for the case of THG, only four tensor elements are independent, and all nonzero
components of the 3 tensor are assigned the value of 107" m?/V2. Then the third-order
nonlinear polarization can be given as [35]

PO (3w) = eo[xii B2 (w) + 3xi; i (w) B3 (w) + 3x (B (w) ER ()] (2.6)

’L’L]j

where ¢ # j # k are the Cartesian components x, y, and z.

TH intensity is shown in Figure 2.10(a) for both LCP and RCP excitation, which also
demonstrates the QBIC empowered THG. The discrepancy at QBIC between LCP and RCP
is significantly larger than SH case, since for SH polarization only cross term like E,FE, is
involved, while TH polarization has the involution term like E2. Figure 2.10(b) plots the
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Figure 2.11: (a) Achiral state at QBIC (b) SH intensity and (e) TH intensity from RCP and
LCP excitation. (c) SH-CD and (f) TH-CD as a function of the fundamental wavelength.

TH-CD, and the chirality enhancement is shown to appear in a large range around QBIC.
The maximum TH-CD approaches as large as 0.94.

Hence, the metasurface consisting of AlGaAs disks with chiral feature at QBIC verify
the QBIC-enhanced linear CD, harmonic generation, and nonlinear CD.
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This QBIC can also be converted to achiral state by rotating the relative angle of two
holes to 180°(Figure 2.11(a)). Under this condition, CD is near zero at QBIC in Figure
2.11(d). Although QBIC enhanced SHG and THG is observed in Figure 2.11(b,e), the
intensity coming from LCP and RCP excitation is the same, resulting in near-zero SH-CD
and TH-CD (Figure 2.11(c,f)).

With this metasurface composed of AlGaAs disks and asymmetric air holes, QBIC at
chiral and achiral state can be realized. Nonlinear process like SHG and THG is enhanced
greatly at the QBIC wavelength. At chiral state, linear CD, SH-CD and TH-CD are also
observed with enhancement.

2.4 Plasmonics BIC with Al cylinder in InGaAsP disk

In 2017, the first demonstration of BIC laser is reported with InGaAsP multiple quantum
wells cylindrical nanoresonator array suspended in air [15]. Single-mode lasing for various
radii and array sizes is achieved to demonstrate the scalability and robustness of this new
kind of microlasers. This mechanism is then employed to possess vortex behaviors with
different topological charges with ultrafast control using perovskite metasurface [31]. In the
following, BIC mode in the cylindrical nanoresonator array is firstly evaluated, and then
modification is involved to realized plasmonics BIC for new possibility of a plasmonics BIC
lasers.
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Figure 2.12: Realization of photonics BIC. (a) Frequency and (b) quality factor obtained
from eigenfrequency simulation. Inset in (a) shows top view of this design. (c¢) Corresponding
field profile at k = 0.154 for the high-Q (top) and low-Q (bottom) mode.
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Inset of Figure 2.12(a) shows the unit cell design of the first-reported BIC laser, where
the cylinder is made of InGaAsP with a refractive index of 3.4. Eigenfrequency simulation
is conducted to obtain the frequency and corresponding quality factor, as plotted in Figure
2.12(a,b). Around k = 0.154, quality factor of one mode goes to infinity, indicating the
existence of a BIC mode. Figure 2.12(c) shows the electrical field distribution for the high-Q
(top) and low-Q (bottom) mode at the BIC point.

a | | b | | C

196.8
1966 |

19641

_
©
o
S}

191}

Frequency (THz
Quality factor

—_
©
a1
®

195.6 -

195.4 |

il o

S ledi=

1952 ‘ ‘ # gy
“0.1 0.12 0.14 0.16 0.1 0.12 0.14 0.16
k vector k vector

Figure 2.13: Realization of photonics quasi-BIC. (a) Frequency and (b) quality factor ob-
tained from eigenfrequency simulation. Inset in (a) shows top view of this design. The metal
cylinder is made of gold, with a radius of 50 nm and separation of 185 nm. (c) Corresponding
field profile k = 0.126 for the high-Q (top) and low-Q (bottom) mode.

For the purpose of plasmonics BIC, metal materials need to be involved within this
photonics design. Initially, two gold nanocylinders are inserted in the InGaAsP. Perfect
electrical conduction is applied to evaluate only the TM mode. The resultant eigenfrequencies
and corresponding Q) factor is shown in Figure 2a,b. In contrast to Figure 2.12, the maximum
Q factor is reduced, and its position is shifted towards a larger k vector. The Q factor does
not increase to infinite since the slope become smoother as approaching the climax. An
inspection of the mode profile in Figure 2.13(c) indicates that. The low-Q mode is plasmonics
mode, and the high-()Q mode is photonics mode. Therefore, this design can be understood as
that the introduction of two gold cylinders perturbs original BIC in Figure 1, leading to the
photonics quasi-BIC mode rather than forming plasmonics BIC.

This explanation is verified by changing the size of the metal cylinder. With the k vector
of 0.154, a smaller cylinder radius can result in larger quality factor. When the radius is 0,
it corresponds to the photonics BIC mode.
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Figure 2.14: Quality factor as a function of cylinder radius at k = 0.154.
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Figure 2.15: Realization of TM plasmonics BIC. (a) Frequency and (b) quality factor ob-
tained from eigenfrequency simulation. Inset in (a) shows top view of this design. The metal
cylinder is made of aluminum, with a radius of 130 nm and separation of 270 nm. The four

cylinders are centrosymmetric. (c) Corresponding field profile k = 0.147 for the high-Q (top)
and low-Q (bottom) mode.

Due to the failure of realizing plasmonics BIC with two gold nanocylinders, a new design
with four symmetric aluminum nanocylinders is proposed, as shown in the inset of Figure
2.15(a). Perfect electrical conduction is applied to evaluate only the TM mode. Eigenfre-
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quencies and Q factor are plotted in Figure 2.15(a,b), respectively. The main difference
between Figure 2.13 and Figure 2.15 is that in Figure 2.15 the Q factor goes to infinity with
nearly infinite slope, indicating a BIC mode. To verify its plasmonics nature, Figure 2.15(c)
shows the mode profiles. Top panel corresponds to the high-Q mode, and it’s related to the
plasmonics mode. Bottom panel is the low-Q photonics mode. Therefore, TM plasmonics
BIC is achieved in this design.
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Figure 2.16: Realization of TE plasmonics BIC. (a) Frequency and (b) quality factor obtained
from eigenfrequency simulation. Inset in (a) shows top view of this design. The metal
cylinder is made of aluminum, with a radius of 130 nm and separation of 270 nm. The four
cylinders are centrosymmetric. (¢) Corresponding field profile k = 1.17 for the high-Q (top)
and low-Q (bottom) mode.

While for the TE mode, perfect magnetic conduction is applied. Results from eigenfre-
quency simulation are shown in Figure 2.16(a,b). When k vector is equal to 1.17, BIC mode
emerges with Q factor going towards infinity. An inspection of mode profiles at this point
shows that this BIC is related with the plasmonics mode, leading to TE plasmonics BIC.

By simply inserting 4 centrosymmetric aluminum bars into InGaAsP multiple quantum
wells cylindrical nanoresonator, plasmonics BIC for both TM and TE can be realized. This
finding may contribute to research and development of the plasmonics BIC microlasers and
applications of hybrid modes.
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Chapter 3

Optical exceptional point

3.1 Basis and demonstrations of exceptional points

The past few years have seen the development of non-Hermitian optics [36] and the introduc-
tion of promising physical systems, which contribute to both theoretical and experimental
demonstration of parity-time (P7) symmetry, anti-P7 symmetry, and exceptional points
(EPs) [37]. As a distinctive candidate for exploring lightmatter interaction, optical whisper-
ing gallery mode (WGM) resonators have been employed to realize EPs by either tuning the
gainloss ratio or manipulating backscattering [38]. Regarding the latter method, precisely
tuning two external nanoparticles evanescently coupled with optical resonators can push the
counter-propagating modes to the vicinity of EP [39].

