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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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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 
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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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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’.  

 

 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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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, 

 
 
Figure 1.1: A comparative analysis among electronics, photonics, and nanophotonics in terms 

of device dimensions and operating speeds [2]. 
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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. 

 

 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 (EOMs) 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. 

 

 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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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 

 
 

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. 
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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 EOMs, as shown in Figure 1.3(a) and (b), 

can be used for intra-chip optical communications facilitated by silicon photonics 

 

 

Figure 1.3: Broad classification of electro-optical modulators (EOMs) 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. 
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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 EOMs, 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. 

 

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

 

Various designs of electro-tunable metamaterials have been demonstrated for realizing 

EOMs 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] 

 𝜀TCO = (𝜀∞ −
𝜔p

2

(𝜔2 + j𝛤𝜔)
),  (1.1) 

where high-frequency permittivity, plasma frequency, oscillation frequency, and 

damping constant are represented by ε∞, ωp, ω, and Γ,  respectively [29]. The plasma 

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

can be given by 

   𝜔p = √
𝑁e2

𝑚e
∗ε0

  (1.2) 

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

experimentally demonstrated a large refractive index tuning method in a metal-oxide-
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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 × 1019 cm–3) with the variation of carrier concentration distributions. The 

ENZ-region can be referred to the real part, ℜℯ (εITO), 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 

 

 
 

Figure 1.4: A MOS capacitor multilayer stack, forming an accumulation layer (ACL) at TCO–

dielectric interface   
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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 (Dn
 = εEn) is continuous at the TCO–

dielectric interface.  Thus, the enhancement factor of the electric field can be written as 

[40]:    

 

|𝐸 ITO 
 n |

|𝐸 Al2O3

 n |
=

|𝜀Al2O3
|

|𝜀ITO|
 

 

(1.3) 

 
 

Figure 1.5: Variation of real (ℜe(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) parts of permittivity of a 

TCO-material (here, ITO) as a function of its free-charge carrier concentration at 1.55 μm 

wavelength. Note: ENZ-region is shown for –1 < ℜℯ (εITO) < +1. 
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where 𝜀ITO and 𝜀Al2O3
 denote the permittivity of ITO (as TCO-material) and Al2O3 (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. 
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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-
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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 (ωp), 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 ωp 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]. 

 

 
 

 

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. 
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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 µJ/cm2) 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. 

 

 

TH-3592_186102016



1.3. Problem Statements and Objectives 

17 
 

 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. 

• Subproblem I: Over the last two decades, the most preferable wavelength band 

for designing EOMs is C-band (1.535 µm – 1.565 µm) 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 µm – 1.36 

µm), 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. 

 

• Subproblem II: Most of the previously reported active nanophotonic EOMs are 

dependent on polarization states of incident light. This stringent dependency on 

TH-3592_186102016



1. Introduction 
 

 

18 
  

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 II: Design of ENZ-Material based Metasurface for 

Polarization-insensitive Electro-Optic Intensity Modulation. 

 

• Subproblem III: 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 III: Design of ENZ-material based Nonlinear Metamaterial for 

Ultra-Fast All-Optical Intensity Modulation.  

 

• 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 IV: Design of ENZ-material based Dual-Polarization On-Chip 

Electro-Optic Intensity Modulation for Integrated Photonics  
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• 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 

 

 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.  

 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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iii. 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.  

iv. 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. 

v. 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. 

vi. 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. 

vii. 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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 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 EOMs. 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 

 
 
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 I to V. 
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objective of designing femtosecond all-optical intensity modulator has been covered. 

The sub-section classified as integrated EOMs 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 μm. 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. 

 

 

TH-3592_186102016



 

27 
 

                                                                                                                                                  
Theoretical Background                                      

and Literature Review 
 

 

 

 

 

Contents 

 

  

TH-3592_186102016



2. Theoretical Background and Literature Review 
 

 

28 
  

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. 

 

 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 

 

 

 

 
 

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. 
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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.

 

 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 19th century [64]. 

 

 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  ∇. 𝐃 = 𝜌𝑣 (2.1) 

Gauss’s law for magnetism ∇. 𝐁 = 0 (2.2) 

Maxwell–Faraday equation ∇ × 𝐄 = −
𝜕𝐁

𝜕𝑡
 (2.3) 

Ampere’s circuit law with 

Maxwell’s modification 
∇ × 𝐇 =

𝜕𝐃

𝜕𝑡
+ 𝐉 (2.4) 

 

where, ρv 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 = 𝜀0𝐄 + 𝐏  (2.5) 

 𝐁 = 𝜇0𝐇 + 𝜇0𝐌 (2.6) 

 

where, the constants 𝜀0≈ 8.854 × 10-9 F/m and μ0 ≈ 4 π × 10-7 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 = ε0E and B = µ0H. 

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 =  𝜀0𝜒𝐄 (2.7) 

Thus, 𝐃 =  𝜀0(1 + 𝜒)𝐄 = 𝜀0𝜀𝑟𝐄 (2.8) 

 

where, χ is the electric susceptibility and is related to relative permittivity 𝜀𝑟. 

 

 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: 

 ∇2𝐄 =  𝜇0𝜀0 𝜀𝑟

𝜕2𝐄

𝜕𝑡2
 (2.9) 

 

 

∇2𝐇 =  𝜇0𝜀0 𝜀𝑟

𝜕2𝐇

𝜕𝑡2
 

 

(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 𝜕 𝜕𝑡 ⁄ → 𝑖𝜔. 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: 

 ∇2𝐄 =  
1

𝑐2
 𝜀𝑟

𝜕2𝐄

𝜕𝑡2
 (2.11) 

where, c =√1 μ0ε0⁄  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: 

 𝑛 =  
𝑐

𝑣
= √

𝜇0𝜀0 𝜀𝑟

𝜇0𝜀0 
= √𝜀𝑟 (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 (ρs) and surface current density (Js), the boundary 

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

      𝐷1n − 𝐷2n =  𝜌s (2.13) 

   𝐵1n − 𝐵2n = 0 (2.14) 

 𝐸1t − 𝐸2t = 0 (2.15) 

   𝐻1t − 𝐻2t =  𝐽s (2.16) 
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where, suffix ‘t’ and ‘n’ denotes tangential and normal components of corresponding vector 

fields, respectively.  

 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 Γ = 1/τ. 

The relaxation time of the free electron gas, denoted by τ, is usually around 10–14 s at 

ambient temperature, corresponds to Γ = 100 THz. 

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

field E = E0 exp (– iωt) can be given as [124]: 

 𝑚 
𝑑2 𝐫

𝑑𝑡2
+ 𝑚𝛤 

𝑑𝐫

𝑑𝑡
= −𝑒𝐄  (2.17) 

where, Γ 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: 

 𝐫 =
𝑒

𝑚

𝐄

(𝜔2 + 𝑖𝛤𝜔)
 (2.18) 

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

 𝐏 = −𝑒𝑁𝐫 =  
− N𝑒2

𝑚(𝜔2 + 𝑖𝛤𝜔)
𝐄 (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: 

 𝐃 = 𝜀0  (1 −
𝑁𝑒2

𝜀0𝑚

1

(𝜔2 + 𝑖𝛤𝜔)
) 𝐄 = 𝜀0  (1 −

𝜔𝑝
2

(𝜔2 + 𝑖𝛤𝜔)
) 𝐄 (2.20) 

where, 𝜔p = √𝑁e2 𝑚𝜀0⁄  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: 

 
𝜀(𝜔) = (1 −

𝜔p
2

(𝜔2 + 𝑖𝛤𝜔)
) 

 

(2.21) 

It should be noted that in this free-electron model, we assume ε → 1, for ω >> 

ωp. However, this model needs to be expanded in the case of ω > ωp 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∞ = 𝜀0 (𝜀∞ – 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 𝜀∞, which is usually ranging between 1 and 10. In that case, modified Drude 

permittivity can be given as: 

   

 
𝜀(𝜔) = (𝜀∞ −

𝜔𝑝
2

(𝜔2 + 𝑖𝛤𝜔)
) (2.22) 

The validity limits for the Drude permittivity model are defined by comparing 

the real and imaginary parts of 𝜀(𝜔) 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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The complex permittivity of the material can be further linked to the refractive 

index as 𝑛 =   𝑛′ + 𝑖𝑛′′ = √𝜀 = √𝜀′ + 𝑖𝜀′′. Thus, we can get  
 

 𝜀′(𝜔) = (𝑛′(𝜔))
2

− (𝑛′′(𝜔))
2

  ,          𝜀′′(𝜔) = 2𝑛′(𝜔)𝑛′′(𝜔) (2.23) 

where, 𝜀′(𝜔) and 𝜀′′(𝜔) are the real and imaginary parts of the permittivity. The real 

part of the refractive index, 𝑛′(𝜔), is responsible for the dispersion in the material, 

whereas the imaginary part, 𝑛′′(𝜔), decides the absorption in the medium.   

 

Figure 2.2: Validation of the Drude model. The real ε′ and the imaginary ε′′ 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 ε∞ = 5, ωp = 1.43 × 1016 rad/s, and Γ = 0.3 × 1014 rad/s; and for gold as ε∞ = 

9.5, ωp = 1.35 × 1016 rad/s, and Γ = 1.169 × 1014 rad/s. 
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 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 ω, we can define the electric field vector as 

 𝐄 (𝑧, 𝑡) = 𝕽𝐞{𝐄𝟎 exp [−𝑖(𝑘𝑧 − 𝜔𝑡)]} (2.24) 

where, k is the propagation constant and E0 is the complex envelope of the electric field 

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

The objectives I 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.  

 

 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 = 𝛽 − 𝑖𝛼/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 𝛽 = 𝑘0𝑛′ and 𝛼 = −2𝑘0𝑛′′, where 

𝑘0 is the propagation constant in vacuum.  
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Thus, the Eq.(2.24) can be further expressed as: 

 𝐄 (𝑧, 𝑡) = 𝕽𝐞{𝐄𝟎 exp [−𝛼𝑧/2]exp [−𝑖(𝛽𝑧 − 𝜔𝑡)]} (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 = 𝜔/𝛽. Thus, the parameter 𝛽 is known as phase constant. 

Whereas, the imaginary part of 𝑘 is responsible for attenuation along the z direction. 

The intensity of light (I) is proportional to the |𝐄 |𝟐, which leads to 𝐈 ∝

|𝐄𝟎exp [− 𝛼𝑧 2⁄ ]|2 ≈ 𝐄0
2exp [−𝛼𝑧]. Thus, the parameter 𝛼 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 SiO2, then 

the attenuation of light is also insignificant, and the medium can be referred to as a 

lossless medium. 

 

 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 ni and striking an interface of second medium with an 

angle θi, then as per Snell’s law, 𝑛𝑖sin𝜃𝑖 = 𝑛𝑡sin𝜃𝑡 , where 𝜃𝑡 and 𝑛𝑡 are the angle of 

transmission and refractive index of the second medium, respectively. As the light 

crosses the boundary of two different materials, the 𝜃𝑡 will be either greater than or 

smaller than the θi 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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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 𝑡⊥, respectively. Similarly, for TM polarized light, the coefficients 

are defined as 𝑟∥ and 𝑡∥, respectively. Moreover, if we consider a normal incidence where 

Table 2.1: The reflection coefficient, r, and transmission coefficient, t, as per 

Fresnel equations 

 

Light Polarization For Oblique incidence For Normal incidence 

TE polarized 

𝑟⊥ =
𝑛𝑖cos𝜃𝑖 − 𝑛𝑡cos𝜃𝑡

𝑛𝑖cos𝜃𝑖 + 𝑛𝑡cos𝜃𝑡

 𝑟⊥ =
𝑛𝑖 − 𝑛𝑡

𝑛𝑖 + 𝑛𝑡

 

𝑡⊥ =
2𝑛𝑖cos𝜃𝑖

𝑛𝑖cos𝜃𝑖 + 𝑛𝑡cos𝜃𝑡

 𝑡⊥ =
2𝑛𝑖

𝑛𝑖 + 𝑛𝑡

 

TM polarized 

𝑟∥ =
𝑛𝑖cos𝜃𝑡 − 𝑛𝑡cos𝜃𝑖

𝑛𝑖cos𝜃𝑡 + 𝑛𝑡cos𝜃𝑖

 𝑟∥ =
𝑛𝑖 − 𝑛𝑡

𝑛𝑖 + 𝑛𝑡

= 𝑟⊥ 

𝑡∥ =
2𝑛𝑖cos𝜃𝑖

𝑛𝑖cos𝜃𝑡 + 𝑛𝑡cos𝜃𝑖

 𝑡∥ =
2𝑛𝑖

𝑛𝑖 + 𝑛𝑡

= 𝑡⊥ 
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𝜃𝑖 = 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|2(𝑛𝑡cos𝜃𝑡/𝑛𝑖cos𝜃𝑖) and 𝑅 = |𝑟|2, respectively. The absorbance (A) can also be 

calculated as A = 1 − R – T.   

 

 

 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 ω, 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 E0 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 𝐸𝑥 =

 𝐸𝑥0 exp(𝑖𝜑𝑥) and 𝐸𝑦 =  𝐸𝑦0 exp(𝑖𝜑𝑦), we get: 

 

 𝐄 (𝑧, 𝑡) = 𝐸𝑥x̂ + 𝐸𝑦  ŷ (2.26) 

where 𝐸𝑥 = 𝐸𝑥0 cos(𝜔𝑡 − 𝑘𝑧 +  𝜑𝑥) (2.26.i) 

 𝐸𝑦 = 𝐸𝑦0 cos(𝜔𝑡 − 𝑘𝑧 +  𝜑𝑦) (2.26.ii) 
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Here, Ex0, Ey0 are the magnitudes, and 𝜑x, 𝜑y 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 

 

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 (𝜑) 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: 

 𝜑 = 𝜑𝑦 − 𝜑𝑥 = arg{𝐸𝑦} −  arg{𝐸𝑥} (2.28) 

and, 𝑅 =
𝐸𝑦0

𝐸𝑥0

 =  
|𝐸𝑦|

|𝐸𝑥|
 (2.29) 

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.  

