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Abstract

This thesis discusses the study and implications of near-field interactions mediated
by radiant and sub-radiant resonant modes in passive metamaterials (MMs), MEMS
actuated active MMs and semiconductor-metamaterial heterostructures at terahertz
frequencies.

The thesis is divided into two parts, where the first part of the thesis includes first
three chapters (Chaps. 2, 3 and 4) that discusses on the phenomena of metamaterial
induced transparency and lattice induced transparency in the metamaterial structures
at terahertz frequencies. Theoretical analysis using classical coupled oscillators model
is proposed to unravel the interaction mechanisms that reveals the radiant and sub-
radiant type of Fano interference effects in the system. These systems show strong
slow light effects with large enhancement in the group delay of the pulse through the
medium. Further, the implications of the competing electric and magnetic near-field
interactions on the transmission characteristics of the medium have shown to exhibit
resonant invisibility effects showing an active control of effective permittivity and
permeability of the medium.

Second part of the thesis (Chap. 5 and Chap. 6) focuses on the demonstration of
excitation and active modulation of sharp Fano resonances in a MEMS metamaterial
and semiconductor-metamaterial hybrid heterostructure systems. Excitation of Fano
resonance in MEMS metamaterial by introducing out-of plane structural asymme-
try exhibits anisotropic coupling that results in the multiple-input-output (meta-
hysteresis) characteristics in its near- and far-field optical properties. This exhibits
exciting features such as NAND and XOR logical operations, where XOR function can
show direct implications in the one-time pad (OTP) secured cryptographic channel for
sub-terahertz wireless communications. Further, an active control of Fano resonance
in a heterostructure consisting of solution processed CH3NH3Pbl3/Pbly semiconduc-
tors spin coated on a metamaterial structure is discussed that exhibits ultrasensitive
and ultrafast modulation of Fano resonance in the metamaterial structure, respectively
(Chap. 6). Additionally, a new signature of localized plasmon-phonon quasiparticles
sensing and interference effects are observed and elucidated using the coupled os-
cillator model. This phenomenon reveals a strong resonant interactions between the
elementary excitations that can be actively controlled by optically pumping the sample
using a femtosecond pulse. The thesis concludes by discussing the importance and
the future prospectives of the conducted studies.
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Chapter 1

Introduction: Theory and

Overview

Light-matter interaction has been a focus of study over the centuries. It helps to
explore the resonant and the off-resonant properties of the materials over entire
part of the electromagnetic (EM) spectrum. Until late twentieth century, light-
matter interaction in terahertz part of the EM spectrum was the least explored and
was termed as the “THz gap’. With the advent of metamaterials (MMs), which
exhibit structure dependent resonance properties, have become excellent candidates
for probing light-matter interactions at terahertz frequencies. Metamaterials are
composed of periodic array of sub wavelength sized meta-atoms, which exhibit strong
near-field coupling that can carry the interaction energy over to far-field regimes. This
chapter gives an overview and the theoretical foundations for the works carried out
the thesis that mainly focuses on the characterization of near- and far-field optical
properties of MMs in terms of their radiant-subradiant interactions in realizing new

and versatile MM based optical devices at terahertz frequencies.

This chapter introduces the basic concepts and technical details of the terahertz

spectroscopy and metamaterial research. The necessary tools in understanding and

11
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elucidating the terahertz manipulation using MMs that includes the numerical sim-
ulators, fabrication processes and the terahertz characterization are being discussed.
Last part of this chapter focuses on providing and discussing the scope and outline of

the present thesis.

Electronics Photonics
Wavelength
10m 10 cm 1 mm 10pm  100nm  10nmm  10fm

Radio Ultra-

Infrared = ;
waves SR8 violet

< T T | 1 T 1 >
106 108 1010 1012 1014 1016 1018 1020
Frequency

Terahertz Region
100 GHz to 10 THz ;
3 mm to 30 um;
{1THz =1 ps=33 em 1 =0.3 mm = 4.1 meV =48 K)

Figure 1.1: Electromagnetic (EM) spectral band highlighting the THz spectral region
of interest. (Source: Internet)

1.1 Terahertz (THz) Spectroscopy

Terahertz (THz) waves (T-waves) [1] are characterized as non-ionizing radiation pos-
sessing sub-millimeter photons of wavelengths ranging from 30 gym to 3 mm (0.1
- 10 THz). These waves are bounded between the microwaves and the infrared
frequencies in the electromagnetic (EM) spectrum, thereby bridging the gap between
the high-speed electronics and the photonics (see, Fig.1.1). THz waves show numerous
applications[2, 3] in our day to day life that include security screening [4], wireless

high bandwidth communications[5, 6], THz imaging of tissues in medical sectors,
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quality control processes and in scientific sectors. THz waves show great prospects in
the field of optics, condensed matter physics and wireless communications. However,
they have been underutilized due to the existence of what is known as ‘THz gap’.
The THz-gap was majorly existed until the end of 20th century that saw the least
amount of progress in THz technologies in comparison to other part of the electro-
magnetic spectrum due to the lack of natural material sources, detectors and the
optical components that respond to THz region of EM spectrum. The progress in the
THz spectroscopy was stimulated by the pioneering works on photoconductive switch
[7-10] and nonlinear frequency mixing [11-14] based generation of THz radiation
using the radiation damaged epitaxial silicon on sapphire (SoS) substrate and the
lithium tantalate (LiTaOgj) crystal, respectively. These works set the tone for the
development of the terahertz time domain (THz-TDS) spectroscopy, which till today
serves as the first choice spectroscopic tool broadband THz characterization of the

material samples.

THz-TDS is a coherent detection of the terahertz pulses in the time domain,
where the electric field of the THz pulses is measured with respect to time. Unlike
other optical detection, THz-TDS technique has a greatest advantage of measuring
both amplitude as well as phase of the THz pulses. Thus, it helps to retrieve the
complex nature of the dielectric properties like complex permittivity and complex
conductivity of the sample material. THz-TDS technique is a non-ionizing and non-
destructive measurement technique, because of their low energies and relatively slow
oscillation speeds. Now there are several approaches in generating and detecting the
THz radiation using the photoconductive antennas, nonlinear crystals and quantum
cascade systems|[15, 16]. Here, we focus on the THz-TDS system involving the GaAs
based photoconductive antenna and nonlinear crystals (mainly ZnTe) for generating
and detecting the THz pulses, which will be employed in the THz characterization of

the MM samples throughout the thesis.
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1.1.1 Photoconductive Antenna based THz-TDS system

The photoconductive switch (also termed as Auston switch)[7] based THz generation
and detection is one of the widely used THz-TDS system that exhibits remarkable
signal to noise ratio (10000:1). Figure 1.2 illustrates the pulsed THz generation and
detection processes by optically pumping the voltage biased photoconductive antenna
using 800 nm ultrafast optical pulses possessing high repetition rate. At the emitter
side, a pair of 10 ym width metal electrodes separated by L = 80 pum are placed
on the photoconductive substrate (low temperature-GaAs) and biased with a DC
voltage of 70 V. As the ultrafast laser pulse with photon energy greater than the
energy band gap of the semiconductor is illuminated at the gap of the semiconductor,
the photo-induced free carriers are generated in the substrate. These photo-carriers
generated in the gap area are accelerated by the biased DC voltage (V) that generates
the photocurrent across the two electrodes, thereby creating a time varying current

density J(t) given by,

J(t) = N(t)enV (1.1)

where, e and p, respectively are the charge and mobility of photo-excited electrons,
V is the bias voltage and N(t) is the time varying photo-carrier density. The time
varying current density J(t) generates the terahertz pulse in the far-field, whose

electric field amplitude is given by,

Ae  ON(t)

———uV 1.2
dmepc?z Ot a (1.2)

ETHZ -

where, A is the area of the photo-illuminated gap, z is the far-field probe’s position
from the THz source. From the expression, it is clear that the strength of the THz
radiation proportional to the area (A) of illumination and the electric field bias (V),

thereby electric energy stored in the gap area (A) rather than the energy of the optical
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Optical delay

To Lock-in
detector

Figure 1.2: Schematic of Photoconductive antenna based THz-TDS system.

pulse is strongly accountable for the energy of the THz radiation. Linear dependence
on the time varying charge carrier generation requires more photo-carrier generation
is required for the strong generation of the THz waves. The equation [1.2] is only
valid in the weak excitation regime, where the optical pulse excitation just acts as the
trigger to the release of the electric energy stored in the gap of the antenna in the

form of THz radiation.

At the detector side, mechanisms involved in detecting the THz pulse are almost
similar to the processes observed at the emitter side. However, instead of using the
external voltage bias, the incident THz field acts as the bias field in generating the
current density in the semiconductor, which is collected by a current sensor connected
across the electrodes. An optical probe pulse is used to map the THz pulse by
controlling optical time delay (7) between the optical probe pulse and the THz pulse
using a delay stage. The photo-excited carriers are driven across the electrodes using
the THz field that generates the photocurrent (J;), which is proportional to the
electric field of the THz wave.

Jd = Nde,uE(T) (13)
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E(7) represents the temporally mapped electric field of the THz waveform as a
function of time delay 7. Since the THz-TDS allows measuring the electric field of the
THz wave rather than its intensity, the measurement retrieves both the amplitude and
phase of the THz pulse, thereby allowing the direct measurement of complex optical
constants of the material that are not possible to retrieve using the other optical
techniques. The performance of photoconductive based THz-TDS system is majorly
dictated by the short carrier lifetimes of the substrate, geometry of the antenna,
intensity of the excitation pulse and the bias voltage. The semiconducting materials
such as low temperature gallium arsenide (LT-GaAs) and ion implanted silicon on
sapphire (SoS) with high quantum efficiency and ultrafast carrier lifetimes (< 1 ps)
are mainly used as the emitter and the detector substrates. The separation (L = 80
pm) between the electrodes along with the refractive index of the emitter substrate

determines the central frequency of the THz wave, determined by the formula, fy =

c
2Ln"

Active area of antenna gap between the electrodes will play a crucial role in
deciding on the values of bias voltage and the intensity of the excitation pulses. Large
area of the gap results in higher power of THz pulses and also increases the breakdown
threshold for the dielectric properties of the semiconducting substrate. The bias
voltage and the intensity of the excitation laser pulse dictate the strength of the
THz signal that are limited by the damage threshold for dielectric properties of the
semiconductor. Higher laser intensity causes in the thermal breakdown of the antenna
that causes the heating of the substrate through laser power, which results in its low
resistance and higher photocurrent though the antenna. Whereas, if the voltage bias
(V) is greater than the breakdown field of the semiconductors (4 x 10° V ecm™! for
GaAs), it results in the dielectric breakdown of the semiconductor thereby affecting

the performance and lifetime of the photoconductive antenna.

The time domain waveform and the corresponding Fourier transformed frequency

spectrum of the terahertz pulse generated and detected using the PC antenna are
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Figure 1.3: (a) Measured transmission time domain signal obtained in Ny environ-
ment using PC antenna based THz-TDS system. (b) Corresponding fast Fourier
transformed (FFT) THz spectra showing nearly 2 THz bandwidth of the setup.

shown in Fig 1.3 (a) and (b), respectively. For the sample, THz-TDS measurements
are done in two steps. First, the THz scan is performed on the sample (metal
structures on the dielectric substrate), which is referred to as ‘sample signal’. Then
subsequently, a separate THz-TDS scan is carried out for the plane dielectric substrate
that is referred to as ‘reference signal’. Later, the transmission spectrum of the sample
is obtained by normalizing the Fourier transformed signals of the sample (Eg(w)) and

the substrate (Eg(w)) and is expressed as,

| (1.4)

All our THz-TDS measurements are performed in dry nitrogen (N3) environment
to avoid the possible vibrational resonances and strong THz absorption of the water

vapors that may greatly affect the results.
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1.1.2 Optical pump-Terahertz Probe (OPTP) spectroscopy

using ZnTe based THz-TDS system

Although the photoconductive antenna based THz system provides very low noise
signals with better stability and considerable bandwidths, but have lower peak pow-
ers. The nonlinear crystal systems can generate THz pulses with high peak powers
and longer bandwidths. Since generation and detection of the THz waves using
the nonlinear crystals involve amplified laser systems of high pulse energy of low
repetition rates (1 kHz), it facilitates to realize more robust optical-pump terahertz-
probe (OPTP) spectroscopic system. OPTP spectroscopy is also termed as transient
THz spectroscopy or time resolved terahertz spectroscopy (TRTS). It offers an exciting
tool to measure the transient non-equilibrium dynamics in the materials under the
influence of a pump beam. The optical pump beam with higher photon energy and
higher intensities is typically used as the pump beam, whereas the THz beam with
low energies and powers is used to probe the dynamics in the material system. In our
studies, we employ the OPTP system to probe the dynamic tuning of MM resonances
in a hybrid semiconductor-metamaterial system along with unveiling the ultrafast
relaxation dynamics of prominent semiconducting materials. The OPTP spectroscopic
system used in our measurement is based on the THz generation using zinc telluride
(ZnTe) nonlinear crystal, which is integrated with the high intense optical pump
pulse. In this section, we go through the basics on the generation and detection of the
THz waves using the ZnTe crystal and its integration with the optical pump beam
that facilitates the OPTP measurements of the semiconductor-metamaterial hybrid

sample.

Generation of THz pulses in the ZnTe nonlinear crystals is based on the optical
rectification method, where the < 110 > axis cut ZnTe crystal is pumped by a 120 fs

laser pulse of wavelength 800 nm under favorable phase matching conditions. ZnTe



1.1. TERAHERTZ (THZ) SPECTROSCOPY 19

crystal is nearly transparent to optical wavelengths around 800 nm and higher THz
wavelengths (> 50 pm), and shows good nonlinear properties at 800 nm. It is a
noncentrosymmetric crystal with large 2nd order nonlinear susceptibility (x? =
1.6 x 107"m/V) and high electro-optic coefficient ry; = 4.04 pm/V. The efficiency
of THz generation through ZnTe strongly depends on the thickness and orientation
of the crystal, wavelength and the intensity of the incoming optical pump beam.
Optical rectification is a non resonant nonlinear process and since the crystal must
have higher Y, only non-centrosymmetric nonlinear systems can be used to generate
THz emission. When the ultra short pulses with electric field E(t) = /I(t)e ™!
(where, \/W = Eoe*“tQ) propagates through the nonlinear crystal, it creates a time
varying second order nonlinear polarization within the crystal (P®)(t) = Poe=2e%).
This, time varying polarization produces the THz radiation, whose electric field is

given by,

2P®@

— (1.5)

Erpg, o«

Other nonlinear processes such as SHG can compete with the optical rectification
process to decrease the efficiency of the THz emission. But these effects will only
dominate at higher intensities of the excitation pulses and reduce the efficiency of the

THz generation.

The THz detection is performed using the free space electro-optic sampling (FSEOS)
technique, where the polarization change in the low intense optical beam due to the
influence of THz electric field is used to map the waveform of the THz pulse using the
balanced photo-detector. This technique exploits the Pockel’s effect of the birefringent
nonlinear crystal (ZnTe), where the strong electric field can induce anisotropy in the
crystal to change the polarization of the optical beam passing through the crystal.

FSEOS process is summarized in the figure 1.4. Upon time matching the group
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Figure 1.4: Schematic showing Free space electro-optic sampling (FSEOS) using a
ZnTe crystal[17].

velocity of the optical pulse with the phase velocity of the THz pulse inside the
ZnTe crystal, the THz pulse acts as a constant DC electric field on the optical
probe pulse. This induces a small birefringence in the system that happens near
800 nm for the ZnTe crystal. Thus, in the presence of the THz electric field, the
linearly polarized optical pulse experiences rotation in its polarization after passing
through the crystal. This change in the polarization of the optical pulse is recorded
via performing polarization sensitive balanced detection. Before THz pulse arrives
on the ZnTe crystal, the polarization of the optical pulse is linear and by using the
combination of QWP and Wollaston prism that splits the circularly polarized light
into orthogonally polarized lights with equal intensity, the output signal from the
balance detector is made zero. Output signal from the balance detector is measured
as the difference between the intensities of two orthogonally polarized beams. As THz
pulse (Erp.) strikes the crystal, it rotates the polarization of the optical pulse that in
turn changes the signal on the balance detector. This change in the signal strength is
proportional to the amplitude of THz pulse Erp, falling on the ZnTe crystal. Since
the wavelength of THz pulse is much longer than the optical pulse, only small part of

the THz pulse is measured at one time. So by varying the relative time delay between
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the optical pulse and the THz pulse using a variable delay stage, the entire THz pulse

profile can be traced.
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Figure 1.5: Schematic of ZnTe nonlinear crystal based OPTP THz-TDS system.

Figure 1.5 depicts the experimental scheme of ZnTe based THz-TDS spectroscopy
integrated with the optical pump beam. Ultra short laser pulse of pulse-width 120 fs
from an amplified ultrafast laser is split into two using the beam splitter (BS, 70:30),
where one part (transmitted) is derived for the generating and detecting the THz
waves using the ZnTe crystal, while the other part of the beam (reflected) is taken for
pumping the sample during the pump-probe measurements. The transmitted beam is
further split into two using a beam splitter (BS, 90:10), where the reflected beam hits
the ZnTe (emitter) crystal to generate the THz pulses via the above discussed optical
rectification process, whereas the transmitted beam is used to map the THz pulse via
FSEOS process at the detector end. THz emitter crystal generates diverging THz
beam that is collimated using a parabolic mirror just after the emitter crystal, which
is collimated using an off axis parabolic mirror. Collimated THz pulse is focused on
the ‘sample’ using another parabolic mirror. Thus, by using two pairs of parabolic

mirrors, THz beam is guided to the detector via the sample. At the detector end,
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a low power femtosecond optical beam that is time matched with the THz pulse is
sent through the ZnTe (detector) crystal. Change in the polarization of the optical
beam is recorded via electro-optic sampling (FSEOS) method and the time domain
voltage signals are recorded using lock-in detection technique, which is synced to a
LabView program. In the post processing step the recorded time domain signals are
Fourier transformed to extract the amplitude spectrum of the signal. During the
OPTP measurements, the optical pump is time matched with the THz probe pulse at
the sample position using a variable delay stage that helps in scanning the relaxation

life time of the photo-excited electrons in the sample.

1.2 Metamaterials

The response of the electromagnetic wave with the medium is governed by the Maxwell’s

equations,

?E‘:f, V.B=0
I L S - S S

ot ot

(1.6)

Where, € and p are respectively, the relative permittivity and permeability that
characterize the optical response within the medium. Based on the effective per-
mittivity and effective permeability of the medium, materials can be classified in
to four different classes as described by the ¢ — p diagram given by the figure 1.6.
Metamaterials (MMs) being artificially engineered materials, they can be designed to
show the properties of purely electric (cut wires, Region II), purely magnetic (split
rings, Region IV) and simultaneous electric and magnetic properties (cut wires +
split rings, Region III). A specific class of MM called left-handed materials possessing

negative effective parameters (falls in Region III of € — p diagram) have shown to
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exhibit unusual properties[18] that are not found in nature, such as negative refraction,

reversal Snell’s law, negative group velocities in the resonant MM media.

7
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Figure 1.6: Characterization of material properties using € — p diagram. MMs fall in
the 3rd quadrant (Region III) of the € — p diagram, where both € and p are negative.
(Source: Internet)

Although the field of MM research has shown huge growth over the years, there
is no unique definition termed to define the word metamateral. The current MM
study falls in the definition given in the W. Cai and V. Shalaev book on Optical
Metamaterials[19], “A metamaterial is an artificially structured material which at-
tains its properties from its sub-wavelength unit structure rather than its constituent
materials”. Metamaterial constitutes sub-wavelength sized metal resonators (called
meta-atoms) which are periodically arranged on a dielectric substrate. As depicted in
figure 1.7, periodicity of the unit cell in MM structure is smaller than the wavelength
of the incoming light (% > 1) that separates the MM from other artificial periodic

structures like photonic crystals. Since the size of the meta-atoms are smaller than

the wavelength, the incoming light sees the MM system as an effective homogeneous
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medium and the total electromagnetic response from the MM is considered as an

average response of the collection of constituent unit cells.
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Figure 1.7: Periodic arrangement of MM unit cells (SRRs) showing the sub wavelength
behavior of MM (p < A). Geometry of split ring resonator (SRR) unit cell, where g
is the capacitor gap, w and [ are the width and length of the metal arms.

Electromagnetic MMs|[20, 21] exhibit extraordinary properties over a large portion
of electromagnetic spectrum, whose resonance features are strongly dictated by their
geometry and size rather than the composition of constituent materials. The un-
precedented advantage of these structures comes from their subwavelength size, their
scalability and ability to capture and manipulate the finest near field information
present in the system. Near field is the most dominant component of the scattered
fields closer to the object surface that fails to radiate freely to the far field. Due to
its omnipresent nature and the finest information it entraps, near field has proved
to be a vital component in the light-matter interactions. Manipulating the near
field in MMs[22] has yielded opulence of remarkable phenomena including the perfect

lens[23, 24], negative index|[25], artificial magnetism at terahertz frequencies[26], plas-
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monic mode hybridization[27, 28] and many more. The near field coupling and their
precise manipulation has resulted in sharp resonance features such as Fano resonance
feature[29-32] and classical electromagnetically induced transparency resonances|[33—
36], which are very well exploited in the applications such as sensors[37-39], lasing
spasers[40, 41], slowlight[42-45] and in enhancing the nonlinearity[46, 47] in the MM
medium. These sharp resonances in MMs result from the Fano type of destructive
interference mechanisms between the bright (radiant) and the dark (sub-radiant)
modes of the MM structures. The focus of the thesis is in probing and manipulating
the radiant and sub-radiant near field interactions in a MM, microelectromechanical
systems (MEMS) MM and semiconductor-metamaterial hybrid systems that promises
interesting phenomena and applications in the terahertz part of the electromagnetic

spectrum.

As given by the definition, MM response is determined by the geometry and
periodic arrangement of the unit cells that determines the effective € and p of the MM
system. Thus, the shape and size of the MM unit cells (referred to as meta-atoms)
define the resonant properties of the entire structure. A meta-atom resonating at the

frequency (f) can be a designed by using the expression,

C
= m—
2ln

fm (1.7)

Where m = 1,2,...,m is the mth mode of the resonator and c is the speed of light in
vacuum. The resonant frequency of the MM is dictated by the product of two times
length () of the resonator and the refractive index (n) of the dielectric substrate. The
lowest order mode (m = 1) of the MM resonance is called the ‘LC resonance’ and the
lowest even order resonance mode (m = 2) is termed as the ‘dipole resonance’ mode.
LC mode can be excited in split ring resonator (SRR) structures, where the incident

electric field component is parallel to the gap (g) of the split ring resonator whereas, for
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the other orientation of the electric field component the dipole nature of the resonance
is seen at the higher frequency. SRR is the most fundamental and commonly used
MM structure that consists of a conducting metallic loop with a small gap (g) at
one side of the ring (figure 1.7). The resonant properties of the SRR are determined
by its size and the orientation of the gap with respect to the incident electric field.
The physics of the resonance properties can be optically analogued to a simple LC-
oscillator circuit, where the loop of the SRR provides a self inductance (effective p)
and the SRR gap gives the effective capacitance (effective €) in the system. Hence,
the resonance frequency of the lowest order mode of the SRR is given according to

the basic LC resonant electronic circuits, fy = Therefore, the fundamental

oy roll
mode of the SRR is termed as the ‘LC mode’ or the ‘SRR mode’.

Since the resonance of the MM depends on the size (I) and shape of the meta-
atom, it helps us to design these sub-wavelength structures at any desired frequencies
we want. Our interest lies in the resonance properties of these MMs at terahertz
frequencies (f = 0.3 - 3 THz/ A = 100 - 1000 pm) of the electromagnetic spectrum,
thus the resonators of length [ = 10 - 100 pum are designed to study the resonant
and non-resonant interaction of MMs at the terahertz frequencies. The recent in-
novations in THz MMs have played an important role in eliminating the existed
THz gap by providing MM based emitters[48, 49], detectors[50, 51] and many optical
components such as MM based waveplates[52, 53], modulators[54-56] and lenses[57]
in the terahertz frequencies that have enhanced the interactions and manipulation
of THz waves. We use the commercially available numerical solver called Computer
Simulation Technology (CST) microwave studio to design and numerically model the
MM structures at terahertz frequencies. Metamaterials fabrication at THz frequencies
involves the photolithography techniques to assemble metallic wires of sub-wavelength
structures on a dielectric surface, which will be discussed in later part of the chapter.

The optical characterization of these structures at terahertz frequencies is carried out
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using the photoconductive switch based THz-TDS system.

1.2.1 Microelectromechanical system (MEMS) based recon-

figurable metamaterials

The ability of MMs to tune the optical and the near field characteristics by changing
the shape and size of the MM gives an unprecedented advantage to manipulate the
light matter interactions across wide range of electromagnetic spectrum. In conven-
tional MMs, to alter their structural or optical properties, it requires to fabricate
a new set of devices with slightly different structural configuration that allows the
tunability of the optical response in the device. This limitation of not able to control
the optical characteristics in the device in real time would potentially hinder the role
and reliability of MM devices in the practical applications. Hence, it is important to
establish real time active and dynamic control over the structural reconfiguration of

the MM resonators in order to enhance their technological and real world applications.

