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ABSTRACT

The ability to control electromagnetic wavefront is a central key in optics. Conventional
optical components rely otme gradual accumulation of the phase of light as it passes
through an optical medium. Howevernse the accumulated phase is limited by the
permittivity of naturally existing materials, suamechanism often results in bulky devices

that are much thicker than the operating wavelength.

During the last several years, metasurfadggiasi2D nanophotoic structurey 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, calledtome wiere

each metaatom imposes a predefined change on the properties of the scattered light. By
precisely designing the optical response of these -atetas to an incident wave,
metasurfaces can introduce abrupt changes to the properties of the transrfigtaddre

or scattered light, and hencean flexibly shape the owfoing wavefrontat a
subwavelength scal@his enables metasurfaces to replace conventional bulky optical
components such as prisms or lenses by their flatplofile analogs. Furthermagra

single netasurface can perform optical functions typically attained by @stognbiration

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

The optical response efmetasurface is typicallglictatedby the geomeical parameters

of the subwavelength scatterefs a resultmost 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, amplitudl polarization response, one
can achieve redlme control of optical functionsaand indeedachieve multfunctional
characteristics after fabrication. Dynamical control of the properties of the scattered light
is possible by using external stimulich 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.



In this dissertation, we present the opportunities and challenges tovmriésriraagvu
reconfigurable metasurfaces. We introdageradigm of active metasurfadesrealtime
control of thewavefront of light at a subwavelength scéig investigating different
modulation mechanisms and possible metasurface designs and matdaahpl#hat let
us effectively employ the desired modulation mechan®@mwill present multiple electro
optically tunable metasurface platforms. These electronitatigble schemes are of great
interest owing to their robustness, high enegfficiency,and reproducibility. We will also
show the design and experimental demonstration of active metasuidacekich the

tunable optical response can be tailored in a fhygdixel configuration.

The ability to individually control the optical response adtasurface elements has made
active optical metasurfaces to be progressively ubiquitous by enabling a wide range of
optical functions such as dynamic holography, light fidelityKDi focusing, and beam
steering.As a result, reconfigurable metasurfacas hold an extraordinary promider
optical component miniaturization and -@hip photonic integrationSuch compacand
high-performance devices with reduced size, weightl power (SWaP) can be used in

futurefreespace optical communications or ligtgtection and ranging (LIDAR) systems
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Chapterl

| NTRODUCTI ON

Recent advances in nanophotonic integration have created burgeoning interest in
controlling theinteractions between light and reatat a scale comparable to, @ren
smaller than the wavelength of lighhlong the same linethe miniaturization of
nanophotonic elements has yielded a new class ofplofie optical components,
known asmetasurfacesMetasurfaces that arartificially designed nanostructured
surfaces have been introduced as compact and planar alternatives to conventional bulky
optical elements Owing to their welengineered subwavelength matams,
metasurfaces provid@e possibility to spectrally, temporally, or spatially manipulate
electromagnetic waves with subwavelength spatial resolution. The ability of
metasurfaces to demonstrate compact,-pigtiormance, and lowost optical devices

has made them a thriving ftebf nanophotonicever the last decadén this chapter,

we will provide a brief history of metasurfaces and describe a number Ecietly
demonstrated metasurfac®Ve then will describe active metasurfaces whose furstion
could be reconfiguredta postfabrication stage. We continue with an overview of the
active metasurfaces that operate based on different active platfoshesrt outline of

the thesis contents concludes the chapter.

.Me.t asur faces: Motivations and Applicati

Metasurfacesre two-dimensional arrays of subwavelength scatterers, referred to as
metaatoms. Bch metaatom is precisely designed to impakedesired change to the
fundamental attributes of light such as amplitude, phadarization,and wavelength
Accordingly, one will be able to engingle characteristics dfielight interactingwith

the metasurfacevia an appropriate choice of the mettoms This will make
metasurfaces strong candidates to replace bulky optical elements such as gratings,

lenses, polarizers, mirrgrandwaveplates

Moreover, metasurfaces can provide functions unachievable by conventional optical
componentsConventional optial elementsin which phase shift accumulatesthe

beam travels over distance ilaw(Bglelaymedi um,
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(1.1)

where-+' ,_,and¢ (— ' ,_,and¢ ) arethe angle, speaghd wavelength of light
and the refractive index the incidence (transmission) medium, respectively,—nd

is the angle of reflection.