 

 
𝐸𝑥

2

𝐸𝑥0
2 +  

𝐸𝑦
2

𝐸𝑦0
2 − 2 cos (

𝐸x𝐸𝑦

𝐸x0𝐸y0

) =  sin2𝜑 (2.27) 
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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 φ, 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 

Table 2.2: Examples of different polarization states of light 

Complex-

envelope (R) 
Phase difference (𝝋) Polarization states 

R = 0 or ∞  Any arbitrary value 

Linearly polarized with 

parallel or perpendicular 

polarization 

R = 1 φ = 2mπ, where m is an integer 
Linearly polarized with 

± 450 polarization angle 

R ≠ 1 φ = 2mπ, where m is an integer 
Linearly polarized with an 

arbitrary polarization angle 

R = 1 φ = (2m+1) π/2 

when m is a 

positive integer 
Right circularly polarized 

when m is a 

negative integer 
Left circularly polarized 

R ≠1 or 0 φ ≠ 2mπ 

when m is a 

positive integer 
Right elliptically polarized 

when m is a 

negative integer 
Left elliptically polarized 
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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:    

 𝑆0  = 𝐸𝑥0
2 + 𝐸𝑦0

2 =  |𝐸𝑥|2 + |𝐸𝑦|
2
 (2.30) 

  𝑆1  = 𝐸𝑥0
2 − 𝐸𝑦0

2 =  |𝐸𝑥|2 − |𝐸𝑦|
2
 (2.31) 

 𝑆2  = 2𝐸𝑥0𝐸𝑦0cos𝜑 = 2 ℜ𝑒{𝐸𝑥𝐸𝑦} (2.32) 

 𝑆3  = 2𝐸𝑥0𝐸𝑦0sin𝜑 =  2 ℑ𝑚{𝐸𝑥𝐸𝑦} (2.33) 

 

where Ex0, Ey0 are the corresponding magnitudes, and 𝜑𝑥, 𝜑𝑦 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 

Parameter 
Optical observation 

S0 
Total irradiance (polarized + unpolarized) 

S1 
Horizontal or vertical linear polarization (with S1 = 1 as  

horizontal and S1 = − 1 as vertical polarization) 

S2 
Linear polarized wave (with S2 = ± 1 as ± π/4 

polarization to the previous orientation) 

S3 

Circular Polarization 

(with ellipticity 𝛸 = S3 / S0 = 1 as left circular 

polarization and 𝛸 = − 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.   

 

 

 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].   

 

 Brief Introduction 

TCOs are basically degenerately doped metal-oxides such as indium tin oxide (ITO), 

dysprosium-doped cadmium oxide (Dy-CdO), 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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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 

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) 

MATERIAL 
ℜℯ(𝜀) 

at 1550 nm 

ℑ𝓂(𝜀) 

at 1550 nm 
𝜀∞ N (cm–3) 

ωp (rad/s) Eg (ev) 

TCO 

[144], [210] 

ITO 

 
3.5 0.07 3.9 7×1019 8×1014 2.8 

CdO 

 
4.3 0.03 5.6 7×1019 1×1015 2.36 

Metal 

[124], [125] 

Au –116 11.3 9.5 7×1022 
1.35 × 

1016 
-- 

Ag –130 3.3 5 7×1022 
1.43 × 

1016 
-- 

Semiconductor 

[25] 
Si 11.9 0 11.8 2×1010 1×1013 1.11 

 

*Here, ℜℯ(𝜀) and ℑ𝓂(𝜀) refer to the real and imaginary part of the permittivity of the 

corresponding material at C band of wavelength. The parameter 𝜀∞ refers to the permittivity at 

the high frequency. N, ωp, and Eg refer to the carrier concentration, plasma frequency, and 

bandgap energy, respectively. 
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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.    

 

 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 × 1019 cm-3 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–Al2O3–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(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–Al2O3 

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] 

 𝜀TCO = (𝜀∞ −
𝜔p

2

(𝜔2 + 𝑖𝛤𝜔)
) ,                   𝜔p = √

𝑁e2

𝑚e
∗ε0

  (2.34) 

where high-frequency permittivity, plasma frequency, oscillation frequency, and 

damping constant are represented by ε∞, ωp, ω, and Γ,  respectively [29]. The ωp 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 

cm2V–1S–1 and 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, 

 
 

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–Al2O3–ITO 

layers, where Al2O3–ITO interface is marked as P = 0. The contour plots of spatial distributions 

of (b) real (ℜℯ(εITO)) and (c) imaginary (ℑ𝓂(εITO)) parts of the permittivity of ITO at the 

wavelength of 1.55 µm from P = 0 to 5 nm for different biasing states. Note that the ENZ-

regime is depicted as –1 < ℜℯ(𝜀ITO) < 1. 
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effective mass of holes can be taken as me and mobility of hole is set to 10 m2V–1S–1. In 

addition, the electron affinity of ITO is taken as 4.8 eV, whereas, the DC-permittivity of 

ITO and Al2O3 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 × 

1019 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(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) parts of 

permittivity of ITO at the wavelength of 1.55 μm are depicted in Figure 2.3(b) and (c), 

respectively, as a function of bias-voltage for the first 5 nm from ITO–Al2O3 interface. 

The range, –1 < ℜℯ (εITO) < +1, is denoted as ENZ-region. With increasing bias-voltage, 

the ℜℯ(𝜀ITO) can change its sign, which indicates the transition from dielectric-like 

behavior to metallic-like characteristics. Moreover, when ℜℯ(𝜀ITO) decreases, the 

imaginary part of permittivity increases as per the fundamental Kramers–Kronig 

relation. In addition, with the negative value of ℜℯ(𝜀ITO) inside the ACL upon applying 

external bias-voltage, the ℑ𝓂(𝜀ITO) 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 ITOBulk corresponding to a 3 nm ACL and a 7 nm bulk ITO-region, 

respectively. 
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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(𝜀ACL)) and imaginary (ℑ𝓂(𝜀ACL)) 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(𝜀ACL) 

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®.   

 

 

 

 

 
Figure 2.4: Variation of complex permittivity in a homogenous ACL. Voltage-dependency of 

real (a) (ℜℯ(εACL)) and (b) imaginary (ℑ𝓂(εACL)) parts of permittivity of accumulation layer 

in ITO. 
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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 Al2O3), 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 

HfO2 and Al2O3 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.

 

 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. 

 

 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].      

TH-3592_186102016



2. Theoretical Background and Literature Review 
 

 

52 
  

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–ITO–

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 Al2O3–HfO2 and can avail benefits from 

Al2O3 of having large breakdown field as well as benefits from HfO2 of having large 

DC-permittivity. By leveraging the electro-optic properties of ITO, they experimentally 

 
 

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. 
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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 NBulk 

(= 1 × 1020 cm–3) to NACL (=7 × 1020 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 μm and 1.61 μm 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.  

 

2.5.1.2. 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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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 

 
 

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. (c) An ITO-coupled distributed 

Bragg-reflector based metamaterial for intensity modulation. Adapted with permission from: 

[45] Copyright © 2021, IEEE.  
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free-carriers at the ITO–Al2O3 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   

–15 V 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 
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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. 

 

 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 (DCNs) [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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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.  

 
 

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. 
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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 μm 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. 

 

 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 

TH-3592_186102016



 2.5.  Literature Survey 

59 
 

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.      

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/cm2, 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 

 
 

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/cm2. Adapted with permission from: 

[58] Copyright © 2016, The American Association for the Advancement of Science.   
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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/μm2. They showcased that the 

nonlinear phenomenon of ENZ-material can be enhanced by integrating it into a 

resonating metasurface.    

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 

 
 

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.  
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2.39 mJ/cm2. 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 µJ/cm2) 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.  

 

 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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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.   

 
 

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. 
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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.

 

 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.  

 

 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. 

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 

 
 

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 εeff.   

 

TH-3592_186102016



2.6. Analytical Methods 

65 
 

homogeneous layer with an effective permittivity (𝜀eff) defined by the following set of 

complementary equations [171], [176]: 

 

 𝜀eff
∥ = 𝑓(𝜀g) + (1 − 𝑓)𝜀air (2.35) 

 
1

𝜀eff
⊥ =  

𝑓

𝜀g

+
(1 − 𝑓)

𝜀air

 (2.36) 

where 𝜀g is the permittivity of the grating material, 𝜀air is the permittivity of air, the  𝜀eff
∥  

and 𝜀eff
⊥  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 = 𝑤2 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]:  

  

  𝜆GMR =  (𝑛mode  −  𝑛sin𝜃)𝑃 (2.37) 

 

where λGMR is the resonant wavelength, 𝑛mode is the effective modal index of a 

particular waveguide mode, θ is the incident angle, n is the background refractive index, 

and P is the grating period. Here, the effective modal index (𝑛mode) of a 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. 

TH-3592_186102016



2. Theoretical Background and Literature Review 
 

 

66 
   

For a normally incident light, θ (= 00), with a background medium of air, the Eq.(2.37), 

reduces to 𝜆GMR =  𝑛mode𝑃. This analytical approach gives a reasonably precise 

approximation to find the resonant wavelength of the GMR based device. 

 

 

 

 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 

 
 

 

 

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 Ru,m 

(Rl,m) denotes the ohmic resistance, Lm denotes the Faraday inductance, Lu,m (Ll,m) denotes the 

kinetic inductance, and C denotes the equivalent capacitance. Note that the subscript ‘u’ and ‘l’ 

are used to denote the lumped elements corresponding to the upper and lower metallic-layers, 

and m denotes the resonance mode number.   

 

TH-3592_186102016



2.6. Analytical Methods 

67 
 

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 (𝑃𝑥) and width 

(𝑤𝑥) along x-direction. The corresponding thickness (or height) of the metallic grating 

and insulator layer are denoted as ℎgrating and ℎinsulator, respectively. The ground metal 

layer thickness, ℎground, should be more than its effective skin depth (𝛿metal).  Note that 

the subscripts ‘u’ and ‘l’ 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, 𝑅𝑢,𝑚 (𝑅𝑙,𝑚) denotes the ohmic resistance, 𝐿𝑚 

denotes the Faraday inductance, 𝐿 𝑢,𝑚(𝐿𝑙,𝑚) 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]: 

 𝐶 =  
𝛼𝜀𝑖𝜀0𝑤𝑥𝑙𝑦

𝑚ℎinsulator

 (2.38) 
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𝐿𝑢,𝑚 =  

−𝑤𝑥

𝑚𝛿metal𝜔
2𝑙𝑦𝜀0

× {
𝜀′

(𝜀′)2 + (𝜀′′)2
}

metal

 

 

(2.39) 

 
𝐿𝑙,𝑚 =  

−1

𝑚𝛿metal𝜔
2𝜀0

× {
𝜀′

(𝜀′)2 + (𝜀′′)2
 }

metal

 

 

(2.40) 

 
𝐿𝑚 =  

0.5𝜇0𝑤𝑥ℎinsulator

𝑚𝑙𝑦

 

 

(2.41) 

 
𝑅𝑢,𝑚 =  

−𝑤𝑥

𝑚𝛿metal𝜔
2𝑙𝑦𝜀0

× {
𝜀′′

(𝜀′)2 + (𝜀′′)2
 }

metal

 

 

(2.42) 

 
𝑅𝑙,𝑚 =  

−1

𝑚𝛿metal𝜔
2𝜀0

× {
𝜀′′

(𝜀′)2 + (𝜀′′)2
 }

metal

 

 

(2.43) 

 

where, 𝜔 is the angular frequency of the incident wave, 𝜀0 and 𝜇0 are the vacuum 

permittivity and permeability, respectively. The real and imaginary parts of permittivity 

of the metal layer are denoted as 𝜀′and 𝜀′′, respectively. 

The parameter 𝛼 (0.2 < 𝛼 < 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 𝑙𝑦. In the equivalent circuit, the 

input impedance can be given as [178]:   
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 𝑍𝑖 =  𝑅𝑢,𝑚 + 𝑅𝑙,𝑚 +
1

𝑗𝜔𝐶
+ 2𝑖𝜔𝐿𝑚 + 𝑖𝜔(𝐿𝑢,𝑚 + 𝐿𝑙,𝑚) (2.44) 

 

The circuit impedance will be perfectly matched at the resonance condition and 

the imaginary part of 𝑍𝑖 will be ‘0’. The resonant wavelength, 𝜆GPR, can be calculated 

as [177]:  

 𝜆GPR = 2𝜋𝑐√𝐶(𝐿m + 𝐿𝑢,𝑚 + 𝐿𝑙,𝑚) (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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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.  

 

 

 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 µm (1.31 µm).  

 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 μm – 1.565 μm) 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 μm – 1.36 μm) [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.  

 

 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 (Si3N4) 

nanograting on top of Si–ITO–Al2O3 stack deposited on an optically thick Au-layer. The 

TH-3592_186102016



3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation 

74 
   

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–

Al2O3 interface by applying an external bias voltage. The unit cell (x-z view) with 

electrode configuration is shown in Figure 3.1(b), where Si3N4 nanograting has a width 

of (w = 600 nm) and periodicity of (Λ= 800 nm) along x-direction.  

 

             

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 Si3N4 nanograting on top of 

Si/ITO/Al2O3 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 (Λ= 800 

nm) along x-direction. Here, h0 = 510 nm, h1 = 305 nm, h2 = 70 nm, h3 = 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].  
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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.   

 

 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 × 1019 cm–3. The 

formation of a MOS-type structure containing Au–Al2O3–ITO 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–Al2O3 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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thickness are translated to the optical properties via Drude permittivity model, given by 

Eq. (2.34) of Chapter 2. The variation in real (ℜℯ(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) 

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(𝜀ITO) 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 

µm and 1.31 µm, respectively, as shown in Figure 3.2(b).  

