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Abstract

Over several decades, the advancement of photonic technologies has led us to
achieve active control of electromagnetic properties (viz. amplitude, phase, and
polarization) of light. Active manipulation of reflected or transmitted light can be
done under the influence of external stimuli such as electrical biasing (leading to
electro-optic modulation) or optical pumping (all-optical modulation). Conventional
free-space electro-optic modulators face the limitation posed by the small electro-
optic coefficients of natural materials. The modulators are thus bulky and require
very large voltage biasing. Hence, those are not suitable for nanophotonic
applications. This motivated us to explore ultra-compact low-voltage alternative for
nanophotonic modulators based on artificially-engineered materials or

‘metamaterials’.

In the last few years, tunable metamaterials have emerged as a potential
candidate to realize ultra-compact nanophotonic free-space optical modulators. By
engineering their unit cells or meta-atoms, metamaterials have showcased
capabilities of controlling light-matter interactions at a scale smaller than or
comparable to the wavelength of light. Metamaterial based electro-optic modulators
incorporating transparent conducting oxides (TCOs) have gained ample attention
due to their exceptional electro-optic properties at the telecommunication
wavelengths. By tuning the optical properties of TCOs, we can explore an exciting
phenomenon named as ‘epsilon-near-zero (ENZ) effect’, where the real part of

permittivity becomes vanishingly small at a certain wavelength.
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Abstract

The ENZ-effect can be exploited by controlling accumulation of the free-carriers of
TCOs (using electrical biasing) while configured in a metal-oxide-semiconductor
type structure. The variation of optical properties using electrical biasing opens the
doors to designing electro-optic modulators for intensity and polarization
modulation for nanophotonic applications. On the other hand, upon applying optical
pumping, nonlinear-effects induced by intraband electronic transitions in ENZ-

materials enable realization of all-optical modulators.

In this dissertation, the opportunities and challenges towards achieving efficient
electro-optic and all-optical modulation are presented for various nanophotonic
applications by leveraging the ENZ-phenomenon of TCOs integrated with several
resonating metamaterials. First, two novel electro-tunable metamaterials are
investigated and designed for enabling dual-band optical intensity modulation by
harnessing the ENZ phenomenon of TCOs combined with guided-mode resonance
(GMR) effect of grating waveguides and gap-plasmon resonance (GPR) of metal-
insulator—-metal (MIM) structure. The dual-band modulation is shown for both the
primary telecommunication wavelength bands, i.e., C-band and O-band, with high
modulation depth. Although these metamaterials could be useful for attaining dual-
band intensity modulation, the stringent dependency on polarization state of incident
light imposes several limitations on reducing the footprint of a nanophotonic system.
Hence, to mitigate the limitation, we further investigated polarization-insensitive
metamaterial designs while leveraging the ENZ phenomenon. Then, two innovative
designs of metamaterials are presented for polarization-insensitive free-space
electro-optic intensity modulation that can be operated with a random variation of

linearly polarized incident light.

Next, to enable ultra-fast free-space all-optical intensity modulation, a unique
metamaterial design strategy is investigated by harnessing nonlinear phenomena in
ENZ-materials integrated with a magnetic plasmon resonance based metamaterial.

The designed metamaterial can operate with a high modulation depth at the telecom

xii
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Abstract

wavelength while maintaining ultrafast response time in sub-picosecond scale. Then,
we further expanded our investigation on ENZ-materials in the domain of integrated
photonic systems, where a polarization-insensitive directional-coupler based on-
chip electro-optic intensity modulator is designed by leveraging hybrid integration
of ENZ-material in a silicon waveguide. Finally, to enable free-space electro-optic
polarization modulation or dynamic control of polarization states of light, a novel
design strategy of metamaterial is investigated by utilizing the ENZ phenomenon.
The proposed metasurface can dynamically switch among the three different linear
polarization states of the reflected wave upon applying external electrical biasing,

allowing a tri-state polarization modulation.
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1. Introduction

The study of light—matter interactions has been a constant driving force in the last
several decades for the growth of the photonic technologies. When light interacts with
the molecules or atoms, several optical effects may evolve, such as scattering, refraction,
absorption, emission, and so on. The capability to precisely control the light-matter
interactions serves as the key factor in realizing the photonic devices for many
applications starting from telecommunication and information processing to military
technology. However, in the era of the nanotechnology, the diffraction limit of light
imposes several restrictions to achieve precise control of light-matter interactions at the
nanoscale. This leads the researchers to find the solution from the emerging area of

research known as ‘Nanophotonics’.

1.1. Brief Introduction to Nanophotonic Metamaterials

What is a metamaterial? “A metamaterial is an artificially structured material which
attains its properties from the unit structure rather than the constituent materials. A
metamaterial has an inhomogeneity scale that is much smaller than the wavelength
of interest, and its electromagnetic response is expressed in terms of homogenized

material parameters”.

— V. Shalaev, Optical Metamaterials, 2010

Nanophotonics, a fast-growing multidisciplinary field of optics and engineering, has the
capability of not only controlling light—-matter interactions at the nanoscale but also
could provide high operating speed, overcoming the limitations of electronics [1].
Figure 1.1 presents a comparison of dielectric photonics, semiconductor electronics, and
nanophotonics [2]. The operating speed limit of electronic components is restricted by

Resistive—Capacitive delay, or RC delay. In comparison to their electronic counterparts,
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Figure 1.1: A comparative analysis among electronics, photonics, and nanophotonics in terms
of device dimensions and operating speeds [2].

the photonic components provide higher operating speeds and wider operating
bandwidths. On the contrary, nanophotonics has the potential to lead us towards the sub-
wavelength components by availing the benefits from both electronics and photonics.
Hence, investigating light—matter interactions at the nanoscale, nanophotonics offers
novel physical phenomena that might lead to the development of technologies much

beyond what is conceivable with traditional photonics and electronics.

In the same line, metamaterials, or artificially engineered materials, have
emerged as a potential solution to overcome the limitations in optical properties of the
naturally existing materials [3]. As the name suggests, metamaterials can be defined as
crafted materials that can exhibit unusual optical properties, depending upon their
constituent structural units, which cannot be observed in naturally available materials

[4]. The optical properties of metamaterials and their two-dimensional counterparts,
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known as metasurfaces, are decided by their unit cells or ‘meta-atoms’, which are sub-
wavelength in scale. This gives a lot of freedom to the engineers to customize the optical
transmittance, reflectance, and absorption from the metasurfaces [5], [6]. Metamaterials
allow us to modify the light spectrally, temporally, or spatially at sub-wavelength
precision. The capability of the metamaterials has propelled them to the forefront of
nanophotonics research during the last decade. Due to their exceptional abilities to
control light-matter interactions at sub-wavelength scale, metamaterials have
accelerated the development of flat optical components such as multifunctional meta-
lens [7], hyperspectral imaging [8], spatial light modulators [9], optical sensors, filters
[10], and so on. Thus, metamaterials have paved the way towards the realization of next-

generation optical components for nanophotonic system.

1.2. Research Motivation

Over several decades, the advancement of photonic technologies has led us to achieve
active control of electromagnetic properties of light (such as amplitude, phase, and
polarization) [4]. The active manipulation of reflected or transmitted light can be done
under the influence of external stimuli such as electrical biasing or optical pumping. The
electro-optic modulators (EOMSs) are such kind of active photonic devices, where the
electrical biasing can be used as an external stimulus for tailoring the electromagnetic
properties of light [11]-[13]. An all-optical modulator is another example of active
photonic device, where we can use an external optical pump-signal to manipulate the

amplitude or phase of the incoming optical probe-signal.

1.2.1. Electro-Optic Modulation — Challenges in Nanophotonics

The typical optical communication system requires an EOM for encoding electrical or

radio-frequency (RF) data to the optical carrier, as depicted in [11]. To determine the
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Figure 1.2: The typical optical communication system depicting the process of encoding the
electrical data to optical carrier by electro-optical modulator. Adapted with permission from:
[11] Copyright © 2019 Springer Nature Ltd.

overall performance of any photonic system, an EOM is a crucial component. The
global EOM-market has been estimated as $21.8 Billion in 2022 and is projected to
reach over $39 Billion by the year of 2031 due to the ever-increasing demand for EOMs
in the telecom industries, military and defence sectors, space and satellite

communications, and so on [14].

To realize electro-optic modulation, an active material is required, whose optical
properties can be altered by using an external electric field. Finding active electro-optic
materials featuring a large tuning of refractive index upon applying external electric
field as low as possible has been a constant motivation for the researchers over the years.
Various electro-optic material platforms have been exploited whose optical properties
can be modified when subjected to an external electrical field. Lithium-niobate, barium-
titanate, doped-silicon, gallium arsenide, graphene [15], etc. are a few such well-

explored active material platforms for demonstrating the electro-optic modulation.

Based on the application scenario, EOMs can be classified as integrated
waveguide-based modulators (such as in-line waveguide-type and ring resonator-type)

and free-space modulators (such as transmission- and reflection-type), as represented in
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Figure 1.3: Broad classification of electro-optical modulators (EOMSs) showing a few examples
of integrated waveguide-based modulators viz. (a) in-line waveguide type and (b) ring resonator
type, and a few examples of free-space modulators viz. (c) transmission-type and (d) reflection-

type.

Figure 1.3. Over the few decades, several waveguide-based integrated EOMs have been
demonstrated, such as lithium-niobate Mach-Zehnder modulators, silicon (Si)
waveguide modulators [16]-[23], quantum-confined Stark-effect based electro-
absorption modulator, and so on [24], [25]. On the other hand, InGaAs quantum-well
surface-normal modulators [26] and photonic crystal spatial light modulators [27] are a

few examples of the free-space EOMs demonstrated till date.

As the name suggests, the integrated EOMSs, as shown in Figure 1.3(a) and (b),

can be used for intra-chip optical communications facilitated by silicon photonics
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platform. Due to cost-effective photonics—electronics integration enabled by matured
CMOS (complementary-metal-oxide-semiconductor)-technology, the integrated
silicon-photonics based devices have emerged to address the major bottlenecks of
electrical interconnects such as limited bandwidth, high energy consumption, and
electrical cross-talk. These integrated EOMs can get benefits from light-matter
interaction over the entire length of the waveguide, which may help in realizing high-
speed modulation with high extinction ratio or modulation depth — although increasing
the device footprint. However, most of the integrated EOMs either suffer from the
dependency on a particular polarization (typically imposed by the boundary conditions)
or a high-voltage requirement to acquire the needed refractive index change. While the
dependency on a single state of polarization increases the overall system complexity by
introducing additional requirement of maintaining polarization state, the large voltage

requirement, on the other hand, results in the high energy consumption.

On the other hand, for free-space EOMSs, shown in Figure 1.3(c) and (d), the
direction of light propagation is typically normal to the active material layer — leading
to a restricted propagation length. Therefore, it is challenging to design a free-space
EOM as the restricted propagation length leads to a limited modulation depth. In order
to attain a high modulation depth, we require a high-voltage amplifier (up to few
hundreds of volts), which eventually increase the power consumption and system
complexity. Moreover, the conventional scheme of free-space optical communication
involves several additional bulk optical components, eg. polarizers, quarter wave plates,
mirrors, and so on, due to their polarization-sensitivity [28]. This makes the overall
footprint of the system very large for packaging altogether in a single module.
Additionally, the conventional free-space EOMs are themselves bulky due to the
limitation of the optical properties (such as weak electro—optic coefficient, polarization-

sensitivity, etc.) of the natural materials used for modulation.
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In short, the challenges posed by the large footprint, polarization-sensitivity, and high-
voltage requirement of EOMs motivated the researchers to explore ultra-compact
alternative nanophotonic devices based on artificially-engineered materials or
‘metamaterials’ [29]-[31]. In the last few years, tunable metamaterials have emerged as
a potential candidate to realize such ultra-compact nanophotonic free-space EOMs, due
to their capabilities to control light-matter interactions at a scale smaller than or

comparable to the wavelength of light, by engineering their meta-atoms [29].

The thesis mainly focuses on the various challenges and limitations in designing
of integrated and free-space modulators for nanophotonic applications, and finding
some potential solutions by leveraging electro-tunable metamaterials overcoming the

limitations of natural materials.

1.2.2. Epsilon-Near-Zero (ENZ) effect for Optical Modulation

Various designs of electro-tunable metamaterials have been demonstrated for realizing
EOMSs by integrating several emerging materials such as two-dimensional materials
(graphene) [15], phase-change materials [32], transparent conducting oxides (TCOs)
[33], and so on. Among these, degenerately-doped TCOs have gained enormous
attention in nanophotonic applications due to their electrical conductivity and optical

transparency at the near-infrared wavelength regime [33]-[35].

TCOs, such as indium tin oxide (ITO), dysprosium-doped cadmium oxide (Dy-
CdO), aluminium-doped zinc oxide (AZO), and gallium-doped zinc oxide (GZO),
which are from wide-bandgap semiconductor family, are widely adopted in smartphone
touchscreens [36], solar-cell transparent contacts [37], and energy-saving window
glasses [38]. The use of TCOs has been extended to the field of flexible electronics,

transformation optics, and many photovoltaic applications. Moreover, being low-loss
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and compatible with standard CMOS technology, TCOs bring enormous possibilities to

enter into the foundry process for realizing various nanophotonic devices.

The optical properties of the TCOs can be modulated by applying external stimuli
such as optical pumping or electrical biasing. Importantly, by tuning the optical
properties of TCOs, we can exploit an exciting phenomenon named as ‘epsilon-near-
zero (ENZ) effect’, where the real part of permittivity becomes vanishingly small at a
certain wavelength. The variation of permittivity using electrical biasing opens the doors
to design electro-optic modulators for nanophotonic applications. On the contrary, upon
applying optical pumping, nonlinear-effect in TCOs (operating at the ENZ-region)
induced by the intraband electronic transitions enables the realization of all-optical
modulators. Thus, the ENZ-materials can open a new realm to realize several tunable

nanophotonic devices.

1.2.2.1. Electro-Optic Intensity Modulation

The optical properties of a TCO can be defined by the Drude model, given as [33], [39]

Wp
=€ —7—5—"7—<), 1.1
€Tco (5 (@2 +j1“cu)> (1.1)

where high-frequency permittivity, plasma frequency, oscillation frequency, and
damping constant are represented by &», wp, @, and I, respectively [29]. The plasma

frequency, wp varies with carrier concentration (N) and effective electron mass me*, and

Ne?
w, = / * (1.2)
me50

To unravel the electro-tunable optical response of TCOs, Atwater et al.

can be given by

experimentally demonstrated a large refractive index tuning method in a metal-oxide-
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Figure 1.4: A MOS capacitor multilayer stack, forming an accumulation layer (ACL) at TCO—
dielectric interface

semiconductor (MOS) configuration with TCO acting as an active material [39]. Under
the influence of an applied electrical bias in the MOS-type configuration, the free-
electrons (majority carriers) of the TCO will get accumulated at the TCO-dielectric
interface, thus, forming an ultra-thin (~2-3 nm) accumulation layer (ACL), as

represented in Figure 1.4.

The variation in optical properties of the ACL with changing free-charge carrier
concentration distributions (N) can be estimated by the Drude model. Figure 1.5 depicts
the modulation of the complex permittivity of ITO (as a TCO-material having the initial
value of N = 3 x 10*° cm=3) with the variation of carrier concentration distributions. The
ENZ-region can be referred to the real part, Re (eito), of the permittivity ranging from
-1 to +1. Thus, a transition from dielectric-like behaviour (positive permittivity) to
metallic-like behaviour (negative permittivity) can be seen. On the other hand, the
imaginary part of the permittivity is relatively low as compared to the noble metals. The
electro-tunable optical response while maintaining negative real part of permittivity and
low imaginary part of permittivity indicate TCOs to be less-lossy conductive active
material — which is a desirable feature for realizing transmission- and reflection-type

free-space modulators. Moreover, the ENZ-effect based devices have gained ample
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Figure 1.5: Variation of real (Re(&ro)) and imaginary (371(grro)) parts of permittivity of a
TCO-material (here, ITO) as a function of its free-charge carrier concentration at 1.55 um
wavelength. Note: ENZ-region is shown for —1 < Re (ero) < +1.

attention due to their exceptional electro-optic properties at the telecommunication

wavelength region, i.e., C-band ranging from 1530 nm to 1565 nm.

The most highlighting feature of this MOS-type configuration is the ability to
confine light at the ultra-thin ACL at the TCO-dielectric interface by enhancing the
electric field distributions. TCOs, while exhibiting the ENZ-effect, impose unusual
boundary conditions at TCO-dielectric interface. This leads to an enhancement of local
electric field inside the ENZ-layer, which ensures strong light—-matter interactions. The
electric field enhancement can be described by applying boundary conditions, where the
normal component of the electric flux density (D" = ¢E") is continuous at the TCO-
dielectric interface. Thus, the enhancement factor of the electric field can be written as
[40]:

|E o | _ |€A1203|
|E1r§1203| lerrol (1.3)
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where g1 and 4,0, denote the permittivity of ITO (as TCO-material) and Al2Os (as

dielectric material), respectively. It should be noted that at ENZ-condition, the
enhancement factor will reach its maximum value due to the negligibly small
denominator in Eq. (1.3). Thus, by accumulating free carriers in the TCO-films

electrically, we can confine the optical fields within a tightly confined ENZ-region.

By leveraging the ENZ-effect in the MOS-type configuration, several designs
have been demonstrated in recent years for integrated and free-space electro-optic
modulation [9], [41]-[43]. Though the waveguide-based modulators can attain a large
propagation length leading to strong light-TCO interactions at the ultra-thin ACL, the
interaction length is quite small for free-space modulators (at the 2-3 nm thick ACL).
This results in a weaker electro-optic effect (leading to lesser electro-tunable optical
response) for free-space EOMs than that of the waveguide-based devices. Therefore, a
promising technique needs to be adopted for free-space modulation of light at a sub-

wavelength scale.

To mitigate this issue, the ENZ-materials can be integrated into a resonating
nano-structure, which could help in enhancing the light-TCO interactions by confining
the electromagnetic fields while operating at the resonant-wavelength. Recently, various
designs have been demonstrated for efficient free-space electro-optic modulation by
merging the ENZ-effect with either gap-plasmon resonance mode [9] or Huygens
resonance modes in dielectric nanostructures [44] or guided-mode resonance (GMR) in

grating structures [5], [45].

However, the previously reported nanophotonic free-space EOMs suffer from
several limitations, such as low modulation depth, high energy-consumption, incident
angle-sensitivity, stringent dependency on polarization state of light, low modulation
speed, high-voltage requirement, etc. These fundamental research problems regarding
the design and realization of free-space EOM for nanophotonic applications need to be

solved.

12
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In this dissertation, the opportunities and challenges towards achieving efficient electro-
optic modulation for various nanophotonic applications have been presented by
leveraging the ENZ phenomenon of TCOs integrated with several resonating

metamaterials.

1.2.2.2. Ultra-Fast All-Optical Intensity Modulation

Over the last few decades, integration of photonics and electronics paved the way
towards the realization of high-speed optoelectronic devices [11]. However, due to the
involvement of required electronics, the EOMs suffer from limited bandwidth and high
power consumption [46]-[49]. Hence, all-optical modulation brings in the possibility to
realize ultra-fast and energy-efficient next-generation optical computing systems by
overcoming the fundamental limits of electronics [50]-[53]. To achieve ultra-fast
control of light, several all-optical modulation schemes have been demonstrated by
using nonlinear effects such as Kerr effect, two-photon absorption, etc. [11], [54].
However, the traditional all-optical intensity modulators or switching devices usually

require large footprint to accumulate the required refractive index change.

In recent years, plasmonic metamaterial based all-optical modulators have
emerged as potential replacements for conventional bulky elements due to their
capabilities to confine light beyond the diffraction limit [6]. In this direction, TCOs,
operating at the ENZ-regime have gained massive consideration due to their sub-
picosecond nonlinear response with large refractive index tuning capabilities [33], [55].
Recently, Boyd et al., demonstrated plasmonic metasurfaces for realizing ultra-fast all-
optical switching by incorporating the intraband-transition induced optical
nonlinearities in the ENZ-material [56]. On application of a femtosecond laser pump-
pulse, optical nonlinearities in the ENZ-material can be seen due to the intraband

electronic transition, where the absorbed photon energy leads to a rise in the electron-

13
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Figure 1.6: Schematic representation of the intraband transitions in the ENZ-material on
applying a pump signal depicting the initial unperturbed energy state, intraband transition, and
consequent relaxation process of the free electrons in the conduction band. The black dashed
line represents the parabolic approximation of the conducting band.

temperature and reallocates the electrons in a non-parabolic conduction band as

presented in Figure 1.6.

In other words, the electron effective mass (m*), which decides the plasma
frequency (wp), will no longer be constant upon applying pump-signal, rather it will be
dependent on the electron temperature [57], [58]. This results in an increase in the
electron effective mass and a decrease in the plasma frequency. In the absence of the
pump signal, the excited free-electrons undergo relaxation to their original unperturbed
condition, causing the m*, and wy to return to their initial steady-state values. Thus, the
optical properties of the ENZ-material can be altered by applying an ultra-fast pump-
pulse. Moreover, if the ENZ-material is integrated with a resonating nanostructure, the
resonance phenomenon can be tuned by leveraging the pump-signal induced optical
nonlinearities in the ENZ-medium. This opens a new door to realize all-optical

switching at the resonance wavelength.

Based on this astonishing properties, several designs have been demonstrated to

realize all-optical modulation of polarization, phase, and amplitude [55], [59]-[63].

14
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However, the state-of-the-art all-optical intensity modulators are either suffering from
low modulation depth or high pump-fluence requirement [33], [55]. Thus, the
realization of femtosecond all-optical switching with high modulation depth (> 0.8) and
low pump-fluence requirement (~ few pJ/cm?) simultaneously, remains a challenging
task. To bridge this gap, in this dissertation, a proper design-strategy based on plasmonic
metamaterial has been implemented by leveraging the nonlinear effects of ENZ

material.

1.2.2.3. Electro-Optic Polarization Modulation

Until now, various research problems and challenges in realizing an efficient
nanophotonic electro-optical or all-optical intensity modulation have been discussed,
where the ENZ-effect of TCOs may find potential solutions. Apart from the intensity,
different polarization states are also vital electromagnetic properties of light. The
polarization state of light is determined by the orientation of its oscillating electric field

[64], [65]. Control of polarization states of light is essential for any photonic system.

The polarization-controlling elements are crucial components for many
applications, such as optical imaging, optical communication, data transmission, and so
on [7], [29], [40], [66], [67]. The most common approach to control light polarization
is either by using the Kerr effect or the Faraday effect [68]. These traditional
polarization-controlling devices suffer from bulkiness and static operations, i.e., they
offer only a fixed degree of polarization control. Though one can utilize acousto-optical
or electro-optical effects to realize dynamic polarization-switching components, these
devices are not compatible with nanophotonics systems due to their large footprints
[69]. On the other hand, metasurface has shown potential towards realizing
nanophotonic devices for polarization-control in nanoscale by introducing birefringence
and chirality [70]-[74].
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To date, many researchers have demonstrated several metasurface-based designs
for polarization conversion, which find a wide range of applications, including
holographic displays [75], polarization imaging [66], Stokes parameters detection [76],
and many more. However, most of these metasurface-based polarization controlling
components have typically been limited by passive operation, i.e., a fixed control over
the degree of polarization [70]-[74], [77].

Extensive research has been performed in the recent years to demonstrate
dynamic control over the polarization state of light by incorporating numerous emerging
materials such as phase-change materials, graphene, and so on [78]. However, most of
the previously reported metasurface-based active polarization controllers are designed
for mainly far-infrared [79], and mid-infrared [80] wavelengths. Active polarization
controlling devices at visible and near-infrared wavelengths are essential for quantum

and nanophotonic applications.

Recently, a few metasurface-based dynamic polarization modulators have been
demonstrated suitable at near-infrared (NIR) wavelengths by leveraging the ENZ-effect
[81]. Nevertheless, the previously reported metasurfaces for dynamic polarization
conversion come at the costs of low intensity of reflected light and high bias-voltage
requirement. Therefore, realization of an effective and energy-efficient active
metasurface for polarization modulation remains a great challenge. The ENZ
phenomenon can be utilized to enable dynamic polarization rotation with small
electrical biasing while maintaining low insertion loss. In this dissertation, the
opportunities towards accomplishing a new direction for energy-efficient flat optical
components for electro-optic polarization modulation have been presented by

leveraging the ENZ phenomenon of TCOs.
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1.3. Problem Statements and Objectives

As discussed in the previous section, several fundamental research problems regarding
the design and realization of nanophotonic optical modulators still need to be addressed,
such as stringent dependency on polarization state of light, incident angle-sensitivity,
low modulation depth, high energy-consumption, low modulation speed, high-voltage

requirement, etc.

The study described in this thesis seeks to achieve five different objectives (listed
below) by proposing a few potential solutions to these challenges and limitations
(divided into five subproblems) in designing nanophotonic integrated and free-space
modulators, by leveraging the ENZ phenomenon of TCOs integrated with different

resonating metamaterials.

e Subproblem I: Over the last two decades, the most preferable wavelength band
for designing EOMs is C-band (1.535 pum — 1.565 um) due to the revolution of
fiber-optic communication systems. In order to modulate optical signal at both
the primary telecom wavelength bands, i.e., C-band and O-band (1.26 pum — 1.36
Km), separate components need to be employed in the nanophotonic system. This
would translate into a large device footprint and, thus, would increase overall
system complexity due to added components. Therefore, it is crucial to
investigate the design of a dual-band electro-optic modulator, which can operate
in both C-band and O-band.

Objective I: Design of ENZ-Material based Metasurface for Dual-band
Electro-Optic Intensity Modulation.

e Subproblem I1: Most of the previously reported active nanophotonic EOMs are

dependent on polarization states of incident light. This stringent dependency on
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polarization imposes several limitations on reducing the footprint of a
nanophotonic system due to the need for extra polarization-maintaining
components. Hence, the research on designing polarization-insensitive EOMs
with high modulation depth is essential to mitigate the limitation arising from the

extra polarization-controlling elements in the nanophotonic systems.

Objective 11: Design of ENZ-Material based Metasurface for

Polarization-insensitive Electro-Optic Intensity Modulation.

e Subproblem I1l: The realization of a femtosecond energy-efficient all-optical
modulator with high modulation depth and low required pump-fluence
simultaneously remains a challenging task. Therefore, the investigation of
designing ultra-fast and energy-efficient all-optical switching modulators

schemes is crucial for next-generation optical computing systems.

Objective I11: Design of ENZ-material based Nonlinear Metamaterial for

Ultra-Fast All-Optical Intensity Modulation.

e Subproblem IV: Integrated EOMs are the key elements for an optical
communication system and are potential candidates for high bandwidth- and
power-hungry interconnects at data center networks. However, the state-of-the-
art designs for integrated EOMs either suffer from stringent dependency on
polarization state of waveguide modes or suffer from large footprint due to weak
electro-optic effect. Therefore, the design of a dual-polarization integrated EOM
using silicon photonics platform is crucial for the integrated nanophotonic
systems.

Objective 1V: Design of ENZ-material based Dual-Polarization On-Chip

Electro-Optic Intensity Modulation for Integrated Photonics
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e Subproblem V: Control of polarization states of light is crucial for any photonic
system. The conventional polarization-controlling elements are usually bulky
and thus impose limitations to incorporate them into the nanophotonic
systems. Metasurfaces have the potential to realize polarization control in
nanoscale. However, most of the metasurface-based polarization controlling
components have typically been limited by passive operation, i.e., a fixed control
over the degree of polarization. Therefore, the designing of an electro-tunable
metasurface for dynamic polarization-switching remains a great challenge.

Objective V: Design of ENZ-Material based Metasurface for Electro-
Optic Polarization Modulation to realize dynamic control of polarization states

of reflected waves

1.4. Research Methodology

This thesis explores designs of various active nanophotonic devices to harness the ENZ
effect for optical modulation. Numerous design-strategies have been explored for
enabling active control of light-matter interactions at nanoscale. Computational
electromagnetics may assist us in solving both straightforward and difficult issues in
order to acquire the optical responses of the optical systems. In particular, it is difficult
to anticipate the optical response in the case of the multi-layered and patterned

nanostructures without executing the numerical computer simulations.

Two essential techniques for full-wave electromagnetic simulations are the
finite-difference time-domain (FDTD) approach and the finite element method (FEM).
Typically, these solvers divide the domain of the structure into the shape of a grid (or
mesh) in order to solve Maxwell's equations. Extensive simulations can be conducted
using commercially available simulation tools such as Lumerical FDTD®, CST
Microwave Studio®, and COMSOL Multiphysics®.
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To understand the electrical properties of the TCOs upon applying external bias-
voltage, a set of electrostatic simulations needs to be carried out, where the spatial
distribution of the free-carrier concentration inside the TCO-layer can be calculated
when configured as MOS-type structure. This can be done by using Lumerical Device
(Charge) solver. The electrostatic simulations can give us the variation of the free-
carrier concentration of the TCO-layer, which can be incorporated into the Drude model
to obtain the optical properties of the layer. To theoretically analyze the optical
properties of the proposed nanophotonic devices, several analytical approaches along

with the numerical simulations have been used.

To estimate the resonance wavelengths of gap-plasmon supporting structures in
metal-insulator—metal configuration, the RLC-equivalent circuit modeling can be easily
deployed after calculating the corresponding value of the lumped elements: resistance
(R), capacitance (C), and inductance (L). In this theoretical modeling, the unit-cell or
meta-atom of the proposed structure can be assumed as an equivalent RLC-circuit. It
should be noted that a close-match between the theoretically estimated resonant

wavelength with that of numerically simulated data could validate the findings.

Effective medium theory (EMT) may be used to define the macroscopic
characteristics of a composite medium in the theoretical modeling of designed
nanostructures. Using this method based on the relative volume fractions and
permittivity of two separate media, one may determine the effective permittivity of a
homogenized medium. This approach may potentially be used to mimic any patterned

structure at the sub-wavelength scale and could provide a pretty realistic approximation.

In the case of the guided-mode-resonance based structures, a semi-analytical
method can be adopted by combining the EMT-approximation with modal analysis. In
this approach, the dielectric sub-wavelength grating can be modeled as an effective
medium with a uniform permittivity. Then, by using modal analysis in the Lumerical

Mode solver, the effective refractive index of the guided-modes can be calculated. It
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should be noted that the resonance wavelength can be predicted for those wavelengths

that satisfy the grating equation.

To understand the optical response of the magnetic-plasmon-resonance based
structure, the EMT-approximation can be adopted by considering the metamaterial as
an inhomogeneous two-port network. Then, the S-parameters can be incorporated into
the EMT-modelling, which can accurately predict the effective permittivity of the whole
metamaterial structure. In other words, by using this approach, one can replace the
multi-layered inhomogeneous metamaterial structure by a homogeneous layer of an
effective medium with uniform permittivity, which mimics the optical properties of the
whole structure. The choice of design parameters is typically not simple and involves
careful consideration of the device's dimensions. To cut down on the total cost and
production time, it is ideal to minimize the thickness of each material. Keeping all other
parameters constant, a parametric sweep may be performed to determine the ideal

geometrical parameters (such as width and thickness) of each layer.

1.5. Major Contribution of this Thesis

We adopted several innovative approaches to design electro-tunable metamaterials for
optical modulation with high modulation depth and low energy-consumption by

exploiting ENZ phenomenon of TCOs.

I. By leveraging the ENZ effect in TCOs along with gap-plasmon resonance of
metal—insulator—metal structure, a novel plasmonic electro-tunable metamaterial
absorber is designed that can be used to simultaneously modulate the amplitude
of reflected light at both O-band and C-band wavelengths.

ii. By harnessing the ENZ phenomenon of TCOs combined with guided-mode
resonance of grating waveguide, a dual-band electro-tunable metamaterial has
been presented that can be used for optical intensity modulation as well as

narrowband tunable optical filtering purposes.
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Vi.

Vii.

Two innovative approaches have been adopted based on ENZ-effect to design
polarization-insensitive metamaterials for free-space electro-optic modulation,
which can mitigate the limitation arising from the requirement of extra
polarization-controlling elements in the nanophotonic systems.

a. The plasmonic metasurface based polarization-insensitive, reflection-
type design can be operated with a wide variation of incident angle —
indicating the angle-insensitivity of the device.

b. The guided-mode resonance based all-dielectric polarization-insensitive
modulator can operate in both transmission and reflection modes, i.e.,
supports dual-mode of operation.

A novel electro-tunable metasurface has been introduced to enable dynamic
control of polarization states of reflected light by leveraging the electro-optic
properties of the ENZ materials. The designed metasurface can dynamically
switch among the three linear polarization states of the reflected wave upon
applying external electrical biasing, allowing a tri-state polarization modulation.
A novel dual-polarization electro-absorption modulator has been designed for
integrated photonic systems. The device has been designed by leveraging hybrid
integration of ENZ-material in a standard silicon waveguide. The presented
modulator may help reducing the footprint of integrated photonic systems by
eliminating extra polarization controlling devices.

To enable ultra-fast all-optical switching using nonlinear phenomena in ENZ-
material, a novel magnetic plasmon based energy-efficient metamaterial has been
proposed which can operate with ultra-fast response time in subpicosecond scale.
Our comprehensive theoretical modeling framework based on effective medium
theory and RLC-circuit model can be extended to accurately predict the spectral
characteristics of any guided-mode resonance and gap-plasmon based

nanostructures.
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Figure 1.7: Thesis flow at a glance. Note that the five different objectives proposed in this
thesis work have been represented as roman-numbering format from | to V.

1.6. Thesis Outline

The scope of this thesis work can be broadly categorized into two sections, as
represented in. The “intensity modulation” section covers distinct strategies to enable
optical intensity modulation using ENZ-material. This section is further categorized into
three sub-sections viz. “free-space EOMs”, “free-space AOMs”, and “integrated
EOMs”. The electro-optic properties of ENZ-material is utilized for realizing the free-
space and integrated EOMSs. On the other hand, the nonlinear phenomenon of ENZ-
materials is leveraged for realizing the all-optical modulators (AOMS). The objectives
proposed in this dissertation have been marked in roman-numbering format, as denoted

in Figure 1.7,

In the sub-section of free-space EOMs, the first two research objectives are covered by

integrating the ENZ-materials into various resonating metamaterials. Then, the third
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objective of designing femtosecond all-optical intensity modulator has been covered.
The sub-section classified as integrated EOMSs covers the fourth objective of designing
on-chip modulators for integrated photonic system. Finally, the fifth objective of electro-
tunable polarization switching is covered in the free-space polarization modulation

section.

The thesis work has been sub-divided into eight chapters. The thesis chapters are

organized as follows:

Chapter 1 gives an overview of the thesis work. This chapter includes a brief
introduction to the broad field of nanophotonics and metamaterials, research motivation,
methodology, problem statements, identified research gaps and objectives, summarizes

the major contribution of this thesis, and presents the thesis organization.

Chapter 2 introduces the broad field of nanophotonics and metamaterials. This chapter
also introduces the emerging epsilon-near-zero (ENZ) materials and their capability in
active control of light-matter interactions, followed by a literature review on ENZ-
material based nanophotonic meta-devices for modulation of optical intensity, phase,
and polarization. Further, this chapter discusses relevant theoretical background and

numerical techniques adopted during the research work.

Chapter 3 discusses ENZ-material based dual-band free-space electro-optic intensity
modulation at both the primary telecommunication wavelength bands, i.e., C-band and
O-band with high modulation depth. Two innovative approaches have been adopted for

enabling dual-band free-space electro-optic intensity modulation.

First, a unique design of dual-band electro-tunable metasurface has been
presented by leveraging the ENZ phenomenon of TCOs combined with guided-mode

resonance effect of grating waveguides. Effective medium theory combined with a
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modal analysis is used to study the resonance dips in the optical reflectance spectrum.
Then, by combining ENZ effect with gap-plasmon resonance mode, an electro-tunable
metamaterial absorber has been introduced for dual-band optical intensity modulation

with wide incident angle-insensitivity for x-polarized light.

Chapter 4 investigates ENZ-material based different approaches to realize polarization-

insensitive electro-tunable metasurfaces for free-space optical intensity modulation.

The first section presents a guided-mode resonance based all-dielectric
modulator that can operate in both transmission and reflection modes, i.e., dual-mode
of operation, under the influence of random polarization angle of normally incident
light. Then, in the next section, a novel design of GPR based electro-tunable metasurface

has been discussed for polarization- and angle-insensitive optical intensity modulation.

Chapter 5 presents the investigation of ultra-fast all-optical intensity modulation based
on nonlinear phenomena in ENZ materials. To enable ultra-fast all-optical intensity
modulation, a novel magnetic-plasmon-resonance based metamaterial has been
designed by integrating an ENZ-material. The intra-band transition-induced optical
nonlinearities in the ENZ-medium lead to a high modulation depth at the telecom
wavelength with ultrafast response time in subpicosecond scale. Effective medium

theory has been explored to study the nonlinear behavior of the device.

Chapter 6 deals with the realization of ENZ-material based integrated electro-optic
intensity modulation. Two different directional coupler based devices have been
explored for intensity modulation based on the hybrid integration of ENZ-material in a

standard silicon waveguide by utilizing the silicon photonics platform.
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First, an energy-efficient design has been presented that can modulate only the
TM mode of the input waveguide. Then, a parallel directional coupler based dual-
polarization design has been discussed for modulating both TM and TE modes of the
input waveguide. This may help in reducing footprint of the integrated photonic systems

by eliminating the requirements of extra polarization controlling devices.

Chapter 7 presents the realization of an ENZ-material based nanophotonic device to
enable free-space electro-optic polarization modulation of reflected light. In unbiased
condition, excitation of gap-plasmon resonance in the metasurface leads to rotation of
x-polarized incident light to orthogonally polarized reflected light (i.e., y-polarized) at
1.55 um. With an x-polarized incident wave, the reflected light from the metasurface
can be dynamically switched among the three linear polarization states of the reflected
wave, allowing a tri-state polarization switching (viz. y-polarization at 0 V, —45° linear
polarizations at 2 V, and x-polarization at 5 V). The Stokes parameters are also

calculated to show real-time control over polarization states of reflected light.

Chapter 8 summarizes the thesis work highlighting major findings and contributions in
the design of ENZ material based nanophotonic devices for optical intensity and
polarization modulation. This chapter also presents potential directions for future

research.
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2. Theoretical Background and Literature Review

This chapter first provides a quick overview of the developing field of nanophotonics.
Then, the relevant theoretical background, a review of the literature and analytical
methodologies are discussed that are needed for conducting research in the emerging
field of metamaterial based active nanophotonic devices. In the beginning of the section
for theoretical background, a brief overview of relevant electromagnetic theory, starting
from the Maxwell’s equation to the boundary conditions and wave equation, is
presented. Next, a discussion on the polarization optics is provided. To approximate the
relative permittivity of the metals and TCOs, Drude model is then deployed. Then, an
elaborate discussion is provided to introduce the electro-optic properties of the ENZ-
materials, followed by a literature survey on ENZ-material based electro-tunable
metamaterials for the free-space applications. After that, a quick overview is presented
on the ENZ-material based on-chip integrated electro-optic modulators. In what
follows, a literature survey on the emergence of the ultra-fast all-optical switching using
ENZ-material is presented. Finally, several relevant theoretical and analytical
techniques are discussed that can be adopted to study the optical responses of different

metamaterial-inspired nanophotonic devices.