In the recent years, there are numerous works establishing the dynamical reconfig-
uration of the MM devices using external stimuli such as thermal[58], magnetic[59],
electric[60, 61] and optical pulses[62] across microwaves to optical frequencies. These
reconfigurable metadevices possess a unique advantage of real time control in manip-
ulating the near fields by exploiting the sensitive changes in the optical properties
of the MMs to their micro/nano scale movements, which makes them more resilient
and merits their applications as future generation state-of-the-art metadevices. De-
pending on the design, fabrication constraints and size of the resonators, different
reconfiguration techniques are being used across the spectrum. Here, in the scope of
the thesis, we study the voltage actuated micro-electro-mechanical systems (MEMS)
based MM devices and optically reconfigurable semiconductor-metamaterial hybrid

systems.
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These devices possess favorable dimensions of the resonators that can be realized
using well known fabrication techniques that include the conventional photolithogra-
phy process at terahertz wavelengths. Micro-electro-mechanical systems (MEMS) are
recently the trending research area in the field of material fabrication and the opto-
electro mechanical devices. MEMS are a class of micro-actuators, whose mechani-
cal/electrical properties can be controlled by an external stimulus such as temperature,
electrostatic or the optical stimulus. They can be fabricated in nano/micro scales
enabling them to be perfect candidates for realizing active and tunable metamaterials
possessing real time control over the near- and far-field optical properties in MM.
They possess unique advantage in active manipulation of the near fields in all the three
spatial directions by exploiting sensitive changes to their micro/nano scale movements,
which makes them more resilient and merits their applications as future generation
state-of-the-art active photonic devices. They mainly operating in the terahertz (THz)
to near-infrared frequencies and have enabled dynamic manipulation of range of THz
properties such as magnetic response, transparency, near-perfect absorption and THz

anisotropy.

The process of the MEMS operation(actuation)[63] is summarized in the figure
1.8. To electrically actuate the metallic cantilevers, a DC biased voltage is applied
between the silicon substrates and the metallic structures (Fig. 1.8(a)). When voltage
is applied across the released cantilevers and Si substrate, the attractive electrostatic
force (Fg) deforms the suspended cantilevers towards the fixed Si substrate. This
mechanical deformation of cantilevers induces a restoring force (Fg) in the deformed
cantilever that opposes the electrostatic force (Fg), which caused the deflection in
the first place. Thus, the balance between the electrostatic force and restoring force
decides the final position of the cantilever for a given voltage. As Vp¢ increases
further, the electrostatic force (Fg) increases much faster than the restoring force

(Fgr), and at a critical value known as the“pull-in voltage (Vps), the magnitude of
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Figure 1.8: Shows the MEMS based MM unit cell structure. (a) OFF-state (released-
state) of the cantilever, where the Vpe < V,; . (b) Is the ON-state for cantilever,
when the DC applied voltage Vpo < V,; .

electrostatic force will exceed the restoring force (i.e. Fg > Fg), thereby bringing the

microcantilevers in physical contact with the Si substrate (Fig. 1.8(b)).

1.3 Numerical Simulation Solver: CST-Microwave

studio

This section describes the principles and techniques behind the numerical simulations
that are commonly used to design and model the MM resonators at THz frequen-
cies. We use commercially available software called Computer Simulation Technology
Microwave Studio (CST-MWS) to design and simulate the electromagnetic responses
in the resonant MM sample. This is in general a Maxwell equation solver that uses
the Finite Integral Techniques (FIT) or the Finite Difference Time Domain (FDTD)
techniques to solve the integral form of Maxwell’s equation with appropriate boundary

conditions. Maxwell’s equations in the integral form are given by [64],
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(1.8)
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On the other hand, CST-MWS offers the CAD design environment to draw the
desired structures those needed to be simulated. Most commonly used materials such
as metals (aluminium, gold, etc) and dielectrics (silicon, quartz, etc) can be found in
the material library of the CST software. Even though the materials show frequency
dependent conductivity properties, the materials in CST library are characterized by
their dc conductivity values that hold a good approximation at Terahertz frequencies
for the thin metal films. CST environment provides two types of solvers to model
the resonant MM structures; one being the Frequency domain solver that and the
other being the Transient solver. Although both gives the similar output parameters,
the basic difference lies in their process of solving the Maxwell’s equations (Eqn.
1.8). Basically, they use different type of boundary conditions and approximations to
solve the Maxwell’s grid equations which will be discussed in detail in the following

paragraphs.

1.3.1 Frequency Domain Solver

Below is the work flow for the Frequency Domain Solver and we will go through them

in detail one by one.

1. Set the desired frequency and length units for the solver and set the background

environment to normal (e = 1).
2. Set the frequency range of interest for the simulation.

3. Design the MM unit cell structure using the available CAD environment.
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4. Set the appropriate boundary conditions.

5. Define the input and output waveguide ports.
6. Generate/construct mesh: Meshing.

7. Run the Frequency domain solver.

After designing the MM unit cell of desired dimensions and defining the frequency
range for the simulation, the next step is to apply the proper boundary conditions to
the structure to exactly model the periodicity of MM. Frequency domain solver uses
‘Unit Cell’ boundary conditions in the X-Y plain to efficiently model a MM unit cell
as an infinite array of antennas by considering all the possible edge effects. In the
Z direction the boundary condition is ‘open’ as it represents propagation axis of the
light. In the Z,q. (+7) direction it is important to use ‘open (add space)’ boundary
condition to prevent the simulator in considering the fringing fields effects generated
near the metallic surface when the resonance is excited. The necessary gap to avoid
these fringing field effects that not to be considered during the simulation, is of the
order of A\/8, which is set as default in the CST-MWS.

To solve the Maxwell’s equations (Eqn. 1.8) numerically, the simulation domain
must be divided into small grids called ‘mesh’. To achieve the accurate simulation
results with better resolution, the mesh size should be smaller than the smallest of
the structure of interest and the mesh size should be considered smaller than (quarter
the wave length) the characteristic wavelength of the structure. There is a trade-off
between the simulation time and the resolution. More number of meshes (smaller
mesh size) increases the accuracy of the results and on the other hand it increases the
solver time as well. It is up to the user to define the number of mesh depending on
the requirements on the simulation resolution and accuracy.

By applying the mesh, the integral form of the Maxwell’s equations given in Eqn.

1.8 are converted into discrete matrix representations,
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Figure 1.9: Parameter windows for setting the (a) boundary conditions and for
performing (b) mesh adaptation process in CST-MWS Frequency solver simulator.
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These equations are called the Maxwell’s grid equations (MGEs), where S and
C are the discrete sign matrices. Once the mesh is defined, the frequency domain
solver converts the MGEs into their Fourier equivalent i.e. 0/0t — iw. Later
on the Fourier transformed MGEs are solved point by point (mesh by mesh) in
frequency domain. The output results are displayed in the S-Matrix or S-parameters
that comprise of complex transmission and reflection coefficients for all the calculated
modes. Frequency domain solver that uses finite difference time domain (FDTD)
methods to solve the Maxwell’s grid equations (Eqn. 1.9) is highly efficient for
simulating the narrow bandwidth structures or the highly resonant structures with
localized frequency response. On the other hand, the time domain or transient solver

uses ‘periodic’ boundary conditions and ‘hexahedral mesh’ type to solve the MGEs
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(Eqn. 1.9) in time domain using the Finite Integration Technique (FIT). In this
method the time derivatives are approximated by finite time differences At and solved
temporally using the leapfrog scheme. The size of At greatly affects the stability and
accuracy of the simulation and its value is related to the spatial dimensions of the mesh
grid. This variable is set default by the CST solver and rarely needs to be changed
by the end user. The transient solver environment is similar to the experimental
situation, where in both the cases the electric field response is calculated /measured in
time domain. Later, the obtained time signal is frequency converted using FF'T in the
post processing steps. Transient solver is ideal to model the higher bandwidth /higher
frequency structures and also better simulator to consider if the accuracy is not a
concern, as it takes less time for the solver to complete the simulations compare to

Frequency solver.

1.3.2 Interpretation of the simulated data

The simulated results are characterized by s-parameters, which relate the outgoing

waves to the incoming waves through a scattering matrix (S-Matrix) given by,

0, S S| | L
O, So1 S| |12

S11 is the reflection coefficient and Si, is the transmission coefficient at Port 1 of
the waveguide, whereas So; and Soy are respectively the transmission and reflection
coefficients at the Port 2 of the waveguide (figure 1.10). The obtained s-parameters
in CST are complex that contain both amplitude as well as phase information of the
signals. By default the calculated s-parametars are normalized to the port impedence.
The expression given by above matrix equation, is for two ports, in case if the
user requires full S-matrix one may choose ‘All Ports’ option while performing the

simulation. The solver will excite the material with the Gaussian pulse in the time



1.3. NUMERICAL SIMULATION SOLVER: CST-MICROWAVE STUDIO 34

domain and the out put power will be normalized to a frequency independent power

of 1 W.

Port 1 Port 2

/1 I '
S O2 =S21*1 + S22*1I2

< < />
O1 =S1*1 + S12*/2

Figure 1.10: Represents a two port network showing two dimensional scattering
parameters.

1.3.3 Simulating the Electromagnetic fields

Apart from providing the S-parameters, CST-MWS offers a direct visualization of the
2D and 3D electromagnetic field distribution in the region of interest. The simulation
parameters help us to extract the entire range of electric and magnetic properties of the
system. Local charge distributions and the surface current densities can be obtained at
any desired frequencies by running the simulations for previously described boundary
conditions. For the MM structures, where both the electric and magnetic responses
can be seen, these field distributions serve the most in analyzing and interpreting the
observed resonant and non resonant phenomenon. The simulated field distributions
help us in explaining the nature of near field coupling in the system. Strength and
phase of the trapped electric and magnetic fields on the metallic structures of meta-
atoms dictates the nature of coupling in the near field regime and thus the transmission

characteristics. The detail work flow for simulating the electromagnetic fields can be

found in CST-MWS tutorial.
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1.3.4 Sources for discrepancies between the numerical simu-

lations (CST-MWS) and the experimental results

Despite the fact that numerical simulations model the experimental results with great
accuracy, there will be some discrepancies in the observed and the simulated results

due to following likely errors.

1. Defined material parameters on CST will be slightly different from the materials

used in reality.

2. The background of the simulation can be different from the real experimental

situations.

3. Material dimensions may vary during the fabrication process that may show

slight offset resonant behaviors from the simulated one.

4. There could be geometrical errors arising in the simulations due to the inaccu-

racy in defining the number of mesh.

Considering all these possible errors into account the CST-MWS numerical solver
give the most accurate results and has become an exceptional tool in modeling the MM
resonators and has contributed immensely in the growth of MM research especially
in the terahertz regime. In the following studies, we use frequency domain solver
to numerically simulate the MM structures, as it provides much accurate resolution

considering the smaller mesh size and unit cell boundary environments.

1.4 Metamaterial Fabrication Process

At terahertz part of the electromagnetic spectrum, the MM structures possess micro-
scale dimensions that can be easily fabricated using the conventional lithography tech-

niques that include electron beam lithography and UV photolithography techniques.
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In our study, we employ UV light illumination based photolithography technique
followed by thermal metallization, which is the most commonly used fabrication
technique in realizing the terahertz MM structures. In the course of the thesis, three
types of MM designs are being probed that includes conventional MM structures, MM
structures on silicon on sapphire (SoS) substrates and MEMS based MM structures.
All these structures are fabricated using the conventional photolithography process
in addition to reactive ion itching techniques for the samples on SoS and the MEMS
MMs.

UV exposure over mask

Silicon Photoresist l

Spin Coat Photolithography

Aluminium deposition

R 4

Lift off Thermal Evaporation Developing

Figure 1.11: Conventional photolithography fabrication process using thermal evapo-
ration technique for metal deposition and liftoff method to dissolve the photoresist.

The planar MM structures are fabricated using the conventional photolithography
process followed by the thin metal layer deposition using the thermal evaporation
technique and finally the MM pattern is obtained after the lift-off process in acetone.
Firstly, a photoresist of thickness 1.5 pum is spun coated at 3000 rpm for 30 s on the

clean substrate and later baked in an oven for 15 mins at 115° C in order to evaporate
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the solvent. The spun coated photoresist is covered with the mask and illuminated
by the UV light. The mask basically contains the MM structures that allow the area
of the MM structures on the photoresist is exposed to the UV light, thereby can be
removed by the developer solution (AZ solvent). After the developing process, the
aluminium (Al) metal of 200 nm thickness is deposited on the sample using thermal
evaporation technique. As the last step, the Al deposited sample is dipped into acetone
solution and the undesired aluminium metal deposited on the photoresist is removed
through the lift-off process by dissolving the photoresist in acetone. In the case of
active SoS samples, a second step photolithography was performed using a positive
photo-resist to cover the split gap, followed by reactive ion etching (RIE) process to
etch off undesired silicon from the sapphire surface. Finally wafers were soaked in
acetone to remove photo-resist and to get desired MM structure. The resolution of
photolithography technique is in few microns (2-3 microns), which is quite ideal for
the MM fabrication at THz frequencies, whose dimensions are in few micrometers.
The following figure 1.11 illustrates the fabrication steps of the MM structures using

the conventional photolithography technique.

The MEMS MM samples are fabricated using the CMOS compatible techniques
and materials that employs the conventional photolithography techniques to pattern
the MM structures. Firstly, a 100 nm thick SiO, sacrificial layer is deposited on a
cleaned and lightly doped silicon substrate suing low pressure chemical vapor depo-
sition process. A first step of photolithography process is carried to etch off a part
of the SiO layer for the metal lines. Then a 50 nm of thick Al;Oj3 layer is deposited
on the pattered SiO, sample using the atomic layer deposition process. As a next
step, Al layer of required thickness is deposited using the sputtering technique. This
subsequent deposition of Al metal and Al;O3 confirms that the bimorph Al/Al,O4
are in physical contact with each other and in contact with silicon at the metal line

(anchor) region and in all the other regions, it is in contact with SiOy layer. Later,
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a second step of photolithography is performed forming the desired pattern of MM
structure followed by the dry etching of Al/Al,O3 bimorph layers. In the final step,
vapor hydrofluoric acid (VHF) is used to isotropically etch-off the SiO, sacrificial layer,
thereby leaving the suspended Al/Al;O3 bimorph cantilevers on the Si substrate.
Since the bimorph layers possess residual stress, it causes the released resonators
arms (cantilevers) to bend-up leaving a air gap between the Al/Al,O3 bimorph and

the silicon substrate.

1.5 Scope of the thesis

Metamaterial research is a recent advance in the area of optics and photonics. THz
MMs in particular are of greatest interest due to low material losses and ease of
fabrication and strong display of magnetic interactions at THz frequencies. In THz
MMs, near field effects arising due to their sub wavelength nature are dominated by
both electric as well as magnetic nature of interactions. Controlling and manipulating
the near field interactions in these MMs is a great deal of interest for the basic science
as well as technological aspect of the structures. This thesis aims to unravel new phys-
ical phenomena in the THz MMs by tailoring the radiant and sub-radiant near field
interactions in a passive and a dynamic way. Numerous interesting phenomena such
as high Q-factor resonances, slow-light effects, resonant invisibility, logical operations,
ultrafast THz modulators and formation of new type of quasi-particles interactions are
efficiently probed and discussed in the scope of this thesis. These results offer useful
applications to the real world technologies as sensors, optical routers in communication
channels, modulators and various nonlinear and multifunctional electro-optical devices
in the terahertz part of the electromagnetic spectrum. The focus of the thesis is on
the various aspects of radiant (bright) and subradiant (dark) interactions in THz

MMs, where the following chapters will show the various approaches on bright-dark
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interactions and their influence on their near/far field optical characteristics under

different structural configurations.

So far in this chapter, the overview and the technical concepts of the MMs,
spectroscopic and the numerical tools and the fabrication methods for the MMs were

discussed.

Chapter 2 discusses the classical interference mechanisms between the near fields
in a concentrically structured split ring (SRR) and closed ring resonators (CRR).
The strong near coupling between SRR and CRR results in a classical analogue of
electromagnetically induced transparency effects such as MM induced transparency
(MIT) showing a sharp transparency peak at the resonance. A theoretical framework
based on the two-coupled oscillators (T-O model) is proposed to unveil the Fano-
type destructive interference mechanisms that lead to the sharp transparency effect.
Further, the consequences of the MIT, such as slow-light effect and delay bandwidth

products are discussed in the chapter.

In chapter 3, the effects of competing magnetic and electric near field interactions
on the sub-radiant (dark) mode are discussed. In the strong inductive coupling regime,
the influence of the dark mode is completely annihilated thereby, rendering the split
ring resonator (SRR) invisible to the incident THz field. In the process, the passive
tuning of MIT is discussed and demonstrated experimentally, where the amplitude
of the transparency peak gradually diminishes as the magnetic interactions starts
to grow in the system. Some of the consequences of the annihilation of SRR effect
such as invisibility of SRR structure and active control of resonant invisibility in the
system are demonstrated. The active tuning of the permittivity and permeability of

the metamaterial medium is shown using the MEMS MM design.
In Chapter 4, a new technique termed lattice induced transparency (LIT) in
inducing the sharp transparency resonances in MM structures is discussed and demon-

strated. The concepts on the lattice modes and the physical mechanisms of coupling
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the MM resonances with the resonant lattice mode are highlighted in this chapter. A
new theoretical framework based on the three-coupled oscillators model is proposed
and discussed that elucidates the coupling mechanisms responsible for the observed
LIT effects. Further, a strong resonance dispersion and strong enhancement in the
group delay of the medium are demonstrated. In the second part of the chapter,
active control of the LIT phenomenon is demonstrated, where the coupling between
the lattice mode and the MM resonance is dynamically controlled using the ultrafast

optical pulse of wavelength 800 nm.

Chapter 5 focuses on the excitation of sharp Fano-type resonances at terahertz
frequencies using an out-of-plane reconfigurable MEMS MM possessing two indepen-
dent voltage controls. First part of the chapter covers the introduction to Fano-
type resonances in MMs followed by the motivation and the design of the MEMS
based Fano resonance experiment. The active and persistent tuning of sharp Fano
resonances are shown that exhibits a hysteretic type of closed loop behavior in its far-
and near-field optical characteristics with respect the asymmetry in the structure.
We elaborate the discussion focusing on the consequence of the hysteretic type (meta-
hysteresis) of behavior that leads to multiple-input-output (MIO) states in the system.
Further the implications of MIO states in demonstrating the MM enacted NAND and
‘exclusive OR’ (XOR) logical operations and its relevance to the secure cryptographic

communication are being discussed.

Chapter 6 illustrates the active and ultrafast phototuning of the Fano resonances in
metamaterials using various dynamic materials, such as silicon and solution processed
semiconducting materials. A simple and economical techniques for realizing active
metamaterial are demonstrated by interfacing the metamaterial structures with the
dynamic materials such as solution processed perovskites (CH3NH3Pbls) and lead
iodide (Pbly) thin semiconducting films. This study reveals the low-cost, ultrasensitive

and ultrafast modulation of Fano resonances in THz MMs that also possess strong
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phonon-metamaterial resonance coupling leading to the hybrid localized plasmon-
phonon quasi-particles formations. A two-oscillator (T-O) model is employed to
understand the coupling mechanism that reveals the Fano type of interference coupling
between the localized plasmon-phonon quasi-particles. These results provide the
future prospects on investigating strong resonant plasmon mediated light-matter inter-
actions signifying the the formation of strong and ultrastrong polaritonic formations

in semiconductor-metamaterial hybrid systems.



Chapter 2

Metamaterial induced
transparency in a concentrically

arranged unit cell metamolecule

2.1 Introduction

2.1.1 Classical analogue of electromagnetically induced trans-

parency and slow-light phenomenon

It is a well established fact that the speed of light slows down when the light travels
through a medium, and the amount of slowing down is governed by the refractive index
(n) of the medium. In such processes the information/energy carried by the light will
be lost due to the resonant scattering within the medium. Recently discovered new
techniques based on the quantum interference phenomenon have given new perspective
in slowing down and storing the light pulses inside a strongly dispersive medium
with a minimal scattering of the photons at the resonance. These systems enable

to store or retrieve the energy/information and also aids in enhancing the light-

42
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matter interactions by orders of magnitude, thereby increasing the nonlinearity of
the medium. Such strong dispersive effects can be realized by electromagnetically
induced transparency|[65] (EIT) technique, where in the influence of the strong pump
beam, a thick opaque/resonant medium is rendered transparent to the incoming
beam of resonant electromagnetic radiation. This effect was first observed in atomic
system[66], where two possible excitation pathways destructively interfere to cancel
the absorption effects within the medium. Besides the cancellation of the absorption,
the medium shows steep anomalous dispersion within the transmission line-width
that greatly slows down the light to several orders of magnitude. So far, the lowest
speed for the light pulse (around 17 m/s) has been achieved in an atomic condensate
(BEC)[67] using EIT type of interference effects. In such system high density of atomic
ensamble with negligeble velocity of atoms in the medium allows the light to slow down
to such lowest number. The possibility of achieving the strong resonant dispersion
was later proposed in classical systems such as coupled harmonic oscillators/coupled
LC circuits[68]. Since MM is an optical analogue of these electrical circuits, EIT
type of destructive interference can also be observed in these strongly coupled MM
systems. Such effects are termed as Metamaterial Induced Transparency (MIT)[34, 69]
or Plasmon Induced Transparency (PIT)[33], where the classical resonators interact
strongly with each other to eliminate the absorption effects within the MM unit cell,
leading to a sharp transmission peak. There are numerous demonstrations in this
line using various types of designs and structural configurations that have allowed to

passively tailor the strength of the transparency peak in an adequate manner.

Focus of the current chapter is on designing and characterizing the composite
concentric MM system displaying the metamaterial induced transparency at terahertz
frequencies, where the MM unit cell consists of concentrically arranged split ring
resonator (SRR) and closed ring resonator (CRR) MM structure. The compet-

ing electric and magnetic interactions have shown to tailor the amplitude of the
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transparency window under the influence of various structural asymmetries. The
observed sharp transmission window results in the anomalous variation of dispersive
properties of the medium at the resonance. The proposed designs show the slow light
effects and also can be applied as amplitude or phase modulators in the broadband
communication technologies, filters and power attenuators at terahertz frequencies.
In the following sections, the design, principle and optical characterization of the
concentric MM structure are discussed. In the later part of the chapter, a theoretical
model is proposed to unveil the coupling mechanisms in the structure that reveals the
interactions between the radiant (bright, CRR) and subradiant (quasi-dark, SRR)
modes and their relative coupling to the free space field. The results discussed in this

chapter are published in [70].

2.2 Design of the composite concentric MM

In order to study the effect of SRR position and the structural asymmetry on the
strength of transparency window, we considered four sets of composite metamolecule
structure consisting of concentrically arranged SRR and CRR meta-atoms. In the
case of Metamaterial-1 (MM-1), the symmetric SRR resonator is concentrically placed
inside the CRR resonator that defines the control sample. Metamaterial-2 (MM-2)
is characterized as ‘SRR position asymmetry’ with SRR position displaced by a = 4
pm towards the upward arm of the CRR. Metamaterial-3 (MM-3) is characterized as
‘SRR gap asymmetry’, wherein the gap of the SRR is displaced by b = 5 ym. The last
set of sample is labeled as Metamaterial-4 (MM-4) possesses both SRR, position and
gap asymmetry, with the gap in the SRR is displaced by 'b = 5 pum’ from the center
of Y-symmetry axis and the position of the inner SRR ring is displaced upward by ’a
= 4 pum’ from the center of X-symmetry axis. MM samples with various structural

asymmetries are graphically displayed in Fig. 2.1.
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Figure 2.1: An artistic representation of the MM structures and the corresponding
unit cell dimensions for the MM-1, MM-2, MM-3 and MM-4 samples are shown. All
four MM samples have same material dimensions, defined by length of CRR, L =
40 pm; length of SRR, S = 20 pym; SRR gap, ¢ = 4 pm; resonators width, w = 3
pm; SRR positional asymmetry, a = 4 pm and SRR gap asymmetry, b = 5 um. The
square periodicity (P) of the unit cell is 50 pm with metal thickness (7') of 200 nm
and substrate thickness (D) equal to 640 pm.

2.3 Numerical simulations and discussion

The electromagnetic response through all the designed MMs were first numerically
simulated using the CST microwave studio software. In the model, aluminum metal
(lossy) was chosen as the resonator and silicon (loss free) was chosen as the substrate.
The Frequency domain solver simulation was performed for all modes by defining a
unit boundary condition and accurate mesh size. The polarization of the incident
THz waves is along the gap-bearing side of the SRR i.e. along X-direction as shown
in Figure 2.1 and this allows for the direct excitation of LC mode resonance of the
SRR and the dipole resonance of the CRR. Firstly, the transmission response through

the individual SRR and CRR resonators are numerically simulated. The transmission
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plots are shown in Fig. 2.2, where the SRR (red line) exhibits a relatively sharp
resonance of quality (Q)-factor equal to 10.6 and the CRR supports the broad dipolar

type of resonance possessing @Q-factor of 1.2 (black line).
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Figure 2.2: Graph displays the individual resonance dips for the outer closed square
ring (CRR) alone (black), the inner symmetric SRR ring (red) and the asymmetric
SRR ring (blue and magenta for the E, and E, excitation, respectively). Electric field
strengths for the CRR, symmetric and the asymmetric SRR (gap displaced by 5 pm)
rings are also shown.

The asymmetric SRR structure with gap displaced towards the edge by b = 5 um
possess a weaker LC resonance feature compared to the symmetric SRR structure
(blue line). The @Q-factor of the weakened LC mode for the asymmetric SRR is
11, which is slightly greater than the symmetric resonator. However, its resonance
amplitude is lower than the symmetric SRR structure, thereby, possessing the reduced
oscillator strength. The strength of the LC resonance excitation in the symmetric
and the asymmetric SRR resonators is quantified by the intensity of the electric fields
confined in the gap region of SRRs, which is shown in the Fig 2.2. Stronger the
electric field confinement, higher the strength of the resonance mode. As shown, the
confinement of the electric field in the gap for symmetric SRR is 13.24 x 10° V/m,

which is greater than that for the asymmetric SRR structure (10.6 x 10° V/m).
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This is because, creating an asymmetry by moving the gap sideward results in a
small transfer of electric energy into other polarization mode (E,) dictated by the
energy conservation rule. It is quite evident from the figure 2.2 that the asymmetric
SRR supports a LC magnetic resonance feature (magenta line) for the perpendicular

polarization that assists in confining the electric energy at the gap of SRR resonator.

