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ABSTRACT

ound State in the Continuum (BIC) are states that lie in the continuum but
remain perfectly localized. Ideal BICs are a mathematical concept with an
infinite quality factor (Q factor), which can not be observed in a real scenario.
The transformation of BIC into a quasi-BIC mode manifests as a Fano resonance with
a finite high Q factor and can be observed experimentally. The excitation of high Q
resonance modes is critical for developing advanced photonic devices such as sensors,
filters, and nonlinear optical components. Quasi-BIC modes can be excited in numerous
ways according to the types of BIC: by continuously tuning system parameters (accidental
BIC) or systematically introducing asymmetry in the structure (symmetry-protected
BIC). The symmetry-protected BIC mechanism has garnered significant attention due
to its simple physical interpretation and precise control over the Q factor of resonance.
This thesis primarily focuses on the excitation of symmetry-protected quasi-BIC modes
in metasurfaces for terahertz (THz) and near-infrared (NIR) frequencies. In the NIR,
specifically within the C-band region (1535 nm to 1565 nm), we explored the application
of an ultra-narrowband pass filter. Using the same symmetry-breaking approach, we
demonstrated a dual-parametric (temperature and refractive index) sensor with a high
Figure of Merit. In both studies, multipolar decomposition theory was employed to
analyze the nature of the excited modes. To achieve the ultra-narrow full width at half
maximum in filter application and high sensitivity in the sensing applications for the
NIR frequency region, we used an all-dielectric metasurface-based design due to its
negligible ohmic losses.
Besides these two studies, this thesis also discusses the exploration of quasi-BIC mode
in the terahertz region using metallic metasurfaces. In this context, we investigated a
selective symmetry-breaking approach in a THz metallic metasurface. This novel method
involves strategic symmetry-breaking of a ring-shaped metamolecule system to reduce

radiation density, thereby achieving a high Q quasi-BIC resonance. The Q factor and
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resonance frequency can be tuned by altering the geometrical degree of asymmetry.
Our experimental and theoretical results validate the effectiveness of this approach,
demonstrating higher Q factors compared to conventional methods. Next, we explore
lattice constant perturbation as an alternative method to excite high Q quasi-BIC modes.
Instead of the conventional in-plane symmetry breaking, perturbing the lattice constant
causes band folding in the first Brillouin zone, resulting in stable resonance frequencies
with tunable quality factors. This method offers greater material flexibility and improved
device performance.

In summary, we present a comprehensive study of quasi-BIC resonance modes in
metasurfaces and demonstrates its application as filter and sensors in near infrared.
Additionally, the thesis also explores innovative approaches for achieving high Q factors
in terahertz metasurfaces. The findings pave the way for the development of compact,
high-performance photonic devices with applications in filtering, sensing, and nonlinear

optics.
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thickness of the GaAs layer. The white dashed line shows the optimized value of
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* Figure (a) The proposed metasurface design under the excitation of a normally

incident TE-polarized electromagnetic wave. (b) The top view of the metasurface
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"unit cell” with periodicity P, = P, = 746 nm, length of the GaAs square block
[ = 680 nm, size of the outer cut a; = 120 nm, ag = 75 nm, and thickness of the
GaAs block A =315 nm.

* Figure (a) The simulated reflectance and transmittance of the design with-
out disturbing the symmetry, (b) the calculated transmittance spectrum after
introducing an asymmetry for two orthogonal polarization states of the incident

wave.

* Figure (a) The transmittance spectrum of the metasurface design showing
resonance at a wavelength of 1555.8 nm. The blue dashed curve denotes the fitted
curve using the Fano formula. (b) The plot of |C1| (continuous state) and |Co|
(discrete state). (c) Calculated phase difference A = arg(Cs) — arg(C1) between the
continuum and the discrete state. (d) The normalized y-component of the electric
field at wavelengths 1555 nm (slightly below the resonance wavelength) and 1556.6

nm (above the resonance wavelength).

* Figure (a) Dependence of the Q factor on the degree of asymmetry. The blue
line shows an inverse square fitting with the degree of asymmetry (5), with
R2 =0.99006.(b) The contour plot shows a comprehensive view of the resonance
wavelength shift as well as the variation of the full width at half maximum (FWHM)

of the resonance mode with the degree of asymmetry.

* Figure (a) The transmittance spectrum for the different background media,
where n,,, n,, np, n., and n, represent the refractive indices of methanol, water,
blood plasma, ethanol, and diluted alcohol, respectively. (b) Linearly fitted plot of
the refractive index versus resonance wavelength. The R? value of 0.9996 indicates

good linearity between the wavelength shift and the change in refractive index.

* Figure4.7|(a) The transmittance spectrum of the metasurface design at different
temperatures, (b) the linearly fitted plot of the temperature versus resonance

wavelength, the slope of the graph gives the temperature sensitivity of the design.

* Figure (a) Schematic of a metasurface design under the excitation of TE-
polarized THz radiation. The inset shows the proposed meta-molecule unit cell,
where the periodicity P = 200 um, width w = 6 um, radii r1 = 41 um, ro = 27 um,
rs = rq = 34um, and the thickness of the ring structures 2 = 200nm. (b) The
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photograph and micrograph image of the fabricated metasurface sample using

photolithography.

* Figure (a) The arrangement of four ring resonators in a metamolecule unit
cell with three approaches: symmetric, uniform symmetry breaking, and selective
symmetry breaking. The olive background resonators have a radius of 27 um,
the red background resonators have a radius of 41 um, and the gray background
resonators have a radius of 34 um. (b) Simulated transmission spectrum of the
symmetric meta-molecule system, non-uniformly symmetry-broken structure, and

uniformly symmetry-broken structure.

* Figure[5.3| The mode hybridization scheme for a micro ring pair unit cell, where
the dark mode manifests as a result of dipole detuning due to the introduction of

the structural asymmetry.

e Figure [5.4] The simulated Z-component of the electric field, normalized surface
current density profile, and absolute of the normalized electric field profile distri-
butions at the three-resonance dip. The color of the frame is consistent with the

font color used to depict the three-resonance dip in figure 5.2

* Figure (a) A schematic description of the decomposition of the sharp resonance
mode into an unperturbed dark mode and the radiation continuum. The size of the
sign represents the strength of the field. (b) The 1D field plot along the Y-direction
at x = -44 um and X =44 um for the symmetry-perturbed metamolecule system.
(c) The 1D field plot along the Y-direction for the symmetric structure, calculated

using eigenmode analysis.

* Figure (a) The theoretically calculated transmission spectrum for a structural
asymmetry 6 = 26.4%. The theoretical matching validates the evidence of the
bright-dark coupling mechanism. (b) The broad radiation continuum extracted
using the analytical model. (c) The corresponding dark or discrete line shape

extracted using the analytical fit.

* Figure[5.7|(a) The simulated transmission contour plot as a function of frequency
and degree of asymmetry. (b) The asymmetry versus calculated Q factor of the

sharp resonance dip. The solid line represents the fitting with the expression
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Q@ = A5 2 + Correction term. (¢) Evolution of the quasi-BIC in the transmission

spectra versus the degree of asymmetry.

¢ Figure The fiber-coupled THz time-domain setup focuses the transmitted THz
radiation to a beam spot size of 8 mm using a parabolic mirror with a focal length
of 10 cm. The focused THz beam is passed through a metasurface sample area of 1

cm x 1 cm and is then detected by the detector.

* Figure Micrograph image and experimentally measured transmission spectrum
for (a) symmetric structures, (b) with structural asymmetry 6 = 20.5%, (c) with

structural asymmetry 6 = 29.4%, fabricated using photolithography.

* Figure[5.10/The measured near-field scanning microscopy image and simulated |E |
field distributions of the metasurface with asymmetry a = 29.4% at frequencies
(a) f =0.71THz and (b) f = 0.92THz. The field distributions are scanned and
calculated at 10 um above the metasurface. The ring resonators are highlighted
with black dashed circles.

¢ Figure (a) Schematic representation of the optimized planar terahertz double
split ring resonator metasurface design on the quartz substrate. Here, the geomet-
rical parameters are, periodicity A, =200um, A, = 100um, length of the square
SRR, [ = 65um, split gap, g = 16um and S represents the perturbed interspacing
between two SRR. (b) The fabricated metasurface sample using photolithography

in clean room ambiance.

¢ Figure Simulated transmission spectra for the (a) unperturbed case, the sepa-
ration between the two adjacent SRR is S = 38um, (b) perturbed case, when the
interspacing between the two adjacent SRR is changed by AS = 10um. The change
in separation leads to periodicity doubling, as shown in the inset. The unit cell is

shown as a dashed marking for a clear view.

¢ Figure [6.3| The simulated (a) near-field distributions of the Z component of the
magnetic field (the field monitor is exactly top of the resonator), (b) the magnetic
field arrow plot in the XZ plane, and (c) surface current profile at the sharp
Fano resonance dip of frequency 0.71 THz. (d) Simulated Ez field distributions
at the broad resonance dip of f = 1.11THz, the plus and minus signs show the

corresponding charge distributions.
XXii
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* Figure The calculated normalized wave vector versus Q factor plot using
eigenmode solver. The inset shows the position of symmetry points of the first
reduced Brillouin zone. The Q factor decays in the reciprocal space and attains a

very high value at I' point.

* Figure The simulated transmission amplitude (blue) and analytically fitted

transmission using Fano theory for AS = 32 um; asymmetry 6 = % =0.84.

* Figure[6.6| Transmission spectrum of the metasurface for different gap perturbation
(a) AS =32um , (b) AS =16um, and (c) AS = 8um . (Black solid line: Simulation,

red dashed line: coupled harmonic oscillator model.)

* Figure The appearance of Quasi BIC mode when the separation between the
pair of SRR is changed. White dashed line indicates the position of ideal BIC mode.

* Figure (a) Simulated and experimentally measured transmission amplitude for
the (a) unperturbed AS =0, and (b) perturbed metasurface with AS =32um.

* Figure The Fano fitted plot with the simulated data for the Q factor extraction.

* Figure The Fano fitting plot with the (a) simulated and (b) experimental

transmittance spectrum, corresponding to the asymmetry of 29.4%.

* Figure Schematic representation of the near-field scanning terahertz mi-
croscopy (NSTM) setup. It is composed of a beam splitter (BS) and mirrors (M)
for splitting and guiding the beam for generation and detection of THz radiation,
parabolic mirrors (PM) for focusing the THz beam, photoconductive antenna (PCA),
and the THz microprobe for the generation and detection of THz pulses in the

near-field region.

* Figure (a) The analytical fitted spectrum for the collective effect of dark-bright
interference (b) recalculated bright mode spectrum from the fitting parameters, (c)

the decomposed asymmetric lineshape at the Fano frequency 0.713 THz.

* Figure Structural layout of the symmetric split ring resonator (SRR) meta-
surface. The image shows the arrangement of the SRR unit cell, illustrating the
interspacing distance between adjacent SRRs, which is varied to induce the quasi-

BIC mode. (a) the unperturbed case, (b) with interspacing perturbation, AS.
xXxiii
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¢ Figure (a) The dispersion plot for the unperturbed case, when the unit cell
consists of a single unit cell, the dotted line shows the position of the new X point
that would be as a result of folding, (b) the folded modes under the effect of lattice
constant perturbation, the folded modes are shown with dotted lines. The circular
mark indicates the mode that becomes a BIC mode under the perturbation effect.

(c) The Z component of the folded BIC mode calculated using the eigenmode solver.

¢ Figure (a) The simulated surface current profile at the sharp quasi-BIC reso-
nance mode, (b) a pictorial representation of the formation of the toroidal moment

because of the head-to-tail magnetic moment.
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CHAPTER

INTRODUCTION

“Metamaterials are a testament to human ingenuity, allowing us to mold electromagnetic

fields and unlock phenomena once thought impossible.”

- Sir John Pendry.

1.1 Bound State in Continuum

1.1.1 Historical overview and theoretical foundation

Bound State in the Continuum(BIC) sets a remarkable example of general phenomena
discovered in the context of quantum mechanics, which gets an extension to acoustics,
hydrodynamics, and photonics [1]} Figure [I.1]depicts the conceptual origin of BICs in the
context of quantum mechanics. In a standard quantum well, the spectrum comprises
two types of modes: delocalized or extended states that exist within the continuum and
bound states that form a discrete set of modes at different energy levels. In 1929, Von
Neuman and Wigner showed that by modulating the potential of the quantum well with
unbound oscillations, as shown in Figure there are solutions of bound modes that
exist in the range of continuous spectrum

Initially, in quantum mechanics, BIC is described as a paradoxical state where energy
remains trapped despite being embedded in the continuum. These kinds of exceptional

bound states have been studied as "trapped modes" in acoustics and hydrodynamics
1
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(a) (b)
U(r)

Continuum /\/\/\E >0 BIC

- Continuum

Discrete E < 0

spectrum b ... e S Discrete

spectrum

Figure 1.1: (a) The spherical potential well, the states are continuous with E = 0, and states
are discrete or bound states for energy E < 0, (b) modulation in the potential results in specific
solutions: bound state in the continuum.

Spectrum Mode profile
Y
BIC
Resonance
_____ —_—— A~~~ A~ (leaky mode)

Extended state

—_—— !
/r\/\/\_/\//\ (continuum)

Confinement

Frequency, w

Regular
bound state

Space

Figure 1.2: A general conceptual representation of bound state, continuum, resonance state,
and BIC. Bound States in the Continuum (BICs; red) are unique states that, despite residing
within the continuum, remain confined and do not radiate|[1]| (Reproduced with permission from
Springer Nature. https:/doi.org/10.1038/natrevmats.2016.48) .

for a long time In 1960, for the first time, L. Fonda introduced the term Bound
State in Continuum (BIC) for such modes. Later, the theory of BICs was extended for the
description of various atomic, molecular, and quantum mechanical systems. Theoretically,
ideal BIC possesses infinite lifetimes and zero linewidth, which are very sensitive to any
external perturbations These bound modes become leaky modes under the effect of
slight perturbation. These leaky modes are known as quasi-BIC modes, which have a
finite lifetime and possess a finite high-quality factor (Q-factor) resonance. Figure (1.2
gives a general picture of the BIC in terms of modes and spatial profile. In an open
system, the frequency spectrum typically comprises a continuum of spatially extended
states (blue) and discrete levels representing bound states (green) that do not emit
outward (shown in Fig[I1.2). The spatial localization of these bound states is due to the

2
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1.1. BOUND STATE IN CONTINUUM

w
A
Continuum
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z ”2 /
n1 >
Waveguide w T/ K
ﬁx
ontinuum
BIC
A (
—
>
Ny Ty K

Periodically modulated waveguide

Figure 1.3: A schematic presentation of BIC in the photonic system due to the periodic patterning
of the waveguide with an analogy to the potential well modulation in a quantum mechanical
system.

constraints imposed by the potential (black dashed line). Generally, states within the
continuous spectrum interact with free space and radiate, turning into leaky resonances
(orange). However, BICs are states that defy conventional wisdom, residing within the
continuum but remaining uncoupled to the free space.

Figure|1.3|shows a schematic illustration of the concept of BIC extended to a photonics
system in analogy with the potential modulation in the quantum system. In a regular
waveguide, the modes lie below the light line, functioning as guided modes that do not
emit into the far field. However, when the waveguide is periodically modulated, the
periodicity causes band folding [4]l This band folding enables certain modes to rise above
the light line, leading to the emergence of a BIC within the continuum as indicated by
the circle in the bottom panel of Figurdl.3]

1.1.2 Types of BICs

There are two main approaches to realizing BIC in a photonics system: 1). Symmetry-
protected BIC and 2). Accidental BIC. In the first approach, BIC is protected due to
the symmetry of the system. In the second approach, accidental decoupling from the

radiation continuum occurs due to continuous tuning of some system parameters
3
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Figure 1.4: A dielectric grating with one dimensional periodicity P.

We explore the formation mechanisms of symmetry-protected and accidental Bound
States in the Continuum (BICs) by considering the example of a dielectric grating with
periodicity P, as shown in Fig.[I.4] According to Bloch’s theorem, the electric field within
this periodic structure can be expressed as

Ey, (x,y,2) = e/*02 TRy (x,2), (1.1)

here k;, represents the Bloch wave vector, k£, is the component of the wave vector along
the y-axis, and vk, (x,2) is a periodic function along the z-axis. This function can be
decomposed into a Fourier series as follows:

(kbz+27?’lz)

Uk, (x,2) = ZAz(x)ei y (1.2)
7

here I =0,+1,+2,... labels the terms in the series, each corresponding to a distinct
diffraction channel. Outside the grating, the expansion coefficients relate to plane waves

as:

Aj(x) — Ajeti@rr (1.3)
w? 9 27l 2
Ql:\/c_2_ky_ kb+?) . (1.4)

If @; is real, the diffraction channel is open, and A; describes the complex ampli-
tude of the outgoing wave coupled to the [-th diffraction channel. Conversely, if @; is
imaginary, the diffraction channel is closed, and A; represents the complex amplitude
associated with the near-field. To generate a BIC, it is essential to nullify all coefficients

A; associated with open diffraction channels. For a subwavelength structure where P < A,
4
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1.1. BOUND STATE IN CONTINUUM

only one diffraction channel typically remains open, corresponding to / = 0. Therefore, to

create a BIC, the coefficient A((x) must be zero. This coefficient is given by:

P2 .
Ap(x) :f vkb(x,z)e_‘kbzdz. (1.5)
—-P/2

At the center of the k-space (kp = 0):

P/2
A= [ ., Vio2)dz = (0 3,2 (1.6)

This equation indicates that the condition for a BIC at the I'-point is that the z-averaged
electric field components must be zero. If the unit cell of the grating is symmetric under
in-plane inversion, the modes at the I'-point can be categorized as either even or odd
functions of z. Odd functions naturally have a zero z-averaged value, resulting in a
symmetry-protected BIC.

The appearance of accidental BIC can be explained by Friedrich and Wintgen coupling
mechanism The coupling mechanism is schematically illustrated in Fig. We will
explain the coupling mechanism in the context of a periodic photonic structure. The
periodic photonic structure represents an open system. The eigenmode analysis of an
open system becomes more complicated than that of a closed system In a closed
system, the mode interaction can be described in a formulation of total Hamiltonian H
representing a sum of unperturbed Hamiltonian and the interaction potential V. The
interaction results in an intermodel mixing, and, as a result, avoided resonance crossing
appears in the spectra, which is a characterizing feature for strong mode coupling[[8]
However, in an open system, besides the intermodal coupling, modes are coupled to the
continuum and behave as leaky waves. Figure illustrates the conceptual picture of
mode interaction in open electromagnetic systems. An open system can be considered as
a closed resonator containing non-radiating modes |y,) and |y}), which are coupled to
the radiation modes outside the resonator, following the Friedrich-Wintgen mechanism
(see Figure|1.5(a)). The modes interact with the radiation continuum(via the interaction
potential V) with the adjustment of the system parameter. The frequencies and radiation
losses of the modes vary with such parametric adjustment. The radiative loss can be
substantially suppressed with continuous variation of the adjustment parameter and
hence the interaction potential V. In such cases, a BIC or quasi-BIC appears in the
spectra.

This interaction can be described using temporal coupled mode theory. If we approxi-

mate the system’s response with two resonant modes, we can represent it with a vector
5
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(a

Open l Closed .
resonator MM resonator

)

(

>

[1¥a)

Radiation losses

BIC

|n) /

Interaction parameter

>

Figure 1.5: (a) A conceptual representation of an open resonator as a closed resonator (un-
perturbed Hamiltonian H interacting with the continuum via the interaction potential V. (b)
The change in radiation loss of the two leaky modes is due to the continuous tuning of system
parameters. At a certain point, one of the modes turns into an accidental BIC mode with zero
radiation loss.

of complex amplitudes, a = [C,(¢), Cp()]7, for states lwe) and |yp). The time evolution of

these complex amplitudes is governed by:

da .
T _Ag
dt 2

where the Hamiltonian H includes two parts:

ﬁ:(wa K)—i( Yo Yane"‘b).
x wp)  \vaYse'®  1p

Here, w, and w, represent the resonant frequencies, and y, and y; account for the
coupling through the radiation continuum. The phase shift between the modes is given

by ¢. A Bound State in the Continuum (BIC) forms when the radiative losses of one of
6
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the modes vanish after the interaction. In this two-mode approximation, the condition

for forming a BIC can be written as :

K(Ya—Ys) = € ?/Yars (wa — wB),

with ¢ = 0 or n. This condition of BIC can be satisfied accidentally with a continuous
variation of system parameters. This type of BICs are known as accidental BIC or
Friedrich-Wintgen BIC.

1.2 BIC in metasurface

Dielectric photonic crystals (PhCs) have been extensively studied for exploring bound
states in the continuum (BICs) due to their ability to support high-quality (Q) factor
resonances without intrinsic Ohmic loss [[9]]]. This is achieved through the excitation
of displacement currents within the dielectric medium, minimizing electromagnetic
energy dissipation and allowing for the generation of high-Q resonances [[4]]. PhCs can
leverage the symmetry properties of the structure to confine modes and achieve BICs,
thereby attaining sharp resonances ideal for applications in lasers (9], sensors, and filters

However, the geometric size of the unit cells in conventional PhCs is typically on the
order of the resonance wavelength. This larger geometric size results in a relatively large
mode volume (V), which in turn limits the confinement of the resonant energy within
the resonator cavity. In the context of cavity quantum electrodynamics (CQED), the
Purecell factor, which is proportional to the ratio of Q to V (Q/V), is a critical parameter
determining the efficiency of spontaneous emission rates Despite the ability of PhCs
to achieve large Q factors, their relatively large mode volumes significantly reduce the
Purcell factor, thus hindering the enhancement of spontaneous emission rates in these
structures. This limitation poses a challenge for applications in quantum optics, such as
single-photon sources and CQED-based devices

Metamaterials have emerged as a promising alternative to address these limita-
tions. Metamaterials consist of sub-wavelength dimensions building blocks. By carefully
designing the geometry of these resonators and optimizing their mode properties, the
resonant mode volume can be localized to the subwavelength scale Gupta et al.

explored a planar metamaterial design with excellent subwavelength field confinement
7
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and enhancement of g ratio (Purcell factor), with enhanced light-matter interaction
This transition from traditional PhCs to subwavelength metamaterial platforms
represents a significant advancement in the design of photonic structures capable of
supporting high-Q BICs. By leveraging the deep subwavelength confinement and en-
hanced % ratios, metamaterials open new avenues for creating the next generation of

miniaturized, efficient devices for quantum computing and communication.

