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ABSTRACT 

 

The ability to control electromagnetic wavefront is a central key in optics. Conventional 

optical components rely on the gradual accumulation of the phase of light as it passes 

through an optical medium. However, since the accumulated phase is limited by the 

permittivity of naturally existing materials, such a mechanism often results in bulky devices 

that are much thicker than the operating wavelength.  

During the last several years, metasurfaces (quasi-2D nanophotonic structures) have 

attracted a great deal of attention owing to their promise to manipulate constitutive 

properties of electromagnetic waves such as amplitude, phase, and polarization. 

Metasurfaces are ultrathin arrays of subwavelength resonators, called meta-atoms, where 

each meta-atom imposes a predefined change on the properties of the scattered light. By 

precisely designing the optical response of these meta-atoms to an incident wave, 

metasurfaces can introduce abrupt changes to the properties of the transmitted, reflected, 

or scattered light, and hence, can flexibly shape the out-going wavefront at a 

subwavelength scale. This enables metasurfaces to replace conventional bulky optical 

components such as prisms or lenses by their flat, low-profile analogs. Furthermore, a 

single metasurface can perform optical functions typically attained by using a combination 

of multiple bulky optical elements, offering tremendous opportunities for flat optics.  

The optical response of a metasurface is typically dictated by the geometrical parameters 

of the subwavelength scatterers. As a result, most of the reported metasurfaces have been 

passive, namely have functions that are entirely fixed at the time of fabrication. By making 

the metasurfaces reconfigurable in their phase, amplitude, and polarization response, one 

can achieve real-time control of optical functions, and indeed, achieve multi-functional 

characteristics after fabrication. Dynamical control of the properties of the scattered light 

is possible by using external stimuli such as electrical biasing, optical pumping, heating, 

or elastic strain that can give rise to changes in the dielectric function or physical 

dimensions of the metasurface elements.  
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In this dissertation, we present the opportunities and challenges towards achieving 

reconfigurable metasurfaces. We introduce a paradigm of active metasurfaces for real-time 

control of the wavefront of light at a subwavelength scale by investigating different 

modulation mechanisms and possible metasurface designs and material platforms that let 

us effectively employ the desired modulation mechanism. We will present multiple electro-

optically tunable metasurface platforms. These electronically-tunable schemes are of great 

interest owing to their robustness, high energy-efficiency, and reproducibility. We will also 

show the design and experimental demonstration of active metasurfaces for which the 

tunable optical response can be tailored in a pixel-by-pixel configuration.  

The ability to individually control the optical response of metasurface elements has made 

active optical metasurfaces to be progressively ubiquitous by enabling a wide range of 

optical functions such as dynamic holography, light fidelity (Li-Fi), focusing, and beam 

steering. As a result, reconfigurable metasurfaces can hold an extraordinary promise for 

optical component miniaturization and on-chip photonic integration. Such compact and 

high-performance devices with reduced size, weight, and power (SWaP) can be used in 

future free-space optical communications or light detection and ranging (LiDAR) systems. 
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Chapter 1 

 

INTRODUCTION 

 

Recent advances in nanophotonic integration have created burgeoning interest in 

controlling the interactions between light and matter at a scale comparable to, or even 

smaller than the wavelength of light. Along the same line, the miniaturization of 

nanophotonic elements has yielded a new class of low-profile optical components, 

known as metasurfaces. Metasurfaces that are artificially designed nanostructured 

surfaces have been introduced as compact and planar alternatives to conventional bulky 

optical elements. Owing to their well-engineered subwavelength meta-atoms, 

metasurfaces provide the possibility to spectrally, temporally, or spatially manipulate 

electromagnetic waves with subwavelength spatial resolution. The ability of 

metasurfaces to demonstrate compact, high-performance, and low-cost optical devices 

has made them a thriving field of nanophotonics over the last decade. In this chapter, 

we will provide a brief history of metasurfaces and describe a number of the recently 

demonstrated metasurfaces. We then will describe active metasurfaces whose functions 

could be reconfigured at a post-fabrication stage. We continue with an overview of the 

active metasurfaces that operate based on different active platforms. A short outline of 

the thesis contents concludes the chapter. 

 

. . Metasurfaces: Motivations and Applications 

Metasurfaces are two-dimensional arrays of subwavelength scatterers, referred to as 

meta-atoms. Each meta-atom is precisely designed to impose the desired change to the 

fundamental attributes of light such as amplitude, phase, polarization, and wavelength. 

Accordingly, one will be able to engineer the characteristics of the light interacting with 

the metasurface via an appropriate choice of the meta-atoms. This will make 

metasurfaces strong candidates to replace bulky optical elements such as gratings, 

lenses, polarizers, mirrors, and waveplates. 

Moreover, metasurfaces can provide functions unachievable by conventional optical 

components. Conventional optical elements, in which phase shift accumulates as the 

beam travels over distance in one medium, obey the classical Snellôs law (Fig. 1.1a): 
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— —
    (1.1) 

where —, ’, ‗, and ὲ (—, ’, ‗, and ὲ) are the angle, speed, and wavelength of light 

and the refractive index in the incidence (transmission) medium, respectively, and — 

is the angle of reflection. 

On the other hand, metasurfaces can introduce abrupt changes to the properties of the 

incident beam, and hence, can create phase gradients at the interface of two media (Fig. 

1.1b). As a consequence, the generalized Snellôs law was introduced in 2011 to account 

for such phase gradients [1]: 

ὲÓÉÎ— ὲÓÉÎ— Ὧ ‰ɳ (1.2) 

ÓÉÎ— ÓÉÎ— ὲ Ὧ ‰ɳ  (1.3) 

where —, —, and — are the angles of the incident, transmitted, and reflected beams, 

respectively. Ὧ denotes the wavenumber in free space, and ‰ɳ is the phase gradient. 

 

 

Figure . : Schematic illustration of Snellôs law. (a) Classical Snellôs law for refracted light 

passing from one medium to another one, and (b) generalized Snellôs law when there is a phase 

gradient at the interface of two media. 

 

It can be inferred from the generalized Snellôs law that a careful choice of the phase 

gradient imposed by each meta-atom would enable the generation of the far-field at 

will. As a result, metasurfaces can manipulate light in ways not allowed by 

conventional optical components [2], [3]. The control offered by metasurfaces over the 
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properties of reflected or transmitted light has given rise to the field of flat optics, which 

explores how metasurfaces can be used for the creation of low-profile optical elements 

[4]. 

Thanks to their versatile functionalities, ease of fabrication via planar lithographic 

processing, and amenability for integration, metasurfaces have been of growing interest 

in optics and photonics. As a result, there has been intensive research to demonstrate 

metasurfaces with different functions such as wave-front shaping metasurfaces [5]ï[14], 

holograms [15]ï[21], optical vortex generators [22]ï[28], frequency selective [29] and 

perfect absorber [30]ï[32] devices. Not only have these examples witnessed a plethora 

of functions provided by metasurfaces in current devices in a wide range of the 

electromagnetic spectrum, but they also pave the way for inspiring many new thrilling 

applications such as programmable on-demand optics and photonics in the future. 

A two-dimensional array of optical scatterers with subwavelength separation was first 

employed to impose phase discontinuities on the propagating light [1]. Each scatterer 

consisted of gold (Au) V-shaped antennas, formed from two nanorods with equal 

lengths joined together at a certain angle (Fig. 1.2a). With an incident beam being 

polarized in a direction neither parallel nor perpendicular to the antenna symmetry axis, 

two resonant modes (called symmetric and antisymmetric modes) were excited 

simultaneously. Changing the angle between the two nanorods then resulted in a phase 

variation of 0 to 2ˊ. By a careful choice of the phase variation along the interface, 

optical vortices were generated via planar designer metasurfaces.  

In another study, silicon (Si)-based gradient metasurfaces were proposed to 

demonstrate optical gratings, lenses, and axicons (Fig. 1.2b) [9]. A 100 nm-thick layer 

of poly-silicon deposited on a quartz substrate was patterned to create nanoantennas. 

In each case, nanoantennas were patterned to impose a Pancharatnam-Berry (PB) phase 

on the incident electromagnetic wave. By precisely designing the space-variant phase 

changes over the metasurface, the desired wavefronts were achieved. 

Along the same line, high-aspect-ratio metasurfaces were also used to demonstrate high 

numerical aperture metalenses at the visible region (Fig. 1.2c) [10]. The metasurface 

was composed of nanofins made of amorphous titanium dioxide (TiO2) owing to its 

low surface roughness, no absorption at the visible wavelengths, and a sufficiently high 

refractive index (~2.4).  
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Figure . : A review of the recent passive metasurfaces. (a) Scanning electron microscopy 

(SEM) image of the metasurface with V-shaped nanoantennas used to generate an optical 

vortex (left panel). Each region of the metasurface is composed of one constituent antenna of 

the eight-element set shown on top. Measured (top right), and calculated (bottom right) spiral 

pattern obtained from the interference of the vortex beam generated via creating a phase shift 

azimuthally varying from 0 to 2p, and a co-propagating Gaussian beam; adapted from [1]. (b) 

SEM image of the Si-based metasurface used as an axicon (top left). The inset shows the 

transversal distribution of the Bessel beam generated by the metasurface. SEM image of the 

metasurface functioning as a metalens (top right). The inset shows the two-dimensional 

intensity profile in the focal plane. SEM image of the fabricated metasurface used as a blazed 

grating (bottom left) and its measured diffraction patterns (bottom right) as well as associated 

cross-sectional intensity distributions versus the normalized in-plane momentum at different 

wavelengths; adapted from [9]. (c) Schematic of the metalens composed of high aspect 

ratioTiO2 nanofins (top left), and the top view of the metasurface unit cell (bottom left). By 

rotating the nanofins by the angle qnf, the required phase is imposed by the meta-atom to the 

incident beam, creating the desired wavefront. SEM image of the fabricated metalens (top 

right), and intensity distribution in the x-z plane at the wavelength of l = 532 nm (bottom right); 

adapted from [10]. (d) SEM image of the metasurface fabricated to serve as a meta-hologram 

(top), as well as the calculated (middle) and measured (bottom) holographic images from two 

holograms; adapted with permission from [33] © The Optical Society. 
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According to the geometric PB phase, by rotating the nanoantennas by a specific angle, 

the phase imposed by each antenna was precisely engineered in order to obtain the 

targeted spatial phase profile over the metasurface. As a result, diffraction-limited 

focusing was obtained by the metalens with efficiencies of 86%, 73%, and 66% at the 

wavelengths of 405 nm, 532 nm, and 660 nm, respectively. 

Metasurfaces have also been used to realize meta-holograms [33]. In a related study, 

sub-diffraction lattices of Si nanopillars were used to demonstrate transparent meta-

holograms with superior diffraction and transmission efficiencies (Fig. 1.2d). Each 

meta-atom was designed to support multiple electric and magnetic Mie resonances, 

resulting in a suppression of the backward scattering at multiple wavelengths. By 

changing the size of the nanopillars, and hence, the phase delay imposed by each meta-

atom, a 2ˊ phase variation across the hologram, accompanied by over 2ˊ phase 

variation across the operational spectral bandwidth was achieved. By careful 

engineering of the spatial phase profile of the metasurface, a transparent meta-hologram 

was obtained that could be used to encode grayscale images. 

 

. . Active Metasurfaces 

As can be seen, metasurfaces are now demonstrating some of their potential 

applications in compact, high-performance, and low-cost optical devices and 

components, creating a burgeoning interest in photonic integration. However, despite 

tremendous progress in this field, the metasurfaces presented in these prior reports are 

passive, which means their properties are fixed at the time of the fabrication and do not 

allow for post-fabrication tunability. In other words, metasurfaces have mostly been 

designed in an application-specific manner, and the design process resulted in bespoke 

architectures tailored to particular applications. 

Dynamical control of the properties of the scattered light is possible by using tunable 

metasurfaces, for which external stimuli such as electric [34]ï[36] and magnetic fields 

[37], electrostatic and micromechanical forces [38], chemical reactions [39], [40], and 

optical pumping [41] can give rise to changes in the dielectric function or physical 

dimensions of the metasurface elements [42], thereby modulating the antenna phase 

and amplitude response. The ability to actively and dynamically tune the properties of 

metasurfaces would enable dynamic holograms, focusing lenses with reconfigurable 
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focal lengths, and beam steering, a key requirement for future chip-based light detection 

and ranging (LiDAR) systems. 

Several approaches have been used to actively control the optical response of 

metasurfaces in the mid-infrared (MIR) [36], [43]ï[48], near-infrared (NIR) [37], [49]ï

[55], and visible [56], [57] wavelength ranges. The targeted operating wavelength 

usually dictates the appropriate material platform and tuning mechanism to realize 

actively tunable metasurfaces.  

In the MIR wavelength range, carrier density modulation via the gating of graphene 

[43], [44], [58], GaAs [45], or indium tin oxide (ITO) [46], has been employed as a 

mechanism to modulate metasurface reflectance. In addition, thermo-optic tuning of 

PbTe [47] antennas has yielded actively tunable structures in this wavelength range. An 

electronically reconfigurable metasurface based on a graphene-gold resonator 

geometry was used to demonstrate phase modulation in the MIR [36]. By altering the 

Fermi energy of graphene due to the application of a direct current (DC) bias (Fig. 1.3a), 

both the inter- and intra-band contributions to its complex permittivity were tuned, 

leading to amplitude and phase modulation. As a result, the phase modulation of 237° 

was observed at an operating wavelength of 8.50 ɛm that was utilized to show beam 

steering with an average efficiency of 23%. 

In the NIR and visible wavelength ranges, researchers have employed a number of 

different physical mechanisms to realize active metasurfaces [37], [49]ï[54], [56], [59]. 

In one study, ITO layers were incorporated into metasurface antennas in order to 

demonstrate dynamic electrical control of the phase and amplitude of the plane-wave 

reflected from the metasurface in the NIR wavelength range [35]. Due to the field-effect 

modulation of the complex refractive index of ITO layers, a phase shift of 180° and 

Ḑ30% change in the reflectance were observed when applying 2.5 V gate bias with a 

modulation frequency exceeding 10 MHz (Fig. 1.3b). Moreover, by electrical control 

over subgroups of metasurface elements, an electrical switching of the ±1st-order 

diffracted beams was realized. 