The highlighting point here is that both the LC and the dipolar resonances for
the symmetric/asymmetric SRR and CRR respectively appear at the same resonance
frequency but possesses contrasting line widths. This defines the sufficient condition
for the excitation of EIT type of transmission resonance when they are coupled with
each other in a composite metamolecule consisting of SRR and CRR structures.
The LC resonance of the SRR with the higher Q)-factor behaves as the quasi-dark
(subradiant) mode, whereas the dipole resonance of CRR resonator with the lower
Q-factor behaves as the bright (radiant) mode in the composite system. Hence, in the
composite metamolecule, the bright-dark type of interference mechanisms between the
CRR and the SRR meta-atoms results in the sharp transmission peak. Unlike other
studies on classical EIT effects, in our design and experiments both the resonators are
directly excited by the incoming THz wave but with contrasting coupling strengths.
The SRR is weakly excited by the incoming wave, whereas, the CRR resonator is
strongly excited by the incoming THz wave, which will be quantitatively elaborated

in the coupled oscillator analogue disused in the following section 2.7.

The simulated transmission responses through the composite MM samples (MM-
1 to 4) are shown in the Fig. 2.3. For the MM-1 sample, as the THz pulse of
polarization E, is incident on the MM, the simultaneous excitation of LC resonance
of SRR and dipole resonance in CRR causes strong coupling of SRR and the CRR
meta atoms. The interaction between the near-fields of these resonators results in the
cancellation of absorption resulting in a sharp transparency peak at the far-field, as

show in the Fig. 2.3(a). As the SRR is displaced upwards (MM-2) by a = 4 pm,
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Figure 2.3: Depicts the numerically simulated THz transmission spectra calculated
through the MM samples that show a sharp transparency peak (MIT) at each the
resonances. Amplitude of the transparency peak vary as MM-2 > MM-4 > MM-1 >
MM-3.

an enhancement in the transmission peak is observed (Fig. 2.3(b)). In the case of
MM-3 possessing SRR gap asymmetry, the transmission response through the sample
shows decreased strength in the induced transparency peak. For the MM-4 sample
with both SRR position and gap asymmetry results in a transmission peak possessing
the strength that lies in between the transmission strengths for MM-2 and MM-3. In
other words, once the SRR position asymmetry is introduced by displacing the gap
side of SRR towards the upper arm of CRR that results in the increased strength
of the transparency window. Whereas, introducing the SRR gap asymmetry in the
composite structure results in the decreased strength of the transparency window.
These changes in the far-field characteristics can be clearly explained by the surface

currents and the charge distributions in the near-field regime.
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2.4 Near-field surface currents and electric field

distribution

Tailoring of the metamaterial induced transparency peak in the transmission spectrum
depicted in Fig. 2.3 are precisely explained using the induced surface currents diagram
(Fig. 2.4(a)), obtained from the numerical simulations of electric and magnetic
fields at the resonance frequencies. In the case of MM-1 sample, at the frequency
of the resonant transparency peak (TP), the SRR resonator that has high confined
fields and a dense and strong circular surface current distribution, induces image
charges on CRR that run opposite to the direction of SRR surface currents, as shown
in Fig. 2.4(a)(TP). These opposing currents induced on SRR and CRR interfere
destructively at the resonance frequency to give rise to a sharp transparency peak at
the resonance. This destructive interference between the two fields of the classical
resonators leads to metamaterial induced transparency (MIT), which is a classical
analogue of electromagnetically induced transparency observed in atomic and other

classical systems.

Near-field coupling in these classical resonators is explained based on hybridization
model of the plasmonic coupling, where the system gives rise to anti-symmetric mode
(AM) and symmetric mode (SM) precisely described based on the orientation of the
corresponding dipole fields (surface currents). At the transmission dips (AM and
SM), surface currents on the SRR and CSR at 0.83 THz and at 1.02THz run anti-
parallel and parallel to each other respectively, for the AM and the SM as shown in
figure 2.4(a) signifying plasmonic hybridization in the system. Existence of the AM
at the lower frequency signifies strong transverse dipole-dipole interaction within the
coupled system. This dipole-dipole interaction can be electric as well as magnetic, as
their respective dipoles (electric/magnetic) are aligned in the transverse way to the

coupling displacement. Electric dipoles are aligned anti-parallel to each other in the
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Figure 2.4: (a) Showing the surface current distributions for the anti-symmetric mode
(AM), transparency peak (TP) and the symmetric mode (SM) of the composite MM-
1 structure. (b) Showing the surface current distributions at the transparency peak
(TP) for all the composite MM structures (MM-1-4).

plane of the MM and the induced magnetic dipoles are oriented inward and outward

of the MM surface.

On changing the geometry /symmetry of the coupled composite MM, we observed
a change in the transmission of the THz pulse. When the gap in the SRR displaced by
b =5 pum (MM-3) will lead to suppression in the amplitude of resulting transparency
peak (figure 2.3(c)). This suppression in the transparency peak is solely due to the
weakened surface current density and capacitance in the SRR resonance (ref blue
curve in figure 2.2(a)), because of its structural asymmetry. As a result, effective
strength of the SRR decreases and results in a reduced strength of the transparency
peak. This is analogous to the wave interference phenomenon, where decreasing the

amplitude of one of the wave, results in the decreased strength of the interference
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pattern. The observed enhancement in the transmission peak for the SRR position
asymmetry case is due to the increased strength of the electric coupling mediated by
the capacitive gap of the SRR, which results in strong destructive interference of the
two fields at the transmission peak. As the gap side of the SRR nears to the one of
the dipolar arms of CRR, the electric field confined in the gaps strongly influences
the CRR structure thereby enhancing the coupling and destructive interference of
the induced fields. The increased destructive interference strength in the structures
reduces the strength of surface currents within the system, as shown by the surface

current distribution in figure 2.4(b) at the transparency peaks.
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Figure 2.5: Showing the electric field distribution at the transparency peak of the
composite MM samples. The strength of the electric field vary as Eyr—3 > Eparo1
> Eyv—2 > Epv—a.

The observed interference mechanisms provide a strong evidence on the coherent

nature of the observed transmission curve that can be closely analogue to the coherent

EIT effects seen in atomic systems. In figure 2.5, the electric field distributions at
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the transparency peak (TP) are provided for all the composite MM samples. By
introducing the SRR positional asymmetry (MM-1 to MM-2 and MM-3 to MM-4)
results in enhanced transmission peak and reduced confined electric field strengths.
Since the confined fields are proportional to the strength of absorption, therefore
increasing the transmission reduces the absorption and the confined electric fields at
the transmission peak (Fig. 2.5). As the gap asymmetry is imparted in the SRR
structures of the composite MM (MM-1 to MM-3), the strength of the electric fields
increases (increased absorption) due to the reduced strength in the transparency peak
(Fig. 2.3(c)). The MM-4 structure possessing both the gap and structural asymmetry

gives the lowest field confinement.

2.5 Fabrication and Terahertz characterization

In order to experimentally realize the metamaterial induced transparency effect, the
proposed MM designs were fabricated using the conventional photolithography tech-
nique described in the chapter 1. 200 nm thick aluminum (Al) metal patterns were fab-
ricated on 640 pm thick n-type silicon substrate using the photolithography followed
by the metal deposition using the thermal evaporation technique and the finally the
lift-off process using acetone. The optical microscope (OM) images of the fabricated
MM samples are shown in the insets of Fig. 2.6. The unit cell dimensions of the
fabricated MM samples are same as the artistic design shown in the figure 2.1.
Optical characterization of fabricated MM samples is carried out using photo-
conductive antenna based THz-TDS system, described in chapter 1. A sequential
terahertz time signal scan is performed through the sample and the bare silicon
substrate for the referencing. After post processing, the fast Fourier transformed
data of the sample is normalized with the substrate data, which is plotted in the

Fig. 2.6 that show good agreement with the simulated results (Fig. 2.3). The MM-
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Figure 2.6: (a-d) Experimentally measured THz transmission spectra for the compos-
ite MM structures (MM-1 to 4) showing a sharp transparency peak at the resonance.
Inset figures are the OM images of the corresponding MM samples.

1 with the concentric SRR and CRR shows the sharp transparency window within
a broad dipolar absorption resonance. As predicted by the simulation results the
SRR position asymmetry by displacing the SRR resonators upwards by 4 pm shows
increased transmission window, whereas the SRR gap asymmetry with SRR gap
moved 5 pum sidewise displays weaker transmission window. Thereby, by carefully
designing the symmetry in the MM unit cell, the metamaterial induced transparency

window can be adequately tailored.

Further the transmission response of the composite MM structures to the orthogo-
nal (E,) polarization of the THz beam is shown in Fig. 2.7. For the MM-3 and MM-4
possessing the SRR gap asymmetry, there appears a very weak transmission window,
which is due to the interaction of very weak SRR mode of the asymmetric SRR (Fig.

2.2, magenta line) with the dipolar mode of the CRR for the E, excitation of the



2.6. TAILORING THE SLOW LIGHT EFFECT IN THE COMPOSITE MMS 54

_(a) Simul. ] (b) Expt.

Ev excitation

Ev excitation|

Transmission Amplitude

— MM-1 —— MM-1
0.2 — MM-2 |1 — MM-2
—— MM-3 — MM-3
—— MM-4 || —— MM-4
0.0 T T T T T T T T T T
0.6 0.9 1.2 0.6 0.9 1.2
Frequency (THz) Frequency (THz)

Figure 2.7: Showing the (a) simulated and the (b) measured THz transmission spectra
of the MM samples for the E, polarization of THz beam.

sample. For MM-1 and MM-2 structure with shifted SRR position, strong dipolar

types of resonances are observed at the resonance frequencies.

2.6 Tailoring the slow light effect in the composite

MMs

The phenomenon of interference effects leading to metamaterial induced transparency
(MIT) results in the anomalous change in the dispersion within the material along
the propagation direction. A steep gradient in the dispersion (change in the refractive
index /phase with wavelength /frequency) within the medium results in the delay in the
group velocity of the incident pulse and thereby, exhibiting the slow light phenomenon.
In metamaterials, the slow light effect is characterized by the group delay values tg,
determined by the derivative of phase (¢) of the transmitted field with respect to

angular frequency (w), given by,

ty(w) = ——= (2.1)
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The group delay value signifies the time delay of the pulse in the medium compared
to its propagation time in vacuum. The stronger the dispersion in the medium results
in higher delay time that depends on the slope of phase change in the medium around
the resonance of the transparency peak. The group delays for the pulse propagating
through the sample extracted for the simulated and the measured transmission data
are shown in Fig 2.8(a) and (b), respectively. The simulated and the measured values
show good correspondence with each other, with the group delay reaching as high
as b ps and 3 ps, respectively for the symmetric MM-1 sample at the transmission
resonance. The group delay for the proposed MM structures decrease with the
asymmetry in the structure, where the MM-4 possessing SRR position asymmetry
(MM-2 and MM-4) shows the lower group delay numbers compared to the MM-1
and MM-3 structures having the highest group delay numbers (Table. 2.1). The
observed small deviations in the measured and the simulated group delay values are
predominantly due to the real material losses in the experimentally fabricated samples,
which result in broader dispersion within the medium. From the expression 2.1, we see
that the group delay numbers are proportional to the slope of the dispersion (or phase
change, as shown in insets of Fig. 2.8(a) and (b)) within the medium. Hence, broader
dispersion results in the reduced magnitude of the group delay and steeper dispersion
enhances the group delay of the pulse within the medium. In the simulations these
material losses are not accounted for and hence it gives steeper dispersion within the
propagation length through the medium. The other factors causing these deviations
are the possible fabrication errors and the measurement uncertainties involved with
respect to the limited scan length of the THz pulse in the THz-TDS measurements

that could directly affect the value of dw.

Further, in order to enhance the relevance of the proposed slow-light based MM
structures in the communication networks, the delay bandwidth products are cal-

culated, which quantifies the capacity the device in the communication channel to
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Figure 2.8: Simulated and experimentally measured (a and b) group delay (t,). The
inset diagrams show the change in the phase of the propagating THz light within the
transparency window, which results in a steep dispersion through the medium.

transmit and receive the information. In other words, it represents the volume of
bits/data that can be transferred before the first bit reaches the receiver. Larger
the DBP, larger the number of bits in the transmission channel and will ensure the
efficient transmission control protocol (TCP) networks. Table 2.1 presents experimen-
tally measured values for group delay (t,), delay band-width product (DBP) at the
transparency peak and the respective Q-factors for all the four composite MM samples.
Delay bandwidth product (DBP) is defined as the product of the frequency bandwidth
(Af) and the time delay (t,) of the transmitted pulse (DBP = Af x t,). From the
data shown in Table 2.1, we see that as coupling strength increases, DBP increases
and the corresponding Q-factor decreases and vice versa. For example, MM-2 that
displays stronger mode coupling compared to all other samples possesses maximum
DBP and minimum @-factor. The proposed planar MM samples offer largest DBP
at the lower terahertz frequencies|[71], indicating increased buffering capability for the

high bit-rate broadband telecommunication networks.
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’ MM Samples \ ty (ps) \ DBP \ Q-factors ‘

MM-1 2.78 0.21 11.74
MM-1 2.52 | 0.217 9.83
MM-3 2.63 |0.174 13.35
MM-4 2.34 0.18 11

Table 2.1: Calculated group delay, DBP and @-factor values for the experimentally
measured transmission curves shown in figure 2.8

2.7 Two-Coupled Oscillator model

The observed metamaterial induced transparency is a result of interference phe-
nomenon between the near-fields of the CRR (termed as bright resonator) and the SRR
(termed as quasi-dark resonator) and is theoretically analogued to the classical system
of two coupled oscillators[68, 72-74]. The two-coupled classical oscillators system,
where each particle is attached by a spring to the wall and another spring connecting
two particles together has been used to understand the interference mechanisms
behind the electromagnetically induced transparency and Fano type of interactions
in the optical systems. The solutions of the coupled oscillators have been commonly
used for theoretically fitting the numerical and the experimental spectra of the optical

and atomic systems.

The schematic of the two-coupled oscillators system is shown in Fig. 2.9, where the
two resonators, bright and quasi-dark are respectively treated as damped oscillators
modes (particles) of mass m, and m, driven by an incident electromagnetic wave
E(t) = Egpe ™! Each of the particles masses m, and m, are attached to the wall by
springs of spring constant k, and kg, respectively and both the particles are coupled
to each other by a spring of spring constant K. Strength of their interaction with
the incoming field E(t) depends on the % ratio of resonators. The particle with
mass m; is termed as the ‘bright’ mode (x;) that couples to the electric field of

the incoming light radiation determined by the ‘qyEq/m,’ (Eqn. 2.2), whereas the
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quO/mb quOImd

Figure 2.9: The coupled oscillator model that is proposed to fit the observed
experimental results is schematically presented. m; and mg, are the masses of the
bright and quasi-dark resonators, respectively. k; and k; are individual coupling
constants of the bright and the quasi-dark resonators. K represents the coupling
constant between the bright and the dark resonators. The bright resonator is driven
by the external field of strength q,E/m;, whereas the quasi-dark mode is coupled to
the external field by strength qzEq/my.

other resonator mode of mass my, is weakly coupled to the incident electric field with
strength ‘qsE¢/my’ and hence is termed as ‘quasi-dark’ mode (x4) as given by Eqn

2.3.

The equations of motion for the two-coupled oscillators system are given by,

Fp(t) + Wy + wizy(t) + Drg(t) = = (2.2)
b

.. . 2 2 QdE

l’d(t) + VaZTq + wdxd(t) +Q l‘b(t) = m—d (23)

Here, wy, = \/ky/mp , wg = +/ka/mq and 7, 4 are the resonance angular

frequencies and the loss-factors of the bright and quasi-dark particles respectively.
Q = /K/M (where M is the effective mass), defines the coupling strength between

the bright and the quasi-dark particles. Solutions for x; and x,; obtained by expressing

mp

7 are given by,

qa = % and mgq =

. ((B/A)Q? + (w? — w3 4 iwya)) (QE/M) (2.4)
O — (w? — wf + i) (w? — w3+ iwa) '
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and

o (@4 (B/A) W — @} + i) (QE/M) (2.5)
d 04 — (w2 _ wg + z‘w%)(w2 — wg + iwvd) ' .

Where, A and B are numerical constants that define the relative coupling of bright
and quasi-dark modes to the incoming electric field E(t). From these displacement
amplitudes the polarization and the susceptibility relations can be derived using the

following relations.
P _ QTy + qaTq

_ 2.6
X €0E EoE ( )
Therefore,
X = XRr + X1
B K(MB+UW+A%E—%HJMﬂ—d) (2.7)
- A2BY Q4 — (W2 — wi +iwy) (w? — w2 4wy
A’y4 + By

+iw

Ot — (W? — w2 + iwy) (W? — w2 + iwyy)

Here, Re[x] represents the dispersion and Im[x] gives the absorption (loss) within
the medium. We perform a curve fit using the 1-Im[y] expression to the experimental
data shown in figure 2.10 (colored magenta), which represents the transmission re-
sponse through a medium. We observe from the fit that our model shows an excellent
agreement, with the observed results for the following fitting parameters, A = 40 and
Ky =4 x 10%°. The remaining parameters are treated as constants and are extracted
from the experimental curves itself. The decay constants are 743 = 5 x 10! rad/s ,y,
= 3 x 10 rad/s , and the coupling strength for the system is determined from the

2 _, 2
wi —w?
2

corresponding experimental curves by using the formula, €2 = , where w,
and w_ are the higher and lower stop band frequencies of the spectrum (symmetric
and the anti-symmetric modes of plasmonic hybridization in figure 2.10(c)). The

resonance frequencies wy and wy are determined using the following conditions. At
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the transparency peak (w = wr), Re[x] goes to zero. By applying this condition to

Eqn. 2.7, we get,

A(B + 1)Q% 4+ A%(w2 — w?) + B(w2 — w}) (2.8)

On further simplification, we arrive at the following expression of the dark mode
resonance frequency,
A(B+1)0% + (A% + B?)w? — Buwj

Wi = e (2.9)

For a very large A, the expression 2.9 reduces to wy =~ wr , is the frequency of
the transmission peak in the observed spectra (transparency peak in figure 2.10(c)).
Similarly, at the stop band frequencies (wy and w_), where the absorption ideally
goes to infinity, we have Im[y] = oco. Using this condition wy, can be determined
by equating the denominator of Im[y] to zero, which gives, wyr = |/wy F % . By
substituting the calculated values for wy, wy, 75, 74 and Q and by putting B = 2 (i.e.
mass of SRR is half the mass of CSR) we obtain a closest fit of theoretical model to

the experimental data, as shown in the Fig. 2.10(c) - (f).

Therefore, derived susceptibility expression (Eqn. 2.7) provides the best possible
information on interaction of the system possessing bright and quasi-dark mode, par-
ticularly the type of system studied in this work. This expression helps in estimating
the relative coupling strengths of bright mode and quasi-dark mode to the incident
electric field, both in coupled and uncoupled system. By obtaining the values of

constants A and B from the fit, we can calculate the —CZZZZQ

ratio, which determine
the coupling strength of the individual resonator with the incident electric field.
Knowing the individual coupling of the resonators to the incident radiation is of

major importance in the study of coupling in the system and in defining the nature

of the resonator. We observed that the coupling of quasi dark state to the incoming
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Figure 2.10: (a) and (b) are the dipole and the LC resonance of CRR and SRR
resonators with the fitted analytical data. (c)-(f) The analytically fitted measured
transmission spectra for the MM-1 to MM-4, respectively.

field in the coupled structure diminishes by 20 times due to the influence of the bright
mode resonator. In the uncoupled case, the relative coupling of the CRR and the
SRR with the incoming field is quantitatively given by Eqns. 2.1 and ?? for 2 = 0,
respectively. From the analytic fit (Fig. 2.10 (a) and (b)), the estimated coupling
strength of CRR to the incoming radiation (E,) is “twice stronger than the coupling
strength of the SRR. Thus, the strongly coupled CRR with broad dipolar resonance
(lower Q-factor) behaves as a “bright mode”, where as the weakly coupled SRR with
sharp LC resonance (higher Q-factor) is termed as “quasi-dark mode”.

The proposed model was also examined by comparing the variation of ()-factors
with the change in the coupling strength (£2). The Q-factors are calculated using
the formula Q = fo/Af, where fy is the resonance frequency of the curve and Af
is the line width of the curve. The line width Af is extracted using a standard
Lorentzian fit to the transmission curves using the Lorentzian formula, y = yo +

%m , using the Origin software, where ‘A f” is the line width (FWHM) of
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Figure 2.11: The variation in the quality (Q)-factors of the transparency peak
extracted from the numerically calculated spectrum is fitted with the analytical model

(K /2).
the resonance. We find that the ()-factors obtained from the simulated transmission

curves for the samples with different SRR positions (SRR position asymmetry) follow

K /Q? variation (Fig. 2.11), as predicted by the coupled oscillator model.

2.8 Conclusions

In this chapter, we showed the near-field interference effects on the transmission
properties of planar MM structures under two type asymmetries in the system. By
introducing the SRR gap asymmetry, the amplitude of the transmission window
decreases due to the reduced strength in the interference effect. On the other hand, as
the SRR gap side is moved towards the bright mode (CRR arm), the electric coupling
within the system is enhanced and thus the transmission. The effect of interplay
between the strengths of electric and magnetic dipoles on the transmission will provide

deeper insights into the classical analogy of the quantum interference effect. The
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quantitative analysis using the two coupled-oscillators model gives useful insights on
the interference mechanisms occurring in the system, which has shown an excellent
agreement with the observed results. The proposed model also gives the relative
coupling of the bright (CRR) and the quasi-dark (SRR) mode to the incoming THz
wave in the uncoupled and the coupled system. The proposed asymmetric planar MM
systems with varying transmission characteristics will allow us to precisely control the
group velocity and group index of the pulse within the medium and with the increased
DBP. These devices promise potential applications in broadband telecommunication

technologies as modulators, filters and slow-light devices terahertz frequencies.



Chapter 3

Resonant invisibility of Split Ring
Resonator (SRR) at terahertz

frequencies

3.1 Introduction

The prospects of MMs have given remarkable benefits in controlling and manipulating
the effective parameters such as permittivity (e.rr) and permeability (pu.rs) of the
medium. Such control has provided excellent possibility of tailoring and elucidating
unique and unnatural phenomena by precisely tuning the structural and geomet-
rical parameters of the MM. The realization of perfect lens[23, 24, 57|, negative
refraction[75, 76], invisibility cloaking[77-80], and many more intriguing phenomena
has been the hallmark of MMs. Particularly, in the THz part of the EM spectrum,
metamaterials have provided huge implications by showing many interesting results
that include artificial magnetism[26, 81], memory[82], active tuning[54, 58], ultrafast
modulators[83, 84], slow-light devices[33, 45] and many more. The strong magnetic

response of the metamaterials at THz frequencies have shown bi-anisotropy mediated

64
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interactions in the split ring resonator (SRR) system that enhances both electric as
well as magnetic interactions at THz frequencies. Such bi-anisotropy feature of the
SRR structures have enabled new type of bright-dark interactions mediated by the
inductive coupling in the system, resulting in the excitation of sharp transparency|[85],

Fano[32] and toroidal resonances[86] at THz frequencies.

In this chapter, we discuss and demonstrate a resonant invisibility phenomenon
for a split ring resonator (SRR) in a composite MM structure. In general, the
concept of invisibility means reducing or cancelling the scattering effects from the
material of interest. In other words, a realistic object can be made hidden from
interacting to the incident field under the favorable conditions. This can be achieved
by several ways, for instance, transformation optics|[77, 78], scattering cancellation
techniques (SCTs)[87-90], transmission line techniques[91] and so forth. In our study,
the observed invisibility of the SRR is different from the widely observed cloaking
phenomena, as in our system only one of the structure (i.e. SRR) is made invisi-
ble to the incoming resonant field. The mechanisms for the SRR invisibility effect
are compelled by the resonant bright (strong-scatterer) and the quasi-dark (weak-
scatterer) interactions in the metamaterial induced transparency medium (discussed
in chapter 2). The MM design consists of a closed ring resonator (CRR) covering the
SRR, where under the strong magnetic field interactions between the CRR and the
SRR, hides the latter structure from interacting to the incoming TE (E,) polarized
THz wave. Due to the strong bi-anisotropy in the SRR excitation, the interactions
in the structure are dominated by both electric (near to SRR gap) and magnetic
interactions (in the vicinity of the curved arm of the SRR structure). This interplay
of interactions between the SRR and CRR results in the magnetic annihilation of
inductive-capacitive (LC) resonance of the SRR structure in the strong inductive
coupling regime, thereby making the SRR non-interacting to the incident resonant

THz field. Here, SRR is termed as weak-scatterer with smaller resonance line-width,
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whereas, the CRR with broad resonance is termed as strong-scatterer. In the strong
inductive coupling regime, the opposing magnetic dipoles induced within the strong
scatterer (in our case, CRR) cancel out the scattering effects in weak scatterer (in
our case, SRR), thereby rendering the SRR invisible to the resonant THz beam. In
the proceeding sections, the design, near-field coupling mechanisms, the magnetic
annihilation of SRR effect leading to its invisibility and the active control of the SRR
invisibility using the MEMS MM design are discussed and demonstrated. Here, it
is important to note that, in the regular cloaking mechanisms such as SCTs[87-91],
both the scatterers are made invisible under the cancellation of out-off phase dipoles.
However, in our design, the CRR (strong-scatterer covering the SRR) remains visible
to the incoming beam, where only SRR structure (the material of interest) is made
invisible to the resonant light field, thereby separating this effect from the conventional

cloaking techniques.