1.2.1 Metamaterials and metasurfaces

Material development always plays an important role in the evolution of technologies.
Materials with unique properties, which are usually unavailable in natural materials,
may lead to a new application or replace the oldest one with a higher degree of efficiency.
Almost all electromagnetic devices work based on the interaction between waves and
material. The Earth is abundant with natural resources, which humanity has harnessed
to achieve the current milestones in science and technology. Despite this progress,
sometimes the natural law limits the desirable electromagnetic response of the wave-
matter interaction. However, in some cases, the eligible material medium does not exist
in nature. This quest has led to the emergence of metamaterials, a novel category of
man-made materials. To produce the desired electromagnetic properties of a substance,
scientists manipulate the structure of the substance at the molecular level(e.g., Teflon).
This kind of material is known as synthetic material. In another approach, the design and
arrangements of elements in the subwavelength domain can create an inhomogeneity
larger than the molecular scale but smaller than the wavelength of interest. This kind of
new material can be described in terms of effective electromagnetic parameters. Such
artificial, man-made materials are termed as metamaterials.

The exact definition of metamaterials is still unclear, and there is no unique or uni-
versally accepted definition yet. The European Union’s Metamorphose Network defines
metamaterial as “an arrangement of artificial structural elements designed to achieve
advantageous and unusual electromagnetic properties.” However, this definition is inad-
equate to distinguish the metamaterials from other man-made structures like photonic
crystals. A most appropriate definition was given in the book[17], "A metamaterial is
an artificially structured material which attains its properties from the unit structure
rather than the constituent materials. A metamaterial has an inhomogeneity scale that

is much smaller than the wavelength of interest, and its electromagnetic response is

8
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Metamaterials (*/p) »1

Photonic Crystals

Geometrical
Optics Domain

(A/P) «1

Figure 1.6: Levels of inhomogeneity in Optical materials: Subwavelength structures, such as
metamaterials, are made of meta-atoms smaller than the wavelength, resulting in a uniform
appearance. At the wavelength scale, diffraction and interference dominate, as seen in photonic
crystals. At larger scales, geometrical optics and ray tracing apply.

expressed in terms of homogenized material parameters." The electromagnetic properties
of metamaterials can be represented by average homogeneous electric permittivity (¢)
and magnetic permeability (u¢) due to its sub-wavelength inhomogeneity.

The sub-wavelength unit cells of metamaterial are known as "meta-atoms" that are
designed to exhibit electromagnetic properties unattainable by natural materials. These
meta-atoms form the fundamental components of the metamaterials and are strategically
positioned within them. Consequently, metamaterials’ optical and physical properties
can be tailored by altering the meta-atom’s shape, orientation, size, or geometry. From
the general aspects of electromagnetics, wavelength determines whether or not a periodic
collection of objects or atoms will be considered material. The three different levels of
inhomogeneity are illustrated in Fig[1.6] Starting with the smallest dimension, the first
level is subwavelength, where metamaterials are situated. The fundamental building
block of metamaterials is smaller than the wavelength of interest. The spacing between
meta-atoms is in the subwavelength range, giving metamaterials a macroscopically uni-
form appearance. This characteristic allows us to classify metamaterials as "materials"
rather than devices When a structure has dimensions in the order of wavelength,
phenomena such as diffraction and interference become dominant. Examples include
X-ray diffraction in crystals, photonic crystals in optics, and phased array radars in
microwave frequencies. When the inhomogeneity size is even larger, the structure is

typically described using geometrical optics and ray tracing.
9
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The concept of metamaterials does not impose additional restrictions beyond size.
Although, in most cases, meta-atoms are arranged periodically, there are examples of
randomly arranged metamaterials with remarkable electromagnetic properties.

The groundwork for the research in modern metamaterials started with the publica-
tion of widely known research by Victor Veselago in 1968 In this paper, Veselago
predicted the possibility of the existence of materials with both negative permittivity
and permeability. The paper also discussed the material parameters required to achieve
the negative refractive index. The exploration of negative permittivity and permeability

can be described using Maxwell’s equations.

v.E=P (1.7
E
. 0B
VxE=-—— 1.8
X Y (1.8)
V-B=0 (1.9)
. - 0B
VxB=pud+eu— (1.10)

ot

Equations 1.1 and 1.2 can be solved by considering the plane wave electric and magnetic

component as,

E =Egexp(ik -7 —iwt)
H = Hyexp(ik -7 —iwt)

The equations (1.8) and (1.10) simplifies to

-

EXE:uijI
kxH =—¢wE

For both u and € positive, the above equations form a right-handed orthogonal system,
and hence, light will refract to the right, obeying Snell’s law of refraction. For left-handed
propagation to occur while still satisfying Maxwell’s equations, the material must have a
refractive index n < 0, which implies that both the permittivity ¢ and the permeability u
are negative. In such materials, the direction of wave propagation, the electric field, and
the magnetic field form a left-handed orthogonal system, which is contrary to the usual
right-handed system observed in conventional materials. Figure shows the catego-
rization of the material in terms of electric permittivity € and magnetic permeability ().

Region I comprises materials with both positive permittivity and permeability, depicting
10
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common transparent dielectric materials. The following quadrant, Region II, includes
metals, ferroelectric materials, and doped semiconductors characterized by negative per-
mittivity and positive permeability. Region III is the zone predicted by Victor Vesalago;
no naturally occurring materials exhibit both negative permittivity and permeability.
The final quadrant, Region IV, contains ferrite materials with positive permittivity and
negative permeability. Vesalago’s theory remained theoretical until 1999 when Sir John
Pendry introduced metamaterials as a new category of materials. This breakthrough
launched an entirely new field of research that continues to be highly relevant today.
The modern era of metamaterial started after the experimental demonstration of the
simultaneously negative value of effective permittivity and permeability, first in the
microwave region by Smith et al. using a composite structure of split ring resonator
and thin wire. This work predicted that the structure forms a left-handed medium, and
hence, Snell’s law will be inverted for this medium. In 2001, Shelby et al. experimentally
tested the negative refractive index metamaterial as shown in Figure (a). Figure
(b) shows the detected power calculated as a function of the angle of refraction
according to Snell’s law experiment. Microwave radiation is made to incident on the
prism-shaped metamaterial sample, and a refraction opposite to the surface normal
is recorded. A wedge-shaped sample made of Teflon material is used as a reference,
which shows the refraction of the radiation at an opposite angle to the normal as per its
known positive refractive index value. The observation validates the negative refraction
of the fabricated metamaterial sample. Although the initial work on metamaterials only
focused on the negative index metamaterials. But today’s metamaterial-based works
are no longer limited to negative refraction. Various artificially made electromagnetic
metamaterials show extraordinary properties that are usually not available in natural
materials and cannot be achieved by synthesized material.

Metasurfaces are the surface version or two-dimensional equivalent of metamaterial .
The research on metasurfaces has gained significant attention in recent years because
they offer electromagnetic manipulation, light focusing in a ultra thin sub wavelength
features. Metasurfaces are often a useful alternative to metamaterials for many ap-
plications. One key advantage of metasurfaces is that they occupy less physical space
compared to full three-dimensional metamaterial structures. The sub-wavelength ultra-
thin features may open the door for developing miniaturized metasurface-based optical
devices. This ultra-thin feature of metasurface enables the creation of highly efficient
optical components, such as lenseq[22], holograms and beam splitters on a

11
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Figure 1.7: Categorization of materials based on their electric permittivity (¢) and magnetic
permeability (¢). The diagram illustrates four quadrants, with each representing a different type
of material. The fourth quadrant, where both u and € are negative, denotes Veselago’s predicted
negative refractive index materials.

compact scale. Additionally, metasurfaces tend to show low absorption losses due to
their planar structure, making them less lossy than their 3D metamaterial counterparts.
These advantages make metasurfaces an attractive option for applications in imaging,

sensing, and communication technologies.

1.2.2 Metallic metasurface Vs All-dielectric metasurface

Metallic metasurfaces have been widely used in various applications due to their ability
to manipulate electromagnetic waves effectively. However, their intrinsic ohmic losses
significantly limit their application, particularly at optical and near IR frequencies. In
contrast, all-dielectric metasurfaces offer a promising alternative due to the absence

of ohmic losses. These metasurfaces are typically composed of high-refractive-index
12
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Figure 1.8: (a) The fabricated negative refractive index metamaterial. The metamaterial struc-
ture is made up of a combination of a split-ring resonator and wire lithographically deposited
on the opposite side of a circuit board. The thickness of the structure is 1 cm. (b) Experimental
demonstration of the negative refractive index phenomena according to Snell’s law. The plot
shows detected power as a function of angle from the normal. (c) A schematic representation of
the geometry that is used to demonstrate a negative index of refractio

dielectric materials, which allow them to efficiently manipulate electromagnetic waves
without the energy dissipation associated with metals.

All-dielectric metasurfaces can support both electric dipole (ED) and magnetic dipole
(MD) resonances through Mie scattering, even in simple structural geometries[21]] While
metallic metasurfaces can also exhibit simultaneous electric and magnetic dipole re-
sponses, they typically require some specific configurations, such as split-ring resonators
(SRRs) or stacked direct, complementary structures. Moreover, dielectric metasurfaces
offer lower losses and higher quality factors, making them advantageous for many appli-
cations. Even when magnetic resonances are achieved, the ohmic losses in metals still
show a significant drawback.

Furthermore, the potential for integration into on-chip photonic systems makes all-
dielectric metasurfaces a promising candidate for future nanophotonic-based applications.
Their compatibility with existing semiconductor fabrication processes allows for the

seamless integration of these metasurfaces into photonic circuits.

13
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Figure 1.9: Position of the terahertz region in the electromagnetic spectrum.

In this thesis, we investigate metallic metasurfaces in the terahertz region while
focusing on all-dielectric metasurfaces in the near-infrared region to minimize ohmic
losses and meet the requirements of our targeted applications. The following section
provides a comprehensive discussion of the fundamental resonances in terahertz split-
ring resonator metasurfaces. We further present a brief discussion of the evolution of
quasi-BIC resonances with varying degrees of asymmetry for metasurfaces in both the

near-infrared and terahertz regions in section 1.2.4.

1.2.3 Terahertz metasurfaces

The terahertz (THz) frequency range, which covers the frequency range of about 0.1
THz to 10 THz, lies between the infrared and microwave regions of the electromagnetic
spectrum Fig. shows the terahertz frequency region in the electromagnetic
spectrum. The THz range was largely unexplored for many years, mainly because of the
absence of efficient sources and detectors for THz spectroscopy and imaging. Hence, this
unexplored region was often called the "THz gap," which created substantial obstacles
to the progress of THz science and technology. However, recent breakthroughs have
shown significant progress in generating, detecting, and manipulating THz waves. These
advancements open the avenue to the creation of new efficient THz-based devices with
broader potential applications in areas such as imaging, sensing, and communication
Unlike the microwave or infrared regions, which are typically described by
their wavelength (usually in centimeters or nanometers), the THz region is mainly

defined by its frequency range. The THz band overlaps with the neighboring spectral
14
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Figure 1.10: (a) A closed ring resonator metamaterial unit cell with radius 30 um, width 6 um
and periodicity 90 um on the top of a quartz substrate. (b) Simulated transmission spectrum
for the closed ring resonator. (c) A circular Split Ring Resonator, with a split gap of 6 um, while
all other geometrical parameters are the same as the closed ring resonator. (d) The simulated
transmission plot for two orthogonal polarizations of incident electromagnetic waves.

bands, such as the millimeter-waveband, the submillimeter-waveband, and the far-IR
band. Thus, describing the THz region by frequency rather than wavelength provides a
clearer definition with less ambiguity. Additionally, the fundamental resonances (phonons
and molecular vibrations) of many materials, are in the terahertz (THz) frequency
range. These resonances are more effectively discussed when considered in terms of
frequency rather than wavelength. Devices based on metasurfaces that operate in
the THz domain hold particular promise for enhancing THz applications due to their
unique characteristics, such as subwavelength control of electromagnetic waves, phase

manipulation, and high transmission efficiency

1.2.3.1 Different types of resonances in a THz SRR metasurface

In this thesis, we will focus on the resonant behavior of metallic rings and split ring
structures in the terahertz frequency region. A simple single-gap SRR comprises a

circular or square metallic ring with a split gap. An SRR shows different kinds of
15
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resonance behavior under the different states of incident polarization. For instance, under
different polarization states, the SRR can show broad dipole resonances, LC resonance
modes, or other complex resonance behaviors. Here, we present a brief discussion starting
with the most commonly observed broad dipole resonance. Fig. (a)and (c) depicts the
unit cell of closed ring metasurface and circular split ring metasurface with periodicity
90 um, radius 30 um, width 6 um and split gap of 6 um. In the figure, the metasurface
is simulated with aluminum o = 3.56 x 10’ S/m on a quartz substrate Nguartz = 2.09;
simulation methods will be discussed in Chapter 2. A closed ring resonator shows a
broad dipole resonance dip (denoted by f4) under the excitation of normally incident
terahertz radiation (as shown in Fig. (b)). The ring-type resonator can be modified
by introducing a gap. The gap and the metallic arm induce an effective capacitive and
inductive effect, respectively, forming an equivalent LC-type resonator. This concept was
first introduced in Pendry’s foundational work on metamaterials. The LC-type resonator,
depicted in Fig. (c), includes a circular-shaped design. However, we can have the
same electromagnetic resonant response by using a square-shaped resonator. Due to
the lack of symmetry about the Y-axis, the structure displays polarization-dependent
resonances. This polarization dependence is observed as an order-like behavior between
the resonances when subjected to x and y polarizations (as shown in Fig. (d)).
For convenience of discussion, we have marked the spectral positions of the resonance
mode as fa,[B,fc and fp. For polarization perpendicular to the gap of SRR, a broad
resonance dip can be observed at frequency fp. For y-polarization, where the electric
field is parallel to the gap, the broad dipole mode fp splits into a fundamental LC mode
(fg) and a third-order mode ( f¢). The LC resonance exhibits characteristics akin to
electronic circuits, where energy is stored in the capacitor and inductor. This resonance
is less radiative and narrower compared to the broad dipole resonance (f4), reflecting
the energy retention within the LC circuit. Figure presents the Z component of the
electric field distributions and surface current distributions of the resonators at different
resonance frequencies. Figures (a) and (d) show the near field distribution and
surface current profile of the broad resonance at f4 corresponding to the closed ring. The
charge distributions and parallel surface current closely resemble the dipole nature of the
resonance mode. Figures[I.11(b) and (e) present the electric field distributions (normal
component) and surface current profile for the split ring resonator metasurface when the
polarization is along the gap. The fundamental LC resonance mode fp is characterized

by a single closed loop of surface currents and charge polarity at the split gap (Fig.

16
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Figure 1.11: The Z component of the electric field distributions and surface current distributions
for (a,d) the closed ring resonator at frequency fa, (b,e) the circular split ring resonator LC
resonance mode at frequency fB, (c,f) the circular split ring resonator second resonance mode
at frequency f¢, (g,h) the circular split ring resonator at frequency fp with the electric field
polarized perpendicular to the gap.

(b)). The second order mode at frequency f¢ corresponds to three branches of surface
currents (as shown in Fig. (f)). The charge distribution closely resembles the nature
of a quadrupolar mode. The SRR shows a dipole resonance (at frequency fp)behavior
when polarization is perpendicular to the split gap (as shown in Fig.[I.11(g) and (h)).
In contrast, the second-order resonance fp manifests under X-polarization, where
parallel surface currents form a resonance pattern akin to the dipole resonance (as
shown in Fig.[1.11(g) and (h)) as described earlier. This intricate behavior demonstrates
the impact of polarization on the resonance modes of the LC-type resonator, highlighting

its potential for tailored electromagnetic responses in metamaterial applications.
17
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1.2.4 Quasi BIC resonance and their spectral properties

An ideal BIC is a mathematical concept. It is actually the quasi-BIC mode that mani-
fests as a sharp Fano resonance. The BIC mode with infinite Q factor (zero linewidth)
transforms into a quasi-BIC mode under the effect of symmetry breaking or contin-
uous parameter tuning. In the symmetry-protected BIC mechanism, the resonance
mode evolves with the degree of asymmetry. The excitation of quasi-BIC mode in the
metasurface via symmetry breaking effect has been explored in many works The
in-plane symmetry of the metasurface is disturbed by introducing asymmetry in the
unit cell. In such cases, the ideal conditions that completely nullify the radiation in the
BIC no longer hold. However, the coupling to the radiation continuum remains weak.
The extremely weak coupling to the radiation continuum creates a sharp resonance in
the spectrum—referred to as a quasi-BIC. The closer the system parameter is tuned
to its symmetric configuration, the higher the Q-factor of the quasi-BIC. In the follow-
ing subsections, we will discuss the spectral characteristics of quasi-BIC mode in the

metasurface for near-infrared and terahertz frequency regions.

1.2.4.1 Quasi-BIC Resonance in the Near-Infrared Domain

‘ The transition from ideal Bound States in the Continuum (BICs) to quasi-BICs is
crucial for tuning resonant properties and achieving high-Q factors. In the context of
symmetry-breaking BIC, many interesting works have been reported. Koshelev et. al
have shown that the sharp spectral resonances recently observed in different types of
meta-atom designs (plasmonic and dielectric) are fundamentally a consequence of the
symmetry-protected BIC mechanism These resonances occur due to the breaking or
distortion of symmetry that protects the BIC from radiating. It is also reported that the
radiative quality factor follows a general law: proportional to the inverse square of the
defined asymmetric parameter

Q= < (1.11)

a?’
, where C is a constant depends on the geometry of the system and a is the degree
of asymmetry. Figure shows the divergence nature of quasi BIC mode’s Q factor
as the asymmetry decreases for different asymmetric meta-atoms, each defined with a
different asymmetry parameter. In context with this reported finding, Li et. al proposed a
symmetry-protected BIC supported by metasurfaces composed of silicon nanodisks

The in-plane symmetry (x,y) < (-x,-y) of the metasurface unit cell is broken by adding or
18

TH-3572_196121102



1.2. BIC IN METASURFACE

00-=0¢

a=AL/L D
AL
L
As

—_—

L

¢
&= a=As/S
I —_—
I L 1 JIIJJll 1 L IIIJIJJ '

L
0.001 0.01 0.1
a=AL/L
Asymmelry parameter E %‘
AL

Perturbation add @ remove @

Radiative Q factor

Figure 1.12: Effect of symmetry breaking in the additive Q factor of quasi BIC mode ; (a) Q
factor dependence on in-plane asymmetry parameter defined by the meta-atom as shown in (b).
The change in the Q factor follows an inverse square law of the asymmetry. (b) Different types of
asymmetry meta-atom and the definition of asymmetry, a. © 2018 American Physical Society.
Reprinted with permission. https://doi.org/10.1103/PhysRevLett.121.193903
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Figure 1.13: (a) Schematic model of the symmetric Si nanodisk and two asymmetric Si nanodisks
after removing (top) or adding (bottom) a part of the disk from the left edge. The SiOs substrate
is omitted for simplicity. (b) Evolution of the quasi-BIC mode in the transmission spectra with
the asymmetry AR.© 2019 American Physical Society. Reprinted with permission. https://10!
1103/PhysRevA.100.063803
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removing a portion from the nanodisk. Figure (a) illustrates the in-plane symmetry-
breaking process of the meta atom. The disappearance of the sharp Fano resonance as
long as the structure attains the symmetry is a characteristic of the symmetry-protected
quasi-BIC mode. Figure (b) shows the evolution of the quasi-BIC mode from the
BIC mode. The radius of the symmetric nanodisk is marked by R; = 400nm, and the
length from the center to the left edge of the disk after perturbation is marked by R2.
The degree of asymmetry is defined as AR = R1-Rs. The difference between R and Ry
perturbs the in-plane symmetry of the structure. As AR decreases, corresponding to the
removal of a portion from the edge of the nanodisk, the resonance becomes sharper. The
sharp resonance mode disappears in the transmittance spectrum as AR reaches zero,
indicating a symmetric nanodisk. This singularity point (diverging Q factor or negligible
linewidth) at approximately 1630 nm of wavelength, when AR = 0, signifies the presence
of a bound state in the continuum (BIC), with no energy leakage to free space. As AR
is further decreased, meaning a larger portion is added to the nanodisk, the resonance
broadens again. The introduction of asymmetry in the nanodisk leads to the emergence
of asymmetric Fano resonances, indicative of quasi-BIC states. The interference between
the discrete state or bound state of the metasurface and the continuum results in a sharp
asymmetric Fano lineshape resonance

1.2.4.2 Quasi-BIC Resonance in terahertz metasurface

Terahertz metasurfaces that exploit symmetry-protected BIC resonances are de-
signed by breaking the structural symmetry. The intentional geometrical asymmetry
enables precise tuning of the frequency and Q factor of the resonance mode. Cong et al.
explored dual BIC mode excitation in a planar double-split gap split-ring resonator (SRR)
metasurface as shown in Fig. The SRR metasurface demonstrates the excita-
tion of two distinct quasi-BIC modes: a sharp Fano resonance and an Electromagnetically
Induced Transparency (EIT)-like resonance, for incident polarizations along the x- and
y-axes, respectively. The transition from BIC to a quasi-BIC mode is explained by the
effective electric dipole moment (as shown in Figure (c)). For a linearly polarized in-
cident plane wave, coupling occurs only with modes having net electric components along
the x- or y-axis. For symmetric SRR, both y-polarization and x polarization of incident

wave results in a net zero effective dipole moment. However, the induced asymmetry
20
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({2

by displacing the gap from the center with a distance “d.” A dimensionless parameter “a” is

defined to express the asymmetry degree quantitatively a = (ZI_ZZ) x 100%, where [ and [9

[1+1o

indicate the total length of the left and right branches of the resonator, respectively. b) The
evolution of the Fano and EIT-like quasi-BIC mode in the transmission spectra at different
asymmetry degrees for y- and x-polarizations. ¢) Analysis of resonance mechanism by electric
dipole moments at y- and x-polarizations. The induced geometrical perturbation causes the
leakage of the ideal BIC mode. Adapted with permission from[31]]John Wiley and Sons, Copyright
© 2019 DOI:doi.org/10.1002/adom.201900383.

disturbs the dipole alignment as well as the magnitude, which allows the coupling of the
quasi-BIC mode to the free space radiation continuum. In line with this work, Tan et al.
reported a method to enhance the Q factor of symmetry-protected quasi-BIC resonance
mode by coupling with the fundamental lattice mode [116]} The lattice mode is a trapped
mode confined to the substrate. Hence, coupling the quasi-BIC resonance mode with the

fundamental lattice mode can significantly reduce the radiative loss.
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Figure 1.15: A visual representation of the Fano formula, depicting the mixing of a discrete
(Lorentzian) state and flat continuum, which results in a Fano line shape.