The basics of EP can be understood from the coupled mode theory for a two-level system,
with the dynamics equation given as

d fwi —im K ay
— = — .
dt K Wo — 172 5]

where w is the resonance frequency of the two coupled modes, k is the coupling coefficient,
and -y is their decay rate. Eigenvalues of the 2 x 2 Hamiltonian are wy = wg—iA++vk? + B2,
where wy = (w1+w2)/2, A = (114+72)/2, and B = [wy —wa+i(71—72)] /2. The two eigenvalues
can be tuned to coincide at a specific point, that is, exceptional point with the fulfilment
of k2 + B> = 0. At an EP, the eigenvalues coincide in both real and imaginary parts,
and also the eigenvectors become completely parallel. The fascinating features of pushing
systems to EPs can be enhanced sensing capability [39, 40|, enhanced nonlinearity [41], EP
encircling induced mode conversion (dynamics) [42, 43], EP encircling induced phase change
(steady) [44]. To start, EP sensors have enhanced response toward small perturbation due
to square-root relation of the perturbation and response. EP sensors have been successfully
demonstrated in temperature sensing with three coupled cavities at third-order EP [45],
nanoparticle detection with counter-propagating modes in a single cavity [39, 46], laser
gyroscopes for enhanced Sagnac effect [47, 48], and plasmonics metasurface for refractive
index change [49].



CHAPTER 3. OPTICAL EXCEPTIONAL POINT 22

EP encircling results in interesting mode conversion effect in coupled waveguides with
modulated loss(gain). This extends to polarizer with EP encircling [50]. Recently, steady
EP encircling has been utilized to decouple P-B phase between the conversion of circularly
polarized lights, based on the encircling induced 27 phase change [44]. EP in optomechanics
and quantum systems is also under exploration [51, 52].

3.2 L-shaped chiral metasurface revealing EPs and
BICs in scattering matrix

Exceptional points and bound states in the continuum (BICs) are two distinctive condi-
tions showing coalesced eigenvalues and lossless eigenstate. Here, we propose a single layer
L-shape chiral metasurface that can reveal asymmetric EPs for forward and backward in-
terrogation and BICs at the same time in the transmission matrix. Giant optical chirality
is demonstrated with asymmetry transmission up to 58 dB for circular polarizations. This
metasurface can also perform as a polarizer for elliptical polarizations by employing eigen-
polarizations at the BIC condition.

Exceptional points (EPs) are spectral degeneracies appearing in an open system where
two eigenstates and their corresponding eigenvalues of a non-Hermitian Hamiltonian coalesce.
EP has led to a variety of intriguing phenomena, such as stopped light, improved sensing
capability, enhanced nonlinear Purcell effect, and asymmetric mode conversion. EP may be
directly achieved with balanced gain-loss arrangement in parity time (P7) symmetry, and
by tuning parameters of two lossy components. Specifically, the metasurface, based on its
high designability and large capability of controlling wave propagation, provides a practical
platform for realizing EP in transmission matrix. First experimental demonstration employs
asymmetric loss in materials and split ring resonators to reach the EP coupling condition.
On the other hand, bound states in the continuum (BICs) refer to waves remaining localized
despite their existence with radiating waves that loss energy [15,16]. From the view of a
2-by-2 Hamiltonian, BIC occurs when one eigenvalue has zero imaginary part, implying a
lossless eigenmode with infinity quality factor. Optical (quasi-) BIC modes have been applied
to microlasers, chirality, nanoscale fingerprint sensing, empowering harmonic generation. In
this section, an L-shaped chiral metasurface is presented for its capability of showing both
asymmetric EPs and BICs in the transmission matrix. Large optical chirality is demonstrated
for circular polarized light with asymmetric transmission up to 54 dB, and the revealed BIC
can be employed to form polarizers for elliptical polarizations.

The EPs and BICs under investigation are demonstrated in the transmission matrix.
With linear polarization basis, the matrix 7j;, can be defined as E; = T};, F;, where E;, E,
are the incident and transmitted field amplitudes under normal incidence. Explicitly, Ty;, is

given as
tIEQ? tCE
Thin = (t ; y) (3.1)

Yz vy
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and the subscript notation xy refers to input y polarization and output z polarization.
By using LCP and RCP basis, the transmission matrix can be re-expressed as Ty =

(tLL tLR) =AT};, A1, whereA =

Sl-

trr trr

1 1Y . . .
(i ] is the conversion matrix, tgg, etc., hold
similar meaning as element in 7j;,.
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Figure 3.1: (a) Schematic of the L shaped metasurface with periodic condition in = and y
direction. (b) Layout shows the orientation angle 6 with regard to y axis. (c¢) Transmission
of the four terms in Jones matrix under linear polarization basis, circular polarization basis
and corresponding asymmetry transmission for LCP and RCP.

Figure 3.1(a,b) show the unit cell layout of the L-shaped chiral metasurface with the
silicon “L” placed on a glass substrate. The unit cell is periodic in x and y direction, with a
lattice constant of 700 nm. The “L” is orientated at an angle of # with regard to the y axis,
and with a thickness of 250 nm, the two rectangular elements have a width and length of 200
nm, 93 nm, and 280 nm, 250 nm, respectively. Scattering properties of this structure can be
characterized with typical Jones matrix, with a basis of either linear polarizations or circular
polarizations. Four terms in Jones matrix with linear polarization basis are measured in
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Figure 3.1(c) when the angle 6 is at 58°. It’s important to note that the structure has
unequal off-diagonal terms, i.e., ¢, # t,,, which indicates an asymmetric feature since the
oriented “L” is not mirror-symmetry and the thickness is not optically flat. To illustrate
chirality of this structure, the polarization basis is changed to circular one, as shown in
Figure 3.1(d). Large difference of transmission for RCP and LCP light can be observed,
and the corresponded circular dichroism (CD) is plotted in Figure 3.1(e), demonstrating
that the highest CD reaches 39 dB around 940 nm. The conversion from LCP to RCP and
RCP to LCP are also asymmetric and exhibits dips at different wavelengths. Therefore, the
orientated "L structure reveals the both chiral and asymmetric features.

a S N— : b
050000000000 °°i’f-'9°o<-% —————— 0 ] 50|
o b ~
—1-0.2600000000%° 50, oo°oﬁ S
= ] % S =451
& oaf % BIC o ] g
EP % ooo &
0.6 E . . S/ . g 40F
930 935 940 945 950 @
©
=
0— ; 8 =357
i
02} 0%~ 0% 70 g
i ST
= -04 ] BI@OO £
B=} L (o) <
-0.6 op O 25
930 935 940 945 950 10 20 30 40 50 60 70 80 90
Wavelength (nm) _ Orientation 6
LC H

Figure 3.2: (a) Eigenvalue spectrum for real (top) and imaginary (bottom) part. Position
of EP and BIC is marked with arrow. (b) Evolution of asymmetry transmission for LCP
and RCP versus orientation angle. (¢) Eigenpolarizations near EP are plotted on a Poincare
sphere as a function of wavelength. (d) Eigenpolarizations on a Poincare sphere at RCP
resonance.

In Figure 3.2(a), by tuning the orientation angle to 58.5°, exceptional points and bound
state in the continuum can be observed in the spectrum by calculating eigenvalues of the
scattering matrix. EP condition is realized when real and imaginary parts of the eigenval-
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ues become coalesced, while for the BIC, here we only focus on a specific case when one
eigenvalue reaches zero in both real and imaginary parts, which is a non-resonant state for
its eigenpolarization. In the eigenvalue spectrum, EP is located around 935 nm and BIC is
located around 940 nm, where the dashed lines refer to the value of zero. There is another
cross point in real eigenvalues and no crossing for the imaginary, analogue to the Fano res-
onance condition in the coupled-resonator model. The coalesced feature of EP can also be
illustrated from the perspective of eigenpolarization. In Figure 3.2(c), the calculated eigen-
polarizations are indicated by blue dots on a Poincare sphere, and the four arrays converge
toward one EP point, denoted by a star marker. Chiral structure can be characterized with
circular dichroism, and CD is highly dependent on the shape. Figure 3.2(b) demonstrates
the maximum CD as a function of orientation angle. Although there exist several zigzag
peaks, the main trend shows a periodic peak-valley profile when changing 6 from 0 to 90
degrees. This can be explained by a close inspection of the eigenpolarizations corresponding
to the maximum CD, as plotted in Figure 3.2(d). For the curve around RCP point, the blue
part has an approaching trend to the RCP point, which is related with the first CD peak
in 10~20 degrees. And the red section shows a leaving trend, therefore, the resonant con-
dition for RCP becomes harder to reach, reducing the discrepancy between LCP and RCP
transmission. Then the yellow section from 40 to 62 degrees evolves again towards the RCP
point, agreeing well with the peak religion in the maximum CD plot. A transition happens
for the end part, making the eigenpolarizations jump far away from the RCP point (pink
curve), leading to the valley around 80°.
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Figure 3.3: Verification of EP with crossing and anti-crossing. (a) At 58.20°, anti-crossing in
real and crossing in imaginary. (b) At 58.25°, crossing in real and anti-crossing in imaginary.