2.1. Nanophotonics and Metamaterials: An Overview

As mentioned in the previous Chapter, the field of nanophotonics has the potential to
support extremely high operating speeds with minimal device dimensions by
overcoming the limitations of both semiconductor electronics and dielectric photonics.
Plasmonics, a sub-field of nanophotonics, uses optical properties of metallic
nanostructures to manipulate light-matter interactions at the sub-wavelength scale [2].
Since the pioneering research works carried out by G. Mie in 1908 to describe optical
scattering phenomena of small colloidal particles and R. Ritchie in 1957 to investigate
the plasma losses in thin films, the research field to study the electromagnetic effects at
metal—dielectric interfaces had been widely recognized [1]. In 1980s, researchers

observed the propagation of light waves is possible at the metal—dielectric interface due
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to the resonant interaction of light waves with the free electrons at the metal surface.
This phenomenon has been termed as ‘plasmonics’, named after the quantum of electron
oscillations called plasmon [1], [2]. The promise of plasmonics is to ensure a minimal
device dimension by breaking the diffraction limit of light [2], [67], [82]-[88].

In the same direction, metamaterial or artificially engineered materials have
found potential applications by breaking the limitations of natural materials that
typically restrict the researchers from attaining a desired optical response, as discussed
in the previous Chapter. In 2000, Smith et al. coined the term ‘metamaterial’ as a
structured material inspired from the Greek word ‘meta’, which means ‘beyond’ [89].
As the name suggests, metamaterials can exhibit unusual electromagnetic properties,
depending upon structural units, which cannot be observed in naturally available

materials [4].

A broad categorization of materials on the basis of their intrinsic properties is
presented in Figure 2.1(a). The naturally existing dielectrics and metals are presented in

first and second quadrants, respectively. On the other hand, two different special cases

(a)

e
>

Metals Ordinary
and Doped |Transparent
Semiconductors| Dielectrics
(e<0,p>0) |[(>0,pn>0)

«

v

Negative Index| Magnetic
Metamaterials | Metamaterials

(e<0,p<0) | (>0,p<0) e | e

‘ “ Hefr

Meta-atom Natural material

Figure 2.1: (a) Broad classification of materials based on the real parts of permittivity and
permeability [3], (b) Pictorial representation for comparison between natural materials and
metamaterials.

29

TH-3592_186102016
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of the metamaterials can be seen in third and fourth quadrants [3]. As represented in
Figure 2.1(b), an atom defines the optical properties of a natural material. In contrast,
the optical properties of metamaterials, and their two-dimensional counterparts known
as metasurfaces, are decided by their unit cells or ‘meta-atoms’, which are sub-
wavelength in scale [3]. This gives a lot of freedom to the engineers to customize the
optical transmittance, reflectance, and absorption [80], [82], [90]-[122].

Recent technological advancements in both experimental and computational
methods in the field of nanophotonics have paved the way toward the realization of
active metamaterial and plasmonic based devices for controlling light—-matter
Interactions at the nanoscale [4]. Over the years, several metamaterials have been
included as integral parts of plasmonic nanostructures, such as cut wire antennas, split-
ring resonators, and so on [1]. The all-dielectric metamaterials have also been
implemented to get over the optical losses for metallic structures [106]. Due to their
exceptional abilities to control light-matter interactions at the sub-wavelength scale,
metamaterials have gained enormous attention for the realization of flat optical
components such as multifunctional meta-lens [7], hyperspectral imaging [8], electro-
optic modulators [9], optical sensors, filters [10], and so on. Thus, plasmonics and
metamaterials have accelerated the pathway to realize next-generation optical

components for nanophotonic system.

2.2. Relevant Theoretical Background

After the myriad of research carried out for fundamental reasons behind the source of
electromagnetic field, and the relationship between electric and magnetic fields by
pioneer scientists Ampere, Coulomb, Faraday and Gauss, the revolution in the

electromagnetic fields happened when James Clerk Maxwell proposed a set of
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fundamental equations in 1865. This is arguably one of the most crucial scientific

contributions in the field of physics and modern science in 19" century [64].

2.2.1. Maxwell’s Equations

The Maxwell’s equations are valid for both static and dynamic electromagnetic fields
in a medium. Over several decades, Maxwell’s equations have been extensively used to
investigate the light—matter interactions over the whole electromagnetic spectrum.
However, these equations are relevant for the classical domain and have limitations in
predicting the quantum phenomena. The set of equations determining the relationship
between electric field (E), magnetic field (H), electric displacement (D), and magnetic

flux density (B), are given by [64]:

Gauss’s law V.D = p, (2.1)
Gauss’s law for magnetism V.B=0 (2.2)
: 0B
Maxwell-Faraday equation VXE=—— (2.3)
Ampere’s circuit law with oD
= — 2.4
Maxwell’s modification A ot ] @4

where, pyv is the volume charge density and J is the electric current density. The
Maxwell’s equations are enough for describing the electric and magnetic field

distributions in both time and space.

These macroscopic equations discard the fundamental interactions between
charged particles and electromagnetic fields while considering a microstructure. Thus,

the material intrinsic properties need to be further linked to the above macroscopic
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equations. The relationship between electric field E and electric flux density D in a
medium depends on polarization P, the macroscopic sum of the electric dipole moments
induced by electric field. Analogously, the relationship between magnetic field H and
magnetic flux density B depends on the magnetic property of a medium magnetization

M. The material dependency of the electric and magnetic fields can be given by:

D = &,E+P (2.5)

where, the constants gy~ 8.854 x 10° F/m and uo =~ 4 © x 107 H/m are the vacuum
dielectric permittivity and magnetic permeability, respectively. The magnetization, M,
can be ignored for nonmagnetic media. Moreover, in the case of vacuum, there is no

polarization, P, which leads to the above two equations as D = &E and B = LoH.

Finally, if we limit the discussion by considering the media as linear,

homogeneous, non-magnetic and isotropic, then, the polarization P can be written as:
P = g,xE (2.7)

where, y is the electric susceptibility and is related to relative permittivity &,..

2.2.2. Wave Equation and Boundary Condition

Each scalar component of electric and magnetic field must need to satisfy the wave

equation, obtained from the Maxwell’s equations, and is given by:

0%E
VE = Hot & o (2.9)
5 0*H
V‘H = py&g & 57 (2.10)
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The electric or magnetic field for a given region may be obtained by solving one
of these wave equations, while Maxwell’s equations can be used to determine the other.
When employing frequency domain solvers, the time dependence can be assumed to be
harmonic, where d/0dt — iw. The wave equation then can be called as Helmholtz
equation. The time domain solvers, on the other hand, make use of Maxwell’s curl
equations. In case of waveguides, the solutions of wave equations determine the guided
modes field distributions. The wave equations, for instance the Eq.(2.9), can be further

simplified as:

(2.11)

where, ¢ =,/1/,¢, is the speed of light in vacuum. Furthermore, the refractive index,
n, of a given non-magnetic medium can be defined as the ratio of the speed of light in

the vacuum to that in the medium, and can be written as:

c Ho€o Er
= —-= = 2.12
4 @ 0~ & (2.12)

In most practical scenarios, it is essential to solve the equations for electromagnetic
wave propagation over different mediums. One way to solve electromagnetic problems is to
find the solution of Maxwell’s equations in a finite region of interest with appropriate boundary
conditions at the interface of two different media. By applying Gauss’ and Stokes’ theorem
with the presence of surface charge density (ps) and surface current density (Js), the boundary

conditions at the interface of two different media (1 and 2) can be shown as [123]:

Din — Dyn = ps (2-13)

Bin—By, =0 (2.14)

Elt - EZt = 0 (215)

Hyt — Hye = s (2.16)
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where, suffix ‘t” and ‘n’ denotes tangential and normal components of corresponding vector

fields, respectively.

2.2.3. Metals and Linear Dispersive Media

The optical properties of metals may be described by a plasma model across a large
frequency range, in which a fixed background of positive ion cores is accompanied by
a gas of free electrons with number density N. The lattice potential and electron—electron
interactions are not taken into consideration in the plasma model. Rather, the model
considers a simplistic assumption such that each electron's effective mass (m) comprises
certain characteristics of the band structure. When an electromagnetic field is applied,
the electrons exhibit damped oscillations with a typical collision frequency of "= 1/z.
The relaxation time of the free electron gas, denoted by 1, is usually around 1074 s at

ambient temperature, corresponds to /"= 100 THz.

The equation of motion for electron gas with an external time harmonic electric

field E = Eoexp (— iwt) can be given as [124]:

d’r dr
i = —¢E 2.17
m dt2+m1'd e ( )

where, I"is the collision frequency, e and m are the charge and effective mass of electron,

respectively. The displacement r due to the oscillation, can be given by:

e E

The resultant macroscopic polarization (P) due to this displacement, can be given as:

— Ne?
- E
m(w? + il'w)

P = —eNr = (2.19)
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where, N is the free electron density. Thus, the constitutive relationship in Eq.(2.5), can

be written as:

Dog (1N 1 E=¢ (1 R P
% eom (@2 +ilw))  ° (w? + il'w) (220
where, w, = ,/Ne?/me, is the plasma frequency of the free electron gas.

This plasma model is also known as Drude model for metals. We can obtain

frequency dependent Drude permittivity as:
o}
=(1-—
£(@) < (w? + iI“w)) (2.21)

It should be noted that in this free-electron model, we assume ¢ — 1, for w >>
wp. However, this model needs to be expanded in the case of @ > wp for noble metals
such as gold and silver, where the existence of a positive background of the ion cores
leads to a residual polarization. This residual polarization can be described by adding
the expression, P» = g, (6, — 1) E, to the Eq.(2.5), where P now signifies polarization
solely owing to free electrons. This phenomenon can be described by a dielectric
constant &, which is usually ranging between 1 and 10. In that case, modified Drude

permittivity can be given as:

2

m) (2.22)

w

g(w) = (soo —

The validity limits for the Drude permittivity model are defined by comparing
the real and imaginary parts of e(w) with the experimental data measured by Johnson

and Christy for noble metals such as, silver and gold [125], as presented in Figure 2.2.
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Figure 2.2: Validation of the Drude model. The real &' and the imaginary &" parts of the
permittivity, as a function of wavelength, for (a) silver and (b) gold. The experimental data
(represented by circles) are taken from the ref. [125] measured by Johnson and Christy. To fit
the Drude permittivity functions (denoted by solid lines), as per Eq.(2.22), the parameters are
taken for silver as e = 5, wp = 1.43 x 10 rad/s, and 7" = 0.3 x 10 rad/s; and for gold as & =
9.5, wp = 1.35 x 10% rad/s, and I"= 1.169 x 10 rad/s.

The complex permittivity of the material can be further linked to the refractive

indexasn = n' +in"” =+/e =+ +is". Thus, we can get

&) = () - ("), &) =2n(wn" () (2.23)

where, &' (w) and € (w) are the real and imaginary parts of the permittivity. The real
part of the refractive index, n'(w), is responsible for the dispersion in the material,

whereas the imaginary part, n”’ (w), decides the absorption in the medium.
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2.3. Properties of Light while Travelling through Different Materials

The thesis work focuses on the active control of the electromagnetic properties of light,
viz. intensity, phase, and polarization, by using the ENZ effect of TCOs. This subsection
briefly describes some fundamentals that define these electromagnetic properties of
light while travelling in different media. If light travels within a medium in z-direction

with an angular frequency w, we can define the electric field vector as

E (z,t) = Re{Ej exp [—i(kz — wt)]} (2.24)

where, k is the propagation constant and Eog is the complex envelope of the electric field

that is related to the amplitude, and hence intensity of light.

The objectives | to IV of the thesis work, as mentioned in the previous Chapter,
revolve around various design strategies of nanophotonic devices to dynamically
control the intensity of light (in terms of reflectance and transmittance) by leveraging
ENZ effect of TCOs. Thus, this section first introduces the intensity of light within a
medium, followed by the variation in intensity at the interface of two different media.
Finally, the polarization state of light and the corresponding phases, which are related

to the Objective V of the thesis, will be discussed.

2.3.1. Intensity of Light within a Lossy Material

As the light travels through a lossy medium, it experiences attenuation due to absorption
if the material refractive index is a complex quantity. Thus, the propagation constant is
also be a complex quantity and can be described as k =  — ia/2. The real part of the
refractive index, n’, and the imaginary part, n"”’, of the refractive index of the medium
are related to the complex propagation constant as § = kyn' and a = —2k,n'"’, where

k, is the propagation constant in vacuum.
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Thus, the Eq.(2.24) can be further expressed as:

E (z,t) = Re{Ey exp [—az/2]exp [—i(Bz — wt)]} (2.25)

The amplitude of the light decays exponentially as it propagates along the z
direction. The real part of propagation constant describes the propagation characteristics
such as phase velocity, v = w/B. Thus, the parameter § is known as phase constant.
Whereas, the imaginary part of k is responsible for attenuation along the z direction.
The intensity of light (1) is proportional to the |E|?, which leads to I«
|Egexp [— az/2]|? = E3exp [—az]. Thus, the parameter a is known as absorption
coefficient (also known as attenuation coefficient). It should be noted that when the
medium has a negligible imaginary part of the permittivity, such as glass or SiO», then
the attenuation of light is also insignificant, and the medium can be referred to as a

lossless medium.

2.3.2. Intensity of Light at the Interface of Two Media

When light strikes the interface between two media with different refractive index, it
may be reflected back to the first medium or transmitted to the second medium
depending on the refractive indices of the two media. The angle of reflection will be
same as the angle of incidence. Whereas, the angle of transmission or refraction will
depend on the refractive index of the second medium. If the light is travelling through a
medium with refractive index n; and striking an interface of second medium with an
angle 6, then as per Snell’s law, n;sinf; = n;siné,, where 8, and n, are the angle of
transmission and refractive index of the second medium, respectively. As the light
crosses the boundary of two different materials, the 8, will be either greater than or

smaller than the 6; depending on the refractive index of each material.

In describing the reflection and refraction when light strikes the interface

between two media, the plane of incidence is very crucial, which is defined by the plane
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Table 2.1: The reflection coefficient, r, and transmission coefficient, t, as per
Fresnel equations

Light Polarization For Oblique incidence For Normal incidence
n;cosf; — n;cos6; - n; —ng
r, = =
+ " ncos; + n.cosb, n; +n;
TE polarized
2n;cos6; 2n;
tJ_ = tl ==
n;cosO; + n,coso, n; +n;
n;cosf, — n,cosb; ny —ng .
N = = =1
I n;cosf; + n,coso; I n; +ng
TM polarized
2n;cos0; 2n;
ty = ty = =t
n;cosf, + n,cosb; n; +ng

that contains the propagation vector and the surface normal. If the direction of the
electric field is perpendicular to the plane of incidence, then the light is said to be
perpendicularly polarized or TE polarized. Similarly, the parallel or TM polarized light
means the orientation of electric field is parallel to the plane of incidence. Both of these
conditions are special cases of linear polarized light, as will be described in next
subsection. To know the intensity of light after reflection and refraction or transmission,
the Fresnel equations may be employed, where the reflection coefficient, r, and

transmission coefficient, t, are defined as per Table 2.1.

For TE polarized light, the reflection coefficient and transmission coefficients
are defined as r, and ¢, respectively. Similarly, for TM polarized light, the coefficients

are defined as r; and ¢, respectively. Moreover, if we consider a normal incidence where
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8; = 0, we have r, = r and t, = t;. The transmittance (T) and reflectance (R), which
measure the intensity of the transmitted and reflected light, can be attained using T =
|t]?(n.cosB,/n;cosB;) and R = |r|?, respectively. The absorbance (A) can also be
calculatedasA=1-R-T.

2.3.3. Polarization State of Light and Corresponding Phase

Polarization is an important characteristic of light, which is described by the orientation
of oscillating electric field vector as function of time at a given point in space. Based on
the geometrical shape traced by the tip of electric field vector, polarization of light can
be classified as linearly or circularly or elliptically polarized. If a monochromatic light
travels in z direction with an angular frequency o, we can determine the polarization
state of the light by tracing the endpoint of electric field vector, E (z, t), as a function of

time at each position of z.

The electric field, E (z,t), can be expressed by the Eq.(2.24), where Eo is the
complex envelope of the electric field composed of two complex components, Ex and

Ey. Expressing each term with corresponding magnitude and phase, such that E, =

E.o exp(ig,) and E, = E,, exp(iep,), we get:

E(zt) = ER&+E,§ (2.26)
where E, = E,,cos(wt —kz + ¢,) (2.26.i)
E, =Ey cos(wt —kz + <py) (2.26.11)
40
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Here, Exo, Eyo are the magnitudes, and ¢y, ¢y, are the corresponding phases of Ex

and Ey components, respectively.

The two equations, EQ.(2.26) and (2.26), can be described as parametric

equations of ellipse

E2  E2 ( ELE, )
——+ ———2cos = sin?¢ (2.27)
EJ?O E)%O EXOEyO

For a fixed value of z, the polarization ellipse can be defined by tracing out the
tip of the electric field vector that periodically rotates in the x-y plane. The phase
difference (¢) and complex-envelope (R) are two determining factors while describing

polarization ellipse to find out the polarization state of light and can be written as:

¢ = @, — ¢, = arg{E,} — arg{E,} (2.28)
E E
and, o= 24 (2.29)
ExO |Ex|

When the polarization ellipse reduces to a straight line, it is referred to as linearly
polarized (LP) light. In other words, if the geometrical shape traced by the tip of the
instantaneous electric field vector is a straight line, it is called linearly polarized light.
On the other hand, if the geometrical shape is a circle, then it is referred to as circularly
polarized (CP) light. If the electric field rotates in a clockwise direction, it is called as
right circularly polarized when observed from the direction toward which the light is
approaching. Similarly, a counter clockwise rotation of electric field indicates the left
circularly polarized light. In all other conditions, the light can be called as elliptically
polarized (EP) light.
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Table 2.2: Examples of different polarization states of light

Complex-

envelope (R)

Phase difference (¢)

Polarization states

Linearly polarized with

R=0orwo Any arbitrary value parallel or perpendicular
polarization
] ] Linearly polarized with
R=1 ¢ = 2mm, where m is an integer o
+ 459 polarization angle
) ) Linearly polarized with an
R#1 @ = 2mm, where m is an integer ) o
arbitrary polarization angle
whenmis a _ _ _
o Right circularly polarized
positive integer
R=1 ¢ = (2m+1) n/2 :
whenmiis a ) )
o Left circularly polarized
negative integer
when mis a _ o _
o Right elliptically polarized
positive integer
R#1or0 ¢ #2mn

when m is a

negative integer

Left elliptically polarized

Stokes Parameters

There are certain limitations on polarization ellipses as they are applicable when we

consider completely polarized light beams. Polarization ellipse is not appropriate for the

incoherent or unpolarized or partially polarized light. Moreover, the two real quantities,

R and ¢, can describe only the polarization state of light, and they do not contain any

information about the intensity of the light. Therefore, it is desirable to describe

TH-3592_186102016
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polarization state of light in terms of measurable quantities which contain such

information. The representation via Stokes parameters contains such information.

In 1852, Sir George Gabriel Stokes observed that any polarization state of an
electromagnetic wave can be defined by four parameters, referred to as Stokes

parameter, and given as:

So = E2) + E2y = |E,|* + |E,|” (2.30)
2

Sy = E2 — E% = |E,|* — |E)| (2.31)

S, = 2EE ocosp = 2 Re{E,E, } (2.32)

S; = 2EyEysing = 2 Sm{EE,} (2.33)

where Exo, Eyo are the corresponding magnitudes, and ¢,, ¢,, are corresponding phases

of Ex and Ey components, respectively, as mentioned in Eq.(2.27). The Stokes

Table 2.3: The significance of the four Stokes parameters [113]

Stokes Optical observation
Parameter
So Total irradiance (polarized + unpolarized)
s Horizontal or vertical linear polarization (with Sy =1 as
1
horizontal and S1 = — 1 as vertical polarization)
s Linear polarized wave (with S, =+ 1 as + n/4
2
polarization to the previous orientation)
Circular Polarization
S3 (with ellipticity X = Ss/ So = 1 as left circular

polarization and X = — 1 as right circular polarization)
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parameters can be used to describe the different states of polarization of light as
presented in Table 2.3 [113].

Here, we emphasize that the Objective V of the thesis work mainly revolves
around the dynamic control of polarization state of light by leveraging ENZ effect of

TCOs incorporated into a nanophotonic structure.

2.4. Transparent Conducting Oxide: Emerging ENZ material

Searching for materials that are simultaneously electrically conductive and transparent
to light indicates a ‘conflict’. A material must need to have a large carrier concentration
and mobility in order to be conductive. However, these properties of a material lead to
the plasma frequency occurring at the lower wavelengths, which suppresses the
transparency and causes substantial losses. Transparent conducting oxides (TCOs)
circumvent this limitation with their large bandgap, enabling the transmission of light
when made into thin films [33], [39], [55], [99], [126]-[131]. Therefore, the search for
alternative plasmonic materials over the past decade has led us to the emergence of low-
loss TCOs, which belong to the wide bandgap semiconductor family and can provide

optical transparency and electrical conductivity at the same time [132].

2.4.1. Brief Introduction

TCOs are basically degenerately doped metal-oxides such as indium tin oxide (ITO),
dysprosium-doped cadmium oxide (Dy-CdQO), aluminium-doped zinc oxide (AZO), and
gallium-doped zinc oxide (GZO) [55]. Table 2.4 depicts a comparative overview of a
few widely used TCOs (ITO, CdO) with noble metals (Au and Ag) and semiconductor

(Si) as per the Drude permittivity modelling at the telecom wavelength of 1550 nm.
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Table 2.4: Comparison of the properties of a few widely-used TCOs with parameters from
their Drude permittivity model mentioned in Eq. (2.22)

Re(e) JIm(e) () E, (&)
MATERIAL € |IN(cm~ g (ev
at 1550 nm | at 1550 nm wp (radfs)
ITO
35 007 | 39 | 7x10° | 8x10% | 28
TCO
[144], [210] |CdO
43 003 | 56 | 7x10¥° | 1x10% | 2.36
1.35 x
J— 22 -
Metal Au 116 113 | 95 | 7x10 et
[124], [125] | 4 ~130 33 | 5 | 7x102 1'1‘5316" .
Semiconductor
Si 11.9 0 11.8 | 2x10° | 1x10% | 1.11
[25]

“Here, Re(e) and Im(e) refer to the real and imaginary part of the permittivity of the
corresponding material at C band of wavelength. The parameter &, refers to the permittivity at
the high frequency. N, wp, and Eg refer to the carrier concentration, plasma frequency, and

bandgap energy, respectively.

As mentioned in the previous chapter, TCOs exhibit an exciting phenomenon
named as ‘epsilon-near-zero (ENZ) effect’, where the real part of permittivity becomes
vanishingly small at a certain wavelength. The range of wavelength for which the real
part of the permittivity lies in between —1 and +1 can be referred to as ENZ-region [29].
Thus, a transition from dielectric-like behaviour (positive permittivity) to metallic-like
behaviour (negative permittivity) can be seen. On the other hand, the imaginary part of
the permittivity is relatively low as compared to the noble metals, which indicates TCOs

to be less-lossy conductive material [131]. More importantly, the optical properties of
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the TCOs can be modulated by applying external electrical biasing. To understand the
variation in optical properties under the influence of the external electric field, an
example can be seen in the next sub-section, where an in-detailed procedure has been
discussed to incorporate the electrostatic simulation data to obtain the optical properties
of TCOs.

2.4.2. Tuning Permittivity using Electrical Biasing — Electro-Optic Effect

The ENZ-effect of TCOs can be harnessed at the near infrared (NIR)wavelength region
by accumulating free-carriers when configured as a MOS type configuration, as
discussed in Chapter 1 (sub-section 1.2.2). The variation in the carrier-concentration
distribution of a TCO-layer, can be studied by doing electrostatic simulations in
commercially available solver, Lumerical Device tool. To demonstrate the electro-optic
properties, an n-doped ITO-layer (as TCO material) with an initial carrier-concentration
(N) of ~7 x 10*° cm™ has been considered to ensure a positive real part of permittivity

at the NIR wavelength region.

2.4.2.1. Electrostatic simulations to study electro-optic properties of TCO

The Au-Al>03-ITO stack forms a MOS-type structure, as depicted in the inset of Figure
2.3(a). To witness the accumulation of free-electrons at ITO-Al2O3 interface upon
applying external bias-voltage (V), the electrostatic device physics simulations have

been conducted by solving drift-diffusion equations.
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Figure 2.3: Variation of permittivity of ITO upon applying external bias. (a) The spatial
distributions of ITO layer carrier concentration (N) from position P = 0 to 10 nm for distinct
bias-voltages. Here, inset illustrates the MOS-type configuration consisting Au-Al.Os-ITO
layers, where Al,Os—ITO interface is marked as P = 0. The contour plots of spatial distributions
of (b) real (Re(erro)) and (c) imaginary (Im(grro)) parts of the permittivity of ITO at the
wavelength of 1.55 pum from P = 0 to 5 nm for different biasing states. Note that the ENZ-

regime is depicted as —1 < Re(grro) < 1.

Figure 2.3(a) depicts the carrier concentration distributions, N, as a function of
applied bias-voltage for the first 10 nm region inside the ITO layer from the ITO-Al.03
interface. To accurately estimate the optical properties of accumulation layer (ACL),
the carrier concentration distributions are translated to the spatial distributions of

permittivity via Drude model, given as [39]

2

_ (Ve C. _ | Ne 2.34
ETCO—<800 (wz_l_il—vw)); Wy = mie, ( )

where high-frequency permittivity, plasma frequency, oscillation frequency, and
damping constant are represented by e, wp, w, and I, respectively [29]. The wp varies
with carrier concentration (N) and effective electron mass me*. In the electrostatic
simulations, the electron effective mass of ITO is assumed to be me* = 0.35me (where
me is the mass of an electron). The electron mobility and bandgap of ITO are set to 30
cm?Vv-1ST1and 2.8 eV, respectively [29]. Due to the degenerately-doping, we can assume

there is no substantial contribution of holes to be seen in the physical processes. Thus,
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effective mass of holes can be taken as me and mobility of hole is set to 10 m?V-1S, In
addition, the electron affinity of ITO is taken as 4.8 eV, whereas, the DC-permittivity of
ITO and Al203 are set to 9.3 and 9, respectively [29]. The work function of Au is
assumed to be 5.1 eV [128]. Due to the initial or bulk carrier-concentration (N) of ~7 x
10 cm’3, the ITO-layer behaves as a conductive transparent layer in unbiased condition

at the NIR-wavelength region.

The spatial distribution of real (Re(ero)) and imaginary (3m(ero)) parts of
permittivity of ITO at the wavelength of 1.55 um are depicted in Figure 2.3(b) and (c),
respectively, as a function of bias-voltage for the first 5 nm from ITO-Al>O3 interface.
The range, —1 < Re (eTo) < +1, is denoted as ENZ-region. With increasing bias-voltage,
the Re(erro) can change its sign, which indicates the transition from dielectric-like
behavior to metallic-like characteristics. Moreover, when Re(egro) decreases, the
imaginary part of permittivity increases as per the fundamental Kramers—Kronig
relation. In addition, with the negative value of Re(&;rg) inside the ACL upon applying
external bias-voltage, the 3m(grg) doesn’t acquire a large value, which reveals less-

lossy metallic properties of the ACL.

2.4.2.2. Homogenization of the carrier accumulation layer

To accurately predict the optical properties of the inhomogeneous ACL, a two-layer
model can be adopted, similar to ref. [133], [134], where a close-match with
experimental results were obtained. In the two-layer model, the inhomogeneous ACL
can be estimated as an equivalent ultra-thin layer (~2 to 3 nm) of uniform carrier
concentration distribution based on the modified Thomas—Fermi approximation
(MTFA) [133], [134]. Thus, the 10 nm ITO layer can be divided into two regions,
namely ITOacL and ITOgui corresponding to a 3 nm ACL and a 7 nm bulk ITO-region,

respectively.
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Figure 2.4: Variation of complex permittivity in a homogenous ACL. Voltage-dependency of
real (a) (Re(eacr)) and (b) imaginary (Im(eacr)) parts of permittivity of accumulation layer
inITO.

If we consider the voltage-dependent carrier concentration distributions as Figure
2.3(a), we can estimate a uniform charge carrier concentration distribution (a median
value for different voltage) inside the 3 nm thin ACL. These homogenous carrier
concentration distributions are then translated to the distributions of permittivity via

Drude model, given in Eq. (2.34).

The variation in real (Re(eacr)) and imaginary (Im(eacr,)) parts of permittivity
of ACL as a function of bias-voltage can be seen in Figure 2.4(a) and (b), respectively.
Here, the ENZ-region can be referred to the wavelength-range for which the Re(eacr)
Is in between —1 to +1 [29]. To analyse the optical properties of the MOS-structure based
nanophotonic devices, these optical properties of ITO as a function of external electrical
biasing can be incorporated into the electromagnetic simulation tools such as Lumerical
FDTD®, CST Microwave Studio Suite®, and COMSOL Multiphysics®.
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2.4.2.3. Choice of the gate-dielectric material

In order to design MOS-based electro-optic modulators, as depicted in the inset of Figure
2.3(a), the choice of gate-dielectric material plays a crucial role. The gate-dielectric
material brings a trade-off between voltage requirement and capacitance limited
electrical bandwidth. If we choose a dielectric layer with high DC-permittivity (like
hafnia or HfO2), we can achieve low-voltage driven modulator but at the cost of low
operational 3-dB modulation bandwidth. It should be noted that with the higher DC-
permittivity, the capacitance of the device will increase, which results in a large RC-time

delay and limits the modulation bandwidth [29].

On the contrary, to increase the bandwidth, we can use dielectric material having
a low DC-permittivity (like alumina or Al203), which requires a relatively high bias-
voltage. In addition to the consideration of bandwidth while choosing a proper gate-
dielectric material, the breakdown field of the material is also a major constraint. Both
HfO. and Al,Os are widely used in the field-effect transistor technology. Though
alumina exhibits high breakdown field of up to 10 MV/cm, hafnia exhibit a relatively
low breakdown field of 3.1 MV/cm [29]. Therefore, a proper choice of the gate-dielectric
material should be taken into consideration while designing TCO based electro-tunable

nanophotonic devices.

2.5. Literature Survey

In the last few years, metasurfaces have accelerated the development of active
nanophotonic components such as electro-optic and all-optical modulators due to their
exceptional abilities to control light—matter interactions at the sub-wavelength scale. As
mentioned earlier, metasurfaces are ultra-thin optical scatterers that can manipulate the
intensity and phase of the light scattered from the surface. This section reviews several

design strategies reported in the literature for active control of electromagnetic
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properties (viz. intensity, phase, and polarization) of light using metasurfaces based on

ENZ-materials.

2.5.1. Free-Space Electro-Optic Modulation using ENZ Effect

Over the last few years, several active metasurfaces have been proposed to demonstrate
free-space electro-optic modulation by leveraging the ENZ-effect of TCOs [33], [132].
These electro-tunable metasurfaces have opened new doors to realize active
nanophotonic devices by engineering their sub-wavelength meta-atoms. As discussed in
Chapter 1 (sub-section 1.2.2), the major challenge to realize a free-space EOM is the
limited interaction of incident light with active material (here, TCO) along the thickness
(few nanometers) of the device[111], [128], [135]-[145]. Therefore, it is challenging to
design an EOM as the restricted light-TCO interaction length leads to low modulation
depth and high voltage requirement. To overcome these limitations, several state-of-the-

art design strategies have been demonstrated, which can be seen in this sub-section.
2.5.1.1. Gap-Plasmon Resonance based EOMs

The gap-plasmon resonance (GPR) based metasurfaces have gained myriad attention
from researchers working in a wide-variety of frequency regime over the last decade
[146]. The GPR-based metasurfaces, a sub-class of plasmonic nanostructure, consist of
a sub-wavelength metallic grating on top of a dielectric spacer layer deposited on an
optically-thick metal ground-plane [146]. Thus, these structures can be seen as a metal—
insulator—metal (MIM) type configuration. Over the years, several passive and tunable
metamaterials have been reported by leveraging GPR-effect for a wide-variety of
nanophotonic applications, viz. beam steering, broadband absorption, holographic
imaging, high-resolution color printing, ultra-thin metalens, and electro-tunable
metasurfaces [146]-[148]. Among these, the electro-tunable metasurface absorbers have

been demonstrated as reflection or absorption type EOMs [149].
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Figure 2.5: A few recently reported gap-plasmon resonance (GPR) based metamaterials for
electro-optic modulation: (a) an electro-tunable metafilm absorber for intensity modulation.
Adapted with permission from: [149] Copyright © 2015, The Author(s), under exclusive license
to Springer Nature Limited. (b) A dual-gated metamaterial with fishbone pattern of Al-
nanoantenna for phase modulation. Adapted with permission from: [29] Copyright © 2018,
American Chemical Society (c) An ITO-coupled metamaterial absorber for dual-band intensity
modulation. Adapted with permission from: [9] Copyright © 2020, Springer Nature Limited.

In literature, both intensity and phase modulators have been demonstrated by
leveraging ENZ-phenomena of TCOs combined with GPR-effect. As shown in Figure
2.5(a), Park et al. experimentally demonstrated an electro-tunable ‘metafilm absorber’
for optical intensity modulation by combining GPR-effect with ENZ-phenomenon of
ITO in the mid-infrared wavelength regime [149]. To modulate the reflected light in the
near-infrared regime, Shirmanesh et al. proposed a metasurface with fishbone pattern of
Al-nanoantenna on top of a multi-layered heterostructure (consisting of dielectric—1TO—
dielectric layers) deposited on Al-back reflector, as shown in Figure 2.5(b) [29]. They
used a special type of gate-dielectric layer named as hafnium-aluminum oxide laminate
(HAOL), which is basically a composite of Al,03—HfO. and can avail benefits from
Al>O3 of having large breakdown field as well as benefits from HfO: of having large

DC-permittivity. By leveraging the electro-optic properties of ITO, they experimentally
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demonstrated the modulation of the phase of reflected light from 0 degree to 303 degrees

at 1550 nm wavelength.

To modulate the intensity of the reflected light at the near-infrared wavelength
regime, Chen et al. proposed an ITO-integrated GPR-based metamaterial, as depicted
in Figure 2.5(c) [9]. With an increase in the carrier concentration of the ACL from Nguik
(=1 x 10%° cm™3) to NacL (=7 x 10% cm~3) upon applying external biasing, the ENZ-
wavelength had been tuned to the vicinity of GPR-wavelength — leading to a strong
coupling between the GPR-mode and the ENZ-mode. They had shown an enhancement
of the absorption characteristic of the metamaterial due to the coupling of GPR-mode
and ENZ-mode, which results in multi-band modulation of the reflected light with a
modulation depth of ~0.52 and ~0.39 at 1.45 pm and 1.61 um wavelength, respectively.
Here it should be noted that this GPR based device could be useful not only for optical

modulation but also for the dynamic control of the absorption properties of light.

25.1.2. Guided-Mode Resonance based EOMs

To modulate the optical signal, the ENZ-material can also be integrated with guided-
mode resonance (GMR) based structure. A GMR-structure usually consists of a sub-
wavelength grating on top of a high-index waveguide core [5], [141]. A sharp dip (peak)
in the transmission (reflection) spectrum can be seen due to the coupling of incident
light and waveguide mode, as discussed later in sub-section 2.6.1. It should be noted
that the GMR based filters are widely adopted nanophotonic devices, and the dynamic
response of these devices could help in realizing active components for various
applications. The resonance response of the GMR-based metamaterial can be tuned by

incorporating an active layer such as ENZ-materials or phase-change materials.

Several design strategies have been demonstrated for modulating transmitted or

reflected light by combining GMR-effect of the grating waveguides and ENZ-effect of
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Figure 2.6: A few recently reported guided-mode resonance (GMR) based metamaterials for
electro-optic modulation: (a) an ITO-integrated waveguide-grating structure for intensity
modulation. Adapted with permission from: [5] Copyright © 2017, Optica Publishing Group.
(b) A dual-gated metamaterial for intensity and phase modulation. Adapted with permission
from: [30] Copyright © 2019, American Chemical Society. (¢) An ITO-coupled distributed
Bragg-reflector based metamaterial for intensity modulation. Adapted with permission from:
[45] Copyright © 2021, IEEE.

TCOs configured as MOS-type structures [30], [31], [45], [141]. Researchers have
demonstrated that if the ENZ-wavelength of TCOs can be tuned to the vicinity of the
GMR-wavelength, the resonance phenomena will disappear [5]. This is due to the fact
that when TCOs exhibit the ENZ-effect, the imaginary part of the permittivity solely
decides the optical properties of the ACL, which increases optical absorption. Thus,
when the ENZ-wavelength of TCO is tuned to the vicinity of the GMR-wavelength, the
modal loss of the guided-mode will get increased due to the strong light—matter
interactions at the absorptive ACL. The drastic increase in the modal loss of the guided-
mode is responsible for the disappearance of the resonance phenomenon. Over the years,
this electrically tunable resonance phenomenon has been utilized for the modulation of

optical intensity and phase at a particular wavelength region.

Recently, Brongersma et al. demonstrated active control on the intensity of the
reflected light by leveraging ENZ-effect of ITO incorporated into a GMR-based

structure, as shown in Figure 2.6(a) [5]. The ENZ-effect was achieved by accumulating
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free-carriers at the ITO-AI>Oz interface upon applying an external bias voltage. They
theoretically demonstrated that when the ENZ-wavelength of the ITO had been tuned at
the vicinity of the GMR-wavelength, the resonance phenomenon disappeared. By
utilizing this astonishing phenomenon, they have shown the intensity modulation of
reflected light with a modulation depth of 0.82. Forouzmand et al. demonstrated a
guided-mode resonance mirror based metamaterial for reflection-type electro-optic
amplitude and phase modulation, as shown in Figure 2.6(b) [30]. They achieved
intensity modulation at 1537 nm wavelength with modulation depth as high as 0.8 for a
—15 V bias-voltage. In addition, they had also shown the phase modulation with a
variation in the phase of reflected light as high as ~210 degrees for a voltage range of
~15V to +24 V.

Various designs have been demonstrated for energy-efficient modulation. For
instance, Vatani et al. reported a design strategy by leveraging GMR-effect of a
waveguide grating critically-coupled with a 20-pair quarter wavelength distributed
Bragg-reflector, as presented in Figure 2.6 (c) [45]. The presented reflection-type device
could exhibit ~0.99 modulation depth at 1550 nm wavelength with only 0.1 V biasing.

To achieve intensity modulation of transmitted light, Qiu et al. theoretically
demonstrated a transmission type EOM by integrating ENZ material into a GMR based
structure [141]. In another ITO-integrated GMR based work, Hu et al. showcased a
novel design strategy that could control over the transmitted light from 0.02 to 0.86

under the influence of electrical biasing at 1550 nm wavelength [31].
2.5.1.3. Research gaps identified

Though various designs have been demonstrated for free-space EOM by merging the
ENZ-effect with various resonance phenomena, these state-of-the-art works suffer from
several limitations, such as low modulation depth, high energy-consumption, incident
angle-sensitivity, stringent dependency on polarization state of light, low modulation

speed, high-voltage requirement, and most importantly single wavelength band

55
TH-3592_186102016



2. Theoretical Background and Literature Review

modulation [30], [31], [45], [141]. These fundamental research problems regarding the
design and realization of free-space EOM for nanophotonic applications need to be

solved.