In related research, a large-scale two-dimensional nanophotonic phased array was 

reported [60]. The metasurface device in which 64×64 optical nanoantennas were 

densely integrated on a Si chip, operated based on thermo-optic phase tuning in Si (Fig. 
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1.3c). Employing the mentioned active phase tunability in an 8×8 array, dynamic beam 

steering and shaping were observed.  

An alternative approach to achieve tunable metasurfaces is to integrate liquid crystal 

(LC) active layers into the otherwise passive metasurfaces. As an example, 

temperature-dependent refractive index change of a nematic LC has led to a dynamic 

tuning of electric and magnetic resonances in all-dielectric Si nanodisk metasurfaces 

(Fig. 1.3d) [53]. Consequently, a 5-fold modulation of the transmittance accompanied 

by a resonance tuning range of 40 nm was obtained in the telecom spectral range. 

In the visible spectral region, other approaches such as using phase-change materials 

and ionic transport could lead to the realization of reconfigurable metasurfaces. 

Integrating germaniumïantimonyïtellurium (GST) films into metasurfaces has been 

considered in order to achieve nonvolatile and reversible fashion to obtain tunable 

metasurfaces [57]. By exploiting a reversible femtosecond-laser-controlled refractive 

index transition that occurs in the GST layer, the functionality of the device can be 

written, erased, and rewritten (Fig. 1.3e). When writing two-dimensional binary or 

greyscale patterns into the device, visible-range reconfigurable bichromatic and multi-

focus Fresnel zone plates were obtained. 

In another study, a novel modulation scheme based on the transport of silver ions 

through an alumina (Al 2O3) dielectric layer was proposed to obtain tunable 

metasurfaces [56]. Such an ionic transport resulted in bias-induced nucleation and 

growth of silver nanoparticles in an ITO counter-electrode, and hence, altering the 

optical extinction response (Fig. 1.3f). The metasurface that operated at strikingly low 

modulation voltages showed up to 30% relative change in reflectance in the visible 

spectral range upon application of 5 mV of bias and 78% absolute change in reflectance 

upon application of 100 mV of bias. 

In addition to the discussed techniques, the reflectance and transmittance of a 

metasurface can be mechanically modulated [38] using electrostatic and magnetic 

forces [37], [50]. 

As can be seen, active metasurfaces have gained a great deal of attention because of 

their unique ability to provide precise and real-time engineering of the wavefront of 

light at the nanoscale.  
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Figure . : A review of the recent advances in active metasurfaces. (a) Schematic of a 

graphene-based gate-tunable device for control of reflected phase (left), and phase modulation 

at the wavelengths of 8.2 ɛm, 8.50 ɛm, and 8.7 ɛm (right). Circles and lines show the 

experiment and simulation results, respectively; adapted from [36]. (b) Measured reflectance 

spectrum (top left) as well as measured and simulated phase shift (bottom left) as a function of 

applied bias for ITO-based tunable metasurface. The inset shows the interference fringes for 

applied biases of 0 and 2.5 V. Schematic of steered diffracted beams via electrical gating of 

different numbers of antennas (right); adapted from [35]. (c) Schematic illustration of a 64×64 

nanophotonic phased array system (left) in which a laser input from an optical fiber is delivered 

equally to each nanoantenna. The inset shows a close-up view of one antenna unit cell. 

Simulation (top right) and experimental (bottom right) close-up view of the radiation pattern of 

the system designed to generate the MIT logo in the far-field. The inset on the lower right side 

of the top right panel shows the targeted MIT logo pattern; adapted from [60]. (d) Schematic 

illustration of an LC-based metasurface with Si nanodisk antennas (left). Heating the cell from 

the backside of the Si handle wafer will result in a temperature-dependent modulation of the 

LC refractive index. Measured transmittance spectra of the metasurface (right). The white 

dashed line indicates the phase transition. The red dots and the cyan squares show the resonance 

positions of the electric and magnetic resonances, respectively; adapted from [53]. (e) 

Schematic of a GST-based reconfigurable photonic device (left) whose optical response could 

be written by a femtosecond pulsed laser. Illustration of a lens focusing the lights with two 

wavelengths into spatially separated foci (top right) and to the same focal point (bottom right) 

on the focal plane; adapted from [57]. (f) Schematic representation of the transport of silver 

ions through an alumina layer as a result of applying a DC bias. Increasing the applied bias is 

accompanied by an increment in the silver nanoparticles migration; adapted from [56]. 
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While these reports indicate options for active control of the scattered light intensity, 

phase modulation of the scattered light upon external actuation is of increasing 

importance. Different tuning platforms have been proposed to achieve reconfigurable 

metasurfaces with wide amplitude/phase modulation. Phase-change materials such as 

vanadium dioxide (VO2) and GST enable large-volume index modulation [57], [61], 

but their switching speed is limited [51] and they generally require large power 

consumption [62] compared to field-effect modulation schemes. Furthermore, with 

optical pumping, the area for refractive index modulation is determined by the size of 

the focused laser spot, and is thus relatively large, limiting the ability to achieve control 

of individual metasurface elements. Prior research has also combined tunable 

metasurface optics with microelectromechanical systems (MEMS) technology to 

demonstrate varifocal lenses [63]. 

Moreover, previous work has shown that fabricating metasurfaces on elastomeric 

substrates may yield adaptive metalenses [64], strain-multiplexed meta-holograms [65], 

and active control of the structural color [66]. However, in MEMS-based and 

mechanically stretchable substrate modulation approaches, control of the optical 

response is achieved by changing the distance between either adjacent metasurface 

elements or entire element arrays and requires a mechanical transducer, which limits 

the modulation frequency. While interesting, these approaches are not able to yield 

versatile active control over the scattered light wavefront with independent control of 

phase and amplitude at a subwavelength scale. 

Among the modulation mechanisms, electrical tuning has been proven to be a robust, 

energy-efficient, and reversible scheme for tuning active metasurfaces [34]ï[36], [45], 

[51]ï[53], [56], [67]ï[71]. In this thesis, we will focus on a number of electrical tuning 

mechanisms that have been proposed to achieve active metasurfaces. 

 

. . Thesis Outline 

Chapter 2 of this dissertation proposes a conceptually new dual-gated electro-optically 

tunable metasurface platform that could provide amplitude modulation as well as a 

record-high phase shift.  In Chapter 3, we present an electro-optically tunable universal 

metasurface whose function could be tuned by individually controlling the voltages 

applied to each metasurface element, and could serve as a base for future on-chip 
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integrated optical devices. As a proof of principle, dynamic beam steering and 

reconfigurable focusing are demonstrated using the universal metasurface. Chapter 4 

introduces the use of active metasurfaces to control the polarization of light. It will be 

shown that by a careful choice of the bias applied to the metasurfaces, a linearly-

polarized incident beam can be scattered as light with linear, elliptical, or circular 

polarization.  

Chapter 5 focuses on the demonstration of reconfigurable enhancement of the 

spontaneous emission decay rate of quantum dots and quantum emitters by integrating 

them within tunable metasurfaces. In Chapter 6, alternative approaches to obtain 

dielectric tunable metasurfaces will be discussed. It will be shown how dielectric 

metasurfaces could be employed for operation in both transmission and reflection 

modes and achieving higher efficiency of the device as a result of the small loss 

provided by the metasurface. We conclude the dissertation with a discussion of 

motivations and challenges towards obtaining tunable metasurfaces in Chapter 7. 
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Chapter 2 

 

DUAL-GATED ACTIVE METASURFACE FOR WIDE PHASE 

TUNABILITY  

 

The material in this chapter was in part presented in [34].  

Active metasurfaces composed of electrically-reconfigurable nanoscale antenna arrays 

can enable real-time control of scattered light amplitude and phase. Achievement of 

widely tunable phase and amplitude in chip-based active metasurfaces operating at or 

near 1550 nm wavelength has considerable potential for active beam steering, dynamic 

hologram rendition, and realization of flat optics with reconfigurable focal lengths. 

Previously, electrically-tunable conducting oxide-based reflectarray metasurfaces have 

demonstrated dynamic phase control of reflected light with a maximum phase shift of 

184° [35]. Here, we introduce a dual-gated reflectarray metasurface architecture that 

enables much wider (>300°) phase tunability. We explore light-matter interactions with 

dual-gated metasurface elements that incorporate two independent voltage-controlled 

metal-oxide-semiconductor (MOS) field-effect channels connected in series to form a 

single metasurface element that enables wider phase tunability. Using indium tin oxide 

(ITO) as the active metasurface material and a composite hafnia/alumina gate dielectric, 

we demonstrate a prototype dual-gated metasurface with a continuous phase shift from 

0 to 303° and a relative reflectance modulation of 89% under an applied bias voltage 

of 6.5 V. 

 

. . Active Metasurfaces for Modulation of Properties of Light  

The ability to actively control all the important constitutive properties of light 

(wavelength, amplitude, phase, polarization state) via interaction with tunable 

nanoscale elements is a grand challenge in nanophotonics. Metasurfaces are two-

dimensional nanostructured surfaces that enable versatile wavefront control for 

scattered light [1]. Metasurfaces can also be viewed as arrays of subwavelength 

antennas such that each antenna imposes a predefined phase shift, amplitude change, 

and polarization rotation on the scattered light. To date, metasurfaces have been used 

to realize focusing mirrors [72], focusing lenses [10], holograms [18], [73], [74], and 
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polarization converters [75], [76]. However, the metasurfaces in these prior reports are 

passive, which means their properties are fixed at the time of the fabrication. The ability 

to actively and dynamically tune the properties of metasurfaces would enable dynamic 

holograms, focusing lenses with reconfigurable focal lengths, and beam steering, 

leading to the realization of multiple important devices such as chip-based LiDAR 

systems. 

Several approaches have been used to actively control the optical response of 

metasurfaces in different wavelength ranges. Beam steering has been demonstrated 

with chip-based Si photonics phased arrays operating at a wavelength of ɚ=1550 nm 

[78]. In this approach, the phase of each antenna was actively tuned by a waveguide-

based thermo-optic phase shifter through an integrated heater on the Si chip. The silicon 

photonics approach enabled continuous tuning of the phase of emitted light from 0 to 

360° upon application of external bias. However, the large pixel size of the phased array 

(9 ɛm × 9 ɛm) results in undesired side lobes. Moreover, thermo-optic control limited 

the modulation frequency of these phased arrays to less than 50 kHz [78], which is too 

slow for versatile beam steering in technologically important LiDAR applications, and 

the thermal crosstalk between phase shifters and the photodetectors limited the 

detection range to 20° [79].  

Metasurfaces offer a different approach to a phased array architecture, in which the 

array is intrinsically two-dimensional and the subwavelength antenna dimensions and 

antenna spacing can suppress side lobes. Hence, it would be highly desirable to have a 

tunable metasurface platform for comprehensive and active control of scattered light in 

the NIR spectral range. Our group has previously investigated field-effect modulation 

of the carrier density and refractive index of heavily doped semiconductors as an 

approach towards NIR actively-tunable metasurfaces [35]. This approach relies on the 

field-effect-induced charge accumulation or depletion in the semiconducting electrode 

of a nanoscale MOS structure that also serves as a resonant antenna. Using ITO as a 

semiconducting layer of the MOS field-effect structure enabled active modulation of 

the optical response of plasmonic reflectarray metasurfaces [35], [67], with a 

corresponding reflected light phase shift from 0 to 184° for an applied bias between 0 

to 2.5 V. While conceptually promising as an approach to active metasurface design, in 

order to realize a comprehensively tunable metasurface, a phase shift from 0° 

approaching to 360° is desirable. 
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In this chapter, we report the design and fabrication of dual-gated field-effect-tunable 

metasurface antenna arrays that enable phase shifts exceeding 300° at a wavelength of 

ɚ=1550 nm.  

 

.. Design of Dual-gated Metasurfaces  

Our dual-gated metasurface features two charge accumulation/depletion layers within 

the dielectric spacer of each active metasurface antenna (Fig. 2.1a). The dual-gated 

metasurface structure consists of an aluminum (Al ) back reflector, a gate-

dielectric/ITO/gate-dielectric heterostructure (Fig. 2.1b), and a periodic array of Al 

nanoantennas with a ófishboneô pattern. The fishbone nanoantennas are composed of 

patch antennas that are connected by Al stripes, which also serve as gate voltage control 

electrodes.  

 

Figure .: Dual-gated active metasurface. (a) Schematic of the unit cell of the dual-gated 

metasurface, which is composed of an Al back reflector, a bottom gate dielectric, an ITO layer 

followed by another gate dielectric, on top of which Al fishbone antennas are located. The 

thicknesses of the antenna array, the gate dielectrics, the ITO layer, and the back reflector are 

t1 = 40 nm, t2 = 9.5 nm, t3 = 5 nm, and t4 = 80 nm, respectively. The antenna dimensions are l 

= 280 nm and w1 = 120 nm, and the electrode width is w2 = 170 nm. The period of the 

metasurface is p = 400 nm. A voltage bias Va is applied between the ITO layer and the top 

antennas, while another voltage bias Vb is applied between the Al back reflector and the ITO 

layer. The two applied voltage biases result in the formation of two accumulation/depletion 

regions in the ITO layer at the top and bottom ITO/gate-dielectric interfaces. (b) A magnified 

image of the dielectric spacer of the metasurface that consists of the top gate dielectric, the ITO 

layer, and the bottom gate dielectric. 

 

Each metasurface element permits the application of two independent DC voltages, i) 

between the ITO layer and the fishbone antenna, and ii) between the ITO layer and the 

back reflector. As a result, both the top and bottom ITO/gate-dielectric interfaces can 

exhibit the charge accumulation or depletion under applied external bias. This design 
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facilitates a large variation of the complex refractive index of the ITO layer via carrier 

density modulation at both its top and bottom interfaces (Fig. 2.1b) and is a key reason 

for the wide phase tunability of our dual-gated metasurface. 

 

. .. Electrostatic Simulations to Extract ITO Properties  

In designing dual-gated metasurfaces, we account for a number of considerations that 

can increase the metasurface tunability and efficiency. We choose the ITO carrier 

concentration to be N0= 3 × 1020 cm-3 to ensure that the real part of the dielectric 

permittivity of the ITO layer is positive at a wavelength of ɚ=1550 nm when no external 

bias is applied. Under bias, a charge accumulation layer is formed in the ITO, and the 

real part of the dielectric permittivity of the accumulation layer can change its sign, 

undergoing the transition from the optically-dielectric to optically-metallic phase.  