1.3 Fano resonance and their relation to BIC

1.3.1 Fano Resonance: Concept and Mechanism

In general, Fano resonance arises due to the interference between a discrete state and a
continuum of states, resulting in an asymmetric spectral lineshape. In 1961, Ugo Fano
discovered the asymmetric Fano lineshape resonance in the context of atomic physics
He explained the asymmetric lineshape observed in the photoionization spectra
due to the interference of direct ionization and a resonant excitation path. The hallmark
of Fano resonance is its distinctive asymmetric profile, featuring a sharp peak followed
by a dip. However, a simple tool to prove the existence of Fano resonance is to fit the
observed spectrum with the Fano formula

R(w)=Ay +F0-%

1+(2%52)
, where Ay and Fj are constant terms, q is the Fano asymmetry parameter, wg is the
resonance frequency, and I' represents the linewidth of the resonance frequency. The Fano
asymmetry parameter q represents the ratio between resonant and nonresonant states.

Fig presents a pictorial description of the discrete-continuum interaction involved

in the process of generation of Fano resonance. The Fano formula can be decomposed
22

TH-3572_196121102



1.3. FANO RESONANCE AND THEIR RELATION TO BIC

into the following terms

2.1 1+62 296
(q )+F 1+ )+ q

R(w)=A¢+F,- : :
(w)=Ao+Fo 2+1 2 e2y1 V5241

here, 6 = 2“’}“’0 , the first and third term contributes to the background radiation con-
tinuum. The second term represents the discrete Lorentzian line shape, and the last
term indicates the mixing between the two states. In the limit where the asymmetry
parameter g — oo, the coupling between the discrete state and the continuum becomes
very weak. Under these conditions, the resonance line shape is dominated by the discrete
state, leading to a typical Lorentzian profile.

The strengths of the transitions to both the continuum and the discrete state become
comparable when the asymmetry parameter g = 1. A particularly interesting case occurs
when the asymmetry parameter g = 0. This indicates a zero coupling to the discrete state,

resulting in quasi-Lorentzian anti-resonance in the spectrum.

1.3.2 Interplay between Fano resonance and BIC

The connection between Fano and BIC is that both phenomena are a result of destructive
interference coupling. Both originate from interference effects and involve coupling
mechanisms, but they differ in their nature, spectral characteristics, and dependence
on symmetry. This section explores the concept and mechanisms of Fano resonances,
their manifestations in metasurfaces, and their relation to BICs. A Bound State in
the Continuum (BIC) can be distinguished by its defining property: when there is zero
asymmetry, it exhibits an infinite quality (Q) factor and disappears from the scattering
spectrum, indicating no radiation loss. If a Fano resonance shows this characteristic,
where it vanishes from the scattering spectrum under perfect symmetry conditions, then
it is a symmetry-protected quasi-BIC mode. Strictly speaking, all photonic modes can
exhibit a Fano lineshape spectrum due to the interference between different pathways.
Therefore, they can all be referred to as Fano resonances. However, only those modes that
meet the aforementioned criteria, having an infinite Q factor and no spectral presence
in the absence of asymmetry, are true BICs. Fano resonances can occur in a variety of

metasurfaces, both symmetric and asymmetric, as long as there is some coupling.
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1.4 Motivation

The losses in metasurface directly impact its performance efficiency, and it remains a
crucial objective for researchers to explore ways to minimize losses. The inherent nonra-
diative losses can be minimized by properly choosing the constituents of the meta-atoms.
However, the radiative losses persist across the entire electromagnetic spectrum. The
excitation of symmetry-protected quasi-BIC mode by introducing structural asymmetry
in a metasurface can effectively address these challenges. This kind of trapped resonance
mode shows weak coupling to the broad radiation continuum and manifests as a sharp
Fano lineshape. In this thesis, we have explored these aspects in metasurfaces operating

in the terahertz and near-infrared frequency regions.

1.4.1 Choice of two different frequency ranges

We explored the design and application of metasurface-based devices across two different
frequency ranges: the terahertz (THz) and near-infrared (C band) regions. In the near IR
region, we have studied the excitation of quasi-BIC mode, its evolution and its application
as a narrow band pass filter and sensors. The study of metasurface-based designs in the
near-infrared (C band) frequency regions can bring significant scientific and technological
advancements based on their unique properties for diverse applications. As mentioned
previously, the terahertz frequency region exhibits distinctive properties, such as low
ionization and unique spectral responses. Fundamental research and exploration of
metasurface-based high Q factor devices in the THz region can enhance the utility of
this unexplored frequency range. Hence, both of these frequency ranges offer unique
advantages for various technological applications.

The near-infrared (C band), specifically in the wavelength range of 1535 nm to 1565
nm, is critical for applications in telecommunications, sensing, and spectroscopy. This
wavelength range is particularly significant in low-loss optical fiber communication.
This range of wavelength corresponds to the low attenuation transmission window of
optical fibers. As a result, it is the preferred range for high-capacity data transmission
in long-haul and metro networks. In this context, the metasurface-based ultra-narrow
bandpass filter we designed specifically for the 1535 nm to 1565 nm range plays a crucial
role. It allows selective passing of desired wavelengths while blocking unwanted signals.

The ultra-narrow bandwidth enhances the selectivity of a particular wavelength and
24
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hence may enhance the performance of the optical communication system. Further-
more, this near-IR wavelength range is essential for various sensing and spectroscopic
applications. For example, near-infrared spectroscopy in the C band is widely used to
identify and analyze chemical compositions and biological samples, where precise control
of the wavelength, enabled by narrow bandpass filters, ensures accurate detection and
measurement.

In summary, utilization of both the THz and near-infrared (C band) frequencies allows
for a diverse set of applications, ranging from sensing to high-performance communica-
tions. High Q terahertz metamaterials enable the manipulation and enhancement of
THz signals for material detection and data transmission, while the narrow bandpass

filter in the 1535 nm to 1565 nm range optimizes optical communication.

1.4.2 Motivation for Quasi-BIC Excitation in Metasurfaces at
THz and NIR Frequencies

Resonances with high-quality factors are important in all branches of physics and
engineering, including acoustics, electronics, and photonics. In general, a high Q factor
represents the high ability of a physical system to store energy. In photonics, high-Q
resonances directly link to the continuous series of advancements in both fundamental
research [1] and practical device applications [2]. Devices with high Q factor resonances
ensure low radiative losses and increase the sensitivity of the localized field to external
perturbation These are both important features for applications like sensors and
narrow-band filtering. A sharp resonance mode (high Q) can detect the minute level shift
in its resonance spectra. Further, the enhancement of localized near-field distribution
gives a strong light-matter interaction, making such resonances suitable and promising
for sensing. A high Q resonance with a very narrow passband and flat sideband is a
good candidate for narrowband filtering applications. Metal shows high absorption and
significant ohmic losses in the C band wavelength region. The use of an all-dielectric
metasurface can overcome these issues. The excitation of high Q quasi BIC mode by
breaking the structural symmetry of the metasurface offers precise tunability of the
resonance linewidth as well as amplitude. In addition, metasurface-based devices offer
less bulky and miniaturized alternatives to traditional bulky optical components
This miniaturization allows for more compact devices, making them ideal for on-chip

photonics application. In this context, our first study involves a theoretical demonstration
25

TH-3572_196121102



CHAPTER 1. INTRODUCTION

of an ultra-narrowband pass filter in the optical C-band (1535 nm-1565 nm) exploiting a
symmetry-protected quasi-BIC resonance. An ultra-narrow band filter can be useful in
applications such as spectral imaging [38] efficient displays etc.

Based on the fundamental concept of high-Q resonance excitation in symmetry-broken
meta-atoms, the subsequent work explores an all-dielectric metasurface-based dual
parametric (refractive index and temperature) sensor in the near-infrared (IR) region.
A sharp resonant response enhances the sensor’s sensitivity to minute environmental
changes. Such an approach effectively utilizes the low-loss nature of dielectric materials,
promising the excitation of high Q quasi-BIC mode. Furthermore, the miniaturized,
metasurface-based sensor can push the boundaries of modern sensing technology for use
in fields such as biochemical sensing, environmental monitoring, and medical science.

The use of high-Q resonant modes in THz metasurfaces has been widely explored in
recent years Zhang et al investigated multiple symmetry protected quasi BIC
mode in metallic metasurface for terahertz frequencies Our research builds upon
these works by demonstrating a higher Q-factor through selective symmetry breaking,
significantly advancing the field’s understanding of loss control in THz metamaterials.

We introduces an approach to excite a quasi-bound State in the Continuum (quasi-
BIC) mode with a high Q-factor in a THz metasurface by leveraging a selective symmetry-
breaking technique. Unlike conventional methods that uniformly disrupt symmetry
across all resonators, this approach perturbs only half of the unit cell, effectively reducing
radiative losses and achieving Q-factors as high as 107 . This innovative technique may
open new avenues for developing advanced THz devices, including sensors and optical
filters, with superior performance metrics.

Other than the in-plane structural symmetry breaking approach of metasurface,
some earlier works explored the high Q mode excitation through lattice mode coupling
with the fundamental LC mode and sharp Fano BIC mod€e[116] Wang et al. explore
the excitation of robust high Q BIC mode by lattice constant perturbation in a dielectric
photonic crystal [43]] These studies laid the foundation for lattice-induced BIC excitation
in terahertz metasurface. The lattice constant perturbation transforms modes below the
light cone into quasi-BIC modes due to the folding of the modes from the band edge (see
section for details).

However, the excitation of stable toroidal quasi-BIC mode via the lattice perturbation-
induced band folding mechanism in a simple metallic terahertz metasurface platform

remains largely unexplored. Our work presents a toroidal quasi BIC mode excitation by
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dipole, (b) magnetic dipole, (¢) , (d) polar and axial toroidal dipole moments

utilizing band folding mechanisms through lattice perturbation in a simple split ring
resonator metasurface. The excited quasi-BIC mode exhibits stable, resonant frequency
against perturbation, making it promising for applications such as high-precision optical
sensors, terahertz imaging, etc. This innovative technique represents a significant step

forward in developing advanced THz devices with stable spectral response.

1.5 Important concept related to the thesis

1.5.1 Toroidal resonance in metasurface

In the earlier theory of electromagnetism electric and magnetic moments were primarily
considered as independent member of the multipole expansion. The toridal multipoles
were completely missing from the standard multipolar expansion. In 1957, Y. Zel’dovich
theoretically studied the violation of parity due to the weak interaction of elementary
particles.. He predicted that Dirac particles with spin—% must exhibit an "anapole
moment," also referred to as a quantum toroidal dipole moment. In the 1970s, Dubovik
and colleagues extended this idea to classical electrodynamics, introducing the concept
of "polar toroidal moments." The term "toroidal" originates from the current distribution
in circular loops, commonly referred to as toroid coils. The toroidal dipole moment is the

first member of the toroidal multipole family, and it is further classified as an electric
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Figure 1.17: An all-dielectric metasurface design optimized for the excitation of toroidal reso-
nance. (a) Top: a visual representation of solenoid electric fields (red arrows) inducing a toroidal
magnetic field (blue arrow) in a torus. Bottom: A cuboid resonator and the excitation of toroidal
resonance due to head to tail magnetic dipole arrangement. (b) the metasurface array and the
constituent "meta atom." (c) SEM images of the fabricated sample. Adapted with permission from

toroidal dipole moment and a magnetic toroidal dipole moment. Figurel.16| depicts
a pictorial presentation of electric dipole (Fig [1.16(a)), magnetic dipole (Fig [1.16(b))
and toroidal dipole moments (Fig[I1.16(c)) in terms of charge and current distributions.
Fig (c) shows the current loops formed in the arm of torous, such current loops
are termed as "poloidal currents". The resultant magnetic dipoles form a head-to-tail
arrangement. Such a head-to-tail arrangement of the magnetic dipole generates a polar
toroidal dipole moment along the axis of the torus. Fig[1.16](d) closed loop head-to-tail
circulation of electric dipole moments. The resultant of such circular arranged axial
toroidal dipole along the axis of symmetry. The toroidal excitation was explored in several
all-dielectric metasurface and metallic SRR-type metasurface designs. The ease
of fabrication and simple simulation were the primary reason for shifting the toroidal
excitation platform from 3D metamaterial to planar 2D metasurfaces. Figure [1.17|shows
a simple hollow cuboid all-dielectric metasurface design supporting a toroidal resonance
mode In the hollow cuboid structure, the solenoidal electric field flows in-plane along
the rectangular path with the toroidal magnetic field circulating out-of-plane around the
center void, as shown in Fig. (a). Sharp toroidal dipolar resonance has also been
investigated in planar terahertz SRR metamaterials Figure (a) depicts
the metasurface geometry and an artistic presentation of the excited toroidal modes.
Figure (b) shows the transmission spectrum of the metasurface at different split
gap positions. The Q factor, as well as the resonance strength of the sharp toroidal mode,
can be optimized by varying the slit gap position 'd’. Figure [1.18(c) shows the simulated

surface current and magnetic field (H,) profile at the sharp resonance frequency for
28
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Figure 1.18: (a) Visual representation of the toroidal excitation in the metasurface geometry,
(b) Experimental and simulated transmission for different split gap position "d". (c) the surface
current plot and H, plot at different sharp resonance frequencies corresponding to different split

gap positions

different values of ’d’. Two co-planar current loops with counter-propagating currents
will generate a head-to-tail arrangement of magnetic dipoles, thereby forming a toroidal

dipole.

1.5.2 Excitation of BIC using Brillouin zone folding mechanism

in photonics

In photonics the fundamental modes supported by a photonic crystal, located below the
light cone can be folded into the I' by perturbing the lattice constant of the photonic
crystal. In the work by Wang et al. it is shown doubling the periodicity of a Silicon
photonic crystal forms robust BIC modes. The first Brillouin zone is reduced by half due
to the doubling of the periodicity. As a result of this, the X point of the unperturbed PhC
is folded into I" point, bringing the guided modes,X into the radiation continuum . This
mechanism provides a alternative approach for engineering BICs periodic photonic struc-
tures such as photonic crystals and metasurfaces. Figurdl.19|illustrate the conceptual
idea of band folding mechanism in a photonic crystal as reported in Figurdl.19(b)
shows the terahertz photonic crystal slabs, with gap and radius perturbation, which leads
to doubling of the periodicity. Figurdl.19|(c) depicts the band structure for perturbed and

29

TH-3572_196121102



CHAPTER 1. INTRODUCTION

(i) Unperturbed
aaaaaa T

O nmamAn~ T
o's"_é»‘-nlﬂaa- L
L~ nmAn- '
ECE ~AAAA- ¥ i

SAANAANP X

a

—
a, = 140 pm
N Al AA s ' S AA Al s -

N Am An A~ AN (ii)

“ER]AA S Disorder o a8 Q% Gap perturbation

S AR AN L S AA AN
S AA AN - i S AA AN
SAnA~T A~ L -

BZF-BIC
o 4. BIC

a, =280 ym
a=AUL

(iii Radius perturbation

>10 times @
—a— N
-

a; =280 ym
a=Anr

Q factor
Q factor

a decreases

a-independent

L > n -
I Wavevector I Wavevector

Frequency (THz)

Figure 1.19: (a) Conceptual diagram of BZF-BICs. After introducing periodic perturbation, the
unit cell peridocity doubles, and guided modes (GM) are transformed into BZF-BICs. Unlike
ordinary BICs, the Q factor of BZF-BICs remains robust against disorder. (b) Schematic of
terahertz photonic crystal (THz-PhC) slabs: i) unperturbed, ii) with gap perturbation where the
distance between adjacent air holes changes by AL, and iii) with radius perturbation where
the radius of air holes changes by Ar, both these perturbation leads to doubling of periodicity
in the x-direction. (¢) Calculated transverse electric (TE) band structures of unperturbed and
gap-perturbed PhCs (a = 0.0167, AL = 1 um), showing band folding at the I" point. The original
first Brillouin zone (FBZ) reduces by half[[43]

unperturbed case. The modes are folded at the edge of the band (at X point).

1.6 Organization of the Thesis

This thesis explores the excitation of quasi-bound states in the continuum (quasi-BIC)
resonance modes in terahertz metasurfaces and investigates the application of symmetry-
protected quasi-BIC modes in the near-infrared (IR) region as ultra-narrow bandpass
filter and dual parametric sensors. The content is organized into seven chapters, each
providing a detailed analysis of different aspects of quasi-BIC modes and their practical

applications. A summary of each chapter is provided below:
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Chapter-3 Chapter-4

-

Incident wave

All-dielectric metasurface based narrowband  All-dielectric metasurface based dual parametric
pass filter sensor

Chapter-2
Methodology

Chapter-5

High Q BIC in terahertz metasurface using High Q BIC in a lattice perturbed
selective symmetry breaking terahertz metasurface

Figure 1.20: Organization of the thesis content.

Chapter 1 presents an overview of the fundamental concept of bound states in the
continuum (BIC), an introduction to planar metasurfaces, and the mechanisms for
exciting quasi-BIC modes in such structures. It further explores the concept of Fano
resonance, its origin, and the connection between Fano resonance and BIC.

Chapter 2 discusses the methodology for the thesis. It deals with the design and opti-
mization of the planar metasurfaces using CST simulation software and the fabrication
of the design using photolithography. This chapter ended with a discussion about the
characterization method using a terahertz time-domain spectroscope. In Chapter 3, we
demonstrated an ultranarrow bandpass filter of pass band less than 3 nm in the optical
communication wavelength 1550 nm and studied the physical mechanisms involved

using multipolar decomposition and classical Fano theory.
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Chapter 4 discusses an all-dielectric metasurface-based refractive index and temper-
ature sensor exploiting the asymmetry-induced sharp Fano resonance mode.

In Chapter 5, we discussed the excitation of high Q quasi-BIC mode by reducing
the radiative loss via a selective symmetry-breaking approach. The experimental and
theoretical results are supported by an ab initio Fano theory.

In Chapter 6, we discuss our investigation of the lattice-induced quasi-BIC mode
in a symmetric split ring resonator metasurface by doubling the lattice constant. We
have experimentally demonstrated a signature response of the existing quasi-BIC mode.
The coupled harmonic oscillator model and ab initio Fano theory have been used for an
in-depth understanding of the mechanism.

Finally, in Chapter 7, we conclude our thesis with an emphasis on the findings and

the future work that could be done based on the findings in this thesis.
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METHODOLOGY

This chapter presents an overview of the simulation method used to analyze metasurface,
clean room fabrication techniques, and characterization techniques for the terahertz
metasurface samples. Section 2.1 gives a detailed explanation of the simulation methods
in CST microwave studio suite software. Section 2.2 briefly overviews the processes
involved in fabricating the metasurface samples. Section 2.3 describes the terahertz

time-domain spectroscopy involved in characterizing the metasurface samples.

2.1 Design through numerical simulation

Design of metamaterial structure is carried out using software based on rigorous
Maxwell’s equation solver. The finite-difference-time-domain method, Finite Integration
Technique (FIT), and the Finite-Element Method (FEM) are some numerical approaches
used to solve Maxwell’s equations for metamaterial design. We used commercially avail-
able CST microwave studio suite simulation software. CST can quickly provide the
S-parameter, reflectance, transmittance spectra, and electric and magnetic field distribu-
tions of a metamaterial design. The CST simulation software solves Maxwell’s equations
for a given medium under a defined boundary condition. Time domain solver and fre-
quency domain solver are the two most frequently used solvers for 3D electromagnetic
simulation. The time domain solver in CST is based on the Finite Integration Technique

(FIT). FIT discretizes the following integral form of Maxwell’s equations rather than the
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On the other hand, the frequency domain solver is based on the finite element
method. The time domain solver calculates the field at discrete positions and discrete-
time samples. The time domain solver can calculate the broadband frequency response
of a device through a single calculation run. Afterward, the frequency response of the
design is obtained by using the Fast Fourier Transform. In addition, the time domain
solver can provide arbitrary fine resolution of the frequency spectrum without additional
effort. Hence, this type of solver is suitable for simulated electrically large structures.
For structures with dimensions smaller than the minimum wavelength, the use of a
time domain solver is less efficient. For such structures, the frequency domain solver
is the most efficient. This type of solver performs simulation at discrete frequencies
separated by a specified frequency step. So, the frequency domain solver is suitable for
the simulation of narrowband and electrically small structures.