 

 

 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., λ >Λ (where λ and Λ are the free-space 

 
             

Figure 3.2: (a) The variation in carrier concentration distribution, N (cm–3), 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–Al2O3–ITO layers is shown in the inset, where P = 0 represents the 

ITO–Al2O3 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 (εITO) < +1, is shown as ENZ-region [180].    
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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 λ and Λ. 

The inset of Figure 3.3(a) illustrates the perspective view of the device, where 

the Si3N4 nanograting is modelled as an effective medium with uniform permittivity, 

given by [173]: 

 𝜀eff,∥
(2) = 𝜀0,∥ +

π2

3
𝑓2(1 − 𝑓)2 × (

1

𝜀s

−
1

𝜀Air

)
2

𝜀0,∥
3  𝜀0,⊥ (

Λ

𝜆
)

2

 (3.1) 

where 𝜀eff,∥
(2) denotes the second-order effective permittivity of nanograting for parallel 

or x-polarized light [173], [176]. Whereas, the 𝜀0,∥ and 𝜀0,⊥ are the zero-order effective 

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

 

 𝜀0,∥ = 𝑓(𝜀s) + (1 − 𝑓)𝜀Air (3.2.i) 

 𝜀0,⊥ =  𝜀s𝜀Air [𝑓(𝜀Air) + (1 − 𝑓)𝜀s]⁄  (3.2.ii) 

   

where 𝜀s and 𝜀Air are the permittivity of silicon-nitride and air, respectively, and λ is the 

free-space wavelength. The filling fraction (f) is calculated as 𝑓 = 𝑤2 Λ2⁄  = 0.75 for 

grating period (Λ) and width (w) of 800 nm and 600 nm, respectively. The refractive 

indices of Si3N4, Si, Al2O3, 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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 The resonance responses (dips in the reflectance spectrum) at the wavelengths 

(𝜆TM) may be observed that satisfy the first order (i.e., m = ± 1) grating equation, 

expressed as [31]:   

 𝜆TM = |𝑛TMΛ/𝑚| =  𝑛TMΛ (3.3) 

  

where nTM is the effective mode index and λTM 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 TM1-mode and TM2-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 µm and 1.31 µm, 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 

 
             

Figure 3.3: The real and imaginary part of modal index as a function of bias-voltage for guided 

TM1-mode (a) and TM2-mode (b). Here, the modelling of the silicon-nitride grating as a 

homogeneous medium with permittivity of εeff, by using effective medium approximation, is 

shown in inset of (a). Note that, the operating wavelength is taken as 1.55 µm for (a) and 1.31 

µm for (b) [180].   
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imaginary parts) as a function of bias-voltage for TM1-mode (at 1.55 µm) and TM2-

mode (at 1.31 µm), 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 (α) along the waveguide, given by [34], [40]:   

 𝛼 = 10 |log (𝑒
(− 

4𝜋
𝜆

 ℑ𝓂(𝑛TM))
)|          (

dB

μm
). (3.4) 

 

The rise in modal loss results in a very short propagation length of the guided 

TM1- and TM2-modes. In those cases, the coupling of incident light to the waveguide 

modes diminishes, resulting in an OFF-resonance condition. 

 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–Al2O3 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 µm and 1.31 µm, respectively, which we refer to as ON-

resonance conditions. 

On the other hand, when ITO exhibits ENZ-phenomenon at the vicinity of 1.55 

µm for –4 V biasing, the resonance dip for TM1-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 µm 
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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:  

 MD (𝜆) = 10 log |
𝐼ON (𝜆)

𝐼OFF (𝜆)
|    (dB), (3.5) 

 

where IOFF (λ) and ION (λ) denote the intensity of reflected light for OFF- and ON-

resonance conditions, respectively, as a function of wavelength. We achieve a MD as 

 
             

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 

µm (highlighted in yellow background) while switching between 0 V and –4 V bias and (b) 

modulation at 1.31 µm (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 µm and 1.31 µm for TM1-mode 

and TM2-mode, respectively. The modulation depth (MD) at (c) 1.55 µm and (d) 1.31 µm are 

shown as enlarged view of highlighted portions of (a) and (b) [180].    
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high as ~22.3 dB (~19.5 dB) at 1.55 µm (1.31 µm) while switching between 0 V and –

4 V (–5 V) external biasing states, as shown in Figure 3.4(c) and (d).     

 

 

 

 

 

 
             

Figure 3.5: Normalized magnetic field (Hy) and electric field (EZ) distributions in x-z plane for 

(a and b) 0 V and (c and d) –4 V biasing states at 1.55 µm. 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 µm. 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 (Ez) 

distributions at 1.55 µm and 1.31 µm 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 µm and 1.31 µm, respectively.  On the other hand, if we apply –4 V bias, the GMR-

effect disappeared at 1.55 µm, as depicted in Figure 3.5(c) and (d).  Similarly, at –5 V 

biasing condition, the resonance phenomenon at 1.31 µm 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–Al2O3 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 Eq. (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.  

 

3.1.5.1. 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]: 

 𝑃𝑁 >  𝑄 π⁄  ,             where, 𝑄 = 𝜆TM Δ𝜆⁄   (3.6) 

Here, λTM is the resonant wavelength and Δλ is the spectral bandwidth, which can 

be expressed by [175]: 

 Δ𝜆 =
λ0Λ

π𝐿
  , (3.7) 
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where Λ is the grating period and L is the propagation length (or loss length) of the 

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

where ℑ𝓂(𝑛TM) is the imaginary part of modal index at the resonant wavelength λTM. 

Without applying any bias-voltage, we find that normally incident x-polarized plane 

wave can excite TM1-mode and TM2-mode with effective index of (1.932 + 

0.01732713i) and (1.629 + 0.008573i), respectively. Accordingly, the loss length of the 

TM1-mode can be calculated as ~15 µm, which results in a spectral bandwidth Δλ ≈ 26 

nm. Thus, the Q-factor of the resonance for TM1-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 × 25 µm2 to sustain sharp resonances for both TM1-mode and TM2-mode at 

the vicinity of 1.55 µm and 1.31 µm, 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/µm2 by performing electrostatic 

 𝐿 =
𝜆TM

2π × ℑ𝓂(𝑛TM)
 , (3.8) 
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simulations on Lumerical Device. Thus, for a device having dimensions of 25 × 25 µm2, 

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

The effective resistance of the device can be approximated as R = (RITO + RGold)/2, 

where RGold 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 RITO (for 

bulk ITO-layer) and RACL (for charge-accumulation layer) with a carrier concentration, 

N, of 7 × 1019 cm–3 and 6.46 × 1020 cm–3, respectively.  

Then, for each corresponding layer, the resistance can be derived by using R0 = 

(ρl0/tw0), where w0 and l0 are the width and length of the device, respectively. Here, t is 

the thickness and ρ is the resistivity of the corresponding layer. The resistivity of gold 

layer can be approximated as 2.2 × 10–8 Ω.m [186]. In contrast, the resistivity of a 

semiconductor depends on the carrier mobility (µ), given by, ρ = (eµN)–1.  

Thus, the resistivity of bulk ITO-layer (with µ = 19.5 cm2V–1s–1) and 

accumulation layer (with µ = 13 cm2V–1s–1) can be calculated as 4.57 × 10–5 Ω.m and 

7.5 × 10–6 Ω.m, respectively [133]. This results in an effective device resistance (R) of 

~280 Ω — leading to a 3-dB bandwidth, f3dB = (2πRC)–1, of ~83.5 MHz.  We have also 

approximated the bit-rate (BR) as ~167 Mbps by applying Nyquist theorem (BR = 

2×f3dB×log2 κ, where κ = 2 denotes the number of signal levels).   

The energy consumption, 𝐸𝑏 (J/bit) = │𝐶𝑉𝑏𝑖𝑎𝑠
2 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 (𝐸𝑏) of the modulator can be estimated as ~4300 fJ/bit. 
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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]. 

 

 

 

 

 

 
             

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 µm and 1.31 µm for TM1-

mode and TM2-mode, respectively [180]. 

Without Substrate With Substrate
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Figure 3.7 (a) depicts the modulation of light at 1.55 µm while switching between 

0 V and –4 V bias with rounding radius (R0) of 10 nm and 20 nm. Note that the dashed 

vertical line depicts the wavelength of 1.55 µm. At the unbiased state (0 V), we can see 

resonance dips in the reflectance spectra are getting red-shifted from 1.55 µm with the 

increase of the rounding radius. On the other hand, when ITO exhibits ENZ-

phenomenon at the vicinity of 1.55 µm 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 µm 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 

µm.  

         

  

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 

µm while switching between 0 V and –4 V bias and (b) modulation at 1.31 µm while switching 

between 0 V and –5 V bias. Note that the dashed vertical lines depict the wavelength of (a) 

1.55 µm and (b) 1.31 µm.    
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Similarly, Figure 3.7(b) depicts the modulation of light at 1.31 µm 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 µm 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 µm 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 
 

Ref. λ (µm) MD (dB) 
Speed 

(Mbps) 

Dual-band 

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 

Forouzmand et al. [145] 
1.547, 

1.564 

23.3,  

23.7 
NA No 

Qiu et al. [141] 
1.510, 

1.512 

14,        

20 

NA No 

This Work 
1.550, 

1.310 

~22.3, 

~19.5 

~167 Yes 

Here, MD:  modulation depth, λ: 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 µm) and ~19.5 

dB (at 1.31 µm), respectively.  

 

  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 µm (1.31 

µm) 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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 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 μm to 1.62 μm.  
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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 μm and 1.31 μm 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.   

  

 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 Al2O3 oxide-layer, an ITO active layer, a SiO2 buffer layer deposited on a highly 

 

 

 

 

 

 
             

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 Al2O3–ITO–SiO2 

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 SiO2, Al2O3 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 Al2O3 oxide-

layer, ITO layer, SiO2 buffer layer, and Au-ground plane are denoted by d2 (= 5 nm), d3 

(= 10 nm), dBuffer (= 30 nm), and dMirror (= 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, i.e., a dual band modulation at the wavelengths of interest.  

     

   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 × 1019 cm-3. The formation of 

a MOS-type structure containing Au–Al2O3–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 Al2O3–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(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) parts of permittivity of ITO at 

the resonant wavelength (1.43 μm) are depicted in Figure 3.9(b) and (c), respectively, 

as a function of external biasing for the first 5 nm distance from the Al2O3–ITO 

interface. With increasing bias-voltage, the ℜℯ(𝜀ITO) changes its sign, which indicates 
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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 Al2O3 layer, which is below than the 

breakdown field of Al2O3 [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.  

 

 

 

 

 

 

 
             

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–Al2O3–ITO layers, where Al2O3–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 µm) from P = 0 to 5 nm for different biasing states. Note that the 

ENZ-regime is depicted as –1 < ℜℯ(𝜀ITO) < 1 [189].  
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 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 ‘l’ 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, Ru,m (Rl,m) denotes the ohmic resistance, Lm denotes the 

Faraday inductance, Lu,m (Ll,m) denotes the kinetic inductance due to the drifting of 

electrons within the skin depth of Au, and Ceff 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 × 1019 cm–3, we can assume ITO-layer 

as a dielectric layer due to the negligible imaginary part of permittivity in the operating 

 
 

             

Figure 3.10: (a) The equivalent RLC-circuit model of the unit cell, shown in Fig. 3.7(b), where 

Ru,m (or Rl,m) denotes the ohmic resistance, Lm denotes the Faraday inductance, Lu,m (or Ll,m) 

denotes the kinetic inductance, and Ceff denotes the equivalent capacitance. Note that the 

subscript ‘u’ and ‘l’ 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 

(λR) predicted by the equivalent circuit model (black triangle block) and calculated by the 

FDTD simulation (red spherical blocks) [189].  
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wavelength region.  Therefore, we can estimate an effective permittivity for the 

cascaded dielectric layers of Al2O3–ITO–SiO2, given as:   

 𝜀eff =  
𝜀Al2O3 ×  𝑑2

𝑑total

+
𝜀ITO ×  𝑑3 

𝑑total

+
𝜀SiO2 ×  𝑑Buffer

𝑑total 

 (3.9) 

where the permittivity of the cascaded dielectric layers of Al2O3, ITO, and SiO2 are 

denoted as 𝜀Al2O3
, 𝜀ITO, and 𝜀SiO2

, respectively, and dtotal (= d2 + d3 + dBuffer) denotes the 

total dielectric thickness.  

Based on the resonance analysis theory, the parameters of the equivalent circuit 

model can be given as [177]–[179]: 

 𝐶eff =  
𝛼𝜀eff𝜀0𝑤𝑙𝑦

𝑚𝑑total

 (3.10) 

 𝐿𝑢,𝑚 =  
−𝑤

𝑚𝛿Au𝜔2𝑙𝑦𝜀0

× {
𝜀′

(𝜀′)2 + (𝜀′′)2
}

Au

 (3.11) 

 𝐿𝑙,𝑚 =  
−1

𝑚𝛿Au𝜔2𝜀0

× {
𝜀′

(𝜀′)2 + (𝜀′′)2
 }

Au

 (3.12) 

 𝐿𝑚 =  
0.5𝜇0𝑤𝑑total

𝑚𝑙𝑦

 (3.13) 

 
𝑅𝑢,𝑚 =  

−𝑤

𝑚𝛿Au𝜔2𝑙𝑦𝜀0

× {
𝜀′′

(𝜀′)2 + (𝜀′′)2
}

Au

 

 

(3.14) 

 𝑅𝑙,𝑚 =  
−1

𝑚𝛿Au𝜔2𝜀0

× {
𝜀′′

(𝜀′)2 + (𝜀′′)2
 }

Au

 (3.15) 

 

where, ω is the angular frequency of the incident wave, ε0 and μ0 are vacuum permittivity 

and permeability, respectively. The real and imaginary part of permittivity of Au-layer 

are denoted as 𝜀′and 𝜀′′, respectively, which are taken from the experimental data [125]. 
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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 (δAu) in the near-infrared range 

is taken as 24.5 nm and α (0.2 < α < 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 α = 0.2 [177]. 