When the dielectric permittivity of the accumulation layer is in the epsilon-near-zero 

(ENZ) region, which means -1< Re(Ů) <1, the optical electric field intensity in the 

accumulation layer is strongly enhanced, resulting in the modulation of the intensity 

and phase of the scattered light [46], [80]ï[82]. The optical electric field enhancement 

in the ENZ region of ITO arises from the continuity of the normal component of the 

electric displacement as the index approaches zero in this region [80], [81]. This 

suggests that increasing the number of accumulation/depletion layers within the active 

region of the metasurface antenna can be beneficial for enhancing phase tunability. On 

the other hand, since the optical loss of the ITO layer is non-negligible, we design the 

ITO layer to be as thin as possible. Based on these considerations, the ITO layer 

thickness is chosen to be 5 nm in our dual-gated metasurface (See Appendix A.1).  

To accurately calculate the optical response of metasurfaces under applied bias, we 

couple the device physics simulations (Device Lumerical) with finite difference time 

domain (FDTD) optical simulations (Lumerical). The device physics simulations are 

used to determine the charge carrier distribution in the ITO layer under applied bias. 

Our electrostatics calculations model the spatial distribution of charge carriers in the 

ITO layer embedded in the metasurface. In our device physics calculations, we assume 

the work function of Al to be 4.3 eV. We also assume the effective electron mass of 

ITO of m*  = 0.35 me, with me being the free electron mass and electron mobility of ITO 

of 25 cm2V-1s-1. Since our ITO is degenerately doped, we assume no significant 
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contribution of holes to the observed physical processes. In Device Lumerical software, 

we insert the holes effective mass of 1×me, and the hole mobility of 1 cm2V-1s-1. In our 

simulations, the bandgap of ITO is set to 2.8 eV [83], and the electron affinity of ITO 

is chosen as 4.8 eV. The assumed DC permittivity of ITO is 9.3 [84].  

Once we identify the spatial distribution of charge under different applied biases, we 

then relate the calculated carrier density to the complex dielectric permittivity of ITO 

ŮITO by using the Drude model:  

‐  ‐ ‫ ‫ Ὥ‫ῲϳ   (2.1) 

where the plasma frequency ‫  is given by the following expression: 

‫ ὔ ὩȾ‐άᶻ   (2.2) 

Here, NITO is the carrier concentration of ITO, which we extract from the device physics 

calculations, e is the electron charge, ‐ is the DC permittivity of vacuum, άᶻ is the 

effective electron mass, ῲ is the damping constant, ‐  is a fitting constant, and is the ‫ 

angular frequency, which is related to the wavelength ɚ as ɚ=2ˊc/ɤ, where c is the 

speed of light in vacuum. When performing optical simulations, we assume that 

m*=0.35 me, ‎ ρȢψ ρπ, and ‐=3.9.  

. .. Choice of Plasmonic Metal  

Another parameter that determines the performance of the device is the choice of the 

plasmonic metal. The work functions of Al and silver (Ag), which are both near 4.3 eV, 

are close to the work function of ITO when the carrier concentration equals N0= 3 × 

1020 cm-3, while the work function of Au (5.1 eV) is higher than that of the ITO. Hence, 

using Al or Ag as a metal electrode in the metal/gate-dielectric/ITO capacitor reduces 

the zero-bias band bending in the ITO layer compared to an Au electrode. This implies 

that in the case of Al or Ag electrodes, one needs to apply lower bias voltages to 

overcome the depletion and form an accumulation layer in the ITO at the gate-

dielectric/ITO interface. Previous research has indicated that Ag can also migrate into 

the gate dielectric layers under applied electrical bias [56], [85]. To eliminate this issue, 

we use Al, a complementary metal-oxide-semiconductor (CMOS)-compatible material, 

as the plasmonic metal in our tunable metasurfaces. 
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. .. Choice of Gate Dielectric  

The attainable optical modulation in our tunable metasurface is also determined by the 

choice of the gate dielectric material. To enable the largest possible variation of carrier 

density in ITO under applied voltage, one would ideally like to have a gate dielectric 

with high DC permittivity and high breakdown field. Alumina and hafnia (HfO2) are 

among the most commonly used high dielectric constant gate dielectric materials that 

are employed in field-effect transistor technology. Al2O3 exhibits good thermal stability 

and almost perfect interfacial properties with Si-based substrates, has a large bandgap, 

and a high breakdown field of up to 10 MV/cm [86], [87]. However, it suffers from a 

relatively low DC permittivity of kAl2O3 = 9. On the other hand, HfO2 is a CMOS 

compatible material with a wide bandgap, and a relatively high dielectric constant of 

up to kHfO2 = 25. But it exhibits a small breakdown field of 3.1 MV/cm, and high leakage 

current induced by its low crystallization temperature.  

Previous research has shown that Al2O3/HfO2 nanolaminates, commonly referred to as 

hafnium-aluminum oxide laminate (HAOL) materials, can have superior electrostatic 

characteristics as compared to both Al2O3 and HfO2 [88]. HAOL structures, which are 

grown via consecutive deposition of ultrathin Al2O3 and HfO2 layers, were previously 

shown to have the low leakage current and high breakdown field characteristics of 

Al 2O3, and also the large DC permittivity characteristic of HfO2.  

Accordingly, we were able to obtain a custom-developed recipe that provided us HAOL 

films with superior electrostatic performance as compared to the Al2O3 and HfO2 films 

(see Appendix A.2 for fabrication and characterization of HAOL). Our fabricated 

HAOL film showed a DC permittivity of kHAOL = 22, and a breakdown field of EHAOL 

= 7.2 MV/cm. As a consequence, by using our custom-made HAOL films as the gate 

dielectric in our dual-gated metasurfaces, we have been able to solve one of the most 

challenging obstacles of designing voltage-tunable metasurfaces which is the choice of 

a gate dielectric with both high DC permittivity and high breakdown field. 

 

. . Electromagnetic Simulations of Dual-Gated Metasurfaces 

. . Modelling the ITO Layer in the Dual-Gated Metasurface Structure 

As mentioned in the previous section, we model the optical response of our metasurface 

under applied bias using FDTD simulations coupled to device physics simulations. In 
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order to apply bias to metasurface elements, fishbone antennas are connected by 

electrodes, creating equipotential columns (see Fig. 2.2a). Then by connecting the 

obtained columns to external metallic pads, we can control the bias applied to the 

nanoantennas. The electrostatic performance of the dual-gated tunable metasurface 

element can be viewed as two parallel plate capacitor structures which are connected 

in series. Therefore, two independent bias voltages can be applied to each metasurface 

element, Va and Vb (Fig. 2.2b). Figure 2.2c shows an SEM image of the fishbone 

nanoantennas connected through the electrodes. A focused ion beam (FIB) cross-

section image of the nanoantennas is presented in Fig. 2.2d. In order to apply bias to 

the nanoantennas, all antennas are connected using connection pads as shown in Fig. 

2.2e. 

 

Figure .: Configuration of bias applied to the nanoantennas in the dual-gated active 

metasurface. (a) Schematic of the fishbone nanoantennas connected together via electrodes. 

(b) Schematic showing the bias application configuration. The nanoantenna arrays are 

electrically connected to an external pad to which we apply the voltages. (c) SEM image of the 

nanoantennas. The scale bar is 500 nm. (d) FIB cross-section of the nanoantennas. The scale 

bar is 500 nm. (e) SEM image of the nanoantennas connected for bias application. The scale 

bar is 500 mm. 

 

For the sake of simplicity, we assume that |Va|=|Vb| that yields two accessible regimes 

of device operation, where sign (Va×Vb) Ó0 (Case I) and where sign (Va×Vb) Ò0 (Case 

II).  The charge carrier distributions in the 5 nm-thick ITO layer for Case I and Case II 

are depicted in Fig. 2.3. Here, the z position varies between 0 and 5 nm, with 0 
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corresponding to the bottom ITO/HAOL interface and 5 nm corresponding to the top 

ITO/HAOL interface.  

 

Figure .: Illustration of Case I and Case II for the bias applied to the dual-gated active 

metasurface. (a) Schematic of Case I in which there is a simultaneous charge accumulation or 

simultaneous charge depletion at both ITO/HAOL interfaces of the ITO layer. In Case I, we 

assume Va = V0 and Vb = V0. (b) Schematic of Case II in which the charge accumulation 

(depletion) at the top ITO/HAOL interface is always accompanied by the charge depletion 

(accumulation) at the bottom ITO/HAOL interface. In Case II, we assume Va = V0 and Vb = īV0. 

The charge carrier distribution in the ITO layer as a function of applied voltage V0 for (c) Case 

I and (d) Case II. The real part of the dielectric permittivity of the ITO layer as a function of 

the applied voltage and position for (e) Case I and (f) Case II at a wavelength of ɚ = 1550 nm. 

The boundaries of the ENZ regions are marked by dashed curves. The imaginary part of the 

dielectric permittivity of the ITO layer as a function of the applied voltage and position for (g) 

Case I and (h) Case II at a wavelength of ɚ = 1550 nm.  

 

As can be seen, in Case I, there is a simultaneous charge accumulation or simultaneous 

charge depletion at both ITO layer interfaces (see Fig. 2.3a, c, e, g). In Case II, charge 

accumulation at the top ITO/HAOL interface is accompanied by charge depletion at the 
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bottom ITO/HAOL interface, or, vice versa, charge depletion at the top ITO/HAOL 

interface is accompanied by charge accumulation at the bottom ITO/HAOL interface 

(see Fig. 2.3b, d, f, h). 

We should note that only the portion of the ITO located directly beneath the Al fishbone 

antenna is optically modulated at the top ITO/HAOL interface (see Fig. 2.1b). As seen 

in Fig. 2.3, in Case I the ITO dielectric permittivity at the bottom ITO/HAOL interface 

is always equal to the dielectric permittivity of the ITO at the top ITO/HAOL interface 

beneath the fishbone antenna. This, however, is not true for Case II. In Case II, for 

sufficiently large applied voltage magnitude, there is always charge accumulation at 

either top or bottom interface of the ITO layer. 

 

. .. Simulated Amplitude and Phase Response of the Dual-Gated Metasurface 

After modeling the complex dielectric permittivity of ITO as a function of position and 

applied voltage, we calculate the metasurface optical response for different applied 

biases under normal-incidence illumination with a transverse magnetic (TM) polarized 

plane wave (E-field along x-direction). 

Here, the antenna width and length, and the width of the stripe electrode are chosen to 

be w1 = 120 nm, l = 280 nm, and w2 = 170 nm (see Fig. 2.1a), respectively in order to 

achieve a resonance around our wavelength of interest ɚ = 1550 nm. It should be noted 

that in our simulations, we use 0.025 nm-thick mesh sizes in the active regions of ITO 

(å2 nm-thick) to carefully resolve the inhomogeneous permittivity profiles and capture 

the accurate optical response of the unit cell. 

Figure 2.4 shows the reflectance response of the dual-gated metasurface in Case I and 

Case II as a function of wavelength and applied voltage. In Case I (Figs. 2.4a, c, e), a 

large reflectance modulation is observed at positive biases, when the dielectric 

permittivity of both the top and bottom ITO interfaces cross into the ENZ region. In 

this case, we observe a blue shift of the resonance when the applied bias increases from 

0 to 2.5 V. For applied voltages larger than 2.5 V, the resonance red-shifts. This is 

consistent with previously reported results [35]. In Case II, we observe a significant 

reflectance modulation both at positive and negative biases (Figs. 2.4b, d, f). Moreover, 

we observe that in Case II, the reflectance spectrum is invariant to the transformation 

V0ŸīV0. This is due to the fact that in Case II, both at positive and negative biases, the 
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gap plasmon resonance coupled to the ENZ region in ITO that is formed in either the 

top or the bottom ITO layer interface. 

Figures 2.4e, f show the spectra of relative reflectance change at different applied 

voltages for Case I and Case II, respectively. The insets of Figs. 2.4e, f show the relative 

reflectance change as a function of applied voltage at a fixed wavelength of ɚ = 1550 

nm. As could be seen, a very large relative reflectance change is achieved in both Case 

I and Case II at the operating wavelength. 

 
Figure .: Simulated amplitude response of the dual gated metasurface for Case I and 

Case II. Reflectance from the metasurface as a function of wavelength and applied voltage in 

(a) Case I, and (b) Case II. Reflectance spectrum for different applied biases for (c) Case I and 

(d) Case II. The relative reflectance change spectrum for different applied voltages for (e) Case 

I and (f) Case II. The insets show the relative reflectance change as a function of voltage at a 

wavelength of 1550 nm. 

 

The phase response of the dual-gated metasurface under applied bias is presented in 

Fig. 2.5. Figure 2.5a shows the acquired phase spectrum of Case I for different applied 

biases. Here, the acquired phase is defined as a difference between the phases of the 

reflected and incoming plane waves calculated at the same spatial point. As can be seen, 
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in this case, a large phase shift is observed at positive biases, when the dielectric 

permittivity of both the top and bottom ITO interfaces cross into the ENZ region.  

In Case II, similar to the reflectance modulation discussed above, we can observe a 

significant phase modulation both at positive and negative biases (Fig. 2.5b).  

 

Figure . : Simulated phase response of the dual gated metasurface for Case I and Case 

II. The spectrum of the acquired phase for different applied biases for (a) Case I and (b) Case 

II.  

 

As could be seen in Figs. 2.4 and 2.5, the proposed dual-gated metasurface can 

significantly alter the amplitude and phase of the reflected light under an applied bias. 

In Fig. 2.6, we plot the phase shift and reflectance as a function of applied bias V0 at a 

wavelength of ɚ = 1550 nm. Figure 2.6a, which corresponds to Case I, shows that this 

bias configuration can give a continuously tunable phase shift between 70° and ī245° 

when the applied voltage is varied between V0= ī6.5 V and V0= 6.5 V. This amounts to 

a total tunable phase shift of 315° derived from Case I.  

 

Figure .: Simulated reflectance and phase shift of the dual-gated metasurface as a 

function of applied voltage V at the wavelength of ɚ =  nm. (a) Reflectance and phase 

shift of the dual-gated metasurface in Case I, in which there is a simultaneous charge 

accumulation or simultaneous charge depletion in the ITO layer at both ITO/HAOL interfaces. 