EP can be further verified by observing switch in crossing and anti-crossing through
modifying one parameter. In Figure 3.3(a), the orientation angle is 58.20°, real spectrum
shows anti-crossing at 934.6 nm, and imaginary spectrum has the crossing feature. While
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only by increasing angle to 58.25°, the anti-crossing in real switches to imaginary, and crossing
in imaginary changes to real (Figure 3.3(b)). Hence, EP unambiguously presents in the
scattering matrix by simply rotating the L structure at a certain angle.
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Figure 3.4: (a) Schematic of the asymmetric EP for forward and backward interrogation. (b)
Eigenvalue spectrum for forward and backward interrogation around the orientation angle
at forward EP. (c) Eigenvalue spectrum for forward and backward interrogation around the
orientation angle at forward EP.

An intriguing characteristic of this EP is its asymmetry in forward and backward inter-
rogation due to the deviation of the two off-diagonal terms in Jones matrix. Figure 3.4(a)
demonstrates the meaning of this asymmetric EP, referring to that if EP is realized for the
forward interrogation, then the backward interrogation shows no EP, or vice versa. We
demonstrate this by first tuning the orientation angle to achieve forward EP at 6 = 58° (Fig-
ure 3.4(a)), and EP is indicated by the arrow. However, for the backward case at the same
angle in Figure 3.4(b), there exhibits no coalesce of eigenvalues. Then in Figure 3.4(c), the
orientation angle is changed to the condition fulfilling EP for backward interrogation, which
results in the EP in the backward spectrum and no EP in the forward spectrum. Therefore,
EP in this rotated L-shaped structure can be concluded as a both chiral and asymmetric
EP.

The BIC condition can be utilized for applications in forming polarizer for elliptical
polarizations. An example at § = 40° is illustrated in Figure 3.5. Figure 3.5(a) plots
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Figure 3.5: (a) BIC in transmission matrix and eigenvalues for two eigenpolarizations at
= 40°. (b) Polarization ellipses of the two eigenpolarizations. Magnetic field distribution for
the minus state (c) and plus state (d) at 942 nm.

the modulus of eigenvalues versus wavelength in dB scale with blue line, which is also the
transmission spectrum with eigenpolarization input. At the dip of minus state, the plus state
shows a high transmission. This can be attributed with zero value for one eigenvalue in both
real and imaginary part. The minus state is a resonant state which strong interacts with this
chiral structure, and the plus state is nearly non-resonant thus showing high transmission
rate. Solving the scattering matrix results in two eigenpolarization states: (0.227-0.298i,
0.9273) and (0.988, 0.042-0.148i), as shown in Figure 3.5(b) with polarization ellipses. A
verification is conducted by performing a simulation with input of the two states and measure
their transmission. The results are plotted in Figure 3.5(a) with square dots, which are in
good agreement with the line. Figure 3.5(c,d) demonstrate the magnetic field distribution at
942 nm which is the resonance dip for minus sate, with arrows showing field direction. Figure
3.5(c) shows for minus state, the field resonance is localized in the bottom rectangular, and for
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the plus state, the field is “dragged” towards the smaller rectangular, therefore leading to a
resonance shift between plus and minus state. This shift helps form the enhanced selectivity
for the two input polarizations. The large asymmetric transmission for two polarization
states can be employed to realize high-efficiency polarizer for elliptical polarizations.

In conclusion, we have proposed a L-shaped chiral metasurface capable of showing EP,
BIC, and asymmetry in the transmission matrix. Due to its chirality, extremely large circular
dichroism of over 40 dB can be realized in a large range of orientation angle. By tuning the
angle #, eigenvalues of the transmission matrix can coalesce and become zero, generating the
conditions for EP and BIC. Since the structure does not meet the requirement of optically
flat, off-diagonal terms in the transmission matrix are not equal, leading to the chiral and
asymmetric EP. BIC state has been employed to realize polarizer for elliptical polarizations.
This single layer, all-dielectric based metasurface may provide a platform for studying diverse
phenomena involving chirality, asymmetry, EP, and BIC.

3.3 Exceptional points with coupled QBIC modes

Exceptional points (EPs) in metasurfaces have been extensively explored in the transmission
matrix or Jones matrix. However, there still lacks proposal of eigenmode EP realized with
low-loss photonics modes. Here we design a metasurface consisting of unit cell with two
asymmetric silicon bars embedded in the glass. Two intrinsic coupled quasi-BIC modes can
be formed with the in-plane asymmetry of silicon and glass. By fine tuning this asymmetry
and bar separation, EP condition can be reached with high Q factor. This metasurface with
eigenmode EP is then employed for EP enhanced refractive index sensing and optical gyro-
scope. Phenomena like electromagnetically induced transparency (EIT) at EP and nearly
stopped light are also demonstrated.

Optical metasurfaces play the vital roles of beam shaping, polarization control, harmonic
generation, chiral effect, and hologram, due to their large design freedom and capability of
tailoring light propagation. Recent demonstrations also show the applications of metasur-
faces in quantum optics, opening up new ways for control of non-classical nature of light,
like quantum state superposition, quantum entanglement and single-photon detection. Typ-
ically, exceptional points (EPs) are the spectral degeneracy where two or more eigenmodes
become coalesced with equal frequency and loss, or described by the matrix when two eigen-
values become the same. Many intriguing effects have been investigated associated with EP,
for instance, enhanced sensing, chiral mode switching, Purcell enhancement, and P7 sym-
metric microlasers. EP sensors have been proposed for nanoparticle detection, gyroscopes,
refractive index change, thermal mapping, and tomography reconstruction.

Exceptional points (EPs) in metasurfaces have been mostly demonstrated in the trans-
mission matrix or Jones matrix, which focuses on the input-output amplitude relation rather
than the eigenmodes. The first experimental work employs the concept of PT symmetry and
orthogonally coupled split ring resonators to achieve EP and symmetry breaking in polar-
ization space. Although eigenmode EP has been explored in plasmonics metasurfaces with
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Figure 3.6: Schematic of the metasurface’s unit cell with periodic boundary condition in x
(P;) and y (P,) direction. Two silicon bars are embedded in the glass. Lo, W, t is the
length, width, and thickness of the bar. Length asymmetry is defined by o = (L; — Lo)/L1.
(b) Simulated electrical field profile of the zz cross section for the quasi-BIC mode contained
in the silicon bars. (c) Stimulated electrical field profile of the xz cross section for the second
quasi-BIC mode centered in the glass gap and extending to the silicon bars.

simulation and recently realized in experiments, high loss introduced by metal resonances is
always a concern. Hence, we take advantage of the photonics metasurface and arrangement
of quasi-BIC mode to realize a lower-loss eigenmode EP in metasurface. The two quasi-BIC
modes are intrinsically coupled due to the asymmetry of silicon and its induced asymmetry
of glass. The formed EP is then demonstrated as EP index sensor and EP optical gyroscope,
which benefits from EP’s square-root relation for high sensitivity. Finally, the metasurface
shows the spectrum feature of electromagnetically induced transparency (EIT) at EP, and
achieves nearly stopped light in the group delay.

It has been well demonstrated that the BIC and quasi-BIC modes can be realized with in-
plane symmetric structure and by breaking this symmetry, respectively. Here the metasurface
consists of unit cell with two asymmetric silicon bars embedded in the glass. The two bars
have the same dimension in width W and thickness ¢, except their length L;, L,. The
asymmetry is characterized by «, which is defined as ratio of the length difference. The two
bars are separated with a distance of dy. To obtain the structure’s transmission spectrum and
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field distribution, FEM simulation software COMSOL is employed with periodic condition
applied in the z and y direction with lattice constant of P, and P,. The incident polarization
is parallel with y direction. Figure 3.6(a) shows detailed parameters used in simulation, and
refractive index of glass and silicon is taken as 1.5 and 3.5. Figure 3.6(b,c) show the cross
section of field distribution of the two quasi-BIC modes, one of which mainly remains in
the silicon bars, and the other has mode pattern overlapping the glass and silicon. Forming
quasi-BIC with two asymmetric particles has been presented in previous studies, but the
surrounding is mainly air. While using this embedded arrangement, the asymmetry of silicon
also leads to asymmetry of the glass, therefore, another quasi-BIC mode appears in the glass
gap and extends to the silicon bars. The two modes can be mutually coupled with tunable
features by modifying the asymmetry and separation between two bars. It’s noteworthy that
the two modes are geometrically non-separable, which is quite different from mode coupling
in paired nanoparticles.