In this dissertation, the opportunities and challenges towards achieving efficient electro-
optic modulation (with high modulation depth, low-voltage driven, high modulation
speed, and low energy consumption) for various nanophotonic applications have been
presented by leveraging the ENZ phenomenon of TCOs integrated with several

resonating metamaterials.

2.5.2. Integrated Electro-Optic Modulation using ENZ Effect

With the emergence of the research area named as silicon photonics, the design of high-
speed on-chip optical modulators gained enormous attention for integrated photonics
applications. Integrated EOMs are the key elements for the optical communication
system and potential candidates for the replacement of bandwidth- and power-hungry
electrical interconnects at data center networks (DCNSs) [150], [151]. Several hybrid
integrated modulators such as Pockels effect based modulators and plasma dispersion
effect based modulators have been demonstrated by altering real-part of the refractive
index of the corresponding active materials [16], [24]; whereas, quantum-confined Stark
effect based and Franz-Keldysh effect based electro-absorption modulators (EAMS)

have been demonstrated by controlling absorption coefficient of the materials [152].

However, Pockels effect based silicon Mach—Zehnder modulators (MZM) suffer
from larger footprint and limited performance due to moderate perturbation of refractive
index [24]. On the other hand, resonator based designs, such as microring resonators
[153] and photonic-crystal cavity based modulators [154] can effectively reduce device

footprint and energy requirement by sacrificing spectral bandwidth.
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Figure 2.7: A few recently reported ENZ-material based integrated electro-optic intensity
modulators using silicon photonics platform: (a) an ITO-integrated high-speed hybrid
plasmonic intensity modulator. Adapted with permission from: [13] Copyright © 2020, IEEE.
(b) A directional coupler based intensity modulator. Adapted with permission from: [162]
Copyright © 2018, IEEE. (c) A polarization-insensitive intensity modulator. Adapted with
permission from: [28] Copyright © 2020, IEEE.

To mitigate these research problems, over the years, numerous design strategies
have been adopted to realize energy-efficient and high bandwidth EOMs by
incorporating ENZ effect of TCOs into the silicon photonics platform [41]-[43], [155]-
[167]. For instance, Sorger et al. experimentally demonstrated an ultra-compact energy-
efficient EOM by leveraging ENZ phenomenon of ITO while configuring in a MOS-
type structure with a power consumption as low as 57 fJ/bit [43]. To demonstrate high
modulation speed, Zhou et al. presented a plasmonic modulator by using ENZ effect of
ITO on silicon photonics platform, as shown in Figure 2.7(a) [13]. With 100 fJ/bit
energy-consumption, they achieved 3.5 GHz modulation bandwidth. In another work,
Swillam et al. theoretically demonstrated a directional coupler based EOM by using
electro-tunable ENZ-effect, as shown in Figure 2.7(b) [162]. In this direction, various
state-of-the-art works showcased high-speed energy-efficient modulation with large
modulation depth [13], [134], [162], [163], [165], [168]. However, these designs are

limited to a particular polarization state of light.
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The polarization-sensitivity of an EO-modulator leads to the requirement of extra
polarization controlling elements in the integrated photonic system, which increases the
overall footprint and system complexity. In this direction, a few designs have been
demonstrated by leveraging ENZ effect [28], [41], [161], [166], [169]. For instance, Qiu
et al. presented an ITO-based dual-polarization intensity modulator, as shown in Figure
2.7(c) [28]. They achieved simultaneous modulation of both TE and TM polarizations
with a modulation depth of ~10 dB for 75 pm active length.

Though some initial studies have been demonstrated for TCO-based polarization-
insensitive modulators [28], [41], [161], [166], [169], these EOMs either suffer from the
large footprint or low modulation depth and high energy consumption. Therefore, it
remains highly challenging to design a compact polarization-insensitive modulator,
which is capable of simultaneous modulation of both TM and TE modes while

maintaining low power consumption and high modulation bandwidth.

2.5.3. Free-Space All-Optical Intensity Modulation using ENZ Effect

Till now, we have seen the state-of-the-art designs for realizing free-space and integrated
EOMs by leveraging the electro-optic properties of ENZ-materials. Though the EOMs
are crucial for a nanophotonic system, their bandwidth are limited by the RC-delay due
to the involvement of required electronics [46], [47]. Hence, all-optical modulation
brings in the possibility to realize ultra-fast next-generation optical computing systems
by overcoming the fundamental limits of electronics [50]. In this sub-section, an
overview of ultrafast all-optical modulators is discussed by leveraging the intraband

transition induced optical nonlinear effects of ENZ-materials.

Recently, the ENZ-materials have gained massive consideration in realizing all-
optical modulators due to their sub-picosecond nonlinear response with large refractive

index tuning capabilities. The ultra-fast hot electron dynamics and nonlinear response
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of ENZ-material had been experimentally demonstrated by Boyd et al. in ref. [58]. The
researchers have considered a 310 nm thick ITO-layer (as ENZ-material) deposited on

silica glass substrate. They have considered the ENZ-wavelength of ITO to be 1240 nm.
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Figure 2.8: Nonlinearities in the ENZ material for intraband electronic transitions depicting:
(a) the incident pump intensity dependent real and imaginary parts of refractive index of an ITO
thin film and (b) ultra-fast transient response of the electron and lattice temperature upon
illumination of a pump pulse with an intensity of 66 GW/cm?. Adapted with permission from:
[58] Copyright © 2016, The American Association for the Advancement of Science.

With a Gaussian pump pulse excitation, they had experimentally shown that the
optical properties of the ITO-film can be altered with the variation in the incident pump
intensity, I, as depicted in Figure 2.8(a). Upon illumination of pump-pulse with an
intensity of 66 GW/cm?, the electron temperature increases with a peak value of 4500 K
at 1.2 ps and then gradually decays to its steady-state value of 300 K, as depicted in
Figure 2.8(b). The increase in the electron temperature leads to an increase in the
effective electron mass, and thus the plasma frequency decreases. Therefore, this ultra-
fast variation in the optical properties in the ENZ-material can be utilized to realize

femtosecond all-optical modulation.

By leveraging this nonlinear response of ENZ-material, Alam et al. demonstrated

a plasmonic metasurface for realizing ultra-fast all-optical intensity modulation, as
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shown in Figure 2.9(a) [56]. They achieved a sub-picosecond response time while
maintaining a low pump-fluence requirement of a few pJ/um?. They showcased that the
nonlinear phenomenon of ENZ-material can be enhanced by integrating it into a
resonating metasurface.
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Figure 2.9: A few recently reported metamaterials for ultra-fast all-optical modulation using
nonlinear phenomena in ENZ-material: (a) an ITO-coupled metamaterial with Au-nanoantenna
for energy-efficient intensity modulation. Adapted with permission from: [56] Copyright €
2018, Springer Nature Limited (b) A silicon nano-disk array based metamaterial for ultra-fast
intensity modulation. Adapted with permission from: [170] Copyright © 2022, American
Chemical Society.

Based on this incredible scheme, several metasurface designs have been
demonstrated in the recent years to realize all-optical modulation of polarization, phase,
and amplitude [55], [59]-[63], [170]. For instance, Vatani et al. theoretically showcased
a reflective type all-optical intensity modulator by utilizing nonlinear phenomena of
AZO [63]. They attained a modulation depth of 0.5 with a pump-fluence requirement of
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2.39 mJ/cm?. In another work, Wang et al. demonstrated a silicon nano-disk array based
ITO-coupled metamaterial for ultra-fast all-optical intensity modulation, as depicted in
Figure 2.9(b) [170]. They revealed that the intensity-dependent effective optical
nonlinear coefficient can be enhanced by more than 3 orders of magnitude in their

coupled-system than that of bulk ITO thin-film.

However, the state-of-the-art all-optical intensity modulators are either suffering
from low modulation depth or high pump-fluence requirement [55], [59]-[63], [170].
Thus, the realization of femtosecond all-optical switching with high modulation depth
(> 0.8) and low pump-fluence requirement (~ few pd/cm?) simultaneously, remains a
challenging task. To bridge this gap, a proper design-strategy needs to be implemented
by incorporating the nonlinear effects of ENZ material into a plasmonic metamaterial

structure that exhibits a strong resonance effect at the vicinity of the ENZ wavelength.

2.5.4. Free-Space Electro-Optic Polarization Modulation using ENZ Effect

Controlling polarization states of light is crucial for photonic systems. The oscillating
electric field determines the polarization states of light. To date, many researchers have
demonstrated several metasurface-based designs for polarization conversion, which find
a wide range of applications, including holographic displays [75], polarization imaging
[66], Stokes parameters detection [76], and many more. However, most of these
metasurface-based polarization controlling components have typically been limited by

passive operation, i.e., a fixed control over the degree of polarization [70]-[74], [77].

Extensive research has been performed in recent years to demonstrate dynamic
control over the polarization state of light by incorporating numerous emerging
materials such as phase-change materials, graphene, and ENZ-materials [78]. However,
most of the previously reported metasurface-based active polarization rotators are

designed for mainly far-infrared [78], [79], and mid-infrared [80] wavelength regimes.
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Figure 2.10: A few recently reported metamaterial based polarization modulators: (a) A
graphene-assisted metamaterial for linear-to-circular polarization switching. Adapted with
permission from: [78] Copyright © 2019, Optical Society of America (b) An ITO-coupled
metamaterial for electro-optic polarization modulation. Adapted with permission from: [81]
Copyright © 2021 Wiley-VCH GmbH.

For instance, Yao et al. presented a graphene-assisted metamaterial for linear-to-circular
polarization switching for the far-infrared wavelength regime, as shown in Figure
2.10(a) [78]. The realization of active polarization controlling devices at visible and
near-infrared wavelength regimes is essential for quantum and nanophotonic

applications.

In this direction, Atwater et al. recently demonstrated a metasurface-based
dynamic polarization controlling device at near-infrared (NIR) wavelengths by
integrating an ENZ material, as shown in Figure 2.10(b) [81]. They have experimentally
demonstrated the modulation of polarization state of reflected light from the metasurface
under the influence of external electrical biasing. They showcased a y-polarization to x-
polarization conversion with the variation of applied bias within the range of —4 and
3 V. Whereas, for the bias voltage ranging between 12 and 16 V, they demonstrated the
conversion of the illuminated linearly polarized light into a circularly polarized light
when reflected from the metasurface.
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Nevertheless, the previously reported ENZ material-based metasurfaces for
dynamic polarization conversion come at the cost of low intensity of reflected light and
high bias-voltage requirements. Therefore, realization of an effective and energy-

efficient active metasurface for polarization modulation remains a great challenge.

2.6. Analytical Methods

This section introduces some theoretical methods that have been considered for
analyzing optical responses of the numerically simulated nanophotonic structures. These
theoretical and analytical approaches can be extended to find resonance wavelengths of
GMR and GPR based metasurfaces.

2.6.1. Effective Medium Theory for GMR based Structure

A guided-mode resonance (GMR) based structure usually consists of a sub-wavelength
grating on top of a high-index waveguide core, as illustrated in Figure 2.11(a). The
resonance phenomenon in the GMR-structure is associated with leaky waveguide modes
[63], [171]-[175]. Without any grating layers, the waveguide core-layer supports
bounded modes. On the other hand, energy from an incident plane wave could couple
into the waveguide mode. Thus, the resonance phenomenon can be seen when the energy
from the diffracted wave is coupled into a leaky mode [171]-[173]. A sharp dip in the
transmission (reflection) spectrum can be seen due to the constructive interference of

the leaking fields, as illustrated in Figure 2.11(a).

Over the years, silicon has been the most preferable choice as the high-index
material for waveguide core-region, which enabled CMOS-compatibility. Here, an in-

detailed semi-analytical methodology is discussed to estimate the resonant wavelength
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of a GMR-based device by combining effective medium theory (EMT) with modal

analysis.

The EMT approximation can be adopted to estimate the effective permittivity of
a medium consisting of different materials. On the basis of the permittivity and relative
fractions of different media, the effective permittivity of a homogenized medium can be

estimated using mixing formulae.
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Figure 2.11: A pictorial representation of guided-mode resonance (GMR) based metamaterial
showing: (a) A perspective view of the metamaterial depicting the physical mechanism behind
the sharp dip in the transmission spectrum, (b) Side-view of the unit cell, where effective
medium approximation models the grating as a homogenous layer of permittivity eer.

For example, as presented in Figure 2.11(b), the EMT approximation assumes a

periodic array of subwavelength grating (in a GMR-based metamaterial structure) as a
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homogeneous layer with an effective permittivity (e.¢) defined by the following set of

complementary equations [171], [176]:

ngf = f(gg) + (1 = feair (235)
% _ L, 42D (2.36)
Eeff gg €air

where &, is the permittivity of the grating material, &, is the permittivity of air, the egff
and e.; are the effective permittivity along the parallel and perpendicular direction of
incident light polarization, respectively. The parameter f is the filling fraction, which

depends on grating width (w) and period (P) as f = w?/P2.

If we consider the incident light is parallel-polarized or x-polarized, as presented
in Figure 2.11(a), then we can estimate the effective permittivity of the grating by using
Eq.(2.35). Then, we may estimate the resonant wavelength of this multilayered

homogenized structure.

The resonance feature can be seen at the wavelength that satisfies the grating

equation, defined as [31]:

AeMr = (Mmoge — nsinB)P (2.37)

where Aemr IS the resonant wavelength, n,.q4c IS the effective modal index of a
particular waveguide mode, @ is the incident angle, n is the background refractive index,
and P is the grating period. Here, the effective modal index (n.,,4.) Of @ particular
guided mode decides the resonant wavelength. The effective modal index may be
obtained from the modal analysis using any simulation tool such as Lumerical Mode

solver.

65
TH-3592_186102016



2. Theoretical Background and Literature Review

For a normally incident light, € (= 0°), with a background medium of air, the Eq.(2.37),
reduces t0 Agmr = MmodeP- This analytical approach gives a reasonably precise

approximation to find the resonant wavelength of the GMR based device.
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Figure 2.12: A pictorial representation of gap-plasmon resonance (GPR) based metamaterial
showing: (a) a perspective view of the metamaterial considering an x-polarized incident light
propagating along the z axis, (b) the equivalent RLC-circuit model of the unit cell, where Ry
(Ri,m) denotes the ohmic resistance, Lm denotes the Faraday inductance, Lum (Li,m) denotes the
kinetic inductance, and C denotes the equivalent capacitance. Note that the subscript ‘U’ and ‘I’
are used to denote the lumped elements corresponding to the upper and lower metallic-layers,
and m denotes the resonance mode number.

2.6.2. RLC Equivalent Circuit Modelling for GPR based Structure

The gap-plasmon resonance (GPR) based metasurfaces, a sub-class of plasmonic
nanostructure, consist of a sub-wavelength metallic grating on top of a dielectric spacer

layer deposited on an optically-thick metal ground-plane [146]-[148]. To estimate the
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resonant wavelength of such metal-insulator-metal (MIM) based structures, a RLC-
equivalent circuit modeling is convenient by calculating the corresponding value of the
lumped elements: resistance (R), capacitance (C), and inductance (L). Here, an in-
detailed analytical methodology is discussed by providing an example using the

equivalent RLC-circuit modelling.

Let us consider that an x-polarized incident light propagating along z-direction is
used to excite the GPR-mode for the structure shown in Figure 2.12(a). The
subwavelength unit cell can be modelled as an equivalent RLC-circuit, as shown in
Figure 2.12(b). The unit cell comprises a metallic grating with a period (P,) and width
(w,) along x-direction. The corresponding thickness (or height) of the metallic grating

and insulator layer are denoted as hgrating aNd Ainsylator, respectively. The ground metal
layer thickness, hgroung, Should be more than its effective skin depth (8,eta1). Note that

the subscripts ‘U’ and ‘I’ are used to denote the lumped elements corresponding to the

upper and lower metallic-layers, and m denotes the resonance mode number.

In the equivalent circuit model, R, ,, (R;,) denotes the ohmic resistance, L,,
denotes the Faraday inductance, L ,, ,,(L;,,) denotes the kinetic inductance due to the
drifting of electrons within the skin depth of the metallic layer, and C specifies the
equivalent capacitance between the upper and lower metal-blocks. Here, we have
assumed the adjacent unit-cells are far enough from each other, and thus we can exclude

the electromagnetic coupling between them.

Based on the resonance analysis theory, the parameters of the equivalent circuit
model can be given as [177]-[179]:

AE;EQWycl,,
= 27 (2.38)
mhinsulator

67
TH-3592_186102016



2. Theoretical Background and Literature Review
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where, w is the angular frequency of the incident wave, ¢, and u, are the vacuum
permittivity and permeability, respectively. The real and imaginary parts of permittivity

of the metal layer are denoted as 'and &', respectively.

The parameter a (0.2 < a < 0.3) is the tuning factor of the effective capacitance,
which depends on the resonance mode number (m) [177]. The unit length of the

metamaterial grating along the y-direction is taken as L. In the equivalent circuit, the

input impedance can be given as [178]:
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1
Z;= Rym +Rim+ ToC + 2iwLy + i0(Lym + Lim) (2.44)

The circuit impedance will be perfectly matched at the resonance condition and
the imaginary part of Z; will be ‘0’. The resonant wavelength, Agpgr, can be calculated
as [177]:

Agpr = 2TC \/ C(Lyy + Ly + Lim) (2.45)

where c is the speed of light in vacuum. This method also provides vital information

that the resonance wavelength proportionally varies with the grating width.
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3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation

This chapter presents different designs of ENZ-material based dual-band free-space
electro-optic intensity modulation at both the primary telecommunication wavelength
bands, i.e., C-band and O-band with high modulation depth. Two innovative approaches
have been adopted for enabling dual-band free-space electro-optic intensity modulation.
Section 3.1 discusses a unique design of dual-band electro-tunable metasurface for
optical intensity modulation by leveraging the ENZ phenomenon of TCOs combined
with guided-mode resonance (GMR) effect of grating waveguides. By nature, GMR
based devices are incident angle specific. Section 3.2 introduces an electro-tunable
metamaterial absorber with wide incident angle-insensitivity for dual-band optical

intensity modulation by combining ENZ effect with gap-plasmon resonance mode.

3.1. Guided Mode Resonance based Modulator: Incident-Angle
Specific Design

In this section, we introduce a unique design strategy of dual-band electro-optic
intensity modulation by leveraging the ENZ phenomenon combined with guided-mode
resonance effect. The designed metasurface exhibits a dual-band intensity modulation
with modulation depth as high as ~22.3 dB (~19.5 dB) at 1.55 pm (1.31 pm).

3.1.1. Background

As mentioned in the previous Chapter, electro-tunable metasurface opened new doors
to manipulate electromagnetic properties of light (such as intensity, polarization, and
phase) at the nanoscale by engineering sub-wavelength ‘meta-atoms’ [29]. Over the last
few years, several metasurfaces have been reported for designing active flat optical
components for modulation of reflected and transmitted light [9], [10]. In order to
achieve dynamic control of optical properties of an incoming light, ENZ-phenomenon
has been merged with guided-mode resonance (GMR) effect [5], Huygens resonance

modes [44], gap-plasmon resonance (GPR) modes [149], and so on.
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However, the metasurface based electro-optic modulators reported so far are
either operated at a particular wavelength or multi-wavelengths within the same band
[5], [30], [31], [45], [149].[180] With the revolution of optical fiber communication, the
most preferable wavelength band to design electro-optic intensity modulators is C-band
(1.535 um — 1.565 um) over the last few decades [45], [141]. However, due to the high
chromatic dispersion coefficient, C-band wavelengths suffer from signal distortion for
high-speed communication beyond 10 Gbps [181]. To mitigate such distortion, several
signal processing components such as equalizers and delay interferometers need to be
employed. This will increase system complexity and overall costs. In contrast, a more
cost-efficient solution can be realized if we utilize low dispersion characteristic of O-
band (1.26 um — 1.36 um) [181]. Nevertheless, to exploit benefits from both the two
key telecommunication wavelength bands, i.e., O-band and C-band, separate active
devices need to be employed in a photonic system. This again increases system
complexity and leads to a larger footprint due to the extra active components. Therefore,
it is crucial to investigate the design of a dual-band electro-optic intensity modulator,

which can operate in both C-band and O-band.

To bridge these gaps, we present an electrically-tunable metasurface that can
simultaneously modulate the reflected light intensity in both of the key telecom
wavelength bands, i.e., O-band and C-band. The dual-band optical modulation is
realized by leveraging the ENZ-phenomenon of ITO in a guided-mode resonance mirror
(GMRM) structure.

3.1.2. Design and Operating Principle

A GMRM-structure usually consists of a dielectric grating on top of a stack of high-
index guiding core and a reflective substrate. Figure 3.1(a) shows the perspective view
of the proposed GMRM-based metasurface, which consists of silicon-nitride (SisN4)

nanograting on top of Si—ITO-AIl,O3 stack deposited on an optically thick Au-layer. The
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Figure 3.1: Schematic overview of the proposed electro-tunable metasurface based on guided-
mode resonance mirror (GMRM) structure, showing (a) a perspective view, where a unit cell
is represented by a black dashed rectangle, and (b) a cross-sectional view (x-z plane) of a unit
cell with electrode configuration. The design consists of SizN4 nanograting on top of
Si/ITO/AI2O3 layers deposited on optically thick Au-layer, where x-polarized incident beam
propagates along z-direction. The grating has a width (w = 600 nm) and periodicity (A= 800
nm) along x-direction. Here, ho = 510 nm, hy = 305 nm, h2 = 70 nm, hs3 =5 nm, and hm = 70
nm. (c) Pictorial representation of the physical mechanism behind an ITO-integrated GMRM
structure. Note that when the ENZ-wavelength of ITO is tuned to the operational wavelength
band, the resonance dip in reflectance (R) spectrum is disappeared [180].

x-polarized normally incident plane wave, propagating along z-direction, can be
coupled to the ITO-integrated Si-waveguide —leading to excitation of different guided
modes. This results in a dip in the reflection spectrum at resonant wavelength of each
mode. The resonance response can be tuned by accumulating free-carriers at the ITO-
Al;Os3 interface by applying an external bias voltage. The unit cell (x-z view) with
electrode configuration is shown in Figure 3.1(b), where SisN4 nanograting has a width

of (w =600 nm) and periodicity of (A= 800 nm) along x-direction.
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Figure 3.1(c) depicts the pictorial representation of the physical mechanism
behind an ITO-integrated GMRM-structure, where the coupling of incident light into
the guided mode results in a resonance dip in the reflectance (R) spectrum. We refer to
it as the ON-resonance condition. In contrast, when the ENZ-wavelength of ITO is tuned
at the operational wavelength-band by applying bias-voltage, we can introduce large
modal loss, which diminishes the coupling of incident plane wave to guided modes.
Therefore, the incident light is primarily reflected by the mirror-substrate, and we can
refer to it as the OFF-resonance condition. This enables the modulation of spatial light

when we electrically switch between ON-resonance and OFF-resonance conditions.

3.1.3. Electro-Optic Properties of ITO

In order to estimate the optical properties of any TCO based metasurface under applied
bias, the electrical properties of the TCO layer need to be extracted by doing electrostatic
simulation in Lumerical Device. In our device physics simulations, the parameters
assumed for ITO (as TCO material) are identical as the ones revealed in Chapter 2
(section 2.4). The bulk carrier concentration of ITO is taken as N = 7 x 10'° cm=3. The
formation of a MOS-type structure containing Au—Al203—I1TO layers is illustrated in the
inset of Figure 3.2(a). The voltage-dependent carrier concentration distributions can be

seen in Figure 3.2(a) for the first 10 nm from ITO-AI2Os interface inside the ITO-layer.

After calculating the charge carrier distributions under the influence of applied
biases, we employ the two-layer model to accurately predict the optical properties of the
inhomogeneous accumulation layer (ACL), similar to the procedure as mentioned in
Chapter 2 (sub-section 2.4.2). As discussed previously, in the two-layer model, the
inhomogeneous ACL can be estimated as an equivalent ultra-thin layer (~3 nm) of
uniform carrier concentration distribution based on the modified Thomas—Fermi
approximation [133], [134]. Then, the charge distributions inside the ACL of 3 nm
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Figure 3.2: (a) The variation in carrier concentration distribution, N (cm~), of ITO layer at the
position from P = 0 to 10 nm for different bias voltages (V). The formation of MOS-type
structure containing Au-Al.Oz—ITO layers is shown in the inset, where P = O represents the
ITO-AIl,Oz interface. (b) The color contour plots showing the variation in real and imaginary
parts of permittivity of carrier accumulation layer for different bias-voltages. The range, -1 <
Re (ermo) < +1, is shown as ENZ-region [180].

thickness are translated to the optical properties via Drude permittivity model, given by
Eq. (2.34) of Chapter 2. The variation in real (Re(&rg)) and imaginary (Im(&iro))
parts of permittivity of charge accumulation layer as a function of bias-voltage can be
seen in Figure 3.2(b). Here, the ENZ-region can be referred for the wavelength-range
for which the Re(g1o) IS in between —1 to +1 [29]. In our further analyses, we consider
that with a bias-voltage of -4 V and -5 V, the ENZ-wavelength can be tuned to 1.55
pum and 1.31 pm, respectively, as shown in Figure 3.2(b).

3.1.4. Theoretical Modelling

Effective medium theory (EMT) combined with modal analysis is adopted to observe
the guided-mode resonance response. As the grating period of the structure is

comparable to operating wavelength region, i.e., 1 >A (where 4 and A are the free-space
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wavelength of incident light and the grating period, respectively), the analytical method
using EMT modelling stated in Chapter 2 (sub-section 2.6.1) cannot be used. Thus, a
second-order expression for EMT is considered here, as mentioned in ref. [172], [173],

where the effective permittivity can be expressed as a function of the 1 and A.

The inset of Figure 3.3(a) illustrates the perspective view of the device, where
the SisN4 nanograting is modelled as an effective medium with uniform permittivity,
given by [173]:

2 1 13 A\
Eorty@ = €0y + ?fz(l — )% x (S_s — 5Air> o1 €o.L (Z) (3.1)
where g, ® denotes the second-order effective permittivity of nanograting for parallel
or x-polarized light [173], [176]. Whereas, the &, and &, , are the zero-order effective

permittivity for x- and y-polarized light, respectively, given by [35]:

g, = f(&) + (1 = f)eair (3.2.0)
o1 = Esair/ [f (€air) + (1 — f)&] (3.2.ii)

where & and ear are the permittivity of silicon-nitride and air, respectively, and 4 is the
free-space wavelength. The filling fraction (f) is calculated as f = w?/A% = 0.75 for
grating period (A) and width (w) of 800 nm and 600 nm, respectively. The refractive
indices of SisNa, Si, Al.O3, and Au are taken from literature [182], [183]. For a normally
incident light, it is observed that only TM-modes are excited in the proposed structure

for the considered wavelength regime.
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Figure 3.3: The real and imaginary part of modal index as a function of bias-voltage for guided
TM:-mode (a) and TMz-mode (b). Here, the modelling of the silicon-nitride grating as a
homogeneous medium with permittivity of eefr, by using effective medium approximation, is
shown in inset of (a). Note that, the operating wavelength is taken as 1.55 um for (a) and 1.31
pum for (b) [180].

The resonance responses (dips in the reflectance spectrum) at the wavelengths
(Arm) may be observed that satisfy the first order (i.e., m = + 1) grating equation,

expressed as [31]:

Atm = InruA/m| = npyA (3.3)

where ntm is the effective mode index and Arm denotes the free-space excitation
wavelength of the guided TM-mode for a normally incident light. To observe the
multiple resonances due to the excitation of waveguide-modes, we have combined the
EMT-approximation with modal analysis, where the eigenvalue-equations are solved
by using Lumerical Mode. Without applying any bias-voltage, we find that an x-
polarized normally incident light can excite the TMi-mode and TM>-mode with
effective index (ntm) of ~1.932 and ~1.629, respectively. This leads to the resonance

dips in the reflection spectrum at the vicinity of 1.55 um and 1.31 um, as per Eq.(3.3).

The resonance wavelengths can be tuned by applying external bias-voltage.

Figure 3.3(a) and (b) illustrate the variation of complex modal index (both real and
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imaginary parts) as a function of bias-voltage for TMi-mode (at 1.55 um) and TMo-
mode (at 1.31 um), respectively. Both real and imaginary parts of modal index (ntm)

play vital roles to provide active tuning of the resonance conditions.

Here, we would like to emphasize that when we tune the ENZ-condition to the
resonant wavelength, a rise in the imaginary part of modal index is observed — leading
to the large propagation loss («) along the waveguide, given by [34], [40]:

a =10 |log (e(_%nsm("TM))N (3—2) (3.4)

The rise in modal loss results in a very short propagation length of the guided
TMz- and TM2-modes. In those cases, the coupling of incident light to the waveguide

modes diminishes, resulting in an OFF-resonance condition.

3.1.5. Simulation Results: Dual-Band Modulation

To investigate the modulation of reflected light intensity, a 3D finite-difference
time-domain (FDTD) simulation model is adopted by considering perfectly matched
layer (PML) boundary conditions along the z-directions and periodic boundary
conditions along x- and y-directions. We have considered a very fine meshing at the
ITO-AIlLO3 interface. The variation in the reflectance (R) spectra with respect to the
bias-voltage can be seen in Figure 3.4(a) and (b). At the unbiased state (0 V), due to the
coupling of incident light to TM1- and TM2-mode, we can see resonance dips in the
reflectance spectra at 1.55 um and 1.31 pum, respectively, which we refer to as ON-

resonance conditions.

On the other hand, when ITO exhibits ENZ-phenomenon at the vicinity of 1.55
um for —4 V biasing, the resonance dip for TM:-mode in the reflectance spectra will
disappear due to high propagation loss, as shown in Figure 3.4(a), i.e., OFF-resonance

condition. Similarly, if we further tune the ENZ-wavelength at the vicinity of 1.31 pum
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Figure 3.4: Reflectance (R) spectra, in dB, of the proposed metasurface showing the variation
of resonance responses as a function of applied bias voltages considering (a) modulation at 1.55
pum (highlighted in yellow background) while switching between 0 V and —4 V bias and (b)
modulation at 1.31 um (highlighted in blue background) while switching between 0 V and -5
V bias. Here, at 0 V bias, the resonance responses occur at 1.55 pm and 1.31 um for TM1-mode
and TM2-mode, respectively. The modulation depth (MD) at (c) 1.55 um and (d) 1.31 pm are
shown as enlarged view of highlighted portions of (a) and (b) [180].

by applying -5 V, the resonance dip for TM2-mode will disappear, as shown in Figure
3.4(b). This results in a modulation of incident light by switching ON-resonance (0 V
biasing) and OFF-resonance (biased at ENZ-condition) states at the corresponding

wavelength. The modulation depth (MD) can be defined by:

Ion (1)

MD (1) = 101log low D)
OFF

(dB), (3.5)

where lorr (1) and lon (1) denote the intensity of reflected light for OFF- and ON-

resonance conditions, respectively, as a function of wavelength. We achieve a MD as
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high as ~22.3 dB (~19.5 dB) at 1.55 um (1.31 pm) while switching between 0 V and —
4V (-5 V) external biasing states, as shown in Figure 3.4(c) and (d).
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Figure 3.5: Normalized magnetic field (Hy) and electric field (Ez) distributions in x-z plane for
(@and b) 0 V and (c and d) —4 V biasing states at 1.55 um. Normalized Hy- and Ez-field
distributions in x-z plane for (e and f) 0 V and (c and d) -5 V biasing states at 1.31 um. The
Ez-field confinement at the ENZ-layer is shown by the enlarged view of (d) and (h). Here, the
white dashed lines refer to the underlined structure [180].
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The normalized magnetic field (Hy) and normalized electric field (E;)
distributions at 1.55 pum and 1.31 um are shown in Figure 3.5(a—h) for different biasing
conditions. At the unbiased state (0 V), as shown in Figure 3.5 (a—b) and (e—f), we can
see the excitation of TM1-mode and TM2-mode due to the coupling of incident light at
1.55 um and 1.31 um, respectively. On the other hand, if we apply —4 V bias, the GMR-
effect disappeared at 1.55 um, as depicted in Figure 3.5(c) and (d). Similarly, at -5V
biasing condition, the resonance phenomenon at 1.31 um disappears, as shown in Figure
3.5(g) and (h). Moreover, an enhancement of electric field is observed inside the ENZ-
layer due to the strong light—matter interactions at ITO-Al>Os interface, as illustrated in
the enlarged view of Figure 3.5(d) and (h). This electric field enhancement can be
described by applying boundary conditions, where the normal component of the electric
flux density is continuous at ITO-Al2O3 interface, as discussed in Chapter 1 (sub-
section 1.2.2). The enhancement factor will reach its maximum value at the ENZ-
condition, as per Eg. (1.3), and the coupling of incident light to the waveguide modes
diminishes due to high modal loss. Thus, the device behaves as a multi-layered structure

with a reflective back-plane.

3.15.1. Requirements of Minimum Number of Grating Periods

The smallest lateral dimensions of the device, or more specifically the minimum number
of grating periods (Pn), required to sustain a sharp guided-mode resonance depends on

the Q-factor of the resonance, which can be given by [175]:
Py > Q/m, where, Q = Ay /AN (3.6)

Here, /1w is the resonant wavelength and A/ is the spectral bandwidth, which can

be expressed by [175]:

AL =20 (3.7)

TL
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where A is the grating period and L is the propagation length (or loss length) of the

particular guided-mode, which can be expressed by [31]:

L = __Atm (3.8)

T 2mx Im(ntm) '

where Im(ny) Is the imaginary part of modal index at the resonant wavelength Atw.
Without applying any bias-voltage, we find that normally incident x-polarized plane
wave can excite TMi-mode and TM2>-mode with effective index of (1.932 +
0.01732713i) and (1.629 + 0.008573i), respectively. Accordingly, the loss length of the
TM;i-mode can be calculated as ~15 um, which results in a spectral bandwidth A1 = 26

nm. Thus, the Q-factor of the resonance for TM:-mode is 59 — leading to Pn = 19.

On the other hand, with a higher Q-factor of 96 for TM2-mode, the minimum
number (Pn) of grating periods required to sustain a sharp resonance is around 30. So,
for our dual-mode design we require at least 30 periods. Therefore, to accommodate 30
periods of the grating with 800 nm periodicity we need to have a device dimension of
around 25 x 25 um? to sustain sharp resonances for both TMi-mode and TM2-mode at
the vicinity of 1.55 um and 1.31 um, respectively. Furthermore, a conical mounting
arrangement (when the grating vector is not parallel to the incidence plane) may be used

to achieve a large focussing angle in the proposed GMR based structure [184], [185].

3.1.5.2. Electrical Bandwidth and Speed of the Device

It should be noted that due to the ultrafast formation of the carrier accumulation layer,
the 3-dB modulation bandwidth is impeded by the RC-time constant of the modulator
(here, R is the equivalent device resistance, and C is the capacitance formed by MOS-
type structure) [45]. To find the RC-limited electrical bandwidth of the modulator while
maintaining minimum number of grating periods required to sustain a sharp GMR-
effect, the effective device resistance (R) and capacitance (C) need to be estimated. The

capacitance per unit cell area is estimated as ~10.97 fF/um? by performing electrostatic
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simulations on Lumerical Device. Thus, for a device having dimensions of 25 x 25 um?,

the total capacitance (C) is approximated as ~6.8 pF.

The effective resistance of the device can be approximated as R = (Rito + Rcold)/2,
where Rcold is the resistance for the gold layer and Rito is the resistance for the ITO
layer [45]. The value of Rito can be estimated as the parallel combination of Riro (for
bulk ITO-layer) and RacL (for charge-accumulation layer) with a carrier concentration,

N, of 7 x 10%°® cm™ and 6.46 x 10%° cm3, respectively.

Then, for each corresponding layer, the resistance can be derived by using Ro =
(ploftwo), where wo and lo are the width and length of the device, respectively. Here, t is
the thickness and p is the resistivity of the corresponding layer. The resistivity of gold
layer can be approximated as 2.2 x 108 Q.m [186]. In contrast, the resistivity of a

semiconductor depends on the carrier mobility (W), given by, p = (euN)™.

Thus, the resistivity of bulk ITO-layer (with p = 19.5 cm?vV1s?) and
accumulation layer (with p = 13 cm?V-s™) can be calculated as 4.57 x 10° Q.m and
7.5 x 107° Q.m, respectively [133]. This results in an effective device resistance (R) of
~280 Q — leading to a 3-dB bandwidth, fsgg = (2rRC)?, of ~83.5 MHz. We have also
approximated the bit-rate (BR) as ~167 Mbps by applying Nyquist theorem (BR =

2xfagex10Q2 k, Where x = 2 denotes the number of signal levels).

The energy consumption, E,, (J/bit) = | CVZ,./4 |, is also another aspect that
needs to be considered while designing an electro-optic modulator to estimate the
energy required to switch a bit in the modulation scheme [136]. With a maximum
applied voltage as -5V and the effective capacitance (C) of ~6.8 pF, the energy

consumption (Ej) of the modulator can be estimated as ~4300 fJ/bit.

84
TH-3592_186102016



3.1 Guided Mode Resonance based Metasurface

1 1

wn o
LI B
1 1

Reflectance (dB)

|

[y

=]
—

| cemssszzzzzzssl”

25 '_ Without Substrate --- With Substrate
n 1 n n " 1 n L L L 1 n n 1 n n

1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (um)

Figure 3.6: Reflectance (R) spectra, in dB, of the proposed metasurface with a 500 nm thick
silica substrate at 0 V bias. The resonance responses occur at 1.55 pm and 1.31 um for TM;-
mode and TM2-mode, respectively [180].

3.1.5.3. Effect of Substrate

The numerical simulation results reveal that due to the presence of an optically thick Au
back-plane, there will be no effect on the resonance dips in the reflectance spectra if we
include a 500 nm thick silica substrate, as shown in Figure 3.6. Inclusion of a substrate
will provide mechanical strength of the device without effecting the resonance dips in

the reflection spectra.

3.1.5.4. Study of Fabrication Imperfection due to Rounded-edges

Here, we would like to emphasize on the fact that while studying optical properties
through numerical simulation analysis, we assume that there will be sharp edges at the
nanograting pattern. However, in practical scenario, these sharp edges may not be
achieved after fabrication. Thus, to study and incorporate the fabrication imperfections
and roughness that arise from the rounded-edges of the nanograting, we have simulated

our design by rounding the edges (with a 10 nm and 20 nm rounding radius) [56].
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Figure 3.7: Reflectance (R) spectra, in dB, of the proposed metasurface with two different
rounding radius (10 nm and 20 nm) at the edges of the nanograting, showing the variation of
resonance responses as a function of applied bias voltages considering (a) modulation at 1.55
pum while switching between 0 V and —4 V bias and (b) modulation at 1.31 um while switching
between 0 V and -5 V bias. Note that the dashed vertical lines depict the wavelength of (a)
1.55 pm and (b) 1.31 pm.