(b) Reflectance and phase shift of the dual-gated metasurface in Case II, in which the charge 

accumulation at the top ITO/HAOL interface is always accompanied by the charge depletion 

at the bottom ITO/HAOL interface and vice versa. The insets schematically show the charge 

distribution in the dielectric spacer of the metasurface.  
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As expected, a phase shift derived from Case II is invariant with respect to the 

transformation V0Ÿī V0 (Fig. 2.6b). In Case II, the phase shift smoothly varies between 

0 and ī275°, when the applied voltage is increased from V0= 0 V to V0= 6.5 V. Thus, 

via an appropriate bias application, the proposed dual-gated tunable metasurface can 

allow us to attain a tunable phase shift of 345°. 

 

. . . Distribution of Electromagnetic Fields in the Dual-Gated Metasurface 

To gain further insight, we study the distribution of the electric and magnetic fields 

inside and around the dual-gated active metasurface. In Fig. 2.7, we plot the distribution 

of the absolute value of the optical electric field in the metasurface element at the 

resonant wavelength of ɚ =1550 nm. Figure 2.7a shows the spatial distribution of the 

optical electric field at zero bias. The bottom part of Fig. 2.7a shows the magnified 

region of the dielectric spacer at zero bias. When a DC bias is applied, we observe a 

significant variation of the distribution of the optical electric field. Figure 2.7b shows 

the optical electric field distribution in Case I at an applied voltage of V0 = 6.5 V. As 

seen in Fig. 2.7b, the optical electric field is enhanced at both the top and bottom 

ITO/HAOL interfaces due to the ENZ regions that are formed at these interfaces.  

 

Figure .: Spatial distribution of the electric field intensity within the dual-gated 

metasurface for Case I and Case II. (a) Distribution of the magnitude of the electric field 

inside the metasurface element at no applied bias. The bottom part of (a) shows the magnified 

image of the field distribution in the HAOL/ITO/HAOL dielectric spacer of the metasurface. 

The close-up of the distribution of the electric field magnitude in the dielectric spacer of the 

metasurface when (b) V0 = 6.5 V in Case I, (c) V0 = ī6.5 V in Case I, (d) V0 = 6.5 V in Case II, 

(e) V0 = ī6.5 V in Case II. The operating wavelength is ɚ =1550 nm. 



 44 

On the other hand, when the applied DC bias in Case I is equal to V0 = ī6.5 V, the ITO 

layer is depleted at both top and bottom interfaces (Figs. 2.7c), and therefore we do not 

observe a significant optical field enhancement in the ITO layer. 

In Case II, however, a dramatic optical field enhancement is observed at both positive 

and negative applied biases V0= ±6.5 V (Figs. 2.3d, e). In this case, at an applied bias 

of V0 = 6.5 V, we observe the optical electric field enhancement in the ITO layer around 

the top ITO/HAOL interface due to the ENZ region formed in the ITO layer (Fig. 2.7d). 

Similarly, Fig. 2.7e shows that in Case II, the optical electric field is enhanced around 

the bottom part of the ITO layer, when the applied bias is equal to V0 = ī6.5 V. The 

analysis of the optical field profile suggested that strong light confinement in the 

dielectric gap of the plasmonic antenna significantly contributes to the observed optical 

modulation. 

Figure 2.8 shows the spatial distribution of the z-component of the electric field Ez 

inside the dielectric spacer of the metasurface, which consists of HAOL/ITO/HAOL 

planar layers. The spatial distribution of Ez is calculated at a wavelength of l =1550 

nm. Figures 2.8a-c correspond to the bias application configuration that is referred to 

as Case I, while Figs. 2.8d-f correspond to the bias application configuration referred 

to as Case II. In both Case I and Case II, the assumed values of the applied bias are V0 

= ī6.5 V, V0 = 0 V, and V0 = 6.5 V. As seen in Figs. 2.8c, d, and f, one can observe a 

strong field enhancement at the interfaces of ITO and HAOL.  

 
 

Figure . : Spatial distribution of the z component of the electric field within the dual-

gated metasurface for Case I and Case II. Close-up image of the spatial distribution of the z 

component of electric field in the HAOL/ITO/HAOL region at the wavelength of ɚ =1550 nm 

for (a) V0 = ī6.5 V, (b) V0 = 0, and (c) V0 = +6.5 V in Case I, (d) V0 = ī6.5 V, (e) V0 = 0 V, 

and (f) V0 = +6.5 V in Case II. 
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Figure 2.8 also shows that the z component of the electric field Ez around the right and 

left edges of the antenna are antiparallel to each other. 

Figure 2.9 plots the spatial distribution of the absolute value of the magnetic field for 

our dual-gated metasurfaces at the wavelength of ɚ =1550 nm. Figures 2.9a-c 

correspond to Case I, while Figs. 2.9d-f correspond to Case II. In both Case I and Case 

II, we assume the following values of applied bias voltages: V0 = ī6.5 V, V0 = 0 V 

and, V0 = 6.5 V. As seen in this figure, the magnetic field is localized in the gap region 

between the Al antenna and the back reflector. This proves the existence of a magnetic 

dipole resonance. One can also notice that the strength of the magnetic dipole is 

strongly altered by changing the applied voltage. 

 

 
 

Figure .: Spatial distribution of the magnetic field intensity within the dual-gated 

metasurface for Case I and Case II. Spatial distribution of the magnitude of the magnetic 

field at the wavelength of ɚ =1550 nm for (a) V0 = ī6.5 V, (b) V0 = 0, and (c) V0 = +6.5 V in 

Case I, (d) V0 = ī6.5 V, (e) V0 = 0 V, and (f) V0 = +6.5 V in Case II. The horizontal dashed 

lines from bottom to the top specify the boundaries between the back reflector and bottom 

HAOL, the bottom HAOL and the ITO layer, the ITO layer and the top HAOL, and the top 

HAOL and the antennas. The vertical dashed lines outline the patch antenna. 

 

.. Fabrication of Dual-gated Tunable Metasurface 

Having identified an approach to metasurface design, we fabricate and characterize the 

tunable optical response of the dual-gated metasurface. In order to fabricate our gate-

tunable metasurface, we first perform RCA1 cleaning (H2O: NH4OH: H2O2 = 5: 1: 1) 

of 100 Si substrates. We then deposit an 80 nm-thick Al  back reflector using e-beam 

evaporation (see Appendix A.3). On top of the Al back reflector, we deposit a 9.5 nm-
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thick HAOL using atomic layer deposition (ALD), as described in Appendix A.2. Next, 

we deposit a 5 nm-thick ITO layer on top of the HAOL gate dielectric by using RF 

magnetron sputtering in Ar/O2 plasma environment (see Appendix A.4 for fabrication 

and characterization of the ITO layer). To characterize our ITO films, we perform Hall 

measurements and spectroscopic ellipsometry on 5 nm-thick ITO layers deposited on 

quartz and Si substrates, respectively. Once we sputtered the ITO layer, we deposit 

another 9.5 nm-thick HAOL layer as the top gate dielectric. Afterward, we spin 

electron-beam resist (EBR) on our Si/Al/HAOL/ITO/HAOL planar sample and pattern 

fishbone antenna arrays as well as the contact pads via standard electron-beam 

lithography (EBL). After developing the e-beam-exposed sample, we deposit 40 nm-

thick Al by using e-beam evaporation. The dual-gated metasurface is obtained after 

performing the lift -off process. Figure 2.10 summarizes the described fabrication steps 

of our tunable metasurface.  

 

Figure .: Schematic representation of fabrication steps of the dual-gated tunable 

metasurface. Following the direction of the arrows, the fabrication steps can be 

summarized as follows: RCA1-cleaning of Si substrates, deposition of Al back reflector by 

e-beam evaporation, deposition of bottom HAOL gate dielectric by ALD, sputtering of the 

ITO layer, deposition of top HAOL gate dielectric by ALD, spinning bi-layer e-beam resist, 

patterning the top antennas with e-beam lithography and development of the exposed resist, 

deposition of the Al antennas by e-beam evaporation, and lifting-off the excessive Al and 

the resist.  
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It is noteworthy that during fabrication, our samples are patterned to allow for easy 

application of a bias between the Al back reflector and the ITO layer (Vb). The Al 

fishbone antennas are connected to an external Al pad that allows for facile bias 

application between the fishbone antennas and the ITO layer (Va). The electrode pads 

are then wire bonded to a compact chip carrier and circuit board for electrical gating.  

 

.. Experimental Demonstration of the Dual-gated metasurface 

Once we fabricated the dual-gated metasurface as discussed in the previous section, we 

do amplitude and phase measurements on the fabricated devices. Optical measurements 

are performed by illuminating our metasurfaces with linearly polarized light with 

incident electric field aligned with the fishbone antenna (x-direction in Fig. 2.1a). In 

our experiments, the bias configuration corresponds to Case I, when Va = V0 and Vb = 

V0 (Fig. 2.3a).  

.. . Reflectance measurements 

Figure 2.11 shows the experimental setup that we use for reflectance measurements. 

In our reflectance measurement setup, the metasurface is illuminated by a broadband 

laser. The laser beam impinges on the metasurface after passing through an optical 

chopper, a polarizer, a 50/50 non-polarizing beam splitter, and a 20x objective lens. 

We use a white light source, a flipping mirror, and a charge-coupled device (CCD) 

camera to make sure that the laser beam is positioned at the center of the metasurface. 

The light reflected from the metasurface is then guided to a germanium (Ge) detector 

by the 50/50 beam splitter.  

 

Figure . : Optical setup for measuring the reflectance spectrum of our dual-gated 

metasurfaces. A NIR laser beam is shone on the metasurface, and the reflected beam is 

collected by a detector. 
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The reflectance is then obtained via 

ὙὩὪὰὩὧὸὥὲὧὩ Ϸ ρππ  (2.3) 

where Ὑ  and Ὑ  are the raw reflectance values obtained while 

illuminating the metasurface and the Al back reflector, respectively. Ὑ  is 

the background reflectance in the absence of the incident laser beam. 

Figure 2.12 displays the measured reflectance spectra at different values of applied 

voltage V0. The resonance is observed to blueshift with increasing the voltage from V0 

= 0 V to V0 = 2.5 V. When we increase the applied voltage from V0 = 2.5 V to V0 = 6.5 

V, the resonance is observed to redshift, and likewise, when we decrease the applied 

bias from V0 = 0 V to V0 = ī6.5 V, a resonance redshift is observed. These observations 

are consistent with our simulation results (Fig. 2.4) which indicate that at an applied 

voltage of V0 = 2.5 V, we reach the ENZ region in the ITO accumulation layer, 

corresponding to the transition from resonance blueshift to redshift. Figure 2.12b 

depicts the spectrum of the relative reflectance change obtained from 

  (2.4) 

As can be seen, even though the measured reflectance modulation ɝ2Ⱦ2  is fairly 

broadband, we observe an enhancement in ɝ2Ⱦ2  around the metasurface resonant 

wavelength. The inset of Fig. 2.12b shows the relative reflectance modulation ɝ2Ⱦ2  

as a function of applied bias V0 at a wavelength of l = 1550 nm. At a wavelength of l 

= 1550 nm, the relative reflectance modulation is much more significant for negative 

rather than positive bias voltages.  

When V0 decreases from V0 = 0 V to V0 = ī6.5 V, we observe a relative reflectance 

modulation of 89% at the wavelength of l = 1550 nm. On the other hand, when the 

applied voltage V0 increases from V0 = 0 V to V0 = 6.5 V, we observe that the relative 

reflectance modulation is only 28%. This implies that at the resonance wavelength, the 

formation of multiple ITO charge depletion layers influences the reflectance more 

significantly than the formation of multiple charge accumulation layers. This change in 

reflectance can be explained by the modulation of the optical electric field in the ITO 

layer under applied bias. At V0 = 0 V, the formation of the magnetic dipole leads to 

strong absorption in the ITO layer, whereas the applied bias effectively modulates the 
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optical field distribution in the dielectric spacer of the metasurface and leads to a higher 

reflectance. 

Figure 2.12c displays the reflectance as a function of applied voltage V0 at a wavelength 

of l = 1550 nm. As can be seen, a decrease in the reflectance level is observed when 

the applied voltage increases from V0 = ī6.5 V to V0 = 0.6 V. Once the applied bias 

passes V0 = 0.6 V, we observe an increase in the reflectance.  

 

Figure . : Measured amplitude response of the dual gated metasurface for Case I. (a) 

Measured reflectance spectra in Case I at different applied voltages V0. (b) The spectra of the 

relative reflectance modulation for different applied voltages V0. The inset shows the relative 

reflectance change at the wavelength of ɚ = 1550 nm as a function of applied bias V0. (c) 

Measured reflectance in Case I as a function of applied bias V0 and at the fixed wavelength of 

ɚ = 1550 nm. 

 

.. . Phase measurements 

After performing reflectance measurements on the gate-tunable metasurface and 

identifying the resonance wavelength, we measure the phase shift of the reflected light 

under applied bias. For our phase shift measurements, we employ a Michelson 

interferometer-type measurement setup shown in Fig. 2.13. 

In our interferometer, the beam from a NIR tunable laser is directed towards the sample 

via a polarizer, a 50/50 non-polarizing beam splitter, and then a 20x objective lens. By 
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using a white light source and a CCD camera, we ensure that the laser light illuminates 

the edge of the metasurface. Therefore, a part of the incoming beam is reflected from 

the metasurface, while the other part is reflected from the surrounding planar 

Al/HAOL/ITO/HAOL heterostructure, which acts as a built-in phase reference. The 

light reflected from the sample is guided to a NIR camera by using a 50/50 beam splitter. 

At the same time, the incident laser beam itself is directed to the camera by using 

mirrors, where it serves as a reference beam. The images of the formed interference 

fringes are recorded by the camera. The camera records two regions of interference 

fringes i) the fringes formed via interference of the light reflected from the metasurface 

and the reference beam, and ii) the fringes formed via interference of the light reflected 

from the HAOL/ITO/HAOL/Al planar heterostructure and the reference beam. Our 

interferometry enables accurate phase measurements since, in this configuration, errors 

caused by vibrations and other motion instabilities are eliminated. 

 

Figure . : Optical setup used for measuring the phase shift of the light reflected from 

the tunable dual-gated metasurfaces. The fringes obtained from the interference of the 

incident and the reflected beams are recorded by a NIR camera, and subsequently processed 

and fitted. Our fitting procedure enables us to retrieve the relative displacement of the 

interference fringes originating from the metasurface and the reference when we apply a bias. 