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

𝜆R = 2π𝑐√𝐶eff(𝐿𝑚 + 𝐿𝑢,𝑚 + 𝐿𝑙,𝑚) (3.16) 

where c is the speed of light in vacuum. Figure 3.10(b) illustrates that the resonance 

wavelength (λR) increases with grating width (w), which also demonstrates a good 

agreement with the FDTD simulations. 

  

 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 Al2O3–ITO 

interface to accurately observe the enhancement of electric field. 

 

3.2.4.1. 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 

TH-3592_186102016



3. ENZ-Material based Metasurface for Dual-band Electro-Optic Intensity Modulation 

96 
   

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(λ) = 1 – 

R(λ) [187], [188].     

 
             

Figure 3.11: (a) Absorbance spectra (between 1 μm and 2 μm) at normal incidence for 0 V and 

5 V 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 (dBuffer) for (c) 0 V and (d) 5 V biasing conditions. Here, 

horizontal black dashed lines represent optimized value of dBuffer [189].  
 

 

TH-3592_186102016



 3.2 Gap Plasmon Resonance based Angle-insensitive Metasurface 

97 
 

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 μm. 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 μm to 1.62 μm, 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 0 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.      

             
 

Figure 3.12: The normalized (a) magnetic (Hy) and (b) electric (Ez) field distributions at the 

resonance wavelength (1.43 µm) for 0 V biasing condition. Note that the underlined structure 

is presented by white dashed lines. (c) Normalized electric (Ez) field distributions at 1.43 µm 

wavelength for 5 V biasing condition, where enhancement of electric field is shown by an 

enlarged view [189].  
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The variation in the absorbance (A) spectrum with respect to the buffer layer 

thickness (dBuffer) 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 (dBuffer). 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 (dBuffer) 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 μm to 1.62 μm.        

Figure 3.12(a) and (b) depict the normalized magnetic (Hy) and electric (Ez) field 

distributions, respectively, at the resonance wavelength (1.43 µm) 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 Ez-field has been observed at the Al2O3–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–Al2O3 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 Al2O3–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(λ) = 1 – 

TH-3592_186102016



 3.2 Gap Plasmon Resonance based Angle-insensitive Metasurface 

99 
 

R(λ). 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 

 

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 (dBuffer) for 1.55 μm and 1.31 μm. Note that the shaded region denotes the preferred 

buffer layer thickness, dBuffer = 30 nm, for which we obtain ER ≈ 20.5 dB at 1.55 μm while 

maintaining ER ≈ 16.6 dB at 1.31 μm [189].  
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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 μm and 1.31 μm wavelengths 

simultaneously, when there is no bias-voltage (0 V) for the gap-plasmon resonance 

wavelength of 1.43 µm.  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, dBuffer, can be seen in Figure 

3.13(c), which is defined by:  

 𝐸𝑅 (𝜆)  =  10log│
𝐼ON(𝜆)

𝐼OFF(𝜆)
│ (3.17) 

where ION (λ) and IOFF (λ) denote the intensity of the reflected light as a function of 

wavelength for 0 V (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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~16.6 dB at 1.55 µm and 1.31 µm, 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 

μm to 1.62 μm 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/µm2 by condcuting electrostatic simulations on Lumerical Device tool. 

Assuming a total device dimension of 10 × 10 µm2, 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 RAu are the resistance of ITO and Au layers, respectively.  The RITO can 

be seen as a parallel combination of RBulk (for bulk ITO-region) and Racl (for 

accumulation layer). Here, we assume the carrier concentration for bulk ITO region as 

7 × 1019 cm–3 and for accumulation region as 6.7 × 1020 cm–3. Each corresponding layer 

has a resistance of R0 = (ρL/dW), where W and L are the total device width and length, 

respectively. Here, ρ and d denote the resistivity and thickness of respective layers. The 

RAu can be calculated by assuming resistivity of Au layer as ~2.2 × 10–8 Ω.m [186]. On 
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the other hand, the resistivity (ρ) of ITO depends on electron mobility (μ), given as: ρ = 

(eμN)–1.    

Thus, we can calculate the resistivity of bulk ITO region as ~4.57 × 10–5 Ω.m 

(for N =7 × 1019 cm-3) and for accumulation layer as ~7.13 × 10–6 Ω.m (for N = 6.7 × 

1020 cm-3) [45].  This leads to the equivalent resistance (R) of 960 Ω. 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]:   

 MDN  ≈ |1 + j𝜔𝑅𝐶|−1 = (1 + 2π𝑓0𝑅𝐶)− 1 (3.18) 

where ω (= 2π f0) 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, f3dB = 

(2πRC)–1 ≈ 162.5 MHz, as shown in Figure 3.14. Moreover, by employing Nyquist 

             

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 f3dB = 162.5 MHz, is shown by 

the arrowed dashed-dot line [189].   
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theorem, we can also estimate the bit-rate (BR) of the modulator as BR = 2×f3dB×log2 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, R0 of 10 

nm and 20 nm)[56]. 

           

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 µm and 1.31 µm.    
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Figure 3.15 depicts the modulation of light while switching between 0 V and 5 

V bias with rounding radius (R0) as 10 nm and 20 nm. Note that the dashed vertical lines 

depict the wavelengths of 1.55 µm and 1.31 µm. 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 high as ~18.5 dB (~17 dB) and ~15 dB (~13.7 dB) with rounding 

radius of 10 nm (20 nm) at 1.55 µm and 1.31 µm, respectively.   

 

 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 Al2O3–ITO–SiO2–Au stack. At the unbiased condition, we have seen the 

gap-plasmon resonance wavelength appears at 1.43 μm, 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 μm to 1.62 μm. 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 μm and 1.31 μm 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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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. 

 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 MDT ≈ 0.85, 

respectively, at 1.55 µm wavelength for both x- and y-polarized light by leveraging the 

ENZ phenomenon combined with guided-mode resonance effect. 

 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. 

 

 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 (Si3N4) 

nanograting on cascaded layers of an active layer (ITO) with a thickness of t1, an oxide-

layer of alumina (Al2O3) with a thickness of t2, a silicon guiding core with a thickness 

of t3, and a silica (SiO2) substrate. The Si3N4 nanograting has dimensions of w × w × h. 

Table 4.1 shows the structural and physical parameters used for numerical simulations. 
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The refractive indices of silicon, Al2O3, Si3N4, and SiO2 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 𝒯M and ℜM, respectively, as shown in Figure 4.1(b).    

 
             

Figure 4.1: Schematics of the proposed guided-mode resonance based electro-tunable 

metasurface with a nanograting (2D array of Si3N4) on top of ITO–Al2O3 layers deposited on 

silicon-on-insulator platform. (a) 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 𝒯M (ℜM). [35] 
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 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 × 1019 cm–3.  

The ITO–Al2O3–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 

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 (wx = wy= w) 620 nm 

ITO-layer thickness  (t1) 10 nm 

Al2O3-layer thickness (t2) 5 nm 

Silicon guiding core thickness (t3) 220 nm 

Carrier concentration (N) of bulk ITO 6 × 1019  cm–3 

DC permittivity of Al2O3 [29] 9 - 

Electron mobility (µ) of bulk ITO [133] 19.5 cm2V–1s–1 

*The subscripts x and y refer to the parameters along corresponding directions. 
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4.2(a). Here, we consider the first 5 nm region of ITO-layer from the interface of ITO–

Al2O3 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 

 
             

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–Al2O3 interface 

as shown in the inset, which illustrates the MOS-capacitor formation containing ITO–Al2O3–

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 (εITO) < 1 [35] 
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to the MOS-type capacitor structure. We consider a homogenized accumulation layer 

with ~6.2 × 1020 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 (Al2O3) 

layer, which is much lower than the reported breakdown voltage of Al2O3 [29].   

   

 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 εeff, defined as [171], [176]: 

 𝜀eff = 𝑓(𝜀2) + (1 − 𝑓) 𝜀1 ,       𝑓 =  𝑤2/𝑃2 (4.1) 

   

where ε1 is the permittivity of air, ε2 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 ε1 = 1 and ε2 = 3.98529 (at 1.55 µm wavelength). 

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

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

 𝜆GMR =  (ℜℯ(𝑛𝑚) −  𝑛 sin𝜃)𝑃 = ℜℯ(𝑛𝑚)𝑃 (4.2) 

where nm is a complex quantity denoting the effective index of guided mode, θ (= 00) is 

the incident angle, λGMR 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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wave can excite the fundamental TM-mode of ITO-integrated silicon waveguide with 

nm = nTM ≈ 2.217+ 0.0045i — leading to λGMR ~1.55 µm, 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 µm 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 

 
             

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 εeff. The voltage-

dependent characteristics of fundamental guided TM-mode showing (b) the variation of real 

and imaginary part of effective modal index (nTM), and (c) propagation loss (dB/µm) along the 

guiding core. Note that, ITO-integrated silicon layer is the guiding core and the operating 

wavelength is taken as 1.55 µm. [35]  
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modal index, ℜℯ(nTM), 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, ℑ𝓂 (nTM), is observed at 4 V biasing 

condition. This results in a high modal loss (α) of grating waveguide, defined as [34], 

[40]:  

  𝛼 = 𝛤𝛼TM,    𝛼TM = 10 |logexp(− 
4𝜋
𝜆

 ℑ𝓂 (𝑛TM))| (
dB

μm
) (4.3) 

 

where αTM is the material loss and Γ 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.    

 

 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–Al2O3 interface.  

TH-3592_186102016



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

116 
   

4.1.5.1.  Parametric Analysis 

In order to ensure that the proposed grating-based design exhibits GMR-effect with 

resonance wavelength (λGMR) at the vicinity of 1.55 µm 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 λGMR = 1.55 

µm, are marked by the green dashed lines in Figure 4.4(a)–(c). A redshift of the λGMR 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 λGMR, 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 

εeff, and hence a redshift of the λGMR is observed in the transmittance spectra, as shown 

 
             

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 µm wavelength. In all cases, the 

thickness of other layers of the proposed structure are kept constant. [35]   
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in Figure 4.4(b). A much weaker redshift of the λGMR 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 µm, 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 t2 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-

 

 

 

 
             

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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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 µm when no bias voltage is applied; referred to as resonance “ON” state. A 

 
             

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]   
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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 µm by applying external bias voltage. At 4 V biasing, ITO exhibits 

ENZ-effect. The ENZ-effect imposes an unusual boundary condition at the ITO–Al2O3 

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 µm 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 (Ez) distributions at 1.55 µm 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–Al2O3 interface, where the normal component of the 
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electric flux density is continuous at ITO–Al2O3 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–Al2O3 interface.  

 
             

Figure 4.7: Normalized magnetic field (Hy) and electric field (EZ) distributions in x-z plane for 

(a and b) 0 V and (c and d) –4 V biasing states at 1.55 µm. 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 µm. 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]   
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On the other hand, as mentioned earlier, the increase in the imaginary part of 

permittivity of ITO at the ITO–Al2O3 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:  

 

 𝑀𝐷 (𝜆) =
max [𝐼ON (𝜆), 𝐼OFF (𝜆)]

min [𝐼ON (𝜆), 𝐼OFF (𝜆)]
 , (4.4) 

 

where ION (λ) and IOFF (λ) 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 µm.      

 

 

 
             

Figure 4.8: Modulation depth (MD) spectrum for (a) transmission-mode and (b) reflection-

mode modulator. [35]   
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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]: 

 𝑃𝑁 >  𝑄 π⁄  ,             where, 𝑄 = 𝜆GMR Δ𝜆⁄  (4.5) 

Here, λGMR is the resonant wavelength and Δλ is the spectral bandwidth, which 

can be expressed by [175]: 

 Δ𝜆 =
λ0Λ

π𝐿
  , (4.6) 

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

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

where ℑ𝓂(𝑛TM) is the imaginary part of modal index at the resonant wavelength λTM. 

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 µm, which results in a spectral bandwidth Δλ ≈ 

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 × 7 µm2 (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 µm.  

 𝐿 =
𝜆TM

2π × ℑ𝓂(𝑛TM)
 , (4.7) 
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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 RSi 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 Cell) is calculated as ~6.26 fF/µm2. Assuming a total device width 

(W) and length (L) of 7 µm 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 

× 1020 cm-3) and the resistance for bulk ITO layer (with N = 6 × 1019 cm-3). The resistance 

of each layer can be calculated by using, R = (ρL/ tW), where t and ρ are the thickness 

and resistivity of corresponding layer, respectively. The carrier mobility (µ) and carrier 

concentration (N) of a semiconductor material decide the resistivity as ρ = (eµN)–1, 

where e is the electron charge. In our electrostatic simulations, we have considered the 

n-type silicon layer with a doping concentration of 1 × 1019 cm-3. The total equivalent 

resistance for the design (consisting of 100 unit cells) can be approximated as Req ≈ 

1.343 kΩ, with electron mobility (µ) of 80 cm2V–1s–1, 19.5 cm2V–1s–1, and                               

13 cm2V–1s–1 for silicon-layer [127], bulk-ITO layer, and accumulation-layer of ITO 

[133], respectively.  
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The frequency response of the device can be analyzed by calculating normalized 

modulation depth considering R0 (= 50 Ω) as the output impedance of the voltage source 

and ω (= 2π f0) as the input signal frequency.  The normalized modulation depth can be 

given as [45]: 

 𝑁𝑜𝑟𝑚. 𝑀𝐷 ≈ |1 + j𝜔𝑅eq𝐶eq|
−1

       ≈ (1 + 2π𝑓0𝑅eq𝐶eq)
− 1

 (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 

 
             

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]   
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which the Norm. MD is 0.5 (or –3dB), i.e.  f3dB = (2πReqCeq)–1.  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 

= 2×f3dB×log2 m (here, m = 2 is the discrete levels of the input signal). With f3dB = 387 

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

 

4.1.5.5. 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-

Table 4.2: Comparative Overview of a Few Recently Reported Theoretical Designs 

of ENZ-material based EOMs 

Ref. λ (µm) MD Speed 

(Mbps) 

Mode 

*(T or R) 

P. I. 

 

Forouzmand et al. [30] 1.537 0.8 NA R-mode No 

Qiu et al. [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- and R-

mode 

No 

Chen et al. [9] 1.5 0.68 NA R-mode No 

This Work 1.55 0.96 (MDR), 

0.85 (MDT) 

~774 T- and R-

mode 

Yes 

*Modulator’s operational mode. Here, T- and R-modes refer to transmission and reflection 

modes, respectively. P. I.: Polarization-insensitivity, λ: operational wavelength, MD:  

modulation depth, NA: not available.  
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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 × 1019 cm-3. To begin, the Al2O3 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/O2) plasma environment [29]. The background carrier concentration 

of ITO can be controlled by Ar/O2 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 µm 

wavelength. Now, we would like to emphasize here that our proposed design exhibits 
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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 µm 

(C-band) to 1.6 µm (L-band). Modulation of spatial light can be observed at 1.6 µm 

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.   