Figure 3.7 (a) depicts the modulation of light at 1.55 um while switching between
0V and —4 V bias with rounding radius (Ro) of 10 nm and 20 nm. Note that the dashed
vertical line depicts the wavelength of 1.55 pum. At the unbiased state (0 V), we can see
resonance dips in the reflectance spectra are getting red-shifted from 1.55 pum with the
increase of the rounding radius. On the other hand, when ITO exhibits ENZ-
phenomenon at the vicinity of 1.55 um for —4 V biasing, the resonance dip in the
reflectance spectra will disappear as we predicted before, i.e., OFF-resonance condition.
This results in a modulation depth of ~21.7 dB and ~19.5 dB at 1.55 um with rounding
radius of 10 nm and 20 nm, respectively, while switching between 0 V and —4 V bias,

which indicates that we can still maintain a modulation depth of around 20 dB at 1.55

pm.
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Similarly, Figure 3.7(b) depicts the modulation of light at 1.31 pm while
switching between 0 V and -5 V bias with rounding radius of 10 nm and 20 nm. We
have witnessed the red-shift of the resonance dips from 1.31 um at the unbiased state (0
V) with the increase of the rounding radius. With an electrical bias of -5 V, the
resonance dip in the reflectance spectra will disappear leading to a modulation depth of
~17 dB and ~13.7 dB at 1.31 um with rounding radius of 10 nm and 20 nm, respectively.

3.1.5.5. Comparative Analysis

A comparative overview with a few recently reported ENZ-material based optical

modulators can be seen in

Table 3.1: Comparative Overview of a Few Recently Reported Theoretical Designs
of ENZ-material based Modulators

Speed Dual-band
Ref. 4 (um)  MD (dB) (Mbps) Operation
Forouzmand et al. [30] 1.537 ~12.5 NA No
Kim et al. [5] 1.480 ~13.3 NA No
Vatani et al. [45] 1.550 24 ~80 No
1.547, 23.3,
Forouzmand et al. [145] NA No
1.564 23.7
Qiu et al. [141] 1.510, 14, NA No
1.512 20
This Work 1.550, ~223, ~167 Yes
1.310 ~19.5

Here, MD: modulation depth, 1: operational wavelength, and NA: not available.
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Table 3.1. Here, we would like to emphasize on the fact that most of the previously
reported designs are either operated on a single wavelength orual-wavelengths restricted
to a single band. In contrast, our design can operate in both C-band and O-band of
wavelength region while maintaining a MD as high as ~22.3 dB (at 1.55 um) and ~19.5
dB (at 1.31 pm), respectively.

3.1.6. Summary

We theoretically presented a tunable metasurface for dual-band electro-optic
intensity modulation by leveraging the ENZ-phenomenon of ITO and GMR-effect of
grating waveguide. Effective medium approximation combined with modal analysis
was utilized to study the multiple resonance responses because of the excitation of
waveguide modes by coupling of incident light. We observed a rise in the modal loss if
ENZ-wavelength of ITO is electrically-tuned to the operating wavelength-band. This
rise in the modal loss is responsible for the disappearance of GMR-effect. Thus, we
could achieve a modulation depth as high as ~22.3 dB (~19.5 dB) at 1.55 pm (1.31
pum) with ~167 Mbps modulation speed. To the best of our knowledge, such a dual-
band (operating at both C-band and O-band wavelength region) metasurface for electro-
optic intensity modulation is presented here for the first time. The metasurface could
find potential applications towards realization of active flat optical components in

nanophotonic systems.
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3.2. Gap Plasmon Resonance based Modulator: Incident-Angle

Insensitive Design

In the previous Section, a GMR based design has been introduced to achieve dual-band
electro-optic intensity modulation by leveraging the ENZ phenomenon. Though the
design could exhibit a high modulation depth, the major bottleneck comes from the
incident angle sensitivity of the design. More specifically, the presented GMR based
device can only be operated with the normally incident light. With the change of incident
light angle, the resonance wavelengths will get shifted from the operating wavelength
regime. This angle-specific nature of a device introduces several limitations, such as it
may increase the overall cost and footprint of the photonic system due to the requirement
of complex arrangements of several opto-mechanical components. Moreover, due to the
narrow band resonance phenomena of the GMR based structure, the intensity
modulation of reflected light couldn’t achieve for the whole C-band and O-band of

wavelength regime.

This section introduces a gap plasmon resonance (GPR) based electro-tunable
metamaterial that can modulate the reflected light intensity for a wide variation of
incident angle operating at both C-band and O-band of wavelength regime. We leverage
GPR mode of a metal-insulator—-metal (MIM) structure and ENZ phenomenon of ITO
to enable dynamic control of reflected light intensity. The operating principle of the
typical GPR based design relies on the confinement of electromagnetic field inside the
insulator layer sandwiched between two metallic layers having the top layer as a sub-
wavelength grating arrangement. In this case, we can get a wide incident angle
insensitivity due to the fact that the incident beam with different incident angles can be

absorbed to satisfy the resonance condition.

The coupling of GPR-mode with ENZ-mode is observed when an external bias-
voltage is applied. This results in a broadening of resonance with more than 80%

absorption over a 370 nm spectral window ranging from 1.25 pm to 1.62 um.
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Such dynamic control of absorption properties is then utilized for intensity
modulation of the reflected light. The metamaterial exhibits dual-band intensity
modulation of reflected light with an extinction ratio (or modulation depth) as high as
20.5 dB and 16.6 dB at 1.55 pum and 1.31 pm of wavelength, respectively, while
switching between 0 V and 5 V biasing conditions. Most importantly, this GPR based
device can be operated with a wide range of incident angle (up to 60 degrees) for x-
polarized light. This tunable metamaterial could help in realizing incident angle-
insensitive optical modulators operating at different wavelength bands for nanophotonic

systems.

3.2.1. Structural Overview

The 3D schematic of the proposed electro-tunable metamaterial absorber is illustrated
in Figure 3.8(a). The design consists of an array of Au-nanograting on cascaded layers

of an Al,O3 oxide-layer, an ITO active layer, a SiO; buffer layer deposited on a highly

7

Figure 3.8: Schematic of the designed gap-plasmon resonance based electro-tunable
metamaterial absorber consisting of an array of Au-nanograting on top of Al2Os—ITO-SiO>
stack deposited on an optically-thick Au-layer. (a) A 3D view of the metamaterial considering
incident light propagating along the z axis. Here, the black dashed rectangle depicts a unit cell
structure. (b) Side view of a unit cell with electrical biasing [189].
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reflective Au-layer. The refractive indices of SiO, Al.Os are taken as 1.445 and 1.745,
respectively [183]. Whereas, the refractive index of Au is taken from the experimental
data mentioned in Ref. [125]. The unit cell (side view) with periodicity P (= 700 nm)
along x-direction is illustrated in Figure 3.8(b), where d1 (100 nm) and w (230 nm) depict
the height and width of Au-nanograting, respectively. The thickness of Al.Oz oxide-
layer, ITO layer, SiO. buffer layer, and Au-ground plane are denoted by d> (=5 nm), ds
(= 10 nm), daufrer (= 30 Nnm), and dwmirror (= 100 Nm), respectively.

It should be noted that one can use other noble metals also as a metal back-plane
and top grating layer. However, after exploring a few metals (such as gold, silver,
aluminum, etc.) for as a metal back-plane, it was evident from the simulation trials (not
shown here) that the use of gold is providing the desirable optical response to achieve

the objective |, i.e., a dual band modulation at the wavelengths of interest.

3.2.2. Electro-Optical Properties of ITO

In order to obtain the optical properties of ITO under the influence of applied bias, we
have done the electrostatic simulation in Lumerical Device. In the device physics
simulations, the parameters assumed for ITO are similar as the ones revealed in Chapter
2. The bulk carrier concentration of ITO is taken as N = 7 x 10 cm3. The formation of
a MOS-type structure containing Au-Al2Os—ITO layers is illustrated in the inset of
Figure 3.9(a). The voltage-dependent carrier concentration distributions can be seen in

Figure 3.9(a) at different positions inside the ITO layer from Al2Os—ITO interface.

Then, the charge carrier distributions inside the ITO layer are translated to the
optical properties via Drude permittivity model, given by Eq. (2.34) of Chapter 2. The
variation of real (Re(&ro)) and imaginary (Sm(erg)) parts of permittivity of ITO at
the resonant wavelength (1.43 pm) are depicted in Figure 3.9(b) and (c), respectively,
as a function of external biasing for the first 5 nm distance from the AlOs:-ITO

interface. With increasing bias-voltage, the Re(&rro) changes its sign, which indicates
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Figure 3.9: (a) The spatial distributions of ITO layer carrier concentration (N) from P =0 to
10 nm for distinct bias-voltages. Here, the inset illustrates the MOS-type configuration
consisting Au-Al,O3—I1TO layers, where Al2Os—ITO interface is shown as P = 0. The contour
plots of spatial distributions of real (b) and imaginary (c) parts of permittivity of ITO at the
resonant wavelength (1.43 um) from P = 0 to 5 nm for different biasing states. Note that the

ENZ-regime is depicted as -1 < Re(erro) < 1 [189].

the transition from dielectric-like behavior to metallic-like characteristics. The
electrostatic simulations reveal that for a 5 V external biasing, a maximum ~4.35
MV/cm electric field is obtained across the Al.Osz layer, which is below than the
breakdown field of Al>Os [29]. Finally, we employ the two-layer model to accurately
predict the optical properties of the inhomogeneous accumulation layer (ACL), similar
to the procedure as mentioned in Chapter 2 (sub-section 2.4.2). As discussed previously,
in the two-layer model, the inhomogeneous ACL can be estimated as an equivalent
ultra-thin layer (~3 nm) of uniform carrier concentration distribution to study the optical

performance of the TCO based device.
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Figure 3.10: (a) The equivalent RLC-circuit model of the unit cell, shown in Fig. 3.7(b), where
Rum (or Rim) denotes the ohmic resistance, Lm denotes the Faraday inductance, Lym (Or Lim)
denotes the kinetic inductance, and Cess denotes the equivalent capacitance. Note that the
subscript ‘U’ and ‘I’ are used to denote the lumped elements corresponding to the upper and
lower metallic-layers, and m denotes the resonance mode number. (b) Resonance wavelengths
(Ar) predicted by the equivalent circuit model (black triangle block) and calculated by the
FDTD simulation (red spherical blocks) [189].

3.2.3. Theoretical Framework

The x-polarized incident light propagating along z-direction is used to excite the GPR-
mode. The subwavelength unit cell is modelled as an equivalent RLC-circuit in a similar
way discussed in Chapter 2 (sub-section 2.6.2), and as is presented in Figure 3.10(a).
Note that the subscripts ‘U’ and ‘I” are used to denote the lumped elements corresponding
to the upper and lower metallic-layers, and m denotes the resonance mode number. In
the equivalent circuit model, Rym (Rim) denotes the ohmic resistance, Lm denotes the
Faraday inductance, Lum (Lim) denotes the Kinetic inductance due to the drifting of
electrons within the skin depth of Au, and Ces specifies the equivalent capacitance
between the Au-blocks. Here, we can assume the adjacent unit-cells are far enough from

each other and thus we can exclude the electromagnetic coupling between them.

With an initial carrier concentration of ~7 x 10%° cm=3, we can assume ITO-layer

as a dielectric layer due to the negligible imaginary part of permittivity in the operating
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3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation

wavelength region. Therefore, we can estimate an effective permittivity for the
cascaded dielectric layers of Al,03-ITO-SiOz, given as:

€Al,0, X dy  &ro X d3 +€Sio2 X dpuyffer

Eeff = (3.9)

dtotal dtotal dtotal

where the permittivity of the cascaded dielectric layers of Al.Osz, ITO, and SiO; are
denoted as &43,0,, €10, aANd £si0,, respectively, and dita (= d2 + ds + daufrer) denotes the

total dielectric thickness.

Based on the resonance analysis theory, the parameters of the equivalent circuit
model can be given as [177]-[179]:

aEeffSOle
= =0Ty 1
Cerr mde (3.10)
Lym = ———o x{ a } 3.11
wm S el ey @2+ (€7, (3.11)
x{ F } 3.12
Ilm — mSAuwZSO (SI)Z + (8”)2 Au ( ' )

0-SMOWdtotal

L,= ——
" ol (3.13)

_W 8”
Ru;m . 2 X{ AV 17 2}

mép,wil,ey ()% + (e")%),, (3.14)
O —— x{ a } 3.15
LT mSwiey (N2 + (e77)? Au (3.15)

where, w is the angular frequency of the incident wave, g and o are vacuum permittivity
and permeability, respectively. The real and imaginary part of permittivity of Au-layer

are denoted as €'and &', respectively, which are taken from the experimental data [125].
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3.2 Gap Plasmon Resonance based Angle-insensitive Metasurface

To simplify the metamaterial modelling, we have taken a unit length of ly (= 600
nm) along the y-direction. The effective skin depth of Au (dau) in the near-infrared range
is taken as 24.5 nm and a (0.2 < a < 0.3) is the tuning factor of the effective capacitance,
which depends on the resonance modes[178]. For fundamental resonance mode (m = 1),
we have taken a = 0.2 [177].

In the equivalent circuit, the resonance wavelength can be calculated as [177]:

AR = 2TC \/ Cett(Lim + Lum + Lim) (3.16)

where c is the speed of light in vacuum. Figure 3.10(b) illustrates that the resonance
wavelength (4r) increases with grating width (w), which also demonstrates a good

agreement with the FDTD simulations.

3.2.4. Results and Discussion

To study the optical performance of the proposed metamaterial, we use a 3D finite-
difference time-domain numerical simulation model and solve the wave equations
considering an x-polarized incident light propagating along the z-axis. The periodic
boundary conditions are used in x- and y-axis while considering perfectly matched layer
in the z-axis to reduce the scattering of light due to the simulation domain confinement.
The unusual boundary conditions enforced by the ENZ-phenomenon enable strong
light-matter interactions. An adequately fine meshing was used at the Al.Os—ITO

interface to accurately observe the enhancement of electric field.

3.24.1. Tunable Broadband Metamaterial Absorber

It should be noted that with a very small real part of permittivity at the ENZ-condition,
the optical properties of the ultra-thin accumulation region are solely decided by the

imaginary part of the permittivity. This results in an absorption-dominated optical
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Figure 3.11: (a) Absorbance spectra (between 1 um and 2 um) at normal incidence for 0 V and
5V bias voltages. Note: the shaded region depicts a 370 nm-wide wavelength window, where
absorbance (A) is more than 0.8 for 5 V bias. (b) Color contour plot of absorbance spectrum as
a function of incidence angle for 5 V biasing condition. Contour plot of absorbance spectrum
as a function of buffer layer thickness (dsutfer) for (c) 0 VV and (d) 5 V biasing conditions. Here,
horizontal black dashed lines represent optimized value of dgufrer [189].

response leading to dynamic control of absorption properties of light at nanoscale. Thus,
the proposed device can be treated as an electro-tunable metamaterial absorber. The
existence of an optically-thick Au-ground layer ensures zero transmittance and thus, the
reflectance (R) and absorbance (A) of the proposed structure are related by A(Z) = 1 —
R(%) [187], [188].
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Figure 3.12: The normalized (a) magnetic (Hy) and (b) electric (E;) field distributions at the
resonance wavelength (1.43 um) for 0 V biasing condition. Note that the underlined structure
is presented by white dashed lines. (c) Normalized electric (E;) field distributions at 1.43 pum
wavelength for 5 V biasing condition, where enhancement of electric field is shown by an
enlarged view [189].

The variations in the absorbance (A) spectrum for 0 V and 5 V are shown in
Figure 3.11(a). At the unbiased condition, we can see the gap-plasmon resonance
wavelength appears at 1.43 um. On the other hand, when a 5 V bias-voltage is applied,
a dramatic enhancement of absorbance can be seen due to the coupling of GPR-mode
with ENZ-mode. Thus, we achieved more than 80% of absorbance (A) over a 370 nm

wavelength window ranging from 1.25 pm to 1.62 um, as shown in Figure 3.11(a).

To understand the device performance under the influence of oblique incidence
angle of the impinging light, we have studied the absorbance spectrum for a wide
incident angle ranging from O degrees to 60 degrees for 5 V bias, as shown by color
contour plot in Figure 3.11(b). The wavelength region for which the absorbance can be
achieved more than 0.8, is shown in Figure 3.11(b) — indicating the wide angle-

insensitivity of the device.
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3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation

The variation in the absorbance (A) spectrum with respect to the buffer layer
thickness (dsuffer) for 0 V and 5 V biasing states can be seen in Figure 3.11(c) and (d),
respectively. At the unbiased state (0 V), the gap-plasmon resonance wavelength
decreases with the increase of buffer layer thickness (dsutfer). On the other hand, at 5 V
biasing condition, we observe an enhancement and broadening of resonance response
in the absorbance spectrum. We have chosen the buffer layer thickness (dgufer) as 30 nm
to achieve absorbance of more than 0.8 (or equivalently 80%) for a 370 nm-wide

wavelength region ranging from 1.25 pm to 1.62 pum.

Figure 3.12(a) and (b) depict the normalized magnetic (Hy) and electric (E;) field
distributions, respectively, at the resonance wavelength (1.43 um) for 0 V biasing
condition. The confinement of Hy-field inside the cascaded dielectric layers reveals the
excitation of GPR-mode. Whereas, at 5 V biasing condition, due to the ENZ-mode
excitation, an enhancement of E;-field has been observed at the Al.Os—ITO interface, as

presented by the enlarged view of Figure 3.12(c).

This electric field enhancement can be described by applying boundary
conditions, where the normal component of the electric flux density is continuous at
ITO-AILO3 interface, as discussed in Chapter 1 (sub-section 1.2.2). When ITO exhibits
ENZ-effect, the denominator of Eq. (1.3) is negligible, which leads to the enhancement
of electric field at the Al,Os—ITO interface, as shown by the red hot-spot region seen in

the enlarged view of Figure 3.12(c).

3.2.4.2. Dual-Band Optical Intensity Modulation

Figure 3.13(a) shows the pictorial representation of an electro-optic intensity modulator
based on tunable absorption in the proposed metamaterial. Here, we would like to
emphasize that the existence of an optically-thick Au-ground layer ensures zero

transmittance and thus, the reflectance (R) and absorbance (A) are related by A(4) =1 —
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Figure 3.13: (a) Schematic of an electro-optic intensity modulator based on tunable absorption
in the proposed metamaterial, where the metamaterial strongly reflects incident light at 0 V bias
(left) and strongly absorbs the incident light at 5 V bias (right)—leading to intensity modulation
of the reflected light. (b) The variation in the light intensity at the reflectance spectrum with
respect to applied bias-voltages. (c) The extinction ratio (ER) as a function of buffer layer
thickness (dguffer) for 1.55 um and 1.31 pm. Note that the shaded region denotes the preferred
buffer layer thickness, dsutfer = 30 nm, for which we obtain ER = 20.5 dB at 1.55 um while
maintaining ER ~ 16.6 dB at 1.31 pum [189].

R(%). This enables a modulation of reflected light when the metamaterial absorbs the

incident light under the influence of applied bias-voltage.

In other words, if we place a receiver (photodetector) at the reflection port (as
output port), we can establish a free-space intensity modulation scheme, as depicted in
Figure 3.13(a). At 0 V bias, the metamaterial reflects most of the input light, which can

be referred as “ON-state”. Whereas, if we apply a 5 V bias, the metamaterial absorbs
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3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation

the input light — leading to near-zero reflectance at the output. We refer it as “OFF-
state”. Therefore, by utilizing the dynamic control of absorption properties, we can

realize the modulation of output light intensity.

The variation in the intensity at the reflectance spectrum with respect to various
voltages can be seen in Figure 3.13(b). We have optimized our design to maintain
reflectance level more than 0.7 at the output for 1.55 pum and 1.31 pum wavelengths
simultaneously, when there is no bias-voltage (0 V) for the gap-plasmon resonance
wavelength of 1.43 um. On the other hand, with the increase of bias-voltage, the ENZ-
wavelength of ITO shifts towards the operating wavelength region. This leads to the
coupling of ENZ-mode with GPR-mode and results in a broadening of resonance dip in
the output spectrum. For 5 V biasing, when the ENZ-wavelength of ITO perfectly
coincides with the gap-plasmon resonance wavelength, we observe an enhancement of
resonance response due to the strong coupling of GPR-mode with ENZ-mode, as shown
in Figure 3.13(b).

Here, we would like to emphasize that for 5 V applied bias, the broadening of
the resonance dip covers both of the two key telecommunication wavelength bands, i.e.,
O-band and C-band. Thus, we can modulate intensity of reflected light at both these
wavelength bands while switching between the two external biasing states: 0 V (ON-
state) and 5 V (OFF-state). Moreover, the variation in the extinction ratio (ER) or
modulation depth as a function of buffer layer thickness, dguffer, Can be seen in Figure
3.13(c), which is defined by:

Ion(2)
Iorr (1)

ER (1) = 10log]| (3.17)

where lon (4) and lorr (1) denote the intensity of the reflected light as a function of
wavelength for 0 VV (ON-state) and 5 V (OFF-state) external biasing states, respectively.
With a buffer layer thickness of 30 nm, we have achieved ER as high as ~20.5 dB and
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3.2 Gap Plasmon Resonance based Angle-insensitive Metasurface

~16.6 dB at 1.55 pum and 1.31 um, respectively, while switching between 0 V and 5 V
biasing states, as shown in the shaded region of Figure 3.13(c). Moreover, this GPR
based device can be operated with a wide range of incident angle (up to 60 degrees) as
previously depicted by in Figure 3.11(b), where a high absorbance for 5V bias is
achieved for a broadband wavelength regime covering the C-band and O-band —

indicating the wide angle-insensitivity of the device.

Till now, we have emphasized about the modulation of reflected light at the two
key telecommunication wavelength bands, i.e., O-band and C-band. However, as can
be seen from Figure 3.13(b) the device may also be useful for optical intensity
modulation at other wavelength bands which lies within the spectral-window of 1.25
pum to 1.62 pum where strong absorption in the biased condition would result in negligible

output intensity of the reflected light.
3.2.4.3. Electrical Bandwidth and Speed of the Device

To estimate the modulation speed of the proposed device which is restricted by RC-time
constant, the equivalent capacitance (C) and resistance (R) of the device need to be
calculated. The equivalent capacitance per unit area of a unit cell (Cuc) is approximated
as ~10.2 fF/um? by condcuting electrostatic simulations on Lumerical Device tool.
Assuming a total device dimension of 10 x 10 um?, we can approximate the equivalent

capacitance as C = 1.02 pF for a maximum bias voltage of 5V.

We can estimate the equivalent resistance (R) of the device, as R = (Rito + Rau)/2,
where Rito and Ray are the resistance of ITO and Au layers, respectively. The Rito can
be seen as a parallel combination of Reuk (for bulk ITO-region) and Rac (for
accumulation layer). Here, we assume the carrier concentration for bulk ITO region as
7 x 10'° cm~2 and for accumulation region as 6.7 x 102’ cm=. Each corresponding layer
has a resistance of Ro = (pL/dW), where W and L are the total device width and length,
respectively. Here, p and d denote the resistivity and thickness of respective layers. The

Rau can be calculated by assuming resistivity of Au layer as ~2.2 x 108 Q.m [186]. On
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Figure 3.14: Frequency response of the modulator for input electrical bias signal (with
frequency up to 10 GHz), where the 3-dB electrical bandwidth fags = 162.5 MHz, is shown by
the arrowed dashed-dot line [189].

the other hand, the resistivity (p) of ITO depends on electron mobility (), given as: p =
(euN) ™.

Thus, we can calculate the resistivity of bulk ITO region as ~4.57 x 10° Q.m
(for N =7 x 10* cm3) and for accumulation layer as ~7.13 x 10° Q.m (for N = 6.7 x
10%° cm) [45]. This leads to the equivalent resistance (R) of 960 Q. To analyze the
frequency-response of the device, the normalized modulation depth (MDn) of the device

as a function of electrical signal frequency can be useful, which is defined by [45]:

MDy =~ |1+ jwRC|™ = (1 + 2mf,RC)~! (3.18)

where w (= 2= fo) denotes the frequency of input electrical data. The frequency response
of the proposed device can be seen in Figure 3.14 for input signal frequency up to 10
GHz. It should be noted that the electrical bandwidth of the device can be calculated
when the MDn =—-3dB (or 0.5).

Thus, the 3-dB electrical bandwidth of the device can be estimated as, fags =

(2nRC)™? = 162.5 MHz, as shown in Figure 3.14. Moreover, by employing Nyquist
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Figure 3.15: Reflectance (R) spectra of the proposed metasurface with two different rounding
radius (10 nm and 20 nm) at the edges of the nanograting, showing the variation of resonance
responses as a function of applied bias voltages while switching between 0 V and 5 V bias. Note
that the dashed vertical lines depict the wavelength of 1.55 um and 1.31 pm.

theorem, we can also estimate the bit-rate (BR) of the modulator as BR = 2xfzggxlogz2 S

~ 325 Mbps (where, S = 2 denotes the bias voltage signal levels).

3.2.4.4. Study of Fabrication Imperfection due to Rounded-edges

Here, we would like to emphasize on the fact that while studying optical properties
through numerical simulations, we modelled nanograting pattern with sharp edges and
corners. However, in practical scenario, these sharp edges and corners may not be
achieved after fabrication. Thus, to study and incorporate the fabrication imperfections
and roughness that could arise from the rounded-edges of the nanograting, we have
simulated our design by rounding the edges (with two different rounding radii, Ro of 10
nm and 20 nm)[56].
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Figure 3.15 depicts the modulation of light while switching between 0 V and 5
V bias with rounding radius (Ro) as 10 nm and 20 nm. Note that the dashed vertical lines
depict the wavelengths of 1.55 pm and 1.31 um. At the unbiased state (0 V), we can see
resonance dips in the reflectance spectra are getting slightly blue-shifted with the
increase of the rounding radius. On the other hand, as mentioned previously, when the
ENZ-wavelength of ITO perfectly coincides with the gap-plasmon resonance
wavelength for 5 V biasing, we observe an enhancement of resonance response due to

the strong coupling of GPR-mode with ENZ-mode, as shown in Figure 3.15.

Here, we would like to emphasize that for 5 V applied bias, the broadening of
the resonance dip still covers both of the two key telecommunication wavelength bands,
I.e., O-band and C-band. Thus, we can still maintain intensity modulation of reflected
light at both these wavelength bands while switching between the two external biasing
states: 0 V (ON-state) and 5 V (OFF-state) while maintaining an extinction ratio (ER)
or modulation depth as highas ~18.5 dB (~17 dB) and ~15 dB (~13.7 dB) with rounding
radius of 10 nm (20 nm) at 1.55 pum and 1.31 um, respectively.

3.2.5. Summary

A broadband electro-tunable metamaterial absorber is presented here, which can be used
to simultaneously modulate the intensity of reflected light at both O-band and C-band.
By leveraging gap plasmon resonance of a metal-insulator—-metal structure and ENZ
phenomenon of ITO, we have shown dynamic control of absorbance spectrum for an
incoming x-polarized light. The proposed device consists of an array of Au-nanograting
on top of the Al,0s—1TO-SiO>—Au stack. At the unbiased condition, we have seen the
gap-plasmon resonance wavelength appears at 1.43 um, which also can be predicted by

the equivalent circuit model.
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On the other hand, when a 5 V bias-voltage is applied, the coupling of GPR-
mode with ENZ-mode is observed as we tune the ENZ-wavelength of ITO to the vicinity
of the GPR wavelength by applying an external bias-voltage. This leads to a dramatic
enhancement of absorbance and we achieved more than 80% of absorption over a 370
nm wavelength window ranging from 1.25 pum to 1.62 um. Based on this tunable
absorption, a dual-band intensity modulation in the reflected light (with an
extinction ratio as high as 20.5 dB and 16.7 dB at 1.55 um and 1.31 um of wavelength,
respectively) was realized when bias voltage switches between 0 V and 5 V. Most
importantly, this GPR based device can be operated with a wide range of incident
angle (up to 60 degrees). The proposed metamaterial could help in realizing multi-band

and angle-insensitive active flat optical components for nanophotonic systems.
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4. Polarization-insensitive Metasurface for Electro-Optic Intensity Modulation

Chapter 3 introduced two different metasurface design strategies for dual-band free-
space electro-optic intensity modulation by leveraging ENZ phenomenon. Though the
dual-band metasurfaces exhibit high modulation depth for both the telecom wavelength
windows, the major bottleneck comes from the polarization sensitivity of the structure.
The metasurfaces can only modulate the reflected beam for incident light with x-
polarization. This Chapter investigates different approaches to designing of
polarization-insensitive electro-tunable metasurfaces for free-space optical intensity
modulation by harnessing ENZ phenomenon. Section 4.1 presents a novel guided-mode
resonance based all-dielectric polarization-insensitive electro-tunable metasurface for
intensity modulation. The metasurface can operate for random polarization of normally
incident light in both transmission and reflection modes, i.e., dual-mode of operation.
Section 4.2 discusses a unique design of gap-plasmon resonance based electro-tunable
metasurface for polarization-insensitive intensity modulation with wide incident angle-

Insensitivity.

4.1. Guided Mode Resonance based Incident-Angle Specific Design

This Section introduces a unique design strategy of polarization-insensitive all-
dielectric electro-tunable metasurface that can be operated in dual-mode (both
transmission- and reflection-mode). The metasurface can exhibit modulation depths
(MDs) in reflection and transmission modes as high as MDr = 0.96 and MD+ =~ 0.85,
respectively, at 1.55 pum wavelength for both x- and y-polarized light by leveraging the

ENZ phenomenon combined with guided-mode resonance effect.

4.1.1. Background

Metasurfaces provide an unprecedented degree of freedom by engineering meta-atoms
at the sub-wavelength scale. However, most of the metasurface based electro-optic

modulators are dependent on polarization states of incident light [9], [30], [31], [45],
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[145]. This imposes several limitations to reduce the footprint of a nanophotonic system

due to the need of extra polarization-maintaining components.

Though some initial studies have been proposed to overcome the stringent
dependency on input light polarization [35], [141], they usually operate in a single-mode
condition (either in transmission-mode or in reflection-mode) due to design constraints.
This single-mode operation again imposes some restrictions in various nanophotonic
applications where a robust and multi-functional device is necessary to reduce system
complexity. Therefore, it is crucial to investigate the design of a polarization-insensitive
electro-tunable metasurface that can be operated in dual-mode (both transmission- and

reflection-mode) condition.

To address these limitations, we present a novel polarization-insensitive all-
dielectric electro-optic modulator that can operate in both transmission and reflection
modes. We leverage the GMR-effect of grating structure combined with ENZ-effect of
ITO to realize electro-optic modulation. Moreover, the operating wavelength can be
blueshifted or redshifted by utilizing the frequency-scaling property of the proposed
design. The proposed structure offers a great degree of freedom to control the incoming

light and thus finds potential applications in nanophotonic systems.

4.1.2. Design and Operating Principle

The architectural schematic of the proposed GMR based electro-tunable metasurface is
shown in Figure 4.1(a). Our design features a 2D array of silicon-nitride (SisN4)
nanograting on cascaded layers of an active layer (ITO) with a thickness of t1, an oxide-
layer of alumina (Al.Oz) with a thickness of t2, a silicon guiding core with a thickness
of t3, and a silica (SiO2) substrate. The SisN4 nanograting has dimensions of w x w x h.

Table 4.1 shows the structural and physical parameters used for numerical simulations.
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Figure 4.1: Schematics of the proposed guided-mode resonance based electro-tunable
metasurface with a nanograting (2D array of SizN4) on top of ITO-AIl>Oz layers deposited on
silicon-on-insulator platform. (@) A 3D view of the proposed design with electrode
configuration, where incident plane wave propagates along the z direction. A unit cell is shown
using a black dashed rectangle. (b) Side view (x-z view) of the unit cell, where PML (perfectly
matched layers) are used at the top and bottom of unit cell. Note that a normally incident plane
wave propagating along z-direction is considered here and the overall transmission (reflection)
is measured by using a field-monitor denoted as 7'm (Rwm). [35]

The refractive indices of silicon, Al2Os, SisN4, and SiO; are taken from literature
[182], [183]. The side view (x-z view) of a unit cell with periodicity P (= 700 nm) along
x- and y-directions is depicted in Figure 4.1(b). A 3D FDTD (finite-difference time-
domain) numerical simulation model is adopted here by considering normally incident
plane wave propagating along the z-direction. PML (perfectly matched layer) absorbing
boundary condition is used in the z-direction to minimize the scattering due to the
confinement of simulation domain. The periodic boundary conditions are applied in x-
and y-directions. The overall transmission and reflection are measured by using field-

monitors 7'm and R, respectively, as shown in Figure 4.1(b).
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Table 4.1: The Structural and Physical Parameters used for Numerical Simulations

Parameter Value Unit
“Grating period (Px= Py=P) 700 nm
Grating height (h) 450 nm
“Grating width (wy = wy= w) 620 nm
ITO-layer thickness (t1) 10 nm
Al>Os-layer thickness (t2) 5 nm
Silicon guiding core thickness (t3) 220 nm
Carrier concentration (N) of bulk ITO 6 x 10%° cm3
DC permittivity of Al,03[29] 9 -
Electron mobility (u) of bulk ITO [133] 19.5 cm?V-ist

“The subscripts x and y refer to the parameters along corresponding directions.

4.1.3. Electro-Optic Properties of ITO

In order to estimate the optical properties of ITO under the influence of applied bias in
a metal-oxide-semiconductor (MOS) type configuration, the electrical properties of the
ITO layer need to be extracted by doing electrostatic simulation. In the device physics
simulations, the parameters assumed for ITO are same as the ones revealed in Chapter

2 (section 2.4.2). The bulk carrier concentration of ITO is taken as N = 6 x 10'° cm=,

The ITO-Al20s-Si stack forms a MOS-type structure, as shown in the inset of
Figure 4.2(a). To witness the carrier-accumulation at ITO-Al2O3 interface, the
electrostatic simulations have been carried out by solving drift-diffusion and Poisson’s
equations in Lumerical Device tool. The variation of carrier concentration distributions

of the ITO layer with respect to the external bias voltage (Vbias) can be seen in Figure
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Figure 4.2: (a) The carrier concentration distribution (N) of ITO layer at different positions
from z = 0 to 5 nm for varying bias voltages (Vbias). Here, z = 0 depicts the ITO-Al.Oz interface
as shown in the inset, which illustrates the MOS-capacitor formation containing ITO-Al.O3z-
Si layers. The contour plots of real (b) and imaginary (c) parts of permittivity of ITO
accumulation layer as a function of wavelength for distinct external biasing conditions. The
ENZ-region is shown as -1 <Re (eito) < 1 [35]

4.2(a). Here, we consider the first 5 nm region of ITO-layer from the interface of ITO-

Al>03 to show the accumulation of electrons with the increase of bias voltage.

In order to accurately estimate the optical response of active ITO-layer, we
employ a two-layer model, similar to the procedure mentioned in Chapter 2 (sub-section
2.4.2). The variation of real and imaginary parts of complex permittivity of ITO
accumulation layer with respect to the external bias voltage are shown in Figure 4.2(b)
and (c), respectively, by using Drude model defined in Eq. (2.34). A range of
wavelengths can be denoted as “ENZ-region”, where the real part of permittivity of ITO
lies in between —1 to +1 [29]. The electrostatic simulations show that for tuning the

ENZ-region to the C-band of wavelengths, we need to apply a 4 V external bias voltage
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to the MOS-type capacitor structure. We consider a homogenized accumulation layer
with ~6.2 x 10%° cm~3 carrier-concentration distribution for the 4 V external bias voltage.
A maximum electric field of ~4.35 MV/cm is observed across the gate-dielectric (Al203)

layer, which is much lower than the reported breakdown voltage of Al>O3 [29].

4.1.4. Theoretical Modelling

To observe the coupling of spatial light to the waveguide mode, we use temporal
coupled mode analysis combined with effective medium theory (EMT) approximation
as mentioned in Chapter 2 (sub-section 2.6.1). Figure 4.3(a) shows the side-view of the
unit cell, where EMT approximation models the 2D-grating as a homogenous layer of
permittivity eefr, defined as [171], [176]:

et = fe) + (A= fe, f= w?/P? 4.1)

where ¢1 is the permittivity of air, &2 is the permittivity of silicon-nitride, and f is the
filling fraction of 2D grating, which depends on grating width (w) and period (P). For
our design, we consider a filling fraction of f = 0.7845 (for w = 620 nm and P = 700
nm), with &1 = 1 and &> = 3.98529 (at 1.55 um wavelength).

For a normally incident plane wave, the resonance feature can be seen at the

wavelength that satisfies the grating equation, defined as [31]:

Aovr = (Re(n,,) — nsinf)P = Re(n,,)P (4.2)

where nm is a complex quantity denoting the effective index of guided mode, 8 (= 0°) is
the incident angle, lemr is the resonance wavelength, n is the background refractive
index, and P is the grating period. Here, the effective index (nm) of a particular guided
mode decides the resonance wavelength. To study modal analysis, we solve eigenvalue-

equations using Lumerical Mode solver. We observe that the normally incident plane
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Figure 4.3: (a) Side-view of the unit cell, shown in Fig. 4.1 (b), where effective medium
approximation models the grating as a homogenous layer of permittivity . The voltage-
dependent characteristics of fundamental guided TM-mode showing (b) the variation of real
and imaginary part of effective modal index (ntwm), and (c) propagation loss (dB/pum) along the
guiding core. Note that, ITO-integrated silicon layer is the guiding core and the operating
wavelength is taken as 1.55 um. [35]

wave can excite the fundamental TM-mode of ITO-integrated silicon waveguide with
Nm = Ntm =~ 2.217+ 0.00451 — leading to Aemr ~1.55 pm, by using Eq. (4.2). It should
be noted that the design also supports higher-order waveguide-modes. These guided
modes have lesser effective index than the fundamental mode, which leads to a
significant blue-shift of the resonance wavelength beyond the spectral window (i.e. 1.5—

1.6 um wavelengths) considered in this work.

We further investigate the effect of external bias-voltage on GMR-phenomenon.
The modulation of real and imaginary parts of effective modal index with external bias-

voltage can be seen in Figure 4.3(b). A dramatic variation of the real part of effective
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modal index, Re(nTtm), can be seen — leading to the electro-tunable GMR-effect. In
other words, as per Figure 4.3(b) and Eq. (4.2), the GMR wavelength can be tuned by
varying the Re(ntm) under the influence of external bias-voltage. On the other hand,
due to the strong confinement of electric field at the absorptive ENZ layer, an increase
in the imaginary part of effective modal index, J#z (ntwm), is observed at 4 V biasing
condition. This results in a high modal loss () of grating waveguide, defined as [34],
[40]:

exp(— 4711 Im (nTM))

(S—z) (4.3)

a=Tary, ary = 10 |log

where atwm is the material loss and /" denotes the modal confinement factor. The variation
in modal propagation loss with respect to applied bias-voltage is shown in Figure 4.3(c).
At ENZ-region, due to the large modal loss, the guided TM-mode has a very short
propagation length. This is the fundamental reason behind the degeneration of resonance
filtering response. Therefore, if we switch between unbiased and 4 V biasing states, a

modulation of spatial light can be observed.