 

To analyze the phase shift of the light reflected from our tunable metasurface, we 

process the images captured by the camera under different applied biases. In these 

images, we select one spatial cross-section from the metasurface interference fringes 

and another one from the reference fringes area. The intensity values at the cross-

sections are then interpreted as the curves which are then smoothened by a moving 

average (MA) filter.  
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Figure 2.14a shows the interference fringes recorded by the NIR camera for different 

applied bias voltages.  

 

Figure . : The Michelson interferometer-type measurement results used to extract 

the phase shift of the light reflected from the dual-gated metasurface when changing 

the applied bias. (a) The interference fringe patterns captured by the NIR camera. The 

dashed lines labeled ñRò and ñMò show the reference and metasurface fringe cross-sections, 

respectively. (b) Extracted intensity data from reference and metasurface fringe cross-

sections and their MA smoothened curves. (c) Fitted sinusoidal waves for reference and 

metasurface fringe cross-sections. Here, ῳὴ is the distance between the two fixed peaks of 

the sinusoidal functions fitted from metasurface and reference fringe cross-sections, and ὴ 

is the period of the sinusoidal wave, respectively. 
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The intensity data extracted from the reference fringes (indicated by ñRò) and 

metasurface fringes (indicated by ñMò) is depicted in Fig. 2.14b. Figure 2.14b also 

plots MA-filtered curves for both the reference and metasurface fringes. Figure 2.14c 

shows the sinusoidal functions fitted to the two mentioned fringe regions. 

Considering the offset between these two sinusoidal functions, one can calculate the 

phase shift for each applied bias via 

ὖὬὥίὩ ίὬὭὪὸ   (2.5) 

where ῳὴ is the distance between the two fixed peaks of sinusoidal functions that 

correspond to the metasurface fringes and reference fringes, and ὴ is the period of 

the sinusoidal wave. Accordingly, the measured interference fringe displacements are 

converted into a relative phase shift. 

Figure 2.15 shows the measured phase shift values as a function of applied bias 

voltage V0 at the laser illumination wavelength of l = 1550 nm. Examples of 

interference fringe images recorded at bias voltages of V0 = ī6.5 V and V0 = +6.5 V 

are shown in the inset of Fig. 2.15. The dashed white lines show the interference 

fringes from the metasurface (M) and the reference (R). When we increase the applied 

voltage from V0 = 0 V to V0 = +6.5 V, we observe a phase shift of ī211.9°, which is 

accompanied by a modest relative reflectance modulation of 28% (Fig. 2.12c). 

 

 

Figure .: Measured phase response of the dual-gated metasurface for Case I. Measured 

phase shift of the metasurface as a function of applied voltage V0 at a wavelength of ɚ = 1550 

nm. The insets show the interference fringes at ī6.5 V and +6.5 V. The dashed lines labeled as 

ñRò and ñMò indicate the interference fringes from the reference and metasurface, respectively. 

 

Moreover, decreasing the applied voltage from V0 = 0 V to V0 = ī6.5 V, we measure a 

phase shift of +91° that is consistent with our simulation results shown in Fig. 2.6a. 
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Interestingly, despite the modest phase shift recorded at negative biases V0 < 0, the 

reflectance measured at a wavelength l = 1550 nm increases from 13% to 30%.  

As can be seen, the overall phase shift of 303° is produced as the applied bias to the 

dual-gated metasurface is varied between V0 =ī6.5 V and V0 =+6.5 V. 

 

.. Theoretical Demonstration of Beam Steering Using the Dual-Gated 

Metasurfaces 

In the present section, we use the experimentally derived phase shift and reflectance 

values to theoretically estimate the beam steering performance of our dual-gated 

metasurface. To steer the beam, we use a blazed grating approach. This implies that for 

each steering angle, we create a periodic phase pattern along the metasurface. In this 

approach, the period of the phase pattern is appropriately chosen to match the desired 

steering angle. We use the framework of antenna array theory to analytically calculate 

the far-field radiation pattern of our metasurface. In our analytical approach, we 

incorporate experimentally measured reflectance and phase shift values into the 

calculations of the far-field radiation pattern. 

Within the scope of the Fraunhofer approximation [36], [89], the far-field intensity can 

be analytically given as 

Ὅ— ȿὉ ȿ ȿὃὊȿ   (2.6) 

where Ὁ  is the far-field radiation pattern of a single metasurface element, while AF 

stands for the array factor. ɗ is the observation angle defined with respect to the z-axis. 

Note that the reflected beam is steered in the z-x plane (see Fig. 2.1a). In our case, the 

array factor can be written as 

ὃὊ В ὙὩ     (2.7) 

Here, j numerates the emitter, and N denotes the total number of emitters in the 

metasurface. k denotes the free space wavenumber k = 2ˊ/ɚ, and d gives the distance 

between neighboring emitters. Therefore, Ὦ ρὯ ὨÓÉÎ— gives the phase difference 

conditioned by the path length difference to the observation point due to different 

emitter positions. Ὑ gives the reflectance of the j th emitter, which we extract from our 
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measurement results (Fig. 2.12).   is the actively controlled emitter-imparted phase 

that controls the beam deflection (Fig. 2.15).  

In this approach, an emitter is defined as a scatterer, which scatters light with a given 

phase. For example, an emitter can be composed of a single or multiple metasurface 

elements, depending on the voltage application configuration. The array factor captures 

the most important features of the far-field radiation pattern, such as the steering angle 

and the width of the steered beam. Since our emitter is relatively omnidirectional, we 

set ȿὉ ȿ ρ, and in what follows analyze the antenna factor only. In our calculations 

we assume that our metasurface consists of 100 elements, implying that in the case of 

our dual-gated metasurface, we can apply 200 independent bias voltages. 

As mentioned above, we use a blazed grating approach to steer the beam. In this 

approach, we create a constant phase gradient along the metasurface, effectively 

creating a periodic phase pattern. Table 2.1 summarizes the experimentally derived 

voltages, which yield the relative phase shifts equal to 0°, 90°, 180°, and 270°. The 

corresponding measured reflectance values are also shown in the last column of Table 

2.1. We define a blazed grating that consists of four metasurface elements with phase 

shifts of 0°, 90°, 180°, and 270°. Since we assume that we have N = 100 metasurface 

elements, we can effectively create 25 blazes. In this case, the parameter d equals to the 

period of our metasurface d = 400 nm. Figure 2.16a shows the calculated far-field 

radiation pattern. As can be seen, in this case, the beam is steered to a steering angle of 

72°.  

In the next step, we again employ four independent phase levels. However, now, we 

define a single blaze as: 0°, 0°, 90°, 90°, 180°, 180°, 270°, and 270°. Note, that now in 

Eq. (2.7), we set d = 800 nm, and N = 48, implying that in this calculation, we assume 

that the metasurface consists of 96 elements. In this case, our blazed grating consists of 

12 blazes, and the steering angle is 28° as shown in Fig. 2.16b.  

Table 2.1: Experimentally measured phase and reflectance values. The reported values 

of V0 provide phase shift in 90o steps. 

Phase [o] Relative Phase [o] Voltage V0 [V]  Reflectance [%] 

-198.6 0 3.5 18.14 

-108.6 90 1.3 13.51 

-18.6 180 0.28 8.39 

71.4 270 -3.1 21.58 
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We can also use six independent phase levels to demonstrate beam steering. Table 2.2 

summarizes the experimentally derived voltages, which yield the phase shifts equal to 

0°, 60°, 120°, 180°, 240°, and 300°, which we use to define a unit blaze. In this case, d 

= 400 nm, and N = 96. The experimentally measured reflectance values are shown in 

the last column of Table 2.2. We can now apply 16 metasurface blazes that yield the 

steering angle of 39° as shown in Fig. 2.16c. 

Table 2.2: Experimentally measured phase and reflectance values. The reported values of 

V0 a provide phase shift in 60o steps. 

Phase [o] Relative Phase [o] Voltage V0 [V]  Reflectance [%] 

-211 0   5.5 19.64 

-151 60   2.5 16.67 

-91 120  1.35 13.42 

-31 180  0.46 13.78 

29 240 -1 17.75 

89 300 -5.35 26.85 

 

 
Figure . : Calculated beam steering results using the dual-gated tunable metasurface. 

The far-field radiation pattern for different voltage application configurations with phase 

profiles of the metasurface being (a) 0°, 90°, 180°, and 270°, repeated 25 times, (b) 0°, 0°, 90°, 

90°, 180°, 180°, 270°, and 270°, repeated 12 times, (c) 0°, 60°, 120°, 180°, 240°, and 300°, 

repeated 16 times, and (d) 0°, 0°, 60°, 60°, 120°, 120°, 180°, 180°, 240°, 240°, 300°, and 300°, 

repeated 8 times. The inset of each subfigure indicates the angle at which the beam is steered. 

 



 56 

As a final example, we define a unit blaze as 0°, 0°, 60°, 60°, 120°, 120°, 180°, 180°, 

240°, 240°, 300°, and 300°. Thus, a single blaze consists of 12 metasurface elements. 

Note that in this case, we set d = 800 nm, and N = 48. When this blaze is periodically 

applied, the reflected beam is steered to an angle of 19o. The far-field radiation pattern 

of such blazes is shown in Fig. 2.16d. 

It should be noted that the steering angle ɗ obtained from Eqs. (2.6) and (2.7) can also 

be calculated by using a simple grating equation 

ÓÉÎ—    (2.8) 

Here, L denotes the length of the blaze.  

Figure 2.17 plots the steering angle as a function of the period of the blazed grating 

obtained using Eq. (2.8). In Fig. 2.17, the red dots correspond to the blaze periods, 

which have been used to produce far-field radiation patterns shown in Fig. 2.16. 

Dots a, b, c, d, correspond to Figs. 2.16a, b, c, and d, respectively. The steering angles 

predicted by the grating equation (2.8) match well with the steering angles obtained 

from the calculations of the far-field radiation pattern. Thus, by using the blazed grating 

approach, we can also steer the beam to the other angles shown in Figure 2.17. 

 

 

Figure . : Calculated steering angles using a blazed grating approach. Steering angle as 

a function of the period of the blazed grating. Red dots correspond to the blaze periods, which 

were used to produce far-field radiation patterns shown in Fig. 2.16. Dots a, b, c, and d 

correspond to Fig. 2.16a, b, c, and d, respectively.  
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.. Comparison to Single-gated Tunable Metasurface 

To confirm that it is advantageous to use dual-gated metasurfaces as compared to 

single-gated ones, we calculate the phase shift of the light reflected from the 

metasurface, when only the ITO layer and the fishbone antennas are biased with respect 

to each other. Figure 2.18a shows the reflectance as a function of wavelength and 

applied bias. Figures 2.18b, c plot the reflectance and relative reflectance change 

spectra for different applied voltages.  

 

Figure . : Comparison between the dual-gated metasurface and the single-gated 

counterpart. (a) Reflectance from the single-gated metasurface as a function of wavelength 

and applied bias, (b) reflectance, and (c) relative reflectance change spectra for different applied 

voltages. (d) Reflectance from the single-gated metasurface as a function of applied bias 

voltage for three different wavelengths close to the resonance wavelength. (e) Spectra of the 

acquired phase for different applied biases. (f) Phase shift as a function of applied voltage at 

different wavelengths. 

 

The reflectance as a function of applied bias voltage for three different wavelengths 

close to the resonance wavelength is depicted in Fig. 2.18d. Figure 2.18e shows the 

spectrum of the acquired phase, and the phase shift as a function of applied voltage at 
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the wavelengths of l =1545 nm, l =1550 nm, and l =1555 nm are plotted in Fig. 

2.18f. As can be seen, when we change the voltage from ī6.5 V to +6.5 V, the phase 

shift changes from 58° to -212.8° when l =1545 nm, from 75.6° to ī185.2° when l 

=1550 nm, and from 93° to ī156.8° when l =1555 nm. 

Therefore, the maximum achievable phase shift for the single-gated metasurface is 

~271°, which is 74° smaller than the phase shift obtained from the dual-gated 

metasurface. We note that the dual-gated metasurface exhibits an asymmetric response, 

enabling a given phase shift to be achieved via multiple different bias configurations, 

and hence, greater flexibility in system design for beam steering. 

 

.. Conclusions and Outlook 

In this chapter, we presented the design and experimental demonstration of a dual-gated 

plasmonic reflectarray metasurface that shows wide phase tunability with applied bias 

at a wavelength of ɚ = 1550 nm, and the phase of the reflected light can be continuously 

tuned from 0 to 303°. We showed a measured relative reflectance modulation of 89%. 

This large optical tunability is achieved both due to the materials employed here and to 

the dual-gated metasurface architecture. Each element of our dual-gated metasurfaces 

can be viewed as two series-connected MOS field-effect structures to which two 

independent bias voltages can be applied, yielding a wider phase tuning range 

compared to a single-gated metasurface. Interestingly, in our metasurface, a given 

phase shift can be achieved via multiple different bias configurations that yield different 

reflectance values, enabling an approach for reflectance modulation at a constant phase. 

This feature may be very useful for the design and demonstration of future dynamically 

reconfigurable low-profile optical components such as focusing lenses with 

reconfigurable focal lengths, dynamic holograms, and beam steering devices. 
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Chapter 3 

 

ELECTRO-OPTICALLY TUNABLE MULTIFUNCTIONAL 

METASURFACES 

 

The material in this chapter was in part presented in [95]. 

Shaping the flow of light at the nanoscale has been a grand challenge for nanophotonics 

over decades. It is now widely recognized that metasurfaces represent a chip-scale 

nanophotonics array technology capable of comprehensively controlling the wavefront 

of light via appropriately configuring subwavelength antenna elements. In this chapter, 

we demonstrate a reconfigurable metasurface that is multifunctional, i.e., notionally 

capable of providing diverse optical functions in the telecommunication wavelength 

regime, using a single compact, lightweight, electronically-controlled array with no 

moving parts. By electro-optical control of the phase of the scattered light from each 

identical individual metasurface element in an array, we demonstrate a single prototype 

multifunctional programmable metasurface that is capable of both dynamic beam 

steering and reconfigurable light focusing. Reconfigurable multifunctional 

metasurfaces with arrays of tunable optical antennas thus can perform arbitrary optical 

functions by programmable array-level control of scattered light phase, amplitude, and 

polarization, similar to dynamic and programmable memories in electronics. 