Figure 3.7 demonstrates the frequency and loss switch between the two quasi-BIC modes
through changing the parameters of o and dy. The peaks with number in the spectrum cor-
respond to the electrical field distribution in the right. In Figure 3.7(a), with the separation
dy chosen as 245 nm, increasing « from 0.09 to 0.17, the relative frequency position between
the two modes crosses and switches, where I, IV and II, III are the same mode with reference
to the field pattern. In Figure 3.7(b), by keeping the asymmetry ratio o constant and tuning
dy from 240 to 250 nm, I, IIT and II, IV are the same mode presenting no frequency switch.
While the linewidth switches between the two modes as clearly revealed by the spectrum
since the high Q mode move from I to IV. Therefore, simultaneously tuning the two param-
eters a and dy can result in both frequency and loss crossing of the two quasi-BIC modes,
which fulfils the requirement of forming an EP.

Figure 3.8 verifies there exists an EP with the switch dynamics of crossing and anti-
crossing in frequency and loss. A series of complex transmission spectrum is obtained by
sweeping different dy values, and then rational fitting Is employed to extract the eigenfre-
quencies and corresponding loss rates. Figure 3.8(a,b) plot the eigenfrequencies (top) and
losses (bottom) as a function of dy for a =0.09 and 0.14, respectively. A close inspection
of Figure 3.8(a) shows that there is a crossing feature in frequency and anti-crossing feature
in loss at dy = 247 nm, and in comparison, this dynamic switches in Figure 3.8(b), where
crossing emerges in loss and anti-crossing in frequency. This dynamic switch phenomenon by
changing one parameter marks the unambiguous existence of an EP. This resonant frequency
crossing and linewidth crossing can be intuitively observed by looking at the evolution of
transmission spectrum in Figure 3.8(c,d). The lineshape of S21 amplitude is plotted from
top to bottom with increasing dy value, and a clear cross emerges by the two resonant peaks.
Also, at dy = 265 nm, the loss of one eigenmode vanishes and the linewidth becomes zero,
indicating the realization of BIC condition. Although not shown here, BIC for the other
mode can be achieved at dy = 234 nm, as implied by the dropping trend in loss before
dy = 245 nm.

From Figure 3.8, the EP is predicted to appear between a@ = 0.09 and a = 0.14. In
Figure 3.9, a narrow range of 0.12~0.13 is chosen to demonstrate this EP more clearly.
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Figure 3.7: Amplitude of S21 with increasing asymmetry ratio and constant dy showing
frequency crossing. Inferred from mode profiles, I,IV and ILII correspond to the same
mode. (b) Amplitude of S21 with increasing separation and constant alpha showing linewidth
crossing. Inferred from mode profiles, ILIIT and II,IV correspond to the same mode.

Figure 3.9(a,b) demonstrate the same crossing and anti-crossing features as those in Figure
3.8(a,b). Examination in Figure 3.9(c,d) of the real and imaginary part of the residues from
rational fitting also shows the diverging effect near EP, which is an additional confirmation
of the presence of EP. By fine tuning the value of « in simulation, the EP is found to locate
at a = 0.123, where the frequency and loss extracted from the two modes exactly coalesce.

To push EP useful in real-world applications, two sensing mechanisms are proposed with
enhanced sensitivity due to the square-root perturbation-response relation near EP. Figure
3.10(a) demonstrates the schematic of an EP refractive index (RI) sensor, in which the
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Figure 3.8: (a) At @ = 0.09, two coupled quasi-BIC modes show crossing in frequency and
anti-crossing in loss. (b) At v = 0.14, two coupled quasi-BIC modes show crossing in loss and
anti-crossing in frequency. EP unambiguously exists between o =0.09 and 0.14 due to the
dynamic switch in crossing and anti-crossing. One BIC mode appears at dy = 265 nm, where
the loss becomes zero. The other BIC mode is verified to appear at dy =234, as revealed
by the dropping trend in loss. (c) Corresponding evolution of transmission spectrum with
increasing dy in (a) and frequency crossing. (d) Corresponding evolution of transmission
spectrum with increasing dy in (b) and linewidth crossing. BIC mode is denoted with blue
marker.

system’s modes are responsive to the RI change (An) in the surrounding material, glass.
This can also be applied for stress and thermal sensing, since the applied stress and thermal
will induce a RI change in the glass on the scale of 1073. Figure 3.10(b) illustrates the
design’s capability of working as an EP enhanced optical gyroscope. In the presence of a
x-polarized incident light, rotation vertical to the z direction (top) or x,y direction (bottom)
can introduce perturbation to the transmission spectrum and eigenmodes, and positioned at
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Figure 3.9: Verification of EP with a narrow range of a. (a) At a = 0.12, crossing appears
in frequency and anti-crossing in loss. (b) At a = 0.13, crossing appears in loss and anti-
crossing in frequency. (c¢) Real part (top) and imaginary part (bottom) of the residues from
rational fitting in (a). (d) Real part (top) and imaginary part (bottom) of the residues from
rational fitting in (b). Diverging effect around the crossing/anti-crossing point confirms the
existence of EP.

EP, this perturbation can be detected with a square-root enhancement of sensitivity. This
mechanism may greatly contribute to the improved 3D position and rotation sensing for
space applications.

Figure 3.11 verify the EP enhanced sensing capability with square-root relation corre-
sponding to the RI sensing and EP gyroscope in Figure 3.10. In Figure 3.11(a), the pertur-
bation is the RI change , and the frequency splitting is calculated as a function of RI change,
showing good agreement with the square-root fitting. Inset plots the curve in log scale and
verifies the slope is 0.5, corresponding with typical EP sensors. As for the gyroscope case,
the perturbation is Af, defined as the deviation of incident polarization from the x direc-
tion. Increasing the perturbation angle results in a square-root improvement of frequency
splitting, thus confirming the performance of EP optical gyroscope. It’s important to note
that detection of the angle is not limited to in-plane rotation, but also works for rotation



CHAPTER 3. OPTICAL EXCEPTIONAL POINT 34

b x (incident pol.) 5

d

186}

Glass (+ An) 19
$

Silicon gl
) g : Metasurface
y profile
X
EP RI sensing

EP gyroscopye

Figure 3.10: Proposed schematic for EP enhanced refractive index (RI) sensing. A small RI
change on happens in the surrounding materials of silicon bars. (b) Proposed schematic for
a EP optical gyroscope for rotation angle detection. The metasurface has a small rotation
angle 06 against the incident polarization, leading to a perturbation and resultant mode
splitting. This mechanism can also be extended to 3D rotation.

vertical to x and y direction, or for the detection of incident light angle on the metasurface,
which only results in different ratio in square-root fitting.

In the following, slow light effect is investigated around the coupled quasi-BIC induced
EP. The slow light can be characterized by the group delay, defined as, where. Figure
3.12(a,b) plot the transmission spectrum and group delay versus frequency for parameters
fine-tuned at EP, showing the lineshape of electromagnetically induced transparency (EIT),
and slightly deviated from EP, showing the Fano lineshape. There emerges a sharp peak
in the group delay, indicating the slowing of light. Especially for the group delay at EP,
Figure 3.12(c) shows an enlarged view of the group delay around this peak, where a discrete
positive value (denoted by the blue marker) appears among continuous negative values. This
discrete value may be due to the simulation, and it also implies a value of zero, corresponding
to a group delay of zero, that is, the stopped light. By decreasing the frequency interval
to very small value as shown in Figure 3.12(d), this EIT at EP induces a nearly stopped
light with a small group velocity v, = 4.62 x 107® and an extremely large group index
ng = 21645000. Therefore, the designed coupled quasi-BIC modes assisted EIT at EP can
be employed for realizing nearly stopped light propagation. Figure 3.12(e) demonstrates the
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Figure 3.11: Characterization of the (a) EP RI sensor and (b) EP gyroscope in Figure 5.
A square-root response associated with EP is clearly observed. Inset shows the plot in log
scale and a fitted slope of 0.5.

phase of transmission with very small simulation interval, and the slope of phase is going
to infinity, confirming the near-zero group delay. It’s also intriguing that stopped light at
EP has been previously theoretically verified with P7 -symmetric coupled waveguides using
numerical simulation [35].

In conclusion, by simply embedding two asymmetric silicon bars in glass, two coupled
quasi-BIC modes can be formed with high Q factor. Fine tuning the asymmetric ratio and
bar separation can lead to the fulfilment of EP condition, where the resonant frequency and
loss of the two quasi-BIC modes become coalesced. With EP at hand, sensitivity enhanced
EP sensors are proposed for RI sensing and optical gyroscope to detect the rotation angle.
Associated with high-Q resonances, EIT lineshape at EP and Fano lineshape away from EP
can be revealed with slow light effect. For EIT at EP, simulation results demonstrate the
realization of nearly stopped light with extremely large group index.