 

  Summary   

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

modulator is presented here, which can operate in both transmission and reflection 

 

 
             

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] 
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modes. The design comprises a nanograting (2D array of Si3N4) on top of ITO–Al2O3 

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 µm wavelength. In contrast, an 

enhancement of electric field is observed at the ITO–Al2O3 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 µm 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 µm. 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. 
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 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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proposed device, thus, could help in realizing energy-efficient polarization-and angle-

insensitive optical modulators for nanophotonic systems.    

  

 Structural Overview 

The metasurface comprises a 2D array of Au-nanograting on cascaded layers of an ITO 

active region, an Al2O3 gate-dielectric layer, and an optically-thick gold (Au) layer 

deposited on SiO2 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 Al2O3 [183]  are taken from the experimental 

data reported in the literature. The unit cell (x-z view) with periodicity Λ 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 θi propagates along the z-direction. The 

 
             

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–Al2O3–

Au stack deposited on SiO2 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 Λ = 700 nm. [207] 
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periodic boundary conditions are used along x- and y-axis and perfectly matched layers 

are used in the z-axis.        

   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 × 1019 cm-3. The ITO–Al2O3–

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–

Al2O3 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). 

 
             

Figure 4.12: (a) The carrier concentration distribution, N (cm–3), 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–Al2O3–Au stack is depicted in the inset, where the ITO–Al2O3 

interface represents P = 0. (b) Voltage-dependent real (ℜℯ(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) 

parts of permittivity of ITO-accumulation region for 0 V and 2V bias-voltages. [207]  
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The voltage-dependent real (ℜℯ(𝜀ITO)) and imaginary (ℑ𝓂(𝜀ITO)) parts of permittivity 

of ACL are depicted in Figure 4.12(b).   

 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, Le,m, and Ceff 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–Al2O3, we can estimate an 

effective permittivity, given as:     

 𝜀eff =
𝜀ITO ×  𝑡1 

𝑑total

 +
𝜀Al2O3 ×  𝑡2

𝑑total

   (4.9) 

where 𝜀ITO and 𝜀Al2O3
 denote the permittivity of ITO and Al2O3 layers, respectively, and 

dtotal (= t1+t2) denotes the total dielectric thickness. The gap-plasmon resonance 

wavelength can be estimated as [177]: 

𝜆R = 2π𝑐√𝐶eff(𝐿m + 2𝐿𝑒,𝑚) (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]:  

  𝐶eff =  
𝛼𝜀eff𝜀0𝑤2

𝑚𝑑total

 (4.11) 

 𝐿𝑒,𝑚 =   
−1

𝑚𝛿Au𝜔2𝜀0

× {
𝜀′

(𝜀′)2 + (𝜀′′)2
}

Au

   (4.12) 

 𝐿𝑚 =  
0.5𝜇0𝑑𝑡𝑜𝑡𝑎𝑙

𝑚
 (4.13) 
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where, ω is the angular frequency of the incident wave, ε0 and μ0 are vacuum permittivity 

and permeability, respectively. where ω, w, ε0, and μ0 are the incident wave angular 

frequency, grating width, vacuum permittivity, and vacuum permeability, respectively. 

The 𝜀′and 𝜀′′ 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 (δAu) as 24.5 nm and the 

tuning factor as α = 0.13 [178]. Figure 4.13(b) shows that with the increase of grating 

width (w) the resonance wavelength (λR) increases, which also shows a close agreement 

with the FDTD simulations.   

   

 Results and Discussion  

Figure 4.14 illustrates the reflectance (R) spectra for both x- and y-polarized incident 

light at 0 V and 2 V biasing conditions. Due to the excitation of gap plasmon resonance 

mode, a dip at 1.72 µm 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 µm 

wavelength can be achieved for 0 V biasing-state. Thus, we can refer to it as “ON” state. 

 
             

Figure 4.13: (a) The RLC-equivalent circuit model of the unit cell structure. (b) The resonance 

wavelengths (λR), as a function of grating width, calculated by the FDTD simulation (red 

spherical blocks) and predicted by the equivalent circuit model (black triangles). [207]   
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On the other hand, the resonance dip in the reflectance spectrum can be tuned to 1.55 

µm 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 = 10log│ION / IOFF│) as high as ~25 dB, as shown by the 

arrowed dotted line in Figure 4.14. Here, ION and IOFF 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 (Ez) field distributions are depicted in 

Figure 4.15(a) and (b), respectively, at the resonant wavelength (1.55 µm) 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 

 
             

Figure 4.14: Simulation results of the proposed tunable metasurface for electro-optic 

modulation showing the reflectance (R) spectrum at 0 V and 2 V external bias-voltages for both 

x- and y-polarized incident light. Here, the modulation depth (MD = 25 dB) at 1.55 µm 

wavelength is shown by the arrowed dotted line. [207]  
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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 µm for an oblique incidence angle 

up to 50 degrees in both x- and y-polarized cases—indicating a wide angle-insensitivity 

of the device.    

 

 

 

 
             

Figure 4.15: The normalized (a) Hy-and (b) Ez-field distributions at the third-order gap-

plasmon resonance wavelength (1.55 µm) 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 (θi) for (c) x- and (d) y-polarized incident plane wave. Here, the 

dashed line represents the operating wavelength (1.55 µm). [207]   
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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 × 1.4 µm2 (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 µm and 1.55 µm, respectively. As expected, when 

we increase the number of unit cells, the reflectance decreases at 1.72 µm and increases 

at 1.55 µm. Thus, to maintain the desired reflectance (> 0.8 at 1.55 µm), (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 × 7 µm2 (consisting of 100 unit cells).  

 

 
             

Figure 4.16: Simulation results to identify the minimum number of unit cells required to 

maintain the desired reflectance (> 0.8 at 1.55 µm and <0.03 at 1.72 µm at unbiased condition), 

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

[207]  
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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/µm2. Hence, with a device dimensions of 7 × 7 µm2 (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 RBulk (corresponds to bulk ITO-

region) and RACL (corresponds to accumulation layer).  Then, the resistance for each 

region can be estimated by R0 = (ρL/dW), where W×L represents the device dimensions 

consisting 100 unit cells. Here, ρ and d denote the resistivity and dielectric layer 

thickness, respectively.  

The resistance of Au layer, RAu, can be estimated by considering ρ as                      

~2.2 × 10–8 Ω.m [180].  Whereas, the resistivity of ITO, ρ = (eμN)–1, depends on electron 

mobility (μ) [45], [189]. This leads to the equivalent resistance (R) as 1.16 kΩ. Thus, 

the 3-dB bandwidth of the modulator can be calculated as, f3dB = (2πRC)–1 ≈ 450 MHz. 

Then, by using Nyquist theorem, we can estimate the bit-rate as BR = 2×f3dB×log2 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 (Eb = CV 2
 / 4) of 

~303 fJ/bit.  

 

4.2.4.3. 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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 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–Al2O3–Au stack deposited on silica substrate. The numerical 

simulations reveal that the third-order gap-plasmon resonance is excited at 1.72 µm 

Table 4.3: Comparative Overview of a Few Recently Reported Recently Reported 

Theoretical Designs of Metasurface based Electro-Optic Modulators  

Ref. λ (µm) MD (dB) 
Speed 

(Mbps) 
P. I. A. I. 

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 (up to 

50 degrees) 

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

Angle-insensitivity, NA: not available.  
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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–Al2O3 interface.  

With 2 V applied bias, we can tune the resonance wavelength to 1.55 µm 

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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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. 

 

 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, χ(3), analogous to the optical Kerr effect [190]. Optical 

intensity-dependent refractive index (n0) can be written as [33], [58]: 
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 𝑛 = 𝑛0 + 𝑛2𝐼 = 𝑛0 + ∆𝑛 (5.1) 

where, the change of refractive index (Δn = n2I = χ(3)η0I/n2) depends on optical pump 

intensity (I). 

It is always desirable to employ nonlinear materials with significantly large value 

of n2 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 (ωp) 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.  

 

 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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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 (µ) 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 (𝛤 = 𝑒 𝑚𝑒
∗⁄ 𝜇) 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*, ωp, and Γ 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]   

 
             

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] 
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 ℏ2𝑘2 2𝑚0
∗⁄ = 𝛾(𝐸) = 𝐸 + 𝐶𝐸2 (5.2) 

where 𝐸 is the electron energy referenced to the conduction band minimum, 𝑘 is the 

wavevector, 𝑚0
∗  is the electron effective mass weighted at the conduction band 

minimum, ℏ is the reduced Planck’s constant, and 𝐶 is the first-order nonparabolicity 

factor. Thus, we can model the electron effective mass, 𝑚𝑒
∗ , that to be used in the 

extended Drude model as [192]    

where 𝑁D = 𝛾
1

2(𝑑𝛾 𝑑𝐸⁄ )(2𝑚𝑒
∗ ℏ2⁄ )

3

2(2π2)−1 is the density-of-states (DOS) and 

𝑚𝐷
∗ (𝐸) = 𝑚0

∗ 𝑑𝛾 𝑑𝐸⁄  is the DOS effective mass. 

The temperature-dependent 𝑚𝑒
∗  can be attributed to the Fermi–Dirac distribution, 

𝑓FD = {exp ((𝐸 − 𝐸̃F(𝑇e)) (𝑘B𝑇e)⁄ ) + 1}
−1

, where 𝐸̃F(𝑇e) is the electron temperature-

dependent chemical potential and 𝑘B 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(𝑇e = 0) = 𝑁(𝑇e) = ∫ 𝑓FD𝑁D𝑑𝐸
∞

0
. Therefore, by minimizing the function |𝑁(𝑇𝑒 =

0) − 𝑁(𝑇𝑒)|, the chemical potential 𝐸̃𝐹(𝑇𝑒) can be calculated as [194]  

𝐸̃F(𝑇𝑒) = 𝐸F [1 −
𝜋2

12
(

𝑘B𝑇𝑒

𝐸F

)
2

+
𝜋2

80
(

𝑘B𝑇𝑒

𝐸F

)
4

] (5.4) 

where 𝐸F 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, 𝜇, of the TCO samples at room temperature [191]. This change in 𝜇 is 

represented by the degenerate form of the Brooks-Herring formula [191], which 

describes the ionized impurity scattering mobility of the TCO film:  

 1

𝑚𝑒
∗

=
∫

1
𝑚D

∗ (𝐸)
𝑁D𝑓FD𝑑𝐸

∞

0

∫ 𝑓FD𝑁D𝑑𝐸
∞

0

 (5.3) 
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𝜇 =
24𝜋3(𝜀𝑠𝜀0)2ℏ3𝑁

e3𝑚𝑒
∗2𝑁ion [ln[1 + 𝑦(𝑛)] −

𝑦(𝑛)
1 + 𝑦(𝑛)

]
 

(5.5) 

where 𝑦(𝑛) =
2(3𝑁𝜋8)

1 3⁄
ℏ2𝜀𝑠𝜀0

e2𝑚𝑒
∗  , 𝑁ion is the density of the ionized impurities, and 𝜀𝑠 is 

the static permittivity of the TCO film.  

 

 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 

𝐶e

𝜕𝑇e(𝑡)

𝜕𝑡
= −𝑔ep(𝑇𝑒(𝑡) − 𝑇l(𝑡)) +

𝑁(𝑡)

2𝜏ee(𝑡)
 (5.6) 

𝐶𝑙

𝜕𝑇𝑙(𝑡)

𝜕𝑡
= 𝑔ep(𝑇e(𝑡) − 𝑇l(𝑡)) +

𝑁(𝑡)

2𝜏ep(𝑡)
 (5.7) 

𝜕𝑁(𝑡)

𝜕𝑡
= −

𝑁(𝑡)

2𝜏ee(𝑡)
−  

𝑁(𝑡)

2𝜏ep(𝑡)
+ 𝑃(𝑡) (5.8) 

where 𝐶e and 𝐶l are the heat capacities of the electron and lattice, respectively, and 𝑔ep 

is the electron–phonon coupling coefficient. The rate of energy exchange between the 
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electrons and the phonons is defined using 𝑔ep.The electron–phonon and electron–

electron relaxation periods are 𝜏ep and 𝜏ee, respectively, and 𝑁 is the non-thermal 

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

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

𝐶e =
3𝜋2𝑁𝑘B𝑇e

√36𝑇F
2 + 4𝜋4𝑇e

2
 (5.9) 

where 𝑇F 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]  

𝑔ep = 0.562𝑁
𝑘B

2𝜃D
2𝑣F

𝐿f𝑇lεF

 (5.10) 

where 𝜃D is the Debye temperature, 𝐿f is the electron mean free path, and 𝑣𝐹 is the Fermi 

velocity of the ENZ-material. The electron–electron (𝜏ee) and electron–phonon (𝜏ep) 

relaxation times define the rate at which absorbed energy is exchanged between the 

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

𝜏ee = 𝐶 {
𝜔2

4𝜋2𝜔p

[1 + (
2𝜋kB𝑇e

ℏ𝜔
)

2

]}

−1

 (5.11) 

𝜏ep = 2
𝐶e

𝑔ep

 (5.12) 

where 𝜔 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 𝜏ee⁄ + 1 𝜏ep⁄ = Γ as mentioned in ref. [58].  