 

. . Introduction 

Wavefront shaping in traditional optical elements is usually accomplished by gradual 

phase changes along the optical paths through spatially varying either the refractive 

index profile or the surface topography. Contrarily, the abrupt changes introduced by 

metasurfaces to the amplitude, phase, or polarization of the scattered light allows highly 

precise manipulation of the wavefront with subwavelength resolution and enables an 

unprecedented manipulation of the propagating electromagnetic waves [1]. Rapid 

advances in the control of the phase and amplitude of the light scattered from planar 

arrays of nanophotonic elements have stimulated the development of metasurfaces that 

utilize amplitude/phase-sensitive scattering to enable wavefront engineering [2], [3]. 

Owing to their well-engineered meta-atoms that act as optically thin scatterers, 
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metasurfaces enable unconventional change of the local state of the interacting light. 

This results in several merits such as ultra-compactness, and precise control over light-

matter interaction at the deep subwavelength scale, that are unavailable to conventional 

optical elements [96], [97]. 

A great number of research endeavors accomplished to date, however, have been 

mainly devoted to static metasurfaces in which the fixed geometry and compositions of 

their constituents results in an inflexible response of the metasurfaces once fabricated. 

As a result, developing reconfigurable paradigms is becoming indispensable to elicit a 

transition from static to dynamic metasurface devices, and efficaciously harness the 

unlimited opportunities that metasurfaces can offer. 

Dynamical control of the properties of the scattered light is possible by using tunable 

metasurfaces, for which external stimuli can give rise to changes in the dielectric 

function of the metasurface elements [42], thereby modulating the antenna phase and 

amplitude response. By employing the mentioned external stimuli, one can achieve 

tunable metasurfaces by incorporating active materials such as transparent conductive 

oxides (TCOs) like ITO [34], [35], [46], [67] or  titanium nitride (TiN) [98], liquid 

crystals [52], [99],  2-D materials such as graphene [36] and MoS2 [100], [101], phase-

change materials [102] and ferroelectrics [103] into metasurfaces. Dynamically 

manipulating the incident light can hence initiate extensive innovations for the 

application of metasurfaces in optoelectronic devices. Among these active platforms, 

TCOs that undergo a reliable and reproducible index change in response to an optical 

or electrical stimulus, provide high modulation speed, low energy consumption, 

robustness, and wide tuning range, leading them to establish superiority over other 

active materials.  

The ability of metasurfaces to spectrally, temporally, or spatially manipulate the 

wavefront of light with very high spatial resolution is expected to accelerate the 

miniaturization of optical devices and integration of optical systems. Despite several 

studies conducted on actively reconfigurable metasurface devices to date, developing 

an active metasurface platform operating in the NIR wavelength range that would 

dynamically tailor the wavefront of scattered light through a pixel-by-pixel 

configuration is still remaining an outstanding research challenge. Moreover, 

multifunctional reprogrammable metasurface components have not yet been 

demonstrated. The realization of a single hardware device that can provide multiple and 
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indeed general functions would further accelerate the impact of metasurfaces and their 

applications. Such multifunctionality can be found in electronics technology that has 

benefitted from the development of programmable and reprogrammable circuits 

composed of identical circuit elements, such as dynamic [104] and static [105] random 

access memories and field-programmable gate arrays [106].  

In this chapter, we propose a state-of-the-art prototypical platform for a multifunctional 

metasurface that could be electronically programmed to achieve multiple optical 

functions. As a proof of principle, we utilize our multifunctional metasurface to 

demonstrate two of the most essential functions identified to date for metasurfaces, 

namely, beam steering and focusing of light. 

Optical beam steering is the key element of a broad range of optical systems such as 

LiDAR [107], optical interconnects [108], and optical communications [109]. 

Conventional beam steering devices such as Risley prisms [110], galvanometer-

scanning mirrors [111], and decentered lenses [112] employ mechanically moving 

optical components to steer the incident light. Although mechanical beam steering 

systems provide wide steering angular range and a large number of resolvable beam 

directions, they suffer from low steering speed due to the inertia of their moving parts 

and the weight of their mechanical components [113]. The availability of electronic 

beam steering arrays at NIR wavelengths with scanning frequencies above the MHz 

range could replace mechanical components with compact and lightweight 

optoelectronic alternatives and enable diverse functions unachievable via mechanical 

motion. 

Reconfigurable metasurfaces have recently been employed to provide dynamic beam 

steering in the microwave and NIR regimes by exploiting microfluidic flows [114], 

[115], incorporation of phase-change materials [55], and reorientation of liquid crystals 

[116]. However, the performance of these devices is limited due to their failure to 

provide exquisite control over the phase of the scattered light and accurately generate 

a desired phase profile, leaving them unable to demonstrate arbitrary functions. 

Alternatively, electro-optic modulation in multiple-quantum-well (MQW) resonant 

metasurfaces [117], [118], an intrinsically ultrafast process, has been shown to provide 

high-speed modulation and dynamic beam steering, but to date, a limited phase 

modulation range has constrained the achievable beam directivity and steering angle 

range. 
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Electro-optically controllable beam-switching has also been demonstrated via the 

incorporation of TCOs as active material into metasurfaces [35], [62], [119]. However, 

individual control over each metasurface element, which is required for more complex 

phase distribution patterns, has not been reported. Other researchers have demonstrated 

beam steering using waveguide-based thermo-optical phase shifters coupled to 

antennas [60], [120]ï[123], or by employing frequency-gradient metasurfaces [124]. 

These chip-based antenna arrays can enable beam steering at visible or infrared (IR) 

frequencies, but are application-specific and, hence, have been unable to achieve more 

general array functions. 

Light focusing is another paramount optical function that plays a fundamental role in 

almost every optical system such as imaging, microscopy, optical data storage, and 

optical encryption [125]. In order to focus a light beam, its amplitude or phase 

distribution has to be spatially varied. In conventional convex lenses, this functionality 

is achieved by controlling the optical thickness of materials such as glass to introduce 

suitable phase delays. Metasurfaces have given rise to versatile metalenses that can 

replace bulky conventional lenses by achieving constructive interference at a focal 

point via introducing desired phase differences at certain distances from their center. 

This is indeed done by engineering the spatial variation of field amplitude or phase 

distribution over arrays of individual metasurface elements at approximately 

wavelength-scale or smaller spacing [5], [14], [126]ï[128]. Metalenses have 

demonstrated the capability to perform high-resolution imaging, wavefront shaping for 

aberration correction, and polarization conversion [4].  

Reconfigurable metasurfaces have been utilized to realize dynamic focusing by 

variation of the overall lens optical thickness or curvature, via liquid crystal 

reorientation [129], microfluidic flow [130], [131], or elastic deformation [38]. 

However, these modes of dynamic focusing do not permit precise tailoring of the lens 

focal properties by arbitrary phase control of the lens phase elements.  

In this chapter, we design and demonstrate an electro-optically tunable multifunctional 

metasurface that can exhibit multiple functions in the NIR wavelength regime using a 

single device, via precise tailoring of the phase profile of an optical aperture. In contrast 

to the metasurface presented in the previous chapter, where the same bias voltage was 

applied to all metasurface elements, the newly-proposed dynamic metasurface platform 

allows independent manipulation of addressable subwavelength pixels.  
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Figure 3.1a schematically illustrates our proposed multifunctional metasurface, whose 

independently addressable elements enable dynamic control of the wavefront via a 

pixel-by-pixel reconfiguration. Using this scheme, we demonstrate a reprogrammable 

metasurface whose function can be reconfigured between dynamic beam steering (Fig. 

3.1b) and dynamic focusing meta-mirrors, achieving a reconfigurable focal length and 

numerical aperture (Fig. 3.1c) by tuning of the gate voltages applied to individual 

metasurface elements. 

 

Figure . : Schematic demonstration of the multifunctional metasurface with  

independently addressable metasurface elements. Schematic of (a) the multifunctional 

metasurface whose functionality can be switched between (b) dynamic beam steering and (c) 

cylindrical metalens with reconfigurable focal length.  

 

. . Design of Electro-Optically Tunable Metasurface Element 

Our active metasurface operates by virtue of electrically-tuning the coupling between 

a plasmonic metasurface and the ENZ modes via individual control over the 

metasurface elements. Plasmonic metasurfaces have recently proven to achieve strong 

light-matter interaction through coupling to ENZ modes. In the proposed design, the 

coupling strength is modified via control of the charge carrier concentrations in an ITO 

layer embedded into the metasurface when operating the device in the ENZ wavelength 

regime of ITO. In this fashion, the metasurface can provide possibilities to switch 
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between different regimes of the light-matter interaction. As a result, the amplitude and 

phase of the light reflected from the metasurface is expected to be continuously tuned 

by applying a DC electric field across the ITO layer [34]. 

Figures 3.2a, b schematically illustrate the building blocks of our tunable gated field-

effect metasurface, consisting of an Au back-reflector (tb = 80 nm), on top of which an 

Al 2O3 layer (tAl = 9.5 nm) is deposited. The Al2O3 layer acts as a dielectric spacer, 

adding a degree of freedom for the metasurface optical mode profile design. This layer 

is followed by deposition of an ITO layer (ti = 5 nm), a gate dielectric (th = 9.5 nm), 

and Au fishbone nanoantennas (ta = 40 nm). The gate dielectric is HAOL, a hybrid 

material that simultaneously exhibits high breakdown field and high DC permittivity as 

described in Appendix B.2 [34]. The period of the metasurface is picked to be p = 400 

nm. 

 

Figure . : Unit cell design of the multifunctional metasurface. Schematic of (a) periodic 

array and (b) unit cell of the antenna elements. The metasurface is composed of an Au back-

reflector, an Al2O3 dielectric layer, an ITO layer, and a HAOL gate dielectric followed by an 

Au fishbone antenna. The period of the metasurface is p = 400 nm, and the thickness of the 

back-reflector, Al2O3, ITO, and HAOL layers are selected to be tb = 80 nm, tAl = 9.5 nm, ti = 5 

nm, and th = 9.5 nm, respectively. The width, length, and thickness of the antenna are wa=130 

nm, la = 230 nm, and ta = 40 nm, respectively and the width of the electrode is we = 150 nm. 

 

Applying a DC electric bias between the ITO layer and the nanoantennas enables a 

reproducible field-effect-induced modulation of the complex refractive index of ITO in 

the NIR wavelength range. By altering the applied electric field, we can modulate the 

ITO charge carrier density close to the interface of the ITO and the gate dielectric. By 

further increasing the applied bias, the real part of the dielectric permittivity in an 

accumulation layer located within ITO takes values between -1 and +1, yielding an 
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ENZ condition. In the ENZ regime, the ITO layer permittivity is varied at NIR 

wavelengths by changing the applied DC bias.  

In order to calculate the optical response of metasurfaces under applied bias, we first 

need to extract the properties of the ITO layer. To this end, we obtain the spatial 

distribution of charge carriers in the ITO layer by coupling finite difference time 

domain optical simulations (FDTD Lumerical) with device physics simulations (Device 

Lumerical). In the device physics calculations, we use the mesh size of 0.025 nm which 

had been validated by performing careful convergence tests. 

In our device physics calculations, the assumed parameters for ITO are set to be the 

same as the ones mentioned in Chapter 2. Once the spatial distributions of charge 

carriers under different applied biases are identified, we calculate the complex dielectric 

permittivity of ITO ‐  by using the Drude model provided in Eqs. (2.1) and (2.2). 

Figures 3.3a-c show the simulated spatial distribution of charge carrier concentration, 

real and imaginary part of the permittivity of ITO for different applied biases. As can 

be seen in Figs. 3.3b, by changing the applied bias, an ENZ region is observed within 

the ITO layer, at a region close to the interface of the ITO and HAOL film. 

The proposed reconfigurable metasurface operates by spectrally overlapping the ENZ 

regime of ITO and the geometrical antenna resonance. Subsequently, the width and 

length of the antenna, and the width of the electrode are designed to be wa=130 nm, la 

= 230 nm, and we = 150 nm, respectively so that a magnetic dipole plasmon resonance 

occurs at the wavelengths coinciding with the ENZ regime for ITO, operating in the 

telecommunication wavelength regime. 

 

Figure . : Voltage-dependent spatial distribution of the ITO properties. Calculated spatial 

distribution of (a) charge carrier density, (b) real, and (c) imaginary part of the permittivity of 

ITO for different applied biases. 
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As a result of the spectral overlap of the ENZ regime of ITO and the geometrical 

resonance of the metasurface, the metasurface is expected to exhibit a large modulation 

of the optical response.  

 

. . Optical Modulation in Electro-Optically Tunable Metasurface Element 

... Calculated Optical Response of the Electro-Optically Tunable Metasurfaces  

In order to calculate the optical response of the metasurface, we use full-wave 

electromagnetic calculations for our tunable metasurface using FDTD Lumerical. Here, 

the metasurface is illuminated by a normal-incidence plane-wave with an electric field 

along the direction of the antennas. When performing electromagnetic calculations, the 

mesh sizes are adjusted in different layers. To fully take the gradual index change in 

the accumulation layer of ITO into account, a mesh size of as thin as 0.025 nm is used 

in the active region of the ITO layer. 

Figures 3.4a, b show the reflectance and phase shift spectra of the metasurface for 

different applied biases. Here, the phase shift is defined as a difference between the 

phases of the reflected and incident plane-waves calculated at the same spatial point. 

As seen in Fig. 3.4a, at all applied biases, resonant dips are clearly observed at 

wavelengths close to l = 1500 nm, which is our wavelength of interest. Figures 3.4c, d 

illustrate the simulated reflectance and phase shift as a function of applied bias at 

different wavelengths.  

As can be seen, when the external bias is changed, we observe a reflectance change that 

is accompanied by significant phase modulation. This demonstrates that both the real 

and imaginary parts of the refractive index of the active region in the ITO layer are 

modulated by the applied bias.  

After we confirmed that our designed metasurface can provide both reflectance and 

phase modulation, we can then pick the operating wavelength of the beam steering and 

focusing devices. To accomplish this, we plan to utilize the metasurface as a phase 

modulator, for which the reflectance should ideally remain constant upon the change in 

the applied bias. Figure 3.5 shows the maximum reflectance modulation and the 

maximum achievable phase shift at different wavelengths. As can be seen, increasing 

the maximum achievable phase shift is accompanied by an increase in the amplitude 

modulation which is not desirable for utilization of the metasurface as a phase 
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modulator device. As a result, the operating wavelength of l = 1510 nm is chosen in 

order to obtain a phase shift of higher than 270¯ while the maximum reflectance 

modulation remains as small as possible.  