3.2 Design and Fabrication

The composite MM design that consists of an outer CRR structure surrounding the
SRR structure is shown in Fig. 3.1 (a). To study the SRR invisibility effect and the
tuning of transparency peak, we designed various samples possessing same unit cell
dimensions but varying coupling distances d = 7, 5, 3 and 1 pum, as shown by the
optical microscope images of the fabricated samples in Fig. 3.1 (b-e). The resonator
structures are made of 200 nm thin aluminum (Al) metal that is fabricated on a high
resistivity silicon substrate of thickness 500 pym. Since the resolution of conventional
photolithography process for fabricating the MM structures is limited to > 2 um, a
different fabrication method is used to prepare the samples. A laser based scanning
lithography technique is used to obtain the required resolution of d = 1 um between

the SRR and CRR resonators. The AZ1518 photoresist mask was written on a 500 pum
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Figure 3.1: (a) Graphical representation of the composite MM structure depicting the
unit cell geometry and dimensions. The unit cell dimensions are, length of CRR, L
= 40pum; length of SRR, S = 20 pum; width, w = 3um; SRR gap, g = 4 um and the
square periodicity, p, = p, = 50 mum. (b-e) The optical microscope (OM) images
with the corresponding unit cell depicting the coupling distances (d) from the SRR
inductive and the CRR dipole arm.

thick silicon substrate (p > 5000 Q-cm) using a 405 nm laser followed by development
and thermal evaporation of 200 nm thick aluminium metal. Finally, the desired
MM patterns were achieved by performing lift-off process using acetone. The optical

microscope images of the fabricated samples are shown in Fig. 3.1(b-e)
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3.3 Cancellation of metamaterial induced trans-

parency effect in the strong inductive coupling
regime

For the incident THz wave of polarization E,, the SRR resonator supports the LC
type of magnetic resonance and the CRR being a square symmetric structure supports
the broad dipolar resonance. The structural parameters of the SRR and the CRR are
chosen in such a way that both the LC and the dipole modes resonate at the same
resonance frequency but possess contrasting line widths (scattering rates). The SRR
structure displaying a LC resonance with sharper line width (weak scatterer) is termed
as the ‘quasi-dark mode’, where the CRR structure with broad (strong scatterer)
dipolar resonance is termed as the ‘bright mode’. The presented concentric alignment
of the SRR (quasi-dark mode) and the CRR (bright mode) resonators manifests the
metamaterial induced transparency effect, which has been discussed in the previous

chapter 2.

Max

Min

Figure 3.2: Showing the (a) electric (b) magnetic and (c) surface current distributions
of the SRR resonator structure illuminated with a THz wave of polarization parallel
to gap bearing arm of the SRR. Existence of both Electric and magnetic energy
highlights the bi-anisotropy of the SRR structure at THz frequencies.

Numerical simulations were performed using the CST MWS software to study the

effect of near field interactions on the transparency peak as the coupling distance
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(d) between the SRR and the CRR is decreased from 7 pym to 1 um and also in

the individual SRR and CRR structures. The SRR structure has proven to exhibit
both electric as well as magnetic response (bi-anisotropy) in the terahertz part of the
electromagnetic spectrum. It is well established that the capacitive gap in the SRR
structure signifies the electric confinement of the fields that favors the strong electric
coupling between the adjacent resonators (see Fig. 3.2 (a)). On the other hand,
the currents flowing through the inductive arm of the SRR resonator give rise to the
effective magnetic response with the magnetic dipoles oriented perpendicular to the
MM resonator plane (Fig. 3.2 (b-c)). Hence, the near field coupling between the SRR
gap and the adjacent resonator is mediated by the strong electric coupling, whereas,
the interaction between the SRR resonator arm and the nearby resonator is mainly
dominated by the magnetic fields. In the previous chapter 2, we discussed that when
the gap side of SRR is near to the CRR arm, the electric field mediated interactions
are induced by the SRR gap that results in the enhancement of the transparency peak.
Here, when the arm side of the SRR is displaced downwards (near to the lower CRR
arm), the inductive coupling between the SRR arm and the CRR arm dominates that
results in the decreased amplitude of the transparency window, as shown by Fig. 3.3.
Thus the concentric arrangement of the SRR and CRR meta-atoms provides flexibility
to thoroughly investigate the competition between the electric and the magnetic near
field interactions in enhancing and destroying the transparency effect in the strong

coupling regimes.

For the simulation, aluminium metal with the dc conductivity (o4, = 3.56 x 107
S/m) is used as the metallic resonators and the silicon (e, = 11.7) is considered as the
transparent substrate at terahertz frequencies. The unit cell boundary conditions are
used in the frequency domain solver that uses FDTD method to solve the Maxwell’s
grid equations to give out the required S-parameters. Fig. 3.3 (a), shows the numer-

ically calculated THz transmission spectrum through the samples with d = 7, 5, 3
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Figure 3.3: (a) Numerically simulated and (b) experimentally measured THz trans-
mission spectra for the composite MM structure with varying coupling distance (d)
and for the CRR ring alone.

and 1 pum, which shows gradual decrease in the amplitude of the transparency peak
that eventually disappears for the sample with d = 1 pm. Experimentally measured
transmission spectrum is displayed in Fig 3.3(b) that shows very good agreement with
the simulated data for the corresponding samples with d = 7, 5, 3 and 1 um, where
the complete annihilation of the transparency effect is seen for the sample with d =

1 pm.

3.4 Magnetic annihilation of LC Resonance fea-

ture in SRR

The most striking feature of the transmission response for the sample with d = 1 ym
is that the far-field resonance of the sample shows the broad dipolar type of spectrum
that exactly overlaps with the dipolar resonance feature of the CRR alone. This
overlapping of the resonances of the composite MM structure (d = 1 pm) and the
only CRR structure signifies the complete cancellation in the contribution of SRR

resonance effect on the near field interactions in the composite MM structure. In
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Figure 3.4: Numerically simulated (a) electric field and (b) surface current distribu-
tions of the composite MM structure with decreasing coupling distance (d) showing
the gradual disappearance of the SRR effect in the system.

other words, the SRR resonator that is structurally resonant to the incoming THz
field becomes transparent/invisible in the presence of outer CRR structure. The
experimental results also show the complete annihilation of transparency effect for
the sample at d = 1 pum that shows almost overlapping with the measured dipolar
resonance through the CRR alone. However, the observed mismatch in the line
widths of resonances of the composite MM structure (d = 1 pum) and the only CRR
MM structure in our experimental data can be mainly attributed to the structural
irregularities in the fabricated samples, which can have small impact on the strength
of the near field interactions in the MM structures. The gradual reduction in the
amplitude of the transmission resonance with decreased d in the composite MM
structure essentially signifies the weakening of the quasi-dark mode (SRR) resonance,
which is more evident from the electric field and the surface current distributions
shown in Fig. 3.4 (a) and (b), respectively.

The electric field distribution plot shown in the Fig. 3.4 (a) provides a clear visual
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indication of the annihilation of SRR effect that shows a gradual diminishing of electric
field confinement in the SRR resonator gap with the decrease in d. For instance, at d
= 1 pm, the electric field density in the SRR gap region shows significant reduction,
whereas the field across the CRR dipolar arms show larger gain compared to the MM
structure with d = 7 pm. This indicates that the composite structure gradually attains
the dipolar characteristics as the SRR arm comes in close proximity of the CRR arm.
The nature of surface current distributions given in Fig. 3.4 (b) for the composite
structure with d = 7 pm the high current density of SRR influences the adjacent CRR
resonator and induces opposing surface currents on the CRR arms that destructively
interferes with the surface currents of the SRR structure. This destructive interference
results in a sharp transparency peak with an anomalous dispersion in the system.
As the coupling distance d is decreased, the surface current density of the SRR is
gradually reduced and at the same time the current density on the dipole arms of the
CRR grows higher. As the inductive arm of the SRR gets closer to the dipole arm
of CRR, strong opposing currents develop on the edge of the SRR arm and the CRR
arm. These opposing currents gradually grow up in strength with respect to decreased
coupling distance and interferes with the fields of the SRR. This interference of the
opposing magnetic dipoles will be destructive, thus cancelling the currents induced on
the SRR (weak scatterer) making it invisible/non-interacting to the incident resonant

TE (E.) polarized THz beam.

3.5 Magnetic field ratio g—zz Hz, phase reversal

point

We further articulate the near-field magnetic interactions responsible for the annihila-

tion of the SRR resonance (invisibility of the SRR resonator) in the form of change in

Hzo
Hzp

the ratio of magnetic fields (22) in the metamolecule, where H z; is the z-component
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Figure 3.5: Depicts the varying strengths in the competing magnetic fields Hz; and
H 2z, with respect to the coupling distance (d). The vertical green dotted line signifies
the transition point of the phase of Hz,, where at the regime of inductive coupling
(d < 6 um), strength of Z—ji grows exponentially. The solid red curve represents the
exponential fit to the simulated data. (b) Simulated Hz distribution showing gradual
phase reversal in the Hzy component near to d = 6 um, indicating the influence of the
strong magnetic interaction (inductive coupling regime) on the SRR excitation. The
white dots represents the positions where the magnetic field values are calculated.

of the magnetic field in between the SRR arm and the CRR resonator and Hz; is

the magnetic field within the SRR structure (Fig. 3.5). The magnetic field ratio

Hzo
Hz

signifies the relative strength of the magnetic fields within and outside the SRR

resonator, wherein ZZ > 1 implies the cancellation of magnetic resonance of SRR in
the composite system. The z-component of the magnetic field represents the strength
of the SRR resonator that constitutes the magnetic dipoles oscillating perpendicular
to the plane of the sample. Hence it becomes realistic to compare the effect of coupling
distance on the strength of the Hz components of the magnetic fields to investigate

the strength of the SRR in the composite structure.

From the magnetic field simulations we observe that, as the arm side of the SRR
resonator is displaced towards the CRR arm, the strength of the magnetic coupling
between them shows a steep increase below the coupling distance d = 6pum. Magnetic

field inside the SRR structure (Hz;) stays higher than the field (H.s) between the
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SRR and CRR resonator arms (i.e g—ii < 1) for the coupling distances (d) greater
than 2 pum, indicating the presence of the SRR effect in the system. As d < 2 pm, the
magnetic field Hz; becomes monotonically larger than the Hz; (i.e. Hzo > Hz) and
hence the field within the SRR resonator is completely suppressed. This condition of
Z—Z > 1, results in the cancellation of the SRR effect in the composite MM structure
at d =1 pum. In figure 3.5 (b) the spatial distribution of the magnetic near-field (H z)
in the composite structure is shown, where the magnetic fields inside the SRR (Hz;)

and between the SRR-CRR arms (H z2) show gradual variation in their intensity and

phase as the coupling distance (d) is gradually decreased.

As the coupling distance (d) decreases, the field inside the SRR structure gradually
diminishes and becomes extremely weak after the phase reversal point of Hzy (d = 6
pm). The phase reversal point is defined as the coupling distance (d), where the phase
of the Hz, flips its sign and aligns with the phase of the Hz;. This phase reversal
condition signifies the switch from the effective capacitive coupling in the composite
medium to the effective inductive type of near-field coupling. As the symmetry along
x-axis is broken by displacing the SRR downwards, the interaction of the electric
field at the SRR gap with the top CRR arm reduces and at the same time the
inductive effects due to the SRR arm begin to dominate the coupling effects in the
composite system. Below the H z; phase reversal point (d < 6 yum), where the magnetic
interactions dominate, the field between the CRR and the SRR arm gradually grows
in strength (Hzy > Hz) to eliminate the SRR resonator effect near d = 1 pm.
This indicates the strong magnetic or inductive coupling regime of the composite
MM structure. Resulting strong Hz, magnetic fields between the CRR and SRR
cancel the opposing weak magnetic fields (Hz;) generated within the SRR, thereby
annihilating its influence in the composite structure. At higher coupling distances (d >
6 pm), strength of Hz; is almost twice of H 2z, indicating the strong excitation of SRR

structure (weak magnetic coupling regime/strong capacitive coupling regime). Thus,



3.6. EFFECTS OF INTERPLAYING ELECTRIC AND MAGNETIC
INTERACTIONS ON THE Q-FACTOR OF TRANSMISSION RESONANCE 75

70

60
—a— ()-factors

50

a-b*In(x+c)

40

Q-factors

30

20

10

0 2 4 6 8 10 12 14
Coupling distance, d (um)

Figure 3.6: Graph depicting the Q-factors of the transmission peak with respect
to coupling distance (d). Variation in Q-factors follows the logarithmic behavior
indicating the influence of both strong electric and magnetic coupling in the system.

the interplay between the magnetic fields Hz; and Hz; in the composite concentric
resonator system is majorly responsible for the cancellation of the SRR effect and its

invisibility to the incoming THz wave in the strong magnetic coupling regime.

3.6 Effects of interplaying electric and magnetic
interactions on the ()-factor of transmission res-

onarce

As discussed in the previous sections, the competing magnetic and the electric inter-
actions in the proposed composite MM structure with varying coupling distance (d)
results in the amplitude tuning of classical EIT transmission resonance peak. This
shows a direct consequence on tuning the quality (@) - factor of the transmission

resonances with respect to the change in the coupling distance (d). The Q-factor
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of the resonance is defined as ) = g—(}, where fy is the resonance frequency of

the transmission peak and Af is the full width at half maximum (FWHM) of the

transmission intensity peak obtained from fitting the simulated curves using the

2A Af

S T rirapz: Where A is the area

Lorentzian peak function defined by, y =
under the curve. From the extractions, ()-factor of the transmission resonance is
the highest for smaller coupling distance (d), which is in the range of 70 for d = 1.2
pm and it decreases logarithmically with increase in the coupling distance, as shown
in Figure 3.6. The logarithmic decay of the Q-factors signifies the delayed saturation
in the near field interactions within the structure that deviates from the normally
observed exponential decay of the () factors in various kind of resonance features in
MMs|[92, 32, 93]. Since the SRR exists within the dipolar ring (CRR), the system
stays in the influence of either strong electric/weak magnetic (capacitive coupling)
or strong magnetic/weak electric (inductive) coupling regime. Hence, the presence of

both the electric and magnetic fields causes the slow decay in the Q-factor following

the logarithmic behaviour.

3.7 Active control of resonant invisibility of SRR

using MEMS MM

3.7.1 Introduction

The MM designs exhibiting the resonance SRR invisibility effect discussed in the
previous sections are the passive designs, where each sample with different coupling
distance (d) are fabricated separately. Such limitation of the passive designs that
requires fabricating multiple devices to show tunable functionalities will curb the
prospects of the MMs to be used as real time tunable devices to the real-world

applications. In this hindsight, a great progress has been made in the form of
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Figure 3.7: (a) Scanning electron microscope (SEM) image of the MEMS incorpo-
rated composite reconfigurable MM structure consisting of outer MEMS closed ring
resonator (CRR) and the inner split ring resonator (SRR), where the latter becomes
invisible to the incoming THz wave in the ON (Vpe = 30 V) state of the device.
Insets show the SEM image of OFF (Vpe = 0 V) and ON (Vpe = 30 V) state of the
device. (b) The Optical microscope image in the OFF state of the device showing the
unit cell dimensions of the MM design with a square period of 50 pum

tunable and reconfigurable metadevices[94, 95|, where their structural and optical
properties can be controlled and tailored actively by using the external stimuli such
as electrical signals[96, 60, 61], temperature[58, 97|, optical pulse[62, 54] and many
more. Here, in the view of expanding the functionalities of the earlier discussed passive
control of resonant invisibility effect of SRR, we propose and demonstrate an active
and reconfigurable design that is composed of MEMS actuated closed ring resonator
(CRR) cantilever that is actively reconfigurable using voltage control and a split ring

resonator (SRR) structure placed non-concentrically within the CRR.

3.7.2 Design and Fabrication

The proposed 2-D and actively tunable resonant invisibility device is composed of a
SRR placed nonconcentrically within a MEMS actuated CRR. The scanning electron
microscope (SEM) image of the fabricated sample is shown in the left inset of the

Fig. 3.7(a), where in the inset both released and snapped down states of outer CRR
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are presented. The unit cell dimensions of the sample are given in the right inset of
Fig. 3.7 (b), where the total length of SRR is half that of the MEMS actuated CRR,
with their metal arms separated by a distance of 1 um when the device is in ON
state. The device is fabricated using the complementary metal-oxide-semiconductor
(CMOS) compatible process (process in detailed in chapter 1.4. The MM is made
of varying thicknesses of Al (7" = 900 nm) on top of 50 nm aluminum oxide (AlyO3)
deposited on the lightly doped silicon substrate. The selective part of CRR is released
by isotropically etching away the sacrificial SiOy layer from underneath the bimorph
structure. Due to the residual stress in the bimorph layers, the microcantilevers
are bent up (released state), thereby creating an air gap between the substrate and
bimorph cantilevers, as shown by the SEM image of the sample in the inset of Fig. 3.7
(a). The out-of-plane actuation of the released arm of the CRR structure is achieved
through electrostatic control, by applying voltage (Vpc) across the Al metal lines and
silicon substrate. The Al,Og layer in the bimorph (Al,O3/Al) structure electrically
isolates the metal interconnect lines and the Al layer of CRR cantilevers from the
substrate when the device is in its ON state. These electrically isolated interconnects

allow for the voltage controlled out-of-plane actuation of the CRR microcantilever.

3.7.3 Active control of SRR invisibility effect

The active tuning of the invisibility effect of SRR is shown in the form of presence
and absence of metamaterial induced transparency effect in the far field spectrum
of composite structure. The THz light polarized parallel (E,) to the gap bearing
arm of the SRR resonator is incident in a normal angle on to the sample. The
measured THz far-field transmission spectra for the ON and OFF voltage states of
the device are given in Fig. 3.8(a) along with the corresponding SEM image of the
device configuration. As shown, in the OFF (released, Vpe = 0 V) state of the CRR

microcantilevers of the device, the transmission spectra exhibit a strong coupling
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Figure 3.8: (a) Experimentally measured THz transmission spectra of the composite
MEMS MM without (green line) and with (red line) the voltage (Vp¢) applied across
the metal lines and the silicon substrate. The measurements are performed on the
sample with the metal thickness T" = 900 nm. The insets show the OFF and ON states
of the MEMS MM with Vpe =0V and 30 V, respectively. (b) Depicts the numerically
simulated THz transmission spectra for the composite MEMS MM and the individual
CRR and SRR resonators. The spectrum for the release angle of CRR (fg) of 1° and
0° respectively correspond to the OFF and ON states of the experimentally measured
data shown in (a). The inset represents the phase spectra of the transmitted THz
light for CRR alone and ON/OFF state of the composite MEMS MM device.

behaviour signifying the mode hybridization of the SRR and the CRR resonances
leading into a transmission peak at 1.1 THz. This configuration represents the
widely studied MM induced transparency effects, leading to a sharp transmission
window at the resonance frequency (discussed in the previous sections 2). The
appearance of transparency peak in the spectrum signifies a strong influence of the
eigen (LC) resonance of the SRR in the composite MEMS MM structure. As the
CRR microcantilever is snapped down (ON state, Vpe = 30 V) on the substrate,
the transparency peak completely disappears and a strong dipole type of resonance is
observed in the transmission spectrum (red line). It is important to highlight that, in
the ON configuration of the device, the coupling distance between the SRR and the

CRR is d = 1 pm, which is same as the structure discussed in section 3.2.
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The numerical simulations were performed using the CST microwave studio fre-
quency domain solver (discussed in Chapter 1.3) to study the near- and far-field
optical characteristics of the MM structure for the ON (snapped) and OFF (released)
states of the CRR microcantilevers. The numerically obtained transmission spectra
are shown in Fig. 3.8(b). The voltage states (Vp¢) in the experiments can be
expressed in terms of released angle (6r) of the CRR microcantilever, where Vpo
= 0 V (OFF) and 30 V (ON) corresponds to 6 = 1° (released) and 0° (snapped),
respectively. The curves shown in green squares and the red circles represent the OFF
(1o) and the ON (0°) states of the CRR microcantilever are in good agreement with
the corresponding measured spectra shown in Fig 3.8(a). Further, simulations were
carried out for the uncoupled (individual) SRR and the CRR structures possessing the
same unit cell dimensions and periodicity as specified in Fig. 3.7(b) and the resulting
transmission spectra are shown by orange-dash and blue-dashed lines, respectively in
Fig. 3.8(b). Particularly, the LC resonance feature of SRR coincide with the low
frequency hybridized mode of the composite MEMS MM structure in the OFF state
(Or = 1°) of CRR, whereas in the ON state (fg = 0°), the dipole resonance of CRR
alone precisely overlaps with the observed broad dipole type feature in the composite
MEMS MM structure. Further, the phase of the propagating wave passing through the
composite MEMS MM for ON (0 = 0°) state shows no distortion with respect to the
phase of the field passing through the CRR alone, as shown in the inset of Fig. 3.8(b).
On the other hand, for the OFF state (0g = 1°) of composite MEMS MM device, due
to the influence of SRR scatterings, the phase profile of the propagating light wave
(green line) is strongly altered, thus modifying the wave front of the transmitting
wave. This confirms that the SRR present in the composite MEMS MM in the ON
state of the device does not alter the phase or wave front of the propagating beam,

thereby remains invisible to the incoming THz wave.

The nature of confined electric, magnetic fields and the surface current distribu-
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Figure 3.9: Numerically simulated (a) Electric field, (b) magnetic field and (c) surface
current distributions shown for the OFF and ON state of the MEMS MM highlighting
the cancellation of SRR fields in the ON state.

tions shown in Fig. 3.9(a)-(c) clearly highlights the change in the influence of SRR
effect in the composite MEMS MM device, as the device is switched from OFF to
ON state of the CRR microcantilevers. In the OFF (released) state, the electric and
magnetic fields are confined in the gap and around the metal arm of the SRR structure,
respectively, indicating a strong resonant interaction of the SRR resonator with the
incoming THz wave of polarization E,. This represents the weak coupling regime of
the composite system. As the CRR is snapped down onto the substrate (ON-state),
with the separation between the SRR inductive arm and CRR arm being d = 1 pm,
the confined electric and magnetic fields within the SRR structure disappears, thereby
making the resonant SRR structure invisible to the incident E, polarized THz light.

As highlighted in the previous sections 3.4, the mechanism of the observed resonant
invisibility is understood by studying the surface current distributions, which are
shown in the Fig. 3.9(c). In the OFF state, SRR shows a strong surface current

distribution, signifying a stronger coupling of SRR with the incident THz wave,
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where most of the near-field energy is confined within the SRR structure. In the
ON state, once the inductive arm of the SRR is in a close proximity (1 gm) of the
CRR arm, strong opposing currents develop on the outer edge of the SRR and the
CRR arms. These currents induce magnetic fields of opposite phases between the SRR
and CRR arms with their magnetic dipoles aligned perpendicular (H,) to the plane
of the sample. The induced surface current (magnetic dipole) possesses the opposite
sign and greater strength with respect to the intrinsic surface currents (magnetic
field) of the SRR structure, thereby cancelling the surface currents (near-field effects)
of the SRR structure. Further insights on magnetic interactions in the composite MM
structure and their coupling mechanisms are discussed in detail in the previous section
3.4. Hence, the strong resonant interaction between the opposing magnetic dipoles of
SRR (weak scatterer) and the CRR (strong scatterer) results in the cancellation of
SRR magnetic dipoles thereby making the SRR structure invisible to the incoming

resonant and E, polarized THz light.

3.7.4 Tailoring the permittivity and permeability of the com-

posite MEMS MM medium

The major factors governing and responsible for the invisibility effects are the effective
parameters of the medium such as electric permittivity (¢) and magnetic permeability
(1). Here, the complex permittivity (¢ = €gr. + i€r,) and permeability (4 = pgr. +
iftrm) of the composite MEMS MM structure are extracted for varying 0 of CRR. The
effective parameters of the medium were calculated using the expression|21, 98] for the
impedance (Z) and the refractive index (n) by using the scattering (S) parameters Sy
(reflected) and Sy; (transmitted) extracted from the numerical simulations. Later, the

complex electric permittivity and complex magnetic permeability were calculated by

n

using the formulae € = 7

and u = n-Z, respectively and the €. and p g, are plotted in
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Fig. 3.10 along with the transmission response for varying 0z of CRR microcantilever.
At larger angle (i.e. Og = 50°), the electric permittivity (¢) in the medium dominates
the resonance response (orange line in Fig. 3.10(b)), whereas the strength of magnetic
permeability (u) becomes insignificant and the ug. takes the positive values (orange
line in Fig. 3.10(c)) signifying electric response in the system. This observation is
true since, at the larger angles (weak coupling regime) SRR resonance shows the
dominating effects, where the resonant interactions are dominated by the electric

response of the SRR showing the negative values and anomalous change in the €ge.
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Figure 3.10: Numerically simulated (a) transmission spectra (b) Real permittivity
(ere) and (c) Real permeability (ug.) plots for varying release angles (6z) of the CRR
cantilever showing the switch between purely electric medium (in the OFF state,
0r = 50°) to completely magnetic medium (in the invisible state, 0g = 0°) of the
MEMS MM medium.

As the release angle (0g) is decreased, the € of the medium gradually decreases,
meanwhile the magnetic response (1) of the medium starts to grow stronger in strength.
For g = 0°, the broad resonance spectrum near 1 THz exhibits strong magnetic
response with anomalous change in the magnetic permeability of the medium (black
line in Fig. 3.10(c) ), whereas the electric permittivity shows no response (black
line in Fig. 3.10(b)). This result justifies that the broad resonance feature in the
composite MEMS MM medium shows rich magnetic response due to the strong
magnetic interactions between the inductive arm of the SRR and the CRR arm in the
ON state (A = 0°, SRR invisible state) of the device. Hence, in this configuration

(i.e. Og = 0°), the composite device behaves as the magnetic medium showing the
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negative values for pg. near the resonance as shown in Fig. 3.10(c). Therefore, by
actively tuning the release angles (0g) of the CRR microcantilever using the voltage
input enables the gradual switching between the electric and magnetic response of
the composite MEMS MM medium, thereby aiding the dynamic control over the

invisibility of SRR in the system.