4.1.5. Simulation Results and Discussion

To evaluate the optical performance of the proposed unit cell, as shown in Figure 4.1(b),
a 3D FDTD numerical simulation model is adopted here by considering normally
incident plane wave propagating along the z-direction. PML (perfectly matched layer)
absorbing_boundary condition is used in the z-direction to minimize the scattering due
to the confinement of simulation domain. In order to accurately observe the ENZ-effect
at the 3 nm thin charge accumulation layer, a minimum mesh size of 0.25 nm has been
taken near the ITO-AI,Oz interface.
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Figure 4.4: Parametric study, based on numerical simulation, showing contour plot to optimize
the silicon-nitride nanograting dimensions by varying (a) grating-period, P, (b) width, w, and
(c) height, h, keeping all other parameters constant. Here, the green dashed lines indicate the
dimensions for which transmittance (T) is minimum at 1.55 um wavelength. In all cases, the
thickness of other layers of the proposed structure are kept constant. [35]

4.15.1. Parametric Analysis

In order to ensure that the proposed grating-based design exhibits GMR-effect with
resonance wavelength (iemr) at the vicinity of 1.55 um wavelength, a careful selection
of each geometrical parameter is necessary. We optimized the design based on
numerical simulations, with no external bias voltage applied, as shown in Fig. 4.4. We
varied a particular geometrical parameter keeping the other parameters constant to see
the effect on resonance wavelength. The optimized parametric values, with Aemr = 1.55
um, are marked by the green dashed lines in Figure 4.4(a)—(c). A redshift of the Aemr IS
observed, in the transmittance spectra, with the increase of grating period (P), as shown
in Figure 4.4(a). This justifies the linear relation of grating period with resonance

wavelength which can be seen in Eq. (4.2).

To understand the effect of variation in grating width (w) on Aemr, We can utilize
the EMT approximation for grating structures. According to Eq.(4.1), an increase in w
keeping P as constant will increase the filling fraction. This results in an increment in

eeff, and hence a redshift of the Aecmr is observed in the transmittance spectra, as shown
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in Figure 4.4(b). A much weaker redshift of the Aemr is observed if we increase the
grating height (h), as shown in Figure 4.4(c). Here we emphasize that if we carefully
choose a different set of values for ‘w’and ‘P, the optical bandwidth can be tuned while
maintaining the center wavelength at 1.55 um, as shown in Figure 4.4(a) and (b).
Moreover, with the increase of silicon layer thickness (t3), the effective index of guided
mode will be increased leading to red-shift of the resonance wavelength, as per Eq. (4.2).
Nevertheless, it should be noted that the value of t3 (= 220 nm) is taken as a fixed value
based on the commercially available standard silicon-on-insulator wafer thickness. The
ITO-layer thickness has a very minimal effect on the resonance spectra if the dimension
Is varied within £ 50% deviation (results not shown). The value of t; is considered to be

5 nm, typical for a gate-dielectric layer for a MOS-type capacitor structure.

4.1.5.2. Dual-mode Polarization-insensitive Optical Modulation

The proposed metasurface design is symmetric along x-and y-directions. This indicates
the polarization-insensitivity of the device. Figure 4.5(a) and (b) illustrate that the
resonant wavelength will remain unchanged for any polarization angle of the incident

light. Here, a polarization angle of 0 degree (90 degree) refers to the x-polarized (y-

@ 4 60
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2 156
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5 154k
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Figure 4.5: Color contour plot for (a) transmittance (T) and (b) reflectance (R) spectra, at 0 V
bias, as a function of polarization angle. [35]
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Figure 4.6: Simulation results of the proposed GMR-based modulator showing (a)
transmittance (T) and (b) reflectance (R) spectra at 0 V and 4 V biasing conditions for both x-
and y-polarized incident wave. The transmittance (T) spectrum at four different applied biasing
conditions is shown as the inset of (a). Note that, ITO exhibits ENZ-effect when a 4 V bias is

applied across the structure. [35]

polarized) normally incident light. This polarization-insensitive feature is useful for
many nanophotonic applications to reduce system complexity. However, note that for

off-normal incidence, the operating wavelength of this device will change [171].

Figure 4.6(a) and (b) illustrate the transmittance (T) and reflectance (R) spectra
at 0 V and 4 V biasing conditions, respectively, for both x- and y-polarized incident
waves. A sharp resonant dip (peak) in the transmittance (reflectance) spectra can be seen

at 1.55 um when no bias voltage is applied; referred to as resonance “ON” state. A
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significant variation of the resonant transmission dip with the changing bias voltage can
be seen in the inset of Figure 4.6(a). The resonant dip (peak) in the transmittance
(reflectance) spectrum gradually disappears as we tune the ENZ-wavelength of ITO at
the vicinity of 1.55 um by applying external bias voltage. At 4 V biasing, ITO exhibits
ENZ-effect. The ENZ-effect imposes an unusual boundary condition at the ITO-Al,O3
interface—leading to an enhancement of electric field strength inside the ultra-thin
absorptive charge accumulation layer. This results in a high propagation loss of the
guided TM mode.

Thus, the resonance response disappears at the 4 V biasing condition, as
mentioned before in the theoretical modeling. We refer to it as resonance “OFF” state.
Therefore, if the device is switched between “ON” and “OFF” states, a modulation of
reflected or transmitted light is observed, which are indicated by the arrow dashed lines
in the transmittance and reflectance spectra. For both “ON” and “OFF” states, the
transmittance and reflectance spectra remain unaffected by the change in polarization

angle of incident plane wave — indicating the polarization-insensitivity of the design.

The normalized magnetic field (Hy) distributions, at 1.55 um wavelength, for
unbiased (ON state) and 4 V biased (OFF state) conditions are shown in Figure 4.7(a)
and (b), respectively. At ON state, coupling of spatial light to the guided mode is
observed, which is responsible for the filtering response. In contrast, the resonance
phenomenon disappeared at the OFF-state due to the high modal loss. Thus, the device
behaves as a transparent multi-layered structure, as shown in Figure 4.7(b). The
normalized electric field (E;) distributions at 1.55 pum wavelength, for ON and OFF

states are shown in Figure 4.7(c) and (d), respectively.

Due to the enhancement of electric field inside the active ENZ layer, as shown
in the enlarged view of Figure 4.7(d), strong interactions of light with the active region
can be achieved. The enhancement of electric field can be described by applying

boundary conditions at the ITO-Al2Os interface, where the normal component of the

119
TH-3592_186102016



4. Polarization-insensitive Metasurface for Electro-Optic Intensity Modulation

OFF-state (4 V)
S OFr-siate 4 V) [
2500 00( ) x10
H, (a.u.) i

1500 1

0
SO0 e — -

-0.05

z (nm)

-500 . _ .
(c)
d
2500 &
E, (a.u.) 10 E, (a.n) o
1500 5 B
g 0 0
NS00 g sssssssssam it
s s -5 —g v 2
/” /
-10 s 4
S500F ) . - / 4
200 0 200 _--7 200 0 200
X (nm) _-° X (nm),’
2 e /
' 560 |
I ]
=540 |
1= :
IN 520 |
| ]
I |
1 500 1
1100 150 200
I 1
Lemmmeeen X(om)________ I

Figure 4.7: Normalized magnetic field (Hy) and electric field (Ez) distributions in x-z plane for
(@and b) 0 V and (c and d) —4 V biasing states at 1.55 um. Normalized Hy- and Ez-field
distributions in x-z plane for (e and f) 0 V and (c and d) -5 V biasing states at 1.31 um. The
Ez-field confinement at the ENZ-layer is shown by the enlarged view of (d) and (h). Here, the
white dashed lines refer to the underlined structure. [35]

electric flux density is continuous at ITO-AIl.Os interface, as discussed in Chapter 1
(sub-section 1.2.2). According to Eq. (1.3), enhancement factor of the electric field will
rise drastically when the real part of permittivity of ITO approaches zero (satisfying the
ENZ condition) at the ITO-Al>O3 interface.
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Figure 4.8: Modulation depth (MD) spectrum for (a) transmission-mode and (b) reflection-
mode modulator. [35]

On the other hand, as mentioned earlier, the increase in the imaginary part of
permittivity of ITO at the ITO-Al.Oz interface leads to a high propagation loss of guided
mode and degenerates the resonance filtering response. Therefore, if the device is

switched between “ON” and “OFF” states, a modulation of light is observed.

The modulation depth (MD) as a function of wavelength, can be defined as:

max [lon (1), Iopr (1)]

MD (ﬂ-) = min [ION (ﬂ),IoFF (/D] ’

(4.4)

where lon (A) and lorr (A) refer to the intensity of light in the transmittance (or
reflectance) spectrum for ON- and OFF-state, respectively. Figure 4.8(a) and (b)
illustrate that we can achieve transmission-mode modulation depth (MDt) and
reflection-mode modulation depth (MDr) as high as ~0.85 (16 dB) and ~0.96 (20 dB),
respectively, at operating wavelength 1.55 um.
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4.1.5.3. Requirements of Minimum Number of Grating Periods

The smallest lateral dimensions of the device, or more specifically the minimum number
of unit cells or grating periods (Pn), required to sustain a sharp guided-mode resonance

depends on the Q-factor of the resonance, which can be given by [175]:

Py > Q/m, where, Q = Agmr/A1 (4.5)

Here, Jemr IS the resonant wavelength and A4 is the spectral bandwidth, which

can be expressed by [175]:

__ oA
i TtL

AL , (4.6)

where A is the grating period and L is the propagation length (or loss length) of the

particular guided-mode, which can be expressed by [31]:

T 2nx Sm(ntm) |

where 3m.(nty) is the imaginary part of modal index at the resonant wavelength Atw.
Without applying any bias-voltage, we find that normally incident light can excite TM-
mode with effective index of (2.217 + 0.0039i). Accordingly, the loss length of the
guided mode can be calculated as ~6.32 um, which results in a spectral bandwidth AL =
5.43 nm. Thus, the Q-factor of the resonance for guided TM-mode is ~286— leading to
Pn=92.

So, for our design we require at least 92 periods or unit cells. Therefore, to
accommodate minimum number of unit cells with 700 nm periodicity, we need to have
a device dimension of around 7 x 7 um? (consisting of 100 unit cells). This device
dimension will ensure that we can sustain the sharp resonance for guided mode at the

vicinity of 1.55 pum.

122
TH-3592_186102016



4.1 All-Dielectric Polarization-insensitive Metasurface: A Dual-Mode Design

4.1.5.4. Frequency Response and Operational Speed of the Modulator

To understand the operational speed of the modulator which is mainly limited by RC-
time constant, we need to calculate the total equivalent capacitance and resistance of the
device, as shown in Figure 4.9(a), where Rito and Rs; are the resistance of ITO layer and
silicon layer, respectively. The parallel plate capacitor, for the part of dielectric layer

sandwiched between ITO and Si layer, is shown as Ceq.

The capacitance of the device is estimated by electrostatic simulations done with
Lumerical Device solver. With a maximum bias voltage (4V), capacitance per unit area
for a unit cell (Cunit cenr) is calculated as ~6.26 fF/um?. Assuming a total device width
(W) and length (L) of 7 um each (consisting of 100 unit cells), a total capacitance of Ceq
~ 306.75 fF can be approximated for gate-dielectric layer. Similarly, based on the
electrostatic simulations, we can approximate the value of capacitor for the part of gate-
layer under metal contacts as 2.05 fF, which is much smaller than Ceq and can be
ignored.

The total equivalent resistance (Req) can be calculated by averaging the value of
Rito and Rsi. Furthermore, due to the formation of accumulation layer, Rito can be
represented as a parallel combination of resistance for accumulation layer (with N = 6.2
x 10%° cm3) and the resistance for bulk ITO layer (with N=6 x 10*® cm3). The resistance
of each layer can be calculated by using, R = (pL/ tW), where t and p are the thickness
and resistivity of corresponding layer, respectively. The carrier mobility () and carrier
concentration (N) of a semiconductor material decide the resistivity as p = (epuN)?,
where e is the electron charge. In our electrostatic simulations, we have considered the
n-type silicon layer with a doping concentration of 1 x 10%° cm=. The total equivalent
resistance for the design (consisting of 100 unit cells) can be approximated as Req =
1.343 kQ, with electron mobility (4) of 80 cm?v-is?, 195 cm?V-is?, and
13 cm?V1s? for silicon-layer [127], bulk-ITO layer, and accumulation-layer of ITO

[133], respectively.
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Figure 4.9: (a) The lumped circuit parameters approximation of the modulator for the part
consisting ITO, silicon layer, and gate-dielectric layer. (b) The frequency response of the
proposed modulator to calculate the 3-dB modulation bandwidth. The RC-limited bandwidth
is highlighted by black circle indicating a —3 dB change in normalized modulation depth. Note:
the equivalent circuit model is shown in the inset. [35]

The frequency response of the device can be analyzed by calculating normalized
modulation depth considering Ro (= 50 Q) as the output impedance of the voltage source
and o (= 2z fo) as the input signal frequency. The normalized modulation depth can be

given as [45]:
Norm.MD = |1+ ijequq|_1 ~(1+ ZthoRequq)_ ' (4.8)

The frequency response of the device up to 10 GHz can be calculated by using
MATLAB and is shown in Figure 4.9(b). We can estimate the modulation bandwidth at
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Table 4.2: Comparative Overview of a Few Recently Reported Theoretical Designs
of ENZ-material based EOMs

Ref. A (um) MD Speed Mode P. I
(Mbps)  *(T or R)

Forouzmand et al. [30] 1.537 0.8 NA R-mode No
Qiuetal. [141] 1.504 ~0.8 NA T-mode Yes
Vatani et al. [45] 1.55 ~0.99 80 R-mode No
Kim et al. [5] 1.48 0.82 NA R-mode No
Forouzmand et al. [145]  1.547 0.86 NA T-mode No
Hu et al. [31] 1.55 0.85 NA T-andR-  No

mode
Chen et al. [9] 1.5 0.68 NA R-mode No
This Work 1.55 0.96 (MDr), ~774 T-and R-  Yes

0.85 (MDr) mode

“Modulator’s operational mode. Here, T- and R-modes refer to transmission and reflection
modes, respectively. P. I.: Polarization-insensitivity, A: operational wavelength, MD:
modulation depth, NA: not available.

which the Norm. MD is 0.5 (or —3dB), i.e. fsas = (2nReqCeq) 2. Therefore, the calculated
3-dB bandwidth of our device is ~387 MHz, as marked in Figure 4.9(b). In addition,
one can calculate the modulator bit-rate (BR) by employing Nyquist theorem, where BR
= 2xfsggxloga m (here, m = 2 is the discrete levels of the input signal). With fsqg = 387

MHz, we can achieve BR = 774 Mbps of the modulator.

4.155. Comparative Analysis

A comparative overview of a few recently reported electro-tunable metasurfaces for

intensity modulation is shown in Table 4.2. It can be seen that most of the grating-

125
TH-3592_186102016



4. Polarization-insensitive Metasurface for Electro-Optic Intensity Modulation

assisted modulators operate in a single-mode condition (either in transmission-mode or
in reflection-mode) due to their design constraints. Although a dual-mode operation of
a modulator has been theoretically demonstrated by Hu et al. [31], the stringent
dependency on polarization state of light is still a limiting factor. As seen in Table 4.2,
our proposed design can be operated in both transmission- and reflection-mode
simultaneously (dual-mode of operation) irrespective of the polarization angle of a

normally incident plane wave.

4.1.5.6. Prospective Fabrication Process

The proposed modulator can be fabricated on a standard n-type silicon-on-insulator
substrate with a doping concentration of 1 x 10'° cm™. To begin, the Al,O3 gate layer
may be grown on top of silicon layer by atomic layer deposition [131]. Then, an ITO
layer with 10 nm thickness could be deposited by radio frequency (RF) sputtering in an
Argon/Oxygen (Ar/O.) plasma environment [29]. The background carrier concentration
of ITO can be controlled by Ar/O> flow rate. Then, the silicon-nitride layer with 450 nm
thickness may be RF-sputtered on top of the layered structure. Afterward, the silicon-
nitride layer could be patterned, to form a periodic square array, by using standard
electron-beam lithography (EBL) and lift-off process. Finally, to provide electrical
connections, the metal contacts (gold/aluminium) could be deposited by e-beam
evaporation and patterned by a second round of EBL, followed by lift-off process [29],
[43].

4.1.5.7. Frequency-scaling Property of the device

So far, we have theoretically demonstrated a polarization-insensitive electro-tunable
metasurface which can operate in both transmission- and reflection-mode at 1.55 pm

wavelength. Now, we would like to emphasize here that our proposed design exhibits
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Figure 4.10: Simulation results of the scaled-up GMR-based modulator showing transmittance
(T) spectra at two different applied biasing conditions, 0 V (“ON”-state) and 3.75 V (“OFF”-
state). [35]

remarkable frequency-scaling property by which we can scaled-up or scaled-down the
geometrical parameters to operate in different wavelength regimes. As a proof of the
concept, we have studied a scaled-up design which can operate in L-band of wavelength.
With a scaling factor of 1.0322, the resonance wavelength can be shifted from 1.55 pm
(C-band) to 1.6 um (L-band). Modulation of spatial light can be observed at 1.6 pm
wavelength if the device is switched between “ON” and “OFF” states, as shown in Fig.
Figure 4.10. Furthermore, it should be noted that the required external bias-voltage to
observe ENZ-effect will be decreased (increased) if we scale-up (scale-down) the

design.

4.1.6. Summary

An ENZ material based all-dielectric polarization-insensitive electro-optic intensity

modulator is presented here, which can operate in both transmission and reflection
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modes. The design comprises a nanograting (2D array of SizN4) on top of ITO-Al;O3
layers deposited on silicon-on-insulator platform. By combining effective medium
theory with temporal coupled-mode analysis, we have shown a normally incident plane
wave can excite the fundamental TM-mode of grating waveguide, resulting in a guided-
mode resonance effect at the vicinity of 1.55 um wavelength. In contrast, an
enhancement of electric field is observed at the ITO-Al2Os interface due to the
formation of an ultra-thin absorptive ENZ-layer upon applying external bias-voltage.
This results in a large propagation loss of guided mode, and thus the resonance filtering

response disappears.

We have achieved a modulation depth as high as ~0.96 (~0.85) in reflection
(transmission)-mode at 1.55 um operating wavelength for arbitrary polarization angle
of normally incident plane wave. Our electrostatic simulations show that the device has
a bit-rate of ~774 Mbps for binary modulation scheme. In addition, our proposed design
Is scalable. As a proof of the concept, we have demonstrated an up-scaled device with
operating wavelength of 1.6 um. To the best of our knowledge, such a scalable
polarization-insensitive, electro-optic modulator is proposed for the first time, which
can operate in both transmission and reflection modes (dual-mode). With large
modulation depth and dual-mode operation, this scalable and multifunctional proposed
design could find potential applications in flat optics and integrated nanophotonic

systems.

128
TH-3592_186102016
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4.2. Gap Plasmon Resonance based Incident-Angle Insensitive Design

In the previous Section, a GMR based design was discussed to achieve polarization-
insensitive electro-optic intensity modulation by leveraging the ENZ phenomenon.
Though the modulator could exhibit a high modulation depth and could find potential
solution to overcome the stringent dependency on polarization of the input light, the
incidence angle-sensitivity remains a limitation. As mentioned in the previous Chapter,
the GMR based devices are incident-angle sensitive and the presented polarization-
insensitive design can only be operated with normally incident light. The operating
wavelength of this device will change for off-normal incidence. This angle-sensitivity
nature of a device increases the cost and overall footprint of the nanophotonic systems
due to the requirement of complex arrangements of several opto-mechanical

components.

Moreover, while considering a polarization-insensitive structure, maintaining a
low energy consumption is very challenging. To the best of our knowledge, an energy-
efficient polarization-and angle-insensitive metasurface based electro-optic modulator
is not demonstrated yet in the literature [5], [9], [30], [31], [45], [141]. In this direction,
If we decrease the required external bias voltage, we may be able to reduce the
capacitance per unit cell structure which eventually leads to an energy-efficient

modulation.

This section introduces a gap plasmon resonance (GPR) based polarization-
insensitive electro-tunable metasurface that can modulate the reflected light intensity
for a wide variation of incident angle. Based on the free-carrier accumulation process
upon applying external electrical biasing, we have attained a modulation depth of ~25
dB for random polarization angle of incident light while maintaining an energy-
consumption as low as ~303 fJ/bit. In addition, the device can be over a wide range of

oblique incidence angle (up to 50 degrees) for both x- and y-polarized light. The
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Figure 4.11: Schematic of the proposed gap-plasmon resonance based electro-tunable
metasurface consisting of a two-dimensional array of Au-nanograting on top of ITO-Al203—
Au stack deposited on SiO> substrate. (a) A perspective view of the metasurface, where an
external electrical biasing modulates the reflected light. (b) Side view of a unit cell. Here, t1 =
10 nm, t2 =5 nm, t3 = 100 nm, and A = 700 nm. [207]

proposed device, thus, could help in realizing energy-efficient polarization-and angle-

insensitive optical modulators for nanophotonic systems.

4.2.1. Structural Overview

The metasurface comprises a 2D array of Au-nanograting on cascaded layers of an ITO
active region, an Al>Os gate-dielectric layer, and an optically-thick gold (Au) layer
deposited on SiO; substrate, as shown in Figure 4.11(a). The multi-layer deposition can
be realized by using RF-sputtering. Then, patterning can be done by using electron-beam
lithography and lift-off process to realize a of 2D array of Au-nanograting [29]. The
refractive indices of Au [125], SiO2; and Al.O3 [183] are taken from the experimental
data reported in the literature. The unit cell (x-z view) with periodicity A along x- and y-
axis is as shown in Figure 4.11(b), where width and height of the Au-nanograting are w
(= 600 nm) and h (= 170 nm), respectively. We have adopted a 3D finite-difference
time-domain simulation model while considering a plane wave source. The light

incident on the metasurface with an angle of 6; propagates along the z-direction. The
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Figure 4.12: (a) The carrier concentration distribution, N (cm™), of ITO active region as a
function of different bias voltages at different positions from P = 0 to 10 nm. The MOS-type
configuration formation by ITO-AlOz—Au stack is depicted in the inset, where the ITO-Al203
interface represents P = 0. (b) Voltage-dependent real (Re(erro)) and imaginary (3m(&rro))
parts of permittivity of ITO-accumulation region for 0 V and 2V bias-voltages. [207]

periodic boundary conditions are used along x- and y-axis and perfectly matched layers

are used in the z-axis.
4.2.2. Electro—Optical Properties of ITO

In order to obtain the electrically tunable optical properties of ITO, electrostatic
simulations in Lumerical Device have been carried out by considering the parameters
for ITO same as the ones mentioned in Chapter 2. For our study, we consider an n-
doped ITO-layer with an initial carrier-concentration of ~3 x 10'° cm™. The ITO-Al.O3—
Au stack forms a MOS-type configuration, as represented in the inset of Figure 4.12(a).
Figure 4.12(a) depicts the spatial distributions of carrier concentration of ITO layer with
the variation of bias-voltage for different positions from P =0 to 10 nm, where the ITO-
Al>Os interface represents P = 0. We have estimated the accumulation layer (ACL) as
an ultra-thin layer (~3 nm) with a uniform carrier-concentration distribution by using a
two-layer model, as mentioned in Chapter 2 (sub-section 2.4.2). After that the optical

properties of ACL are estimated by the Drude permittivity model, given in Eq. (2.34).

131
TH-3592_186102016
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The voltage-dependent real (Re(gro)) and imaginary (Im (o)) parts of permittivity
of ACL are depicted in Figure 4.12(b).

4.2.3. Theoretical Framework

The subwavelength unit cell of the metasurface is modelled as an equivalent RLC-circuit
in a similar way discussed in Chapter 2 (sub-section 2.6.2), and is presented in Figure
4.13(a). Here, Rm, Lm, Lem, and Cetr denote the Ohmic resistance, Faraday inductance,
Kinetic inductance, and equivalent capacitance, respectively [177], [178]. Note that m
represents mode-number of the resonance. With negligible imaginary part of

permittivity, the ITO-layer can be assumed as a dielectric layer.

Thus, for the cascaded dielectric layers of ITO-Al;O3, we can estimate an

effective permittivity, given as:

&iro X U EAl,0, X T2

Eeff = (4.9)

dtotal dtotal

where €1g and €,,0, denote the permittivity of ITO and Al.Os layers, respectively, and

dwtar (= ti1+t2) denotes the total dielectric thickness. The gap-plasmon resonance

wavelength can be estimated as [177]:

B2z \[ Cost(Lim + 2Lem) (4.10)

where c is the speed of light in vacuum. The parameters of the equivalent circuit model
can be calculated as [177], [178], [189]:

2
A EerfEQW
C.po = 1 eitcoW 7 (4.11)
eff mdtotal
-1 g
Le,m = 2 X{ N2 17 2} (412)
mSAuw €o (8) + (E ) Au
0.5u0,d
= :ntotal (413)
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Figure 4.13: (a) The RLC-equivalent circuit model of the unit cell structure. (b) The resonance
wavelengths (4r), as a function of grating width, calculated by the FDTD simulation (red
spherical blocks) and predicted by the equivalent circuit model (black triangles). [207]

where, w is the angular frequency of the incident wave, o and po are vacuum permittivity
and permeability, respectively. where w, w, €, and po are the incident wave angular
frequency, grating width, vacuum permittivity, and vacuum permeability, respectively.
The &'and "' depict the real and imaginary part of permittivity of Au-layer, respectively
[125]. Here we have taken m = 3, corresponding to the third-order gap-plasmon
resonance mode. We have considered the skin depth of Au (dau) as 24.5 nm and the
tuning factor as « = 0.13 [178]. Figure 4.13(b) shows that with the increase of grating
width (w) the resonance wavelength (Ar) increases, which also shows a close agreement
with the FDTD simulations.

4.2.4. Results and Discussion

Figure 4.14 illustrates the reflectance (R) spectra for both x- and y-polarized incident
lightat 0 V and 2 V biasing conditions. Due to the excitation of gap plasmon resonance
mode, a dip at 1.72 pm in the reflectance spectra can be observed at the unbiased state
(0 V). We have optimized our design in such a way that a high reflectance at 1.55 pum

wavelength can be achieved for 0 V biasing-state. Thus, we can refer to it as “ON” state.
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Figure 4.14: Simulation results of the proposed tunable metasurface for electro-optic
modulation showing the reflectance (R) spectrum at 0 VV and 2 V external bias-voltages for both
x- and y-polarized incident light. Here, the modulation depth (MD = 25 dB) at 1.55 um
wavelength is shown by the arrowed dotted line. [207]

On the other hand, the resonance dip in the reflectance spectrum can be tuned to 1.55
um by applying a 2 V bias. We refer to it as “OFF-state” due to negligible reflected light
intensity. Therefore, if we switch between ON-state and OFF-state, we can accomplish
a modulation depth (MD = 1010g| lon/ lorr |) as high as ~25 dB, as shown by the
arrowed dotted line in Figure 4.14. Here, lon and lorr denote the reflected light intensity
for ON- and OFF-state, respectively. Moreover, due to the design symmetry along x-
and y-directions, we can see a polarization-insensitive behavior in the reflectance

spectra.

The normalized magnetic (Hy) and electric (E;) field distributions are depicted in
Figure 4.15(a) and (b), respectively, at the resonant wavelength (1.55 pum) for 2 V
biasing condition—indicating the excitation of third-order GPR-mode [148]. To study
the angle-sensitivity of the device, we have performed numerical simulations for a wide
range of oblique incidence angle ranging from 0 degree to 60 degrees for 2 V biasing
condition. Figure 4.15(c) and (d) depict the color contour plot of reflectance spectra
under the influence of oblique incidence angle for x- and y-polarization of light,

respectively. A slight blue-shift of the resonant wavelength is observed with the increase
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Figure 4.15: The normalized (a) Hy-and (b) E:-field distributions at the third-order gap-
plasmon resonance wavelength (1.55 um) for 2 V biasing. Here, the black dashed lines indicate
the underlying structure. Color contour plot of reflectance spectra at 2 V biasing state as a
function of incidence-angle (&) for (c) x- and (d) y-polarized incident plane wave. Here, the
dashed line represents the operating wavelength (1.55 um). [207]

of incidence angle for x-polarized light. Whereas, a red-shift in the resonance
wavelength can be seen for y-polarized light. Nevertheless, we can maintain a very
negligible reflected light intensity (OFF-state) at 1.55 pum for an oblique incidence angle
up to 50 degrees in both x- and y-polarized cases—indicating a wide angle-insensitivity

of the device.
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Figure 4.16: Simulation results to identify the minimum number of unit cells required to
maintain the desired reflectance (> 0.8 at 1.55 um and <0.03 at 1.72 pm at unbiased condition),

as predicted with an infinite periodic conditions of a unit cell, shown previously in Figure 4.14
[207]

4.2.4.1. Requirements of Minimum Number of Grating Periods

To identify the minimum number of unit cells or grating periods required to sustain the
resonance response, we have done a set of numerical simulations considering different
device dimensions at the unbiased condition. While doing the FDTD simulations, we
have taken a set of unit cells according to the lateral dimensions and considered PML
boundary conditions in all directions. For instance, as shown in Figure 4.16, when we
have considered a minimum device dimensions of 1.4 x 1.4 um? (consisting 20 unit cells
with 700 nm periodicity), a weak resonance response can be seen — leading to the
reflectance of ~0.13 and ~0.62 at 1.72 um and 1.55 pum, respectively. As expected, when
we increase the number of unit cells, the reflectance decreases at 1.72 um and increases
at 1.55 um. Thus, to maintain the desired reflectance (> 0.8 at 1.55 um), (as predicted
with an infinite periodic conditions of a unit cell shown previously in Figure 4.14), we

need to have a device dimension of around 7 x 7 um? (consisting of 100 unit cells).
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4.2.4.2. Electrical Bandwidth and Speed of the Device

The electrical bandwidth of the modulator is mainly restricted by RC-time constant. The
electrostatic simulation reveals that the proposed device has a capacitance per unit cell
(Cu) of ~6.2 fF/pm?. Hence, with a device dimensions of 7 x 7 pm? (consisting 100 unit
cells), the effective capacitance (C) can be approximated as ~303 fF. The equivalent
resistance (R) of the device can be estimated as R = (Rito + Rau)/2. The resistance for
ITO layer (Rito) can be seen as a parallel combination of Reuik (corresponds to bulk ITO-
region) and RacL (corresponds to accumulation layer). Then, the resistance for each
region can be estimated by Ro = (pL/dW), where WXL represents the device dimensions
consisting 100 unit cells. Here, p and d denote the resistivity and dielectric layer

thickness, respectively.

The resistance of Au layer, Ray, can be estimated by considering p as
~2.2 x 1078 Q.m [180]. Whereas, the resistivity of ITO, p = (euN)*, depends on electron
mobility () [45], [189]. This leads to the equivalent resistance (R) as 1.16 kQ. Thus,
the 3-dB bandwidth of the modulator can be calculated as, fsss = (2nRC) ™ = 450 MHz.
Then, by using Nyquist theorem, we can estimate the bit-rate as BR = 2xfzggxlog2 m ~
900 Mbps (where, m = 2 indicates the electrical signal levels). Moreover, with a
maximum of 2 V biasing, we can attain a low energy-consumption (Ep, = CV 2/ 4) of
~303 fl/bit.

4.24.3. Comparative Analysis

Table 4.3 presents a comparative study among a few recently reported metasurface
based electro-optic modulators. We can see that the modulators reported so far are either
polarization-dependent or angle-sensitive. In contrast, the proposed design can be
operated with a wide range of oblique incident angle irrespective of the polarization-

states of incoming light while maintaining a large MD of ~25 dB.
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Table 4.3: Comparative Overview of a Few Recently Reported Recently Reported
Theoretical Designs of Metasurface based Electro-Optic Modulators

Speed

Ref. A(um) MD(@B)  (Mbps) < AT

Vatani et al. [45] 1.55 24 80 No No

Kim et al. [5] 1.48 ~14 NA No No

Chen et al. [9] 1.5 ~17 NA No No

Bhowmik et al. [180] 1.55 23 167 No No

Forouzmand et al. [30] 1.537 ~13 NA No No

Mosallaei et al. [145] 1.564 23.7 NA No No

Qiu et al. [141] 1.512 20 NA Yes No
This Work 1.55 25.2 ~900 Yes  Yes (upto

50 degrees)

A: operational wavelength, MD: modulation depth, P. I.: Polarization-insensitivity, A. I.:

Angle-insensitivity, NA: not available.

4.2.5. Summary

We presented a gap-plasmon resonance based polarization-insensitive electro-tunable
metasurface that can modulate intensity of the reflected light by leveraging the electro-
optic properties of ITO. The proposed metasurface features a 2D array of Au-
nanograting on top of ITO-Al.Os—Au stack deposited on silica substrate. The numerical

simulations reveal that the third-order gap-plasmon resonance is excited at 1.72 um
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wavelength, which can be verified by the equivalent RLC-circuit model. The resonance
wavelength can be tuned by applying external bias-voltage to accumulate the free-

electrons at the ITO—-AI>Os interface.

With 2 V applied bias, we can tune the resonance wavelength to 1.55 pum
wavelength leading to a modulation depth as high as ~25 dB for random polarization
angle of incident light. The modulator exhibits a bit-rate of ~900 Mbps while
maintaining a low energy-consumption of ~303 fJ/bit. In addition, the proposed device
can be operated with a wide range of incident angle (up to 50 degrees) for both x- and
y-polarized light. To the best of our knowledge, such an energy-efficient polarization-
and angle-insensitive tunable metasurface based electro-optic modulator is presented
here for the first time. The proposed device, thus, could find potential application in

nanophotonic systems.
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5. Nonlinear Metasurface for Ultra-Fast Free-space All-Optical Intensity Modulation

Chapters 3 and 4 presented different designs of metasurfaces for free-space electro-optic
intensity modulation by leveraging the electro-optic behaviour of ENZ materials. This
Chapter introduces the investigation of ultra-fast all-optical intensity modulation based
on nonlinear phenomena in ENZ-materials. To enable ultra-fast all-optical modulation,
a novel metasurface has been designed by combining ENZ phenomenon with magnetic
plasmon resonance. Section 5.1 presents an elaborated discussion on the theoretical
framework and the underlying principle behind intraband transition-induced optical
nonlinearities in an ENZ-medium that can be can be harnessed for designing all-optical
modulator. Section 5.2 discusses a unique design of magnetic plasmon resonance based
metasurface for energy-efficient all-optical modulation by integrating an ENZ-material.
The ENZ-material coupled metasurface can operate with a high modulation depth and
low pump-fluence at the telecom wavelength while maintaining ultrafast response time

in sub-picosecond scale.

5.1. Nonlinear Effect in ENZ Materials —Theoretical Framework

In Chapter 1, it has been revealed that apart from the electro-optic properties, the TCOs
also exhibit optical nonlinear phenomena or intensity-dependent refractive index in the
ENZ-regime. This section introduces the theoretical framework for nonlinear-effects in
ENZ-material induced by intraband electronic transitions. The intraband electronic
transition induced plasma frequency shift in the ENZ materials are indeed considered
as a nonlinear process due to the variation of the refractive index is not linear with the
electric field rather it is dependent on the intensity of light. In other words, the change
in the refractive index upon application of the external pump signal depends on the
nonlinear susceptibility term, ¢®, analogous to the optical Kerr effect [190]. Optical

intensity-dependent refractive index (no) can be written as [33], [58]:
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n=ny+n,l =ny+An (5.1)

where, the change of refractive index (An = nz2l = y®nol/n?) depends on optical pump

intensity (1).

It is always desirable to employ nonlinear materials with significantly large value
of n, for low power applications. TCOs, operating at the ENZ regime have gained
massive consideration due to their sub-picosecond nonlinear response with large
refractive index tuning capabilities [33]. On application of a pump signal, we can see
optical nonlinearity in the ENZ-material. If the optical pump signal has photon energy
smaller than the TCOs bandgap energy, redistribution of carriers in conduction band
have been observed due to the intraband transitions of electrons. The process causes
electron heating and may increase effective mass (me*) of the electrons due to the
conduction band’s non-parabolicity nature, which results in a shift in the plasma
frequency. This mechanism of tuning plasma frequency is capable to make significant
changes of the material refractive index simply by reshaping material dispersion
properties. The plasma frequency (wp) shifting mechanism described here is totally
based on external optical pumping unlike to that of electrical biasing. The optical
nonlinearities in ENZ-materials can be theoretically modelled by using a two-

temperature model while considering an extended Drude-model.

5.1.1. Intraband Electronic Transitions — Extended Drude Model

The Drude model mentioned in Eq. (2.34), in Chapter 2, assumes that all free-electrons
have the same effective mass, me*. However, in ENZ materials, the non-parabolic nature
of the electron band causes me* to depend on energy, E [58]. Upon application of a
pump signal, we can see optical nonlinearity in the ENZ-material induced by the
intraband electronic transition, where the absorbed photon energy leads to a rise in the

electron-temperature and reallocates the electrons in a non-parabolic conduction band
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Figure 5.1: Schematic representation of the intraband transitions in a TCO film at ENZ region
on applying a pump signal depicting the initial unperturbed energy state, intraband transition,
and consequent relaxation process of the free electrons in the conduction band. The black
dashed line represents the parabolic approximation of the conducting band. [210]

as presented in Figure 5.1. In other words, the electron effective mass, which decides
the plasma frequency, will no longer be constant upon applying pump-signal, rather it
will be dependent on the electron temperature [57], [58]. This results in an increase in
the electron effective mass and a decrease in the plasma frequency as shown in Fig. 5.1.
Furthermore, the mobility (i) of the ENZ-material is related to me* by the degenerate
form of the Brooks-Herring formula [191], and thus contributes to an increase in the
damping frequency (I' = e/m} u) on optical pumping (where e is the charge of an

electron).

In the absence of the pump signal, the excited free-electrons undergo relaxation
to their original unperturbed condition, causing me*, wp, and 7" to return to their initial
steady-state values. Thus, we cannot apply the conventional Drude model to a collection
of electrons with different energies. Therefore, the optical nonlinearity due to intraband
transitions in ENZ materials has to be modeled using an extended Drude model, where

we consider a statistically averaged electron effective mass.

In this direction, we can consider the first-order non-parabolic approximation and
model the E—k relationship for ENZ-material as [56]
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5.1 Optical Nonlinear Phenomenon of ENZ material

h?k?/2my =y(E) = E + CE* (5.2)

where E is the electron energy referenced to the conduction band minimum, k is the
wavevector, mg is the electron effective mass weighted at the conduction band
minimum, % is the reduced Planck’s constant, and C is the first-order nonparabolicity
factor. Thus, we can model the electron effective mass, m}, that to be used in the
extended Drude model as [192]

o 1

m; fOOOfFDNDdE

where Np = y%(dy/dE)(ZmZ / h2)2(2n2)‘1 is the density-of-states (DOS) and
mp(E) = mg dy/dE is the DOS effective mass.