The effective absorbed power density P(t) can be calculated as [47].  

𝑃(𝑡) =  
𝐹0

𝜏p

𝛼𝑒
−2(

𝑡
𝜏𝑝

)
2

 (5.13) 
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where 𝐹0 is the pump fluence of a Gaussian laser pulse excitation, 𝜏𝑝 is the pulse 

duration, and d is the thickness of the TCO-film. The parameter 𝛼 is the effective 

absorption coefficient, which can be defined by 𝛼 =  − 1
𝑑⁄ ln [𝑇

(1 − 𝑅)2⁄ ] as a 

function of transmittance (𝑇) and reflectance (𝑅) while illuminating light to a TCO-film 

with a thickness of d [195].     
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 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 µJ/cm2) 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 µJ/cm2 to achieve 

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

 

 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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on silica (SiO2) substrate. The meta-atom or unit-cell structure is presented in Figure 

5.2(b), with a periodicity of Λ = 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 × 1020 cm-3), high mobility (𝜇 = 300 

cm2V-1s-1) CdO layer. Based on the Drude model, as mentioned in Eq. (2.34), the initial 

value of the real, ℜℯ(𝜀CdO), and imaginary, ℑ𝓂(𝜀CdO), parts of permittivity of CdO 

have been estimated for the wavelength range of 1 µm – 2 µm as shown in Figure 5.2(c). 

Here, we denote the zero-permittivity cross-over wavelength with λENZ = 1.57 µm, 

 
             

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 (Λ) 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 dM = 100 nm. (c) The 

real (ℜℯ(𝜀CdO)) and imaginary (ℑ𝓂(𝜀CdO)) parts of permittivity of the CdO film, where the 

ENZ-region is shaded in gray. [210]    
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where the ENZ-region is shown for which ℜℯ(𝜀CdO) 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 (𝜔p). We utilize this nonlinear phenomenon of CdO 

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

intensity modulation.  

 

   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 

 

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 µm wavelength. [210] 
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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 µm 

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 λMP at the vicinity of 1.55 µm, 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).   

 

 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 (λMP) in the vicinity of 1.55 µm 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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1.55 µm. 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.      

 

 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 µm. 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 𝑚0
∗  = 0.16 𝑚𝑒, 

with 𝑚𝑒 denoting the mass of an electron, and 𝐶 = 0.5 eV-1 [46] for our CdO film. The 

value of Fermi energy (𝐸F) for our numerical calculations, as mentioned in Eq. (5.4), is 

taken from ref. [191]. Furthermore, the mobility (µ) is related to me* by the degenerate 

form of the Brooks–Herring formula [191], and thus contributes to the increase in the 

damping frequency (𝛤 = e 𝑚𝑒
∗⁄ 𝜇) on optical pumping, as mentioned in Eq. (5.5). While 

using the Eq.(5.5), we have assumed 𝑁ion = 𝑁𝐷, with 𝑁𝐷 defined as the density of the 

             

                  

   
             

Figure 5.4: (a) Magnetic-field (|Hy|) and (b) Electric-field (|Ex|) profiles for x-polarized incident 

optical probe signal in x-z view for pump fluence, F0 = 0 µJ/cm2 at 1.55 µm. Here, the current-

density and the instantaneous electric field vectors are shown by the arrows in (a) and (b), 

respectively. [210]   
      

 

TH-3592_186102016



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

154 
   

ionized donors. Additionally, the ionized donors have been assumed to be singly 

charged, and the static permittivity for CdO is assumed as 𝜀𝑠 = 21.9, as defined in ref. 

[197].   

While calculating the electron–phonon coupling coefficient (𝑔ep) as shown in 

Eq.(5.10), the values of Debye temperature (𝜃D), electron mean free path (𝐿f), and Fermi 

velocity (𝑣𝐹) for the CdO film are taken from ref. [198], [199], and [191], respectively. 

In our theoretical calculations, the pump fluence (𝐹0) is varied from 0 to 150 µJ/cm2. 

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 (𝐶e) of CdO is defined using Eq.(5.9) [200]. At 𝑇e 

= 300 K, we calculate the value of 𝐶e 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-

 
             

Figure 5.5: The dependence of electron temperature (𝑇e*) and plasma frequency (𝜔p*) of CdO 

on the pump fluence (𝐹0) for the proposed structure. [210] 
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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 𝜔p* and 𝑇e*, respectively (see section A.01 of 

Appendix for more details). We observe an increase in the 𝑇e* from its steady state value 

of 300 K to 5991 K with the variation of the pump fluence from 0 to 150 µJ/cm2. The 

𝜔p* decreases from its steady state value of 2.821 × 1015 rad/s (at 𝐹0= 0 µJ/cm2) to 

2.480  × 1015 rad/s (at 𝐹0=150 µJ/cm2).      

To maintain a high modulation depth with energy consumption as minimum as 

possible, we fix the pump fluence as 𝐹0= 75 µJ/cm2. Figure 5.6(a) shows the transient 

response of the electron (𝑇e*) and lattice (𝑇l*) temperatures of CdO-layer, respectively, 

for our structure. The 𝑇e* 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 𝑇l* is 

 
             

Figure 5.6: Transient response of the (a) electron (𝑇e*) and the lattice (𝑇l*) temperature, and 

(b) plasma frequency (𝜔p*)  and damping constant of the CdO-layer for the proposed structure. 

[210]    
             

             

 

TH-3592_186102016



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

156 
   

negligible compared to the variation in the 𝑇e*. Furthermore, we define a constant lattice 

heat capacity (𝐶𝑙) of 2.6 × 106 Jm-3K-1 such that 𝐶𝑒 ≪ 𝐶𝑙, which leads to Δ𝑇𝑙 ≪ Δ𝑇𝑒. 

Similarly, Figure 5.6(b) displays the transient response of the 𝜔𝑝* and Γ * for our device. 

We observe that on applying the pump signal, the 𝜔𝑝* dips to its minimum value of 

2.656 × 1015 rad/s at t = 0.12 ps before gradually increasing to its steady-state value of 

2.821 × 1015 rad/s.  On the contrary, the Γ* peaks to 2.305 × 1013 rad/s before gradually 

decreasing to its steady-state value of 2.158 × 1013 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/cm2 [201], which is much higher than the considered 

pump-fluence (75 µJ/cm2) in our study.    

     

 

 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 µm for F0 = 0 µJ/cm2, 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 µm. 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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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 µm for pump fluence, 𝐹0= 75 µJ/cm2 — 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 0⁰ to 60⁰. 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 λMP with 

the increase of oblique incidence angle. Nevertheless, we can maintain a negligible 

reflectance at 1.55 µm with a probe beam having incidence angle of up to 50⁰. This 

indicates a wide angle-insensitivity of the design.   

             

 
             

Figure 5.7: (a) Reflectance spectrum for x-polarized incident optical probe signal for OFF-

state (at 𝐹0= 0 µJ/cm2)  and ON-state (at 𝐹0= 75 µJ/cm2) pump fluences. The modulation depth 

(MD ≈ 0.83) at 1.55 µm 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 (𝜃). Note: the dashed line depicts the wavelength of 1.55 µm. [210] 
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Figure 5.8 illustrates the color contour plot of reflectance spectra for variation of 

the pump-fluence from 0 µJ/cm2 to 75 µJ/cm2. 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. 

 

 

5.2.5.1. 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 (𝑛eff) along the x-axis.  This homogenized effective refractive 

index of the whole structure allows us to find the effective change in the refractive index 

             

           
             

Figure 5.8: Color contour plot of reflectance spectrum for x-polarized incident optical probe 

signal as a function of pump fluence (F0). Note: dashed line depicts wavelength of 1.55 µm. 
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of the metasurface upon applying external pump signal. Using the S-parameter inversion 

method for an inhomogeneous system, we determine 𝑛eff as [202]   

 𝑛eff =
1

𝑘𝑑
cos−1 [

1

2𝑆21

(1 − 𝑆av
2 + 𝑆21

2 )] (5.14) 

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

𝑆av = √𝑆11𝑆22 is the averaged parameter used for inhomogeneous metasurface 

structures i.e., 𝑆11 ≠ 𝑆22. Furthermore, 𝑆11, 𝑆12, 𝑆21, and 𝑆22 are the S-parameters 

obtained from the FDTD simulations of the proposed metasurface structure.  

Note that the parameters 𝑆11 and 𝑆21 are calculated for normal incidence. 

Similarly, the parameters 𝑆21 and 𝑆22 are calculated for reverse incidence. For 

calculating the change in effective refractive index (Δ𝑛eff) of the metasurface, we 

calculate the S-parameters of our structure in the absence (𝐹0 = 0 µJ/cm2) and presence 

(𝐹0 = 75 µJ/cm2) of laser pump illumination, respectively, by making use of the two-

temperature model and a series of FDTD simulations. 

 
             

Figure 5.9: (a) Change in the effective refractive index of the proposed CdO-coupled structure 

(Δ𝑛eff) and the refractive index variation of bulk CdO as a function of wavelength upon 

applying pump pulse with fluence (𝐹0) of 75 µJ/cm2. (b) Transient response of Δ𝑛eff , where 

the rise time and recovery time are shown as 97 fs and 430 fs, respectively, at 1.55 µm. The red 

dashed line shows the 100 fs Gaussian pump excitation at 1.57 µm. [210] 
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We compute the 𝑛eff values at different points over the operating wavelength 

range for both the ‘OFF’ and ‘ON’ states. Finally, Δ𝑛eff is calculated as the difference 

in the 𝑛eff 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 Δ𝑛eff of the proposed CdO-coupled structure. 

The peak variation in the Δ𝑛eff can be seen at the wavelength of 1.545 µm as 

~0.32, at the vicinity of our operating wavelength of 1.55 µm. 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 µJ/cm2. 

For calculating Δ𝑛 for bulk CdO, we compute the shift in plasma frequency (𝜔𝑝) 

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, 𝛼 = (4𝜋𝑛′′) 𝜆⁄ , in the two-temperature model, where 𝑛′′ is the imaginary 

part of the refractive index of CdO. From the obtained 𝜔𝑝 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 Δ𝑛 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 (Δ𝑛eff) and the bulk CdO (Δ𝑛)  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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that of a bulk CdO layer. In Figure 5.9(b), the transient response of the Δ𝑛eff can be 

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

for 1.55 µm. Furthermore, we can calculate the rise time (10% to 90% of peak Δ𝑛eff) 

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

the overall switching time can be estimated as 776 fs.  

Table 5.1: Comparative overview with a few recently reported ENZ-material based 

metasurfaces for all-optical modulation  

Ref. λ 

(nm) 

Structural 

Overview 

Pump-

Fluence 

(µJ/cm2) 

Switching 

Speed (fs) 

MD FOM 

(µJ–1.cm2) 

A.I. 

[56] 1500 ITO-coupled 

plasmonic nano-

antenna 

(experimental) 

~ 21 ~1100 0.18 8.7 × 10–3 - 

[59] 1500 ITO nano-resonator 

array 

(experimental) 

7000 600 ~0.2 0.028 × 10–3 Yes 

[60] 1240 ITO-coupled surface 

plasmon resonance 

based 

(theoretical) 

~75 ~660 0.36 4.8 × 10–3 No 

[63] 1310 AZO-coupled 

guided-mode 

resonance based 

(theoretical) 

2410 Not 

given 

0.45 0.18 × 10–3 No 

[211] 1240 ITO-coupled high-

index contrast 

grating 

(theoretical) 

3000 ~660 0.41 0.13 × 10–3 No 

This 

work 

1550 CdO-coupled 

magnetic plasmon 

resonance based 

(theoretical) 

75 717 0.83 11 × 10–3 Yes 

*Here, λ: operational wavelength, MD: Modulation Depth, A.I.: Angle-insensitivity, and 

FOM: Figure-of-Merit 
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5.2.5.2. 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 (F0) requirement, given by 

 FOM =  MD 𝐹0⁄    (µJ–1.cm2) (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 × 𝜇 = 270 cm2V-1s-1), (0.8 × 𝜇 = 240 cm2V-1s-1), and 

(0.7 × 𝜇 = 210 cm2V-1s-1).  It should be noted that the damping frequency (Γ) of CdO-

layer is dependent on the mobility (𝜇) as Γ (= 𝑒 𝜇𝑚e
∗⁄ ), where the statistically averaged 

electron’s effective mass is denoted by 𝑚e
∗. Here, we would like to emphasize on the 
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fact that a negligible reflectance (R), at the vicinity of 1.55 μm wavelength, still could 

be maintained with a 30% reduction of the mobility value when there is no pump signal 

applied (i.e., at 𝐹0= 0 µJ/cm2), 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 (Γ).  