3.7.5 Influence of THz incidence angle on the SRR Invisibil-

ity
a (b)
L0 @) .
Simul.
P
% . B_(deg)
E 084 — 0
o= 3
ol =
5 0.6
= —_ 60
=
W
£ 0440
E 0.8
E 0.6 \
= 02 B g
0.2 P
0." 0.6 | 0.8 1.0 Il.l 1.4 ‘ | . !
0.4 0.6 0.8 1.0 1.2 1.4
Frequency (THz)

Figure 3.11: Numerically simulated (a) transmission spectra (b) Magnetic distribution
plots for varying angle of incidence along x-axis (,) shows that the invisible state
of the SRR is preserved under the angle in the angle of incidence. Inset in the Fig
(a) shows the experimentally measured THz transmission spectra for varying angle of
incidence of THz beam.

To study the effect of incidence angle of the THz light on the SRR-invisibility,
numerical simulations were carried out by tilting the angle of the sample to the
incident THz light (same as tilting the incident beam angle/oblique incidence) along
x and y-axis separately. In Figs. 3.11 and 3.12, the numerically calculated far-field
transmission response and the near-field energy distribution in the composite MEMS

MM device are given for varying angle of incidence (6,, 6,) of the incoming THz
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beam. For 6, variation, the H-component of the THz wave always remain in the
plane (along y-axis) of the sample and the E-component forms a projection along
the z-axis (out-of-plane) of the sample, whereas for 6, variation, the E-component
of the THz wave remain in the plane (along z-axis) and the H-component forms a
projection along the z-axis (out-of-plane) of the sample. Varying the incident angle
(6;) by keeping the H-component of THz wave in the plane of the sample results in
the gradual decrease of resonance line width in the far-field transmission spectra with
no significant change in its resonance amplitude, as shown in Fig. 3.11(a). Meanwhile,
the near-field confinement of the magnetic distribution for varying 6, shown in Fig.
3.11(b) highlights gradual increase in the magnetic field confined in the region between
the SRR and CRR arms, which therefore results in the significant reduction of the
line width of the far-field resonance spectra (Fig. 3.11(a)). Absence of the magnetic
field confinement within the SRR for increased incident angles 6, affirms that the
invisibility of SRR is insensitive (independent) to angle of incidence (6,) along the
x-axis of the sample. The experimentally measured far-field transmission spectra for
varying angle of , are shown in the inset of Fig. 3.11(a) that match well with the
resonance narrowing trend seen in the simulation data, where for 6, = 45° (green

line), the line width of the resonance becomes narrower than for 6, = 5° (red line).

On the other hand, when the angle of incidence is varied along the y-axis (6,), line
width of the far-field spectra becomes narrower till 6, < 80°, as shown in Fig. 3.12(a),
which shows a similar trend in the resonance behaviour seen for ¢, variation. At 6,
= 80°, the far-field spectrum shows a strong mode splitting characteristic (green line,
Fig. 3.12(a)) indicating reappearance of SRR response in the composite MEMS MM
device that can be clearly shown by the enhanced magnetic fields near the inductive
arm of the SRR shown in Fig. 3.12(b) for 6, = 80°. At large 0, rather than the
electric (E)-component of the THz wave, it is the magnetic (H )-component of the

field that directly excites the SRR resonator in the system, thereby making it visible
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Figure 3.12: Numerically simulated (a) transmission spectra (b) Magnetic distribution
plots for varying angle of incidence along x-axis (6,) shows that the invisible state of
the SRR is preserved under the angle in the angle of incidence. For 6, > 80°, the
SRR resonator becomes visible to incident THz light.

to the incident THz wave. The optical response of the sample at larger incident angle
(0, and 6, > 45°) is not realistic in the experimental conditions at THz frequencies,
because of the violation of effective and homogeneous medium conditions for the
fabricated planar samples. Hence, the reported resonant invisibility of SRR structure
to the THz wave with an added advantage of insensitiveness to the angle of incidence
benefits the realization of plasmonic/MM coupling induced resonant invisible devices

at THz and higher frequencies.

3.8 Conclusion

In this chapter, a simple 2-D MM design was proposed to tune the sharp transparency
effects and to realize the resonant invisibility of SRR structure in the THz frequencies.
In the influence of strong near field magnetic interactions the SRR structure (weak
scatterer) placed in the close proximity to the CRR structure becomes invisible to

the incident THz light. Further, using the MEMS MM composite design, an active
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control of the SRR invisibility is demonstrated that shows a switch between the
invisible (Vpe = 30 V) and visible (Vpe = 0 V) states of the SRR structure to
the incoming resonant E, polarized THz light using a voltage control. Further, active
tailoring of the medium parameters- permittivity and permeability, showed that the
device can be switched from a rich magnetic medium to a rich electric medium
with permeability values of the medium changing from negative to positive values.
These magnetic effects are facilitated by the strong bi-anisotropy of the SRR at THz
frequencies. The reported invisibility effect of SRR depends on the polarization of the
incoming THz beam due to the structural anisotropic nature of the SRR itself, but
is insensitive to the incidence angle of the incoming beam. The proposed technique
provides a simple design and new way to realize invisibility effects by utilizing the
strong resonant near field interactions in the subwavelength structures across large
part of the electromagnetic spectrum, thereby circumventing the need for materials

with complex geometry and exotic material parameters.



Chapter 4

Lattice Induced Transparency
(LIT) phenomenon in planar

metamaterials.

4.1 Introduction: Lattice engineering of near field
coupling in metamaterials.

In addition to the intrinsic plasmonic or cavity modes in metamaterials(MMs), there
are also dominant intrinsic surface lattice (photonic) modes, which can further couple
with the plasmonic modes thereby, enhancing their optical properties. These lattice
modes often appear due to the discontinuity in the dispersion curves at the ambient
medium-substrate interfaces at Rayleigh cut-off wavelengths[99, 100] of the incident
field. These are also referred to as diffractive modes or Wood anomalies[101], whose
spectral position depends on the periodicity of the unit cell and the incident angle of
the excitation field. The periodic resonant structures such as MMs possess favourable
characteristics to probe the effects of lattice interactions on their near- and far-field

optical characteristics. For a regular periodic array of resonators illuminated at the

88
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Rayleigh cut-off wavelength, the diffracted beams propagate along the surface of the
substrate and interact with resonators thereby giving origin to a lattice mode. These
lattice modes are near-field in nature, where their energies are confined or propagated
on the resonator surface and fail to propagate to the far-field. They appear in the
far-field spectra as a sharp ‘kink’ possessing extremely high ()-factor resonances. For
a rectangular periodic array with periodicities given by p, and p, for normal beam

incidence, the lattice mode frequencies are given by the following expression[99, 100],

1 1

fi':_ i2—2—|—j2—2 4.1

J= [P ) (@)
Where, n is the refractive index of the substrate, (i, j) are the pair of indices

determining the order of the lattice/diffractive mode and ¢ is the speed of light in

vacuum. For a square lattice period with p, = p, = p, the expression for the lattice

mode frequencies is simplified as,

fi= A+ (4.2)

np
For the first order lattice mode (FOLM), where the indices (i, j) = (1, 0), the

Eqn. 4.2 further simplifies to,

fi0= nip (4.3)

The anomalies appearing due to diffraction/lattice are intrinsic to subwavelength
periodic structures such as MMs and despite their attractive features like extremely
narrow resonances and broadband tunability that depends on the lattice geometries,
they have not been much explored. In the recent past, there are handful number
of works that demonstrated the implications of these lattice modes in the periodic
structures. Coupling the plasmonic resonances to the lattice modes has has resulted

in resonant suppression in the light extinction[102] and observed extremely high Q
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resonances at near infrared[103, 104] and far infrared frequencies[105-107] and these
observations have not shown any signature that alters the nature of the plasmonic
resonance. FEnhancing the (-factors by resonantly coupling to the lattice mode
resonances to the plasmonic modes have greatly helped in overcoming the limitation of
losses in the plasmonic structures by decreasing the radiative losses in the system. On
the other hand, Fano type of interference mechanisms such as metamaterial induced
transparency effects and Fano resonances in the plasmonic metamolecules have shown
greater prospects in realizing the high Q)-factor resonances by overcoming the material
losses in the system|[29]. As discussed in the previous chapter 2), these resonances
appear due to the destructive interference of the broad bright mode and the discrete
dark mode in the system. Such sharp features have been engaged in realizing slow-
light devices and ultrasensitive sensors across wide band of far-infrared to visible
frequencies. However, the sharpness of these resonance features is limited by the line
width or free space coupling factor of the dark mode that hinders in achieving ultra-
sharp response features exhibiting steep dispersion for strong slow light effects and for
sensor applications. Therefore, in this chapter we discuss a new coupled resonators
system where, by coupling a bright resonance with multiple dark resonances will
enhance the sharpness of the resulting resonances by increasing the strength of the

dark mode interactions in the system.

The current chapter describes a new interaction mechanism involving a bright
mode and two dark mode resonances that results in a transparency peak possessing in-
creased sharpness and strong dispersion. We call this phenomenon as Lattice Induced
Transparency (LIT), as the intrinsic lattice mode resonantly enhances the strength
of the dark mode in the system, thereby resulting in a very sharp transparency
peak. Although it involves the Fano-type of interference coupling mechanisms,; the
proposed LIT system is different from the previously studied classical analogue of

EIT systems, as it constitutes coupling between three modes, one bright and two
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dark modes, rather than one bright and one dark mode in conventional classical
EIT systems[68, 33, 85]. The uniqueness of the current LIT system is that the two
dark modes involved in the coupling can enhance the sharpness of the transparency
window by an order of magnitude. The transmission peak resulting from LIT effects
can be adequately controlled by varying the lattice constant of the MM structure,
hence provides an efficient way to modulate frequency, amplitude, and the line width
of the transmission resonances. In the following sections, the design and principle
of the MM system exhibiting the LIT phenomenon is discussed together with the
experimental results on the high @)-transmission and strong slow-light effects in the
system. A phenomenological model based on the three-oscillator system is proposed,
which clearly describes the interaction and effects on the lattice mode on tailoring the
transparency peak in the system. The results discussed in this chapter are published

in [108].

4.2 Design and Numerical Simulations

The proposed MM design for realizing the LIT phenomenon is shown in Fig. 4.1, where
the metamolecule consists of two asymmetric split ring (ASRR) resonators structured
using the 7" = 200 nm thick aluminium (Al) metal and are separated by g = 3 pm.
This structure is famously known as asymmetric split ring MM (ASRR MM) structure
that exhibits Fano-type of resonance for the incident field polarized perpendicular to
the gap bearing arms of the resonator structure. In the current discussion, the MM
response is probed for the incident polarization of light parallel (E,) to the gap bearing
arms of the resonators, as highlighted in the figure 4.1. The pair of ASRR structures
forms a composite metamolecule that exhibits structural asymmetry with one of the
gaps being displaced by r = 8 um from the center of the resonator arm. In the view of

studying the effect of lattice (periodicity) on the structural resonances of the MM, we



4.2. DESIGN AND NUMERICAL SIMULATIONS 92

Figure 4.1: (a-c) Optical microscope images of the fabricated ASRR MM (LIT)
samples possessing varying periodicities, p = 65, 80 and 95um, respectively. (d)
Depicting the structural dimensions of the unit cell metamolecule where, length of
the resonator arm, L = 60 pm; width, w = 6 um; gap, g = 3 um; asymmetry, r = 8
pm; thickness of metal, 7' = 200 nm.

considered three designs, each having the same geometrical dimensions for the unit
cell metamolecule, but possessing varying periodicities ranging from p = 65, 80 and
95 pm, as shown in the Fig. 4.1 (a~d). As determined by the Eqn. 4.3, for the MM
design with p = 65, 80 and 95 pm, the first order lattice mode (FOLM) is respectively
at the blue side, resonant and at the red side of the dipole resonance frequency of the
MM structure. Therefore, by sweeping the frequency of the FOLM across the MM

resonance, resonance characteristics of the MM can be tailored adequately.

The numerical simulations were carried out by the help of commercially available
CST Microwave Studio software that adopts FDTD methods to calculate the S-
parameters in the system. It is important to note that in the numerical simulations,

where the resonances possess high Q-factors, choice of the material parameters plays
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a crucial role[109]. Hence, material parameters for the numerical simulation were
chosen to be an aluminium metal with DC conductivity (opc = 3.56 x 107 S/m)
as the ASRR metallic resonators and silicon with dielectric constant ¢ = 11.66 used
as the transparent substrate at THz frequencies. The simulations were performed
using the unit cell boundary conditions in frequency domain solver environment. For
each design of the MM, the periodicity of the structure is varied that results in the
gradual tuning of FOLM frequency across the dipole resonance of the MM. The lattice
constant (p) for the MM unit cell is chosen in such a way that for p = 80 pm, the
FOLM is precisely matched to the dipole resonance of ASRR structure at 1.1 THz,
whereas for p = 65 ym and p = 95 um, FOLM is towards the blue and the red side

of the ASRR resonance, respectively.

The numerically calculated THz transmission spectra through the MM samples
excited with the THz wave polarized along E, direction for p = 95, 80 and 65 pum
are shown in Fig. 4.2(a). For p = 95 um, the transmission spectra shows a broad
and asymmetrically shaped dipolar resonance feature for the ASRR structure. In this
case, the FOLM frequency is far to the red side (0.9 THz) of the dipolar resonance
(1.1 THz) that results in a weak and asymmetric coupling of the lattice mode with the
dipole resonance of the MM structure. Despite possessing the structural asymmetry,
no mode splitting due to bright-dark coupling is observed as reported by some of the
previous works. This is because, for E, excitation, the dark mode due to structural
asymmetry remains unexcited in this system, showing the symmetric dipolar currents
running parallel to the polarization of the excitation field, E, (see Fig. 4.4 (a)). The
observed asymmetry in the absorption dip is due to the weak coupling of the dipole
resonance with the FOLM appearing at 0.9 THz and the little stronger coupling of
the higher order lattice mode appearing at 1.3 THz that corresponds to the higher

order (1,1) lattice mode.

When the periodicity of the structure is equal to 80 um, the FOLM is resonantly



4.2. DESIGN AND NUMERICAL SIMULATIONS 94

Transmission Amplitude

08 10 12 14 08 10 12 14
Frequency (THz) Frequency (THz)

Figure 4.2: (a) Numerically simulated transmission spectra showing the effect of
periodicity (p) on the ASRR MM resonances leading to the LIT phenomenon. (b)
Numerically simulated transmission spectra for symmetric split ring MM designs with
varying periodicities, which fails to show the effect of LIT in the structure.

couples to the dipole mode, which results in a sharp transmission window at the
resonance. As the E, polarized light is incident on the sample, broader dipolar
resonance centred at 1.1 THz interacts resonantly with weakly oscillating FOLM
that propagates on the surface of the substrate. Lattice mode whose energy gets
trapped within the MM array couples to the other surface modes rather than to the
free space and mediates the excitation of the otherwise unexcited dark mode within
the ASRR MM system. This interaction between the broad MM resonance and the
weakly excited dark resonance that is mediated by the lattice mode undergo Fano-type
of interference to give rise to a sharp transmission window. With further decrease in
the periodicity of the structure to 65 pm, the FOLM is blue shifted with respect to
the ASRR MM resonance, which results in the blue shift of the observed transmission
peak, as shown by the red circles curve in Fig. 4.2(a). Observed frequency shift of
the transparency peak with lattice constant of the unit cell affirms our claim that the
resulted transparency is mediated by the lattice mode propagating on the surface of

the substrate.
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The observed anisotropic type of lattice mode coupling and the excitation in
the transparency window at either side of the dipole mode is due to the competing
interactions between the change in the lattice mode coupling and the inter unit cell
coupling of the neighbouring resonators. For instance, at the lower periodicity of the
structure (p = 65 pm), although the FOLM is off-resonant from the dipolar mode,
the strong inter-unit cell coupling between the close by neighbouring metamolecules
enhances the interactions of FOLM with the dipolar resonance. Therefore, due to the
strong FOLM-dipole interactions, a strong and broad transparency peak is observed
for p = 65 pm. on the other hand for the ASRR MM sample with p = 95 pm,
the separation between the neighbouring unit cell is large and together with the off-
resonance of the FOLM with the dipolar mode results in the very weak coupling of
the FOLM with the dipolar resonance. Hence, no transmission peak is observed in
this case. However, the amplitude and the frequency of the transparency peak are
tailored by the coupling of FOLM rather than the inter-unit cell coupling. The inter
unit cell coupling just acts an additional coupling term in enhancing the strength of

the FOLM coupling to the dipolar mode of the ASRR MM resonator.

In order to understand the role of lattice mode and the structural asymmetry in the
lattice induced transparency effects, different configuration of the unit cell structures
is considered. A MM structure with its unit cell consists of a pair of symmetric spilt
ring resonators is designed with varying lattice constants, p = 65, 80 and 95 ym. The
dimensions of the unit cells are same as depicted in Fig. 4.1 (d) except the asymmetry
r = 0 pm in this case. The resulting transmission spectrum for the symmetric split
rings resonator (SSRR) structures for varying periodicities are shown in Fig. 4.2(b).
The results show no signature of transmission peak as the FOLM is swept across
the dipolar resonance of the symmetric split ring resonator. These results give an
indication that existence of both lattice modes and the asymmetric mode that results

from the asymmetry of the structure are necessary condition to realize the lattice
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Figure 4.3: (a) The contour plot showing the tuning of transparency peak in the
ASRR MM structures for varying periodicities displaying the LIT effect. Frequency
tuning of LIT follows the frequency change of the FOLM, as shown by the dotted
lines. (b) Contour plot showing the evolution of dipolar resonance the symmetric
SRR structure with respect to the variation in the periodicity of the structure. The
dotted lines represent the resonance frequency of FOLM calculated using the Eqn.
4.3.

induced transparency phenomenon.

Figure 4.3 provides further evidence that the FOLM, which mediates the LIT, also
tunes the frequency of the induced transparency peak to the lower frequencies as it is
swept across the dipolar mode of the ASRR MM structure. This behaviour indicates
that the as the FOLM is tuned across the MM resonance, it couples strongly to the
asymmetric (trapped/dark) mode of the ASRR MM structure thereby enhancing the
strength of the trapped mode that results in the strong dipole-trapped mode coupling
giving rise to a sharp transmission due to the opposing nature of the fields. Unlike
the traditional transparency effects, this lattice mediated and tailored transparency
phenomenon can provide an adequately control to modulate frequency, amplitude,
and the line width of the transmission resonances by varying the lattice constant of
the MM structure. In the SSRR structures, the tuning of the FOLM across the dipole

resonance only results in the increasing ()-factors without any signature on the mode
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splitting behaviour, as shown in Fig. 4.3(b). Here, the presence of the lattice mode
(dark mode) is necessary, which mediates and enhances the dark mode (resulting
from the asymmetry) strength in the system, thereby strengthening the bright-dark-
dark interactions that results in the enhanced and sharp transparency peak. This
is supported by the theoretical model based on the three coupled oscillators system,

which is further discussed in the following section 4.6.

4.3 Surface current and Electric field distributions

The surface current distributions are numerically calculated using the CST microwave
numerical solver. The density and directions of the retrieved current distributions
provide the strength and the nature of the resonance characteristics observed in
the far-field. The underlying phenomenon behind the LIT is further understood by
studying the surface current distribution calculated at the resonance dip for p = 95
pum and at the transparency peak for p = 80 pum as shown in Fig. 4.4(a). For the
ASRR MM structure with the periodicity, p = 95 um, the coupling of the dipolar
resonance to the FOLM is non-resonant and hence is extremely weak. The resulting
surface current distributions at the resonance dip (1.08 THz) reveal a dipolar type of
surface currents, where the currents on the resonator arms run parallel to the electric
component of the excitation field, E,. When the ASRR MM dipolar resonance is
perfectly matched to the FOLM (for p = 80 pm), whose energy is propagated on
the surface of the ASRR MM interacts with the asymmetric dipolar resonance to
induce the antiparallel currents along the opposite arms of the resonator. These
opposing currents are quadrupolar in nature and they run antiparallel to destructively
interfere, thereby resulting in the cancellation of the fields at the resonance. This
cancellation in the near-fields induced by the opposing surface currents gives rise to a

sharp transmission peak and steep dispersion within the system. Thus the nature of
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Figure 4.4: Showing the numerically calculated (a) surface currents and (b) electric
field distributions at the absorption frequency (1.08 THz) of ASRR MM with p = 95
pm and at the transparency peak of ASRR MM with p = 80 um, respectively.

the MM resonance is modified by the influence of the lattice mode, which alters the
dipolar type of resonance into a sharp transmission feature showing the quadrupolar

nature of the surface currents.

The electric field distribution shown in the Fig. 4.4(b) reveals that as the FOLM
resonantly couples to the ASRR MM resonance at 1.08 THz (p = 80 um), the field
confinement in the structure drastically increases as compared with the fields for p =
95 pm ASRR MM structure at the same resonance frequency. This signifies a strong
interaction of the surface propagating lattice fields with the dipolar fields in enhancing

the electric fields strengths in the structure.
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Figure 4.5: Experimentally measured transmission spectra through the ASR MM
sample with varying periodicities showing the gradual tuning of lattice induced
transparency effect.

4.4 Device Fabrication and Experiment

The designed ASRR MM samples with varying periodicities (p = 65 pm, 80 ym and 95
pum) are fabricated by using the conventional photolithography technique, where 200
nm thick aluminium metal structures were deposited on a 500 ym thick high resistivity
silicon (p > 5000 Q-cm) wafer using thermal evaporation technique followed by the
lift-off process in acetone. The optical microscope images of the fabricated samples
are shown in the Fig. 4.1 (a), (b) and (c) respectively for p = 65 pm, 80 pm and
95 pm. The unit cell dimensions are same for the all three samples with varying
periodicities, as shown in Fig. 4.1(d).

THz time domain spectroscopy (THZ-TDS) measurement technique is used to
optically characterize the fabricated ASRR MM samples for the normal incidence of
the THz pulse. The incident THz pulse has a spot size of 3 mm and is polarized

perpendicular (E,) to the ASRR gaps. The measurement was performed in the time
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domain by using the standard GaAs photoconductive antenna based THz system
that offers high signal to noise ratio (10000:1) in a dry Ny environment. The ASRR
MM samples fabricated on the 500 pm thick double side polished high resistivity
silicon substrate ware optically glued to 15 mm thick high resistivity silicon wafer
using acetone solution. This method of achieving good optical contact between the
two substrates assists in delaying the reflection pulse appearing due to the fabry-
perot reflections, which allows long time scan of the THz pulse (about 200 ps) and
improves the frequency resolution of our detection to 5 GHz. The optically glued
sample was placed at the in the path of the THz beam at its focus for performing THz
characterization using the long scan measurements of about 200 ps. The long scan
measurements are necessary for the measuring the sharp resonance features possessing
high @)-factor resonances, where the oscillations in the time signal take very long time
to die out. Thus the long scan measurements using the THz-TDS technique is an ideal
and useful technique to capture the very sharp resonance features in the photonic
structures. The long scan THz time signals were measured through the sample and
the substrate, alternatively. The post processed transmission spectra of the sample

(Tsamp(w)) was normalized to the spectra of the reference substrate (Tg.r(w)) by using

[Tsamp(W)]

the expression |T(w)| = ]

and are shown in the Fig. 4.5. The experimental
results reproduce numerical predictions (Fig. 4.2(a)), there by demonstrating the
effect of lattice induced transparency in the planar MMs. The small discrepancies

seen in the line widths of the measured and simulated values are attributed to the

minor imperfections and losses in the fabricated ASRR MM devices.
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Figure 4.6: (a) Numerically and (b) experimentally calculated group delay values for
the ASRR MM medium possessing the periodicity of p = 65 and 80 um, respectively.
The inset figures represent the phase change in the medium for the corresponding
ASRR MM structures. (c) and (d) Electric field confinement in the x-z-cross section
plane of the sample at the transmission peaks for p = 65 um and 80 pm, respectively.
“T” is the thickness of the resonator metal.