The temperature-dependent m;, can be attributed to the Fermi—Dirac distribution,

frp = {exp ((E — E"F(Te))/(kBTe)) + 1}_1, where E¢(T,) is the electron temperature-
dependent chemical potential and kg is the Boltzmann constant. It is known that the
carrier density is temperature-independent in the absence of interband transitions [193],
and its value is conserved for intraband transitions [56] leading to the expression
N(T, =0) = N(T,) = fooo fepNpdE. Therefore, by minimizing the function |N(T, =
0) — N(T,)|, the chemical potential Ex(T,) can be calculated as [194]

~ T[Z kBTe 2 7T2 kBTe 4
Ex(T,) = Ex |1 —— — 5.4
r(Te) Fl 12<EF> +80(EF) (54)

where Eg is the Fermi energy of the TCO film. Furthermore, in degenerate TCO thin
films, ionized impurity scattering is the dominant scattering mechanism, which reduces
the mobility, u, of the TCO samples at room temperature [191]. This change in u is
represented by the degenerate form of the Brooks-Herring formula [191], which

describes the ionized impurity scattering mobility of the TCO film:
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2413 (e460)?h3N
l’l =
31 *2 . — Ln) (5'5)
2 Nign [In[1 + y(0)] = 00
2(3N718)1/3h28580 . . - . - .
where y(n) = e , Nion 1S the density of the ionized impurities, and & is

the static permittivity of the TCO film.

5.1.2. Ultra-fast Hot-Electron Dynamics using Two-Temperature Model

On irradiation with a femtosecond laser pulse, the ENZ material absorbs the laser energy
causing generation of hot electrons, which acquire a non-thermal energy distribution
and act as delayed energy sources. Thus, the non-linear response has a finite response
time, and the maximum response is delayed with respect to the peak of the laser

excitation [58].

The temperature dynamics of the conduction band electrons upon ultrafast
excitation can be accurately described using the phenomenological coupled differential

equations of the two-temperature model (TTM) [58], given as

aTe(t) N(t)
e—or = ~9ep(Te(® = i) + 575 (5.6)
aT, N
z% = gep(Te(©) — (D)) + 3 (t()t) (5.7)
ep
ONt) N (t) N(t)
ot 200 2t W 8

where C, and C; are the heat capacities of the electron and lattice, respectively, and g,

is the electron—phonon coupling coefficient. The rate of energy exchange between the
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electrons and the phonons is defined using g.,.The electron—phonon and electron-
electron relaxation periods are 7., and 7., respectively, and N is the non-thermal

energy density stored in the excited electrons. The heat capacity of electron (C,) is

related to the electron temperature (T,), and is defined as [58]

_ 3m®NkgT,
© J36TE + 4m*T?

(5.9)

where Ty is the Fermi temperature of the TCO film [59]. The energy exchange between
the excited electrons and the lattice is represented using electron—phonon coupling
coefficient (gep) as [58]

k263 vg

= 0.562N
y LiTiex

(5.10)

where 6y, is the Debye temperature, L is the electron mean free path, and v is the Fermi
velocity of the ENZ-material. The electron—electron (z..) and electron—phonon (z.p)
relaxation times define the rate at which absorbed energy is exchanged between the

electrons and the lattice, respectively, as given by [58]

-1
(1)2 anBTe 2
= 5.11
Tee = C {4n2wp [1 * ( hw ) ]} 1)
C
Toph - (5.12)
YGep

where w is the frequency of the laser excitation and C is the scaling factor. We can
estimate the value of the parameter C at room temperature by using the expression

1/Tee + 1/7p = I as mentioned in ref. [58].
The effective absorbed power density P(t) can be calculated as [47].

P(t) = f—oae_z(%) (5.13)
p
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where F, is the pump fluence of a Gaussian laser pulse excitation, 7, is the pulse

duration, and d is the thickness of the TCO-film. The parameter « is the effective
absorption coefficient, which can be defined by a = —1/,1n [T/(l—R)Z] as a

function of transmittance (7') and reflectance (R) while illuminating light to a TCO-film
with a thickness of d [195].
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5.2. Ultra-Fast All-Optical Modulation using Nonlinearity from ENZ
effect

In the previous section, the underlying principle behind the optical nonlinear effects of
ENZ-materials and a relevant theoretical framework have been discussed. The ultra-fast
change in refractive index of the ENZ-material upon applying external pump-signal can
be useful to realize high-speed all-optical modulators and switches. If the ENZ-material
Is integrated with a resonating nanostructure, the resonance phenomenon can be tuned
by leveraging the pump-signal induced optical nonlinearities in the ENZ-medium. This

opens a new door to realize all-optical modulation at the resonance wavelength.

Based on this astonishing scheme, several metasurface designs have been
demonstrated to realize all-optical modulation of polarization, phase, and amplitude
[55], [59]-[63]. However, the state-of-the-art all-optical intensity modulators are either
suffering from low modulation depth or requirement of high pump-fluence [33], [55].
Thus, the realization of femtosecond all-optical modulation with high modulation depth
(> 0.8) and low pump-fluence (~ few pJ/cm?) simultaneously, remains a challenging
task.

To bridge these gaps, in this section, a novel design-strategy of plasmonic
metasurface has been presented by leveraging the nonlinear effects of ENZ material
combined with the magnetic plasmon (MP) resonance of metallic-grating structures.
The proposed device can operate with a very low pump-fluence of 75 pJ/cm? to achieve

a high modulation depth of 0.83 while maintaining an ultra-fast response time of 776 fs.

5.2.1. Structural Overview

Figure 5.2(a) depicts the perspective view of the proposed plasmonic metasurface for
ultra-fast all-optical intensity modulation. The proposed device comprises a periodic

array of two closely-spaced gold (Au) nanograting deposited on optically thick Au-layer
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4 0
1.0 12 14 16 18 2.0
Wavelength (um)

Figure 5.2: Schematics of the proposed magnetic-plasmon resonance based metasurface for
all-optical modulation, showing (a) a perspective view, and (b) a cross-sectional view (x-z
plane) of a meta-atom. The meta-atom consists of two closely-spaced Au-nanograting
deposited on optically thick Au-layer, where the groove has been filled with cadmium-oxide
(CdO). The width (w) of each Au-nanograting is 160 nm having a nanogroove of g = 50 nm
wide and periodicity (A) of 700 nm along x-direction. We consider an x-polarized incident
wave propagating along z-direction as probe beam. Here, d = 350 nm and dv = 100 nm. (c) The
real (Re(ecqo)) and imaginary (Im(ecqo)) parts of permittivity of the CdO film, where the
ENZ-region is shaded in gray. [210]

on silica (SiO2) substrate. The meta-atom or unit-cell structure is presented in Figure
5.2(b), with a periodicity of A = 700 nm along the x-direction. Under the illumination
of x-polarized light, we have observed excitation of a strong magnetic plasmon
resonance mode leading to a dip in the reflectance spectra. To enable optical
nonlinearities and dynamic resonance response, the nanogrooves in the meta-atoms are
filled with an ENZ-material, cadmium-oxide (CdO). Here, we would like to emphasize
on the fact that the electron heat-capacity of the CdO is smaller than ITO [56] — leading
to a larger variation in the electron temperature when all other parameters are kept

constant. This motivated us to choose CdO over ITO as ENZ-material for our design.

We have considered a highly doped (N ~ 7 x 10?° cm®), high mobility (u = 300
cm?V-1s1) CdO layer. Based on the Drude model, as mentioned in Eq. (2.34), the initial
value of the real, Re(ecq0), and imaginary, Im(ecqo), parts of permittivity of CdO
have been estimated for the wavelength range of 1 um — 2 um as shown in Figure 5.2(c).

Here, we denote the zero-permittivity cross-over wavelength with Aenz = 1.57 pm,
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Figure 5.3: Parametric study, based on numerical simulations, showing contour plot of
Reflectance for optimization of the metasurface dimensions by varying (a) grating width, w and
(b) height, d, keeping other parameters constant. Here, the dashed lines indicate the dimensions
for which the reflectance (R) is minimum at 1.55 um wavelength. [210]

where the ENZ-region is shown for which Re(ecqo) IS in between —1 to +1. The

material dispersion effect has been considered while performing theoretical modelling
and numerical simulations.

As mentioned in the previous section, on application of a laser pump signal, the
free electrons in the conduction band of ENZ materials undergo intraband transitions to
a higher energy state, causing an increase in the electron effective mass (me*), and a
decrease in the plasma frequency (w,). We utilize this nonlinear phenomenon of CdO

combined with magnetic plasmon resonance to demonstrate an ultra-fast all-optical
intensity modulation.

5.2.2. Parametric Analysis

To study the optical performance of the proposed metasurface, we have performed 3D

FDTD simulations considering periodic boundary conditions along x- and y-axis while
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keeping perfectly matched layer along z-axis. In order to ensure that the proposed
metasurface exhibits magnetic plasmon resonance at the vicinity of 1.55 pm
wavelength, a careful selection of each geometrical parameter is necessary. We
optimized the design based on numerical simulations, with no external pump signal
applied, as shown in Figure 5.3. We varied a particular geometrical parameter keeping
the other parameters constant to see the effect on resonance wavelength. The optimized
parametric values, with Awvp at the vicinity of 1.55 um, are marked by the dashed lines
in Figure 5.3(a) and (b). Moreover, to incorporate the fabrication imperfection that arises
from the rounded-edges of the nanograting, we have simulated our design by rounding

the edges (with a 10 nm rounding radius).

5.2.3. Strong Light—Matter Interaction via Magnetic Plasmon

Resonance

With an x-polarized incident plane wave having magnetic field along the y-direction, an
oscillating current can be generated around the nanogrooves [196]. This induced current
generates a strong magnetic field, i.e., diamagnetism, as per Lenz’s law [196]. Thus, a

strong magnetic plasmon resonance can be observed.

The normalized magnetic (|Hy|]) and electric field (|Ex|) distributions at the
resonating wavelength (Amp) in the vicinity of 1.55 pm are shown in Figure 5.4(a) and
(b) in the absence of the pump. The current-density and the instantaneous electric field
vectors are represented by the arrows in Figure 5.4(a) and (b), respectively. We have
used Maxwell’s fourth law to calculate the current-density vectors, where we can see
the vectors form a closed loop around the nanogrooves [196]. We observe that the
strongest enhancement of the magnetic field occurs at the bottom of the nanogrooves
due to the closed current loop. This hotspot of the field enhancement around the

nanogrooves filled with CdO ensures strong light-CdO interactions at the vicinity of
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Figure 5.4: (a) Magnetic-field (JHy|) and (b) Electric-field (|Ex|) profiles for x-polarized incident
optical probe signal in x-z view for pump fluence, Fo = 0 pJ/cm? at 1.55 um. Here, the current-
density and the instantaneous electric field vectors are shown by the arrows in (a) and (b),
respectively. [210]

1.55 um. Here, we leverage the pump-signal induced optical nonlinearities in the ENZ-
medium to shift the resonance dip, which results in a new all-optical modulation scheme

at the resonance wavelength.

5.2.4. Enhancement of Optical Nonlinearities in ENZ-materials

To study the hot-electron dynamics, we consider a Gaussian laser pump-pulse excitation
of duration 100 fs with centre wavelength of 1.57 um. The hot-electron dynamics can
be precisely defined using the two-temperature model (TTM) as presented in the
previous section [58]. In order to calculate the electron effective mass (me*) under the
influence of an external pump signal, as mentioned in Eq.(5.3), we take my = 0.16 m,,
with m, denoting the mass of an electron, and ¢ = 0.5 eV"* [46] for our CdO film. The
value of Fermi energy (Eg) for our numerical calculations, as mentioned in Eq. (5.4), is
taken from ref. [191]. Furthermore, the mobility (u) is related to me* by the degenerate
form of the Brooks—Herring formula [191], and thus contributes to the increase in the
damping frequency (I' = e/m; w) on optical pumping, as mentioned in Eqg. (5.5). While
using the Eq.(5.5), we have assumed N;,, = Np, with N;, defined as the density of the
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Figure 5.5: The dependence of electron temperature (T, *) and plasma frequency (w,*) of CdO
on the pump fluence (F,) for the proposed structure. [210]

ionized donors. Additionally, the ionized donors have been assumed to be singly
charged, and the static permittivity for CdO is assumed as &, = 21.9, as defined in ref.
[197].

While calculating the electron—phonon coupling coefficient (g.p) as shown in
Eq.(5.10), the values of Debye temperature (6p), electron mean free path (L), and Fermi
velocity (vg) for the CdO film are taken from ref. [198], [199], and [191], respectively.
In our theoretical calculations, the pump fluence (F,) is varied from 0 to 150 pJ/cm?,
The corresponding variations in the electron temperature and the plasma frequency of
the CdO-layer for our proposed structure have been calculated using the TTM equations,

as illustrated in Figure 5.5.

The heat capacity of electron (C.) of CdO is defined using Eq.(5.9) [200]. At T,
=300 K, we calculate the value of C, as 1056 Jm=3K™1. As mentioned earlier, the electron
heat-capacity of the CdO is smaller than ITO [56], which results in a larger variation in

the electron temperature when all other parameters are kept constant.

Due to integration of an ENZ-material with the structure, an extreme increase in
the electron temperature of the ENZ-layer can be seen. It should be noted that the

enhancement originates from the coupling of magnetic plasmon resonance with ENZ-
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Figure 5.6: Transient response of the (a) electron (T.*) and the lattice (T;*) temperature, and
(b) plasma frequency (w,*) and damping constant of the CdO-layer for the proposed structure.
[210]

mode for our structure. This assures that we can achieve a much larger variation in the
electron temperature in the CdO-layer with a lower pump-fluence for our structure than
that of a bulk-CdO film. In other words, the plasma frequency (shown in Figure 5.5) is
an effective variation for our structure after incorporating the electric field enhancement

due to the magnetic plasmon resonance.

To highlight this fact, we have represented the modulated plasma frequency and
electron temperature of CdO-layer as w,* and T,*, respectively (see section A.01 of
Appendix for more details). We observe an increase in the T, * from its steady state value
of 300 K to 5991 K with the variation of the pump fluence from 0 to 150 pJ/cm?. The
wp* decreases from its steady state value of 2.821 x 10*° rad/s (at F,= 0 pJ/cm?) to

2.480 x 10% rad/s (at F,=150 pJ/cm?).

To maintain a high modulation depth with energy consumption as minimum as
possible, we fix the pump fluence as F,= 75 pJ/cm?. Figure 5.6(a) shows the transient
response of the electron (T, *) and lattice (T}*) temperatures of CdO-layer, respectively,
for our structure. The T.* reaches its peak of 3654 K at t = 0.12 ps and gradually decays

to its steady-state value of 300 K after a duration of ~1 ps. The change in the T;* is
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negligible compared to the variation in the T, *. Furthermore, we define a constant lattice
heat capacity (C;) of 2.6 x 10° JIm3K-tsuch that C, < C;, which leads to AT, « AT,.

Similarly, Figure 5.6(b) displays the transient response of the w,* and 7"* for our device.
We observe that on applying the pump signal, the w,™* dips to its minimum value of

2.656 x 10'° rad/s at t = 0.12 ps before gradually increasing to its steady-state value of
2.821 x 10% rad/s. On the contrary, the I'™* peaks to 2.305 x 10*® rad/s before gradually
decreasing to its steady-state value of 2.158 x 10% rad/s. We also check whether the
pump induced optical nonlinearity of gold (Au) would affect the performance of our
proposed structure. It should be noted that gold also has the nonlinear optical response
at picosecond-to-nanosecond time scale. However, similar to the ref. [56], [59], the
intrinsic nonlinearity of gold can be ignored for our study due to the negligible change
in the electron-temperature of gold as compared to the ENZ-material CdO for our
metasurface structure (see section A.02 of Appendix for more details). It should be noted
that the previously reported (experimentally verified) laser power induced damaged
threshold for a CdO film is 134 mJ/cm? [201], which is much higher than the considered
pump-fluence (75 pd/cm?) in our study.

5.2.5. Results and Discussion — All-Optical Modulation

Due to the excitation of the magnetic plasmon resonance, we observe a resonance dip in
the reflectance spectra at the vicinity of 1.55 pm for Fo = 0 pJ/cm?, as shown in Figure
5.7(a). We consider that our proposed device is at the “OFF” state owing to negligibly
low reflectance at the operating wavelength of 1.55 um. We have incorporated the
theoretically obtained optical nonlinearities in the ENZ-medium into the FDTD
simulations. Thus, the resonance dip can be tuned by applying external pump signal. We

observe that the pump-induced plasma frequency variation in the CdO-layer causes a
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Figure 5.7: (a) Reflectance spectrum for x-polarized incident optical probe signal for OFF-
state (at F,=0 pl/cm?) and ON-state (at Fy= 75 pJ/cm?) pump fluences. The modulation depth
(MD =~ 0.83) at 1.55 um is represented by an arrow-dashed line. (b) Color contour plot of
reflectance spectrum for x-polarized incident optical probe signal as a function of oblique
incidence angles (6). Note: the dashed line depicts the wavelength of 1.55 um. [210]

red-shift of the resonance dip in the reflectance spectra. This results in a high modulation
depth of 0.83 (~21 dB) at 1.55 pum for pump fluence, F,= 75 pl/cm? — referred to as
“ON” state. Thus, we can dynamically switch between the “ON” and “OFF” states of
the device by applying external optical pumping.

To understand the device performance under the influence of the oblique
incidence angle of the probe beam, we have done numerical simulations for various
incidence angles ranging from 0° to 60°. Figure 5.7(b) represents the color contour plot
of reflectance spectra with varying incidence angles of the x-polarized probe beam
without applying any pump signal. We have observed a slight red-shift in the Amp with
the increase of oblique incidence angle. Nevertheless, we can maintain a negligible
reflectance at 1.55 pm with a probe beam having incidence angle of up to 50°. This

indicates a wide angle-insensitivity of the design.
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Figure 5.8: Color contour plot of reflectance spectrum for x-polarized incident optical probe
signal as a function of pump fluence (Fo). Note: dashed line depicts wavelength of 1.55 pm.

Figure 5.8 illustrates the color contour plot of reflectance spectra for variation of
the pump-fluence from 0 pJ/cm? to 75 pd/cm?. As mentioned previously, we can see a
red-shift in the resonance dip in the reflection spectra with the increase of pump-fluence.
Thus, we can dynamically tune the resonance condition by applying external optical

pumping — indicating a nonlinear optical nonlinear phenomenon.

5.25.1. Effective nonlinearities of the metasurface using EMT approximation

To understand the nonlinear behaviour of our proposed ENZ-material coupled
metasurface, we have used the effective medium theory approach for calculating the
effective refractive index of the whole structure [202]. The theoretical approximation
assumes that the metasurface can be replaced by a continuous material with a linear
effective refractive index (n.¢) along the x-axis. This homogenized effective refractive

index of the whole structure allows us to find the effective change in the refractive index
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Figure 5.9: (a) Change in the effective refractive index of the proposed CdO-coupled structure
(Aneg) and the refractive index variation of bulk CdO as a function of wavelength upon
applying pump pulse with fluence (F,) of 75 pJ/cm?. (b) Transient response of Aneg , Where
the rise time and recovery time are shown as 97 fs and 430 fs, respectively, at 1.55 um. The red
dashed line shows the 100 fs Gaussian pump excitation at 1.57 um. [210]

of the metasurface upon applying external pump signal. Using the S-parameter inversion

method for an inhomogeneous system, we determine n.¢ as [202]

1 1
Nefr = Ecos‘1 [2521 (1—-S2,+S2) (5.14)

where k is the wave vector, d is the overall thickness of the proposed structure, and

Sav = +/S115,, is the averaged parameter used for inhomogeneous metasurface
structures i.e., S;; # S,,. Furthermore, S;;, Si2, S,1, and S,, are the S-parameters

obtained from the FDTD simulations of the proposed metasurface structure.

Note that the parameters S;; and S,; are calculated for normal incidence.
Similarly, the parameters S,; and S,, are calculated for reverse incidence. For
calculating the change in effective refractive index (Angg) of the metasurface, we
calculate the S-parameters of our structure in the absence (F, = 0 pJ/cm?) and presence
(F, = 75 wd/cm?) of laser pump illumination, respectively, by making use of the two-

temperature model and a series of FDTD simulations.
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We compute the n.¢ values at different points over the operating wavelength
range for both the ‘OFF’ and ‘ON” states. Finally, An. is calculated as the difference
in the n.¢ values between the ‘ON’ state and the ‘OFF” states of our proposed structure
over the operating wavelength range. In Figure 5.9(a), we can see the pump-intensity
dependent change in the effective refractive index of the proposed CdO-coupled
structure. Due to the excitation of the magnetic plasmon resonance, strong light-matter
interactions can be assured at the resonance wavelength. This results in a large variation

in the An. Of the proposed CdO-coupled structure.

The peak variation in the An.¢ can be seen at the wavelength of 1.545 pum as
~0.32, at the vicinity of our operating wavelength of 1.55 um. To witness the
enhancement of the nonlinearities in the CdO-coupled metasurface, we have also shown
the change in refractive index of a 350 nm bulk CdO while illuminating a pump with

fluence of 75 pd/cm?.

For calculating An for bulk CdO, we compute the shift in plasma frequency (w,,)
for a 350 nm CdO film using the two-temperature model and the electronic dispersion
relation. Note that for calculating the absorption coefficient of the bulk CdO, we utilize
the relation, @ = (4mn'")/4, in the two-temperature model, where n'’ is the imaginary
part of the refractive index of CdO. From the obtained w,, values, we further calculate
the refractive index values for ‘OFF’ and ‘ON’ states by using the Drude model. Similar,
to what has been previously done for our proposed structure, we calculate An for the
bulk CdO by calculating the difference in the refractive index values for ‘ON’ and ‘OFF’

states, respectively, at different points over the operating wavelength range.

A direct comparison between the refractive index variation for the proposed
structure (An.g) and the bulk CdO (An) has been presented in Figure 5.9(a), which
shows the increased nonlinearity obtained from our proposed metasurface structure. We
observe that due to the coupling of ENZ-mode with the magnetic plasmon resonance,

the change in the refractive index has been enlarged by a factor of ~100 compared to
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Table 5.1: Comparative overview with a few recently reported ENZ-material based

metasurfaces for all-optical modulation

Ref. y)
(nm)

Structural
Overview

Pump- Switching
Fluence Speed (fs)
(WJ/cm?)

MD

FOM
(I .cm?)

Al

[56] 1500

[59] 1500

[60] 1240

[63] 1310

[211] 1240

This 1550
work

ITO-coupled
plasmonic nano-
antenna
(experimental)

ITO nano-resonator
array
(experimental)

ITO-coupled surface
plasmon resonance
based
(theoretical)

AZO-coupled
guided-mode
resonance based
(theoretical)

ITO-coupled high-
index contrast
grating
(theoretical)

CdO-coupled
magnetic plasmon
resonance based
(theoretical)

~21

7000

2410

3000

75

~1100

600

~660

Not

given

~660

717

0.18

0.36

0.45

0.41

0.83

8.7x1073

0.028 x 10°3

4.8 %1073

0.18 x 10°3

0.13 x 1073

11 x 1073

Yes

No

No

No

Yes

*Here, 1. operational wavelength, MD: Modulation Depth, A.l.: Angle-insensitivity, and
FOM: Figure-of-Merit

that of a bulk CdO layer. In Figure 5.9(b), the transient response of the An.¢ can be

seen. Upon applying the pump beam, we observe a peak value of ~0.29 at t = 0.12 ps

for 1.55 um. Furthermore, we can calculate the rise time (10% to 90% of peak An.¢)

and recovery time (90% to 10% of peak An.¢) as 97 fs and 430 fs, respectively. Thus,

the overall switching time can be estimated as 776 fs.
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5.25.2. Comparative Analysis

To understand the overall performance of the device and to compare the metrics with
the state-of-the-art designs, we define a figure-of-merit (FOM) that provides an
optimum performance metric by incorporating the trade-off between the modulation

depth (MD) and the pump-fluence (Fo) requirement, given by
FOM = MD/F, (uJtl.cm? (5.15)

As shown in Table 5.1, our CdO coupled structure can outperform the previously
reported TCO-based free-space all-optical intensity modulators. The FOM calculations
shows that our proposed magnetic plasmon resonance based design has the highest value
among the previously reported ENZ-material based all-optical intensity modulators.
Moreover, our device is angle-insensitive and can operate with a wide-range of oblique

incident angles of probe beam up to 50 degrees.

5.2.5.3. Investigating the Performance with Degraded CdO layer

It should be noted that we have considered the parameters of the CdO-layer as per the
literature [46], [57], [203]. However, for our proposed structure, the CdO-layer need to
be deposited on top of gold thin layer, which may eventually reduce the mobility value
of CdO than that of the ideal cases. To understand the effect of reduced mobility value
on the optical performance of the device, we have shown the optical response of the
device for the set of reduced mobility values. We have taken three different reduced
initial mobility values as (0.9 x u = 270 cm?V-is), (0.8 x u = 240 cm?V-1s?), and
(0.7 x u = 210 cm?V-1s1). It should be noted that the damping frequency (') of CdO-
layer is dependent on the mobility (u) as I" (= e/um}), where the statistically averaged

electron’s effective mass is denoted by m}. Here, we would like to emphasize on the
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Figure 5.10: Reflectance spectra for x-polarized incident probe light signal for different
mobility (u) values as 300, 270, 240, and 210 cm?V-s? for (a) OFF-state (at Fy= 0 pJ/cm?)
and (b) ON-state (at F,= 75 pJ/cm?). The dotted lines in (b) depicts the minimum reflectance
value of ~0.82 achieved at 1.55 um for different mobility values. The zoomed view for the
resonance dip at different mobility values are shown for both cases. [210]

fact that a negligible reflectance (R), at the vicinity of 1.55 um wavelength, still could
be maintained with a 30% reduction of the mobility value when there is no pump signal
applied (i.e., at F,= 0 pJ/cm?), as shown in Figure 5.10(a). Thus, the metasurface will
remain in the “OFF” state. It can also be observed that the reduced mobility value
doesn’t alter the magnetic plasmon resonance wavelength, rather it broadens the

resonance phenomena due to the increased value of damping frequency (7).

The impact of the reduced mobility values for the “ON” state with a
pump fluence, F,= 75 pJ/cm?, can be seen in Figure 5.10(b). It should be noted that
while calculating the effective damping frequency (/'*), we have incorporated the
change in the effective electron mass. Then, the 7'* has been calculated for each reduced

initial mobility value. The reflectance spectra for the F, = 75 pJ/cm? can be seen in
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Figure 5.10(b). We observe that for the set of reduced mobility values, the reflectance
(R) can be maintained more than 0.8 at 1.55 um wavelength, as shown by the dotted
lines in Figure 5.10(b). However, a reduction in the modulation depth from ~0.83 (with
i =300 cm?V-1s?) to ~0.79 (with p = 210 cm?V-1s?) can be observed. Nevertheless, we
can still achieve a high-contrast modulation with degraded CdO having a 30% reduced
mobility value of 210 cm?V-1s. It should be noted that the experimentally measured
mobility of the CdO-layer grown on gold thin film, in the ref. [57], is reported as 300
cm?V-1s1 which has been obtained from the Hall-measurement. This ensure that the

mobility of the CdO-layer will not reduce much from our considered value.

5.2.6. Prospective Experimental Methods

Fabrication. The proposed metasurface can be fabricated on a standard
silica substrate. To begin, the Au back-reflector with 100 nm thickness (as shown in Fig.
5.2) may be grown on top of the substrate by sputtering. Afterward, the CdO layer with
thickness 350 nm can be grown by pulsed laser deposition. Then, the periodic array of
CdO can be patterned by using standard electron beam lithography (EBL) and lift-off
process [56], [59], [204]. We can define the periodicity of the unit-cell structure as 700
nm along x-axis while the width of the CdO grating as 50 nm for a 100 x 100 pm? total
device area. Finally, a second round of EBL needs to be performed, followed by
deposition of Au-layer (by e-beam evaporation) and lift-off process [56], [204] for
patterning the Au-nanograting having the width of 160 nm.

Measurements. For the static reflectance measurements, we can use an
infrared ellipsometer or an ultraviolet-visible-near-infrared spectrophotometer to record
the spectral reflectance under x-polarized incident light. For the transient measurements,
we can use an amplified laser source, with a central wavelength of 1500 nm, pulse
duration of 100 fs and repetition rate of 1 kHz, feeding two identical optical parametric

amplifier (OPAs). The idler output of one OPA can be used as the pump, and the idler
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output of the other OPA can be used as the probe [56], [57], [59]. The output
wavelengths of the two OPAs can be controlled independently to generate pump and
probe beam with different central wavelengths. The pump-—probe delay could be
generated by routing the pump beam through a controlled delay stage with a retro-
reflector. After being reflected from the sample, the probe beam can be separated from
the pump using an additional iris, and may be sent through a monochromator into an
extended-range InGaAs photodiode for detection. The pump pulse energy needs to be
tuned for obtaining required pump-fluence or pump-energy density. For example, with
a beam area of ~0.02 cm?, the pump pulse energy should be ~1.5 uJ, which corresponds
to a pump-fluence of 75 uJ/cm?. The probe pulse energy needs to be kept below the
damage threshold level of the InGaAs photodiode, which is usually in the order of a few
nanoJoules. Here, we would like to emphasize on the fact that we can take the pump
signal as a normally incident beam. Due to the angle-independency of the metasurface,
the probe signal can have an oblique incidence during the pump-probe delay analysis in

the experimental study.

5.2.7. Summary

We presented an ultra-fast all-optical modulation scheme based on magnetic plasmon
resonance phenomena of the metasurfaces. The presented metasurface comprises a
periodic array of two closely-spaced nanograting deposited on an optically thick ground-
plane, where the nanogrooves formed between the consecutive nanogratings are filled
with ENZ-material, CdO. We leverage the intraband transition induced optical
nonlinearities of the ENZ-material. The intraband electronic transitions in the ENZ-
material upon applying ultra-fast external pump signal cause an increase in the electron
temperature, which leads to the modulation of plasma frequency. The temperature

dynamics of electrons are studied by using a two-temperature model.
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Due to the excitation of magnetic plasmon resonance strong light-matter
interactions can be assured at the resonance wavelength. This leads to an enhancement
of the nonlinear phenomenon of the proposed CdO-coupled structure. We have shown
that the pump-induced refractive index change in the CdO-layer causes the red-shift of
the resonance dip in the reflectance spectra leading to a high modulation depth of 0.83
at 1.55 um wavelength. The transient study reveals that the device exhibits ultrafast
switching speed of 776 fs while maintaining a very low pump-fluence of 75 p/cm?. To
the best of our knowledge, such a metasurface based high-contrast energy-efficient
ultra-fast all-optical modulation scheme is proposed for the first time that can operate
in the telecom wavelength band. The proposed device paves the way toward the

realization of next-generation optical and quantum computation systems.
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6. Integrated Electro-Optic Intensity Modulators by Leveraging ENZ Effect

Chapters 3, 4, and 5 presented a few metasurface design strategies for free-space electro-
optic and all-optical intensity modulation by leveraging electro-optic and nonlinear
phenomena of ENZ-materials. This Chapter introduces the study of ENZ-material based
on-chip electro-optic intensity modulators for integrated photonic system. Different
directional coupler based devices have been explored for intensity modulation based on
the hybrid integration of ENZ-material in a standard silicon waveguide by utilizing the

silicon photonics platform.

Section 6.1 presents a polarization specific energy-efficient design that can
modulate the intensity of guided transverse magnetic mode of the input silicon
waveguide. Section 6.2 discusses a unique design of a dual-polarization device for
modulating the intensity of both guided transverse magnetic (TM) and transverse
electric (TE) modes of the input silicon waveguide. This device may help in the
reduction of footprint of the integrated photonic systems by eliminating the
requirements of extra polarization controlling devices. As the ENZ-material based on-
chip modulators primarily alter the intensity of the guided modes by increasing the
propagation loss under the influence of external electrical biasing, these electro-optic

modulators are known as electro-absorption (EA) modulators.

6.1. Polarization Specific Integrated Electro-Absorption Modulator

This section introduces a unique design strategy for a compact (with a 17 pum active
length) energy-efficient electro-absorption modulator by leveraging electro-tunable
ENZ-effect of ITO. The proposed polarization-sensitive directional coupler based
design exhibits energy consumption as low as 62.2 fJ/bit. With a ~10 dB extinction ratio
at 1.55 um wavelength, our design may find potential applications in the integrated

nanophotonic system.
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6.1.1. Background

Over the last few decades, optical communication systems undoubtedly witnessed
explosive development covering the full spectrum of transmission systems ranging from
long-haul links (such as transoceanic links) to short-haul links (such as optical
interconnects). The overall capacity of such communication systems mostly depends on
electro-optic modulator, where electrical data can be imprinted on optical signal. Due
to mature silicon technology, silicon photonics based devices have gained enormous
attention to design on-chip modulators [24]. However, the weak electro-optic effect of
silicon (Si) leads to a high driving voltage (~10 to 50 V) and large propagation length

(~ few hundreds pm) for achieving the required modulation depth [12].

Extensive research has been conducted to develop silicon photonics based
electro-optic modulators by integrating several active materials such as two-
dimensional materials (graphene) [15], phase-change materials [32], transparent
conducting oxides (TCOs) [33]. Among these, TCOs are widely adopted in the
integrated nanophotonic systems as they can provide optical transparency [37], [38] and
can exhibit ENZ effect [33], [40]. Moreover, when the real part of permittivity is close
to zero, the imaginary part of permittivity can solely decide the optical properties [162],
[176]. This results in a strong optical absorption — leading to the realization of a special

type of electro-optic modulators known as “electro-absorption (EA) modulators”.

To mitigate the ever-increasing demand of bandwidth, several ENZ-material
based modulators have been reported in recent years [33]. However, it is still a
challenging task to realize an energy-efficient modulator (preferably with an energy
consumption in the order of sub-femtojoule per bit) for power-hungry optical
interconnects at data center networks [40]. In this study, we present a compact energy-
efficient electro-absorption modulator by leveraging electro-tunable ENZ-effect of ITO.
The proposed directional coupler based design exhibits energy consumption as low as

62.2 fJ/bit with a ~10 dB extinction ratio at 1.55 um and 17 um active device length.
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Figure 6.1: Schematics of our proposed coupling-assisted electro-absorption modulator
showing a (a) perspective view and (b) cross-sectional view. Note: the guided TM-mode of
input waveguide can be coupled to hybrid plasmonic waveguide (on left) and modulated by
applying external voltage (Vq) [212].

6.1.2. Design Overview

Schematics of the proposed coupling-assisted electro-absorption modulator are shown
in Figure 6.1(a) and (b). Our design consists of a standard silicon-on-insulator
waveguide (as input bus waveguide) and a hybrid plasmonic waveguide (HPW) formed
by ITO-HfO- (hafnia)-Si stack (as coupled waveguide). The input bus silicon rib-
waveguide has a width (wo) of 500 nm and a height (h) of 190 nm with a 30 nm thick
slab. The HPW is 190 nm in height (h) and 400 nm in width (w1) and located at a 100
nm separation gap (g) from the bus waveguide, as shown in Figure 6.1(b). The HfO,
and ITO layers have thickness of 10 nm and 90 nm, respectively. The geometrical
parameters are chosen in such a way that the guided fundamental transverse magnetic
mode (TM) of the bus waveguide can couple to the HPW. To study the optical
performance of the proposed modulator, a finite-difference time-domain based
numerical simulator is used here by considering perfectly matched layers in all

directions. We consider a very fine meshing around the ITO-HfO; interface.
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Figure 6.2: Voltage-dependent complex permittivity of ITO at the ultra-thin charge
accumulation layer under unbiased and —2V biasing conditions [212].

6.1.3. Electro-Optic Properties of ITO

The ITO-HfO.-Si stack forms a metal-oxide-semiconductor (MOS) type structure,
where the cascaded layers of n-type doped silicon, HfO», and ITO act as a metal layer,
gate-dielectric layer, and semiconductor layer, respectively. To witness the carrier-
accumulation at the ITO-HfO; interface, the electrostatic simulations have been carried
out in commercially available Lumerical Device tool®. In the device simulations, the
parameters assumed for ITO are the same as the ones revealed in Chapter 2 (section

2.4.2). The bulk carrier concentration of ITO is taken as N =6 x 10'° cm=3,

The complex permittivity of ITO (eito) can be electrically-modified at the ITO-
HfO. interface due to the formation of an ultra-thin charge accumulation layer (ACL).
The inhomogeneous ACL can be approximated as a ~3 nm ultra-thin layer, similar to
the two-layer model as mentioned in Chapter 2 (sub-section 2.4.2). With an external
bias voltage (Vg) of —2 V (corresponding to N = 6x10%° cm™), the ultra-thin ACL
exhibits ENZ-effect at 1.55 pum wavelength. The voltage dependent real (¢'ito) and
imaginary (¢"ito) parts of the permittivity of ITO at the ACL are shown in Figure 6.2
by using the Drude model defined in Eq. (2.34). At -2 V, when real part of eito
approaches zero at 1.55 um wavelength, the imaginary part of eiro mainly decides the

optical properties of ITO. Therefore, an enhancement of optical absorption can be seen
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at the ultra-thin ENZ-layer. In other words, when &'ito of ITO-ACL approaches the near-
zero condition, the ultra-thin ACL behaves as a lossy medium due to Kramers-Kronig
relationship. This is the fundamental principle behind realizing TCO-based electro-

absorption modulators.

6.1.4. Simulation Results and Operation Principle

In a directional coupler-based design, a guided mode can be coupled back to the input
waveguide when the effective device length is an even multiple of coupling length (L).
Therefore, in the absence of any bias voltage, light can be first coupled to HPW and

then coupled back to input bus waveguide with an effective length (Letr) denoted as [40]:

Leff = pL 0 p = 2,4,6, (61)

s Ao Ao

L - — =
ﬂeven - ﬁodd 2(neven - nodd) 2An

(6.2)

where Ao denotes the wavelength in vacuum, Neven (Beven) and Nodd (Sodd) refer to the
effective index (propagation constant) of even or symmetric super-mode and odd or
asymmetric super-mode, respectively, for fundamental guided TM-mode. By solving
eigenvalue equations in the commercially available Lumerical Mode® solver, the
difference (An) of the two effective indices can be found as ~0.1793, which translates

to a coupling length of ~4.322 um, as per Eq.(6.2).

The voltage-dependent modal loss due to the formation of absorptive
accumulation layer at the ITO-HfO> interface is the primary reason behind this electro-
absorption type modulation. The electric field distributions (E;) at ON-state (unbiased)

and OFF-state (—2 V biased) can be seen in Figure 6.3(a) and (b), respectively. An
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Figure 6.3: The electric field distributions (E;) under unbiased (a) and —2V biased (b)
conditions. Note: the white dashed lines represent the underlined structure and the inset of (b)
shows the enhancement of electric field at the ITO-HfO: interface. (c) The electric field
evolution along the modulator for both ON and OFF states at 1.55 um wavelength [212].

enhancement of electric field at the ITO-HfO: interface can be seen as the enlarged
view in the inset of Figure 6.3(b). This enhancement of electric field results in strong
light-matter interactions at the accumulation layer. The electric field evolution along
the electro-absorption modulator can be seen in Figure 6.3(c) for both “ON”- and
“OFF”-states at 1.55 um wavelength. The effective length of ~17 um is marked as the
black dashed lines.
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Figure 6.4: The variation of extinction ratio (ER) and insertion loss (IL), in dB, with respect to
wavelength [212].