After choosing the solver, the next important step is to generate a fine appropriate
meshing. To solve Maxwell’s equations, the computational volume is divided into smaller
domains known as mesh cells. The sizes and number of the mesh cells determine the
accuracy and resolution of the results. Each mesh cell represents a small volume where
electric and magnetic fields are calculated; for a frequency domain solver, tetrahedron
meshing is used. The time domain solver uses hexahedral meshing. In a time-domain
solver, the excitation pulse is a time-domain signal (usually a Gaussian pulse). The
signal propagates through the computational volume. So, the faster the signal propagates
through the volume, the faster the simulation. The time step determines the speed of the
signal, as the fields are advanced in time by one specified time step in every iteration. It
seems that for the simulation time to be faster, a larger time step is advantageous (as it
will take less run time). However, the maximum time step is constrained by the Courant
stability condition

-12
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Figure 2.1: To ensure that the simulation is accurate across all frequencies of interest, the mesh
needs to be fine enough to accurately represent the shortest wavelength in the simulation (at
least 10 meshes cells per wavelength) .

here, Ax,Ay,Az are the side lengths of a mesh cell, and un,x is the maximum wave

phase velocity. For a uniform cuboid mesh cell Ax = Ay = Az = Al (say), and hence:

A Al
max — \/g‘umax

i.e., the shortest edge of the mesh cell determines the maximum allowed time steps. Thus,
for smaller mesh cells, the time step will be smaller, and the simulation will take longer.
However, to achieve accurate results, the minimum feature size of the model should be
finely meshed. Therefore, there is a trade-off between accuracy and simulation time. To
maximize the time step, the smallest mesh cell should be as large as possible. However,
the size of the mesh cells is constrained by the requirement to accurately represent small
features in critical areas of the model where fine sampling of the field is important.

Conversely, larger mesh cells can improve simulation speed by reducing the total
number of cells, thereby lowering computational time. However, the size of the mesh cells
cannot be increased arbitrarily due to numerical dispersion, where different frequency
components propagate at slightly different velocities in the mesh due to space discretiza-
tion. To minimize this effect and ensure accurate representation across all wavelengths,
the shortest wavelength of interest must be sampled at a rate of at least 10 mesh cells per
wavelength. This limits the mesh cells’ larger size, as it must be small enough to sample
the shortest wavelength (as shown in Fig2.1). Therefore, while larger mesh cells can
speed up simulations, they are constrained by the need to minimize numerical dispersion
and maintain accuracy, achieving a balance between efficiency and precision.

In contrast, when using the frequency domain solver, simulations are carried out

at each frequency, separated by a specified frequency step to cover the entire operating
35
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Figure 2.2: Workflow of the metamaterial in CST Studio suite software.

bandwidth. This approach allows for adaptive mesh refinement at each frequency to
achieve accuracy. The simulation continues until the S-parameters converge, and a single
run can provide results for all ports in one calculation. In the frequency domain solver
Maxwell’s integral equations are Fourier transformed, and Fourier equivalent of the
time derivative operator is used % — i

CST provides a CAD environment to design a metamaterial unit cell. After designing
the ‘unit cell,’ the next step is to set the frequency range and appropriate boundary condi-
tions. Figure shows the flowchart of the simulation procedure to design metamaterial
in CST studio suite software. For a frequency domain solver, boundary conditions are set
as unit cells in the XY plane to efficiently model a periodic metamaterial array. In the

Z direction, the boundary condition is set as ‘Open, which represents the direction of
36
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Figure 2.3: Visual representation of the various steps involved in the fabrication of the metasur-
face sample.

propagation. To minimize the effect of the fringing field in the calculation, it is necessary
to apply an ‘add space’ along Zmax(+Z). In CST, a A.cnsrqi/4 gap is added by default for

the ‘open (add space)’ boundary condition.

2.2 Clean room fabrication

The resonant behaviour of the metamaterial is the collective response of the array of unit
cells. This section provides a description of the involved photo-lithography process to
fabricate the design. Initially, the quartz sample was thoroughly cleaned using acetone,
isopropyl alcohol (IPA), and distilled or deionized (DI) water to eliminate any impurities.
Subsequently, the sample was dried using Ng gas and heated at 100 °C for 10 minutes
using a hot plate to ensure complete moisture removal. A 200 nm thick layer of aluminum
metal was then deposited onto the clean substrate using a thermal evaporator. The
thickness of the metal was chosen to be higher than the skin depth of the metal in the
terahertz range, so as to avoid partial transmission from the resonators.

To enhance the adhesion of the photoresist to the substrate, a coating of hexam-
ethyldisilazane (HMDS) was applied at a rotational speed of 3500 RPM for 60 seconds,
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followed by heating the sample at 150 °C for 30 minutes to facilitate optimal bonding.
The pre-coated substrate was further coated with a positive photoresist (S1813) of thick-
ness 1.3 um, by spinning the sample at 3000 RPM for 60 seconds. Subsequently, the
photoresist-coated substrate underwent a 2-minute baking process at 100 °C to promote
uniformity and stability.

A complementary pattern has been generated by a direct laser mask writer (Dilase
250). This step determines the area of the metasurface to be selectively masked and
the area to be etched out. After development for 50 s, the undesired metallic part was
removed from the sample by using aluminum etchant (2- 3 minutes). The photoresist-
coated area served as a protective mask for metallic regions intended to be part of
the final metasurface structure. Finally, acetone is used to strip away the residual
photoresist.

The sample underwent thorough cleaning with acetone and DI water after the
fabrication process, followed by drying using Ny gas. Final drying was achieved by
heating the sample for 5 minutes at 100 °C to ensure complete removal of any residual
moisture. The fabricated samples consisted of periodic arrays of designed metamaterials
prepared on a 1 cm x 1 cm region. Figure presents an overview of the various steps

involved in the fabrication of the metasurface sample.

2.3 Characterization of the sample

For the characterization of the metasurface samples, we used the terahertz time-domain
spectroscopy method. The terahertz time-domain spectroscopy (THz-TDS) provides direct
measurement of both the amplitude and phase of the electric field of a terahertz pulse as
it passes through a sample. This allows for direct determination of material properties
such as complex conductivity, complex refractive index, and complex permittivity. We used
a home-built terahertz time-domain setup as well as a fiber-coupled inbuilt commercial
terahertz time-domain setup to characterize the samples. Before discussing the working
process of terahertz time domain setup, it is important to discuss the generation and
detection process of terahertz. Terahertz radiation can be generated and detected through
various methods. In this thesis we will mainly focus on the THz-TDS setup using
photoconductive antennas and nonlinear crystals for the generation and detection of

terahertz pulses.
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2.3.1 Generation of terahertz from photo conductive antenna

There exists a large number of THz emitters and detectors. Among these, photoconducitve
antennas (PCAs) are popular and widely used in terahertz generation process. This
popularity is due to its simplicity, ease of use, reliability, and relatively low cost. A
photoconductive antenna comprises of two metal contacts lithographically fabricated on
a semiconductor substrate. The two metal electrodes are biased with a DC voltage and
an optical fs pulse is made to incident on the gap between the two electrodes. Fig 2.4
shows a schematic of LT GaAs based Bow-tie photoconductive antenna. The radiation
is collimated using the Silicon lens. The refractive index of silicon nearly matches with
the substrate material and hence it causes minimal reflection loss. The basic principle
of terahertz generation using PCA is based on the principle that an accelerating charge
particle generates electromagnetic radiation. In case of a dipole antenna which is much
smaller than the emitted wvalength and having a diameter Wy, the THz field at a
distance r and angle « is given by

Erma(t) x Wo (S“f“)) 2Lisnl ) 2.1)

dt

where: t, =t — % is the retarded time, and Ipc(?) is the transient photocurrent. The
semiconductor substrate material is undoped and, therefore, has high resistivity. The

metal contacts act as a capacitor with stored electrostatic energy

1
W) =5C UZo(t) (2.2)

The ultra-fast fs laser pulse is focused on the gap between the electrodes, as shown
in Fig 2.5(a). The photon energy of the pulse must be greater than the energy band gap

of the semiconductor.

2.3.2 Terahertz time-domain spectroscopy

A spectroscopic technique refers to the measurement of energy, intensity of photon with
respect to its frequency or wavelength when it passes through a sample. The THz time-
domain spectroscopy is different from, in general, other spectroscopic techniques like
traditional Fourier-transform infrared spectroscopy (FTIR), as it directly measures the

electric field rather than the intensity.
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Optical pump

THz radiation

Figure 2.4: A schematic representation of the THz generation from LT GaAs based photo-
conductive antenna (PCA), the incoming optical pulse excites photo carriers, and the acceleration
of the charges generate THz radiation. A hyper-hemispherical Si lens is used to collimate the
terahertz radiation.

A typical THz signal has a subpicosecond time duration [48] The traditional elec-
tronics based circuits and detectors does not have enough time resolution to detect
such signals as their rise and fall time lies within ns or ps range. So this time domain
spectroscopy technique is used to resolve subpicosecond duration signal by splitting a
NIR ultrashort fs pulse along two different paths to generate and detect the temporal
THz field as discussed below.

In time domain spectroscopy measurement is based on the sampling of the unknown
THz field in time domain with a known fs laser pulse. THz TDS uses the convolution
of the fs laser pulse with comparatively longer THz pulse. The in general method of

convolution, without discussing the mechanism of detection can be described as
F(t) < Lopt(H)ETHA(2) (2.3)
,where F(t) is the signal and I,,(¢) is the intensity profile of the laser pulse and E 7y (t),
40
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Figure 2.5: (a) Schematic of a PCA, the laser beam is focused on the gap, (b) the laser pulse
generates charge carriers and accelerated due to the biasing voltage.

the terahertz elctric field at time ’t’. The optical pulse (which is typically much shorter
than the THz pulse) serves as a "probe" to sample the THz signal. However, no detector
have such fast response time to measure this instantaneous interaction. The resulting
signal is expressed as convolution of the two signals, which actually represents how the

two pulses (optical and THz) overlap over time,
F(t1) = Lops * B )t1) = f Lopi(t1 — DEmis(r) do 2.4)

Since the optical pulse is much shorter than the THz pulse, it can be considered as a
delta function. This simplifies the convolution to the point where we approximate the

measured signal as being proportional to the THz field at each time point.
F(t1) < 6(8) * Etn, (1) = Eraa(t1) (2.5)

This implies that the detection process is sensitive only when the two pulses arrive
simultaneously and the optical pulse is significantly smaller than the THz pulse. This

allows to measure the THz field as a function of time.
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Figure 2.6: The photoconductive antenna based terahertz time domain setup, where a PCA used
for the generation of terahertz and ZnTe crystal is used as a terahertz detector.
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Figure 2.7: A visual illustration of the function of delay stage. the different colour lines corre-
spond to different position of the stage. These positions correspond to different time in the time

axis.
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The measured signal gives the THz electric field at time ¢1; now, to measure the
signal all over the time, a mechanical delay line is introduced between the probe (read
out pulse) and the THz field (as shown in Fig[2.6). Fig depicts a schematic repre-
sentation of the THz time-domain setup. An ultrafast femtosecond pulse of wavelength
780 nm, with a repetition rate of 100 MHz, is splitted into two parts from the beam
splitter. With the help of the mirrors, one part of the beam (pump beam) is guided to
the photoconductive antenna (emitter) for terahertz generation, and the second part
(probe beam) is guided to the ZnTe crystal (detector) for terahertz detection. The emitter
part of the photoconductive antenna consists of two parallel metallic electrodes on a
low-temperature GaAs substrate with a small gap of 5 um. For the generation of the
terahertz pulse, a DC voltage of 10 V (peak to peak) is applied across the electrodes using
a function generator, and the substrate area between the electrodes is irradiated by an
ultrafast optical pulse. The pump beam passes through a mechanical delay stage, which
is introduced to sample the THz signal as a function of delay time. Figure presents
the detailed function of the delay stage movement in sampling the THz electric field. The
temporal sampling interval of the detected THz pulse can be calculated by At = 2S/c,
where S is the movement of the delay stage in each step, and c is the speed of light
(300um/S). The precise micro-positioning is achieved through the Lab view program. The
speed of the delay line movement defines the sampling speed of the time domain setup.
The terahertz detection using ZnTe crystal is based on the electro-optic Pockels effect.
Since the probe pulse is much shorter than the generated THz pulse, the optical pulse
experiences a consistent electric field when both pulses reach the crystal simultaneously.
The static electric field responsible for the field-induced birefringence in the Pockels effect
is the THz pulse. By varying the temporal overlapping the probe beam samples different
electric fields. After passing through the crystal, the optical beam passes through two
elements: a quarter-wave (1/4) plate and a Wollaston prism. The 1/4 plate introduces
a phase shift of A¢ = /2 between the orthogonal o-ray and e-ray components of the
wave, converting linear polarization into elliptical or circular polarization when incident
polarization is 45° to the principal axis. It is converted into circularly polarized light due
to the 90° phase shift. The Wollaston prism splits the incoming light into two orthogonal
linearly polarized beams. In the absence of a THz pulse, there is no electro-optic effect.
The linearly polarized optical pulse remains unaffected by the crystal, converting into
circular polarization after the A/4 plate. The Wollaston prism splits this into two equal-

intensity beams, which are sent to the balance photodetectors. In the presence of a THz
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Figure 2.8: Electro-optical detection method using a ZnTe crystal. Dependency of the polarization

state of the optical probe beam without and in the presence of THz field.

pulse, the anisotropic birefringence effect in the ZnTe crystal causes the probe pulse to

become slightly elliptical after passing through the 1/4 plate, leading to an imbalance

between the two orthogonal beams. The measured signal is the difference in intensities,
I =1,~1I,, which is proportional to the amplitude of the applied THz field. Figure2.8§|

shows a pictorial illustration of the detection process using ZnTe crystal. In the presence

of the THz field (polarized 45° to X-axis), the refractive index along x and y changes

according to the following equations:

1
ny=no+ E(nO)SRETHz

1
ny=ngo- 5(no>31.!eETHz

,where ng is the refractive index without THz electric field, R is the electro-optic constant

and E 7y, is the electric field of the terahertz radiation. The phase difference experienced

by the probe beam due to the Pockel’s effect after a propagation length ’d’ is given as,

d
A = (na=nykd = (10 RE s, -
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The change in phase difference is proportional to the THz electric field. The intensity of

the two orthogonal polarized beams can be given as,

I=2(1-19) 2.9
I,= % (1+Ag) (2.10)

, the difference between the intensities of the two orthogonal components is proportional
to the THz field amplitude. The photodetector measures this imbalance, and the differen-
tial current is amplified and converted into a voltage signal by a preamplifier. Voltage

signals are recorded using a Lock-in amplifier to reduce the signal-to-noise ratio.
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CHAPTER

ALL-DIELECTRIC METASURFACE BASED ULTRA NARROW
BAND PASS FILTER USING SYMMETRY BREAKING

APPROACH

3.1 Introduction

In the field of optical communication and sensing, there is a growing demand for meta-
surface based components such as filters, modulators ete, particularly within the C-band
wavelength range (1530-1565 nm). Narrow bandpass filters are crucial for various ap-
plications such as spectral imaging[49], efficient displayg[50], and light detection and
ranging[39]letc. A high reflectance or transmittance and narrow full width at half maxi-
mum (FWHM) are the key metrics of an efficient narrow band pass filter. Moreover, a low
side band or known as "quiet zone," is essential for ensuring optimal filter performance.

In this chapter, we have demonstrated an all-dielectric metasurface-based ultra-
narrow bandpass filter operating within the C-band wavelength range (1530-1565 nm).
By using a symmetry-breaking approach, we excite quasi-bound states in the continuum
(quasi-BICs). We achieve a Full Width at Half Maximum (FWHM) of 0.31 nm at a center
wavelength of 1549.8 nm, with a corresponding high Q-factor of approximately 5140. The

Part of the results of this Chapter have been published in the following papers: Bhairov Kumar
Bhowmik, Tanmay Bhowmik, Pranav Kumar Pandey, Makaraju Srinivasa Raju, Debabrata Sikdar, and
Gagan Kumar, "All-dielectric metasurface based ultranarrow bandpass filter in optical C-band," J. Opt.
Soc. Am. B 40, 1311-1318 (2023)
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Figure 3.1: (a) Periodic configuration of the metasurface design on a quartz substrate. Inset
shows a zoomed-in view of the top surface of a metasurface unit cell. The yellow-colored material
layer represents a block of GaAs with periodicity P, = P, = 760 nm and a thickness 2 = 314 nm.
The side length of the GaAs square block is S = 680 nm, the larger square air hole has a side
length L = 290 nm, and the smaller rectangular air hole has a side length n, = 40 nm and width
ny =120 nm. The depth of the holes is equal to the thickness of the GaAs layer. (b) Reflectance
spectrum for the design with asymmetry due to the addition of the notch, for two orthogonal
polarizations of the incident electromagnetic wave.

sharpness of this Fano resonance arises from the breaking of structural symmetry in the
metasurface. The Q factor of the resonance mode shows an inverse square relation with
the asymmetry parameter a: @ = Qoa 2 +C

To further understand the behavior of the resonances, we employ multipolar decom-
position, revealing that the resonance is dominated by electric quadrupolar modes, which
contribute to the narrow line width and high Q-factor. The filtering response shows
passive tunability in the entire C band region while the line width remains almost con-
stant. The chapter is organized as follows: Section 3.2 outlines the design and simulation
details of the metasurface. Section 3.3 gives an analysis of the metasurface’s spectral
response, while Section 3.4 discusses the evolution of the BIC to the quasi-BIC mode.
Section 3.5 presents an analysis based on the multipolar decomposition theory, and
Section 3.6 describes a parametric study. Finally, Section 3.7 concludes the chapter with

a summary of the major findings.

3.2 Design and modeling

The schematic of the proposed design is shown in Fig.[3.1(a). The proposed tunable filter
consists of a 2D periodic array of gallium arsenide (GaAs) blocks with square air holes
placed on top of a quartz substrate. A symmetry-breaking defect (notch) adjacent to

the square air hole is introduced, as shown by the zoomed view of a unit cell in the
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3.3. ANALYSIS OF THE METASURFACE RESPONSE

inset of Fig.[3.1(a). We used CST Studio Suite software, a commercially available finite
integration technique-based software, to design and simulate the results. We considered
a y-polarized (TE-polarized) incident electromagnetic wave propagating along the z-
direction. The boundary conditions are chosen as unit cells in the x and y directions;
along the z-axis, perfectly matched layer (PML) boundary conditions are applied. In our
simulation, we considered a homogeneous normal background with a permittivity of

unity.

3.3 Analysis of the metasurface response

To elucidate the underlying mechanism of the Fano line shape resonance, we present a
systematic study of the resonance and its electric field profile. Figure [3.2(a) shows the
simulated reflectance spectrum for normal incident excitation with a y-polarized electro-
magnetic wave on a GaAs block with a square hole, without introducing a symmetry-
breaking defect. We observed an almost flat response, with less than 20 % reflectance
and more than 80 % transmittance in the entire C band, ensuring a minimal loss in
this wavelength region. The design exhibited a sharp, narrow linewidth resonance upon
introducing the symmetry-breaking defect.
The reflectance spectrum can be modeled by the following Fano formula [[51]
b 2

Rw)=|a1+iag+ —— 3.1)
w—wo+1iy

where a1, ag, and b are real constants, wg is the resonance frequency, and y is the
damping rate.

Figure [3.2(b) shows the Fano line shape fitting of the reflectance spectrum with the
simulation-based result for the design incorporating in-plane symmetry breaking. The
Q-factor of the resonance was calculated using:

Q= ‘;’—3 (3.2)
which yields a value of approximately 5140 at the resonance wavelength of 1549.8 nm.
To further understand the physical mechanism behind the resonance, we computed
the normalized £, component of the electric field distributions below and above the
resonance wavelength, as shown in the inset of Fig. [3.2(b). The positive and negative

charge distributions are indicated by the plus and minus signs, respectively. At these
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Figure 3.2: (a) The reflectance (R) and transmittance (T) for the resonator with a single square
hole without any notch. Inset: The design. (b) Fitted data for the design with asymmetry using
the Fano model, and the normalized field profiles (£, component) show an anti-phase mode below
and above the resonance wavelength. (c) Simulated phase spectra showing a change in phase
at the resonance. (d) Simulated normalized electric field profile at the resonance wavelength of
1549.8 nm in the x-y plane. The field profile is calculated exactly on top of the substrate, revealing
a coupled electric quadrupolar mode at the resonance wavelength.

frequencies, the fields are completely antiphase, resulting in destructive interference of
the two modes, which leads to a sharp Fano line shape resonance at 1549.8 nm
Figure[3.2(c) illustrates the simulated phase spectrum for the design. The phase spectrum
clearly shows a sharp phase change at the resonance wavelength, as corroborated by the
inset in Fig.[3.2(b). Figure[3.2(d) presents the normalized y-component of the electric field
distribution relative to the incident electric field (E,/|Ey|) at the resonance wavelength
in the xy-plane. The color map represents the strength of the electric field distribution,

revealing a coupled quadrupolar mode at the resonance wavelength.