 
Figure . : Calculated amplitude/phase modulation provided by the multifunctional 

metasurface. Simulated (a) reflectance and (b) phase shift spectra at different bias voltages. 

Simulated (c) reflectance and (d) phase of the reflection from the metasurface as a function of 

applied voltage for different wavelengths. 

 

 

 

Figure . : Selecting the operating wavelength of the multifunctional metasurface. 

Simulated maximum achievable reflectance change (square) and phase modulation (diamond) 

at different wavelengths. 

 

To gain further insight, we analyze the electromagnetic fields in the metasurface at the 

resonance wavelength. The spatial distribution of the electric field intensity, under an 

applied bias of ī6 V, 0 V, and +6 V are presented in Figs. 3.6a-c. Zoomed-in images 
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of the electric field inside the dielectric spacer of the metasurface, consisting of the 

Al 2O3/ITO/HAOL heterostructures are shown in the insets. As can be seen, at the 

applied bias of +6 V, there is a strong field enhancement in the accumulation region of 

the ITO layer which occurs subsequent to the existence of ENZ condition in the 

mentioned layer. By leveraging this strong field enhancement in the active region of 

the ITO layer, the complex permittivity change can be drastically emphasized. 

 

Figure . : Spatial electric field intensity distribution of the multifunctional metasurface. 

The amplitude of the electric field at the operating wavelength of l = 1510 nm for different 

voltages of (a) V = ī6 V, (b) V = 0, and (c) V = 6 V. The insets show the zoomed-in image of 

the Al2O3/ITO/HAOL nano-sandwich. 

 

Our electromagnetic calculations show that the metasurface phase and amplitude 

tunabilities are based on an interplay between magnetic plasmon resonance and the 

ENZ region of ITO. To show this, the amplitude of the magnetic field inside the 

metasurface is shown in Fig. 3.7. 

The field distributions are presented at different wavelengths and under different 

applied biases. As can be seen in Figs. 3.7d-f, at the resonance wavelength l = 1510 

nm, the metasurface supports a large-magnitude magnetic field that is localized in the 

gap region between the gold antenna and the gold backplane. 

Figure 3.8 shows the spatial distribution of the z-component of the electric field within 

the metasurface under different applied biases. As can be seen, the z-components of the 

electric field around the right and left edges of the antenna are antiparallel to each other. 

This antiparallel field, accompanied by the curl of the current density is consistent with 

the large magnetic field shown in Figs. 3.7d-f, indicating that the considered resonance 
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is a magnetic plasmon resonance. We should note that the strength of the magnetic 

dipole is strongly modified by altering the applied bias. 

 

Figure . : Spatial distribution of the magnetic field intensity in the multifunctional 

metasurface. Spatial distribution of the amplitude of the magnetic field at the operating 

wavelength of (a-c) l = 1100 nm, (d-f) l = 1510 nm, and (g-i) l = 1510 nm for different 

voltages of (a, d, g) V = ī6 V, (b, e, h) V = 0, and (c, f, i) V = 6 V.  

 

 

Figure . : Spatial distribution of the z-component of the electric field in the 

multifunctional metasurface. Spatial distribution of the z-component of the electric field at 

the wavelength of l = 1510 nm, under applied bias (a) V = ī6 V, (b) V = 0, and (c) V = 6 V. 
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. . . Measured Optical Response of the Electro-Optically Tunable Metasurfaces  

After confirming the tunable optical response of the multifunctional metasurface using 

simulations, we fabricate the designed structure in order to experimentally obtain the 

reflectance and phase shift of the device under applied bias. Figure 3.9 shows the 

fabrication steps of the device. 

 

 

Figure . : Fabrication steps of the multifunctional metasurface. (a) Patterning the 

outermost connecting pads, (b) patterning the back reflector, (c) deposing the Al2O3 layer, (d) 

patterning the ITO layer, (e) patterning the connecting pads of the ITO layer, (f) depositing the 

HAOL gate dielectric, and (g) patterning the antenna array and the inner connecting pads. 

 

To fabricate the multifunctional metasurface device, we first perform a standard 

cleaning process on SiO2 (1 mm) on Si wafers. Then we spin-coat a layer of S1813 

photo-resist on the sample. The outermost parts of the connecting pads as well as some 

alignment markers are then patterned using photolithography. After developing the 

photoresist, a 10 nm-thick titanium (Ti) layer followed by a 200 nm-thick Au layer is 

deposited on the samples using an electron beam evaporator. After lifting-off the excess 

Ti-Au parts, we pattern the back reflector by EBL [VISTEC electron beam pattern 

generator (EBPG) 5000+] at an acceleration voltage of 100 keV. After developing the 
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electron beam resist, we deposit a 3 nm-thick chromium (Cr) layer followed by an 80 

nm-thick Au layer using an electron beam evaporator. After the lift-off process, a 9.5 

nm-thick Al2O3 layer is deposited on the samples using ALD through shadow masks. 

Then the ITO layer is patterned by EBL, and a 5 nm-thick ITO layer is deposited on 

the sample using room-temperature RF magnetron sputtering in Ar/O2 plasma 

environment. The deposition pressure is 3 mTorr while the applied RF power is 48W. 

Once the excess ITO regions are lifted-off, we pattern the contact pads of the ITO layer 

by EBL. After developing the EBR, a 10 nm-thick Ti layer followed by a 200 nm-thick 

Au layer is deposited on the samples using an electron beam evaporator. Afterward, a 

9.5 nm-thick HAOL layer is deposited on the samples using ALD. The size of the 

HAOL film is controlled by using shadow masks during the ALD process. We then 

pattern the antennas and the inner contact pad connections by EBL after spinning EBR 

on the sample. Once the EBR is developed, we deposit a 2 nm-thick Ge layer followed 

by a 40 nm-thick Au layer. 

After fabricating the device, we characterize the tunable optical response of the 

metasurface by performing amplitude/phase spectrum measurements. In order to 

measure all the functions provided by our multifunctional metasurface, we designed 

and built a custom optical measurement setup.  

 

 

Figure . : Universal measurement setup used for reflectance, phase shift, beam steering, 

and focusing measurements. NIR-L: NIR laser, M: mirror, I: iris, BS: 50:50 beam splitter, L: 

lens, LA: lamp, P: polarizer, ND: neutral density filter, ɚ/4: quarter-wave plate, SP: 

spectrometer, O: objective lens, MTS: metasurface sample, IR-C: IR CCD camera, V-C: visible 

CCD camera, MS: 2-axis motorized stage. 
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This measurement setup is capable of measuring the reflectance spectrum, phase shift, 

beam steering, and reconfigurable focusing. Figure 3.10 shows our custom-built setup. 

Each measurement is performed through a part of our universal setup that will be 

discussed in detail in the following sections. For all measurements, we utilize an 

uncollimated white light source from a halogen lamp (LA) and a visible CMOS image 

sensor camera (V-C) to visualize the sample surface. 

Figure 3.11 shows the part of the universal optical setup that is used for reflectance 

measurements. For reflectance measurement, the surface of the metasurface sample is 

illuminated by an uncollimated white light from a halogen lamp (LA). The incident 

light is focused by an objective (O) with a long working distance (Mitutoyo M Plan 

Apo 20×, NA = 0.40, WD = 20 mm) after passing through a polarizer (P) and a 50:50 

non-polarizing beam splitter (BS). Then the beam reflected from the metasurface is 

guided to a spectrometer via a beam splitter (BS) and a mirror (M). The reflectance is 

then obtained via  

ὙὩὪὰὩὧὸὥὲὧὩ Ϸ ρππ   (3.1) 

where Ὑ  is the raw reflectance from the metasurface sample, Ὑ  is the 

raw reflectance from a mirror, and Ὑ  is the background reflectance in the absence 

of the incident laser beam. 

 

Figure . : Optical setup used for reflectance measurement. LA: lamp, M: mirror, L: lens, 

BS: 50:50 beam splitter, P: polarizer, O: objective lens, MTS: metasurface sample, ɚ/4: quarter-

wave plate, SP: spectrometer. The components indicated with red cross marks belong to the 

universal setup and are not used in this part of the measurement.  
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In order to experimentally evaluate the phase shift of the beam reflected from the 

metasurface, we use a Michelson interferometer system by using a part of the 

measurement setup, shown in Fig. 3.12. In this part of the setup, the metasurface sample 

is illuminated by a tunable NIR laser. The laser beam illuminates the metasurface after 

passing through an iris (I), a 50:50 non-polarizing beam splitter (BS), and an objective 

(O) with a long working distance (Mitutoyo M Plan Apo 20×, NA = 0.40, WD = 20 

mm). The polarization of the incident beam is controlled by a polarizer (P) to make sure 

that the incident electric field is in the direction of the antennas. The reflection from the 

sample is then directed towards an IR camera (IR-C) by using the mentioned beam 

splitter (BS). In addition to the reflection from the metasurface sample, the laser beam, 

which serves as a reference beam, is also guided to the camera by using mirrors (M). 

By focusing the incident laser beam on the edge of the metasurface nanoantenna array, 

the scattered beam is reflected partly from the metasurface and partly from the Au back-

plane, resulting in a lateral shift in the interference fringe patterns of the metasurface 

and the back-reflector when changing the applied bias. By fitting these two cross-

sections to sinusoidal functions and obtaining the relative delay between the fitted 

sinusoidal curves when changing the applied voltage, we can retrieve the phase shift 

acquired due to the applied bias using the method discussed in Chapter 2. 

 

 
 

Figure . : Optical setup used for phase shift measurement. NIR-L: NIR laser, M: mirror, 

I: iris, BS: 50:50 beam splitter, P: polarizer, ND: neutral density filter, O: objective lens, MTS: 

metasurface sample, L: lens, IR-C: IR CCD camera. The components indicated with red cross 

marks belong to the universal setup and are not used in this part of the measurement. 
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Figure 3.13 illustrates the measured reflectance (blue curve) and phase shift (red curve) 

as a function of applied bias when the same voltage is applied to all metasurface 

elements. As seen in Fig. 3.13, at the wavelength of ɚ=1522 nm, an actively tunable 

continuous phase shift of slightly greater than 270o (274̄ ), accompanied by a modest 

reflectance modulation is obtained. As a result, the operating wavelength of the 

fabricated device is picked to be 1522 nm.  

 

Figure . : Measured tunable optical response of the multifunctional metasurface. 

Measured reflectance (blue curve) and phase shift (red curve) as a function of applied bias 

voltage. The operating wavelength of the fabricated device is chosen to be l = 1522 nm such 

that a phase shift greater than 270 ̄accompanied by a moderate amplitude variation could be 

obtained. 

 

When analyzing beam steering performance of our multifunctional metasurface in the 

following section, we will observe that the reflectance modulation provided by the 

metasurface will result in an increased intensity of the undesired side-lobes in the far-

field radiation. Moreover, since the complex dielectric permittivity of ITO is 

significantly modulated only in a sub-nm-thick layer, a large tunable phase shift is 

observed only when the optical field is tightly confined in this sub-nm-thick ITO active 

layer. This tight field confinement results in enhanced absorbance, and hence, reduced 

reflectance of our active metasurface. By changing the structural parameters of the 

metasurface, or using TCOs with higher electron mobilities, such as cadmium oxide 

(CdO) [132], one can change the reflectance of the metasurface (see Appendix B.3). 
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. . Multifunctional Performance of the Electro-optically Universal Metasurface 

Once we validated the modulation performance of the individual metasurface elements, 

we investigate the metasurface array beam steering and focusing performance. SEM 

images of the fabricated metasurface nanoantennas are shown in Fig. 3.14a. In our 

metasurface device, to facilitate an easier and more feasible bias application, 

nanoantennas are electrically bus-connected together in one direction, forming 

equipotential antenna rows referred to here as a metasurface pixels. Then each pixel is 

individually controlled by a separately applied gate voltage. It will be shown in the 

following sections how this individual control of the metasurface pixels can lead to the 

emersion of a new class of planar photonics components.  

 

Figure . : Fabrication and measurement of a multifunctional metasurface. (a) SEM 

image of the nanoantennas of the fabricated gate-tunable metasurface for the demonstration of 

dynamic beam steering and a reconfigurable focusing meta-mirror. The scale bars from left to 

right are 200 mm, 50 mm, and 500 nm respectively. (b) Photographic image of the 

multifunctional metasurface with 96 independently addressable elements. The scale bar is 5 

mm. (c) Sample-mounting PCB to which we wire-bond the multifunctional metasurface pads. 

96 metasurface elementsô pads and 4 ITO pads are wire-bonded from the sample to 100 

conducting pads on the first PCB. The scale bar is 10 mm. (d) Voltage deriving PCB that 

provides 100 voltages controlled by programming microcontrollers. The scale bar is 20 mm. 

 

Figure 3.14b is a photomicrograph of the fabricated array, consisting of 96 individually-

controllable and identical metasurface pixels. In order to individually bias each of 96 
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different metasurface elements, we design two printed circuit boards (PCBs) shown in 

Figs. 3.14c, d (see Appendix B.4 for further details on the PCB design). 

 

. . . Demonstration of Beam Steering Using the Multifunctional Metasurface 

After validating the wide phase tunability of our metasurface, and being able to 

independently control each metasurface pixel, we employ the metasurface to mold the 

scattered wavefront by locally shifting the phase of the beam at will.  To this end, we 

first, design and demonstrate a dynamic beam steering device. To implement beam 

steering, we design the spatial phase profile of the light reflected from the metasurface 

by engineering the spatial distribution of the DC bias voltages applied to the 96 

metasurface pixels. 

To design the spatial phase profile of the metasurface, we employ a multilevel 

approximation of a blazed grating approach [133]ï[135] that is widely used for 

demonstration of beam steering metasurfaces [62], [116]. This approach is 

implemented by creating a constant phase gradient along the metasurface, effectively 

generating a periodic phase pattern that could provide us specific steering angles. The 

phase values are adopted from the unit cell simulations for each applied bias. Here, we 

discretize the phase shift acquired by the metasurface pixels into four levels 0,̄ 90̄ , 

180̄ , and 270°. 