3.4 Chiral plasmonics at EP

Plasmonics exceptional points have been demonstrated in experiments with a two-bar struc-
ture by introducing asymmetry to their resonance frequency [49]. The first design is two
gold bars having different lengths in the same layer and with the same surrounding mate-
rial. The second one is a two-layer structure shown in Figure 3.13, where the bottom bar
is placed in the spacer of index equal to 1.58 (slightly larger than SiO, of 1.5), and the top
bar is surrounded by the air. For both setups, changing the period in y direction (P,) and
position shift between two bars (dz) can result in the condition of EP in plasmonics system.
The asymmetry, either the length difference, or the surrounding difference, leads to different
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Figure 3.12: (a) EIT at EP, EIT-like lineshape when EP condition is reached. (b) Deviated
from EP, the Fano-like lineshape appears. Top panel is the S21 amplitude, bottom panel is
the phase relation. Dashed line indicates a much sharper phase change for EIT at EP. (c)
Enlarged view of the group velocity versus frequency for EIT at EP, where the blue marker is
a discrete positive value. (d) Table shows increasing the simulation frequency interval leads
to larger group index and smaller group velocity up to near zero. Nearly stopped light can
be realized with EIT at EP. (e) Phase-frequency relation with interval equal to 0.0005 THz.
The slope is going to infinity.

resonant frequencies of the two modes, which is the prerequisite due to the nearly same loss
rate. For the purpose of illustration, the period in z direction (F,) is set as constant of 400
nm, and dz shifts from 80 nm to 200 nm. With periodic condition applied, the incident
polarization is parallel to the x direction.

Firstly, plasmonics EP is demonstrated with the two bars aligned parallel as shown in
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Figure 3.13: Cross-section and top view of the unit cell of the plasmonics metasurface with
two bars exhibiting no chirality. The spacer is made of SU8 with index 1.58, and the
thickness h is 100 nm. Periodic condition is applied in  and y direction. dz is the position
shift between the two bars. Incident polarization is parallel to the x direction.
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Figure 3.14: EP in achiral plasmonics. Resonant frequency (top) and loss (bottom) extracted
from rational fitting for achiral plasmonics at (a) P, = 410 nm and (b) P, = 450 nm.

Figure 3.13. By sweeping dx, the complex transmission S21 is recorded and rational fitting
is employed to extract resonances information (frequency and loss) for the two coupled
plasmonics modes. Figure 3.14 shows the eigen-frequency (top) and loss (bottom) for P,
= 410 and 450 nm. Figure 3.13(a) shows the dynamic of frequency crossing and loss anti-
crossing, while by just changing F,, the trend inverts to frequency anti-crossing and loss
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crossing. This switch actually indicates the existence of an EP between 410 and 450 nm for
P,. Therefore, plasmonics EP for this achiral structure is realized.
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Figure 3.15: Cross-section and top view of the unit cell of the chiral plasmonics metasurface.
The top bar is rotated with an angle of 8 to introduce 3D chirality. Other conditions are the

same with Figure 1.

This plasmonics EP benchmark can be modified to reveal chiral effects by simply rotating
the top bar with an angle of #, which breaks the mirror symmetry. Figure 3.15 shows the
cross section and top view of this chiral plasmonics structure.
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Figure 3.16: Asymmetric transmission for circularly polarized light (LCP, RCP). Inset shows
the CST simulation setup for the two rotated bars.
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Chirality indicates a very different response between RCP and LCP interrogation. Figure
3.16 illustrates this chiral effect from the transmission rate of RCP and LCP. In dB scale, the
two-bar structure shows a large circular dichroism with the maximum occurs at transmission
dip of LCP, where the difference reaches 40 dB. This discrepancy resembles the spectrum
of a notch filter, excluding LCP light and maintain most RCP at one frequency point. The
RCP resonance is comparably smooth.

a - Px = 400, Py = 390, § = 10 b - Px = 400, Py = 440, 0 = 10
N 2800 . ; . 4 . N o5 ; . . 5o
& ° o Eo2e0} © © o ©
e o o ¢ E © 0 oo0?®
2601 ° o ©00©° g ~
> o P~
g 8 o 2 240}
g 2401 o © ° © 000 % 5 0% o o
o o o o o O o o
2 2000—92 , . , A g 2200—0 = . . , 2 O ¢
g 100 120 140 160 180 200 g0 100 120 140 160 180 200
dx (nm) dx (nm)
10060 & T T T o—O0—9 100
ﬁ ©0%0,50°° = o 00 0
T 80t T 800 o o o © 1
L=} 1= ° 5 o
» 60 w 60F 8
8 Pe) O o o o 8 40 [o] o
40+t L o o ]
S g00°7°%%000¢ Swp g0 %0004,
100 120 140 160 180 200 80 100 120 140 160 180 200
dx (nm) dx (nm)
C ~ Px = 400, Py = 360, 6 = 30 d —_ Px = 400, Py = 410, 6 = 30
N 5on@ . . " . N 280 . ; . 4 :
T 280F o 6 4 ] =70 o o
e ° 5 = © 0000000009
=260} ° o g o o 0o o U%260 ]
g o © © o0 o0 8 240} ]
2.240 0 0 © S o 000 O 0 0 0 o0 o0 ¢
€ 409 . . . . o002 . . . .
8 100 120 140 160 180 200 7780 100 120 140 160 180 200
dx (nm) dx (nm)
100F O 0 O " T T 809 T ¢ T T T o 09
< 100F 0 % 60 o000 - o o 5 ©
LT 80 T o
e E 60 o
9] L d 9] o
8 60 o © 0 0090 o (0] 8 o o ° o0 O o o
~ 40f o o 0 © , . , —40p o O , . . ,
80 100 120 140 160 180 200 80 100 120 140 160 180 200
dx (nm) dx (nm)

Figure 3.17: EP in chiral plasmonics. At rotation angle of 10 degrees, resonant frequency
(top) and loss (bottom) extracted from rational fitting for achiral plasmonics at (a) P, =
390 nm and (b) P, = 440 nm. At rotation angle of 30 degrees, resonant frequency (top) and
loss (bottom) extracted from rational fitting for achiral plasmonics at (c¢) P, = 360 nm and
(d) P, = 410 nm.

EP can also be found for this chiral plasmonics. As shown in Figure 3.17(a,b), for a
rotation angle of 10 degrees, changing P, from 390 to 440 nm, there is a dynamic switch in
the frequency and loss. This is similar for § = 30 degrees in Figure 3.17(c,d). Therefore, EP
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is verified in this plasmonics metasurface with chiral effects. Chiral plasmonics at EP may
serve as an EP-enhanced chiral sensors for molecules and biomedicine.
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Figure 3.18: (a) Diattenuation as a function of dz and frequency. (b) Circular dichroism as
a function of dx and frequency.

Figure 3.18(a) plots the simulated diattenuation as a function of position shift and fre-
quency. This asymmetric transmission for linear polarizations (TE, TM) indicates that a
polarizer nature for this chiral plasmonics metasurface. To characterize difference for asym-
metric transmission of circular polarizations (LCP, RCP), circular dichroism (CD) versus dz
and frequency is demonstrated in Figure 3.18(b). EP is again confirmed in a chiral plasmon-
ics metasurface, and many intriguing questions like relation among EP and chirality wait to
be investigated.

Aforementioned EP is only the EP in a chiral plasmonics metasurface. However, to
evaluate the “chiral EP”, Jones matrix needs to be used. The Jones matrix can be written as
Tiin = <i” ixy) , where the four components are the complex S21 with different polarization

xr
states. F%r inysytance, the subscript notation xy refers to input y polarization and output
x polarization. For each point, the simulation is conducted four time to test two input
polarizations and two output polarizations. The obtained complex determinant from Jones
matrix is taken for rational fitting. Figure 3.19 shows the resonances information, and
the switch of crossing and anti-crossing ambiguously ensure the existence of a “chiral EP”
between P, = 300 and 350 nm.

To conclude, EP in a chiral plasmonics metasurface is observed with a rotated two-
bar structure. By using determinant from Jones matrix, the structure also demonstrates
plasmonics “chiral EP”. These findings may contribute to study on the EP, chirality, and
sensing.
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Figure 3.19: Plasmonics chiral EP. At rotation angle of 30 degrees, resonant frequency (top)
and loss (bottom) extracted from rational fitting for achiral plasmonics at (a) P, = 300 nm
and (b) P, = 350 nm. S21 for rational fitting is obtained Jones matrix.