3.4 Evolution of the Quasi BIC mode

As described in the previous section bound states in the continuum (BICs) are localized
states that exist within the range of radiation continuum states without coupling to free

space These localized states, characterized by an infinite € factor, become accessible
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Figure 3.3: (a) Contour plot showing the dependence of FWHM and resonance wavelength on the
degree of asymmetry. (b) Dependence of the Q factor with the asymmetry parameter of the design.
Here, the solid line is a result of fit showing an inverse square variation with the asymmetry
parameter, and C(=275.9) is a correction factor. (c) Evolution of the resonance mode with respect
to the asymmetry parameter.

to free space excitation through the transformation of BICs into quasi-BICs. To perform
an in-depth analysis of the influence of asymmetry, we define an asymmetry parameter
a =0S8/S, where 08 is the area of the notch, and S is the total area of the GaAs block. In
our study, we varied the width of the notch (n,) with respect to the center, while keeping
the length of the notch (n,) constant. The contour plot of the resonance effect as a function
of the asymmetry parameter is shown in Fig. [3.3(a). As the asymmetry increased, the
resonance wavelength shifted towards shorter wavelengths, and the Full Width at Half
Maximum (FWHM) broadened. However, the reflectance amplitude remained constant
throughout the parametric change. The notch provided an effective means to control the
spectral position of the resonance and its FWHM. As reported in[54], the generation
and annihilation of BICs can be governed by structural parameters. The @ factor is
inversely proportional to the square of the asymmetry parameter [55][[5] . Figure [3.3(b)

demonstrates a good fit of the calculated @ factor using the relation:

Q=Qoa2+c 3.3)
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where c is a correction factor and @( is a constant determined by the metasurface
geometry. It is evident that smaller asymmetry values lead to higher @ factors for the
resonance. Based on the theoretical analysis by Koshelev et al., it is believed that the
resonance is governed by a symmetry-protected BIC-like mechanism

Figure [3.3(c) shows the evolution of the resonance mode in the reflectance spectrum
with varying asymmetry parameters. As the asymmetry decreased, the resonance became
sharper and eventually vanished at @ = 0. The absence of resonance indicates that no
leaky modes coupled to free space, confirming the presence of a BIC-like nature due
to symmetry. The sharp Fano mode observed in our analysis can be attributed to the

quasi-BIC mode.

3.5 Exploring Mode Characteristics Through

Multipolar Decomposition

We used the multipolar decomposition technique to investigate the contribution of the
electric quadrupole moment at the resonance wavelength. For the multipolar analysis,
we first extracted the electric field and effective refractive index corresponding to the
Cartesian position coordinate and frequency of the metasurface using the FDTD simula-

tion technique. The structural current density inside the unit cell can be calculated as

J(r) = —iweg(n® - DE(r), (3.4)

where r is the position vector and n is the effective refractive index of the resonator.
The electric dipole (P,), magnetic dipole (m,), electric quadrupole moment (¢ ﬁ)’ and
magnetic quadrupole moment (Q(’X”ﬁ) can be expressed as[58]

(3.5)

2 .
P, = _% [fjajo(kr)d3r+%f(S(r-j)ra —rzja)JZ(kr)d?’ ]

(kr)?

The magnetic dipole moment (m,), electric quadrupole moment (@ ﬁ)’ and magnetic
quadrupole moment (@ ;’Lﬁ) are expressed ag[58]

My = g [f(rxJ)a jl}i’;")d?’r], (3.6)
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Figure 3.4: Multipolar analysis of the proposed metasurface design. C5?,C5:2, Czeca CSca Clotal

sca
represent the scattering cross-sections for the resonator due to the electric dipole, magnetlc

dipole, electric quadrupole, magnetic quadrupole, and the total cross-section, respectively.

Zﬁ———[ f (rpda+1radp) =2 J)aaﬁ)j llikr)d?’
() (3.7)
+2k2f(5rarﬁ(r-J)—r2 (raJﬁ+era)—r2(r-J)5aﬁ) ‘](2 )7‘3 d3r]
r
ﬁ—15 f(ra(rxJ)ﬁ+rﬁ(rxJ)a) J(Zk(k)r)ds ] (3.8)

where a,f=x,y,z, and j,(kr) is the spherical Bessel function with n =0,1,2, and % is

the magnitude of the wave vector.

The total effective scattering cross-section (C1%) is given by the sum of the contribu-
tions from all the multipoles:

k4 ka 2
CTotal ( e ) e ‘
sea = g 50|E0|[ ‘ | 0|1 | |

where |E¢| is the amplitude of the incident electric field, ¢ is the speed of light in vacuum,

, (3.9)

and g is the permittivity of free space.

For our proposed design, the multipolar analysis is shown in Fig. , Where the
electric quadrupolar mode has a larger contribution at the resonance wavelength of
1549.8 nm.
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Figure 3.5: Displacement of the notch along the x-direction from its original position is denoted
by the parameter D. (a), (c), and (e) show the simulated reflectance spectrum for D = 0 nm, D = 30
nm, and D = 60 nm, respectively. (b), (d), and (f) show the calculated normalized E, component of
electric field distributions for D = 0 nm, D = 30 nm, and D = 60 nm, respectively. The field profiles
are calculated in the x-y plane.

3.6 A Study on Parametric Analysis and Passive
Tunability

To study the effect of asymmetry on the resonance, we shifted the position of the notch
along the x-axis, as shown in the inset of Fig. [3.5(a). The shift is represented by the
displacement parameter D. Figures (a), (b), and [3.5(c) show the spectrum for
different values of D from 0 nm (initial position) to 60 nm along the x-axis. The reflectance
was sensitive to the displacement parameter D, and this shift attenuated the reflectance.

The normalized electric field profiles, calculated at the resonance wavelength for the
three different D values (as shown in Figs. [3.5(b), [3.5(d), and [3.5] (), indicated that the
field strength decreased as the parameter D increased. The resonance weakened with
increasing D, resulting in a decrease in reflectance. To examine the tunability of the
response in our design with respect to different structural parameters, we first varied
the periodicity of the proposed metasurface design from 720 nm to 770 nm. Figure (a)
shows the simulated contour color plot representation corresponding to the variation in
periodicity. The changes in periodicity affected the near-field coupling among the unit
cells. Increasing the periodicity without changing other unit cell parameters reduced the
packing fraction and the effective refractive index of the metasurface. Consequently, the

resonance wavelength shifted to shorter wavelengths.
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Figure 3.6: Simulation-based parametric analysis of the proposed design with the contour color
plot for varying: (a) the periodicity of the unit cell and (b) the thickness of the GaAs layer. The
white dashed line shows the optimized value of the parameter for a resonance at the 1549.8 nm
wavelength.

Figure (b) shows the contour plot for the reflectance spectrum with varying
thickness. A red shift in the resonance wavelength was observed as the thickness of
the GaAs layer increased, due to the increase in the effective refractive index of the
medium The parametric analysis demonstrated that the resonance wavelength
can be tuned within the optical communications band (1530-1565 nm) by varying the

geometrical parameters of the structures.

3.7 Summary

This chapter presented the design and analysis of a metasurface-based narrow bandpass
filter operating in the optical C-band wavelength region (1530-1565 nm). The filter
exhibited an ultra-narrow FWHM of 0.31 nm and a high Q-factor of nearly 5140 at the
resonance wavelength of 1549.8 nm. The sharp resonance mode is excited by leveraging
the in-plane symmetry-breaking approach. We have presented an analysis based on the
Fano formula and near-field distributions. The near-field distribution closely resembles a
coupled quadrupolar field distribution. The dependency of the Q factor on the asymmetry
and the evolution of the resonance mode with asymmetry shows the quasi-BIC-like
behaviour of the resonance. The filter demonstrated nearly 100% reflectance with a flat
background spectral response of less than 20%reflectance across the entire C-band. The
characteristic of the resonance mode is investigated by using the multipolar decompo-
sition technique, which firmly validates the quadruple nature of the mode. The filter
wavelength can be tuned in the entire C band by varying the periodicity and thickness

of the GaAs layer. These findings suggest the potential of this metasurface design for
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developing narrow-band pass filters and sensors that function within the optical C band

region.
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CHAPTER

HiGH-Q RESONANT ALL-DIELECTRIC METASURFACES

FOR REFRACTIVE INDEX AND TEMPERATURE SENSING

4.1 Introduction

The previous chapter discussed a narrow band filtering response achieved in an all-
dielectric metasurface via symmetry protected quasi BIC mode. In this chapter we will
discuss application of such high Q mode as a refractive index and temperature sensor.
The high quality factor resonance in metasurface enhances the trapped electromagnetic
field, leading to strong light—-matter interaction. High-Q factor resonances with extremely
narrow line widths enables measurement of slight spectral shift in the spectrum. The
efficiency of a sensor is measured in terms of its sensitivity and Figure of Merit (FoM).
Such high Q factor resonance are a good candidate for a sensor with good Figure of Merit
(FoM) and Sensitivity (S). Although plasmonic metasurfaces exhibits strong electric field
enhancement for various sensing applications, the inherent losses of the metals used in
these structures often present limitations. The resonances in the plasmonic metasurfaces
are broad in nature due to the ohmic losses. Minor spectral shift caused by surrounding
ambiance can not be detected in a broad resonant spectra. Such metasurface design

possesses a low FoM (values below 100 ) in sensing application [65]66] These limitation

Part of the results of this Chapter have been published in the following papers: Bhowmik, B. K.,
Bhowmik, T., Pandey, P. K., Raju, M. S., Sikdar, D., and Kumar, G. "All-dielectric asymmetric planar
metasurface based dual-parametric sensor." Optics Communications, vol. 550, 2024, p. 129880.
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REFRACTIVE INDEX AND TEMPERATURE SENSING

hihghlights the use of all-dielectric metasurface as an efficient substitute to the metallic
counterpart. In this context, Yu et al. investigated an all-dielectric nanohole cuboid array
metasurface exploiting symmetry-protected BIC approach The sensing performance
of the design shows a sensitivity of 300 nm/refractive index unit (RIU) and an FoM
440 RIU!. In a similar study Liu et al. investigated an all-dielectric silicon split ring
metasurface to achieve a high-performance refractive index sensor The maximum
FoM achieved for the design is 56.5 RIU 1. Li et al. investigated the sensing performance
of an all-dielectric metasurface by utilizing sharp multiple Fano resonances[69] All this
existing study shows that the FoM and Q factor of a metasurface-based sensor can
be further enhanced by utilizing the nonradiative nature of the sharp Fano resonance
By breaking the in-plane symmetry with a removed rectangular portion
from the metasurface design, turns the BIC into a quasi-BIC mode having a finite and
tunable Q factor. The finite Q-BIC mode manifests in the transmission spectrum as
sharp Fano lineshape resonance. In recent studies, a very limited number of works
have addressed the simultaneous sensing of both temperature and refractive index
Although various existing techniques—such as Fiber Bragg Gratings
photonic crystals and bottle resonators have been employed to demonstrate
dual-parameter sensing, these methods often face challenges related to size, sensitivity,
and integration capabilities. There is a significant room to further investigate designs
which shows a better dual parametric sensing performance. In this work, we have excited
a sharp resonance mode with a very high Q factor of 2.8 x 10* exploiting the symmetry
breaking approach. The resonance wavelength shows high sensitivity to the refractive
index of the background material. In addition to this, the temperature dependency of
the resonance wavelength is studied by incorporating the thermo-optic effect in to the
constituents of the metasurface. By leveraging these two features this chapter discusses
the dual parametric sensing application using a GaAs based all-dielectric metasurface
design. The design shows a very high Q resonant response under the in plane symmetry
breaking effect.

The chapter is organized as follows. Section 4.2 gives the structural and modeling
details of the metasurface design. Sections 4.3-4.5 present the analysis of the resonant
behaviour using the classical Fano formula, near-field distributions, and the multipolar
decomposition theory. The last sections demonstrate the performance of the design as a

refractive index and temperature sensor.
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4.2. THE GEOMETRY OF THE METASURFACE

(a) Incident wave (b)

GaAs E H
BN Quartz

Figure 4.1: (a) The proposed metasurface design under the excitation of a normally incident
TE-polarized electromagnetic wave. (b) The top view of the metasurface "unit cell" with periodicity
P, =P, =746 nm, length of the GaAs square block / = 680 nm, size of the outer cut a1 = 120 nm,
a9 =75 nm, and thickness of the GaAs block A =315 nm.

4.2 The geometry of the metasurface

The periodic array of the all-dielectric metasurface is shown in Fig. [4.1(a). The metasur-
face unit cell has a periodicity P, = P, = 746 nm. A square air hole of side length ¢ =290
nm has been etched into a GaAs block of thickness A= 315 nm and length /= 680 nm,
which is placed on top of a Quartz substrate. To disrupt the design’s in-plane symmetry,
an outside cut of size n,= 120 nm and n,= 75 nm is introduced, as shown in Fig. b).
Considering the typical technological limitations imposed by electron beam lithography,
all geometrical parameters of the design are optimized. We have used commercially avail-
able CST microwave studio suite software for designing, optimizing, and interpreting
the results. The metasurface is numerically simulated using a frequency domain solver.
The boundary conditions are set as unit cell along X- and Y-directions, as they most
closely resemble the metasurface. For the source/probe position, the boundary condition
is chosen as “open (add space)” and “open”. A tetrahedral meshing is used with a very
fine mesh size. The metasurface design is excited with a normally incident, y-polarized

(TE polarized) electromagnetic wave propagating along the — Z-direction.
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Figure 4.2: (a) The simulated reflectance and transmittance of the design without disturbing the
symmetry, (b) the calculated transmittance spectrum after introducing an asymmetry for two
orthogonal polarization states of the incident wave.

4.3 Analysis of the transmission spectrum and near

field distributions

Fig[4.2(a) shows the simulated reflectance and transmittance spectrum for the hollow
GaAs nanocuboid metasurface without any asymmetry. In the 1530-1570 nm wavelength
region, nearly flat reflectance and transmittance spectra are achieved. A sharp resonance
is excited at a wavelength of 1555.8 nm by slightly disrupting the nanocuboid’s in-plane
symmetry by making an outside cut from the mid-edge of the cuboid, as shown in
Fig.[4.2(b). The design exhibits a sharp resonance for polarization along the Y-axis in
the transmittance mode, while the resonance completely disappears for the orthogonal
polarization condition (along the X-axis). For the remainder of the work, we have
considered only the y-polarized electromagnetic wave to excite the metasurface. The
Fano nature of the asymmetric resonance lineshape can be validated by comparing the
simulated spectrum with the expected lineshape from the Fano formula . The resonance
spectrum can be fitted using the Fano formula
b 2

TFrano(w)=|a1+iag+ w—wotiy (4.1)

where a1, ag, and b are real constants, wy is the resonance frequency, and y is the damp-

ing rate. The parameters are obtained by fitting the curve to the simulated transmittance
60

TH-3572_196121102



4.3. ANALYSIS OF THE TRANSMISSION SPECTRUM AND NEAR FIELD
DISTRIBUTIONS
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Figure 4.3: (a) The transmittance spectrum of the metasurface design showing resonance at a
wavelength of 1555.8 nm. The blue dashed curve denotes the fitted curve using the Fano formula.
(b) The plot of |C1| (continuous state) and |Cy| (discrete state). (c) Calculated phase difference
A = arg(C2) — arg(C1) between the continuum and the discrete state. (d) The normalized y-
component of the electric field at wavelengths 1555 nm (slightly below the resonance wavelength)
and 1556.6 nm (above the resonance wavelength).

spectrum. Fig. [4.3(a) displays the fitted transmittance spectrum. The good match be-
tween the simulated and fitted curves confirms the Fano nature of the resonance. The Q
factor of the resonance can be extracted using the expression @ = ‘20—3 The blue dashed
line in Fig. [4.3(a) indicates a Fano-fitted spectrum with a Q factor of approximately
2.8 x 10%. The Fano resonance originates from the destructive interference between the
discrete state and the continuum. From the fitted parameters, the complex amplitudes

of the continuum and discrete states can be extracted as

01=a1+ia2, (4.2)
b
Go=—3——={ (4.3)
W—wo+ly

where C; denotes the complex amplitude of the continuous state, and Cy denotes the
complex amplitude of the discrete state. Fig[4.3[b) shows the modulus of the calculated
continuous and discrete amplitude spectra using the Fano formula. Fig/4.3]c) shows the

phase difference between the continuous and discrete states, which can be calculated as:
A =arg(Cs) —arg(C1). 4.4)

The plot shows a phase difference of 180° exactly at the resonance wavelength. This

destructive interference between the continuous and discrete states leads to the sharp
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Fano resonance mode. Fig/4.3(d) displays the simulated normalized y-component electric
field distributions below and above the resonance wavelength. The field distributions are

antisymmetric, providing strong supporting evidence for the calculated phase spectrum.

4.4 Multi polar decomposition of the resonant
metasurface

To further investigate the nature of the excited resonance mode, we employed a multi-
polar decomposition technique for the metasurface unit cell The induced current
density, J(r,w), in the metasurface unit cell can be calculated from the simulated electric

field distribution E(r) and the effective refractive index distribution n(r)[[58]
J(r) = —iweo(n® — DE(r), (4.5)

where € is the permittivity of free space. The electric dipole (P), magnetic dipole (m),

electric quadrupole (®.), and magnetic quadrupole (®,,) can be expressed as:

P, =——[ f Jajokr)d®r + — f (8- Dra —r2ja) J(‘j:k);)d‘fr , (4.6)
a:g[f( J)ah(kr) ] 4.7)

ap = —% U(S (rpJa+radp) =20 J)dqp) jll(ekr)d?’
’ Zsz (5rarpte-d)=r® (radp+rpda) = r*(x-Ddap) Jf}:f)?dgr] "
m =15 f ra(rxJ)ﬁ+rp(r><J)a']s:f)g)d:g ] (4.9)

where a,f = x,y,2; c is the speed of light in a vacuum, % is the magnitude of the
propagation vector, and j,(kr) is the spherical Bessel function. The total scattering
cross-section can be expressed as the sum of the aforementioned multipole components
Qm

total

Coa = 2|E0|[Z<|P| 2]+

where E is the amplitude of the incident electric field. We employed the FDTD simula-

s (4.10)

sl

120

tion technique to export the electric field and refractive index distribution of the unit cell.
62

TH-3572_196121102



4.5. RELATIONSHIP OF THE Q FACTOR WITH ASYMMETRY: THE INVERSE
QUADRATIC DEPENDENCY
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Figure 4.4: (a) Multipolar analysis of the proposed metasurface design to determine the contri-

bution of different multipole moments. C%,,, C™ C?cg, C?c'g, and ngg"l represent the scattering

cross-section for the resonator due to electric dipole, magnetic dipole, electric quadrupole, mag-
netic quadrupole, and the total scattering cross-section, respectively. (b) The normalized multipole
distributions at the resonance wavelength. ED, EQ, MD, and MQ represent the electric dipole,
electric quadrupole, magnetic dipole, and magnetic quadrupole, respectively. (¢) The normalized
E, component of the electric field distribution is simulated at the resonance wavelength.

The current density and other multipolar components are calculated using the MATLAB
code introduced in[58]

The calculated multipolar decomposition is shown in Figl4.4(a). As illustrated in
Fig/4.4(b), the electric dipole component is the strongest contributing factor at the reso-
nance wavelength, and the electric quadrupole moment also contributes. The resonance
wavelength is 1556.8 nm. There is a slight difference between the resonance wavelength
from the multipolar analysis and that calculated using CST. This discrepancy arises from
the differences in the calculation methods of CST and FDTD. The simulated normalized
E, component of the electric field distribution (as shown in Figc)) at the resonance
wavelength of 1555.8 nm also indicates the excitation of dipole modes at the resonance
wavelength. The electric dipole nature results from structural asymmetry, leading to
uneven charge distribution in the metasurface unit cell. The influence of the asymmetry

on the resonance wavelength and quality factor will be studied in the next section.

4.5 Relationship of the Q factor with asymmetry: the

inverse quadratic dependency

Next, we studied the effect of asymmetry on the Q-factor of the resonance and developed

a relationship between the observed Fano resonance with the asymmetry parameter. We
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Figure 4.5: (a) Dependence of the Q factor on the degree of asymmetry. The blue line shows an
inverse square fitting with the degree of asymmetry (), with R? = 0.99006.(b) The contour plot
shows a comprehensive view of the resonance wavelength shift as well as the variation of the full
width at half maximum (FWHM) of the resonance mode with the degree of asymmetry.

defined the asymmetry parameter as

_As
- S

where S is the total area of the GaAs block of a unit cell and AS is the area of the

symmetry broken part. The Q factor of the resonance mode gradually increases as the

0

degree of asymmetry decreases, and at § = 0, the Q factor tends to have an infinitely
large value. Fig[4.5](a) shows the effect of asymmetry on the Q factor of the resonance.
The plot of the Q factor versus the degree of asymmetry shows a good fitting with the
relation:

Q =Qo5*

where @ is a constant depending on the geometry of the structure. This relation suggests
that the Q factor of the resonance mode can be controlled by changing the asymmetry
of the metasurface. The position of resonance wavelength blue shifts as the asymmetry
increases (as shown in Fig. [4.5(b)). The introduction of asymmetry reduces the fraction
of high refractive index material on the metasurface; hence, the effective refractive index
of the metasurface decreases. As a result, the resonance wavelength’s position shifts to
the lower wavelength.

However, the Q factor of the resonance mode in a periodic metasurface is limited by

the number of unit cells or periods. The minimum number of unit cells (U,) required to
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sustain a sharp, high-quality factor resonance of value @ is

U, > Q

7
So, in practical situations, the maximum value of the quality factor is limited
by the finite array size of the metasurface. Furthermore, the total Q factor Q. can be

defined as
1 1 1

= +
Qtot Qrad Q nr

, where @,,q and @, indicate the radiative Q-factor and non-radiative Q-factor, respec-

tively[82]] The @y covers the dissipative losses, losses due to surface roughness, and
deviation due to fabricated errors. The finite value of @, makes the Q. of the Fano

resonance finite.