4.5 Slow-light effects in LIT medium: Strong dis-
persion and enhanced group delay

The slow light behaviour in a dispersive medium is quantified by the group delay
of the propagating pulse through the interacting medium. As highlighted in the
Chapter 2.6, the group delay of the pulse is proportional to the steepness of the phase
change (dispersion) within the medium for the propagating pulse at the transmission
resonance. Increased sharpness in the resonance feature results in the steep anomalous
dispersion that can provide strong slow light effects. In the present scenario of lattice

induced transparency, the improved sharpness in the transparency peak observed
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due to diffraction coupling induces an anomalous resonant dispersion that greatly
enhances the slow-light behaviour within the system. As discussed in the previous
chapter 2.6, the slow-light nature of the pulse is quantified in terms of the group delay
values extracted from the anomalous change in the phase of the pulse propagating
through the medium by using the expression ¢, = —d¢/dw, where ¢ is the phase
delay in the pulse propagating through the medium and w is the angular frequency
of the incident pulse. The simulated and the measured group delay plots for the
current LIT medium are shown Fig. 4.6(a). The group delay number obtained from
the simulated data for the propagating THz pulse reaches as high as 28 ps for the
MM structure resonantly coupled to the lattice mode (p = 80 pm). Since the group
delay is proportional to the steep change in the phase (insets of Fig. 4.6) of the
THz pulse in the medium, increasing the sharpness of the resonance will show a
direct consequence on increasing the degree of phase change in the medium there by,
enhancing the group delay for the propagating pulse. By changing the periodicity in
the structure to p = 65 um, due to increased inter unit cell coupling of the neighbouring
metamolecules, the line width of the transparency peak increases there by reducing
the slope of dispersion in the medium. This results in decrease of the group delay
values for the LIT system possessing the periodicity p = 65 pum, as shown in the
Fig. 4.6. The maximum group delay value extracted from the simulated data for
p = 65 pum is 10 ps at the transmission resonance. Such enhancement in the group
delay number for the lattice resonant medium is due to the strong confinement of the
surface fields that interact strongly with the incoming light waves. As, shown in the
Fig. 4.6(c) and (d), the surface field confinement is stronger for the lattice resonant
(p = 80um, Fig. 4.6(d)) sample, than for the lattice detuned (p = 65um, Fig. 4.6(c)),
which enhances the dispersion in the lattice resonant system and hence the larger
group delay number. Fig. 4.6 (b) shows the group delay plots for the experimentally

measured transmission data, where for p = 80 um, the measured maximum group



4.6. THREE COUPLED OSCILLATOR MODEL 103

Bright Lattice Dark Mode
Mode Mode (Asymmetry)

E(1)

Figure 4.7: Showing the schematic representation of the three-coupled oscillator model
mimicking the LIT system, where the lattice mode mediates the coupling between the
bright (dipolar) mode and the dark (trapped) mode with the coupling strengths €y
and (s, respectively.

delay value is about 1.75 ps and for p = 65 pum, measured t, = 1.2 ps. The observed
large discrepancy in the measured and the simulated group delay numbers are due to
the possible imperfections in the fabricated samples and the real material losses that
could curb the sharp resonance features in the sample. Since, the lattice coupling is
highly sensitive to the angle of incidence of the incoming THz wave, the measurements
inaccuracies might also contribute to the lower values of the measured group delay.
The reported values on the group delay values for the LIT system are an order of
magnitude higher than the reported traditional metamaterial induced transparency
effects in the THz part of the electromagnetic spectrum|[69, 45, 71, 70]. Recently,
such high numbers in the group delay of 25 ps and group index values in the order
of 6 x 10* were reported for lattice enhanced transmission in the periodic array of

asymmetric dipoles at THz frequencies [110].

4.6 Three coupled oscillator model

To theoretically investigate the coupling behavior responsible for the LI'T phenomenon,

we employ the coupled oscillator model involving three oscillators system as shown in
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the Fig. 4.7 . Unlike in previously studied Fano type of coupled systems (discussed
in Chapter 2.7), the currently proposed LIT can be understood as the coupling
between three classical oscillators, wherein one of the oscillator, namely the lattice
mode mediates the coupling between the bright and the dark mode (resulted from the
structural asymmetry) within the system. In the proposed LIT system, bright mode
corresponds to the dipolar metamaterial/plasmonic resonance that couples strongly
to the incident field (E(t)). The dark mode in the system results from the asymmetry
in the structural configuration of the system, whereas the lattice mode arises from
the periodicity of the structure and they remain uncoupled to the incident field. The
equations of motion for the three coupled oscillators[111-113] namely the bright mode,

lattice mode and the dark mode, respectively are given as follow,

(1) + i + wpzs(t) + Qepw(t) = E(t) (4.4)
IZ’LM(t) + 'YLMitLM + W%MLL’LM(t) + Q%:L‘b(t) — le’d(t) =0 (45)
i‘d(t) + ’Vd«fd + ngd(t) + ngLM(t) =0. (46)

The terms (wy, wrar, wq) and (Vp, Yo, Ya) represent the angular resonance and the
damping frequencies of the bright, lattice mode and the dark mode, respectively. 2y
and {2y are the coupling constants/strengths between the bright-lattice modes and the
lattice-dark modes, respectively. The signs of the coupling strengths and in the above
expressions signify the nature of coupling in the entire system. It is worth noting that
the coupling of the bright mode to the dark mode is mediated by the lattice mode
that results in the transparency window as described by the above coupled expressions
(Eqns. 4.4-4.6). The Fourier transformation of Eqns. 4.4, 4.5, and 4.6 leads to the
following expressions for the scattering amplitudes in the frequency domain.

(—w? —dwyy + W)@y + VT = E(w) (4.7)



4.6. THREE COUPLED OSCILLATOR MODEL 105

(—w2 — Z’WPYLM + W%M)fLM + Q%gb — Q%fd =0 (48)
(—w? —iwyg +w3)Tg + BTy =0 (4.9)

Upon solving coupled equations 4.7, 4.8, and 4.9, we arrive at the analytical

expression for the scattering amplitude for the bright eigen mode and is given by,

~ —B( + (w* — wiy +iwyem) (W — wi +iwya))

€Ty, =
DT+ (w? — w2y + iwyoan) (@ — w2+ iwy)) (WP — w2+ iw)) — Q2 (w? — W + iwyy)
(4.10)

Eqn. 4.10 is a more generalized expression for the three coupled oscillators system.
We relate the above expression (Eqn. 4.10) to the mechanisms responsible for the LIT
in the system, where the resonance nature of the dark mode is dictated and tuned
by the lattice mode resonance and hence we consider wy = wry and v4 = Yy in the
Eqn. 4.10. With these realistic considerations, the scattering amplitude for the bright

mode (Eqn. 4.10) can be further simplified as,

= _ —E(Q) + (w0 — wiy + iwyim)?)
= (O T (2 =y T i D2 — 0 + o) — O — g T i)
(4.11)

Using the expression 4.11, we plot the transmission (1 - Im[z}]) by varying the
resonance frequency of the lattice mode (wry) for the following set of realistic system
parameters, Q) = Qs = 1, wp= 6.9, 7, = 1, yopr = 0.15 and F = 0.17, the results
are shown in Fig. 4.8(a). The lattice mode frequencies, wry/2m = 0.9 THz, 1.084
THz and 1.2 THz in Fig. 4.8(a) correspond to the lattice periodicity of p = 95 um,
80 pm and 65 pm of Fig. 4.2(a), respectively. It is worth noting that the proposed
theoretical model (Eqn. 4.11) does not take into account of near field influence due

to inter unit cell coupling for varied periodicities. Hence, there are little discrepancies
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Figure 4.8: Showing the schematic representation of the three-coupled oscillator model
mimicking the LIT system, where the lattice mode mediates the coupling between the
bright (dipolar) mode and the dark (trapped) mode with the coupling strengths €y
and €25, respectively.

observed in the line widths of the theoretical curves and the simulated/experimental
results for the periodicity p = 65 pum, 80 pm and 95 pum (see, Fig. 4.2(a)). In
experiments, as the periodicity is decreased from 80 pum to 65 pm, it strengthens the
inter unit cell coupling that in turn increases the amplitude and the line-width of the
transparency peak (this is the case, when wy y is blue side of the plasmonic resonance)
whereas, when the periodicity of the structure is increased to 95 pm, the inter unit
cell coupling weakens resulting in a very weak excitation of the transmission peak
(this is the case when wy, ) is red side of the plasmonic resonance). Apart from these
discrepancies, the theoretical curves show a very good agreement with the simulation

and the experimental results shown in the Figs. 4.2(a) and 4.5.

To further check the validation of the proposed model, we perform more investi-
gations by altering the coupling terms €2; and €25 in the coupled oscillator expression
(Eqn. 4.11). For the case of Q3 = 0 (i.e. the lattice mode is decoupled from the
bright mode, refer Fig. 4.11), we see no change in the resonance of the system as
the lattice mode is scanned through the entire spectrum of the plasmonic mode, as
shown in the Fig. 4.8(b). This signifies that in the absence of the lattice coupling, the
resonance response of the system is dominated by the dipolar nature of the plasmonic

resonance as expected. On the other hand, for {2, = 0, where the dark mode due
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to the structural asymmetry is absent, there is a weak coupling observed between
the plasmonic mode and the resonant lattice mode, as shown by the curves in Fig.
4.8(c). The theoretical curves show good agreement with the simulation results for
the symmetric structures, where dark mode due to structural asymmetry is absent.
The weak asymmetric resonances observed around 0.9 THz, 1.1 THz and 1.3 THz are
due to the weak interaction of the plasmonic mode with the resonant lattice mode
resonance. In the presence of both the coupling terms (€2; and €2y), the system shows
sharp transmission resonances in the vicinity of the sub-radiant lattice modes. These
studies infer that the observed results are in fact arise from the collective interaction of
the lattice mode with the bright plasmonic mode and the asymmetric dark mode. As
the LIT system involves two sub-radiant modes interacting to each other, a very sharp
transmission resonance can be realized with higher Q)-factor and larger group delays
in comparison with the regular classical Electromagnetically Induced Transparency

(EIT) systems discussed in chapter 2.

4.7 Photoactive tuning of Lattice Induced Trans-
parency

Integrating the dynamical semiconducting materials with the metamaterial structures
has allowed manipulating their resonance characteristics in an active way by changing
the conducting properties of the semiconductor using the optical pump pulse[56, 95,
45, 114]. The active control of metamaterial properties has benefited the relevance
of these devices in the real world applications. In this section, an active way of
controlling the lattice induced transparency and dynamic tuning of coupling between
the lattice first order lattice mode with the dipolar mode of metamaterial is discussed.
By closing the gaps in the asymmetric resonators by using the photoactive silicon

patches assists in reconfiguring the geometry of the structure, thereby tuning the
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frequency of the dipolar resonance in the structure way from the lattice mode. Such
systems can enable the realization of active slow light devices and resonant switches

at far-infrared frequencies.

4.7.1 Design and Fabrication

The active lattice induced transparency (LIT) design consists of an asymmetric ar-
rangement of a pair of SRR structures made of aluminium (Al) metal possessing a total
structural asymmetry of 2r = 10 um fabricated on a silicon on sapphire substrate.
The active SoS sample fabrication process is detailed in the chapter 1.4. Optical
microscope image of the fabricated sample is shown in Fig. 4.9, where the silicon
patches are placed in the gaps of the asymmetric pair of SRR structures. The unit
cell dimensions of the LIT structure possessing the square periodicity of p, = p, =p =
105 pm are given in the inset of Fig. 4.9. The periodicity of the structure defines the
lattice mode of frequency (Eqn. 4.3) of the structure that appears at 0.84 THz. The
geometry and dimension of the ASRR structure is chosen such a way that the for E,
excitation the dipolar resonance of the ASRR metamaterial structure matches with
the lattice mode frequency, which results in the sharp transparency peak as discussed
in the previous sections 4.2. Here, by actively tuning the resonance frequency of
the ASRR’s dipole resonance, the coupling between the lattice mode and the dipole

resonance mode is tailored.

4.7.2 Results and Discussion

In the previous discussion, passive tuning of the LIT, where the periodicity of the
structure was varied to tune the resulting LIT peak across the dipole resonance of the
ASRR structure. Here, the lattice frequency is kept constant defined by the square

periodicity p = 105 pum, and the dipole resonance frequency is tuned by shorting the
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Figure 4.9: Optical microscope image of the fabricated active LIT sample on the SoS
substrate. The inset shows the unit cell dimensions, where resonator length, [ = 90
pm; width, w = 6 pm, gap, g = 4 pum, one side asymmetry, r = 5 um (total asymmetry
2r = 10 pm) and the square periodicity of p, = p, = p = 105 pm.

gaps of the ASRR structures using the photoactive silicon patch. The measured and
simulated transmission response of the active LIT sample are shown figure 4.10 (a)
and (b), respectively. The measurement of the sample was done using ZnTe based
optical pump-terahertz probe (OPTP) system (discussed in chapter 1.1.2), where 800
nm of femtosecond optical pump beam of wavelength 800 nm is incident on the surface
of active LIT MM sample and the photoresponse of the dressed MM sample is probed
using the normal incidence of time matched THz pulse of beam diameter 4 mm. The
pump beam has a diameter of 10 mm and is derived from an amplified laser of pulse

width 120 fs and repetition rate of 1 kHz.

In the absence of pump beam, the sample exhibits a strong transparency peak
at 0.9 THz as shown in the Fig. 4.10 (a). This transparency is a result of lattice
mode coupling to the dipole resonance of the asymmetric structure as discussed in

the previous sections. Upon shining the pump beam on the sample the strength of the
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Figure 4.10: (a) Experimentally measured and (b) numerically simulated transmission
spectra of the active LIT device showing the gradual tuning of transparency peak
and the lattice-dipole coupling for varying incident pump powers and change in
conductivity of the silicon patches, respectively.

transparency peak reduces with increasing pump power (10 mW) as shown by the red
curve in Fig. 4.10 (a). With further increasing pump powers, the dipole resonance of
the ASRR gradually red shifts and decouples from the lattice mode thereby completely
cancelling the transparency effects in the system (shown by orange curve in Fig. 4.10
(a)). The reason being, as the pump beam photoexcites the silicon patches present in
the gaps of the ASRR structures, the photoconductivity of the silicon increases with
increasing pump powers and behaves as a semimetal at higher pump powers. As a
result the gaps (g) are shorted that increases the total length of the resonator, thereby
decreasing the frequency of the dipolar resonance. Hence, the shorted structure behave
as a conventional symmetric dipolar closed ring resonator possesing a strong dipole
resonance at 0.5 THz. Thus, by using the photoactive control the lattice mediated
transparency effects can be adequately controlled, that can show potential applications
as active modulators, filters and slow light devices. Fig. 4.10 (b) shows the numerical
simulations of the transmission response through the sample by uniformly varying the
conductivity of the silicon patches present in the two gaps of the unit cell. The results

show good agreement with the experimental results with the pump powers showing
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the approximately one-to-one correspondence to the conductivity values of silicon.

4.8 Conclusion

In this chapter a new mechanism of inducing a sharp transparency peak by coupling
the first order lattice mode of the metamaterial with the dipole resonance of the
asymmetric split ring resonator structure was demonstrated. Resonant coupling of
the lattice to the metamaterial resonance showed a sharp transparency window with
a steep dispersion in the system. Since the lattice guided modes are intrinsic to the
periodic structures and can be tuned by varying the periodicity of the structures, it
can help in realizing frequency agile transmission resonances. The resulted steep
dispersion and the strong confinement of the electric field on the surface of the
metamaterial showed large enhancement in the group delay (20 ps) for the propogating
beam in the MM medium at the transparency peak. A three coupled oscillator
model was proposed to elucidate the coupling mechanisms responsible for the LIT
effect, that revealed the interaction of two dark modes (lattice and asymmetric mode)
with a bright dipole mode, which results in enhanced sharpness of the transparency
peak. Last part of the chapter showed the photoactive control of LIT phenomenon
using a external optical pulse that actively manipulates the coupling between the
lattice mode the dipole mode of the asymmetric resonator structure by changing the
resonance frequency of the dipole mode. These results show promising pathways for
realizing ultra-sharp transmission resonances to enhance the light-matter interactions
by compensating for the material losses in the metamaterial structure. These devices
can find potential applications as slow light devices, modulators and nonlinear devices

operating from microwaves to optical frequencies.



Chapter 5

Excitation and Active control of
Fano resonances in MEMS

Metamaterial

5.1 Introduction: Fano resonances in Metamateri-
als

The ability of MMs to engineer their optical properties by precisely configuring their
shape and geometry has resulted in formation of new resonance features possessing
extremely high Q-factors and strong electric field enhancement in the vicinity of the
structures. These effects include the excitation of Fano resonances[29], metamate-
rial /plasmon induced transparency effects[33, 34] and the recent demonstration on
toroidal resonances|[115]. The Fano resonances in these structures result from the
structural asymmetry along the axis parallel to the polarization of the excitation
beam. These resonances are spectrally asymmetric in nature and results from the
interference between the excitation pathways of the discrete resonance within a broad

continuum. Typically, the symmetric spectral features such as Lorentzian line shapes

112
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are described by the Lorentz model that result from overlapping of distinct resonances
of different origin, whereas the asymmetric spectral features showing the Fano line
shape is a consequence of the Fano type of interference effects in the system. The
first theoretical explanation of the Fano resonance was given by Ugo Fano[116] while
understanding the discrete and asymmetric spectra features formed by the excitation
within auto-ionizing states of helium atoms. Since then there have been enormous
interest in studying the significance of Fano resonances in the classical[29, 117] and in
quantum atomic systems. The high () nature of Fano resonances in the metamaterial
and plasmonic system have been used to demonstrate ultrasensitive sensors[37, 118],

lasing spasers[40] and nonlinear devices[46] across major part of EM spectrum.

This chapter focuses on active excitation and manipulation of Fano resonance fea-
ture in a out-of plane reconfigurable MEMS MM system and its potential applications
in the field of photonics and communications. The out-of plane reconfiguration of the
MEMS microcantilever structure is performed using two independent voltage controls
that provides an unique feature and flexibility of probing the near-field interactions in
the z-direction of the sample. This helps in exploring the nature of exponential decay
of the near-field in the z-direction of the MM sample near its surface. In the following
sections, the design, fabrication and the THz characterization of the MEMS Fano-MM
device are discussed together with highlighting on the intrigue features of the Fano

excitation in the device. The results discussed in the this chapter are published in

119).

5.2 Design and Fabrication

The MEMS Fano-MM design consists of a pair of symmetric split ring resonators
(SRR-1 and SRR-2) attached to the electrically isolated metal lines that are connected

to the voltage sources V; and Vs thereby, allows for their independent structural
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reconfiguration along the z-direction of the metadevice. The selective control at the
sub-unit cell level provides the flexibility to introduce a dynamically tunable structural
asymmetry along the z-axis of the structure, described by the effective structural
asymmetry parameter, § = |@| x 100%, where (hq, hy) and s are the inclination
heights and length of the microcantilever arms of SRR-1 and SRR-2, respectively.
Experimentally, control of the asymmetry parameter (§) is dictated by the differential
voltage between the two resonators SRR-1 and SRR-2, defined as AV = | V; - V.
The periodic array of SRRs made of 900 nm thick aluminum are patterned on top of
50 nm aluminum oxide (AlyO3) dielectric (forming a bimorph layer), fabricated on a
lightly doped silicon (Si) substrate using complementary metal-oxide-semiconductor
(CMOS) compatible process (ref. Chap. 1.4 for detailed fabrication process). Due
to the residual stress in the bimorph layers (Al/Al;O3), the microcantilevers are bent

up, thereby increasing their released heights (h; and hy).

An artistic representation of the device is shown in the Fig. 5.1 (a) along with
the unit cell dimensions given in the inset figure. In Fig. 5.1(b-d) SEM images of the
fabricated device are shown representing the various actuation states of the device
starting from the symmetric configuration (§ = 0) in the released states (hy = hy =
hinaz) (Fig. 5.1(b)) to the intermediate state with the maximum asymmetry (h; #
ha, ho = 0) (Fig. 5.1(c))and finally bringing back to the symmetric configuration (6 =
0) with Ay = hy = 0 (Fig. 5.1(d)), where both the cantilevers are brought in contact

with the substrate.

The electromechanical characterization of the MEMS Fano-MM device is per-
formed using Lyncee Tec. reflection digital holographic microscope (R-DHM), where
the deflection/actuation profiles of released microcantilevers are measured. The re-
leased chips are wire bonded to a printed circuit board (PCB). Separate voltage
supplies (V; and V) are used for the actuation of SRR-1 and SRR-2 microcantilevers,

respectively. Silicon (Si) substrate was chosen as the ground potential, and the



5.2. DESIGN AND FABRICATION 115

(a) E, Vv,
L L
. X,

Al metal
Al O, layer
I Silicon

Vl

(]
4

AV =0V (V,=V,=30V)

A

Figure 5.1: (a) Schematic and the unit cell representation of the MEMS Fano-
MM device. The unit cell comprises of two SRRs separated by a gap g and their
microcantilever arms of length s are released at a height h. The dimensions are
periods p, = 110 pm; p, = 75 pm; resonator length, | = 60 pm ; microcantilever
length s = 25 pum ; width, w = 6 pum ; gap, g = 4 um ; and metal thickness ¢ = 900
nm. (b-d) Optical microscopy images of the unit cell showing the sequential actuation
of SRRs, where the sequence from (b) to (c) represents the increasing asymmetry (4)
and (c) to (d) represents the decreasing asymmetry (4) configuration.

microcantilevers are positively biased. When voltage is applied across the released
cantilevers and Si substrate, the attractive electrostatic force deforms the suspended
cantilevers towards the fixed Si substrate. This mechanical deformation of cantilevers
induces a restoring force that opposes the electrostatic force causing the deflection
at the first place. Hence, the final position of the cantilever at a given voltage is
determined by the equilibrium position, where the electrostatic force and restoring
force balances each other. As discussed in the previous chapter 1.2.1, once the applied
voltage increases, the electrostatic force increases much higher than the restoring force
and at a critical value known as the Pull in voltage (V,; > 25 V), the electrostatic

force will be higher than the restoring force, thereby bringing the microcantilevers to
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be in physical contact with Si substrate (shown in inset of Fig. 5.2(a)).The pull-in
can be clearly observed through the optical microscope fitted on the R-DHM. The
Al;O3 layer beneath the Al layer, will ensure that there is no current flowing from Al
layer to Si substrate, when pull in occurs. This is crucial because if the current flows
through the Al/Si junction, then the temperature will rise up locally thereby melting

the Al tips with the Si substrate, and will cause a permanent damage to the device.

5.3 Active control of Fano resonances

The MEMS Fano-MM is optically characterized using a conventional GaAs pho-
toconductive switch based THz-time domain spectroscopy system operating in the
transmission mode. The wire bonded MM sample is positioned at the focus of the
THz beam. The electrical connections to the SRR-1 and SRR-2 resonators structures
are established using a two channel variable DC voltage source. The transmission
measurements were performed for the sequential and continuous variation of voltages
V; and V5 connected to the SRR-1 and SRR-2 resonators, respectively. The measure-
ments were carried out following the THz-TDS procedures discussed in Chap. 1.1.1
for each configuration of the applied voltages continuously varying from V5 =0V

to 35 V in steps.

The measured transmission spectra for the continuous and sequential increase of
V; and V, are shown in Fig. 5.2(a) and (b), respectively, where the inset diagram in
(b) presents the experimentally measured electrostatic actuation of the cantilevers by
applying the voltage on one of the resonators’ arm using the R-DHM characterization.
Initially, for the case where no voltage is applied across the resonators i.e. V;o =0
V, the two SRR arms are symmetrically inclined (6 = 0) along the z-direction that
results in the excitation of strong dipole type of resonance at 0.78 THz for the incident

THz radiation polarized in the E, direction. When voltage (Vi) is applied across
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Figure 5.2: Experimentally measured THz transmission spectrum of the MEMS Fano-
MM device for (a) increasing asymmetry (V; varying and Vo =0 V) and (b) decreasing
asymmetry (Vo varying and V; = 35 V) configuration of the device. The inset figure in
(b) represents the experimentally mapped actuation angles under the applied voltage
for the designed MEMS structure using R-DHM technique.

the Al lines of the released cantilevers of SRR-1 and Si substrate, the cantilevers
gradually deflect toward the fixed substrate due to the attractive electrostatic force.
This deformation in the height of one of the cantilevers due to the applied finite
AV across two resonators creates the structural asymmetry (J) along the z-axis
of the sample. As a result, near field coupling between the asymmetric structures
exhibits Fano type of interference effects that excites a sharp trapped mode (Fano-
type) resonance feature (at 0.6 THz) within a broad dipolar resonance. This Fano
feature is a consequence of the destructive interference between the broad dipolar
mode of the resonator structure and the dark (discrete) mode that results form the
asymmetry in the structure. This dark asymmetric mode weakly couples to the free
space field thereby trapping all the energy on the surface of the resonator sample,
thus strongly enhancing the confinement of the electric/magnetic energy in the gaps
of the resonator structures. Upon continuously increasing Vy, the amplitude/intensity
of the Fano resonance grows stronger and reaches its maximum value for V; = 35 V

(and Vo = 0 V), as shown in Fig. 5.2 (a). Subsequently, when the voltage Vs is
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Figure 5.3: Numerically simulated THz transmission spectrum of the MEMS Fano-
MM device for (a) increasing asymmetry and (b) decreasing asymmetry configuration
of the device. The asymmetry values given in the legends show one to one
correspondence with the voltage values given in Fig. 5.2, respectively.

applied across SRR-2, its cantilever arms are gradually pulled towards the substrate
and thereby reducing the asymmetry in the structure. Therefore, the amplitude of
Fano resonance starts to weaken and shows a monotonic decrease with increasing V,
and completely diminishes as the Vy finally reaches 35 V, as shown in Fig. 5.2(b). In
this final configuration, both SRR-1 and SRR-2 are snapped down on the substrate
with Vi = 35 V and Vo, = 35 V, (i.e. AV = 0), thereby restoring the symmetry of

the structure.

The correlation between the sequential voltage actuation in the experiment and to
the asymmetry 0 of the structure is established by the numerically simulated trans-
mission spectrum performed using finite difference time domain (FDTD) calculations
offered by commercially available CST microwave studio software (ref. Chap. 1.3), as
shown in Fig. 5.3(a) and (b). The value of the structural asymmetry parameter (¢) is
estimated based on the experimentally measured dissimilarities in the inclined heights
of the cantilevers of resonators SRR-1 and SRR-2 using the expression for ¢ defined
in the previous sections. The insets in Fig 5.3(a) and (b) represents the schematic

showing the sequential actuation of SRR-1 and SRR-2 resonators that corresponds
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to the continuous increase and decrease in the structural asymmetry parameter (4),
which signifies one complete ramp of the asymmetry parameter from a symmetric state
(both cantilevers are released) to maximum asymmetric state and back to symmetric
configuration (both cantilevers are down). The simulated transmission spectra show
good agreement with the experimental results in Fig. 5.2, where initially, while both
cantilever arms of SRR-1 and SRR-2 are inclined at a height hy, hy = h (§ = 0), the
system is symmetric and exhibits a dipolar type of resonance. As ¢ in the system
increases, the transmission spectra shows gradual increase in the Fano resonance
strength. While on the other hand, subsequent decrease in § of the structure by
decreasing the height hy of SRR-2, results in weakening of Fano resonance and is
completely switched-off when SRR-2 arm is snapped down on the surface of the

substrate (brings back to symmetric state with hy = hy = 0).