On the other hand, metasurfaces can introduce abihapges to the properties of the
incident beam, and hence, can create phase gradients at the interface of two media (Fig.
11b). As a consequence, the generalized Sn
for such phase gdgéents[1]:

¢ O~ & OFE- C n%o (1.2)

OF= OE- & T n%o (1.3)
where- 5 —, and— are the angkeof the incident, transmitted, and reflected beams,

respectively’® denotes the wavenumber in free space,n %k the phase gradient.

a b
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gradient at the interface of two media.

't can be inferred f rtbatacardfuéchaice of the ghhse z ed
gradient imposed by each mettom would enable the generationtbé far-field at
will. As a result, metasurfaces can manipulate light in ways not allowed by

conventional optical componenf, [3]. The control offered by metasurfaces otrex
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properties of reflected or transmitted light has given rise to the field of flat optics, which
exploreshow metasurfaces can be usedtf@creation of lowprofile opticalelements

[4].

Thanks to their versatile functionadis ease of fabricatiowia planar lithogaphic
processing, and amenability for integratioretasurfacebave been ajrowinginterest

in optics andphotonic. As a result, iere has been intensive reseaicldemonstrate
metasurfaces wittlifferent functionsuch as wawront shapingnetasurfacefs]i [14],
hologramd15]i [21], optical vortex generats[22]i [28], frequency select®[29] and
perfectabsorbef30]i [32] devicesNot onlyhavetheseexamplewitnessed a plethora

of functiors provided bymetasurfaces in current devices in a wide rang¢hef
electromagnetic spectrum, but they also pave the way for inspiring many new thrilling
applications such as programmabledsmand optics and photonicstire future.

A two-dimensional array of optical scatterers with subwavelength separation was first
employed to impose phase discontinuitiegtmpropagating lighfl]. Each scatterer

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

lengtls joined together at aectain angle (Figl.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 shosere excited
simultaneously. Changing the angle between the two nantiredsesuledin a phase
variation of 0 to 27 . By a careful choic

optical vortices were generatei planar designer metasurfaces.

In anothe study, silicon (Si)-based gradient metasurfaces were proposed to
demonstrate optical gratings, lenses, and axicons{Fg) [9]. A 100nm-thick layer

of poly-silicon deposited on a quartz substrate was paitdoncreate nanoantennas.
In each case, nanoantennas were patterned to impose a Panch&atrnyaiiaB) phase

on the incident electromagnetic wavey. grecisely designing the spacariant phase

changes over the metasurface, the desired wavefronts were achieved.

Along the same line, highspectratio metasurfaces were also used to demonstrate high
numerical aperture metalenses at the visible re¢itamn 1.2c) [10]. The metasurface
was compsedof nanofins made of amorphotitanium dioxide TiO2) owing to its

low surface roughness, no absorptiothatvisible wavelengths, and a sufficiently high
refractive index~2.4).
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Figure . : A review of (alSeanning eleetron migroacepy i v e
(SEM) image of the metasurface with-dhaped nanoantennas used to generate an optical
vortex (left panel). Each region of the metasurface is composed of one constituent antenna of
the eightelement set shown on todeasuredtop right), anccalculatedbottomright) spiral

pattern obtained from the interference of the vortex beam genefateating a phase shift
azimuthally varying from 0 to[2 and a cepropagating Gaussian beaadapted fronjl]. (b)

SEM image of the Sbased metasurface used as an axicon (top Hig. nset show the
transversal distribution dhe Bessel beam generated by the metasurfackl itage of the
metasurface functioning as a metalens (top rightle inset shows the twdimensional
intensity profile in the focal plane. SEM image of the fabricated metasurface used as a blazed
grating (bottom left) and its measured diffraction pattébastom right) as well as associated
crosssectional intensity distributions versus the normalizeglame momentum at different
wavelengths adapted from[9]. (c) Schematic of the metalens composed of high aspect
ratioTiO, nanofins (top left), and the top view of the metasurface unit cell (bottom left). By
rotating the nanofins by the angjg, the required phase is imposed by the ra¢ban to the
incident beam, creating the desired wavefront. SEM image of the fabricated metalens (top
right), and intensity distribution in thez plane at the wavelength 6 532 nm (bottom right)
adapted frm [10]. (d) SEM image of the metasurface fabricated to serve as ahuoketgram