4.6 Application as sensor

The high Q factor and local field enhancement are significant for sensing applications.
The high Q factor resonance mode shows the capability to detect minor spectral shifts
caused by weak refractive index variation of the ambient medium or temperature of the
surroundings. The Q factor at the resonance wavelength 1555.8 nm reaches 2.8 x 10%.
Additionally, a high spectral contrast ratio is desirable for sensing applications
because it enhances the sensitivity and precision of the sensor. In practical terms, a
high spectral contrast ratio enables a larger signal-to-noise ratio (SNR) and makes
the resonant feature stand out more prominently against any background noise or

fluctuations. The spectral contrast (S.C.) of the Fano resonance can be defined as|83]

- (Tpeak = Tdip)

S.C.=
(Tpeak + Tdip)

x 100%

The spectral contrast (S.C.) reaches 90% for the proposed design. Such an ultra-high Q
factor resonance and a high spectral contrast make the metasurface design promising for
sensing-based applications. The spectral shift can be caused by both the variation of the
background refractive index as well as the temperature of the surrounding environment.

The following equation describes the dependence of the resonance shift on the varia-
tion of the refractive index and temperature

M= An+ AT
on- " artt T

oA oA (6/1 on
X —
on 0T

)AT
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Figure 4.6: The transmittance spectrum for the different background media, where n,,, ny, np,
n., and n, represent the refractive indices of methanol, water, blood plasma, ethanol, and diluted
alcohol, respectively. (b) Linearly fitted plot of the refractive index versus resonance wavelength.
The R? value of 0.9996 indicates good linearity between the wavelength shift and the change in
refractive index.

Here, T is the temperature, and n is the refractive index of the background medium.
The first two terms of the equation refer to the independent variation of refractive index
and temperature, while the third term refers to the thermo-optic effect of the ambient
medium.

Assuming the proposed design works in the linear range, the general form of the

equation can be formulated as follows:
dn
Sn(An + ATd—T) +STAT = AA,

where S, and St are the refractive index (RI) and temperature sensitivity coefficients.
The coefficients of sensitivity can be calculated from the RI and temperature versus

spectral shift plot.

4.7 Refractive index sensing

First, we investigated the influence of the background medium on the resonance wave-
length. To demonstrate the refractive index sensing response of the design, we considered
methanol (RI = 1.319) water (RI = 1.33)[87], blood plasma (RI = 1.341) ethanol
(RI =1.352) and diluted alcohol (RI = 1.36) [89]solution as the surrounding medium.
The transmittance spectrum of the proposed design is calculated for each case. Fig/4.6(a)
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shows the transmittance spectrum corresponding to the changes in the background
refractive index. The resonance wavelength shows a red shift as the refractive index of
the surrounding medium increases. At the same time, the Q factor and spectral contrast
of the resonance remain the same over the changes in the background refractive index.

Thanks to the sharp, high-Q nature of the Fano resonance, even a minor spectral shift
is visible despite a very small change in the refractive index. The slope of the linearly
fitted resonance wavelength versus refractive index data (as shown in Fig/4.6(b)) leads
to a sensitivity of 140 nm RIU L. A quantitative statement about the performance of a
refractive index-based sensor can be made by calculating the figure of merit (FoM). The
FoM is defined as the ratio of sensitivity to the line width of the resonance

S
FoM = —
AN

where S is the sensitivity and AA is the line width of the resonance.

The linewidth of the Fano resonance can be calculated as the full width between the
peak and the dip of the resonance[24], which is calculated to be 0.026 nm. The sharp
resonance feature of the proposed metasurface design leads to an FoM value of 5384
RIUL. This value is much larger than plasmonic metamaterial-based sensors reported
in Further, we have shown a comparison of the FoM of the metasurface-based
sensor reported in the literature with the proposed design. As shown in Table 1, it can
be seen that our proposed all-dielectric metasurface-based design shows a significant

improvement in enhancing the FoM of metasurface-based sensors.

4.8 Temperature sensing

Next, for the study of temperature sensing, the refractive index of the background
material is set to 1. The thermal expansion coefficients of the materials can be neglected
due to the smaller size of the structure. Incorporating the thermo-optical coefficients into
the simulation, the temperature is varied from 20°C to 80°C. At room temperature, the
thermo-optic coefficients for GaAs and quartz are 2.67 x 10™4/K and —7.94 x 1078/K
[96], respectively.

Figld.7(a) shows the transmission spectrum of the metasurface design at different
temperatures. Fig.[4.7(b) shows the linearly fitted plot of temperature versus the reso-

nance wavelength. The sensitivity of the temperature sensing can be calculated as:

AL
= —Z pm/°C = 72pm/°C.
St = 5 pm/°C =T72pm/°C
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Table 4.1: Comparison of FoM parameter of the metasurface-based sensor.

Type Wavelength Reported FoM | Year
range

All-dielectric semicircle disk | Near IR 2970 RIU! 2023

metasurface [90]

Silicon split-ring metasur- | 1100 nm-1200 | 130 RIU~! 2023

face[[79]] nm

Hollow cylindrical | Near IR 483 RIU ! 2022

tetrameric clusters [91]

Plasmonic metasurface [92]| Visible 109 RIU! 2022

Nanoring array cavity meta- | Near IR 119 RIU! 2021

surface [[93]]

All-dielectric nanohole | Near IR 400 RIUT 2021

cuboid array metasurface

[67]

All-dielectric Si split ring- | Near IR 56.5 RIU~T 2018

based metasurface [68]

This Work Near IR 5384 RIU ! 2023

Table 4.2: Performance comparison of the metasurface-based design with other temperature

Sensors.

Year Structure type Sensitivity Wavelength range
2023 |[74] | Silicon disks with tilted split gap | 54 pm/°C 2200 nm—-3000 nm
2017(73] | Array of silicon nanoblocks 58.94 pm/°C | 1300 nm—-1700 nm

(design-1), 46.05
pm/°C (design-2)
2017|[76]] | Photonic crystal 30.1 pm/°C Near IR
2016([84] | Fiber sensor 59 pm/°C 1540 nm-1600 nm
2021[[94] | Sm>®":ZnO micro-spheres 0.04 pm/°C Visible range
This work | All-dielectric asymmetric meta- | 72 pm/°C Near IR
surface

The FoM of the design will be small for temperature sensing as the wavelength shift is in

the 'pm’ scale. However, it is found that our design shows good temperature sensitivity,

and hence the design can be used as a dual parametric sensor (for RI and temperature).

Table 2 shows a performance comparison of some reported literature on temperature

sensing.
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Figure 4.7: (a) The transmittance spectrum of the metasurface design at different temperatures,
(b) the linearly fitted plot of the temperature versus resonance wavelength, the slope of the graph
gives the temperature sensitivity of the design.

4.9 Summary

This chapter thoroughly discusses a dual parametric sensing mechanism using an
asymmetric all-dielectric metasurface. The metasurface’s resonant response fitted well
with the classical Fano formula, confirming the Fano nature of the observed resonance.
This resonance exhibited a high Q factor of 2.8 x 10%, making it suitable for highly
sensitive detection applications.

The resonance wavelength of the metasurface shows dependency on the refrcative in-
dex of the background material. By simulating different surrounding material (methanol,
water, blood plasma, ethanol, and diluted alcohol) we observed a clear red shift in the
resonance wavelength as the refractive index increased. This shift, combined with the
stable Q factor and high spectral contrast, shows a good efficiency of the metasurface as
a refractive index sensor. The calculated sensitivity was 140 nm/RIU, and the Figure of
Merit (FoM) reached a very high value 5384 RIU L.

Next, the temperature sensing is investigated by incorporating thermo-optic coef-
ficients of the constituent materials of the metasurface and varying the temperature
from 20°C to 80°C. The simulation results indicated a linear relationship between the
resonance wavelength and temperature, with a sensitivity of 72 pm/°C. This metasurface
based design has the potential to replace sensor devices based on a plasmonic approach

owing to high-quality modes. The use of such metasurface design with a high Q Fano
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resonance can be a powerful tool for developing advanced sensors with applications in

biomedical sensing, environmental monitoring, and other fields where high precision

and sensitivity are essential.
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CHAPTER

EXCITATION OF QUASI BIC MODE VIA SLECTIVE

SYMMETRY BREAKING IN TERAHERTZ METASURFACE

5.1 Introduction

In the previous chapters, we explored the application of high-Q Bound States in the
Continuum (BIC) modes, specifically as narrow bandpass filters and dual parametric
sensors in near IR wavelength. These studies emphasized the potential of sharp quasi
BIC (which manifests as Fano lineshape in the spectrum) in enhancing performance for
optical filtering and sensing applications.

This chapter extends the concept of BICs to the terahertz metasurface domain. Here,
we theoretically and experimentally investigate quasi-BIC modes’ excitation and Q-factor
enhancement in a metallic terahertz metamolecule system. Metallic structures are of-
ten favored for their ease of fabrication, and they offer an additional advantage over
all-dielectric counterparts by potentially reducing common fabrication errors, such as
etching inaccuracies. In the THz frequency range, Drude metals exhibit high conductivity
and hence lower non-radiative losses compared to optical communication wavelength
(near infrared range) So, handling the radiative losses is the primary challenge in

this frequency region. In this context, Hansen et al. reported the excitation of trapped

Part of the results of this Chapter have been published in the following papers:Bhowmik, Bhairov
Kumar, et al. "High-quality factor Quasi-BIC mode via selective symmetry-breaking approach in a
terahertz metasurface." New J. Phys. 26 063024.
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BREAKING IN TERAHERTZ METASURFACE

mode resonances in metallic THz metasurfaces where the in-phase oscillations of
anti-symmetric currents led to a Q factor of 27.5. Similarly, Chen et al. studied a nested
square split-ring resonator metamaterial for efficient sensing application and achieved
a maximum Q factor 30.5 in the THz range Gupta et. al investigated a terahertz
metasurface design supporting toroidal resonance and achieved a maximum Q factor of
42.5 Zhang et al. further advanced this field by theoretically and experimentally
demonstrating multiple bound states in the continuum (BIC) in a split-ring resonator
using a symmetry-breaking approach Despite these advancements, the relatively
low Q factors and structural complexity of existing designs indicate significant opportu-
nities for further improvement. The standard approach for exciting symmetry-protected
quasi-BIC modes typically involves uniformly perturbing the structural symmetry of a
unit cell [2, 16], which causes all the resonators to contribute to far-field radiation. In
contrast, this work introduces a selective, or non-uniform, symmetry-breaking scheme in
a simple ring-shaped metamolecule system. This selective symmetry-breaking technique
effectively reduces the radiation density and shows a significant improvement in control-
ling radiative losses and enhancing the Q factor. The chapter is divided into sections as
below:

Section 5.2 discusses the simulation procedure and optimized structural layout of the
metasurface. Section 5.3 explains the process involved in the sample fabrication. Section
5.4 discusses the metasurface response under the nonuniform symmetry-breaking effect.
Section 5.5 presents a theoretical investigation of the bright-dark coupling mechanism
in the proposed metamolecule system. Sections 5.6 and 5.7 discuss the results of sample
characterization using terahertz time-domain setup and the near-field scanning terahertz

microscopy setup. Finally, section 5.8 summarizes the key findings of the chapter.

5.2 Simulation and optimization

We have designed a meta-molecule system comprising four resonators or meta-atoms
made of aluminum rings positioned on top of a quartz substrate, collectively referred to
as a meta-molecule system. Figure illustrates the schematic of the proposed meta-
molecule system, including a detailed view of a unit cell (as shown in the inset). The
optimized geometrical parameters of the meta-molecule system are periodicity (P) =
200um, width (w) = 6um, and oOuter ring radius: r1 =27 um, re =rg =34 um, andr4 =

41 ym. .
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5.3. SAMPLE FABRICATION

Finite element solver-based CST Microwave Studio suite software was used to design
and optimize the proposed metasurface design. The boundary conditions were set as
unit cell along the X and Y directions, and Open (add space), Open along Z,,.x and
Zmin, respectively. The transmission spectrum was simulated under the excitation of a

TE-polarized (Y-polarized) normally incident electromagnetic plane wave.

5.3 Sample fabrication

Following theoretical optimization, the proposed design was fabricated in a clean room
environment. A quartz wafer was used as the substrate material for the proposed meta-
molecule system. The thickness of the one-sided polished quartz wafer was 500um. A
thin film of aluminum, with a thickness of 200 nm, was deposited on the quartz substrate
using thermal evaporation.

The wafer was then spin-coated with hexamethyldisilazane (HMDS) and S1813
positive photoresist, followed by complementary patterning using a direct laser mask
writer. This step defined the areas to be etched out and those to be masked, based on
our intended metasurface design. The HMDS acted as an adhesive layer for the positive
photoresist (For the details of the clean room photolithography process see section [2.2).

After a 50-second development process, the sample was etched using an aluminum
etchant to remove the undesired metallic parts, while the photoresist served as a protec-
tive mask for regions that were to remain part of the final metasurface structure. Finally,

acetone was used to strip away the residual photoresist.

5.4 High-Q Fano Resonance Analysis Driven by

Non-Uniform Symmetry Breaking

We have strategically broken the structural mirror symmetry of the metamolecule
system to reduce the radiation density of the system. The proposed design shows a
high-Q Fano-like resonance under the non-uniform mirror symmetry breaking of the
metamolecule (as shown in Figurd5.2(b)). Figure [5.2(a) shows the different schemes of
symmetry breaking applied in the design to strategically enhance the Q factor by reducing
radiation loss. To minimize inter-unit cell near-field interactions and study the resonance

behavior primarily due to symmetry-protected BIC, we arranged the four-ring resonators
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Figure 5.1: (a) Schematic of a metasurface design under the excitation of TE-polarized THz
radiation. The inset shows the proposed meta-molecule unit cell, where the periodicity P = 200 um,
width w = 6 um, radii r; = 41um, ro = 27um, r3 = rq4 = 34um, and the thickness of the ring
structures A = 200nm.(b) The photograph and micrograph image of the fabricated metasurface
sample using photolithography.

with a center offset of 6um. Figure[5.2(b) shows the simulated transmission spectrum
corresponding to a symmetric structure, a uniform symmetry-broken structure, and a
non-uniform (or selectively symmetry-broken) structure. The symmetric metasurface
design exhibits a broad resonance dip at a frequency of 1.1 THz. According to previously
reported studies, such metallic designs typically show a polarization-independent broad
dipole resonance An additional Fano line-shape resonance appears in the spectrum
as we introduce a uniform mirror symmetry-breaking effect in the system. However, a
more strategic approach can be adopted to further enhance the Q factor by breaking
the symmetry in a non-uniform or selective way. A significant enhancement in the Q
factor, from 25.8 to 107, is observed under the non-uniform symmetry-breaking effect.
The sharp spectral dip arises in a narrow frequency window alongside an additional
resonance dip. The sharp resonance dip (marked as A for discussion) appears to be
spectrally squeezed into a narrow frequency range. The resonance dips are marked as
A, B, and C in different colors for clarity. The first resonance dip exhibits a significantly
narrower linewidth compared to the second. Under the symmetry-breaking effect, the
uncoupled dark resonance interacts with the broad radiation continuum and manifests
as a Fano line-shape resonance embedded within the continuum [4][I01]103]

The broad dipolar resonance splits as soon as the mirror symmetry of the structure is

broken, and a Fano-like resonance evolves in the background of the broad resonance. To
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Figure 5.2: (a) The arrangement of four ring resonators in a metamolecule unit cell with three
approaches: symmetric, uniform symmetry breaking, and selective symmetry breaking. The olive
background resonators have a radius of 27um, the red background resonators have a radius of
41um, and the gray background resonators have a radius of 34um. (b) Simulated transmission
spectrum of the symmetric meta-molecule system, non-uniformly symmetry-broken structure,
and uniformly symmetry-broken structure.

better understand the splitting of the broad dipole mode, a plasmonic mode hybridization
scheme is presented in Figure In a coupled ring system, both symmetric and anti-
symmetric modes are observed as a result of hybridization [104][[105] Since the rings
are smaller than the wavelength of the excitation, they can be treated as electric dipoles.
Four different eigenmodes are possible, as shown in Figure (for both transverse and
longitudinal polarization of the incident electric field). Two of them are in-phase oscilla-
tions of the electric dipoles in both rings, referred to as symmetric or bright eigenmodes,
as they radiate into the far field. The remaining two modes, characterized by out-of-phase
oscillations, are known as dark modes, which cannot directly couple to the radiation
continuum. However, as the structural symmetry is broken, the dark modes couple to
the continuum with a reduced dipole moment, manifesting as sharp Fano line-shape
resonances.

The coupling between two resonators depends on their spatial and respective spectral
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Figure 5.3: The mode hybridization scheme for a micro ring pair unit cell, where the dark mode
manifests as a result of dipole detuning due to the introduction of the structural asymmetry.

positions To further understand the coupling mechanism, we simulated the
near-field distributions of the electric field, as shown in Figure The field profiles
at the three resonance dips are depicted using different color frames, matching the
distinguishing colors for the three dips marked as A, B, and C in Figure [5.2(b). Figure 4
shows that at two resonance dips, A and B, the dipole modes in each pair of resonators are
antisymmetric. Longitudinally aligned pairs (with an axis parallel to the polarization)
couple more effectively due to their spectral proximity and small gaps.

This effect arises because the dipole mode resonance of a circular ring resonator
depends on its radius and width If the resonance wavelengths of the three-ring
resonators with radii of 41 um, 34um, and 27 um are denoted by A41, 134, and Ag7,
then 141 = A34 = A97. Thus, resonators with radii of 41 um and 34um, and those with
27 um and 34 pm will couple due to their spectral overlap. The Z-component of the
electric field corresponding to resonance dips A and B (as shown in Figure consists
of combinations of symmetric and antisymmetric modes for each longitudinal pair. At
resonance dip A, rings 3 and 4 oscillate in-phase, creating a sharp linewidth resonance
due to the reduction of the net dipole moment by ring 2. In contrast, at dip B, rings 2

and 4 oscillate strongly in-phase, while rings 1 and 3 show weaker antiphase oscillations.
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Figure 5.4: The simulated Z-component of the electric field, normalized surface current density
profile, and absolute of the normalized electric field profile distributions at the three-resonance
dip. The color of the frame is consistent with the font color used to depict the three-resonance dip

in figure

This is also evident from the absolute field profile for dip B, which results in a larger
net dipole moment, leading to a broader Fano resonance. For resonance dip C, the E,
component shows uniform oscillation across the rings, producing a significant net dipole
moment.

At resonance dip A, rings 3 and 4 behave as bright resonators, and their coupling
with oppositely oscillating dark resonators generates Fano dip A. Similarly, at resonance
dip B, the diagonal pair of rings 2 and 4 oscillates strongly in-phase and acts as bright
resonators. Their coupling with indirectly excited dark resonators produces Fano dip
B. The relationship between the sharp resonance dip and the dark resonance mode is
depicted in Figure [5.5(a).

The resonant state |¢1) can be viewed as an interaction between the unperturbed
or bound state and the broad radiation continuum [30] The perturbation induces a
frequency shift and dipole detuning, resulting in a sharp Fano resonance with a finite
Q factor [72] The green arrow in Figure[5.5(a) indicates the direction of the net dipole
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Figure 5.5: (a) A schematic description of the decomposition of the sharp resonance mode into
an unperturbed dark mode and the radiation continuum. The size of the sign represents the
strength of the field. (b) The 1D field plot along the Y-direction at x = —44 ym and X =44 uym for
the symmetry-perturbed metamolecule system. (¢) The 1D field plot along the Y-direction for the
symmetric structure, calculated using eigenmode analysis.

moment. Figured5.5(b) and [6.5(c) provide quantitative evidence of the dipole detuning in
the metamolecule system, validating the asymmetric field strength under the perturba-
tion effect and the symmetric field strength with zero dipole moment for the unperturbed
system.

The field strength for the unperturbed mode corresponding to the I'-point (K, =K, =

0) is calculated using eigenmode analysis in CST Microwave Studio suite simulation.

5.5 Theoretical investigation of bright-dark mode
coupling in the proposed System

We have used the analytical formula based on Gallinet and Martin’s ab initio theory [109]]
which provides a quantitative approach for a deeper understanding of the resonance
behavior in metamaterials. This theory reveals the roles played by the electromagnetic
modes and material losses in forming Fano resonance in metallic subwavelength struc-

tures. The theory is based on the interference between a radiative broad resonance
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mode (continuum) and a non-radiative asymmetric mode (dark mode).In metamaterial
the resonance mode which are excited directly under the excitation of electromagnetic
radiation are known as bright mode. The dark modes are the modes which can not be
excited directly or shows very weak coupling to the radiation continuum. According to ab
initio theory, the resonance magnitude of the system can be expressed as the product of

the symmetric (bright) and antisymmetric (dark) resonance modes, respectively [109]

P ,
T(w)=1- H afi(w)(f{)(w) (5.1)
ij=1

where the superscript i(j) = 1,2 indicates the i;,(j;4) dark(bright) mode. The dark and

bright resonance profile can be expressed as,

((M—w%)

2
2YidWid + Qi) +b;

([vﬂ—w%d)

2
+1
2YiqWid )

ol (w) = (5.2)

. K?
o) (W) = o ZJ] > (5.3)
L) ) +1

( 2y jpwjb

where w is the frequency, w;(wp) is the central resonance frequency of the dark (bright)
modes, Y4(Yp) is the linewidth of the dark (bright) mode spectrum, K is the relative
amplitude of the resonance, g is the asymmetric parameter, and b is the modulation
damping parameter corresponding to the intrinsic losses. The parameters ¢ and b shape
the Fano resonance line shape. By using these analytical functions and considering bright-
dark interaction, the complete transmission spectrum for the proposed system can be
obtained. The excellent agreement between the numerically simulated and theoretically
calculated transmission spectrum is shown in Figure [5.6(a). The parameters of the
analytical expression are obtained by fitting with the spectrum obtained using numerical

simulation. The values of the extracted fit parameters are reported in Table 5.1.