5.4 Multiple input-output (MIO) states : Meta-
hysteresis

As of now, the optical characterization in metamaterials have been majorly restrained
to investigating the system responses in terms of single-input-output (SIO) configu-
rations. In our current MEMS Fano-MM design using the two independent voltage
controls (V; and V) the optical characteristics can be maneuvered to show multiple-
input-output (MIO) behavior in the electro-optical properties of Fano resonances.
These MIO states resemble the closed loop hysteritic properties in the near- and the
far-field properties of the MEMS Fano-MM. MIO states are created by the anistropic
type of excitation of the Fano resonance using the nonlinear spatial distribution of
the near fields extended along the z-axis during increasing and decreasing pathways
of the asymmetry parameter (§) in the structure. This distinctive behaviour in the

Fano excitation is more clearly shown in terms of change in the Fano resonance
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transmission intensity (JAT|), with respect to change in the differential voltage (AV).
The differential volatge is defined the volatge dirrence bewnn the two input voltages
V; and Vj for a constant asymmetry parameter (i.e. AV = |V} — V4| at constant
9). In Fig. 5.4 (a), the variation in |AT| for the measured Fano transmission data
is is plotted with respect to AV that demonstrates distinctive variation pathways for
|AT| signifying an a hysteretic-type of closed loop behavior. Although this scenario
showing the distinctive pathways resembles the hysteresis behavior observed in many
natural materials[82], but indeed it is two output states for two input controls (Vi
and Vi) (MIO characteristics) to form a closed loop in |AT|. Hence, we term the
observed phenomenon as meta — hysteresis, as a hysteresis type of loop in a pure
metamaterial system can be artificially created and engineered by using intriguing

near-field properties of the MM.
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Figure 5.4: (a) Plot showing the measured Fano resonance transmission intensity
(JATY]) for the two input states of the voltages, V; on SRR-1 with Vy = 0 V (shown by
red circles) and V, on SRR-2 with V; = 30 V (shown by green squares) signifying the
MIO states and the meta-hysteresis behavior. (b) Simulated Fano resonance intensity
(|AT|) showing the meta-hysteresis with respect to the structural asymmetry (4)
between the two SRRs. The inset figure in (b) represents the sequential actuation of
SRR-1 and SRR-2 that governs the hysteresis-type behavior observed in |AT.

The meta-hysteretic behaviour in the transmitted Fano intensity is purely enacted
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by the exponentially extended spatial distribution of near field along the z-axis of
the metamaterial surface, which shows stronger field strengths closer to the surface
and becomes weaker once the resonators are moved away from the substrate. By
independently actuating the SRR-1 and SRR-2 structures, we achieve asymmetric
coupling between the resonators that shows contrasting coupling strengths depending
on whether the fixed resonator is closer to or far away from the substrate. During
the increasing § configuration, the fixed resonator (SRR-1) is positioned away from
the substrate and due to the weak spatial field distribution surrounding the resonator
arm, it requires larger asymmetries (higher excitation threshold) to excite the Fano
resonance. While decreasing the asymmetry, the SRR-2 positioned on the substrate
is likely to have a greater influence the strong near field coupling occurring in the
asymmetric structure and results in stronger Fano intensities. Due to this anisotropic
nature of near field coupling, variation in the intensity of the Fano resonance follows
different paths, which makes a closed hysteresis loop for one complete cycle of the
asymmetry parameter (§). For decreasing ¢ configuration, Fano excitation possesses
a low excitation threshold as both the resonator structures are closer to the substrate
revealing the strong near-field regime of the asymmetric coupling. In Fig.5.4(b), the
|AT| of Fano resonance obtained from our numerical simulations is plotted against
the change in the asymmetry parameter (§) of the structure, which shows a likewise
meta-hysteretic behaviour (MIO states) as observed in our experiments. For instance,
at 0 = 0.5 % the calculated values of |AT| are 0.0034 and 0.3675, respectively
for the pathways when the asymmetry is gradually increased and decreased in the
structure. Shape of the hysteresis loop for |AT| observed in the measurements and
the simulations are seen deviating from each other. This is because of the existing
nonlinear relation between the applied voltages (V; and V) and the actuation heights
(h1 and hs) of the MEMS microcantilevers, which is not considered in our numerical

simulations.
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Figure 5.5: (c¢) Variation in |AT| of Fano resonance for increasing and decreasing o
configuration, when only SRR-1 actuated by keeping the height of SRR-2 cantilever
fixed showing the SIO characteristics in the device. (d) Showing the tuneabilty feature
of meta-hysteresis loop in the intensity variation of the Fano resonance with respect
to the asymmetry parameter (§) obtained by the numerical simulations. Black dashed
arrows signify the direction of change in the structural asymmetry () parameter.

The continuous and sequential actuation of the adjacent resonators plays a crit-
ical role in observed anisotropic excitation of Fano resonances that illustrates meta-
hysteresis. To verify this, we performed simulations just by increasing and decreasing
the height (h;) of one of the resonators (SRR-1) while keeping the height of SRR-2
fixed. This configuration of varying the asymmetry (0) fails to show the hysteresis type
characteristics in the Fano excitation, which is due to the isotropic nature of coupling
between the resonators during the increasing and decreasing pathways of asymmetry,
as shown in Fig. 5.5(a). Hence, with the flexibility of tuning the asymmetry of
the structure to achieve either isotropic or anisotropic coupling mechanisms in the
excitation of Fano resonances, favors this design for many practical applications
that can switch between normal and meta-hysteretic state in their optical properties
with respect to the asymmetry parameter (§), just by coding the electrical signalling
sequence. Here, we would like to comment that the observed metamaterial induced
hysteresis is different from the hysteresis phenomenon observed in the natural mate-

rials in the physics of its occurrence. Nevertheless, the aspect of precise engineering
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and switching between the normal state to the hysteretic-type state and vice versa
is unique to the observed meta-hysteresis in comparison with the all existing natural

materials.

Further, the numerical simulations were employed to show that the proposed
design can even realize tunable hysteresis loops for |AT|, which can be gradually
controlled by choosing the maximum attainable asymmetry (that also corresponds to
maximum released height (h)) in the system, as shown in the Fig. 5.5(b). Area under
the observed |AT| hysteresis type loop quantifies the amount of near field energy being
dissipated in the system and can be adequately tuned by scanning the asymmetry from
the zero state to the maximum asymmetry state (J,,q4,) in the system that is dictated
by the maximum inclination height (h,,..) of the resonators. While increasing the
asymmetry, variation in the Fano intensity (|AT|) follow different pathways for the
systems that is dictated by their maximum attainable asymmetry state 6,4, = 2.3
%, 4.35 % and 8.7 % for the structures shown in Fig. 5.5(b). On the other hand,
when the asymmetry in the system is lowered, the variation in |[AT| gradually reduces
and follows the same path for the systems with different 9,,,,. The credibility of the
proposed Fano design exhibiting the tunable hysteresis loops could have prospective
applications in the MM based tunable memory devices at room temperatures with an
additional advantage of precise management over the energy dissipative losses in the

device.

As we further probe into the optical characteristics of the Fano feature, the
meta-hysteretic (or MIO) nature is also seen in the numerically calculated confined
electric fields in the resonators’ gap at Fano resonance frequency, as shown in Fig.
5.6(a). Variation in the electric field strength takes different trajectories signifying
the contrasting field strengths for the same asymmetry parameter (0), when increased
from 6 = 0 to 2.3 % and decreased back to 6 = 0. Such MIO states in the near-field

characteristics reveal the NAND logic operation in the form of confined electric fields
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Figure 5.6: (a) Distinctive pathways shown for the enhanced spatial electric field
strengths in the MM system at the Fano resonance during increasing and decreasing
asymmetry configuration of the system showing the MIO states. (b)-(e) Numerically
calculated electric field distributions showing the NAND logical states on the strength
of confined fields, where the confinement is maximum (E = 1) for (b), (c) and
(d) structural states and minimum for (E = 0) (e) structural configuration. The
constructed truth table for NAND feature of the structure is shown in inset of (a). (f)
Simulated surface current distributions at the Fano resonance frequency for increasing
values of asymmetry, where the surface currents show signatures of circular closed loop
currents in the asymmetric resonator cases, which is an evidence of excitation of Fano
resonance in the system.

in their ON (snapped) and OFF (released) states. Numerically calculated electric
field distributions for various structural states of the MEMS Fano-metasurface are
plotted in Fig. 5.6(b-e). The absolute E-field amplitude for structural configurations
shown in (b), (c¢) and (d) represents enhanced field strengths when at least one of
the structural states is in released (OFF) state compared to structural configuration
(shown in (e)), where both cantilevers are prepared in snapped (ON) states. By
choosing the threshold for the electric confinement, we can digitize the near field
response for the meta-stable structural states of the sample. Higher amplitude value

of the electric field confinement is labeled as binary ’1’, whereas lower electric field
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amplitude is represented by binary '0’. The ‘up’ and ‘down’ structural states of SRRs

in the structure are labeled as binary ‘0’ and binary ‘1’, respectively. Thus given
the structural configurations of (0,0), (1,0), (0,1) and (1,1), the measured strength
in the confined E-field constitutes the NAND logic functionality, as described by
the truth table in the inset of Fig. 5.6(a). The observed meta-hysteresis (MIO)
behavior of the spatially confined near fields in the proposed structure could also show
direct implications in all optical switches and near field based memory effects in the
subwavelength MM resonator systems. Fig. 5.6(f) shows the numerically simulated
surface current distribution for increasing values of the asymmetry of the structure
seen at the Fano resonance frequency. For § = 0, the symmetric surface currents flow
through the structure showing the dipole nature of the resonance. Upon introducing
an asymmetry (9) in the structure, electric charges starts to build up in the gaps due
to the closed circular currents flowing through the resonator system in Fig. 5.6(f) for
0 = 0.7, 1.4 and 2.3 %. Formation of circular currents on the structures signifies the
excitation of Fano resonance and results in the strong confinement of the E-fields in
the gaps of the resonators. The proposed MEMS design provides a unique control
over the modulation of electric field distribution in all three spatial directions of the

sample allowing actively tunable mode volumes for the confined fields.

5.5 Exclusive-OR (XOR) Metamaterial and its ap-
plications in One-time pad cryptographic com-

munication

The versatility of the proposed MEMS Fano-MM device with two input controls and
the two output (MIO) states realizes an “exclusive — OR” (XOR) logical operation

using two electrical controls and an optical readout in the form of absence (false)
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Figure 5.7: (a) Measured THz transmission curves for the symmetric/asymmetric
structural meta-stable states of MEMS Fano-MM, respectively showing the ab-
sence/presence of Fano excitation near 0.57 THz, which constructs the XOR logic
states in its electro-optical characteristics. The inset table shows the derived truth
table for the electro-optical response of MEMS Fano -MM, which signifies the XOR
logic operation at THz frequencies.

or presence (true) of Fano resonance feature in the metadevice. The structural
configurations of the MEMS Fano-MM device that exhibit the XOR logical operation
are shown in the insets of Fig. 5.8, where the ‘up’ state of the metamolecules

Y

represents binary ‘0’ and the ‘down’ state is marked by binary ‘1’. The optical
output state (F') of the device is defined by binary bits (‘0" and ‘1’) that mimic
the absence (false) and presence (true) of Fano resonance feature in the MEMS Fano-
MM device, respectively. The structural states of constituent resonators SRR-1 and
SRR-2 are labelled as states ‘V;,” and ‘V5’, which can be independently reconfigured
using the voltage inputs V; and Vs in defining the output state of the MEMS Fano-
MM. Since, the Fano resonance feature results due to the structural asymmetry, there

exists two asymmetric structural configurations ‘up-down’ (0,1) and ‘down-up’ (1,0)

that results in the true state for the Fano resonance condition (i.e. F = 1), as
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Figure 5.8: Depicts the schematic of MEMS Fano-MM based one-time pad (OTP)
cryptographic channel. m = (0100110) is the private message in the form of SRR-1
states encoded in the source place k& = (1010100) is the secrete key secured in the
from of state of SRR-2. The encrypted message (F = 1110010) is sent through the
public channel as the optical states in the form of presence/absence of Fano feature

shown by the transmission response in Figs. 5.7(b) and (c¢). On the other hand,
for the symmetric structural configurations of the device ‘up-up’ (0,0) and ‘down-
down’ (1,1) results in the F' = 0 state for the optical Fano resonance, as shown in
Fig. 5.7(a) and (d). Thus, digitizing the optical excitation of Fano resonance by
independently reconfiguring the structural states of the metamolecules exhibits XOR
logical operation given by the truth table in inset of Fig. 5.7. This XOR operation
possesses the possible applications in digital /programmable metamaterials, random
number generators and in communication systems as secured one-time pad (OTP)[120]
cryptographic encrypting/decrypting sequences in secured data transmission channel

at sub-terahertz frequencies.

In Fig. 5.8(b), we provide a schematic of the proposed secured OTP cryptographic
channel that can be achieved by performing the exclusive-OR (XOR) logical opera-

tions in the MEMS Fano-MM. The inputs (private message) m = 0,1" and (secret
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key) k = 0,1™ are expressed as the strings of binary digits representing the structural

states of resonators SRR-1 (V1) and SRR-2 (V3), respectively and optical readout
pulses are represented by F' signifies absence (binary ‘0’) or presence (binary ‘1°) of
Fano resonance in the metadevice. At the source (Alice’s end), for each bits of m
= (0100110) and k& = (1010100), a XOR operation (F' = m@ k) is performed by
scanning the terahertz beam through the metadevice that encrypts the message as an
optical output state, F' (1110010), which is sent as a cipher text (encrypted message)
through the unsecured public channel in the form optical signal bits. At the message
destination (Bob’s end), the optical bits are detected using a photo-detector (PD)
and the resulting voltage states (F' = 1110010) of the PD are directly fed through
a trigger channel to the voltage source Vi that controls the actuation states {0,1}
of SRR-~1. Finally, the cipher text containing the private message is decrypted by
performing the inverse XOR operation, m = F @ k, where k is the secret key (string
of random binary digits) that contains the information on the structural state of
SRR-2 is exchanged between the source and the destination via a private channel.
The inverse XOR operation is executed by performing the terahertz spectroscopy
(optical readout) on MEMS metamaterial possessing the structural states defined by
the sequential trigger bits of cipher text (F') and the secret key (k). As the last
step, the transmitted optical bits in the form of Fano intensity states are detected
by a photo-detector and the private message (m) is securely recovered in the form
of stream of electrical bits at the message destination. Thereby, by independently
reconfiguring the structural state of SRR-1 and SRR-2 using electrically triggered in-
put voltages V; and Vs, a secured information channel is established by encoding and
decoding the message in the form of transmitted optical response through the MEMS
metamaterial structure. These results provide proof-of-concept study in manifesting
the metamaterial based unbreakable one-time pad cryptographic channel that can be

efficiently employed in i-banking services, super-encryption techniques, random key
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distribution and high speed wireless communication channel that is now being pushed
towards sub-terahertz bandwidths[6]. The MIO configuration benefits the concept of
coding and programmable metamaterials[121, 122] across the far-infrared and optical
frequencies for executing complex mathematical operations by expressing the MIO

response states of the MM in terms of binary numbers.

5.6 Conclusions

The third dimension (z-axis) in planar MEMS based MMs is opened up to probe the
effects of aerially extended near fields on the Fano-resonance features by independently
actuating the SRR resonators within the metamolecule using two voltage controls.
The results showed multiple-input-output (MIO) states signifying the meta-hysteretic
characteristics in the resonance transmitted intensity and the near field energy of the
observed Fano feature with respect to the structural asymmetry parameter/applied
voltages. The meta-hysteresis results from the anisotropic near field coupling for the
same asymmetric states in the vicinity of nonlinear spatial distribution of the near
fields extended in the out-of-plane axis of the MM. Further, with th eproper choice of
input sequence, switching of the MM between normal state and hysteretic state was
shown, which aids in accurate control of the energy dissipation processes in the system
with an added advantage of tunable degree of meta-hysteresis. These results facilitate
MEMS Fano-MM based XOR and NAND logical operations in the far- and near-field
electro-optical charecteristics of the device. The XOR functionality of MEMS Fano-
MM could find potential application as one time pad (OTP) encryption channel that
is extremely hard to break without a proper secured key. These results provide proof-
of-concept study in manifesting a MM based unbreakable one-time pad cryptographic
device that can be efficiently employed in i-banking services, super-encryption tech-

niques, random key distribution and high speed wireless communication channels. The
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independent controls in the unit cell of the device leading to MIO characteristics can
lay a stepping platform for realizing extremely versatile MMs with optical properties
on demand[123]. Further, active reconfiguration of Fano resonances can enable the
real time control functionalities of the proposed device in achieving active sensors,
nonlinear devices and near field based tunable memory devices operating at room

temperatures over the wide region of electromagnetic spectrum.



Chapter 6

Localized Plasmon-Phonon
interactions in a
Semiconductor-Metamaterial

hybrid device

6.1 Introduction: Semiconductor-Metamaterial hy-
brid devices

Semiconductor-metamaterial hybrid systems offer a new platform for probing various
aspects of resonant and non-resonant light-matter interactions. The nonresonant
photoresponsive properties of the semiconductor material such as photoconductivity
and ultrafast relaxation of photocarriers provide a flexibility to dynamically control[95]
the resonance features of the MMs that has enhanced the real world applications of
the devices. In the past, several works have shown the photoactive control of the
MM resonances using the dynamic semiconductor materials such as gallium arsanide

(GaAs)[55, b4], silicon (Si)[56, 45], graphene[124], and several other 2-D materials
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have shown the electrically /optical controlled tuning of MM resonances. However, the
switching time of these devices is majorly limited by the relaxation of the photocarriers
in the semiconductor materials, which is > 1 ns in most of these materials. They
also involve defect free lattice matched epitaxial growth of materials that makes an
expensive and several steps fabrication processes. In this chapter, new generation
semiconducting materials such as solution processed organic-inorganic lead halide
perovskite (CH3NH3PbI3)[125, 126] and the solution processed lead iodide (Pbly)
thin film[127] are spin coated on the MM resonators possessing asymmetric split ring
resonators (ASRR)to actively control the strong Fano resonance feature supported
by the structure. These designs enable easy and low cost fabrication of the device
with additional features of low threshold optical switching and ultrafast modulation.
Solution processed semiconductors have shown promising applications and have at-
tracted intense research activities across the globe for their excellent optoelectronic
properties combining with their low processing costs. Further to emphasize, the
solution processed semiconductor based active design requires simple spin coating
technique that is extremely easy process of integrating active substance to the MM,
unlike the epitaxially grown silicon on sapphire substrate that requires a tedious
fabrication process with the essence of lattice matching. More importantly, the
solution processed thin films with considerable lattice/surface defects in the system
can act as efficient photo-active material at THz frequencies compared with the defect
free and epitaxially grown substrates such as SoS and GaAs. These devices can be of
great deal of interest in many real world applications such as ultrasensitive switching
and active energy harvesting devices. Blending the unprecedented optoelectronic
properties of the solution processed semiconductors and the unnatural MMs can
provide an exciting new pathway for exploring entirely new physics[128] and enhanced

resonance characteristics in the hybrid semiconductor-metamaterial system.

Resonant interactions in the semiconductor-metamaterial hybrid system involv-
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ing strong plasmonic resonances of metamaterial and the vibrational, phononic and
excitonic resonances in semiconductor material can lead to new quasiparticles for-
mation. Recent studies have revealed strong plasmon-phonon coupling in a hy-
brid monolayer WSs-gold nanoparticles[129], graphene layers[130], polycyclic aromatic
hydrocarbons[131] and in nanoscale metamaterials[132]. Recently, plasmon-exciton-
polariton quasi-particle formation in plasmonic array of silver nanoparticles coated
with PMMA doped dye molecules has shown to exhibit low-threshold lasing char-
acteristics at visible frequencies[133]. In the following sections, the design, fabrica-
tion and the THz characterization of the CH3NH3Pbls perovskite-metamaterial and
Pbls-metamaterial hybrid device. In the later sections, the ultrafast modulations of
metamaterial resonances and the localized plasmon-phonon coupling are discussed in
perspective of radiant-subradiant Fano interference mechanisms in the hybrid system.

part of the results presented in this chapter are published in [114, 134].

6.2 Design and Fabrication

To elucidate the properties of the hybrid solution processed semiconductor-MM sys-
tem, a three layer configuration of the device is considered , where the the CH3NH3Pbl3
perovskite/Pbly thin films are spin coated over the MM resonators fabricated on a z-
cut quartz substrate. Design and unit cell dimensions of the hybrid device is depicted
in Fig. 6.1, where the device consists of three layers of materials that includes a 1 mm
thick quartz substrate, a metamaterial structure and a thin layer solution processed
spin coated semiconductor. The MM resonator design consists of asymmetric split
ring resonators (ASRR) possessing the effective structural asymmetry of r = 15 pum
that supports the Fano-type of absorption resonance feature. The optical microscope
(OM) images shown in Figs. 6.1 (b-d) represent the MM structure without and with

the spin coating of the solution processed CH3NH3Pbls perovskite and Pbl, thin film
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Figure 6.1: (a) Schematic and the unit cell representation of the ASRR Fano-MM
device spin coated with the solution processed perovskite and lead iodide thin films.
The unit cell comprises of two ASRRs of length [ = 60 pm; width, w = 6 pum ; gap,

= 4 pum ; asymmetry » = 15 pm; metal thickness of ¢ = 200 nm and periodicity,
p = 75 pm. (b-d) Optical microscopy images of the MM structure (a) without spin
coating, (b) with perovskite spin coating and (c¢) with Pbly spin coating. (e) and (f)
are the AFM images of CH3NH3PbI; and Pbl, thin film samples, respectively showing
the measured thickness of the thin films.

samples. Thickness of the spin coated CH3NH3Pbl3 perovskite sample is dp,, = 60
nm (Fig. 6.1(e)), whereas the Pbl, thin films samples of two different thicknesses
dppro = 160 nm (Fig. 6.1(f)) and 340 nm are considered.

Metamaterial fabrication on the z-cut quartz substrate was performed using the
photolithography process described in Chap. 1.4. Further the perovskite (CH3NH3Pbl;)
solution was prepared by using a standard and adequate process based on magnetic
stirring, where 78.3 mg/ml lead(II) iodide (Acros Organics Pbly) and 27.0 mg/ml
methylammonium iodide (DyeSol CH3NH3I) was dissolved in N,N-Dimethylformamide
(Sigma Aldrich DMF) in a Ns-filled glovebox to obtain a clear yellow 10 wt. %
methylammonium lead iodide (CH3NH3Pbls) solution of thickness dp,, = 60 nm.
Whereas, the lead iodide (Pbl,) thin film sample was prepared using the conventional

solution-based fabrication protocol. The 500 mg/ml (dpyr2 = 160 nm) and 1000 mg/ml
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(dppr2 = 340 nm) Pbly (purchased from Acros Organics) were mixed in anhydrous
DMF (Sigma Aldrich, 99.9%) and stirred at 70°C for two hours. Later, the solution
processed thin film samples were spin coated on the ASRR MM and quartz substrate
at 4000 RPM for 30 seconds to form a thin over layer film. In the case of Pbl,
spin coating, the Pbly were filtered with 0.45 pum polytetrafluoroethylene (PTFE)
filter before spin coating and solvent engineering of the Pbl, films was performed
by dripping 100 ul toluene, 5 seconds after start of the spin-coating. Samples were
subsequently annealed at 100°C for 30 minutes. All the sample preparation and
processing steps were performed in Ny filled glovebox. Atomic Force Microscopy
(AFM) image of the spin-coated CH3NH3PbI3 perovskite and Pbly thin film samples
shown in the Figs. 6.1(e) and (f) were obtained using the Asylum Research MFP-3D
AFM system in the tapping mode. Thickness of the spin coated CH3NH3Pbl3 and
Pbl, thin film sample were estimated using the surface profilometry measurements
(shown in the inset of Fig. 6.1(e) and (f)). The spin coating method of depositing the
solution processed semiconductor on the photonic/MM device can be compatible on
much more complex MM structures. For example, they can be spin coated onto
the metamaterial patterned on the flexible substrates, multilayered metamaterial
structures, hyperbolic metamaterials and various other photonic devices. The spin
coating of perovskite also depends on the choice of the substrates such as silicon,
indium tin oxide coated glass, polyethylene terephthalate (PET) etc. It is also possible

to scale-up applications using screen printing and doctor blade techniques.