3.5 Coupled plasmonics and photonics mode induced
hybrid BIC and EP

Mode coupling has been the enduring topics from circuits, waveguides, resonators, metasur-
faces, to quantum systems. Plasmonics and photonics mode are the two different resonances
originate from dielectric and metal arrangements. Here we investigate the hybrid coupling
between photonics mode and plasmonics mode using a dielectric metasurface involving ad-
ditional metal particles. Hybrid bound state in the continuum (BIC) and exceptional point
(EP) are observed through tuning either the plasmonics or photonics mode.

The plainest arrangement of realizing mode coupling effect can be the two closely po-
sitioned waveguides or resonators, through their evanescent fields. Many intriguing phe-
nomena will occur with coupled modes, including the special conditions called exceptional
points and bound states in the continuum, where the two eigenmodes become coalesced,
and one eigenmode become lossless revealing zero linewidth, respectively. Mostly, EPs and
BICs are demonstrated with pure photonics modes using dielectric resonators and metasur-
faces, for instance, the famous whispering gallery modes resonators with PT symmetric setup
or nanoparticle modulated mode interaction; in-plane symmetry and broken symmetry in
dielectric metasurfaces result in BIC and quasi-BIC with high Q factor.

Recently, plasmonics modes have been managed to achieve both plasmonics BICs |20,
53] and plasmonics EPs. As for the BICs, silver grating coated by a layer of dielectric is
utilized to form both photonics and plasmonics BICs by sweeping the incident angle. While
plasmonics EP is experimentally verified with metasurface of shifted asymmetric gold bars
by inspecting switch of the crossing and anti-crossing dynamics.



CHAPTER 3. OPTICAL EXCEPTIONAL POINT 42

However, there are still limited research on the coupling between plasmonics and photon-
ics mode, and it’s of importance due to their different origins of resonance and discrepancy
in optical loss. Hence, we explore the coupling effect between metal bar placed on the top
of a dielectric metasurface, which leads to the condition of BIC and EP. From eigenmode
analysis, photonics BIC is observed even in the symmetry-broken dielectric metasurface
due to coupling induced compensation from the additional metal bar. Simultaneous coales-
cence of frequency and loss indicates the existence of a hybrid EP, that is, the photonics
mode and plasmonics mode degenerates to behave as one single mode. At this kind of EP,
mode hybridization is found to be the maximum with equal domination. Study on these
photonics-plasmonics mode coupling effects may play a vital role in plasmonics lasers [54,
55, 56], reducing plasmonics loss, understanding coupling at EP, and, applications of hybrid
structures.

Coupling between the photonics and plasmonics mode is implemented with a metasurface
consisting of unit cell of two asymmetric silicon bars embedded in glass and an additional
gold bar placed on the top surface of the glass host (Figure 3.20(a)). Periodic condition is
applied in the xy plane. Refractive index of silicon and glass is chosen as 3.5 and 1.5 for
their negligible loss, and for gold, the index is taken from Johnson and Christy [18]. The
gold bar can be shifted away from the center in x and y direction to realize different coupling
conditions for the photonics-plasmonics interaction. When there is no gold bar, the dielectric
metasurface reveals photonics resonances, as shown by the blue lineshape in Figure 3.20(b).
With the presence of gold bar, the photonics mode is perturbed and thus the peak splits into
two parts, the smaller wavelength of which represents plasmonics mode with lower ) factor.
Changing the position along y axis of the gold bar can continuously tune the photonics-
plasmonics coupling strength, which is also observable through the transmission spectrum.
Figure 3.20(c) plots the evolution of transmission with shift of the gold bar dya, ranging
from -20 nm to 90 nm. Except for dy = 20 nm, there exists a dip similar to the red lineshape
in Figure 1b. While at dy = 20 nm, the dip vanishes due to fulfillment of BIC condition,
where one mode become lossless with zero linewidth. The asymmetric bars naturally support
photonics quasi-BIC mode, that is, requirement of BIC is slightly broken. Here, additional
introduction of the gold bar induced plasmonics mode makes up this deviation and again
pushes the system to BIC through this hybrid mode coupling effect. A positive dy refers to
that the metal bar is moved closer to the larger silicon bar, implying an asymmetric coupling
between the two-bar quasi-BIC mode. This asymmetry plays an important role in realizing
the BIC mode again, since the in-plane asymmetry of dielectric arrangement intrinsically
hinders the formation of BIC. Rational fitting of the complex transmission can be employed
to extract information of the hybrid mode coupling, as shown in Figure 3.20(d). It’s easy to
distinguish the evolution of plasmonics and photonics mode based on the high-loss of gold
bar. At dy = 20 nm, rational fitting fails to extract two modes due to the disappearance
of linewidth, indicating the emergence of BIC mode. This BIC mode happens in the devel-
opment of photonics mode, and thus can be called as a hybrid coupling induced photonics
BIC. Since the loss has a very large difference, the spectrum is expected to demonstrate Fano
lineshape as shown by the red curve in Figure 3.20(b). For the point of dy = -78 nm, the
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Figure 3.20: (a) Schematic of unit cell of the silicon-in-glass dielectric metasurface with an
addition gold bar placed on the surface. The gold bar shifts in y direction. (b) Transmission
spectrum for only the dielectric metasurface and after adding the gold bar. Hybrid mode
coupling effect induces a Fano lineshape. (c¢) Transmission spectrum for different values of
position shift of the gold bar in y direction (dy). BIC occurs at dy = 20 nm where the
linewidth vanishes, while other values have a quasi-BIC feature. (d) Extracted frequency
(top) and loss (bottom, in log scale) of the two modes in (c¢) from rational fitting. Around
the photonics BIC at dy = 20 nm, loss is reaching zero.

photonics and plasmonics mode has the same frequency, Fano lineshape will degenerate to an
electromagnetically induced transparency (EIT) lineshape. This hybrid-mode EIT and Fano
may enrich similar observations in pure dielectric and plasmonics structures, and contribute
to applications like bio-sensing and slow light.

The dielectric structure with two asymmetric bars embedded in glass is known to show
two resonances, one of which originates from the silicon, and the other is attributed to the
glass asymmetry. With the gold bar positioned at the BIC point of dy = 20 nm (Figure
3.21(a)), shift in x direction (dz4,) can break this hybrid-mode coupling induced photonics
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Figure 3.21: (a) Schematic of unit cell of the hybrid metasurface with gold bar shifts in z
direction and dy = 20 nm. (b) Evolution of the transmission spectrum when increasing dz
from 0 to 90 nm. Shift of the gold bar in x leads to hybrid-symmetry-breaking induced
quasi-BIC.

BIC. In spectrum of Figure 3.21(b), dx = 0 there is a BIC and the photonics modes behave
as unperturbed. And quasi-BIC peak gradually emerges with dz deviating from 0 to 90 nm.
Asymmetry in y helps tailor plasmonics-photonics coupling to make up the asymmetry in the
dielectric metasurface, forming the hybrid “symmetry” with no in-plane photonics symmetry
required, while continuing to perturb in x direction again breaks this ”symmetry” and results
in the exposure of quasi-BIC involving interaction between plasmonics and photonics.

In addition to the BIC, it’s fascinating to testify the possibility of realizing a hybrid
plasmonics-photonics EP, where one photonics mode and one plasmonics mode share the
same value of frequency and loss. Since the position shift of gold bar mainly affects the
formation of BIC, parameters like asymmetric ratio and separation of silicon bars are utilized
to fine tune resonance of photonics modes (Figure 3.22(a)). At a = 0.16, by sweeping
separation dys; and extracting from rational fitting, three eigenmodes and their frequencies
(top) and losses (bottom) are plotted in Figure 3.22(b). It is observed that at dy = 230
nm, photonics (ph) mode 2 and plasmonics mode coalesce to one point with equal frequency
and loss, which can be named as the plasmonics-photonics (pl-ph) EP. Usually, plasmonics
mode features larger loss rate than photonics mode, so that formation of equal loss is very
hard. Here the plasmonics mode has a frequency surge and then drops down, leading to the
crossing with photonics mode 2. And for the loss trend, it first decreases and then increases,
but always keeping a higher loss than the photonics modes except for the EP. Figure 3.22(c)
plots the field distribution before EP and after EP for photonics mode 2 and plasmonics
mode. From the mode distribution, the photonics or plasmonics mode cannot be classified
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Figure 3.22: (a) Schematic of the unit cell of the metasurface for realizing hybrid plasmonics-
photonics EP by fine tuning separation of silicon bars. (b) Extracted frequency (top) and
loss (bottom, in log scale) of the three modes from rational fitting. Plasmonics-photonics
(pl-ph) EP occurs at dy = 230 nm. Orange curve follows the trend of plasmonics mode. (c)
Mode profile of the plasmonics mode and photonics mode 2 at dy = 225 nm and dy = 238
nm. (d) On-resonance mode profile of the photonics mode 1 at three different values of dy.

as a pure mode type, but a hybrid mode. For photonics mode 2, the resonance originates
from silicon bars and then couples with gold bar, while for the plasmonics mode is induced by
the gold bar, extending to the photonics mode. At EP, the two modes will be fully hybridized
and equally dominant, and it’s unable to distinguish the origin of each mode. Therefore, here
the EP characterizes the maximum hybridization of photonics and plasmonics mode. Figure
3.22(b) also shows that the photonics mode 1 stays nearly unperturbed as a quasi-BIC mode
by this hybrid coupling effect, as revealed by the smooth frequency and loss trend. Figure
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3.22(d) demonstrates the filed distribution of this stable photonics mode, and the photonics
quasi-BIC is induced in the glass and the gold bar shares an asymmetric mode profile.