To achieve a high modal loss upon applying an external bias voltage, we have
chosen an effective device length as ~17 um, with p = 4 in Eq. (6.1). The extinction

ratio (ER) and insertion loss (IL) of the device can be defined as:

ER =10 log (IOV/I—ZV) (63)

IL = 10log (lin/Iov), (6.4)

where lin is the optical intensity at the input, whereas lov and I-2v are the output intensity
at the unbiased and —2 V biasing conditions, respectively. The variation of extinction
ratio and insertion loss values with respect to wavelength (covering the C-band from
1.53 um to 1.57 um) are shown in Figure 6.4. With a 0.21 dB insertion loss, our design
exhibits an extinction ratio of ~10 dB at 1.55 um wavelength, which yields a high
modulation depth (MD = ER/Letf) of ~0.59 dB/um.

Moreover, the bandwidth, fsss = (2rRC)™, and energy consumption, Ep =
| CV#/4 |, of the modulator (here, R is the equivalent device resistance, and C is the
capacitance formed by MOS-type structure within the hybrid plasmonic waveguide) are
the two key parameters for integrated photonic systems [40]. To calculate the effective
capacitance of the ITO-integrated hybrid plasmonic waveguide, we have done

electrostatic simulations on the commercial Lumerical Device® tool. The electrostatic
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simulations reveal that our device has an effective capacitance of 62.2 fF. On the other
hand, we have assumed the equivalent device resistance for our design as 100 Q, as
reported in a similar type of directional coupler based modulator in the literature [162].
Thus, we can find the 3dB-modulation bandwidth of ~25.6 GHz. With a —2 V driving

voltage, our device exhibits an energy consumption as low as 62.2 fJ/bit.

6.1.5. Summary

A coupling-assisted electro-absorption modulator is theoretically demonstrated by
utilizing the ENZ-effect of ITO. The numerical results show that the proposed design
exhibits energy consumption as low as 62.2 fJ/bit while maintaining a modulation
bandwidth of 25.7 GHz. With a 17 um active length, 0.21 dB insertion loss, and ~10 dB
extinction ratio at 1.55 pum wavelength, our design could find potential applications in

the integrated nanophotonic system.
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6.2. Polarization-insensitive Integrated Electro-Absorption
Modulator

In the previous section, a compact energy-efficient directional coupler-based design was
discussed to achieve intensity modulation by leveraging the ENZ phenomenon of ITO.
Though the presented electro-absorption modulator could exhibit a low energy

consumption, the stringent dependency on light polarization remains a drawback.

Moreover, to address the ever-increasing demands for bandwidth in the optical
communication system, wavelength-division-multiplexing (WDM) technique has been
considered in last two decades. Similarly, polarization-division-multiplexing (PDM)
technique has been adapted to maximize the link capacity over a single wavelength in
the integrated photonic system. In the PDM-enabled photonic system, polarization-
insensitivity of the electro-optic modulators is an essential feature to omit the
requirement of polarization rotator and polarization beam splitter [164]. However,
similar to our previously presented modulator, most of the ENZ-material based devices
are dependent on particular polarization, which is imposed by the boundary conditions
[134], [162], [163], [168]. This dependency on a single state of polarization increases
system complexity in the hybrid PDM-WDM based data transmission.

Though some initial studies have been proposed for TCO-based polarization-
insensitive modulators [41], [161], [166], [169], there is a trade-off between modulation
bandwidth and device footprint. For instance, X. Qiu et al. proposed an ITO-based dual-
polarization intensity modulator [28] at the cost of a very large active length. Moreover,
in order to eliminate the polarization beam splitter element from the photonic system,
separate electrical biasing is necessary for modulating TM and TE modes independently
[164]. Therefore, it remains highly challenging to design a compact polarization-

insensitive modulator that is capable of simultaneous modulation of both TM and TE
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modes with independent electrical-biasing while maintaining low power consumption

and high modulation bandwidth.

To bridge these gaps, in this section, we present a novel design of a dual-
polarization electro-absorption (EA) modulator based on ENZ effect of ITO. The
proposed parallel directional coupler based design is capable of independent modulation
of two fundamental modes (TE and TM) of a standard silicon (Si) rib waveguide. The
numerical simulations show that the proposed design can be treated as a polarization-
insensitive modulator due to its low polarization-dependent loss. The extinction ratio of
TM (TE) is achieved as ~10.11 dB (9.66 dB) at 1550 nm wavelength, resulting in a very

low (0.45 dB) polarization-dependent loss.

With a 27 um active length, the modulation bandwidth and power-consumption
are 122.75 GHz (107.91 GHz) and 773 fl/bit (759 fJ/bit) for TM (TE)-modulation,
respectively. To the best of our knowledge, such a low-dimensional coupling-assisted
ENZ-material based dual-polarization electro-absorption modulator, is presented for the
first time, which is capable of independent and parallel modulation of both polarizations
simultaneously. The proposed design finds a potential solution to reduce footprint of the
PDM-enabled integrated optical communication system Dby eliminating the

requirements of both extra polarization rotators and polarization beam splitters.

6.2.1. Structural Overview

The architectural schematic of the proposed parallel directional coupler-based dual-
polarization electro-absorption modulator is illustrated in Figure 6.5(a). The width and
height of the input silicon bus waveguide are denoted as wo (= 500 nm) and ho (= 190
nm), respectively. The thickness of the silicon slab (tsia) is taken as 30 nm. Light from

a standard silicon rib waveguide (220 nm high and 500 nm wide), widely used in optical

177
TH-3592_186102016



6. Integrated Electro-Optic Intensity Modulators by Leveraging ENZ Effect

(a) (b) zm—ﬂ
Rk _ ‘
t

e ALO,

Figure 6.5: Schematics of the proposed parallel directional coupler based dual-polarization
electro-absorption modulator. (a) three-dimensional (3D) layout of the proposed design, where
V1m and Ve represent the corresponding bias voltages for HPW1 and HPW, respectively. (b)
2D cross-sectional view of the proposed structure, where, ho =190 nm and wo = 500 nm are the
height and width of the input bus silicon rib-waveguide, respectively. The slab thickness (tsian)
is taken as 30 nm. The corresponding width and height of the HPW; and HPW> are (w1, h1) and
(w2, h2), respectively with a coupling gap between bus waveguide to each HPW is g = 100 nm.
The thicknesses of ITO layer, Al.Os and insulating layer are tiro = 35 nm, taj,0,= 5 Nm, and

tox= 30 nm, respectively [40].

on-chip communication, can be easily coupled to the bus waveguide without sacrificing

light intensity in the form of coupling loss.

Two hybrid plasmonic waveguides (HPWSs), consisting of ITO-Al.Os-Si based
metal-oxide-semiconductor (MOS)-type capacitive structure, are placed parallel to the
bus waveguide with a separation gap of g, as shown in Figure 6.5 (b). A 5 nm thick
Al>Os is taken as oxide layer in MOS-type structure to maintain a low capacitive effect
without sacrificing the required tuning of carrier concentration with respect to applied
external bias voltage [29], [30]. The n-type silicon-rib HPW: (HPW>) is 210 nm (300
nm) in height and 370 nm (360 nm) in width, denoted as hs (h2) and w1 (w2), respectively.
An enlarged view of ITO cladding, with 35 nm thickness, covered on the Al2Os layer is
shown as insets of Figure 6.5 (b). Note that different ITO—AI.O3 coatings have been
taken for two HPWs, keeping in mind the electric-field distributions of the TM and TE
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modes of bus waveguide. To provide insulation between Si-slab and ITO layer, two

SiO2 layers with thickness tox = 30 nm are placed on both sides of HPW- on the slab.

6.2.2. Electro-Optical Properties of ITO

The ITO/AlL2O3/n-Si stack forms a MOS-type capacitor with 1TO and Al2Os acting as
the transparent electrode and the gate dielectric layer, respectively, as shown in Figure
6.6(a). The bulk carrier concentration (No) is taken as ~3 x 10'° cm=. The refractive
indices of Al.Ogz, SiO., and Si are taken from literature [183]. The voltage-dependent
carrier concentration distributions of the ITO layer for the first 5 nm range from the
interface of ITO-AIl>Ozare shown in Figure 6.6(b).

The formation of charge accumulation layer (ACL) can be seen with the decrease
of applied bias voltage (Vgy). The numerical simulations have been carried out using the
commercially available electrostatic solver — Lumerical Device®, where drift-diffusion
and Poisson’s equations have been solved to witness the accumulation of electrons at

ITO- Al2Os interface by considering the parameters for ITO same as the ones mentioned

—~
=
~
—_
o
~
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Wavelength (um)

Position from z = 0 (nm) Voltage (V) Voltage (V)

Figure 6.6: (a) The illustration of MOS-capacitor formation containing ITO/Al.Oz/n-Si layers.
(b) The carrier concentration distribution, N (per unit cm®), of ITO layer at the position from z
= 0 to 5 nm for different bias voltages, where z = 0 represents the ITO-Al>Oz interface. The
real (c) and imaginary (d) parts of optical permittivity of charge accumulation layer (ACL)
with respect to wavelength for different applied bias voltages. The ENZ Region is shown as —
1< iRe(EACL) <1 [40]
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in Chapter 2. The thickness of the ACL can be approximated as an equivalent
homogenized ultra-thin layer (~3 nm) by using two-layer model based on modified
Thomas—Fermi approximation (MTFA), as mentioned in Chapter 2 (sub-section 2.4.2)
[133], [134].

The dependency of optical properties of ITO on carrier concentration can be
explained by Drude model, as given in Eq. (2.34). The value of real part of permittivity
of charge ACL, Re(eacL), approaches zero at 1550 nm wavelength when the carrier
concentration of this ultra-thin ACL is ~ 6.4 x 10%° cm~3. As shown in Figure 6.6(c), the
range of wavelength at the vicinity of zero-permittivity crossover wavelength can be
termed as “ENZ-region” [128].

As shown in Figure 6.6(d), the imaginary part of permittivity of
ACL, 3m(eacr), 1s negligible when no bias voltage is applied. Thus ITO behaves as a
lossless medium with a bulk carrier concentration (N) of ~3 x 10%® cm3. On the other
hand, if we apply external bias voltage, the formation of charge accumulation layer can
be seen at the interface of ITO—AIl>Oz. Then, the imaginary part of permittivity of ITO
starts increasing, which results in optical absorption. In other words, we can say
when Re(exc) of ACL approaches the near-zero condition, the layer behaves as a lossy
medium. This is the fundamental principle behind realizing TCO-based electro-
absorption modulators. Although a high Im (e5c1) value can be acquired to design a
more efficient electro-absorption modulator, unfortunately, the breakdown voltage of
oxide layer becomes the limiting factor. In this study, the bias voltage (Vg) has been
taken from 0 to —5 V that results in a maximum electric field of about 4.5 MV/cm across

the Al2Os layer, which is lower than the reported breakdown field [29].
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Figure 6.7: The effective refractive index (nesr) variation of the plasmonic waveguides with
different width and height. (a) Effective index variation of HPW1, where the red marked dot at
(w1, h1) = (370 nm, 210 nm) denotes the index matched (neft = 1.667) condition with the TM-
mode of input bus waveguide. (b) Effective index variation of HPW>, where the red marked
dot at (w2, h2) = (360 nm, 300 nm) denotes the index matched (neff = 2.4207) condition with the
TE-mode of input bus waveguide [40].

6.2.3. Parametric Study and Coupled Waveguide Analysis

The proposed directional coupler-based modulator has two parallel active coupling
sections consisting of ITO-based HPW in each region. Each HPW is separated by a gap
(9 =100 nm) from the input silicon rib-waveguide. The design is based on coupled mode
theory (CMT) in a parallel directional coupler and complex refractive index modulation
of ITO. Without any external biasing, the geometrical parametric analysis has been
carried out in such a way that the effective index of fundamental TM-mode of HPW1
can match the effective index of fundamental TM-mode of the input bus waveguide, as
shown in Figure 6.7(a). This enables directional coupler based mode-coupling
phenomena. Similarly, as shown in Figure 6.7(b), the fundamental TE-mode of input

bus waveguide can be coupled to the HPW: by satisfying index matching condition.

Moreover, careful selection of physical parameters needs to be taken into
consideration to minimize the possibilities of coupling of TE-mode of bus waveguide
to HPW1 and TM-mode of bus waveguide to HPW>, which results in propagation loss
and mode-crosstalk. Nevertheless, there are multiple choices for the selection of

geometrical parameters for HPWs to satisfy parallel directional coupling. We have
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chosen the width and height of HPW1, HPW> as (w1, h1) = (370 nm, 210 nm) and (w-,
hz2) = (360 nm, 300 nm), respectively, as shown by the red dot in Figure 6.7. The
selection of parameters is made in such a way that the modulator can fulfill the

requirements of polarization-insensitivity with independent bias voltage.

Two primary requirements need to be taken into consideration to design a
directional coupler-based dual-polarization modulator. First, when no bias voltage is
applied, the effective lengths of HPW1 and HPW- should be the same — referred to as
“ON” state. Thus, minimum insertion loss at the output port of input bus waveguide is
observed for both TM and TE modes. Second, voltage-dependent change in modal
losses (am) for TM and TE modes should be identical. This enables near-zero

modulation-depth discrepancy between these two fundamental modes.

The modal loss (am) of a Si-waveguide based modulator can be defined as [34]:

an = Ia, (6.5)

where I" denotes the confinement factor — a metric to measure how well a
particular waveguide-mode overlaps with the active region or switching layer. Material
absorption loss is denoted by a, which depends on the imaginary part of effective

refractive index 37 (nefr) at a particular wavelength (1) and can be given as [28] :

a = 10 |log (e{_%ﬂsm(neff)}ﬂ (d—B) (6.6)

um

According to CMT, if the directional coupler length is even multiple of coupling
length, light will be coupled back to the input waveguide [205]. Therefore, to realize
polarization-insensitive design based on the parallel directional coupler, the active
length (Lactive) Of the modulator should be defined as a function of coupling length of

each HPWs, and can be given as:
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Lactive = PLtm = qL1g, [p.q = 2,4,6,..] (6.7)

where Ltm and Lte are the coupling-lengths for TM and TE modes, respectively, and
can be defined as [205]:

L T Ao 6.8
™ ﬁTM,e - :BTM,o 2 (nTM,e = nTM,o) ( )

i A
= s (6.8.b)

Ltg = =
Bree = Breo 2 (Nrge — NrEo)

where Ao is the wavelength in vacuum, frme (Ntme) and Srm,o (NTm,o) are the propagation
constant (refractive index) of symmetric or even super-mode and anti-symmetric or odd
super-mode for TM-polarization, respectively, whereas, Btee (Ntee) and fSreo (NTeo) are
the propagation constant (refractive index) of symmetric and anti-symmetric super-

modes for TE-polarization, respectively.

6.2.4. Results and Discussion

In this subsection, the analysis of individual mode-modulation is described first based
on directional coupling mechanism. Then, by providing independent electrical biasing,
simultaneous modulation of TM and TE modes have been discussed based on parallel

directional-coupling. Finally, the fabrication tolerance study of our design is discussed.

6.2.4.1. Mode-coupling Analysis Independently for TE and TM Modes

To design a dual-polarization modulator based on parallel directional coupler, we need

to first investigate each coupling section separately. Here, the performance analysis of
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Figure 6.8: Electric field distributions of odd and even super-modes. (a) E.—field distribution
of odd and even super-modes of TM-polarization, when HPW!1 is taken into consideration for
directional coupler based design at 0 V bias. (b) Ey—field distribution of odd and even super-
modes of TE-polarization, when HPW: is taken into consideration at OV bias. (c) and (d) are
the counterpart electric field distributions of (a) and (b), respectively, at —5 V biased condition.
Depending upon the mode field intensity at the input bus waveguide, the corresponding state is
termed as “ON” or “OFF” state. Tight confinement of electric field at ITO-AIlO3 interface,
due to the formation of absorptive-ACL, is shown by the enlarged view of (c) and (d). Note
that, white solid lines are used for better visualization of the underlined structure [40].

individual mode-modulation has been discussed separately. For instance, directional
coupler-based TM-mode modulator design can be considered with Si-bus waveguide as
input waveguide and HPW;1 as coupled waveguide. In the TM-mode analysis, HPW: is
not considered. Similarly, TE-mode modulation analysis has been carried out with

HPW: as the coupled waveguide in the absence of HPW.:.

Figure 6.8(a) shows the numerically simulated E,-field distribution of odd and
even super-modes of TM-polarization supported by the directional coupler design when
HPW: is taken into consideration. The effective refractive index differences (An)
between even and odd super-modes can be found as ~0.1736 at operational wavelength

1550 nm, yielding coupling length Ltm~ 4.464 um, as per Equation (6.8.a).

Similarly, the Ey-field distribution of odd and even super-modes of TE-

polarization are shown in Figure 6.8(b) when HPW: is taken into consideration. The
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effective refractive index differences (An) between even and odd super-modes for TE-
polarization can be found as ~0.058. The coupling length can be determined by Equation
(6.8.b) as Lte = 13.36 um. Thus, the effective active length for both HPWSs can be
estimated using Equation (6.7) to design dual-polarization modulator, where p and g are
taken to be 6 and 2, respectively, yielding Lactive to be at the vicinity of 27 pm. Therefore,
these two directional coupler designs satisfy the first condition of independent and

polarization-insensitive modulation.

To analyze the modal properties of the design, commercially available
eigenmode solver-based Lumerical Mode® is used. The “OFF” state of each modulator
section is enforced by the external electrical biasing. The enhancement of electric field
Is observed at ITO-AI,Os interface, as shown in Figure 6.8(c) and (d), when -5V bias
is applied to the HPW1 and HPW>, respectively. Due to the unusual boundary condition
imposed by the ENZ-effect, the waveguide modes overlap with the absorptive
accumulation layer at the ITO-Al203 interface, resulting in a high modal loss. The
strong enhancement of electric-field can be seen as the enlarged view in the insets of
Figure 6.8(c) and (d).

6.2.4.2. Dual-Polarization Modulator: Performance Analysis

The electrode-configurations for TM- and TE-mode modulations are shown in the insets
of Figure 6.9(a) and (b), respectively. The proposed parallel directional coupler-based
design exhibits simultaneous modulation of TM and TE modes with independent
electrical gating at HPW: and HPW,, respectively. The dual-polarization modulation
can be achieved by independent switching of Vtm from 0 to -5 V while keeping Ve at

0 V and switching of Vte from 0 to -5 V while keeping Vrm at 0 V.

With a 27 pum active length, the modal loss curves of the TM- and TE-modes, at

three distinct operational wavelengths (1530 nm, 1550 nm, and 1570 nm), are shown in
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Figure 6.9: (a) Modal loss (dB/um) as a function of external bias voltages for three different
operational wavelengths (1530 nm, 1550 nm, and 1570 nm) in the case of (a) TM-mode
modulation, and (b) TE-mode modulation. Electrode configurations are shown in the inset,
where, (V1g, Vrm) = (0 V, 0 to -5 V), and (Vg, Vm) = (0 to -5V, 0 V) for TM- and TE-mode
modulations, respectively. For the TM-mode modulation, atm and are denote the
corresponding TM-mode and TE-mode loss, respectively. Similarly, for the TE-mode
modulation, ate and arm denote the corresponding modal loss. The “ON”-state and “OFF”-
state conditions are illustrated by the electric field distributions for TM or TE mode at bias
voltage of 0 V and -5 V, respectively. Note that, solid black lines are used for better
visualization of the underlined structure [40].

Figure 6.9(a) for TM-mode modulation, where Ve = 0 V and Vtwm is switching from 0
to -5 V. The E;-field distributions are shown for TM-modulation and represented as
“ON state” and “OFF state” at the bias voltage of Vtm = 0 V and -5 V, respectively.
Due to the formation of absorptive-ACL located at the active coupling region of HPW1,

the modal loss for TM-mode (aTm) keeps on increasing with the external bias changes
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from 0 to -5 V. On the other hand, TE-mode of the bus waveguide suffers very low loss

(aTe), which illustrates the independence of the applied Vrm over TE-mode.

Figure 6.9(b) illustrates the modal loss curves for TE-mode modulation at three
distinct operational wavelengths with electrode configurations set as shown in the inset.
The active propagation length for this study is the same as that of TM-modulation. Ey-
field distributions of even super-modes are shown for TE-modulation and represented
as TE-mode “ON” and “OFF” state at Ve = 0 V and -5 V, respectively. With the
coupling of TE-mode of bus waveguide to the HPW,, higher modal loss (ate) can be
achieved when Ve decreases from 0 to -5 V. The insensitivity of TM-mode to the V+e

is seen from the low TM-mode loss (atm) curves.

However, Figure 6.9(a) shows a small variation of modal losses at the higher
voltages for TE-mode, when TM-modulation is considered. Similar fluctuations are also
observed for TM-mode loss at a higher voltage in Figure 6.9(b). These small
fluctuations are due to mode-crosstalk (MC) and are negligible in comparison with the
modal loss for respective mode-modulation. These small fluctuations are due to mode-
crosstalk (MC) and are negligible in comparison with the modal loss for respective
mode-modulation. The impact of one particular mode (TE or TM) modulation on the

other mode (TM or TE) is described by mode crosstalk (MC) and can be given as [28]

_ |aTM/TE + aTE/TM|

> (dB), (6.9)

MC

Here aqy rg is the TM mode loss when TE modulation is applied and arg v is
the TE mode loss when TM modulation is applied. The variation of the mode crosstalk
(MC) as a function of the applied voltage at the1550 nm is shown in Figure 6.10. It
should be noted that the maximum mode crosstalk of the proposed modulator is
estimated as 0.02 dB/um, which is negligible than that of the modal loss for respective

mode-modulation (having a maximum modal loss of ~0.39 dB/um as shown in Figure

6.10.
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Figure 6.10: Mode-crosstalk (MC), in dB/um, as a function of external bias voltages for
operational wavelength of 1550 nm.

As the design attributes very low mode-crosstalk, independent mode modulation

can be possible. The insertion loss (IL) of the modulator can be defined as:
IL = |PO - aOLactivel (dB): (610)

where Po denotes the input power at the modulator and ao denotes the modal loss of the
modulator when no bias voltage is applied. Moreover, for an ideal polarization-
insensitive dual-polarization modulator, it is highly desirable to maintain a low
polarization dependent loss (PDL), which describes the discrepancy of extinction ratio

between TM and TE modulations, and can be shown as:

where ERtm and ER+e are the corresponding extinction ratio (ER) for TM and TE

modulations, respectively.
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The extinction ratio is very crucial parameter to design an intensity modulator

and can be defined as a function of biased condition modal loss (ab):

ER = |apLactive — IL| (dB). (6.12)

Figure 6.11(a) and (b) illustrate the electric field (E;) evolution for TM-mode
along the modulator at “TM-ON” and “TM-OFF” states, respectively, at 1550 nm
operational wavelength. The evolution of Ey-field along the modulator for TE-mode is
shown in Figure 6.11(c) and (d) for “TE-ON” and “TE-OFF” states, respectively, at the

1550 nm operational wavelength. To ensure a negligible coupling loss while launching
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Figure 6.11: Electric field evolution along the propagation distance through the parallel
coupled waveguides. (a) and (b), E.-field propagation by coupling of TM-mode between bus
waveguide and HPW; at Vtm = 0 V, and Vtm = -5 V, respectively, for TM-mode modulation.
(c) and (d), Ey field propagation for TE-mode modulation at Ve =0 V and -5 V, respectively.
Note that, for (a) and (b), TM-mode is the input at bus waveguide, whereas, for (c) and (d), TE-
mode is the input at bus waveguide. The effective active length of the modulator section is L =
Lactive =27 pm [40]
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Figure 6.12: (a) Insertion loss (IL), in dB, as a function of wavelength for TM- and TE-mode
modulations and (b) extinction ratio (ER), in dB, as a function of wavelength, covering the C-
band, for TM- and TE-mode modulations, and corresponding polarization dependent loss
(PDL). Note that, at 1550 nm wavelength, PDL between TM- and TE-mode modulations is
0.45 dB [40].

the light to the device, we have chosen the silicon bus waveguide with similar
dimensions to the widely used standard silicon rib waveguide (500 nm wide and 220
nm high). A linearly polarized light can be launched from a standard silicon waveguide
and can pass through the modulator section at “ON” state appearing at the output port

of the bus waveguide.

In contrast, at “OFF” state, due to high propagation loss achieved by strong light—
matter interactions around the absorptive-ACL, very low power is observed at the output
port, located at L= 27 um. To analyze the performance metrics of proposed parallel
directional coupler-based dual-polarization electro-absorption modulator, 3D FDTD
(finite-difference time-domain) method is used. With PML (perfectly matched layer)
absorbing boundary condition, the structure is modeled by choosing a very fine mesh,

with 0.25 nm minimum mesh size, around the ITO-AIl>O3 interface.

The variations of insertion loss (IL) and extinction ratio (ER) as functions of
wavelength ranging from 1530 to 1570 nm (covering the C-band) are shown in Figure
6.12(a) and (b) for both TM and TE-mode modulations, respectively. The polarization
dependent loss (PDL) or extinction ratio-discrepancy can be calculated by using

Equation (6.11), and the variation in polarization dependent loss as a function of
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wavelength is shown in Figure 6.12(b), where we can see the dual-polarization
modulator can perform a broadband (1530 nm to 1570 nm) polarization-insensitive
modulation with less than 2 dB extinction ratio-discrepancy. Moreover, due to the
refractive index modulation, a slight shifting of coupling length at OFF-states of each
modulation is noticed, which is incorporated with the extinction ratio (ER) of the design.
At 1550 nm wavelength, ERtm and ERte are 10.11 dB and 9.66 dB, respectively,
resulting in the polarization dependent loss (PDL) to be 0.45 dB, which satisfies the

second requirement of polarization-insensitive modulation.

6.2.4.3. Electrical Bandwidth and Energy Consumption of the Modulator

The operational speed of a modulator is one of the key parameters. Due to the ultrafast
formation of the carrier ACL, the 3-dB modulation bandwidth, fsss = (2zRC)™* (Hz), is
impeded by the RC-time constant of the modulator (here, R is the equivalent device
resistance, and C is the capacitance formed by MOS-type structure) [162]. The power
consumption E = CV?/4 (J/bit) is also another aspect that needs to be considered while
designing an electro-absorption modulator for a power-hungry integrated photonic

system [41].

As the dual-polarization modulation is achieved by applying electrical gating at
two parallel coupling regions consisting of two different HPWSs, electrostatic analysis
needs to be discussed separately for both mode-modulations. Based on electrostatic
simulations on the commercial Lumerical Device® tool, the equivalent device resistivity
and total capacitance per unit length can be estimated as 283.7 Q.um (327.58 Q.um)
and 4.576 fF/um (4.502 fF/um) for TM (TE) modulation, respectively, which translates
to a modulation bandwidth of 122.75 GHz (107.91 GHz) for TM (TE)-modulation. With
an applied voltage ranging from 0 to -5V, the power consumption of the modulator can
be estimated as 773 fl/bit and 759 fJ/bit for TM- and TE-mode modulations,

respectively.
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6.2.4.4. Comparative Analysis

The performance comparison of the proposed ENZ material based electro absorption
modulator with a few previously reported Mach—Zehnder interferometer based silicon

free-carrier modulators can be seen in Table 6.1.

Table 6.1: Comparison of the Proposed EAM with a Few Previously Reported Silicon
Waveguide-based Free-carrier Modulators

Design Wavelength ER IL faas Dual-
(hm) (dB)" (dB)” (GHz) Polarization

Si MZM

(Experimental) [213] 1557 ~1.5 ~1.9 ~30 No
Si MZM

(Experimental) [214] > 3.7 2.6 13 No
Si MZM

(Experimental) [215] -0 5.0 2.6 10 No
Si MZM

(Theoretical) [216] 1550 ~3.0 ~3.3 ~13 No

EI_\IZ Materlal based TE: 0.\’.358 TE 830 TE 107

Directional Coupler 1550 TM: TM:B76  TM: 129 Yes

(This work) 0.375 -9 :

Note: Si modulators are Mach—Zehnder interferometer-based modulators (MZM), ER:

extinction ratio, IL: insertion loss, fags: 3-dB modulation bandwidth
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The modulation depth (MD) of the device can be denoted as the extinction ratio
(ER) per unit active length (Lactive), i.€., MD = ER/Lactive (dB/um). For obtaining larger
MD, one can also opt for some other oxides with higher relative permittivity, such as
HfO2 (er ~ 25). However, this will lead to larger capacitance, and thus modulation
bandwidth gets affected. Thus, there is a trade-off between modulation bandwidth (fzag)
and MD for the MOS-based optical modulators. To characterize the trade-off between

these two parameters, a figure-of-merit (FoM) can be defined as:

This newly defined FoM can guide users for a careful selection of optical

modulators with optimal performances.

In addition, to reduce the overall footprint and complexity of a PDM-enabled
integrated photonic system, an independent biasing scheme also needs to be employed
to modulate TE and TM modes separately. This will eliminate the requirement for extra
polarization beam splitter elements. Here, we emphasize that our proposed parallel
directional coupler-based design is capable of independent modulation of both
polarizations with modulation bandwidth as high as 122.75 GHz (107.91 GHz) and
power consumption as low as 773 fJ/bit (759 fJ/bit) for TM (TE)-modulation.

A comparative overview of a few recently reported TCO-based polarization-
insensitive modulators is shown in Table 6.2. Note that all works compared in are Table
6.2 based on theoretical simulations. No experimental work on ENZ-material based dual
polarization electro-absorption modulator has been reported to date to the best of our
knowledge. Though the designs based on multilayered-MOS type structures provide
high modulation depths, they are not capable of independent-modulation of TE and TM

modes.

Moreover, the modulation bandwidth and power consumption are also affected

due to the vertical stack of MOS-type structures. With a 27 um active length and 10.11
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Table 6.2: Comparison among a Few Recently Reported TCO-based Polarization-
insensitive Integrated Modulators

Design Independent MD fadB FoM Energy/bit
-biasing  (dB/um)” (GH2) (dB.GHz.um™)  (fJ/bit)
Multi-layered No ~1.0 16 ~16.0 NA
MOS [161]
Multi-layered No ~3.1 7.1 ~22.01 827
MOS [41]
Single ITO No ~0.1 NA NA 1300
coating [34]
Isolated active Yes TE: 0.206 TE: 58 TE: 11.60 NA
layers [28] TM:0.198 TM: 66 TM: 13.20
Parallel Yes TE:0.358  TE: 107 TE: 38.30 TE: 759
coupling (This TM: 0.375 TM: 122 TM: 45.75 TM: 773
work)

“MD (= ER/Lactive) at 1550 nm wavelength. MOS: metal-oxide-semiconductor, fsgs: 3-0B
modulation bandwidth, NA: Not available, FoM: figure-of-merit.

dB (9.66 dB) extinction ratio for TM (TE) modulation at 1550 nm wavelength, we can

calculate the modulation depth (MD) for both polarizations. The figure-of-merit (FoM)

calculations show that our directional coupler-based design can outperform previously

reported polarization-independent modulators. In addition, the optical bandwidth of this

design can cover the whole C-band of wavelength with less than 1.5 dB polarization

dependent loss (PDL). Therefore, our proposed design finds potential application in

integrated nanophotonics systems for optical communication.
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6.2.4.5. Potential Fabrication Process and Tolerance Study

The dual-polarization electro-absorption modulator consists of a silicon bus waveguide
and two parallel HPWs with a separation gap of 100 nm each from the bus waveguide.
The proposed device can be fabricated on a commercially available silicon-on-insulator
(SOI) wafer with approximately 2 um thick buried oxide. In the beginning, the silicon
rib waveguides (bus waveguide, HPW1, and HPW,) with different physical dimensions
can be patterned by electron-beam lithography (EBL) followed by reactive ion etching
(RIE), leaving a 30 nm thick silicon slab for lower device contact [163], [206]. Two 30
nm thick SiO2 insulation layers on both sides of HPW> can be deposited through thermal
oxidation. The excess oxide layer can be wet-etched by dipping it into a hydro-fluoric
solution [136]. Next, the input and output grating couplers may be defined by a second
round of EBL and RIE to couple the light from optical fibers into the bus waveguide
[167]. Then, the ITO-AI>O3 stack can be patterned by a third round of EBL, followed
by atomic layer deposition of 5 nm thick Al.Oz and 35 nm thick ITO, and lift-off process
[136]. To improve the film quality, the samples can be annealed for around 10 minutes
at 400° C. Finally, the upper and lower metal contacts can be patterned using
photolithography, followed by thermal evaporation and lift-off process to make

electrical connections to the device [167].

After the completion of the fabrication process, a scanning electron microscope
may be used to verify the thickness of each layer deposited over the substrate [163].
Then, the characterization of the device needs to be done without applying any bias
voltage. Light from a C-band tunable light source can be coupled into and out of the
silicon bus waveguide through the grating couplers using optical fibers. Polarization

maintaining fibers may be used to observe the dual-polarization operation of the device.

195
TH-3592_186102016



6. Integrated Electro-Optic Intensity Modulators by Leveraging ENZ Effect

(b)

(a) . . ; . : ;

i —O0—TM (Aw = Aw)) —O0—TM (Ah = Ah,)

—o—TE (Aw = Aw,) —e—TE (Ah = Ah,)
P i : 2
@ ;
o
N’
o
<3
20 -10 0 10 20 20 -10 0 10 20
Aw (nm) Ah (nm)
(©) d
10.5 T (d)
—O0—TM —o0—TM

—e— TE ~ TE
m
=
] L J T
5 9.5//\‘\
9.0 - ‘

300 325 350 375 400 250 275 300 325 350
tiro (nm) Iy ap (NM)

Figure 6.13: Fabrication tolerance study of rib width and height of HPWs. (a) extinction ratio
(ER) for TM- and TE-mode modulations, as a function of the changing rib width by Aw; for
HPW1, and Aw, for HPW>, respectively. (b) extinction ratio (ER) for TM- and TE-mode
modulations, when rib height of HPW1 and HPW> has changed to h1 + A hy and ho + A hy,
respectively. extinction ratio (ER) for TM- and TE-mode modulations, considering £ 5 nm
variation in thickness of (c) ITO-layer and (d) silicon slab, respectively. Note that, in case of
(a) and (b) the ideal device can be represented by taking Aw = Awi = Aw,= 0 and Ah = Ah; =
Ahz = 0. All units are in nanometer, and the operating wavelength is 1550 nm [40].

Next, a -5V DC bias voltage can be applied on the ITO electrode, keeping the silicon
slab contact grounded to observe the electro-optical response of the device. Then, the

modulation of output light can be observed by optical spectrum analyzer [136].

As the device is based on the directional coupling-phenomena, the height and
width of the HPWs are very crucial to decide the TM and TE modes coupling analysis.
Therefore, we investigate the effect of inaccuracy in the fabrication process. Figure
6.13(a) depicts the impact on extinction ratio (ER) of dual-polarization modulation for
+20 nm deviations in silicon rib width (Aw) of both HPWs, where Aw; and Awz represent

the deviations of rib widths of HPW1 and HPW>, respectively. Similarly, the sensitivity
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of ER to the rib-height of the HPWSs is shown in Figure 6.13(b), where Ah: and Ah;
represent the corresponding deviations of heights of HPWs. Here, the tolerance study
for TM-modulation has been done by considering rib-width (w1 = 370 £ 20 nm) and
height (h1 = 210 £ 20 nm) of HPW.. It can be seen that due to the maximum coupling
efficiency, the ERtm is maximum when Awi = O (ideal device configuration). On the
other hand, the variation in the ERte is shown with respect to the rib-width (w. = 360
20 nm) and height (h2 = 300 = 20 nm) of HPW, for the TE-modulation. The lowest
values of ERtm and ER+e in the tolerance analysis are 8.36 dB and 8.07 dB, respectively,
allowing robustness to realize dual-polarization modulator within a £ 20 nm deviation
in rib height and width of HPWSs. Moreover, polarization-insensitivity comes from the
extinction ratio-discrepancy of less than 2 dB. Figure 6.13(c) and (d) depict the impact
on extinction ratio (ER) of dual-polarization modulation for £ 5 nm deviations in ITO-
layer and silicon slab, respectively. It should be noted that there might be a variation in
the ER value in the practical scenario due to roughness on the surface during fabrication

process that leads to additional scattering losses in the directional coupler design.

6.2.5. Summary

We presented a novel design of parallel directional coupler-based dual-polarization
electro-absorption modulator using ENZ-material. By applying independent external
electrical bias at the corresponding coupling region consisting of ITO-based HPWs,
enhancement of light—matter interactions yielding from ENZ-effect can be seen. Based
on confining light in the absorptive accumulation layer, the design can be realized for
independent and synchronized modulation of both polarizations. The design allows
strong extinction ratio (ER) to insertion loss (IL) ratios for both TM and TE mode
modulations. The extinction ratio (ER) of TM (TE) is achieved as 10.11 dB (9.66 dB)
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at 1550 nm wavelength of operation, resulting in a 0.45 dB polarization dependent loss

or extinction ratio-discrepancy between two modulations.

With a 27 um active length, the modulation bandwidth and power-consumption
are 122.75 GHz (107.91 GHz) and 773 fJ/bit (759 fJ/bit) for TM (TE)-modulation,
respectively. To the best of our knowledge, a parallel directional coupler based compact
dual-polarization electro-absorption modulator is presented here for the first time, which
Is capable of independent and parallel modulation of both polarizations by leveraging
the feature of electrically-tunable ENZ effect of ITO. In addition, the optical bandwidth
of this design can cover the whole C-band of wavelength with less than 1.5 dB
polarization dependent loss, which is a promising feature for dense-WDM and PDM-

integrated optical communication systems.
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7. ENZ-material based Metasurface for Electro-Optic Polarization Modulation

Until now, Chapters 3 to 6 have been dedicated to different designs for electro-optic or
all-optical intensity modulation by leveraging the epsilon-near-zero (ENZ) effect of
transparent conducting oxides (TCOs). Various design strategies have been adopted for
achieving the free-space (metasurface-based) and integrated (waveguide-based)
intensity modulation. Apart from the intensity, the polarization state is also one of the

vital electromagnetic properties of light.

This Chapter is dedicated to the exploration of achieving electro-optic
polarization modulation by harnessing the ENZ effect. Section 7.1 introduces the
motivation behind the investigation of an electro-tunable, compact, free-space
polarization modulator for nanophotonic systems. Section 7.2 discusses a unique design
of a metasurface-based free-space electro-optic polarization modulator or switching
device. This novel electro-tunable metasurface has been designed by combining the
ENZ phenomenon of indium tin oxide (ITO) with gap plasmon resonance to enable a

tri-state polarization switching mechanism.

7.1. Dynamic Control of Polarization State: A Brief Introduction

As discussed in Chapter 1, the polarization state of light is determined by the orientation
of its oscillating electric field and is crucial for any photonic system [64], [65]. The
polarization-controlling elements are the key components for many applications, such
as optical imaging, optical communication, data transmission, and so on [7], [29], [40],
[66], [67]. The most common approach to control the polarization state of light is either
by using the Kerr effect or the Faraday effect [68]. These traditional polarizing devices
suffer from bulkiness and static operations, i.e., they offer only a fixed degree of
polarization control. Though one can utilize acousto-optical or electro-optical effects to

realize dynamic polarization-switching components, these devices are not compatible
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with nanophotonics systems due to their large footprints [69]. As discussed previously,
metasurfaces have gained enormous attention in the recent years to tailor
electromagnetic properties of light at the sub-wavelength scale by engineering their unit
cells or ‘meta-atoms’ [102], [103], [189].