In this configuration, the metasurface acts as a diffraction grating with a reconfigurable 

period. Each effective period, hereafter termed a supercell, consists of the metasurface 

pixels exhibiting the discretized 4-level phase shift values. When no bias is applied, we 

observe only the zeroth-order diffracted beam in the Fourier plane. In other words, the 

subwavelength period of the metasurface results in an absence of higher-order 

diffracted beams at zero bias. By changing the pixel repetition number (RN) for each 

phase shift value within one supercell, we electrically modulate the effective period of 

the metasurface array. This results in a shift of the spatial position of the first diffracted 

order, enabling manipulation of the far-field radiation. 

Figure 3.15a shows the spatial phase profile of the beam steering metasurface for 

different RN values. To theoretically study the beam steering performance of the 

metasurface, we first perform full-wave electromagnetic simulations using FDTD 

Solutions by Lumerical. The far-field radiation patterns of the metasurface obtained 
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from the full-wave simulation can be seen in Fig. 3.15b. Each curve represents the 

radiation pattern corresponding to the spatial phase profile illustrated with the same 

color depicted in Fig. 3.15a. As can be seen, the metasurface is capable of providing a 

maximum steering angle of 70.5̄ when RN = 1. 

After fabricating the metasurface, we noticed a pitch size difference between the 

designed metasurface and the fabricated device due to fabrication non-idealities. In 

order to take this pitch size difference into account, we use an analytical formulation to 

calculate the far-field pattern of the beam steering metasurface by using a blazed grating 

approach. In this approach, we use the framework of antenna array theory, using Eqs. 

(2.6) and (2.7). By implementing this method using the simulated reflectance and phase 

shift values, we obtain the far-field radiation pattern of the beam steering metasurface, 

illustrated in Fig. 3.15c.  

 

Figure . : Analytical and full-wave simulation of the beam steering metasurface. (a) 

Spatial phase distribution of the beam steering metasurface with different RN values. (b) Full-

wave simulation results of the beam steering metasurface for p = 400 nm and l = 1510 nm. 

Simulation results of the beam steering metasurface obtained through analytical calculations 

for (c) p = 400 nm, l = 1510 nm and (d) p = 504 nm, l = 1522 nm. 
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As can be seen, there is a good agreement between the analytically-obtained radiation 

patterns and the full-wave simulation results. Once we confirmed the ability of our 

analytical formulation in predicting the far-field radiation pattern, we employ the same 

method by using the dimensions obtained from the SEM images to calculate the far-

field pattern of our fabricated meta-device (see Fig. 3.15d). 

Generally speaking, active metasurfaces rely on ñon-resonantò operation. In our 

metasurface, the operation wavelength is located around the resonance dip (see Fig. 

3.4a). When applying an external bias, we perturb the resonance characteristics, 

resulting in a phase shift. However, in addition to the phase shift, we also observe a 

reflectance modulation. Hence, when performing beam steering by using the 

metasurface, the amplitude of the light scattered by each metasurface element depends 

on the applied bias voltage. This undesired amplitude modulation significantly 

deteriorates the beam steering performance of our metasurface. Figure 3.16 illustrates 

the analytical simulation results of the beam steering performance for the case of equal 

amplitudes for all metasurface pixels for different RN values (Figs. 3.16a-f). The phase 

shift values are obtained from Fig. 3.4d.  

 

Figure . : Effect of amplitude and phase modulation on the far-field radiation pattern 

of the beam steering metasurface. Simulation results of the beam steering metasurface 

obtained through analytical calculations when equal reflectance values and step phase 

distributions are assumed for all metasurface pixels when (a) RN = 2, (b) RN = 3, (c) RN = 4, 

(d) RN = 5, and (e) RN = 6. Analytical simulation results of the beam steering metasurface with 

unequal reflectance values and step phase distribution for different metasurface pixels when (f) 

RN = 2, (g) RN = 3, (h) RN = 4, (i) RN = 5, and (j)  RN = 6 [95].   

 

The beam steering simulation results for the practical metasurface in which the 

amplitudes are modulated when changing the applied bias voltage are presented in Figs. 
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3.16g-l. The reflectance and phase shift values are obtained from Figs. 3.4c, d. As seen 

in Fig. 3.16, the unequal reflectance values of different metasurface pixels that are 

generated as a result of amplitude modulation when changing the applied bias, create 

unwanted lobes in the far-field pattern while keeping the steered angle and bandwidth 

unchanged. In other words, the ratio of the reflected light intensity at the desired angle 

to that of the undesired angles (quantified by the beam directivity [136]) is drastically 

decreased due to the variation of the amplitude. 

Another important factor that needs to be considered is the detailed choice of the phase 

profile across the metasurface that can significantly influence the beam steering 

characteristics. Ideally, when steering a beam to a steering angle ɗ0, the wave reflected 

from the metasurface should be a plane-wave such that its wavefront is tilted with 

respect to the metasurface plane by an angle ɗ0. To achieve an ideal tilted plane wave, 

one uses the following phase profile across the metasurface: űideal=(j-1) k p sin(ɗ0), 

where j numerates the metasurface element, p is the metasurface period, k is the 

wavenumber of the incoming plane wave [137]. To experimentally realize this phase 

profile, we need to be able to access phase shifts spanning from 0 to 360.̄ However, in 

our metasurface, the maximally accessible phase shift is limited to values around 270̄. 

To implement beam steering by using our multifunctional metasurface, we approximate 

the ideal phase profile űideal by stairstep profiles shown in Fig. 3.15a. As seen in Figs. 

3.15b, c, the designed step profiles enable beam steering.  

One can also realize beam steering by appropriately choosing the period of the phase 

profile and linearly changing the phase within the period until reaching the maximal 

value of 270̄. For the ultimate clarity, we plot a period for these three different phase 

profiles (ideal, step profile, linear) in the case of a steering angle of 14.6o in Fig. 3.17. 

In Fig. 3.17, the dots correspond to the phase values at spatial positions where the 

metasurface elements are located, while the solid lines show the phase profiles 

effectively created across the metasurface. The stairstep phase profile shown in Fig. 

3.17 corresponds to the following spatial distribution of phases: 0 ,̄ 0̄ , 0̄ , ī90̄ , ī90̄ , 

ī90̄ , ī180̄ , ī180̄ , ī180̄ , ī270̄ , ī270̄ , and ī270̄ .  

To generate the linear phase profile, the desired steering angles are chosen to be the 

same as the ones demonstrated by applying stairstep phase profiles. As a result, for each 

steering angle, the number of metasurface pixels (MP) in one supercell is chosen to be 
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ὓὖ τ Ὑὔ to ensure that the lengths of the generated supercells using linear phase 

profiles are identical to those used in the stairstep case. Accordingly, the phases within 

a supercell are picked to be evenly spaced between 0 and ī270̄ . In other words, the 

phase shift between metasurface elements within a supercell is chosen as ςχπ̄Ⱦτ

Ὑὔ ρ). 

 

Figure . : A supercell for a steering angle of . ̄with different ideal, linear, and stair-

step phase profiles. The blue line corresponds to the óidealô phase profile, the red line to the 

linear phase profile while the black line represents the stairstep phase profile used in the present 

work. The horizontal green dashed line indicates the maximal achievable phase shift in our 

metasurface [95]. 

 

As an example, here, we set a constant phase shift between neighboring metasurface 

elements as 270̄/11 corresponding to the case of RN = 3. In the case of the linear phase 

profile, the supercell is given as: 0, ī24.5455̄, ī49.0909̄, ī73.6364̄, ī98.1818̄, 

ī122.7273̄, ī147.2727̄, ī171.8182̄, ī196.3636̄, ī220.9091̄, ī245.4545̄, and 

ī270̄ . For all considered phase profiles (ideal, stairstep, and linear) the supercell 

incorporates 12 metasurface pixels, and the length of the supercell (or, equivalently, the 

period of the generated blazed grating) is 4.8 ɛm. The designed stairstep profile 

attempts to accurately reproduce both the period and the slope of the ideal phase profile. 

On the other hand, the slope of the linear phase profile deviates from the slope of the 

ideal phase profile. 

As a next step, we calculate the far-field radiation patterns in the cases when linear 

phase profiles are employed to create the supercells. The far-field radiation patterns for 

linear phase profiles that correspond to different MP values are presented in Figs. 3.18a-

e. Our simulation results show that employing linear phase profiles leads to slightly 
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better beam steering performance. As seen in Figs. 3.18a-e, the linear phase profile 

yields smaller sidelobes at negative angles as compared to the case of the stairstep 

profiles. On the other hand, the linear phase profiles generate larger undesired sidelobes 

at positive angles. Moreover, for smaller steering angles (larger supercell sizes), 

programming the microcontrollers to provide small voltage increments that can lead to 

linearly distributed phase profiles would be much more complicated compared to the 

cases when 4-level phase distributions are used. As a result, in our experimental 

demonstration, we use 4-level stairstep phase profiles with different RN values to 

change the size of the supercell and accordingly access different steering angles.  

 

Figure . : Simulation results of the beam steering metasurface obtained when unequal 

reflectance values and linear phase distributions are assumed for all metasurface pixels. 

(a) MP = 8, (b) MP = 12, (c) MP = 16, (d) MP =20, and (e) MP = 24 [95]. 

 

As can be implied from Figs. 3.16, to improve the beam directivity, one has to minimize 

the amplitude variation when applying an electrical bias to the metasurface element. 

This could be achieved by increasing the number of external control knobs, which can 

be used to actively control the phase of a metasurface pixel [138]. Increasing the 

maximally achievable phase shift could also improve the beam steering performance of 

the metasurface since in that case one can use the óidealô phase profile to steer the beam 

(Fig. 3.18). 

After confirming the beam steering performance of the metasurface through 

simulations, we measure the far-field radiation pattern of the beam steering device in 

the Fourier space using the part of the universal setup shown in Fig. 3.19. In this part 

of the setup, a coherent beam from a tunable NIR laser illuminates the metasurface 

sample. The laser beam is focused on the sample by an objective (O) with a long 

working distance (Mitutoyo M Plan Apo 20×, NA = 0.40, WD = 20 mm) after passing 

through an iris (I), a polarizer (P), and a 50:50 non-polarizing beam splitter (BS). The 

reflected beam is then guided to an IR camera (IR-C) positioned in the Fourier plane, 

where the radiation pattern is captured.  
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Figure . : Optical setup used for beam steering measurement. NIR-L: NIR laser, M: 

mirror, I: iris, BS: 50:50 beam splitter, P: polarizer, O: objective lens, MTS: metasurface sample, 

L: lens, IR-C: IR CCD camera. The components indicated with red cross marks belong to the 

universal setup and are not used in this part of the measurement.  

 

Figure 3.20a shows the metasurface spatial phase profiles, for the four-level phase shift 

with RN = 2 to RN = 6. In Fig. 3.20a, each gray-shaded region determines one supercell. 

In order to provide a better comparison between the simulation and experimental results, 

the simulated far-field pattern of the beam steering device using the abovementioned 

analytical formula is presented in Fig. 3.20b. It should be noted that the simulations 

correspond to the dimensions of our fabricated metasurface that show an average pitch 

size of 504 nm. As can be seen, by changing the RN value, the size of the metasurface 

supercell is electrically modulated, resulting in reconfigurable beam steering with 

quasi-continuous steering angles.  

Figure 3.20c shows the measured far-field pattern for our beam steering device. Due to 

limitations of our measurement setup, steering angles of higher than 23.5° could not be 

captured by the imaging system. As a result, the maximum measured steering angle is 

~22°, which corresponds to a repeat number of 2. As expected, by increasing the 

effective period of the metasurface, the beam angle became smaller. We also note that 

for each RN value, no diffracted order with an intensity equal to that of the desired 

steering angle is observed at negative angles, indicating true phase gradient beam 

steering rather than switchable diffraction. This confirms that the beam steering is 
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obtained as a result of the asymmetric phase gradient introduced by the subwavelength 

metasurface phase elements. 

 

Figure . : Demonstration of dynamic beam steering by the multifunctional 

metasurface. (a) The spatial phase distributions of the metasurface elements with different RN 

values that are used to create phase gradients resulting in beam steering. (b) Simulation results 

of the beam steering metasurface obtained through analytical calculations. Changing the RN 

value from 2 to 6, the steering angles of 22.17°, 14.56°, 10.86°, 8.66°, and 7.20° are obtained 

through calculations. (c) Experimental results of the beam steering metasurface. Changing the 

RN value from 2 to 6, we can obtain the steering angles of 22.19°, 14.43°, 10.91°, 8.51°, and 

7.40°. Each steering angle corresponds to the spatial phase distribution of the same color 

presented in (a).  
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. .. Demonstration of Dynamic Focusing Meta-Mirror 

Using the same concept of controlling the phase imposed by each metasurface pixel, 

we are able to demonstrate the use of our multifunctional metasurface as a 

reconfigurable lens by developing phase profiles for lenses with different focal lengths. 

In order to demonstrate focusing, we design the spatial phase profile of the metasurface 

pixels such that the beams reflected from individual pixels are in phase at the desired 

focal point. To this end, the phase shift provided by the metasurface is dictated by the 

hyperboloidal profile: 

‰ὼ Ὢ ὼ Ὢ  (3.2) 

where ɚ is the wavelength, f is the focal length and x is the distance of the pixel from 

the center of the lens.  

Figure 3.21 shows the spatial distribution of the phase shift (diamond) and the 

corresponding applied bias voltage (square) required to focus the reflected beam at 

focal lengths of 1.5 mm, 2 mm, and 3 mm. These values are extracted from the simulated 

phase shift as a function of applied bias (Fig. 3.4d). In order to investigate the focusing 

performance, we simulate the multifunctional metasurface under the applied bias 

distributions illustrated in Figs. 3.20a-c.  

 

Figure . : Theoretical demonstration of a dynamic focusing meta-mirror. Spatial phase 

(diamond) and voltage (square) distribution of a focusing meta-mirror with focal lengths of (a) 

f = 1.5 µm, (b) f = 2 µm, and (c) f = 3 µm using the phase shifts obtained from the simulation. 

Full-wave simulation of the spatial distribution of the electric field |E|2 for the focusing meta-

mirror with focal lengths of (d) f = 1.5 µm, (e) f = 2 µm, and (f) f = 3 µm.  

 


























































































































































































































