Table 5.1: Extracted parameters from the analytical fitting.

K: Ky | qp qs Y1d Yod Y16 Y2b by bs w1ig w2
2.5110.69 | - - 0.0124 0.056 0.47 0.41 1.68 | 0.934| 0.70 0.95
0.0045 0.128 | THz THz THz THz THz THz
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Figure 5.6: (a) The theoretically calculated transmission spectrum for a structural asymmetry
0 = 26.4%. The theoretical matching validates the evidence of the bright-dark coupling mechanism.
(b) The broad radiation continuum extracted using the analytical model. (c) The corresponding
dark or discrete line shape extracted using the analytical fit.

The contributing bright mode, which is decomposed from the analytical modeling, is
shown in Figure [5.6(b), and Figure [5.6(c) shows the corresponding discrete line shape.
Equation (5.1) provides the collective influence of all the radiative continuum and the

discrete dark resonance mode, yielding the complete transmission profile.

5.5.1 The Influence of Geometrical Perturbation and BIC
Characteristics
To investigate the asymmetry dependence of the transmission spectrum, we have sim-

ulated the meta-molecule system for different degrees of asymmetry. The degree of

asymmetry in the meta-molecule system is defined as:

ri—rg
o=

x 100%
ri+ro

Figure [5.7(a) depicts the transmission plot under different degrees of geometrical
perturbation. It is evident from Figure [5.7(a) that the resonance mode ceases to couple

with the radiation continuum as we decrease the asymmetry. This can be understood as
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Figure 5.7: (a) The simulated transmission contour plot as a function of frequency and degree of
asymmetry. (b) The asymmetry versus calculated Q factor of the sharp resonance dip. The solid
line represents the fitting with the expression @ = A8 2 + Correction term. (c) Evolution of the
quasi-BIC in the transmission spectra versus the degree of asymmetry.

an ideal BIC mode that cannot be accessed due to its infinite Q factor or zero linewidth.
This BIC mode transforms into a quasi-BIC mode under the influence of geometrical
perturbation and manifests as a high-Q Fano resonance.

The Q factor of the resonance mode can be calculated by extracting the overall
damping rate from the Fano fitting [72]

a 2

T =lc1+jecg+ ————
Fano 1TJjC2 (@—wo +J7)

where c1, cg, and «a are real-value constants, y is the overall damping rate, and wy is

the resonance frequency. The radiative Q factor, @ = ‘;—g, is plotted against the respective

degree of asymmetry as shown in Figure [5.7(b). The Q factor of the resonance mode

5.9x10%
52

The inverse square dependence of the Q factor demonstrates the existence of the
structural symmetry-protected BIC in the meta-molecule system [100}|72]. The calcu-

lated transmission against varying degrees of asymmetry is shown in Figure[5.7|c) (see

with a correction term of —33.97.

shows a fitting of
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the Appendix [A.T)). The resonance becomes sharper as we reduce the asymmetry and
finally disappears from the spectrum for a perfectly symmetric structure. The BIC mode
is characterized by the fact that for zero asymmetry, it has an infinite Q factor and hence

cannot be detected in the spectrum. The presented approach is based on the solid foun-

Table 5.2: Comparison with already reported works

Reported Works Reported Q factor Frequency range Year
[110] 24 (simulation) THz 2024
[100] 24 (simulation), 21 (experimental) THz 2022

[99] 30.5 (simulation) THz 2020
[98] 217.5 (simulation) THz 2011
This work 107 (simulation) THz 2024

dation established by previous works reported in this field. To convey the improvement
in the Q factor observed in the current study, we have presented a comparison in Table
5.2, which shows an enhancement in the excitation of the Q factor compared to earlier

studies.

5.6 Sample characterization in terahertz time

domain spectroscopy

Metasurfaces were fabricated for three degrees of asymmetries 6 = 0, 20.5%, 29.4%.
The transmission amplitude of the proposed metasurface is measured using an in-built
fiber-coupled terahertz time-domain spectroscopy setup (THz-TDS) in a dry environment
with humidity less than 14%. Figure presents the schematic of the fiber-coupled
in-built THz time-domain spectroscopy setup. The characterization setup consists of
a photoconductive-based THz transmitter and a THz receiver with a pair of identical
gold-coated parabolic mirrors. The metasurface sample is placed in the focal plane of
the parabolic mirrors to ensure minimal spatial dispersion of the incidence [? ]. An
array size of approximately 1 cm x 1 cm is fabricated to assure excitation homogeneity.
The transmitted time-domain signal is transformed to the frequency domain through
Fourier transformation and normalized with an identical bare quartz substrate as a

reference, T(w) = gjgzi, where E (w) and E,(w) are the Fourier-transformed frequency

domain transmission spectra of the sample and the bare quartz substrate, respectively.
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Figure 5.8: The fiber-coupled THz time-domain setup focuses the transmitted THz radiation to a
beam spot size of 8 mm using a parabolic mirror with a focal length of 10 cm. The focused THz
beam is passed through a metasurface sample area of 1 cm x 1 cm and is then detected by the
detector.

The transmission spectra were measured for three samples with different degrees
of asymmetries. The results show a signature of the quasi-BIC resonant response and
demonstrate good agreement between the resonance frequencies of the simulated and
experimental results. Figure [5.9(a) presents the transmission spectrum obtained from
the symmetrical metasurface configuration, revealing a distinct resonance dip at 1.1
THz, matching the simulation predictions. However, the discrepancies in the observed
linewidth and amplitude compared to simulations are likely due to edge scattering
losses and inevitable fabrication inaccuracies. Figures [5.9(b) and [5.9(c) illustrate the
measured transmission spectra corresponding to structural asymmetries 6 = 20.5% and
0 =29.4%. The results show a clear signature of the quasi-BIC resonance mode at 0.7
THz as the asymmetry is introduced. Since the results correspond to an asymmetry
degree of 29.4%, showing a prominent dip, we have calculated the experimental and
simulated Q factors for this asymmetry for comparison (see appendix for details).
The experimentally determined Q factor is 5.96, whereas the simulated Q factor is
33.7. This mismatch between the simulation and experimental result is mainly due to
the experimental setup’s minimum resolution limit, which is insufficient to resolve a
resonance with ultra-narrow linewidth.

Moreover, the quartz substrate with a thickness of 500 um is used as mechanical
83

TH-3572_196121102



CHAPTER 5. EXCITATION OF QUASI BIC MODE VIA SLECTIVE SYMMETRY
BREAKING IN TERAHERTZ METASURFACE

(@)

00000000000¢
0000000000 Of os
00000000000
000000000001
ooooooooooo<w
0000000000~

0.0

(b)

= Simulation

Expeng

8 =20.5%

oo
0Q O

— Simulated
~— Experimental

o
@)
o
00 00 00 00

(=4
@

00 O
oQ o
00 O
oQO o
00 O

Transmission

Q00 00 00 00
°
>

00 00 00 0Q
00 000000
00 00 00 0O

6 =29.4%

0.6 0.8 1.0 12 1.4 706 08 10 12 1.4
Frequency (THz) Frequency(THz)

Figure 5.9: Micrograph image and experimentally measured transmission spectrum for (a)
symmetric structures, (b) with structural asymmetry 6 = 20.5%, (c) with structural asymmetry
0 =29.4%, fabricated using photolithography.

support for the metasurface design, producing an etalon effect due to the reflection from
the incident surface. The presence of the etalon pulses creates a noisy oscillation in
the time-domain transmission spectrum. The sharp resonance dip somewhat loses its
existence as a cumulative effect of the limited resolving power and the etalon effect. To
avoid this etalon effect, the data have been truncated before the emergence of etalon
noises. However, a finite amount of information is lost due to this effect, which causes an

observable mismatch between the simulation and experimental results.

5.7 Analysis of the field distribution by using

near-field scanning terahertz microscopy

We further experimentally investigated the near-field distribution of the electric field
associated with the resonance mode of the fabricated metasurface sample.The near field
measurement is performed using a near-field scanning terahertz microscopy (NSTM)
setup. Figures[5.10(a) and [5.10(b) show the normalized |E,| electric field distribution
mapped over an area of 400 um x 400 um, with the measurements on the left panel
and simulated results on the right panel. The simulated near-field distributions are
accurately reproduced in the experimental |E,| field distribution associated with the
quasi-BIC mode at a frequency of 0.71 THz.

The working principle of the NSTM setup is similar to that of a conventional THz-
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TERAHERTZ MICROSCOPY

Near Field Scanning Microscopy Simulated

Figure 5.10: The measured near-field scanning microscopy image and simulated |E,| field
distributions of the metasurface with asymmetry a = 29.4% at frequencies (a) f = 0.71THz
and (b) f = 0.92THz. The field distributions are scanned and calculated at 10 um above the
metasurface. The ring resonators are highlighted with black dashed circles.

TDS system (For details, see figure A3 in the appendix [A.2). A 35 fs optical pulse, with
an 800 nm central wavelength, from a Spectra-Physics MaiTai laser is split to generate
a single-cycle THz pulse using a photoconductive antenna (BATOP GmbH), and the
THz pulse is detected using a polarization-sensitive, micro-structured photoconductive
antenna-based THz microprobe (Protemics GmbH). The generated terahertz beam is
focused on the tip using off-axis parabolic mirrors. The sample is mounted on an XYZ
motorized stage to construct the spatial profile.

The transient THz electric field mapping in the temporal domain is performed using
a delay line. The current induced in the microprobe due to the THz electric field is
amplified (using a trans-impedance amplifier) and detected using the standard lock-in
measurement technique (SR865). The THz microprobe was placed 10 um (< %) above
the metasurface for this measurement. An area of 400 um x 400 um was scanned around
a meta-molecule with a step of 10 um. The measured spatio-temporal THz electric field
distribution is then Fourier transformed to the frequency domain to obtain the electric
field profile at different frequencies.

Due to the spatial resolution limitation of the microprobe, the measured field profiles
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appear convoluted compared to the profiles obtained in the simulation.

5.8 Summary

We have reported a robust high-quality quasi-Bound State in the Continuum (quasi-
BIC) mode with a ring-shaped metamolecule system operating in the terahertz (THz)
frequency range. By innovatively breaking the structural symmetry of the metamolecule
system in a non-uniform or selective manner, we effectively reduced the radiation density,
resulting in a high-Q quasi-BIC resonance that surpasses the Q factors achieved by
conventional uniform symmetry-breaking approaches.

Our strategy involves selectively perturbing only half of the resonators within the
metamolecule, which minimizes radiative losses more effectively than uniformly breaking
the symmetry of all resonators. This selective symmetry-breaking leads to a significant
enhancement in the Q factor from 25.8 to 107, as demonstrated by both simulation and
experimental results. The Q factor and the resonance frequency can be tuned by adjusting
the geometrical degree of asymmetry, providing a versatile platform for manipulating
resonant properties in metamaterials.

The terahertz time-domain spectroscopy (THz-TDS) and near-field scanning terahertz
microscopy (NSTM) results, validate the theoretical predictions and numerical simula-
tions. The measured transmission spectra exhibit good agreement with the resonance
frequencies of the simulated transmissions. The experimentally determined Q factor of
the metasurface with an asymmetry of 29.4% is found to be 5.96, whereas the simulated
Q factor is 33.7. This discrepancy arises due to the resolution limit and data truncation
during analysis. Additionally, the NSTM results show a strong correlation with the
simulated near-field distributions at the quasi-BIC mode, providing firm support for
the observation of the quasi-BIC mode. The excellent agreement between the analytical
modeling based on Gallinet and Martin’s abd initio theory and the simulation results
further validates the bright-dark coupling mechanism responsible for the Fano resonance
observed in the system. This method shows a higher Q factors than the conventional
symmetry breaking approach. This kind of simple, yet effective method can open new
avenues for the exciting field of applications like sensing and nonlinearity in the THz

frequency range.
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CHAPTER

EXCITATION OF QUASI-BIC MODE IN A LATTICE
PERTURBED THZ SPLIT RING RESONATOR

METAUSRFACE

6.1 Introduction

In continuation with the selective symmetry-breaking approach discussed in the previous
chapter, here we have explored an alternative way other than the mirror symmetry-
breaking approach. This chapter presents a theoretical demonstration and experimental
validation of quasi-BIC excitation in the metallic split-ring resonator (SRR) metasurfaces
by perturbing the lattice constant.

Split ring resonators (SRRs) have been extensively studied owing to their unique
ability to support magnetic resonances and their utility in analyte sensing. Earlier stud-
ies reported sharp Fano resonance modes in SRR metamaterials by exploiting mirror
symmetry-breaking effects For instance, Singh et al. numerically and experi-
mentally investigated the excitation sharp Fano resonances with high Q factor and
its tunability by varying the degree of asymmetry in asymmetric split ring resonator

The excitation of quasi-BIC resonance modes by structural symmetry breaking

Part of the results of this Chapter have been published in the following papers: Bhairov Kumar
Bhowmik, K M Rohith, and Gagan Kumar, “Excitation of High-Quality Quasi-BIC toroidal Mode in a
Lattice perturbed terahertz Metasurface.” (accepted)Applied Physics Letter, 2024.D01:10.1063/5.0228324
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in metasurface unit cell designs has been a key idea due to its simplicity and the tun-
ability of the Q-factor via structural asymmetry Some recent studies have explored
alternative methods to achieve coupling-assisted high-Q resonances. In this context,
Xu et.al investigated excitation of sharp high Q mode by direct coupling between in-
trinsic radiative modes and lattice modes of SRR In line with this, a significant
enhancement of Q-factor have been reported by coupling the fundamental lattice mode
of a metasurface array with a symmetry-protected BIC-assisted Fano resonance|[116]
Additionally, manipulating periodicity in supercells and using mirrored asymmetric
resonators have been demonstrated to significantly enhance Q-factors by supporting
subradiant LC moded[117].

Wang et al. recently demonstrated the excitation of quasi-BIC modes in all-dielectric
metasurface arrays by leveraging band folding induced through perturbations in the
lattice constant[43]} This recent advancement suggests the potential to excite quasi-BIC
resonance modes in the metallic split-ring resonator (SRR) metasurfaces at terahertz fre-
quencies. Despite the recent progress, the research work that explores such a mechanism
using simple SRR structures in the terahertz domain is very limited. We explored the
lattice perturbed effect in the split ring resonator metasurface by addressing this gap.
By strategically perturbing the inter-spacing between adjacent SRR pairs, we effectively
double the lattice constant of the unit cell, leading to Brillouin zone folding along the
X-direction. This perturbation induces the emergence of BIC modes at the I' point. The
near-field distributions and the surface current profile of the resonance mode depict the
toroidal nature of the excited mode.

The chapter is organized as follows: Section 6.2 outlines the simulation optimization
and fabrication of the metasurface. Section 6.3 discusses the transmission response and
the toroidal nature of the resonance mode. In Section 6.4, the quasi-BIC characteristic of
the resonance mode is described. Section 6.5 explains the role of the coupling mechanism
in the excitation of the BIC mode. Section 6.6 presents the evolution of the BIC into
a quasi-BIC mode, along with the experimental characterization of the metasurface

sample. Finally, Section 6.7 gives a summary of the major findings from the chapter.

6.2 Design and fabrication of the metasurface

As shown in Fig[6.1], the proposed metasurface unit cell consists of a pair of two adjacent
split ring resonators on the top of a quartz substrate. Figure shows the schematic of
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Figure 6.1: (a) Schematic representation of the optimized planar terahertz double split ring
resonator metasurface design on the quartz substrate. Here, the geometrical parameters are,
periodicity A, =200um, A, = 100um, length of the square SRR, I = 65um, split gap, g = 16um
and S represents the perturbed interspacing between two SRR. (b) The fabricated metasurface
sample using photolithography in clean room ambiance.

the metasurface with the optimized geometrical parameters: periodicity. A, = 200um,
A, =100um, length | = 62um, split gap g = 16um and a perturbed separation AS =
So—S =10um. Here, Sy is the separation between two adjacent SRR for unperturbed case
(See appendix [A.4). The gap between the two adjacent SRRs for the unperturbed case
is § =S = 38um. In such cases, the unit cell (meta-atom) represents a single SRR. The
perturbation of the interspacing distance disrupts the lattice constant of the metasurface
along the X direction, leading to the doubling of the structure’s lattice constant, as shown
in the inset of Figl6.2(b). Accordingly, the corresponding first Brillouin Zone is folded
in I' - X direction as shown in appendix Fig[A.6] The folding of the band due to the
lattice perturbation induces the emergence of BIC mode at I' point (See supplementary
information for details). Finite Integration Technique based on commercially available
CST microwave studio suite software is used to simulate the metasurface’s transmission
and near-field distributions. Boundary conditions are chosen as unit cell in the X, Y
directions, and it is kept as open in the Z direction. An add-space is introduced along the

source port to prevent unnecessary reflections into the simulation domain.

6.3 Transmission of the metasurface and analysis of

the toroidal behaviour

Figure [6.2] presents the simulated transmission spectra demonstrating the effects of

geometrical perturbations on a metasurface composed of SRRs. Figure (a) illustrates
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Figure 6.2: Simulated transmission spectra for the(a) unperturbed case, the separation between
the two adjacent SRR is S = 38um, (b) perturbed case, when the interspacing between the two
adjacent SRR is changed by AS = 10um. The change in separation leads to periodicity doubling,
as shown in the inset. The unit cell is shown as a dashed marking for a clear view.

the transmission spectrum for the unperturbed case, where the separation between
two adjacent SRRs is set at 38um. Figure b) shows the transmission spectrum for
the perturbed case, where the gap between two adjacent split-ring resonators (SRRs)
decreased by 28um, resulting in a new gap of 10um. A broad resonance dip appears in the
transmission spectrum without any perturbation effect, but an additional asymmetric
sharp resonance mode at frequency 0.71 THz appears in the spectrum as the gap
perturbation AS is introduced in the structure. To get an in-depth idea of the type of
electromagnetic mode at the resonance frequency, we have simulated the near-field
distributions of the magnetic field and electric field at the resonance frequency.

Fig [6.3(a) presents the Z component of the magnetic field at the sharp resonance
frequency; the field is calculated exactly at the top of the resonator. The positive and
negative value of the H, component at the interior of the two adjacent SRR indicates
that the field is inward in one SRR and it is outward in another SRR. The arrow plot of
the magnetic field (as shown in Fig[6.3|b)) is calculated on XZ plane at y=0. The arrow
plot clearly shows that the magnetic field direction is outward in the right SRR, and
it is inward in the left adjacent SRR. This indicates a pair of anti-aligned magnetic
dipoles. To further see the evidence of this effect, we have calculated the surface current
distribution of the planar metasurface design (as shown in Fig[6.3(c)). In Fig[6.3(c) the
surface currents are distributed with opposite flowing directions in the two adjacent SRR.
This is consistent with the Hz component of Fig[6.3[a) induced by the surface current. The
magnetic field generates a closed loop in the middle of the two adjacent SRRs and thus
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Figure 6.3: The simulated (a) near field distributions of the Z component of the magnetic field
(the field monitor is exactly top of the resonator), (b) the magnetic field arrow plot in the XZ
plane, and (c) surface current profile at the sharp Fano resonance dip of frequency 0.71 THz. (d)
Simulated E 7z field distributions at the broad resonance dip of f = 1.11THz, the plus and minus
signs show the corresponding charge distributions.

creates a toroidal dipole along the -Y direction (see appendixiA.7). To reveal the nature
of the broad resonance dip, we have simulated the electric field distributions at frequency
1.11 THz. The field profile indicates the excitation of two parallel electric dipoles at the
resonance dip (as shown in Fig[6.3(d)). The sharp quasi-BIC Fano resonance appears in
the spectrum due to the destructive interference between the broad radiative dipole and

dark toroidal mode.

6.4 Quasi BIC characteristic

We performed an eigenmode analysis of the proposed metasurface to get a deeper insight
into the resonance mode’s BIC nature. The quality factor of the mode (as shown in
Fig [6.4) shows a diverging nature as we deviate from the I' point (K=0) in the first
reduced Brillouin zone. Since the quasi-BIC mode is excited as a result of the doubling
lattice constant, we examine the fundamental lattice mode of the metasurfaces to get an
insightful understanding. The lattice mode frequency given by [116]]

C 7/ C
-2 + -2 —
nsP s nsP
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Figure 6.4: The calculated normalized wave vector versus Q factor plot using eigenmode solver.
The inset shows the position of symmetry points of the first reduced Brillouin zone. The Q factor
decays in the reciprocal space and attains a very high value at I" point.

, where c is the speed of light in vacuum, ng is the refractive index of the substrate
material, and (i, j) is the order of the lattice mode. For our case this frequency turns out
to be 0.717 THz. The predicted lattice mode frequency matches the observed quasi-BIC
resonance mode. The otherwise dark lattice mode couples to the continuum (bright) as a
result of the perturbation of interspacing between the SRRs, which doubles the lattice

constant.