The impact of the reduced mobility values for the “ON” state with a 

pump fluence, 𝐹0= 75 µJ/cm2, can be seen in Figure 5.10(b). It should be noted that 

while calculating the effective damping frequency (Γ*), we have incorporated the 

change in the effective electron mass. Then, the Γ* has been calculated for each reduced 

initial mobility value. The reflectance spectra for the 𝐹0 = 75 µJ/cm2 can be seen in 

 
             

Figure 5.10: Reflectance spectra for x-polarized incident probe light signal for different 

mobility (𝜇) values as 300, 270, 240, and 210 cm2V-1s-1 for (a) OFF-state (at 𝐹0= 0 µJ/cm2)  

and (b) ON-state (at 𝐹0= 75 µJ/cm2). The dotted lines in (b) depicts the minimum reflectance 

value of ~0.82 achieved at 1.55 µm for different mobility values. The zoomed view for the 

resonance dip at different mobility values are shown for both cases. [210]    
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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 μm wavelength, as shown by the dotted 

lines in Figure 5.10(b). However, a reduction in the modulation depth from ~0.83 (with 

µ = 300 cm2V-1s-1) to ~0.79 (with µ = 210 cm2V-1s-1) can be observed. Nevertheless, we 

can still achieve a high-contrast modulation with degraded CdO having a 30% reduced 

mobility value of 210 cm2V-1s-1. 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 

cm2V-1s-1, 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.  

 

 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 × 100 µm2 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 cm2, the pump pulse energy should be ~1.5 μJ, which corresponds 

to a pump-fluence of 75 μJ/cm2. 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.   

 

 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 µm wavelength. The transient study reveals that the device exhibits ultrafast 

switching speed of 776 fs while maintaining a very low pump-fluence of 75 µJ/cm2. 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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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. 

 

 Polarization Specific Integrated Electro-Absorption Modulator  

 

This section introduces a unique design strategy for a compact (with a 17 µm 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 µm wavelength, our design may find potential applications in the integrated 

nanophotonic system.  
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 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 µm) 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 µm and 17 µm active device length. 
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 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–HfO2 (hafnia)–Si stack (as coupled waveguide). The input bus silicon rib-

waveguide has a width (w0) 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 HfO2 

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–HfO2 interface. 

 

 
             

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 (Vg) [212].  
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 Electro-Optic Properties of ITO 

The ITO–HfO2–Si stack forms a metal-oxide-semiconductor (MOS) type structure, 

where the cascaded layers of n-type doped silicon, HfO2, and ITO act as a metal layer, 

gate-dielectric layer, and semiconductor layer, respectively. To witness the carrier-

accumulation at the ITO–HfO2 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 × 1019 cm–3.    

The complex permittivity of ITO (εITO) can be electrically-modified at the ITO–

HfO2 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 ≈ 6×1020 cm–3), the ultra-thin ACL 

exhibits ENZ-effect at 1.55 µm wavelength. The voltage dependent real (ε'ITO) and 

imaginary (ε''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 εITO 

approaches zero at 1.55 µm wavelength, the imaginary part of εITO mainly decides the 

optical properties of ITO. Therefore, an enhancement of optical absorption can be seen 

 
             

Figure 6.2: Voltage-dependent complex permittivity of ITO at the ultra-thin charge 

accumulation layer under unbiased and –2V biasing conditions [212]. 
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at the ultra-thin ENZ-layer. In other words, when ε'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.  

   

 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 (Leff) denoted as [40]: 

 

 𝐿eff = 𝑝𝐿 ,          𝑝 =  2,4,6, …   (6.1) 

 𝐿 =  
𝜋

𝛽even − 𝛽odd

=
𝜆0

2(𝑛even − 𝑛odd)
=

𝜆0

2Δ𝑛
 (6.2) 

 

where λ0 denotes the wavelength in vacuum, neven (βeven) and nodd (βodd) 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 (Δn) of the two effective indices can be found as ~0.1793, which translates 

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

The voltage-dependent modal loss due to the formation of absorptive 

accumulation layer at the ITO–HfO2 interface is the primary reason behind this electro-

absorption type modulation. The electric field distributions (Ez) 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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enhancement of electric field at the ITO–HfO2 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 µm wavelength. The effective length of ~17 µm is marked as the 

black dashed lines. 

 

 
             

 

Figure 6.3: The electric field distributions (Ez) 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–HfO2 interface. (c) The electric field 

evolution along the modulator for both ON and OFF states at 1.55 µm wavelength [212]. 
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To achieve a high modal loss upon applying an external bias voltage, we have 

chosen an effective device length as ~17 µm, 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  (𝐼0V 𝐼−2V⁄ ) (6.3) 

 IL = 10 log  (𝐼in 𝐼0V⁄ ), (6.4) 

where Iin is the optical intensity at the input, whereas I0V 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 µm to 1.57 µm) 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 µm wavelength, which yields a high 

modulation depth (MD = ER/Leff) of ~0.59 dB/µm.      

Moreover, the bandwidth, f3dB = (2πRC)–1, and energy consumption, Eb = 

│CV2/4│, 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 

 
      

        

Figure 6.4: The variation of extinction ratio (ER) and insertion loss (IL), in dB, with respect to 

wavelength [212].   
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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 Ω, 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.  

   

 

  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 µm active length, 0.21 dB insertion loss, and ~10 dB 

extinction ratio at 1.55 µm wavelength, our design could find potential applications in 

the integrated nanophotonic system.     
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 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 μm 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, 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 by eliminating the 

requirements of both extra polarization rotators and polarization beam splitters.  

     

 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 w0 (= 500 nm) and h0 (= 190 

nm), respectively. The thickness of the silicon slab (tslab) is taken as 30 nm. Light from 

a standard silicon rib waveguide (220 nm high and 500 nm wide), widely used in optical 
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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 (HPWs), consisting of ITO–Al2O3–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 

Al2O3 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 HPW1 (HPW2) is 210 nm (300 

nm) in height and 370 nm (360 nm) in width, denoted as h1 (h2) and w1 (w2), respectively. 

An enlarged view of ITO cladding, with 35 nm thickness, covered on the Al2O3 layer is 

shown as insets of Figure 6.5 (b). Note that different ITO–Al2O3 coatings have been 

taken for two HPWs, keeping in mind the electric-field distributions of the TM and TE 

 
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 

VTM and VTE represent the corresponding bias voltages for HPW1 and HPW2, respectively. (b) 

2D cross-sectional view of the proposed structure, where, h0 =190 nm and w0 = 500 nm are the 

height and width of the input bus silicon rib-waveguide, respectively. The slab thickness (tslab) 

is taken as 30 nm. The corresponding width and height of the HPW1 and HPW2 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, Al2O3 and insulating layer are tITO = 35 nm, 𝑡Al2O3
= 5 nm, and 

tox= 30 nm, respectively [40].   
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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 HPW2 on the slab.  

 

 Electro-Optical Properties of ITO   

The ITO/Al2O3/n-Si stack forms a MOS-type capacitor with ITO and Al2O3 acting as 

the transparent electrode and the gate dielectric layer, respectively, as shown in Figure 

6.6(a). The bulk carrier concentration (N0) is taken as ~3 × 1019 cm-3. The refractive 

indices of Al2O3, SiO2, 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–Al2O3 are shown in Figure 6.6(b). 

The formation of charge accumulation layer (ACL) can be seen with the decrease 

of applied bias voltage (Vg). 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– Al2O3 interface by considering the parameters for ITO same as the ones mentioned 

 

        

 

 

 
      

Figure 6.6: (a) The illustration of MOS-capacitor formation containing ITO/Al2O3/n-Si layers. 

(b) The carrier concentration distribution, N (per unit cm3), of ITO layer at the position from z 

= 0 to 5 nm for different bias voltages, where z = 0 represents the ITO–Al2O3 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 < ℜℯ(𝜀ACL) < 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(𝜀ACL), approaches zero at 1550 nm wavelength when the carrier 

concentration of this ultra-thin ACL is ~ 6.4 × 1020 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, ℑ𝓂(𝜀ACL), is negligible when no bias voltage is applied. Thus ITO behaves as a 

lossless medium with a bulk carrier concentration (N) of ~3 × 1019 cm-3. On the other 

hand, if we apply external bias voltage, the formation of charge accumulation layer can 

be seen at the interface of ITO–Al2O3. Then, the imaginary part of permittivity of ITO 

starts increasing, which results in optical absorption. In other words, we can say 

when ℜℯ(𝜀ACL) 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(𝜀ACL) 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 Al2O3 layer, which is lower than the reported breakdown field [29].  
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 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 

(g = 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 HPW2 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 HPW2, 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 

             

Figure 6.7: The effective refractive index (neff) 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 (neff = 1.667) condition with the TM-

mode of input bus waveguide. (b) Effective index variation of HPW2, 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]. 
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chosen the width and height of HPW1, HPW2 as (w1, h1) = (370 nm, 210 nm) and (w2, 

h2) = (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 HPW2 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 (αm) for TM and TE modes should be identical. This enables near-zero 

modulation-depth discrepancy between these two fundamental modes.  

The modal loss (αm) of a Si-waveguide based modulator can be defined as [34]: 

 𝛼m =  𝛤𝛼,   (6.5) 

where Γ 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 α, which depends on the imaginary part of effective 

refractive index ℑ𝓂 (neff) at a particular wavelength (λ) and can be given as [28] : 

 𝛼 = 10 |log (𝑒{ − 
4π
𝜆

 ℑ𝓂(𝑛eff)})| (
dB

μm
). (6.6) 

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 = 𝑞𝐿TE ,            [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]: 

 𝐿TM =  
π

𝛽TM,e − 𝛽TM,o

=  
𝜆0

2 (𝑛TM,e − 𝑛TM,o)
 (6.8.a) 

 𝐿TE =  
π

𝛽TE,e − 𝛽TE,o

=  
𝜆0

2 (𝑛TE,e − 𝑛TE,o)
 (6.8.b) 

 

where λ0 is the wavelength in vacuum, βTM,e (nTM,e) and βTM,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, βTE,e (nTE,e) and βTE,o (nTE,o) are 

the propagation constant (refractive index) of symmetric and anti-symmetric super-

modes for TE-polarization, respectively.  

    

 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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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 HPW1 as coupled waveguide. In the TM-mode analysis, HPW2 is 

not considered. Similarly, TE-mode modulation analysis has been carried out with 

HPW2 as the coupled waveguide in the absence of HPW1.  

Figure 6.8(a) shows the numerically simulated Ez-field distribution of odd and 

even super-modes of TM-polarization supported by the directional coupler design when 

HPW1 is taken into consideration. The effective refractive index differences (Δn) 

between even and odd super-modes can be found as ~0.1736 at operational wavelength 

1550 nm, yielding coupling length LTM ≈ 4.464 μm, 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 HPW2 is taken into consideration. The 

       
      

Figure 6.8: Electric field distributions of odd and even super-modes. (a) Ez–field distribution 

of odd and even super-modes of TM-polarization, when HPW1 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 HPW2 is taken into consideration at 0V 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–Al2O3 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].  
 

TH-3592_186102016



6.2 Polarization-insensitive Integrated Electro-Absorption Modulator  

185 
 

effective refractive index differences (Δn) 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 μm. Thus, the effective active length for both HPWs can be 

estimated using Equation (6.7) to design dual-polarization modulator, where p and q are 

taken to be 6 and 2, respectively, yielding Lactive to be at the vicinity of 27 μm. 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–Al2O3 interface, as shown in Figure 6.8(c) and (d), when –5 V bias 

is applied to the HPW1 and HPW2, respectively. Due to the unusual boundary condition 

imposed by the ENZ-effect, the waveguide modes overlap with the absorptive 

accumulation layer at the ITO–Al2O3 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 HPW1 and HPW2, respectively. The dual-polarization modulation 

can be achieved by independent switching of VTM from 0 to –5 V while keeping VTE at 

0 V and switching of VTE from 0 to –5 V while keeping VTM at 0 V.  

With a 27 μm 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) for TM-mode modulation, where VTE = 0 V and VTM is switching from 0 

to –5 V. The Ez-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 (αTM) keeps on increasing with the external bias changes 

 

Figure 6.9: (a) Modal loss (dB/μm) 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, (VTE, VTM) = (0 V, 0 to –5 V), and (VTE, VTM) = (0 to –5V, 0 V) for TM- and TE-mode 

modulations, respectively. For the TM-mode modulation, αTM and αTE denote the 

corresponding TM-mode and TE-mode loss, respectively. Similarly, for the TE-mode 

modulation, αTE and αTM 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]. 
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from 0 to –5 V. On the other hand, TE-mode of the bus waveguide suffers very low loss 

(αTE), which illustrates the independence of the applied VTM 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 VTE = 0 V and –5 V, respectively. With the 

coupling of TE-mode of bus waveguide to the HPW2, higher modal loss (αTE) can be 

achieved when VTE decreases from 0 to –5 V. The insensitivity of TM-mode to the VTE 

is seen from the low TM-mode loss (αTM) 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] 

 𝑀𝐶 =
|𝛼TM/TE + 𝛼TE/TM|

2
 (dB), (6.9) 

Here 𝛼TM/TE is the TM mode loss when TE modulation is applied and 𝛼TE/TM 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/μm, which is negligible than that of the modal loss for respective 

mode-modulation (having a maximum modal loss of ~0.39 dB/μm as shown in Figure 

6.10. 
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 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 = |𝑃0 − 𝛼0𝐿active|  (dB),  (6.10) 

where P0 denotes the input power at the modulator and α0 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: 

 𝑃𝐷𝐿 = |𝐸𝑅TM − 𝐸𝑅TE|  (dB),  (6.11) 

where ERTM and ERTE are the corresponding extinction ratio (ER) for TM and TE 

modulations, respectively. 

 
 

 

Figure 6.10: Mode-crosstalk (MC), in dB/μm, as a function of external bias voltages for 

operational wavelength of 1550 nm. 
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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 (αb):  

 𝐸𝑅 =   |𝛼b𝐿active − 𝐼𝐿|  (dB). (6.12) 

Figure 6.11(a) and (b) illustrate the electric field (Ez) 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 

 

 

        

 

      

Figure 6.11: Electric field evolution along the propagation distance through the parallel 

coupled waveguides. (a) and (b), Ez-field propagation by coupling of TM-mode between bus 

waveguide and HPW1 at VTM = 0 V, and VTM = –5 V, respectively, for TM-mode modulation. 