6.3 Photoactive and Ultrafast modulation of Fano
resonance in a metamaterials

Intergrating the dynamic semiconducting material with the metamaterial structure

have given a useful way of actively modulating the resonance features in the meta-
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material structures. The most common techique is used is the photo-excitation of
the semiconducting materials using the pump with a pump of photon energy greater
than the energy bandgap of the semiconducting materials. Photodoping increases the
free carrier density in the semiconducting materials, there by making them a semi-
metal with high conductivity. This change in condutivity in the semiconductors will
damp the resonance properties of the metamaterial structures, there by showing the
active modulation of metamaterial resonsnces. Whilest there exists many works in this
direction, but there remains a strrong quest for realizing ultrasensitive and ultrafast
active metamaterial devices for high speed and practicle applications. In this section,
we probe and demonstrate photo-active tuning of Fano resonances in metamaterial
structres using three teype of semiconduting materials such as silion, solutuion pro-
cessed hybrid lead halide perovskite (CH3NH3Pbl3) and solution processed lead iodide
(Pbly) thin films. Optical and active response of the hybrid devices were characterized
using the optical pump-terahertz probe (OPTP) technique described in Chap. 1.1.2.
An ultrafast optical pump pulse of wavelength 800nm (for silicon) and 400 nm (for
CH3NH;3PblI3 and Pbl,) are used to optically excite the semiconductor+MM samples
and the excitation and relaxation dynamics of the photoexcited carriers are probed
using the THz pulse. Energy of the respective optical pump pulses (E = 1.56 eV
(800nm) and 3.1 eV (400nm)) are greater than the energy band gap of the silicon
and solution processed CH3NH3Pbls perovskite (E, = 1.55 eV) and Pbl, (£, = 2.2
eV) thin film samples. The beam spot size of the optical pump for silicon (800 nm)
is apprx. 10 mm, whereas for 400 nm is aprox. 5 mm, which is larger than the spot
size of THz beam that is 3 mm. Fig. 6.2(a) represents the THz transmission through
the silicon+MM sample for varying pump powers of 800 nm excitation beam. The
sample consicts of the metamaterial sample deposited on a structured epitaxial grown
silicon-on-sapphire (SoS) substrate using the two step photolithograhy process. The

details on the design[114] and fabrication are given in section 1.4. As the 800 nm
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pump is used to photoexcite the silicon patches in the material, the amplitudes of the
Fano (0.6 THz) and the dipole resonances (0.8 THz) gradually modulated (decreased)
with the increasing pump power. For the pump power of 40 mW, the Fano feature
complete diminishes in the system giving rise to broad dipole resonance. This low
power switching demonstrates a sensitive nature of the Fano resonance (high field
confinement) to the external perturbation. The switching speed of this resonance is
limited by the electronic life-lime of the silicon , which fall in the range of micro-
milli seconds (slow relaxation process of silicon is shown in the inset of Fig. 6.2(a)).
However, choosing the material with ultrafast electronic relaxation processes helps
in achieving the ultrafast switchable metamaterial devices at THz frequencies. The
solution processed semiconductors (CH3NH3Pbl; and Pbly) with the easy spin coating
techniques make them good candidates to realize facile and ultrafast metamaterial

based devices at THz frequencies for high-speed device applications.

Fig.6.2(b) represents the THz transmission through the photoexcited perovskite-
metamaterial sample for varying fluence of pump beam. For the sample without
perovskite over layer, the transmission spectrum results in the mode splitting be-
haviour with the Fano resonance feature at the lower frequency (0.75 THz) and
the dipolar resonance at 1.1 THz. This results in the Fano type of interference
mechanisms triggered by the asymmetry of the ASRR MM structure. By spin coating
the CH3NH;3PbI; perovskite thin film of the ASRR MM, the Fano resonance observes a
strong modulation and red shift in its resonance frequency. Thereafter, by shining the
pump beam (400 nm) with increasing fluence, strength of the Fano resonance shows
gradual modulation. For the fluence of 10.5 pJ/cm? the resonance shows strong
modulation and increase in the resonance line width. This is a signature of the
weak phonon-Fano coupling that will be discussed in the later sections. Therefore,
the resonance does not see complete modulation rather it undergoes mode splitting

behaviour as shown in Fig. 6.3 . The compelling feature of the system is that the
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modulation shows low threshold switching compared to other photoactive MM devices
at THz frequencies. However, the switching speed of the modulation stays in the range
of few ns (shown in inset of Fig. 6.2(b)) that is comparable to the GaAs based active
MM devices [54].
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Figure 6.2: (a) Measured THz transmission through the photoexcited silicon im-
planted metamaterial structure showing pump-power dependent modulation of Fano
resonance . The inset figure shows the relaxation of photoexcited carriers in the
600 nm thin silicon-on-sapphire substrate. (b) Measured THz transmission spectrum
through the CH3NH3PbI3-MM sample for varying pump fluences. Inset figure
represents the differential THz transmission response showing the relaxation dynamics
of the photoexcited CH3NH3Pbl3 perovskite sample. (¢) Measured THz transmission
spectrum of the Pbly-metamaterial sample for varying pump fluences. (d) THz
transmission spectrum showing the ultrafast modulation of the Fano resonance feature
measured at varying pump-probe time delay. Inset diagram represents the ultrafast
relaxation dynamics of the photoexcited carriers in the Pbl, thin film sample.
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Fig. 6.2 (c) represents the pump fluence induced variation in the transmission
spectrum through the Pbl,-MM sample (thickness of Pbly = 160 nm), where the
strength of Fano resonance shows gradual decrease at higher pump fluences as seen
for the CH3NH3PbI3-MM sample. The fluence required for the modulation is higher
than the CH3NH3Pbl; perovskite sample because of the low photoconductivity of the
Pbl, thin film at THz frequencies. However, the Pbl,-MM sample shows near unity
modulation of the Fano resonance for the pump fluence of 250 J/cm?. In Fig. 6.2 (d),
the ultrafast modulation of Fano resonance feature in the Pbly-MM sample is shown,
where the resonance switching is performed within ultrafast time scale of 50 ps. The
transmission spectrum was measured in the presence of pump beam (400 nm, fluence
= 250 pJ/cm?) at various pump-probe time delay (7,) of the OPTP system that
shows ultrafast modulation of the resonance features in Pblo-MM hybrid device. The
Fano resonance feature shows complete switch-off after 5 ps of the pump excitation
due to the maximum number of photoelectrons in the sample and the resonance is
recovered with in 50 ps (shown in inset of Fig. 6.2(d)), as all the photoelectrons
recombine and come back to the valance band. In these semiconductor-MM hybrid
systems, the life time of the photoexcited carriers in semiconducting material dictates
the switching time of the resonator device. Therefore, with ultrafast relaxation of the
photoexited carriers in the Pbl, sample along with the easy spin coating process and
better stability make it an ideal material and simple technique to realize MM based

ultrafast photonic devices at far-infrared frequencies.

6.4 Localized plasmon-phonon quasiparticle cou-
pling in CH;NH;3;Pbl; /Pbl,-MM hybrid device

Recent studies have confirmed that the low frequency phonon modes that result from

the structural (lattice) vibrations[135, 136] of the Pbl, metal-halide (Pb-I) cage play
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Figure 6.3: Measured THz transmission spectrum of the (a) 60 nm thick CH;NH3;Pbl3
Prv-MM, (b) 160 nm thick Pbl,-MM and (c) 340 nm thick Pbl,-MM hybrid samples
showing the mode splitting and broadening features due to localized plasmon-phonon
quasiparticles interaction. Inset figures represent the direct THz transmission spectra
showing through the (a) bare CH3NH3Pbl; and (b) bare Pbly thin film showing
extremely weak features of phonon resonances, respectively. Whereas, the inset figure
in (c) shows the transmission through 340 nm thick bare Pbly sample highlighting the
direct excitation of the phonon modes in the THz transmission response through the
thin film sample.

a crucial role in dictating the optoelectronic properties and the charge transporting
characteristics of hybrid lead halide perovskites[137]. On the other hand, the resonant
phonon-electron coupling in the strong or ultra-strong coupling regime (enhanced
cavity finesse) that enhances the coherence by aiding phonon assisted transitions in
the system. Therefore, spin coating the perovskite (CH;NH3Pbl3) and the Pbl, thin
films on the metamaterial resonators, it is possible to resonantly sense and couple
the phonon modes of these semiconducting material to the plasmonic resonances of
the MM structure. This will enable the formation of new localized plasmon-phonon
quasiparticles in the lower frequencies that can have great implications on tailoring
the resonant energy transfer between the quasiparticles and in controlling the phonon
mediated scattering mechanisms in these soft (semiconducting) materials.

In CH3NH3PbI3 hybrid perovskite or Pbl, thin films, strength of the low frequency
phonon modes that result from the vibrations in the Pb-I cage depends on the
temperature and thickness (d) of the spin coated thin film. At room temperature,

for thinner film (dp,, = 60 nm), the thermal fluctuations overshadow the excitation
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of the phonon modes in the film and hence there are no visible phonon resonances seen
in the transmission spectrum of the dp,, = 60 nm thin film CH3NH3Pbls and dpyo =
160 nm thin Pbly samples as shown in the inset of Fig. 6.3(a) and (b), respectively.
However, by spin coating the CHsNH3Pbl; (dp,, = 60 nm)/Pbly (dppre = 160 nm) thin
film on the ASRR MM structure, results in a strong enhancement in the strength of
the phonon mode due to the energy transfer from the localized plasmons that in-turn
resonantly couples to the Fano and dipolar resonance features (plasmonic modes) of
ASR MM structure. The resonant localized plasmon-phonon interaction results in the
mode splitting behaviour seen in the transmission characteristics of the CH3NH3Pbl;-
MM sample at 0.7 and 1.05 THz frequencies, as shown in Fig. 6.3(a). Similarly, for
Pblo-MM sample (where, dpp;2 = 160 nm), the mode splitting behavior seen in its
transmission characteristics at 0.65 and 0.95 THz frequencies, as shown in Fig. 6.3(b).
The observed resonance mode splitting is a consequence of the Fano-type of bright-
dark mode interactions, where the weak phonon mode (termed as dark mode) in the
CH3NH3Pbl;3/Pbl, sample gets excited by virtue of coupling to the localized plasmons
(termed as bright mode) that in turn couples to the weak Fano (low frequency) and
the dipolar resonances (high frequency) of ASRR-MM structure. In the case of higher
thickness of the Pbly (dppro = 340 nm) film, nature of the localized plasmon-phonon
interactions possess distinctive characteristics, where we observe a mode splitting in
the dipole-phonon resonance coupling, but the Fano-phonon resonance coupling shows
a resonance broadening behavior, as shown in Fig. 6.3(c). This change in nature of
coupling is attributed to the direct excitation of the phonon modes in the thicker Pbl,
film (shown in inset Fig. 6.3(c)) that possess broader resonance line-widths than that
for the thinner film. Thus, the Fano-phonon resonance coupling (at 0.65 THz) shown
in Fig. 6.3(c) is attributed to the bright-bright type of interactions possessing the
comparable resonance line-widths that only favours the constructive superposition

of resonances and results in the broadening of the coupled resonance feature. On
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the other hand, the dipole-phonon resonance coupling (at 0.9 THz) results in the
mode splitting behaviour due to their contrasting resonance line-widths (Fano-type
destructive interference) and same resonance frequencies that resembles the bright-

dark type of interactions in the system (discussed in previous chapters 2.7 and 4.6).

The resonant localized plasmon-phonon interaction resembling the bright-dark
and bright-bright type of mode coupling (interference effects) can be analytically
modelled using the two-coupled oscillator model (T-O model) (Chapters 2.7 and 4.6).
The resonant interactions in the present semiconductor-MM hybrid system can be

described by the following set of equations of motion,

Fy(t) + Wiy + wyzs(t) + Q2xa(t) = oo (6.1)
b

. . 2 2 QdE

Zlfd(t) + YdTd + wdﬂfd(t) + Q [L’b(t) = m—d (62)

Here, (xp, x4), (wp, wg) and (75, 74) are the scattering amplitudes, angular reso-
nance frequencies and the line-widths of the bright and dark modes respectively. (2

defines the coupling strength between the bright and dark modes. f, = & and f,;

mp

= gw_i quantify the free space coupling strengths of bright and the dark modes with
the incident THz light, where (g, q4) and (my, my) are their effective charges and
masses, respectively. By defining the charge and mass ratios respectively as Z—Z =A

and ;”TZ = B, we arrive at the susceptibility expression (x) by solving for the scattering

amplitudes z;, and x4, and is given by,

K AB+ 1)+ A%(w® —wj) + B(w?® —wp)
X= AQB( Q= (w? — wi + iwy) (W? — W2 + iwya)
A’vq+ By,

0 — (w? — wi + iwy) (W? — W2 + iwya)

+iw

)

The mode split regions in the transmission data shown in Fig. 6.3(a), (b) and
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(c) are fitted by the [1-Im(x)] expression that represents the transmission through
the medium, where K is the normalizing constant. The individually fitted data
shows good agreement with our experimentally measured transmission spectra for
the realistic fitted parameters listed in the Table. 6.1. For the Fano-phonon and the
dipole-phonon coupling for CH3NH3PbI3-MM hybrid sample, the resulting spectral
mode splitting is fitted by considering the condition of same resonance frequencies
(ffano = fphonon = 0.67 THz) and contrasting line-widths (Yfano > 27Vphonon) gives
rise to the observed bright-dark mode splitting behaviour, whereas for the dipole-
phonon coupling, the resonance conditions are the faipoe = fphonon = 0.93 THz and
Vdipole = 3Vphonon tat too results in the mode splitting behaviour. More interestingly,
the proposed T-O model gives the relative coupling strengths of the dipole, Fano
and the phonon resonances to the free space (incident) field that is quantified by the
extracted charge and the mass ratios A and B, respectively. In the model, the mass
of the resonance oscillators are considered to be the same and hence B = 1 for all the
resonators. The extracted charge ratio (A) for the Fano-phonon and dipole-phonon
coupling in CH3NH3PbI3-MM device are 11 and 250, respectively, which suggests
that the free space coupling of the Fano mode is nearly 11 times stronger than that of
the weak resonant phonon mode, whereas the coupling of the dipole mode to the free
space field is approximately 250 times stronger than that of the resonant phonon mode.
Similarly, the analytical fitting is performed for the transmission spectrum of Pbl,-
MM samples as shown in Fig. 6.3(b) and (c), where for the sample with thinner Pbl,
film (dppr2 = 160 nm) the similar mode splitting characteristics are observed as seen
for the perovskite-MM sample with vtene = 2Vphonon, Vdipote = 2-5Yphonon, free space
coupling terms A = 11 and 35 for Fano and dipole resonances, respectively. On the
other hand for the sample with thicker Pbls film (dpyr2 = 340 nm) direct excitation
of phonon modes in thin film affects the Fano-phonon coupling by broadening the

resonance (bright-bright coupling), where the line-widths of both the resonances fall
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in same range (Yfano = Yphonon). Since the dipole resonance is highly radiative in
nature, we still can see a small signature of mode splitting near 0.93 THz for the small
difference in their line-widths (Vaipoie = 1.5%phonon). The free space coupling constant
(A) for Fano is 5 times stronger than that of the resonant phonon mode and for dipole
it is nearly 25 times greater than the corresponding resonant phonon mode. Here, the
point to stress is that the localized plasmon-phonon coupling maximizes in the sample
when the strength of the MM (localized plasmonic) resonances is weak at higher pump
fluences. This is due to the comparable strengths of the correspondence resonant
features (localized plasmons and phonons) to form an efficient coupling between them
Therefore, the observed localized plamon-phonon quasi-particle interference can be
actively controlled by varying the pump fluences that can enrich the functionality of

the proposed device.

Samples Quasiparticle | wp, wy Vb Ya Q A
coupling x10%2 | x10'%2 | %102 | x10'2
rad/s | rad/s | rad/sec | rad/s
CH3NH3Pbl3- Fano-phonon 4.4 1.6 0.7 1.6 11
MM (dp,, = 60 nm) | Dipole-phonon | 6.53 2 0.7 2 250
Pbly-MM Fano-phonon 4.25 1.5 0.8 1.5 11
(dppr2 = 160 nm) | Dipole-phonon | 5.85 2 1.2 2 25
Pbl,-MM Fano-phonon 4.2 1.5 1.2 1.5 5)
(dppr2 = 340 nm) | Dipole-phonon | 5.85 2 1.2 2 25

Table 6.1: Theoretically fitted parameters using the coupled two-oscillator (T-O)
model (Fig. 6.3(a-c)) that shows a good agreement and accurately describes the
interaction mechanisms of the localized plasmons-phonon coupling that leads to the
observed resonance broadening and mode-splitting results. The coupling strengths
(Q) between the localized plasmons and the phonon modes are mainly dictated by
and nearly equal to the loss-factors of the bright mode that majorly influences the
coupling in the system.
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6.5 Photoactive control of localized plasmon-phonon

quasiparticle coupling
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Figure 6.4: Pump fluence dependent THz transmission spectrum of the (a) 60 nm
thick CHsNH3PbI; Prv-MM, (b) 160 nm thick PbIo-MM and (c) 340 nm thick Pbl,-
MM hybrid samples showing the pump dependent mode splitting and broadening
features due to modified localized plasmon-phonon quasiparticles interactions.

The dynamic control of localized plasmon-phonon interactions using optical il-
lumination with varying fluences is shown in Fig. 6.4. By increasing the pump
fluences, results in a gradual broadening of the coupled resonances and shows a
signature of resonance mode splitting at the higher pump fluence of 35 pum/cm?,
250 pym/cm? and 750 gym/cm? for 60 nm thick CH3NH3PbI3-MM, 160 nm thick Pbly-
MM and 340 nm thick Pbl,-MM samples, respectively. This observation is further
supported by the theoretical T-O model, where the resonance broadening and the
mode splitting regions are accurately fitted using [1-Im(x)] of Eqn. 6.3 by changing the
coupling strengths (£2) between the resonance modes and the line widths of the MM
resonances, while keeping the remaining system parameters constant, as listed in Table
6.2. Increasing the coupling strengths with respect to the pump fluence highlights
that the gradually diminishing Fano and dipolar resonances at higher pump fluences
couple strongly with the weak resonant phonon modes resulting in either the resonance
broadening or mode splitting nature of the coupled resonances. This result further

emphasis the fact that the mode coupling becomes stronger when both the resonant
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modes possess comparable resonance intensities otherwise the stronger resonance
mode overshadows the influence of the weak resonance in the system. In general, the
results show an adequate way to actively control and enhance the localized plasmon-
phonon quasi-particles interference mechanisms in a CH3NH3;Pbl3/Pblo-MM hybrid
system that could have larger implications in governing the quasi-particle scattering
mechanisms such as electron-phonon and other phonon mediated scatterings in the

solution processed semiconductors including the lead metal halide perovskites.

Samples Pump fluence Fano-phonon Dipole-phonon
pd/cm? Q, v (X102 rad/s) | Q, v (x10'2 rad/s)

CH3NH;3PbI;- 7 1.3 2
MM (dp,, = 60 nm) 14 1.5 2
35 1.6 2
Pbl,-MM 50 1.2 1.4
(dppr2 = 160 nm) 100 1.3 1.6
250 1.5 1.7
Pbl,-MM 150 1 1.7
(de]Q = 340 nm) 250 1.3 1.8
750 1.5 2

Table 6.2: Theoretically extracted coupling strengths (Q2) of the localized plasmons-
phonon coupling by fitting the transmission spectrum for varying pump fluences using
the two-oscillator (T-O) model shown in Fig. 6.4(a-c). While keeping all other
resonant parameters constant, the coupling strength (£2) and loss factor of the bright
modes (73) in the Eqn. 6.3 is varied to fit the spectral region of resonant localized
plasmon-phonon coupling for varying pump fluences. Increasing €2 and +, numbers for
increasing pump powers signify the dynamic tuning of the localized plasmons-phonon
coupling by shining an external optical pump pulse in the system.

6.6 Conclusion

In this chapter, sensing and elucidation of new localized plasmon-phonon quasiparticle
interaction in the THz part of the EM spectrum were probed and discussed. These
interactions resemble the Fano-type of interference coupling between the radiant (lo-

calized plasmons) and the subradiant (phonon) modes that is analyzed using the two-
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coupled oscillator model. The theoretical model revels the resonant energy transfer
between the localized plasmons and the phonon resonances possessing contrasting loss
factors results in the resonance mode splitting and resonance broadening effects. Such
resonant localized plasmon-phonon quasiparticles interaction signify the emergence of
new form of quasiparticles that can efficiently couple to the incident THz photons
in forming localised plasmon-phonon polaritons at far-infrared frequencies. Further,
with a greater significance of phonon mediated scattering in the prominent hybrid
perovskite materials that dictate their charge carrier dynamics and efficiency of the
device, our results can provide new insights into the understanding the effects of
phonon mediated scattering mechanisms in the solution processed lead metal halide
perovskites. In addition, the proposed solution processed hybrid perovskite/Pbl,-
MM device possessing multi-beneficial features offers low cost, stable, ultrasensitive
and ultrafast modulation of metamaterial resonances and serves as basis for realizing
efficient active subwavelength photonic devices operating at the terahertz and far-

infrared frequencies.



Chapter 7

Conclusions and Future Directions

Over the years, MMs have offered exciting features and applications in the field of
photonics and because of their unique feature of subwavelength nature, they allow
to capture and control the near-field excitation in a precise way. These near-fields
carry the finest information of the material under the light matter interaction that
dies out exponentially within the wavelength distances near the material surface. In
the natural materials this finest information of the near-fields is nearly impossible
to comprehend and manipulate. Capturing and manipulating such near-fields using
MM structures can lead to exciting effects such as perfect lens and super-oscillation
concepts, which has been the breakthroughs in the field of optics and photonics. Fur-
ther, by altering their structural configuration, sharp absorption and the transmission
features can be observed that enhance the near-field confinement and aids in strong
light-matter interactions. In this thesis, the presented works fall under the umbrella of
probing the strong light-matter interactions in MMs in the THz frequency spectrum
under various structural geometry and position configurations of the MM device. The
studies were performed passively and actively under various structural configuration

of the considered MM design.

The works presented in the thesis show great prospects and lay a potential platform
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for the new generation MM based photonic devices in the THz part of the EM
spectrum. In the initial chapters (Chapts. 1 and 2), strong light matter interactions
in a composite MM structure was thoroughly studied that showed sharp transparency
effects, slow light phenomenon and resonant invisibility of SRR in the system. Such
systems offer potential prospects as the sensors, amplitude modulators, filters, reso-
nant switches and slow light devices for the telecommunication applications in the sub-
THz bandwidths. Further, the resonant invisibility effects are shown in the composite
MM system (Chap. 3) provides a new invisibility mechanism using MMs that can
circumvent the existing limitations of required exciting material properties and need
of 3-D structures that hindered the realization of invisibility effects in the THz part
of the EM spectrum. These devices also show an active switching between the broad
dipolar resonance and sharp LC resonance, thereby providing the flexibility of active
control of the loss factors in the resonator systems. Further studying the similar
interactions in the complementary design (where the bi-anisotropy in ¢SRR is absent)
of the proposed geometry could provide more insights and new prospective to the
observed invisibility effect of SRR in the strong inductive coupling regime. In chapter
4, by choosing a different structural configuration of the MM device and coupling
its resonance features with the resonant lattice mode, a strong enhancement in the
Q-factor and the slow light feature of the transmission resonance are shown. This
provides a new mechanism of inducing a sharp transparency window by coupling the
radiant (bright) mode with two subradiant (dark) modes that greatly enhances the
sharpness of the transmission resonance thereby, resulting in the very steep dispersion
within the medium. This phenomenon is termed as lattice induced transparency (LIT)
that can be extended to most of the periodic structures to circumvent ohmic losses of

the metallic resonators across wide band of EM spectrum.

All the investigations presented in the initial chapters of the thesis were performed

by exploiting the in-plane (z-y plane) near-field features by altering the structural
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configuration in the plane of the MM sample. In chapter 5 of the thesis, properties
of the near-fields in the z-dimension (out-of plane) of the sample were utilized to
demonstrate intriguing phenomena such as meta-hysteresis and complex logic gates
in the optical domain of the device operation. The nonlinear exponential decay
of the near-fields in the aerial (out-of plane) direction of the sample was cleverly
used to demonstrate the anisotropic near-field coupling in the excitation of sharp
Fano resonances using two independent input voltage controls on the meta-molecules.
This played a critical role in observing multiple input-output states (MIO) that can
lay a useful platform for realizing functional and randomly accessible metamaterials
by establishing the independent control within the unit-cell of the MM to envisage
optical properties[123] on demand with enriched electro-optic performance, which
is treated as a next big thing in the MM community. In future, these studies
can be extended further to realize Fano resonance based optical switches, optical
memory devices, digital and programmable devices and active sensors with tunable
mode volumes. Further, the out-of plane asymmetry provides a unique advantage
of accessing the optical response to the deep subwavelength changes in the structural
asymmetry, which can provide a potential platform for developing a new area of nano-

THz photonics[138].

In the last chapter (Chap. 6) of the thesis, a new form of quasiparticle interaction
mechanisms were discussed and demonstrated in hybrid semiconductor-metamaterial
systems that could lay a potential platform in probing the scattering mechanisms
of the elementary excitation across the terahertz and far-infrared frequencies. The
concept of blending the rich optical properties of solution processed semiconductors
and the unnatural characteristics of the metamaterials can lead to an emergence of an
entirely new hybrid heterostructure material system with enriched properties. In the
presented work, the concept is probed in room temperature, where the strengths of

the phonon modes are very weak that implies sensing and enhancing the strength
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of resonant phonon modes of the solution processed perovskites using the strong
localized plasmon resonances at terahertz frequencies. These studies open up a
new possibility of observing strong resonant energy transfer and strong anti-crossing
resonant characteristics in the cryogenic temperature that can lead to a formation
of localized plasmon-phonon polaritons in the terahertz frequencies. The future
works could involve elucidating the strong coupling regime of the solution processed
perovskite-metamaterial hybrid system in lower temperatures and study the influence
of structural phase transition of the perovskite material on the hybrid quasiparticle
formation. Most of the recent studies have focused on the extracting the influence
of photoexcited electrons in the semiconductors on the modulation characteristics of
the metamaterials or plasmonic systems. However, the investigations concerning the
effect of plasmons on the photoexited free carriers and their relaxation processes in
the dynamic materials. This configuration of the spin coating the materials on the
metamaterial structure can assist in investigating the influence of trapped plasmons
on the properties of the photoexcited electrons, such as its photoconductivity and
relaxation processes. Further, such a design of solution processed semiconductor-
metamaterial hybrid device can benefit in realizing low-cost, stable and ultrafast
switchable metamaterials in the terahertz part of EM spectrum. Next set of studies
would involve integrating several other set of solution processed semiconducting ma-
terials with metamaterials in order to enhance the switching speed, sensitivity and the
stability of the device for the future generation low cost and ultrafast active photonic

devices.
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