6.5 The role of coupling mechanism in BIC excitation

6.5.1 Analysis of the coupling using Gallinet and Martin’s ab

initio Fano theory

It is already evident from Fig6.2(b) that the sharp resonance response is associated with

an asymmetric line shape, which bears a hallmark for its Fano nature. So, to validate
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the Fano nature and to understand the underlying physics, we adopted Gallinet and
Martin’s ab initio theory of Fano resonance[109]l Fano-like resonances arise from the
spectral and spatial overlap between a nonradiative (dark) mode and a continuum,
leading to interference effects. According to ab initio theory, the spectral line shape of

the asymmetric discrete lineshape can be obtained as:

(Q+q)?+b

lj=——FF—— 6.1
¢ Q2+1 6D

2 2

w”—w

d
= 6.2
ZWda)d ( )

where, wg is the resonance frequency of the dark resonance mode, Wd gives an approx-
imation of its spectral line width in frequency units for Wy < wg4, q is the asymmetry
parameter, and b is the modulation damping parameter quantifying the intrinsic loss ef-
fect. The radiation continuum mode, which acts as a background of such Fano resonance

mode, can be expressed as a Lorentzian pseudo symmetric line shape function

A2
2
2_ 2
w-af)®
2Wywp

here, A is the maximum amplitude at the resonance frequency, and W, gives the spectral

I, = (6.3)

linewidth in terms of the frequency unit for Wy, < wy, .

The measurable quantity or the resonance strength of the system collectively can be
expressed as, T =1—- (I, x Ip) , this expression can be used to fit the simulated transmis-
sion spectrum of the proposed metasurface design. Figure depicts the simulated and
analytically fitted plot asymmetry for asymmetry, 6 = % = 0.84. The blue curve indicates
the result obtained using CST simulation method and the red curve shows the results
obtained using the Fano theory. The details of the fitting and extracted parameters can
be found in the Supplementary Materials. The consistency between the simulation and
analytical result indicates that it is justifiable to attribute the role of bright (contin-
uum) and dark(discrete) interference to generate the sharp resonance mode. The further

decomposition of the bright and dark mode line shape can be seen in the appendix/A.3]

6.5.2 The coupled harmonic oscillator model

To reveal the in-depth understanding of the coupling mechanism and its variation with

geometrical parameter AS, we employed the coupled harmonic oscillator model to mimic
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Figure 6.5: The simulated transmission amplitude (blue) and analytically fitted transmission
using Fano theory for AS = 32 um; asymmetry 6 = % =0.84.)

the manifestation of quasi-BIC mode as Fano resonance in the transmission spectrum.
The coupling between dark (nonradiative) and bright (radiative) modes in a system under
the excitation of incident THz wave Ege “! can be expressed by the following equations:

E ettt
%b(t)+Yb5cb(t)+a)%xb(t) +K2%x,(8) = groe
m

Eq(t) +yaxa(t) + w3xq(t) + K2xp(8) =0

Where, (xp,%43);(Yp,Ya );(wp,wq) are the amplitude of the oscillation, decay rate, and
resonance frequency of the bright (radiated) mode and dark mode. K represents the
coupling strength of the dark mode to the bright mode. As a result of the coupling, the
quasi-BIC mode appears embedded in the broad dipole resonance mode. q and m are the
effective charge and mass of the radiative mode that indicates the effective coupling of
the radiative mode to the incident THz radiation. The dark mode (the nonradiative mode)
is completely decoupled from the free space radiation. The effective coupling strength
can be extracted by fitting the transmission obtained by this model to the simulated

result. By solving the above two coupled equations, the expression for susceptibility can
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Figure 6.6: Transmission spectrum of the metasurface for different gap perturbation (a) AS =
32um , (b) AS = 16um, and (c) AS = 8um . (Black solid line: Simulation, red dashed line: coupled
harmonic oscillator model.)

be written as: )

(w? - Wy +1i0Yq)

x=M . .
K* — (0% - 0% +iwyg)w? - 0? +iny)

where, M is the constant of proportionality. The analytical expression for the transmission
can be obtained as T' = 1-Im(y). Fig[6.6](a), (b), and (c) show the evolution of the quasi-
BIC resonance mode with the gap perturbation AS =32,16and8um, respectively. The
transmission plot shows a good agreement with the simulated results. The extracted

fitted parameters are tabulated in Table 6.1.

Table 6.1: Extracted parameters

AS Ys (rad/ps) | yq (rad/ps) | wp (rad/ps) | wq (rad/ps) | K (rad/ps)
8 um 0.25 0.0024 1.16 0.714 0.23
16 um 0.27 0.0036 1.14 0.715 0.29
32 ym 0.3 0.005 1.1 0.72 0.35

The coupling coefficient, as well as the decay rate y4, decreases as the gap pertur-

TH-3572_196121102
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Figure 6.7: The appearance of Quasi BIC mode when the separation between the pair of SRR is
changed. White dashed line indicates the position of ideal BIC mode.

bation decreases. This indicates that the gap perturbation introduces a leaky channel
to couple with the free space radiation continuum. The intensity of the Fano resonance
depends on the strength of the coupling coefficient and is related to the geometrical gap

perturbation introduced in the metasurface.

6.6 Evolution of the quasi BIC mode and

experimental characterization

To analyze the dependency of the sharp resonance mode on the perturbation, we simu-
lated the transmission for different separation gap perturbations AS. Fig6.7] depicts the
contour plot of transmission as a function of frequency for different perturbations (AS).
The sharp resonance mode shows an almost stable spectral position under the pertur-
bation and disappears for the intrinsic separation or unperturbed case AS =So—S =0,
marked by a black dashed circle in Fig[6.7] Sy is the separation between two adjacent
SRR when the lattice constant is unperturbed, and the unit cell consists of a single SRR.

The ideal BIC mode evolves into quasi-BIC mode and manifests as a sharp asymmetric
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6.6. EVOLUTION OF THE QUASI BIC MODE AND EXPERIMENTAL
CHARACTERIZATION
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Figure 6.8: (a) Simulated and Experimentally measured transmission amplitude for the (a)
unperturbed AS =0, and (b) perturbed metasurface with AS = 32um.

resonance as the interspacing between two SRR deviates from the unperturbed or intrin-
sic separation value Sy = 38um. The spectra are gradually broadened as |AS| increases,
indicating the diverging nature of the Q factor. Figure [6.8(a) and (b) show the simulated
(solid black line) as well as measured (green spheres) transmission amplitude for the
metasurface design with unperturbed AS =0 and perturbed |AS| = 32um. Figure [6.8(a)
and (b) show the simulated (solid black line) as well as measured (green spheres) trans-
mission amplitude for the metasurface design with unperturbed AS =0 and perturbed
IAS|=32um. The measured spectra show a good matching with the simulated spectrum
for the symmetric case. In the perturbed case (Fig[6.8(b)) the measured result shows

a good signature of the existence of the quasi-BIC mode, however, there is a mismatch
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in the resonance strength as well as linewidth of the sharp quasi-BIC mode due to the

resolution limit of the THz time domain spectroscopy set-up.

6.7 Summary

This chapter presents the excitation of the sharp toroidal quasi BIC mode by perturbing
the lattice constant. The magnetic field distribution and surface current profile show the
toroidal behaviour of the excited mode. The eigen mode spectrum analysis shows the
divergence of the Q factor at I" point, which signifies the symmetry protected quasi BIC
nature of this mode. For an in-depth understanding of the role of bright dark coupling
mechanism the Gallinet and Martin’s ab initio theory and the coupled harmonic oscillator
model have been employed. Experimental results shows a signature response of the
predicted quasi BIC mode. The measured transmission response shows a consistency
with the simulated quasi BIC mode. This approach shows a spectrally stable quasi
BIC mode over the induced asymmetry parameter. This work can lead to a significant
improvements in device performance, including enhanced sensing capabilities, more

efficient filters, and higher resolution terahertz imaging.
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CHAPTER

SUMMARY AND FUTURE DIRECTION

Metamaterials, particularly metasurfaces, have become efficient platforms for manip-
ulating and tailoring electromagnetic responses at sub-wavelength dimensions. The
inherently sub-wavelength dimension of metasurfaces makes it promising for compact
on-chip photonics applications. The first part of this thesis focused on demonstrating
efficient narrow pass band filters and sensors in the near-infrared (NIR) range. By
leveraging the high Q nature of the excited resonance, we achieved optimized designs
with enhanced performance metrics suitable for filtering and sensing applications.

The latter part of the thesis presents a scientific exploration of new methods to
excite high-Q quasi-bound states in the continuum (quasi-BIC) modes in terahertz (THz)
metasurfaces. As terahertz technology advances, there is a growing demand for low-loss,
high-Q metasurface-based devices. In line with this, our work significantly contributes to
ongoing research by introducing efficient, low-radiative-loss metasurface designs in the
terahertz domain. We explored the quasi-BIC mode excitation in the terahertz region
using two approaches: selective symmetry breaking and lattice-induced band folding
mechanism.

In Chapter 1, we provided a comprehensive explanation of the bound state in the
continuum, including its different types and excitation in the metasurface. Additionally,
the chapter gives an introduction to the concept of metamaterials and metasurfaces, cov-
ering the fundamental resonant behaviour of terahertz split ring resonator metasurface.

The chapter also presents a literature survey on the excitation of the quasi BIC mode in
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CHAPTER 7. SUMMARY AND FUTURE DIRECTION

terahertz and near-infrared C band region primarily by symmetry breaking approach.

Chapter 2 provides a detailed discussion of simulation methodology and clean room
fabrication process using photo-lithography. The characterization of the metasurface
sample using terahertz time domain setup is discussed briefly.

In Chapter 3, we designed and analyzed an all-dielectric metasurface-based narrow
bandpass filter operating in the near infrared communication band (1530-1565 nm).
The filter exhibits an ultra-narrow full width at half maximum (FWHM) of 0.31 nm
and a high Q-factor of approximately 5140 at the resonance wavelength of 1549.8 nm.
The sharp resonance was excited exploiting the symmetry-breaking approach, and the
electric field distribution resembled a coupled quadrupolar distribution. The dependency
of the resonance mode on the asymmetry shows a quasi-BIC like behaviour. We employed
the multipolar decomposition theory to further analyse the behaviour of the resonance
mode. The metasurface based filter shows passive tunability in the entire C band region.

In chapter 4 we demonstrated a dual parametric sensing mechanism utilizing an
asymmetric all-dielectric metasurface. The high Q-factor of 2.8 x 10%, combined with Fano
resonance behavior, makes this design highly suitable for efficient sensing application.
The resonance wavelength shifted with changes in the refractive index of background
medium and temperature, demonstrating its use as a refractive index and temperature
sensor. The calculated sensitivity reached 140 nm/RIU with a Figure of Merit (FoM) of
5384 RIU !, while temperature sensitivity was found to be 72pm/°C. This design holds
promise for biomedical sensing and environmental monitoring.

In chapter 5 we discussed on the excitation of a high-quality factor quasi-BIC mode
in a metallic ring-shaped metamolecule system operating in the terahertz frequency
range. By selectively breaking the symmetry of the unit cell, we achieved a substantial
enhancement in the Q-factor, increasing it from 25.8 to 107. This selective perturbation
approach minimizes radiative losses more effectively than uniform symmetry breaking.
Terahertz time-domain spectroscopy (THz-TDS) and near-field scanning terahertz mi-
croscopy (NSTM) confirmed the theoretical and simulation results. The higher Q-factors
achieved through this method present exciting opportunities for terahertz sensing and
nonlinear applications.

In Chapter 6, we explored the excitation of a sharp toroidal quasi-BIC mode by
perturbing the lattice constant of the metasurface. The toroidal nature of the resonance
mode is confirmed by magnetic field distributions and surface current profiles. The

eigenmode spectrum analysis revealed a divergence of the Q-factor at the I' point, which
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predicts the quasi-BIC nature of the mode. Both Gallinet and Martin’s ab initio theory
and the coupled harmonic oscillator model were used to understand the role of the bright-
dark coupling mechanism for the excitation of the quasi-BIC mode. The experimentally
measured transmission spectrum shows a signature response to the predicted quasi-BIC

mode.

7.1 Future scope

Recently, the excitation of high-quality factor quasi-BIC resonances in planar metasur-
faces has emerged as a promising topic. The work done in this thesis offers the next
ground for studies of quasi-BIC mode in a metasurface. In this thesis, we developed an
optimized all-dielectric metasurface-based ultranarrow bandpass filter. This can be fur-
ther explored experimentally by fabricating the device using clean room nanofabrication
tools. The dynamic tunability of the proposed filter design can be explored by integrating
phase-change materials such as germanium-antimony-telluride (GST) or liquid crystals.

In this study, the excitation of sharp quasi-BIC mode using a selective symmetry-
breaking approach was reported. There is a scope to further optimize a design that
shows a polarization and incidence angle-independent response to some extent. By
incorporating active 2D materials such as vanadium dioxide (V O2), the designs can be
made actively tunable. The VOy shows a phase transition from insulating to metallic
at a particular transition temperature; by leveraging these features, the metasurface
response can be modulated to a great extent.

The investigation of lattice-induced toroidal quasi-BIC modes can be extended to
explore multiple BIC modes and their dynamic tunability across the THz spectrum. In
addition to this, further design optimization to incorporate polarization insensitivity
would provide greater flexibility and enhance the potential of the design for practical

application.

101

TH-3572_196121102



TH-3572_196121102



APPENDIX

APPENDIX: SUPPLEMENTARY INFORMATION

A.1 Fano fitting

We have calculated the Q factor for the metasurface with different asymmetries as
depicted in Figure S1. In this method, we have used the Fano fit formula:
b 2
T'rano = |@1+iag + m
where a1, ag, and b are real constant numbers, wg is the resonant frequency, and vy is
the overall decay rate of the resonance. The Q factor is calculated using the following

formula from the extracted fitting parameters:
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Figure A.1: The Fano fitted plot with the simulated data for the Q factor extraction.
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Figure A.2: The Fano fitting plot with the (a) simulated and (b) experimental transmittance
spectrum, corresponding to the asymmetry of 29.4%.

wo
“3y

Figure S1 shows the fitted plot for the metasurface with r; =21 um, ro = 34 um,
rs =34 um, and rq4 = 47 um. The extracted fitted parameters are: wy = 0.68 THz, y =
0.025 THz, a1 =0.2104, as = 0.94, and b = 0.03. The calculated Q factor for this resonance
mode is found to be 13.6.

In the analysis of the resonance behavior of the metasurface, we observed some
discrepancies between the simulated and experimental results. Figure S2(a) and S2(b)
show the Fano fitting spectrum for the simulated and experimental data for the degree
of asymmetry & = 29.4%, respectively. The extracted fitted parameters are presented in
Table S1. The experimentally calculated Q factor is found to be 5.96, whereas the simu-
lated Q factor is 33.7. Despite the Q factor mismatch of the result, our work successfully

demonstrates the theoretical approach to excite a quasi-BIC mode.

Table A.1: Extracted Fitting Parameters for Simulated and Experimental Data

Study Type wo (rad/s) Y (rad/s) ai as b
Simulated | 27x0.703 x 102 | 27 x0.0104 x 102 | 0.36 | 0.76 | -0.16
Experimental | 27 x0.68x 102 | 27x0.057x 102 | -0.21 | 0.68 | -0.05

104

TH-3572_196121102



A.2. NEARFIELD SCANNING THZ MICROSCOPY (NSTM) SETUP

SpectraPhysics MaiTai, 35fs, 800nm, SOMHz

PM

Sample on
XYZ stage

To Current Tip \
Preamp $—~——_ |
Qj;) Py

Figure A.3: Schematic representation of the nearfield scanning terahertz microscopy (NSTM)
setup. It is composed of a beam splitter (BS) and mirrors (M) for splitting and guiding the beam
for generation and detection of THz radiation, parabolic mirrors (PM) for focusing the THz beam,
photoconductive antenna (PCA), and the THz microprobe for the generation and detection of THz
pulses in the nearfield region.

A.2 Nearfield Scanning THz Microscopy (NSTM)

setup

The working principle of the NSTM setup is analogous to that of a conventional THz
time-domain spectroscopy (THz-TDS) system. A 35 fs optical pulse, centered at 800 nm,
is generated using a Spectra-Physics MaiTai laser and split into two paths. One path is
used to generate a single-cycle terahertz pulse via a photoconductive antenna (BATOP
GmbH), while the other serves as a probe for detection. The generated terahertz beam is
then focused onto the microprobe tip using off-axis parabolic mirrors.

For spatial mapping, the sample is mounted on an XYZ motorized stage, enabling
precise scanning. The transient THz electric field distribution in the temporal domain is
measured using a delay line. A polarization-sensitive micro-structured photoconductive
antenna-based THz microprobe (Protemics GmbH) detects the near-field signal. The
induced current in the microprobe, corresponding to the THz electric field, is amplified
using a transimpedance amplifier and subsequently detected via a standard lock-in

measurement technique (SR865).
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A.3 Gallinet Martin’s ab initio Fano theory

Galinet and Martin derived an analytical formula based on the interference of the
bright and dark modes that overlap spectrally and spatially. Here, two pathways have
been considered: direct excitation of the bright mode and the indirect excitation of the
dark mode, which usually does not couple to the continuum. The Fano-like asymmetric

lineshape and the bright mode’s spectral profile can be calculated as:

(Q+gP2+d
[, =— S1
2 02+1 1)
where,
2_ 2
_ W —wy
2ded
A2
Iy = — (S2)

The permittivity of metals includes an imaginary component that reflects intrinsic
losses. In this scenario, the resonance frequency of the dark mode, represented as
wq +1Y4, incorporates an imaginary part due to these losses. As a result of this, the
phase difference between the direct and indirect interaction pathways does not result in
totally destructive or constructive interference. The parameter b quantifies the impact
of these intrinsic losses on the system. Additionally, the parameters g and b play crucial
roles in determining the form of the asymmetric line shape function, influencing how
the resonance features manifest in response spectra. If the asymmetric parameter
g =0, the resonance becomes symmetric with a minimum intensity. I ;(w)min = b. The
analytically computed spectrum of the radiative mode (bright mode) is shown in Fig
[A.4b), which approximately matches the spectral position of the broad dipole mode in the
unperturbed case. The extracted fitting parameters are used to reconstruct the radiative
mode spectrum. In Fig[A.4(c), the asymmetric line shape function (discrete mode) is
reconstructed using the fitting parameters. It should be noted that the asymmetric line
shape function is recalculated using equation (S1) from the extracted parameters of the

collective excitations of the two modes.
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Figure A.4: (a) The analytical fitted spectrum for the collective effect of dark bright interefernce
(b) recalculated bright mode spectrum from the fitting parameters,(c) the decomposed asymmetric
lineshape at the Fano frequency 0.713 THz.

Table A.2: Extracted fitting parameters for the radiative and discrete modes.

wq (THz) | Wy (THz) | wp (THz) | Wy (THz) | b A q
0.712 0.0018 1.09 0.18 1.68 | 0.93 | -0.91

A.4 Structural details of the double split ring

resonator design

In the perturbed case, the SRR resonators have been shifted from their respective un-
perturbed central position depending on the offset value D. Here, we have changed
the interspacing separation between two SRRs, doubling the unit cell’s lattice constant.
The resonance mode shows almost constant frequency over the change of the interspac-
ing distance. However, the linewidth of the resonance changes with the interspacing

perturbation.

A.5 Brillouin zone folding

The calculated band diagram for the unit cell with lattice constant A (1x1) is shown in Fig.
S3(a). We have used the CST eigenmode solver to model and simulate the dispersion plot.
Fig. S3(b) shows the folding of the modes under the effect of lattice constant perturbation
(Ax=2A,A, = A). The dashed line shows the folded modes. As a result of band folding,
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Figure A.5: Structural layout of the symmetric split ring resonator (SRR) metasurface. The
image shows the arrangement of the SRR unit cell, illustrating the interspacing distance between
adjacent SRRs, which is varied to induce the quasi-BIC mode. (a) the unperturbed case, (b) with
interspacing perturbation, AS.

modes at the band edge become BIC at the I' point (marked with a circle). The calculation
of the near-field distribution of the z-component of the magnetic field at the I" point
corresponds to the mode closely resembling the H, field distribution calculated using
the frequency domain solver, as mentioned in the main manuscript. This observation
validates our claim of the excitation of a quasi-BIC mode under the perturbation of the

lattice constant.

A.6 Toroidal nature of the excited quasi BIC mode in
the DSRR

To examine the nature of the sharp quasi-BIC mode, we have simulated the surface
current profile at the resonance frequency 0.71 THz, as shown in FigA7 (a). The clockwise
flow of current on the left SRR leads to a magnetic moment going inside the plane on the
left side (indicated by the cross symbol), while the anticlockwise flow on the right SRR
leads to a magnetic moment coming outside the plane on the right side of the resonator
(indicated by the dot symbol). This end-to-end formation of magnetic moments leads to
the excitation of a toroidal dipole moment along the y direction. Thus, there is a clear
excitation of toroidal dipole moment in the metasurface at the resonant frequency of
0.71 THz. Fig S7 (b) depicts an artistic representation of the formation of the toroidal

dipole due to the formation of the circulating magnetic field formed by the closed current
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A.6. TOROIDAL NATURE OF THE EXCITED QUASI BIC MODE IN THE DSRR
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Figure A.6: (a) The dispersion plot for the unperturbed case, when the unit cell consists of a
single unit cell, the dotted line shows the position of new X point that would be as a result of
folding, (b) the folded modes under the effect of lattice constant perturbation, the folded modes
are shown with dotted lines. The circular mark indicates the mode that becomes a BIC mode
under the perturbation effect. (¢) The Z component of the folded BIC mode calculated using the

eigen mode solver.

carrying loop. The confined loops of oscillating magnetic fields that curl around the

fictitious direction of the toroidal dipole vector show a hallmark of the presence of

toroidal dipole mode.
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Surface Current
(a) Max

Figure A.7: (a) The simulated surface current profile at the sharp quasi-BIC resonance mode,
(b) a pictorial representation of the formation of the toroidal moment because of the head-to-tail
magnetic moment.
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