In conclusion, by simply placing a metal bar on the dielectric metasurface, resonances
from plasmonics mode and photonics mode are coupled and hybridized, leading to the gen-
eration of hybrid mode. Employing this plasmonics-photonics coupling effect, photonics
BIC can be realized in the presence of silicon asymmetry, assisted by the plasmonics mode.
Hybrid EIT and Fano lineshape is accompanied with slightly deviated from this BIC. Fine
tuning of the dielectric arrangement results in a hybrid EP where the plasmonics mode and
photonics mode coalesce to equal complex frequency. EP also indicates that hybridization
among the two modes reaches the maximum. This study on special coupling conditions in
plasmonics-photonics hybrid metasurfaces may contribute to development of hybrid sensors
and lasers.
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Chapter 4

Linear polarizer based on high
contrast grating

4.1 Theoretical analysis of high contrast grating

Theoretical analysis of high contrast grating can be deemed as 1D periodic low-index and
high-index region (waveguide array). The waveguide array structure in the x direction will
allow several propagating modes in the high-index region [1, 7]. These modes are orthog-
onal without interaction and confined in the waveguides like optical cavities. At the top
and bottom boundary planes, these array waveguide modes can couple to the plane waves
and each other due to abrupt change in boundaries. When these modes are modes in-
terfere with each other at the input/output planes, interesting phenomena will happen as
the resonacnes in coupled cavities. Similar to a simple FP cavity, HCG supports a self-
sustainable mode with the fulfilment of the round-trip condition. If the two modes interfere
destructively/constructively at the HCG output plane, the transmission/reflection will then
vanish, yielding 100% reflection /transmission. The high-transmission /reflection condition is
different for TE and TM incident, thus contributing to the design of HCG polarizer.

4.2 Silicon nitride HCG

The HCG polarizer we investigate is based on the silicon nitride hosted by a glass substrate.
It is selective for the transmission of TE or TM incident light, which can be characterized

T
by the polarization extinction ratio (PER), definde as PER = 10 x log (%) in dB scale.
TE

Figure 4.1 shows the schematic of a TM transmitted HCG polarizer.

HCG has a nature of polarization selective due to its 1D periodic along x axis and infinite
in the y axis. Thus the incident wave will interact differently for the electrical field along
xz and y. This can be demonstrated by observing the t;, — A diagram of a typical HCG
design, as shown in Figure 4.1. Under the operation wavelength of 940 nm (typical VCSEL
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TE

Figure 4.1: Schematic of a high contrast grating based linear polarizer for TM transmission
and TE rejection.

a TE incident

|

Figure 4.2: Transmission spectrum of a typical HCG at (a) TE and (b) TM incident.

wavelength), Figure 4.1(a) shows the transmission rate for TE incident wave and Figure
4.2(b) shows the TM transmission rate. Various designs can be accessed with high TE
transmission and low TM transmission or vice versa.

Following the demonstrated polarization selective feature, the SiN HCG with high PER
and high transmission can be realized in simulation. Figure 4.3(a,b) plot the PER and TM
transmission as a function of duty cycle and HCG thickness. In Figure 4.3(a), the red region
is good for TE polarizer and the blue region with negative PER is good for TM polarization.
For TM operation, PER reaches over 60 dB and TM transmission is above 0.85, which
is competitive for its performance. To inspect more carefully on the transmission selective
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Figure 4.3: (a) PER as a function of duty cycle and thickness for SiN HCG with period of
A/1.1. (b) Corresponding TM transmission.
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Figure 4.4: Transmission and reflection spectrum for SiN HCG polarizer with ¢, = 0.16A.
The duty cycle for (a-c) is 0.4, 0.46, 0.52, respectively.

feature of the SiN HCG, three designs at high PER region is selected and their corresponding
transmission (reflection) spectrum is plotted in Figure 4.4. From the spectrum, the polarizer
operates well at 940 nm, where a TE dip occurs with near-zero transmission and TM has
nearly loseless transmission. This design is also very insensitive to change of duty cycle.

4.3 Metal grating with plasmonics resonance

Besides employing all-dielectric HCG, the possibility of metal grating for linear polarizer
can be explored with the assistance of plasmonics resonances. There are two basic designs
as shown in Figure 4.5. In the exposed design, the gold grating is surrounded by air and
hosted by a glass substrate. And in the embedded case, the gold grating is coated by a host
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material on the top, which can be different from the glass. The coating will contribute to
other resonances, resulting in very different transmission spectrum for the two designs. Both
designs have the desired polarizer performance for the large discrepancy in transmission.

Exposed design Embedded design

Au grating

Au grating
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Figure 4.5: Exposed and embedded design for the Au grating polarizer. The gold grating is
either exposed in the air (n = 1) or coated by other dielectric material. Below each design is
the corresponding transmission spectrum for both TE and TM normal incident. The grating
period is 925 nm with a bar width of 450 nm. The coating thickness is 60 nm at n = 1.5.

Figure 4.6 calculates the PER value for the two designs. In Figure 4.6(a), PER reaches
over 35 dB around 940 nm and there is a second peak at 1350 nm, which corresponds to
the two dips in TM transmission. While in Figure 4.6(b), PER can be larger than 50 dB
with multiple peaks occurring, induced by the dip in TE mode and an induced-transparency
lineshape around 1350 nm. The resonance dips can be tuned by controlling the period, bar
width, top coating thickness and refractive index of the coating.

Over a broadband spectrum, the electric field profile is analyzed for the resonance dips
in TM mode. For the one at shorter wavelength, a high-order mode is observed with the
field showing multiple resonances around the metal grating. Typical plasmonics resonances
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Figure 4.6: PER for the metal grating in (a) exposed design and (b) embedded design. The
grating period is 925 nm with a bar width of 450 nm. The coating thickness is 60 nm at
n = 1.5.
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Figure 4.7: A broadband spectrum for embedded design with the top coating index at 1.6.
Electric field distribution is plotted at dips in TE spectrum.

and formation of photonics modes.
To decide on the parameters for fabrication, a sweep in period and bar width is conducted
to evaluate the PER and passed transmission rate at 940 nm. Figure 4.8(a) shows the PER
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Figure 4.8: (a) PER and (b) passed transmission at 940 nm with sweep in period and bar
width. The white dashed line is where the transmission is equal to 0.75.
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Figure 4.9: (a) PER and (b) passed transmission rate as a function of period and bar width
at the wavelength of 920, 940, 960 nm.

as a function of period and bar width, and Figure 4.8(b) plots the corresponding passed
transmission rate. The white dashed lines in both figures indicates a transmission rate of
0.75. Tolerance of employing gold grating can be further demonstrated from a wavelength
view in Figure 4.9. Three slices at wavelength of 920, 940, and 960 nm shows the robustness
of the high PER region, which does not shift much in the period-barwidth diagram. Thicker
coating is also considered and leads to a Fano-like lineshape in the TM transmission as shown
in Figure 4.10. As expected, increasing period from 600 to 700 nm results in a wavelength
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shift. The broadband dip and asymmetric sharp dip in Figure 4.10(a) matches the two high-
PER region in Figure 4.10(b). Fabrication of this metal grating can be done by choosing
desired parameters and considering processing capability.
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Figure 4.10: (a) Spectrum of gold grating with a coating thickness of 300 nm and refractive
index of 1.5. The period ranges from 600 to 700 nm and the TM transmission shows Fano-like
lineshape. (b) Sweep of period and bar width for high PER region.