Metasurfaces are ultra-thin optical scatterers that can manipulate the amplitude
and phase of the light scattered from the surface. Due to their exceptional abilities to
control light-matter interactions at the sub-wavelength scale, metasurfaces have
accelerated the development of ultra-thin flat optical components such as
multifunctional meta-lens [7], hyperspectral imaging [8], spatial light modulators [9],
optical sensors, filters [10], and so on. Thus, metasurface has the potential to realize
polarization-control at the nanoscale by introducing birefringence and chirality [70]—
[74]. To date, many researchers have demonstrated several metasurface-based designs
for polarization conversion, which find a wide range of applications, including
holographic displays [75], polarization imaging [66], Stokes parameters detection [76],
and many more. However, most of these metasurface-based polarization controlling
components have typically been limited by their passive mode of operation, i.e.,

providing a fixed control over the degree of polarization [70]-[74], [77].

Extensive research has been performed in the recent years to demonstrate
dynamic control over the polarization state of light by incorporating numerous emerging
materials such as phase-change materials, graphene, and so on [78]. However, most of
the previously reported metasurface-based active polarization controllers are designed
mainly for far-infrared [79] and mid-infrared wavelengths [80]. Active polarization-
controlling devices at the visible and near-infrared wavelengths are essential for

guantum and nanophotonic applications.

To realize dynamic polarization rotation at optical frequencies, an all-dielectric
metasurface based on the plasma dispersion effect of silicon has been proposed in [101].

Active tunability was demonstrated for linear-to-elliptical and linear-to-circular
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polarization conversions only. Recently, Atwater et al. demonstrated metasurface-based
dynamic polarization control by integrating TCOs suitable at near-infrared (NIR)
wavelengths [81]. Nevertheless, the previously reported TCO-based metasurfaces for
dynamic polarization conversion come at the cost of low intensity of the reflected lights

and requirement for high bias voltages.

Therefore, the realization of a low voltage-driven active metasurface for
polarization modulation remains a great challenge. The ENZ phenomenon can be
utilized to enable dynamic polarization rotation with small electrical biasing while
maintaining a high intensity of reflected or transmitted light. To bridge these gaps, in
the next Section, a low-voltage driven electro-tunable compact metasurface-based
polarization converter has been introduced to enable a dynamic control over different
linearly-polarized reflected light at 1.55 um wavelength. This is achieved by tuning the

accumulation process free-electrons in the ENZ material.
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7.2. Electro-tunable Metasurface for Tri-State Dynamic Polarization

Modulation

This Section presents a novel low-voltage driven electro-tunable metasurface-based
polarization modulator that can operate at the key wavelength band of optical
communication, i.e., C-band. The proposed device comprises a two-dimensional array
of elliptical silver (Ag)-nanopillars deposited on ITO-alumina (Al.O3)-Ag stack. We
leverage gap-plasmon resonance effect combined with free-electrons accumulation
process of ITO to achieve control over the three linearly polarization states of the
reflected light, i.e., a tri-state polarization switching (viz. y-polarization for 0 V, —45°

linear polarizations for 2 V, and x-polarization for 5 V).

The normalized intensity of the reflected wave for both 0 V and 5 V biasing
conditions are more than 0.7, and more than 0.5 for 2 V bias — implying low insertion
losses in different biasing states. Such an electro-tunable metasurface is proposed for
the first time, to the best of our knowledge, which is capable of switching among three
different linear polarization states of the reflected light while maintaining sufficiently

high intensity.

7.2.1. Structural Overview

The schematic of the electro-tunable metasurface-based polarization modulator is
shown in Figure 7.1. The proposed metasurface consists of a two-dimensional array of
elliptical-shaped Ag-nanopillars (with thickness to = 215 nm) deposited on cascaded
layers of ITO (with thickness tiro = 10 nm), Al.O3 (with thickness t;,0,= 5 nm), and
optically-thick metallic ground plane of Ag (with thickness tm = 70 nm). The top view
of the metasurface is shown in Figure 7.1 (a), where a meta-atom is shown in an enlarged

view illustrating the periodicity (A = 500 nm) along both x-direction and y-direction,
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Substrate Substrate

A A

Figure 7.1: Schematics of the electro-tunable metasurface based polarization modulator
consisting a two-dimensional array of elliptical Ag-nanopillars deposited on ITO-Al>0O3-Ag
stack. (a) Top view of the device, a square unit cell or ‘meta-atom’ with an elliptical Ag cylinder
is shown in an enlarged view depicting the periodicity along x- and y-directions, and semi-
major axis Ro and semi-minor axis ro. Cross-sectional view of the meta-atom of the proposed
metasurface pictorially depicting polarization switching at (b) 0 V and (c) 5 V, where, we
consider that the metasurface is illuminated by a normally-incident x-polarized light [208].

semi-major axis (Ro = 125 nm) and semi-minor axis (ro = 105 nm). Here, we have
considered an illumination of normally-incident x-polarized light propagating along the
z-direction. The side-view of a meta-atom of the proposed structure describing a
pictorial representation of polarization switching at 0 VV and 2 V are shown in Figure
7.1(b) and (c), respectively. A 3D finite-difference time-domain simulation model is
considered here. We have considered periodic boundary conditions along both x- and y-
axis, and perfectly matched layers are used along the z-axis to minimize unwanted

scattered light.

7.2.2. Electro-tunable ENZ-phenomenon of ITO

The ITO-AlOs—Ag stack forms a metal-oxide—semiconductor (MOS)-type
configuration, as presented in the inset of Figure 7.2(a). The refractive indices of Al>O3
and Ag are taken from the literature [125], [183]. To observe the accumulation of free-

electrons at the ITO-AI.Os interface upon applying bias-voltage, electrostatic device
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Figure 7.2: (a) Spatial distributions of carrier concentration (N) of ITO layer from z =0 to 10
nm at different applied bias condition. Inset shows formation of MOS-type capacitor
comprising ITO-Al203-Ag layers, where z = 0 indicates ITO-Al2Os interface. The voltage-
dependent real (b) and imaginary (c) parts of permittivity of the charge accumulation layer of
ITO with respect to wavelength. The ENZ-region is displayed as —1 < Re(ero) < +1 [208].

simulations have been conducted in the commercially available Lumerical Device® tool.
For simulations involving device physics , the parameters assumed for ITO are identical
to the ones considered in Chapter 2 (section 2.4.2). Here, the bulk carrier-concentration
is taken as ~3 x 10*° cm™. The variation in the carrier-concentration distributions of the
ITO layer from the ITO-AIl2Os interface is presented in Figure 7.2(a) as a function of
electrical bias. The charge accumulation layer (ACL) is estimated as an ultra-thin region
(~3 nm thickness) by applying modified Thomas—Fermi approximation [133], [134],
where we employ a two-layer model similar to the procedure as mentioned in Chapter 2
(sub-section 2.4.2).

It should be noted that the ENZ-phenomena can be achieved by using different
gate-dielectric materials (such as HfO2). However, the breakdown voltage of the
material needs to be carefully considered while choosing the gate-dielectric material in
a MOS-type structure. For instance, the breakdown electric field for Al,Ozis 7.4 MV/cm
[29]. On the contrary, the breakdown electric field for HfO is 3.1 MV/cm, which is

much lower than Al>Oz. To verify that our device operates within the limit of breakdown
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voltage of Al,Os, we have done electrostatic simulations using Lumerical Device® tool.
The numerical simulations reveal that the electric field across the Al.Os layer is 5.2
MV/cm with a maximum of 5 V biasing, which is lower than the reported breakdown

electric field.

After calculating the charge carrier distributions under the influence of applied
bias voltages, the charge distributions inside the accumulation layer of 3 nm thickness
are translated to the optical properties via Drude permittivity model, given by Eq. (2.34)
of Chapter 2. Figure 7.2(b) depicts the variation of real, Re (&11o), part of the
permittivity of accumulation layer with respect to the applied bias, where the zero-
permittivity crossover wavelength is defined as “ENZ-region” [29]. Figure 7.2(c)
depicts the variation of imaginary part of permittivity, 3mi (&), of the charge
accumulation layer as a function of bias-voltage. We leverage the variation of the
complex permittivity of ITO active layer (or accumulation layer ACL) to realize

dynamic polarization control.

7.2.3. Results and Discussion —Tri-State Polarization Modulation

The proposed polarization rotating device is designed in such a way that the incident
linearly polarized beam (with electric field along x-direction) forms a 45° angle with the
X- and y-axes of the device (i.e., with the major and minor axes of the elliptical
nanopillars). This leads to decomposition of an incident x-polarized wave to its x- and
y- components. Thus, the reflected wave has two components, namely co-polarized (Rxx)
and cross-polarized (Ryx) for an x-polarized illumination. Figure 7.3 depicts the
modulation of co-polarized (Rxx) and cross-polarized (Ryx) reflectance at 1.55 um, and
the corresponding phase difference, Ag = ¢xx — dyx, Where ¢xx and ¢yx denote the phase of
the Rxx and Ryx components, respectively, for an x-polarized illumination. Due to the

excitation of gap-plasmon resonance mode at 1.55 um wavelength (shown later in
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Figure 7.3: Variation of co-polarized (Rxx) and cross-polarized (Ryx) reflectance at 1.55 pm
wavelength as a function of bias-voltage, and the corresponding phase difference, A¢ = ¢xx —
dyx, when illuminated with a normally-incident x-polarized light [208].

Figure 7.5) for 0 V bias, the co-polarized component acquires a negligible value —

leading to a y-polarized reflected light.

By increasing the external bias-voltage, we can accumulate the free-electrons of
ITO at the ITO-AI203 interface, which leads to modulation in phase and amplitude of
the two orthogonal components of the reflected wave. At 2 V biasing state, the
amplitude of the co-polarized (Rx) and cross-polarized (Ryx) components are almost
equal while the phase difference is A¢ = 180°. This indicates the realization of a linearly
polarized reflected light with —45° polarization angle [113]. On the other hand, if we

further increase the electrical bias, we can achieve an x-polarized reflected light.

The reflectance spectra for co-polarized and cross-polarized components for 0 V,
2 V, and 5 V biasing conditions are shown in Figure 7.4(a), (b), and (c), respectively.
Note that we have considered an x-polarized wave normally-incident on the metasurface
while propagating along z-direction, as shown in the inset of Figure 7.4(c). Note that the
electric field orientation of the reflected wave for each biasing state is depicted by the

bi-directional arrows. Due to the excitation of the gap-plasmon resonance, a dip in the
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Figure 7.4: Reflectance spectra for co-polarized (Rxx) and cross-polarized (Ryx) components for
@ 0V, (b) 2V, and (c) 5V biasing conditions. Note that the shaded region represents the
operating wavelength regime, i.e., the C-band of wavelength. The orientation of electric field
of the reflected waves at different biasing are shown by bi-directional arrows. In all cases, we
have considered an x-polarized wave normally incident on the metasurface, as shown in the

inset of (c) [208].

co-polarized (Rxx) reflectance spectra at the operating wavelength region can be
observed under 0 V biasing condition. On the other hand, the cross-polarized (Ryx)
component of electric field intensity gets its peak at the 1.55 um wavelength — leading

to a y-polarized reflected wave.
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(b)
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Figure 7.5: Normalized (a) electric (| £|) and (b) magnetic (| #|) field profiles at 1.55 pm
wavelength for 0 V bias. (c) Normalized electric field profile at 1.55 pum for 5 V bias, where
the field enhancement is displayed in an enlarged view. Note: white dashed lines represent the
underlined structure [208].

Now, we can see a blue-shift of the plasmonic resonance dip with the increase of
the bias voltage. At 2 V bias, when Rxx = Ryx with A¢ =~ 180° at 1.55 um wavelength,
we can get a linearly polarized light with —45° polarization angle, as shown in Figure
7.4(b). It should be noted that with further increase of the bias-voltage, the charge
accumulation region exhibits the ENZ-phenomenon at the operating wavelength region.
This results in an alteration of resonance conditions of the orthogonal components of

the reflected wave — leading to x-polarized reflected light at 5 V biasing condition.

Figure 7.5(a) and (b) represent the electric (| E|) and magnetic (| H|) field
distributions for the unbiased (0 V) state at 1.55 pm wavelength. We can observe the

excitation of gap-plasmon resonance, which leads to a resonance dip in the reflectance
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spectra corresponding to the co-polarized component and a peak in the cross-polarized
component. Thus, the linearly polarized light (with electric field orientation along x-
axis) will get rotated to its orthogonal state upon reflection from the metasurface, i.e.,
providing a y-polarized reflected wave. On the other hand, the plasmonic resonance
effect will get altered if we apply bias-voltage to accumulate free-electrons at the ITO-
Al>O3 interface. Due to the enforcement of unusual boundary conditions, an
enhancement of the electric field can be seen at the ultra-thin charge accumulation
region, as discussed in Chapter 1 (sub-section 1.2.2). When the denominator of Eq. (1.3)
Is negligibly small (i.e., at ENZ-condition), we can see an electric field enhancement at
the ITO-Al>Oz interface, as displayed in an enlarged view of Figure 7.5(c) for 5 V

biasing state.

7.2.3.1. Stokes Parameter Analysis

To further analyze the polarization states of the reflected wave at different biasing

conditions, we can calculate the Stokes parameters, given by [73], [81], [113]:

So= Inl2+ || = R+ Ryx (7.1)
Sy = Il = Iry|" = Roe— Ry (72)
S, = 2|rX||ry|cos(A¢)) (7.3)
Ss = 2Inl|r|sin(a¢) (7.4)

where ry and ry stand for the complex reflection coefficients with electric field
orientation along x- and y-axis, respectively. Here, we have considered a normally-

incident x-polarized wave propagating along the z-direction. The co-polarized and cross-

210
TH-3592_186102016



7.2 Electro-tunable Metasurface for Tri-State Dynamic Polarization Modulation

(a) (b)
lLOF—— @ N 1.OF
°
0.5F . 0.5k
s 0.0F ;.‘4 1 & 00) @
9 3
05F ¢ d 0.5}
oh@ L, dob e & ¢ 0 ¢
o 1 2 3 4 5 6 o 1 2 3 4 5 6
Voltage (V) Voltage (V)

Figure 7.6: Normalized Stokes parameters: (a) s1 and (b) sz for different bias voltages at 1.55
pum incident wavelength [208].

polarized components are denoted as Rxx and Ryx, respectively, and the A¢ (= ¢xx — dyx)

denotes the corresponding phase differences.

To understand the orientation of the electric field of the linearly polarized light,
we need to calculate the S; and S, parameters. The Stokes parameters can be normalized
as s1 (= S1/So) and sz (= S2/So) [113], where s1 describes the linear polarization along x
(s1=+1)ory (s =-1)directions, and s describes the linear polarization with an angle
of + 45° ( s2 = = 1), when illuminated with x-polarized light. The variation in the
normalized Stokes parameters sy and s; are depicted in Figure 7.6(a) and (b),
respectively, at different biasing states. It can be seen that with (s1 =—1) and (1 = + 1)
for 0 V and 5V bias, we can achieve linearly polarized reflected light with electric field
orientation along y- and x-directions, respectively. On the other hand, with (s> =-0.997
~ — 1) for the 2 V biasing state, we can get the —45° linear polarized reflected light.
Thus, if we switch among 0 V, 2 V, and 5 V bias voltages, we can dynamically switch

among these three different linear polarization states of the reflected light.

211
TH-3592_186102016



7. ENZ-material based Metasurface for Electro-Optic Polarization Modulation

(a) (b)
135 120 R“
I 1.0
E 120 E 105 0.5
%C kc
105 IO.O

9
1.0 1.2 1.4 1.6 1.8 2.0 (1).0 1.2 1.4 1.6 1.8 2.0
Wavelength (um) Wavelength (um)

Figure 7.7: Reflectance spectra for co-polarized (Rxx) component depicting the fabrication
tolerance study for (a) semi-major axis (Ro) and (b) semi-minor axis (ro) with £15 nm variation
from the optimized parameters. Note: Ro = 120 nm and ro = 105 nm are the optimized
parameters of our design, which are represented by black dashed lines [208].

7.2.3.2. Parametric Tolerance Study

To understand the limits imposed on the geometrical parameters due to imperfections in
the fabrication processes, we have conducted the parametric tolerance analysis of the
elliptical-shaped Ag-nanopillars deposited on a multi-layered structure. We have varied
the semi-major axis (Ro: from 105 to 135 nm) while keeping the semi-minor axis
unchanged (i.e., ro = 105 nm) to observe the variation in co-polarized (Rx) reflectance
component, as shown in Figure 7.7(a). Similarly, we have varied the semi-minor axis
(ro = from 90 to 120 nm) while keeping semi-major axis fixed (i.e., Ro= 120 nm) to find
the fabrication tolerance limit, as shown in Figure 7.7(b). The dashed lines represent the

optimized parameters for our design.

As expected, with a decrease in Ro, we observe an increase in the co-polarized
reflectance component. This is due to the fact that as Ro approaches the value of ro, the
elliptical shape changes to circular which breaks the birefringence-like effect and hence,
results in equal amplitudes of co-polarized and cross-polarized components of the

reflected light. On the other hand, with increase in Ro, we can see a slight red-shift and
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broadband resonance dip in the co-polarized reflectance spectra. Thus, the device can
operate as a polarization rotator with Roas (120 + 15) nm or (120 — 5) nm. Similarly,
the polarization rotation can be achieved with semi-minor axis as well, when rois (105
+5) nm or (105 — 15) nm.

7.2.4. Summary

We presented a novel design of an electro-tunable metasurface for dynamic polarization
switching. We leverage electro-tunable optical response of ITO combined with gap-
plasmon resonance of metal-insulator—-metal configuration to realize dynamic control
of polarization states of reflected waves. The proposed device comprises a 2D array of
elliptical-shaped Ag-nanopillars deposited on cascaded layers of ITO, Al,Os, and an
optically-thick Ag-ground plane. The proposed polarization rotating device is designed
in such a way that the normally-incident x-polarized beam can be decomposed into its
two orthogonal components upon reflection, viz. co-polarized (Rxx) and cross-polarized

(Ryx) components.

Without applying any bias-voltage, the excitation of gap-plasmon resonance
mode at 1.55 um wavelength leads to a negligible co-polarized component, which
results in a y-polarized reflected wave while maintaining reflectance over 0.7. On the
other hand, we have shown the modulation of amplitude and phase of co-polarized
and cross-polarized components of the reflected wave by accumulating free-
electrons of ITO at the ITO-AI>Oz interface upon applying electrical biasing. At 2 V
bias, we have achieved a linearly polarized light with — 45° polarization angle. With
further increase in the bias-voltage, the ENZ-wavelength of ITO can be tuned to the
operating wavelength regime of 1.55 um, which leads to a negligible cross-polarization
component, i.e., producing an x-polarized reflected light. The calculated Stokes

parameters, s1 =—1 (+1) for 0 V (5 V) bias and s, =— 1 for 2 V bias, represent y-polarized
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(x-polarized) and —45° linear polarized light, respectively. This illustrates a tri-state
dynamic control over three different states of linear polarization of light. Thus, the
proposed metasurface could find potential applications for realization of active

polarization-controlling elements in the nanophotonic systems.
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8. Conclusion and Future Scope

This Chapter summarizes the thesis work, highlighting significant findings and
contributions concerning designing and realization of nanophotonic meta-devices based
on ENZ effect for electro-optic and all-optical modulation. Section 8.1 discusses a
summary of the contributions. Section 8.2 concludes the Chapter by jotting down the

potential directions for future research.

8.1. Summary of Contributions

Over several decades, the development of photonic technologies has led us to achieve
active control of electromagnetic properties of light (such as amplitude, phase, and
polarization). The active manipulation of reflected or transmitted light can be done
under the influence of external stimuli such as electrical biasing or optical pumping. The
electro-optic and all-optical modulators are such kind of active photonic devices to
manipulate the electromagnetic properties of incoming light. This thesis work has
presented the prospects and challenges towards realizing electro-optic and all-optical
modulation for various nanophotonic applications by leveraging the epsilon-near-zero

(ENZ) phenomenon of transparent conducting oxide (TCOs).

Chapter 1 presented the outline of the thesis work, research motivation, research
gaps and problem statements, methodology, the major contribution and organization of
this thesis. This chapter also introduced the emerging ENZ materials and their capability
in active control of light—matter interactions. Chapter 2 presented relevant theoretical
background and numerical techniques adopted during the research work, followed by a
literature review on the ENZ-material based nanophotonic meta-devices for modulation
of optical intensity, phase, and polarization. Chapter 3 discussed the first research
objective of this thesis work, i.e., to achieve dual-band free-space electro-optic intensity
modulation for both the primary telecommunication wavelength bands (C-band and O-

band) by integrating the ENZ-materials into various resonating metasurfaces. Two
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innovative approaches have been adopted for enabling dual-band free-space electro-
optic intensity modulation. By leveraging the ENZ phenomenon of TCOs combined
with gap-plasmon resonance (GPR) of metal-insulator—metal structure, a novel
plasmonic electro-tunable metasurface has been designed that can be used to
simultaneously modulate the intensity of reflected light at both C-band and O-band.
Then, by harnessing the ENZ phenomenon of TCOs combined with guided-mode
resonance (GMR) of grating waveguide, a dual-band electro-tunable metasurface has

been presented.

Although these metasurfaces could be useful for attaining dual-band intensity
modulation, the stringent dependency on polarization state of incident light imposes
several limitations on reducing the footprint of a nanophotonic system. Hence, to
mitigate the limitation, Chapter 4 presented the second objective, i.e., to design
polarization-insensitive metasurfaces for free-space electro-optic intensity modulation
while leveraging the ENZ phenomenon. Here also two unique design strategies have
been adopted for enabling polarization-insensitive intensity modulation. To begin with,
a GMR based all-dielectric polarization-insensitive modulator has been presented that
can be operated with normally incident light. Then, a GPR based polarization-
insensitive plasmonic metasurface has been introduced that can be operated with a wide

variation of incidence angle.

Chapter 5 discussed the third objective, i.e., design and investigation of an all-
optical intensity modulator based on nonlinear phenomena in ENZ-materials. To enable
ultra-fast all-optical modulation, a novel magnetic plasmon resonance based energy-
efficient metasurface has been presented which can operate with ultra-fast response time

in sub-picosecond scale with high modulation depth.

Chapter 6 addressed the fourth objective, i.e., to design a polarization-insensitive
integrated electro-optic intensity modulator based on the ENZ-effects. A novel design

of parallel directional coupler based dual-polarization electro-absorption modulator has
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been presented for use in integrated photonic systems by leveraging hybrid integration
of ENZ-material in a silicon waveguide. Finally, Chapter 7 presented the last objective,
I.e., to design an ENZ-material based free-space electro-optic polarization modulator.
The presented GPR based plasmonic metasurface can dynamically switch among the
three linear polarization states of the reflected wave upon applying external electrical

biasing, allowing a tri-state polarization modulation.

This PhD thesis explores various nanophotonic active devices for modulation of
the two key electromagnetic properties of light viz. intensity and polarization by
leveraging the ENZ phenomenon. Various design strategies have been explored by
integrating ENZ-materials to enable dynamic light-matter interactions. The major
contributions of this thesis have been published in many prestigious peer-reviewed
international journals and also were presented in renowned international conferences in

the emerging field of nanophotonics, plasmonics, and metamaterials.

The summary of contributions towards the fulfilling the research objectives of this

thesis by harnessing the ENZ phenomenon of TCOs is briefly given below

» Guided Mode Resonance based Metasurface for Dual-band Free-Space

Electro-Optic Intensity Modulation

In the first Section of Chapter 3, we presented a unique design strategy of dual-band
electro-optic intensity modulation by leveraging the ENZ phenomenon combined
with guided-mode resonance (GMR) effect. The presented tunable metasurface
could exhibit a dual-band intensity modulation with modulation depth covering both
C-band and O-band wavelengths, which are the primary telecommunication
wavelength bands (). Effective medium approximation combined with modal
analysis was utilized to study the multiple resonance responses originating from

excitation of waveguide modes via coupling with the incident light. When the ENZ-
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wavelength of ITO was electrically-tuned to the operating wavelength-band, a rise
in the modal loss had been observed, which resulted in the disappearance of GMR-
effect. Thus, we could achieve a modulation depth as high as ~22.3 dB (~19.5 dB)
at 1.55 pm (1.31 pum) with a modulation speed estimated to be ~168 Mbps. The
designed metasurface could find potential applications towards realization of active
dual-band flat optical components in nanophotonic systems. The findings were
reported in ‘Optics Letters’[180].

» Gap Plasmon Resonance based Incident Angle-insensitive Metasurface for

Dual-band Free-Space Electro-Optic Intensity Modulation

In the second Section of Chapter 3, we introduced a gap plasmon resonance (GPR)
based electro-tunable metasurface for modulation of the reflected light intensity with
wide variation of incident angle, which could not be achieved in the previous design
based on GMR. We exploited GPR mode in a metal-insulator—-metal (MIM)
structure and the ENZ phenomenon of ITO to enable dynamic control of the intensity
of reflected light at both C-band and O-band wavelength regime. With a 5V external
bias-voltage, the coupling of GPR-mode with ENZ-mode was observed, which
resulted in a broadening and strengthening of resonance over a 370 nm spectral

window ranging from 1.25 pm to 1.62 pm with more than 80% absorption.

Such dynamic control of absorption properties was then utilized for modulation
of intensity of the reflected light. The metasurface exhibited a dual-band intensity
modulation of reflected light with modulation depth as high as 20.5 dB and 16.6 dB
at 1.55 pm and 1.31 pm of wavelength, respectively, while switching between 0 V
and 5 V biasing conditions. Most importantly, this device can be operated with a
wide range of incident angle (up to 60 degrees) for x-polarized light. This could help
in realizing angle-insensitive intensity modulators operating at different wavelength

bands. The findings were reported in ‘Optics & Laser Technology’[189].
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» GMR based Metasurface for Polarization-insensitive Dual-mode Free-Space

Electro-Optic Intensity Modulation

In the first Section of Chapter 4, we introduced a unique design strategy of a
polarization-insensitive all-dielectric metasurface for electro-optic intensity
modulation that could operate in both transmission and reflection modes allowing a
dual-mode operation. We harnessed the GMR-effect of grating waveguide structure
combined with ENZ-effect of ITO to realize dual-mode polarization-insensitive
electro-optic modulation. We observed the coupling of spatial light to the waveguide
mode resulting in a resonance filtering response. When the ENZ-wavelength of ITO
was tuned to the operating wavelength by applying external biasing, the resonance

feature disappeared due to the high modal loss, resulting in a high modulation depth.

We achieved modulation depths as high as 0.96 and 0.85 for reflection and
transmission mode, respectively, at the operating wavelength of 1.55 um with
random polarization angle of incident plane waves. Our electrostatic simulations
estimated the device to support up to a bit-rate of ~774 Mbps for binary modulation
schemes. Moreover, the operating wavelength could be blueshifted or redshifted by
utilizing the frequency-scaling property of the proposed design. As a proof of the
concept, we have shown possibility of electro-optic modulation at L-band of
wavelength (operating at 1.61 um) by simply scaling up the dimensions of unit cell
structure. The findings were reported in ‘IEEE Journal of Quantum
Electronics’[35].

» GPR based Metasurface for Polarization-and Angle-insensitive Free-Space

Electro-Optic Intensity Modulation

In the second Section of Chapter 4, we presented a GPR based polarization-

insensitive electro-tunable metasurface that can modulate the intensity of reflected
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light by leveraging the electro-optic properties of ITO for a wide variation of incident
angle, which could not be achieved in our previous designs. The numerical
simulations revealed that due to the excitation of gap plasmon resonance mode, a
dip at 1.72 um in the reflectance spectra was observed at the unbiased state, which
was verified by an equivalent RLC-circuit model. With 2 V applied bias, we have
shown the tuning of the resonance wavelength to 1.55 um wavelength leading to a

modulation depth as high as ~25 dB for random polarization angle of the incident

Table 8.1: Comparison among Different Designs for Free-Space Electro-Optic
Intensity Modulation

Presented fsase  Polarization Angle C .
Designs MD (MHz) Insensitive? Insensitive? Publication
22.3dB at
Design I 1.55 pm No Onptics Lett
83.5 No (Works for normal PHes LCLETs
(Chapter3) 20dBat incidence) [180]
1.31 um
20.5dB at
Design II 1.55 pm Yes Optics & Laser
162 No (Up to 60° of Technology[189]
(Chapter 3) 16.8 dB at oblique incidence) &y
1.31 um
Design 111 20 dB at No IEEE Journal of
155 um 387 Yes (Works for normal Quantum
(Chapter 4) K incidence) Electronics [35]
P 25 4B a 450 Yes U o 50 of IE}Tﬁ}iﬁ?mcs
1.55 um ploo¥ o 34

(Chapter 4) oblique incidence)  Letters [207]

“MD: Modulation Depth, fsgs: 3-dB modulation bandwidth
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light. The proposed device can be operated with a wide range of incident angle (up
to 50 degrees) for both x- and y-polarized light. Moreover, the modulator exhibited
a bit-rate of 900 Mbps for binary modulation schemes while maintaining a low
energy-consumption of 303 fJ/bit. The findings were reported in ‘IEEE Photonics
Technology Letters’[207].

A comparison of performance metrics among these free-space electro-optic intensity
modulators based on ENZ materials (presented in Chapter 3 and Chapter 4) is shown
in Table 8.1.

» ENZ-material based Nonlinear Metasurface for Free-Space Ultra-Fast All-

Optical Intensity Modulation

In Chapter 5, we presented an ultra-fast all-optical switching scheme based on
magnetic plasmon resonance phenomena of the metasurface combined with the
intraband transition induced optical nonlinearities of an ENZ-material, cadmium-
oxide (CdQ). Due to excitation of magnetic plasmon resonance, strong light—matter
interactions could be assured at the resonance wavelength leading to an enhancement
of the nonlinear phenomenon of the presented CdO-coupled structure. We have
theoretically achieved a high modulation depth of 0.83 at 1.55 pum wavelength under
the influence of a pump-fluence of 75 pl/cm?. The transient study revealed that the
device could exhibit ultrafast switching speed of 776 fs while maintaining a very
low pump-fluence of 75 pl/cm?. The presented all-optical switching scheme could
pave the way toward the realization of next-generation optical and quantum

computation systems. The findings were reported in ‘Optics Letters’.
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» ENZ-material based Dual-Polarization On-Chip Electro-Optic Intensity

Modulation for Integrated Photonics

In the Chapter 6, we presented a novel design of directional coupler based dual-
polarization electro-optic intensity modulator using ENZ-material. By applying
independent external electrical bias at the corresponding coupling region consisting
of ITO-based hybrid plasmonic waveguides (HPWSs), enhancement of light—matter
interactions yielding from ENZ-effect could be seen. This phenomenon was then
utilized for enabling independent and synchronized modulation of both fundamental
modes (TE and TM modes) of a standard silicon rib waveguide. The extinction ratio
of TM (TE) polarization was achieved as 10.11 dB (9.66 dB) at 1550 nm wavelength,
resulting in a 0.45 dB polarization dependent loss. With a 27 pum active length, the
modulation bandwidth and power-consumption could be achieved as 122.75 GHz
(2107.91 GHz) and 773 fl/bit (759 fJ/bit) for TM (TE)-modulation, respectively. To
the best of our knowledge, such a compact dual-polarization electro-optic intensity
modulator has been presented for the first time, which is capable of independent and
parallel modulation of both polarizations by leveraging the feature of electrically-
tunable ENZ effect of ITO. The findings were reported in ‘Journal of Physics
D: Applied Physics’ [40].

» ENZ-material based Metasurface for Electro-Optic Tri-State Polarization

Modulation

In Chapter 7, we presented a novel design of an electro-tunable metasurface to enable
dynamic control of polarization states of the reflected light. In unbiased condition,
excitation of gap-plasmon resonance in the metasurface resulted in the rotation of x-
polarized incident light to an orthogonally polarized (i.e. y-polarized) reflected light
at 1.55 um. On the other hand, by applying 2V applied bias, we achieved a linearly

polarized reflected light with a polarization angle of —45°. Furthermore, when we
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tuned the ENZ wavelength of ITO at the vicinity of 1.55 um wavelength by
increasing the bias to 5 V, we could achieve an x-polarized reflected light. Thus,
with an x-polarized incident wave, we have shown a tri-state polarization switching
(viz. y-polarization at 0 V, —45° linear-polarization at 2 V, and x-polarization at 5 V).
The findings were reported in ‘Journal of Physics: Condensed Matter’ [208].
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8.2. Recommendations for Future Research

This section suggests a few directions for future research that can be extended from the

work presented in this thesis.
& Electro-tunable metasurface for phase modulation

This thesis work presents different designs of nanophotonic meta-devices for
attaining active control of intensity and polarization by harnessing the ENZ effect.
The active manipulation of reflected or transmitted light may be extended to achieve
modulation of another key electromagnetic property of light, i.e., phase. The
modulation of the phase of an incoming light through the metasurface could be

useful in different applications such as beam-steering, holography, navigations, etc.

& Realization of low-voltage driven electro-tunable quarter waveplate

In Chapter 7, we introduced a tri-state polarization modulation technique, which
could be useful for switching among three different states of linear polarization of
the reflected light. In many applications, it is necessary to convert the linear polarized
light to circularly polarized light, which can be achieved by a quarter waveplate. The
previously reported metasurface based tunable quarter waveplates suffer from either
high bias-voltage requirements or low intensity of light output. The ENZ-effect of
TCOs can be harnessed to realize a low-voltage driven electrically-tunable quarter

waveplate with minimal loss in light intensity.

& Facilitating the design of metasurfaces by exploiting machine learning

techniques

The conventional procedure of metasurface design primarily involves manual

optimization of the design parameters using a full wave simulation tool (such as
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finite-difference time-domain method or finite element method). However, such
procedure is not only time consuming but also difficult in finalizing a design of
meta-atoms for the desired optical response. To overcome this, we can exploit the
machine learning approaches to optimize the design parameters of a meta-atom to
attain a desired spectral response. This procedure is popularly known as “inverse
designing of the metasurfaces”, where we may use pattern recognition techniques
such as machine learning, neural networks, and deep learning approaches. In the
inverse designing process, the presence of sufficient amount of data (here, intensity
and phase of reflected or transmitted light for various metasurface samples) can help
in training the algorithms to grasp all of the possible patterns in the data. This can
help one to obtain an optimal design of metasurface to produce a desired optical
response, by eliminating the need to solve the Maxwell’s equations numerous times,

and go through the time-consuming optimisation procedure.
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Appendix

A.l Leveraging Magnetic Plasmon Resonance to Boost Nonlinear
effects in CdO

It should be noted that the pump spot will illuminate a much larger area than just the
CdO regime and the intensity-dependent refractive index change in the CdO will be
different for our metasurface (introduced in Chapter 5, section 5.2) than that of bulk
CdO. Due to the excitation of the magnetic plasmon resonance, we can see an
enhancement of electric field inside the nanogrooves, which is filled with CdO. In other
words, strong light-CdO interactions can be achieved when we have embedded the

CdO-layer into the metasurface structure.
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Figure A.1: Pictorial representation of a unit-cell structure of our metamaterial, where the CdO
layer (with plasma frequency wp) embedded in the nanogroove can be replaced by the effective
CdO-material (CdO* with modified plasma frequency wp*) after incorporating the non-uniform
electric field distribution. [210]

The enhancement of electric field distributions inside the ENZ-material have been
incorporated into our two-temperature modelling by calculating the effective absorbed
power density P(t) of the metasurface at the pump-wavelength (1.57 um) [47] as defined
in Eq. (5.13), where the transmittance (T') and reflectance (R) for our proposed structure

are obtained numerically from FDTD simulations.

Finally, the effective absorption coefficient is calculated to have a value of
3.15 x 10" m™* at the pump wavelength of 1.57 um. Thus, the redistributions of the
electric field have been incorporated into our two-temperature modelling. Moreover,
due to illumination of the pump-beam with a central wavelength close to that of the
magnetic plasmon resonance, a high absorption of the pump-power by the metasurface

can be ensured.
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Then, the CdO layer embedding in the nanogrooves can be replaced with an effective
CdO-layer as shown in Figure A.1. This leads to a different intensity-dependent plasma
frequency variation of CdO for our metasurface as compared to that of the bulk CdO-
layer of same thickness. The effective CdO-layer has a pump-intensity dependent

plasma frequency (w,) variation as shown in Figure 5.5 of Chapter 5.

In other words, the plasma frequency variation as a function of pump-fluence shown in
Figure 5.5 is an effective variation for our proposed structure after incorporating the
field-redistribution due to the magnetic plasmon resonance. To highlight this fact, we
have represented the plasma frequency and electron temperature of CdO-layer

embedded in the nanogrooves of the proposed metasurface as w,* and T, *, respectively.

A.2 Investigating the Nonlinearity of Gold in the CdO coupled

Structure

We also check whether the pump induced optical nonlinearity of gold (Au) would affect
the performance of our proposed structure discussed in Chapter 5 (section 5.2). It should
be noted that gold also has the nonlinear optical response at picosecond-to-nanosecond
time scale. However, the intrinsic nonlinearity of gold can be ignored for our study due
to the negligible change in the electron-temperature of gold as compared to the ENZ-
material CdO for our metasurface structure, similar to the ref. [56], [59]. Here, we would
like to emphasize on the fact that the free-electron density in CdO is quite smaller than
that of gold [56], [59], leading to a much smaller electron heat-capacity and larger

variation in the electron temperature when all other parameters are kept constant.

To support our belief, we have shown the transient response of the electron and the
lattice temperature of gold in Figure A.2. Using the extended two-temperature model

first introduced by Carpene [209], we calculate the variation in the electron (T, »,*) and
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Figure A.2: Transient response of the electron (T, 4,*) and lattice (77 4,*) temperature in Au
sample of thickness 350 nm for our structure (comparing with the variation in the electron
temperature of CdO-layer, T, cq0*) calculated using the extended two-temperature model for
100 fs Gaussian pump beam excitation with fluence, F, = 75 pJ/cm? and pump wavelength of
1.57 pum. [210]

lattice (T, 4,*) temperatures of Au film of thickness 350 nm for our structure under
optical pumping (fluence, F, = 75 pd/cm?). We observe that T; 5, * = 300 K, thereby
showing no significant change. Furthermore, we calculate the change in T, 5,* to be
~160 K at t = 0.2 ps, thus indicating that the pump induced optical nonlinearity of Au
would have no such effect on the overall performance of our proposed metasurface. The
variation in the T, o, * is ~20 times smaller than the variation of T,* of CdO for our
proposed structure. Thus, the nonlinear response of the metasurface mainly comes from

the intraband transition induced nonlinearity of the ENZ-material CdO.

For our metasurface structure, we have considered 350 nm thick gold-nanograting on
top of a 100 nm thick gold back-reflector. With a maximum of 75 pJ/ cm? fluence of the
pump-excitation with 100 fs pulse-width, the peak intensity will be around 750
MW/cm?, which is much lower than that of the previously reported works [61], [110].
This assures us that the peak intensity will remain lower than the damage threshold of

the gold-layer for the given thickness.
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