(c) and (d), Ey field propagation for TE-mode modulation at VTE = 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 μm [40].  
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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 μm. 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–Al2O3 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 

 
      

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]. 
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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, f3dB = (2πRC)–1 (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 = CV2/4 (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 HPWs, 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 Ω.μm (327.58 Ω.μm) 

and 4.576 fF/μm (4.502 fF/μm) 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 fJ/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 

(nm) 

ER 

(dB)* 

IL 

(dB)* 

f3dB 

(GHz) 

Dual- 

Polarization 

Si MZM 

(Experimental) [213] 
1557  ~7.5 ~1.9 ~30 No 

Si MZM 

(Experimental) [214] 
1557  ~3.7 ~2.6 ~13 No 

Si MZM 

(Experimental) [215] 
1310  ~5.0 ~2.6 ~10 No 

Si MZM 

(Theoretical) [216] 
1550  ~3.0 ~3.3 ~13 No 

ENZ Material based 

Directional Coupler 

(This work) 

1550 

TE: 0.358 

TM: 

0.375 

TE: 8.30 

TM: 5.75 

TE: 107 

TM: 122 
Yes 

Note: Si modulators are Mach–Zehnder interferometer-based modulators (MZM), ER: 

extinction ratio, IL: insertion loss, f3dB: 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.e., MD = ER/Lactive (dB/µm). For obtaining larger 

MD, one can also opt for some other oxides with higher relative permittivity, such as 

HfO2 (εr ~ 25). However, this will lead to larger capacitance, and thus modulation 

bandwidth gets affected. Thus, there is a trade-off between modulation bandwidth (f3dB) 

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: 

 𝐹𝑜𝑀 =  𝑀𝐷. 𝑓3𝑑𝐵      (dB.GHz.μm–1). (6.13) 

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 μm active length and 10.11 
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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.  

 

 

Table 6.2: Comparison among a Few Recently Reported TCO-based Polarization-

insensitive Integrated Modulators  

Design Independent

-biasing 

MD  

(dB/µm)*
 

 f3dB  

(GHz) 

FoM 

(dB.GHz.μm–1) 

Energy/bit  

(fJ/bit) 

Multi-layered 

MOS [161] 

No ~1.0 16 ~16.0 NA 

Multi-layered 

MOS [41] 

No ~3.1 7.1 ~22.01 827 

Single ITO 

coating [34] 

No ~0.1 NA NA 1300 

Isolated active 

layers [28] 

Yes TE: 0.206 

TM: 0.198 

TE: 58 

TM: 66 

TE: 11.60 

TM: 13.20 

NA 

Parallel 

coupling (This 

work) 

Yes TE: 0.358 

TM: 0.375 

TE: 107 

TM: 122 

TE: 38.30 

TM: 45.75 

TE: 759 

TM: 773 

*MD (= ER/Lactive) at 1550 nm wavelength. MOS: metal-oxide-semiconductor,  f3dB: 3-dB 

modulation bandwidth, NA: Not available, FoM: figure-of-merit. 
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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 µm thick buried oxide. In the beginning, the silicon 

rib waveguides (bus waveguide, HPW1, and HPW2) 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 HPW2 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–Al2O3 stack can be patterned by a third round of EBL, followed 

by atomic layer deposition of 5 nm thick Al2O3 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. 
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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 (Δw) of both HPWs, where Δw1 and Δw2 represent 

the deviations of rib widths of HPW1 and HPW2, respectively. Similarly, the sensitivity 

 

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 Δw1 for 

HPW1, and Δw2 for HPW2, respectively. (b) extinction ratio (ER) for TM- and TE-mode 

modulations, when rib height of HPW1 and HPW2 has changed to h1 ± Δ h1 and h2 ± Δ h2, 

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 Δw = Δw1 = Δw2 = 0 and Δh = Δh1 = 

Δh2 = 0. All units are in nanometer, and the operating wavelength is 1550 nm [40]. 
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of ER to the rib-height of the HPWs is shown in Figure 6.13(b), where Δh1 and Δh2 

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 HPW1. It can be seen that due to the maximum coupling 

efficiency, the ERTM is maximum when Δw1 = 0 (ideal device configuration). On the 

other hand, the variation in the ERTE is shown with respect to the rib-width (w2 = 360 ± 

20 nm) and height (h2 = 300 ± 20 nm) of HPW2 for the TE-modulation.  The lowest 

values of ERTM and ERTE 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 HPWs. 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. 

    

 

 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 μm 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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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. 

 

 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 

quantum 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 μm wavelength. This is achieved by tuning the 

accumulation process free-electrons in the ENZ material.  
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 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 (Al2O3)–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.  

 

 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 t0 = 215 nm) deposited on cascaded 

layers of ITO (with thickness tITO = 10 nm), Al2O3 (with thickness 𝑡Al2O3
= 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 (Λ = 500 nm) along both x-direction and y-direction, 
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semi-major axis (R0 = 125 nm) and semi-minor axis (r0 = 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 V 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.    

 

 Electro-tunable ENZ-phenomenon of ITO 

The ITO–Al2O3–Ag stack forms a metal–oxide–semiconductor (MOS)-type 

configuration, as presented in the inset of Figure 7.2(a). The refractive indices of Al2O3 

and Ag are taken from the literature [125], [183]. To observe the accumulation of free-

electrons at the ITO–Al2O3 interface upon applying bias-voltage, electrostatic device 

 
             

Figure 7.1: Schematics of the electro-tunable metasurface based polarization modulator 

consisting a two-dimensional array of elliptical Ag-nanopillars deposited on ITO–Al2O3–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 R0 and semi-minor axis r0. 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]. 
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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 × 1019 cm-3. The variation in the carrier-concentration distributions of the 

ITO layer from the ITO–Al2O3 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 Al2O3 is 7.4 MV/cm 

[29]. On the contrary, the breakdown electric field for HfO2 is 3.1 MV/cm, which is 

much lower than Al2O3. To verify that our device operates within the limit of breakdown 

 
             

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–Al2O3–Ag layers, where z = 0 indicates ITO–Al2O3 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(𝜀ITO)  < +1 [208].     
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voltage of Al2O3, we have done electrostatic simulations using Lumerical Device® tool. 

The numerical simulations reveal that the electric field across the Al2O3 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 (𝜀ITO), 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, ℑ𝓂(𝜀ITO), 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.  

 

 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 μm, and 

the corresponding phase difference, Δϕ = ϕxx – ϕyx, where ϕxx and ϕyx 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 μm wavelength (shown later in 
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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–Al2O3 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 (Rxx) and cross-polarized (Ryx) components are almost 

equal while the phase difference is Δϕ = 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 

 
             

Figure 7.3: Variation of co-polarized (Rxx) and cross-polarized (Ryx) reflectance at 1.55 μm 

wavelength as a function of bias-voltage, and the corresponding phase difference, Δϕ = ϕxx – 

ϕyx, when illuminated with a normally-incident x-polarized light [208]. 
 

TH-3592_186102016



7. ENZ-material based Metasurface for Electro-Optic Polarization Modulation 

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 μm wavelength — leading 

to a y-polarized reflected wave. 

 
             

Figure 7.4: Reflectance spectra for co-polarized (Rxx) and cross-polarized (Ryx) components for 

(a) 0 V, (b) 2 V, and (c) 5 V 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].   
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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 Δϕ ≈ 180° at 1.55 μm 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 μm wavelength. We can observe the 

excitation of gap-plasmon resonance, which leads to a resonance dip in the reflectance 

 
             

Figure 7.5: Normalized (a) electric (│E│) and (b) magnetic (│H│) field profiles at 1.55 µm 

wavelength for 0 V bias. (c) Normalized electric field profile at 1.55 µm for 5 V bias, where 

the field enhancement is displayed in an enlarged view. Note: white dashed lines represent the 

underlined structure [208]. 
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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–

Al2O3 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–Al2O3 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]: 

 

  𝑆0 =  |𝑟𝑥|2 + |𝑟𝑦|
2

=  𝑅xx +  𝑅yx (7.1) 

 𝑆1 =  |𝑟x| 
2 − |𝑟y|

 

2
=  𝑅xx −  𝑅yx (7.2) 

 𝑆2 =  2|𝑟x||𝑟y|cos(Δ𝜙) (7.3) 

 𝑆3 =  2|𝑟𝑥||𝑟y|sin(Δ𝜙) (7.4) 

 

where rx 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-
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polarized components are denoted as Rxx and Ryx, respectively, and the Δϕ (= ϕxx – ϕyx) 

denotes the corresponding phase differences.  

To understand the orientation of the electric field of the linearly polarized light, 

we need to calculate the S1 and S2 parameters.  The Stokes parameters can be normalized 

as s1 (= S1/S0) and s2 (= S2/S0) [113], where s1 describes the linear polarization along x 

(s1 = + 1) or y (s1 = – 1) directions, and s2 describes the linear polarization with an angle 

of ± 45° ( s2 = ± 1), when illuminated with x-polarized light. The variation in the 

normalized Stokes parameters s1 and s2 are depicted in Figure 7.6(a) and (b), 

respectively, at different biasing states. It can be seen that with (s1 = – 1) and (s1 = + 1) 

for 0 V and 5 V bias, we can achieve linearly polarized reflected light with electric field 

orientation along y- and x-directions, respectively. On the other hand, with (s2 = –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.  

    

 

 
             

Figure 7.6: Normalized Stokes parameters: (a) s1 and (b) s2 for different bias voltages at 1.55 

µm incident wavelength [208].    
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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 (R0: from 105 to 135 nm) while keeping the semi-minor axis 

unchanged (i.e., r0 = 105 nm) to observe the variation in co-polarized (Rxx) reflectance 

component, as shown in Figure 7.7(a). Similarly, we have varied the semi-minor axis 

(r0 = from 90 to 120 nm) while keeping semi-major axis fixed (i.e., R0 = 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 R0, we observe an increase in the co-polarized 

reflectance component. This is due to the fact that as R0 approaches the value of r0, 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 R0, we can see a slight red-shift and 

 
             

Figure 7.7: Reflectance spectra for co-polarized (Rxx) component depicting the fabrication 

tolerance study for (a) semi-major axis (R0) and (b) semi-minor axis (r0) with ±15 nm variation 

from the optimized parameters. Note: R0 = 120 nm and r0 = 105 nm are the optimized 

parameters of our design, which are represented by black dashed lines [208]. 
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broadband resonance dip in the co-polarized reflectance spectra. Thus, the device can 

operate as a polarization rotator with R0 as (120 + 15) nm or (120 – 5) nm. Similarly, 

the polarization rotation can be achieved with semi-minor axis as well, when r0 is (105 

+ 5) nm or (105 – 15) nm.      

  

  

 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, Al2O3, 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 μm 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–Al2O3 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 μm, 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 s2 = – 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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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.  

 

 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 µm (1.31 µm) 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 μm to 1.62 μm 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 μm and 1.31 μm 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 µm 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 µm) 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 µm 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 µm 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 

Designs 
MD 

f3dB 

(MHz) 

Polarization 

Insensitive? 

Angle 

Insensitive? 
Publication 

Design I 

 

(Chapter 3) 

22.3 dB at 

1.55 µm 

 

20 dB at 

1.31 µm 

 

83.5 No 

No 

(Works for normal 

incidence) 

Optics Letters 

[180] 

Design II 

 

(Chapter 3) 

20.5 dB at 

1.55 µm 

 

16.8 dB at 

1.31 µm 

162 No 

Yes 

(Up to 60⁰ of 

oblique incidence) 

Optics & Laser 

Technology[189] 

Design III 

 

(Chapter 4) 

20 dB at 

1.55 µm 
387 Yes 

No 

(Works for normal 

incidence) 

IEEE Journal of 

Quantum 

Electronics [35] 

Design IV 

 

(Chapter 4) 

25 dB  at 

1.55 µm 
450 Yes 

Yes 

(Up to 50⁰ of 

oblique incidence) 

IEEE Photonics 

Technology 

Letters [207] 

*MD: Modulation Depth, f3dB: 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 (CdO). 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 µm wavelength under 

the influence of a pump-fluence of 75 µJ/cm2. The transient study revealed that the 

device could exhibit ultrafast switching speed of 776 fs while maintaining a very 

low pump-fluence of 75 µJ/cm2. 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 (HPWs), 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 μm active length, the 

modulation bandwidth and power-consumption could be achieved as 122.75 GHz 

(107.91 GHz) and 773 fJ/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 μm. 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 μm 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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 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.1  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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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 µm) [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 × 107 m–1 at the pump wavelength of 1.57 µm. 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. 

 
             

Figure A.1: Pictorial representation of a unit-cell structure of our metamaterial, where the CdO 

layer (with plasma frequency ωp) embedded in the nanogroove can be replaced by the effective 

CdO-material (CdO* with modified plasma frequency ωp*) after incorporating the non-uniform 

electric field distribution. [210] 
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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 (𝜔𝑝
∗) 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 𝜔p* and 𝑇e*, 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 (𝑇𝑒,Au*) and 
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lattice (𝑇𝑙,Au*) temperatures of Au film of thickness 350 nm for our structure under 

optical pumping (fluence, 𝐹0 = 75 µJ/cm2). We observe that 𝑇𝑙,Au* ≈ 300 K, thereby 

showing no significant change. Furthermore, we calculate the change in 𝑇𝑒,Au* 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 𝑇𝑒,Au* is ~20 times smaller than the variation of 𝑇𝑒* 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 μJ/ cm2 fluence of the 

pump-excitation with 100 fs pulse-width, the peak intensity will be around 750 

MW/cm2, 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.  

  

 
             

Figure A.2: Transient response of the electron (𝑇e,Au*) and lattice (𝑇l,Au*) temperature in Au 

sample of thickness 350 nm for our structure (comparing with the variation in the electron 

temperature of CdO-layer, 𝑇e,CdO*) calculated using the extended two-temperature model for 

100 fs Gaussian pump beam excitation with fluence, 𝐹0 = 75 µJ/cm2 and pump wavelength of 

1.57 µm. [210] 
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