4.4 Fabrication process and measurement

A full processing flow for the SIN HCG polarizer is shown in Figure 4.11. Fabrication of
metal grating will involve lift-off process and is similar to the SiN one. To statr, the 6-
inch glass wafer is cleaned with acetone and IPA to remove possible contamination. Then
the SiN layer is deposited with a thickness of 350 nm using PECVD. Measurement under
ellipsometer will be conducted to confirm the anticipated thickness and refractive index are
reached. Before spin-coating of the photoresist, a thin layer of HDMS is coated on to the
SiN to enhance adhesion of photoresist. With photoresist coated and baked, stepper is used
to do photolithography. The next step is to develop the photoresist and move to RIE etch
that etches down the exposed region of SiN. Finally, stripping with NMP is conducted to
remove the remaining photoresist and additional O2 plasma can help clean the photoresist.

Figure 4.12 shows the HCG profile and cross-section view under SEM observation. Side
wall and uniformity of the HCG meet expectation under this processing flow. A coarse
measurement with microscope (Figure 4.13(a)) is conducted to test the polarization selective
feature from these SiN HCG. The polarizer on the microscope is rotated by an angle of 90
degrees to observe the light intensity change on the CCD camera. Gray-scale value can be
extracted with image processing software and averaged over a square region as shown in
Figure 4.13(b,c). Then the transmission rate under each polarization state can be calculated
and hence the PER. The resultant PER value is 20 dB for this specific sample. Although not
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Figure 4.11: Flow chart for SiN HCG polarizer.
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Figure 4.12: SiN HCG under SEM observation: profile and cross-section view.

a precise measurement, this method is fast and can be automated for large samples, and also
provides a way to access the performance of HCG polarizer. Similarly, Figure 4.14 shows
the measured PER and passed transmission rate for different designs on the glass wafer.
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Figure 4.13: PER and transmission measurement of SiN HCG polarizer. (a) Schematic
setup for the microscope incorporated with polarizer. (b) Microscopic image under TE
detection. (c) Microscopic image under TM detection. The gray scale value is averaged over
a rectangular region and the yellow arrows indicate the polarization state.
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Figure 4.14: PER and transmission measurement of SiN HCG polarizer with different pa-
rameters on the glass wafer under microscope. The polarization is TE.
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Chapter 5

Circular polarizer based on high
contrast grating

5.1 HCG for polarization control

Polarization is an an essential property of light. The control of polarization is of broad sci-
entific and technological interest for its applications in holography, structure light, imaging,
and polarizers. The polarization state can be represented using polarization ellipse, in which
the geometrical parameters of the ellipse, and its "handedness”, is related with polarization
state: the orientation angle, defined as the angle between the major axis of the ellipse and
the x-axis, along with the ellipticity, the ratio of the ellipse’s major to minor axis. To see
the evolution of polarization state, Poincare sphere can be introduced where each point on
the sphere represents a single polarization state. The Stokes vector can be easily converted
to a state on the Poincare sphere. Due to the resonance induced phase and transmission
difference for TE and TM incident, the output polarization state can be manipulated by just
utilizing this 1D periodic structures in combination with rotation.

5.2 Simulation results

The basic principle of employing HCG as a circular polarizer is illustrated in Figure 5.1. An
incident linearly polarized light can be decomposed into two orthogonally polarized light,
i.e. x and y. When the intensity of transmitted light rate in x and y direction is the same,
and the phase difference reaches 0.57, the output light is a circular polarized light, with its
direction depending on the sign of phase lag. For example, with a specific design of period =
855 nm and duty cycle = 0.55, the transmission and phase for TE and TM can be calculated
as shown in Figure 5.2(a). There are some points in phase that have a phase difference
of 0.57 (the marker). The corresponding transmission is different for TE and TM, which
indicates the incident light is not parallel to # = 45°. The calculated polarization angle is
0 = arctan(1.375) = 54°. At this angle, the transmitted light will have the same amplitude
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Figure 5.1: Schematic of a HCG circular polarizer. The incident light in linear polarization
with an polarization angle of . The output circular polarization can be decomposed to TE
and TM with the same amplitude but with a phase lag of £90°.
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Figure 5.2: (a) Transmission and phase of TE and TM input for a HCG with period =
855 nm and duty cycle = 0.55. To fulfil the requirement for circular polarizer, the phase
difference needs to be 0.57 and the incident polarization angle needs to compensate difference
in transmission amplitude. (b) Corresponding conversion efficiency for circular polarizer over
a wavelength domain. A 15 nm band with near-unity efficiency can be realized.

in both x and y direction, with a phase lag of 90 at the same time. The corresponding
conversion efficiency that characterizes the portion of circularly polarized light in the output
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is plotted in Figure 5.2(b), where near-unity efficiency can be realized over a span of 15 nm.
Figure 5.3(a) evaluates another case with period of 950 nm and bar width of 300 nm. Figure
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Figure 5.3: (a) Circular polarization conversion efficiency for a HCG with period of 950 nm
and bar width of 300 nm. (b) Conversion efficiency as a function of period and bar width
at different wavelength. (c) Rotation of the HCG profile results in an encircling effect in the
polarization state on Poincare sphere. Different colors refer to different bar length.
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5.3(b) plots the three wavelength slices at 920, 940, and 960 nm. The red region indicates
a better performance for generation of circular polarization. In Figure 5.3(c), rotation of
the grating plane leads to the change in output polarization state, as shown on the Poincare
sphere, where the same color refers to one specific design. Rotation of 180° generates an
”8”-like shape that centers a linear polarization point on the equator.

5.3 Perspective of flat-optics polarization control

It’s interesting to note for HCG circular polarizers, when a mirror is placed after HCG
to reflect circularly polarized light back on to HCG, the finally output light has different
polarization state as shown in Figure 5.4. The comparison between input linear polarization
and output linear polarization (two transmission of HCG and one reflection) is illustrated
using polarization ellipse. For balanced TE/TM input, the input-output polarization is
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orthogonal. While for unbalanced TE/TM input, the output polarization has some angle
against the input state, but not at exact 45°. However, both operation can be employed as
a optical isolator due to the difference in polarization angle.

6 = 45, balanced intensity for TE/TM input 6 # 45, unbalanced intensity

Polarization Bllipse Polarization Blipse

In
“" out Out In
1 \

Figure 5.4: Input-output polarization state is given using polarization ellipse. For balanced
TE/TM intensity, the input and output polarization are orthogonal. For unbalanced inten-
sity, there is an angle between input and output state.

Apart from HCG, the birefringence metasurfaces play an important role in polarization
control with more design capability and better performance. The birefringence metasurfaces
are periodic in x, y direction, with the unit cell containing a silicon nanobar on the substrate.
The lattice constant is 650 nm, and width, height of the bar is 180, 400 nm. The nanobar
can be rotated by an angle of 6 to tune its fast and slow axis. Employing this feature, full
polarization generation may be possible by tuning the rotation angle (or the polarization
angle of input light) and bar length. Figure 5.5(a) shows the output polarization state on a
Poincare sphere when continuously changing the rotation angle of the nanobar. The input
state is y polarized light with normal incident and at the angle of 79°, the output state
becomes LCP. In Figure 5.5(b), different colors indicate different bar length, and each circle
is induced by the rotation angle. As expected, full polarization state can be realized by
tuning the two parameters of the birefringence metasurface. Similar principle can be applied
to the oblique incident case.
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Figure 5.5: Output polarization state on the Poincare sphere of a birefringence metasurface.
(a) Rotation of the nanobar results in the state encircling. (b) Changing both bar length
and rotation angle can generate any arbitrary state.
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Chapter 6

Conclusion

As a conclusion, this thesis investigates optical meta-structures for realization of exceptional
points, bound States in the continuum, and polarization control. We employ asymmetry-
induced quasi-BIC and thus enhanced field localization to enhance optical forces, chirality,
and nonlinear harmonic generation. This kind of in-plane asymmetry is realized by making
two bars in the unit cell different length, or etching cylindrical holes into the disk, which
also can lead to chiral response. It’s noteworthy that enhanced nonlinear chirality is also
observed as illustrated with strikingly divergent second/third harmonic generation signals
for LCP and RCP incident. For exploration of EPs, both EPs in transmission matrix and
EPs in eigenmodes have been discussed. EP in an all-dielectric metasurface is applied for
sensing in small index change and optical gyroscope with improved sensitivity. We also dive
into the effects of hybrid modes for EPs and BICs where plasmonics modes and photonics
modes couple with each other, leading to more possibilities in applications. For the work
on HCG, both linear and circular HCG polarizers are designed with high extinction ration
and high transmission. Plasmonics gratings have also been demonstrated their capability
on polarization selection by taking advantage of plasmonics resonances. Full polarization
control can be achieved with rotation of polarization angle or the HCG plane itself. We
hope these studies and investigations may provide some insights into meta-structures and
open new avenues towards applications and real-world devices.
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