(top), as well as the calculatemlifidle) and measured (bottotmylographic images from two
hologramsadaptedvith permissiorfrom [33] © The Optical Socist

m
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According to the geometric PB phase, by roigthe 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, diffriactiteal
focusing was obtained by the metalenth efficiencies of 86%, 73%, and 66%thé

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

Metasurfaces have also been used to realize-nuddgramg33]. In a related study,
subdiffraction lattices of Si nanopillars weresed to demonstrate transparent meta
holograms with superior diffraction and transmission efficien¢ieg. 1.2d). Each

metaatom was designed to support multiple electric and magnetic Mie resonances,
resulting in a suppressi of the backward scattering at multiple wavelengths. By
changing the size of the nanopillars, and hence, the phase delay imposed by each meta

at om, a 2’ phase var,iaaxtcioonpaaceds Lyt loeveh
variation across the operational espral bandwidth was achieved. By careful
engineering of the spatial phase profile of the metasurface, a transparehbfogtam

was obtained that could be used to encode grayscale images.

Active Metasurfaces

As can be seenmetasurfaces are now rdenstrating some of their potential
applications in compact, higherformance, and lowost optical devices and
components, creatingburgeoning interest in photonic integratitiowever,despite
tremendous progress in this field, the metasurfpoesengdin these prior reportare
passive, which means their properties are fixed at the time of the fabrication and do not
allow for postfabrication tunability.In other words metasurfaces have mostly been
designed in an applicatiespecific manner, and theesign 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 stimsuich aslectric[34]i [36] and magnetic fields

[37], electrostatic and micromechanidaices[38], chemical reactionf39], [40], and
optical pumping[41] can give rise to changes in the dielectric function or physical
dimensions of the metasurface elemdA®, thereby modulating the antenna phase
and amplitude responsghe 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 nexpent for future chiipased light detection

and ranging (LDAR) systems.

Several approaches have been used to actively control the optical response of
metasurfaces in the midfrared(MIR) [36], [43]i [48], nearinfrared(NIR) [37], [49]i

[55], and visible[56], [57] wavelength ranges. The targdtoperating wavelength
usually dictates theppropriate material platform and tuning mechanism to realize

actively tunable metasurfaces.

In the MIR wavelength range, carrier density modulatioa the gating of graphene

[43], [44], [58], GaAs[45], or indium tin oxide (ITO)46], has been employed as a
mechanism to modulate metasurface reflectancadtition, thermapptic tuning of

PbTe[47] antennas has yielded actively tunable structures in this wavelengthAange.
electronically reconfigurable metasurface based on a graguideresonator

geometry was used to demonstrate phase modulation MIE¢36]. By altering the

Fermi energy of graphene due to the applicatiordifeat currentDC) bias (Fig.1.3a),

both the inter and intraband contributions to its complex permittivity were tuned,

leading to amplitude and phasedulation. As a resulthe phase modulation of 237°

was observed at an operating wavelength of 850 t hat was utili zed

steering with an average efficiency of 23%.

In the NIR and visible wavelength rangeresearchers have employed a nuntdifer
different physical mechanisms to realize active metasurfacgg449]i [54], [56], [59]

In one study, ITO layers were incorporated into metasurface antennas in order to
demonstrate dynamic electrical control of the phasgkbamplitude of the plar&ave
reflected from the metasurface in thER wavelength rangi85]. Due to the fielekffect
modulation of the complex refractive index of ITO layers, asghshift of 180and
D30% change in the reflectancemobserved when applying 2.5 V gate bias with a
modulation frequency exceeding 10 MHz (Flg3b). Moreover, by electrical control
over subgroups of metasurface elemeats,electrical switching ofhe +1%-order

diffracted beams was realized.

In related research, a largeale twedimensional nanophotonic phased array was
reported[60]. The metasurface device in which 64x64 optical nanoaate were

densely integrated onSi chip, operated based on therroptic phase tuning in Si (Fig.



28

1.3c). Employing the mentioned active phase tunability in an 8x8 array, dynamic beam

steering and shapingeneobserved.

An alternative approach to achieve tunable metasurfaces is to integrate liquid crystal
(LC) active layers into the otherwise passive metasurfaces. As an example,
temperaturalependent refractivimdex change of a nemati«C has led taa dynamic
tuning of electic and magnetic resonances indiklectric Si nanodisk metasurfaces
(Fig. 1.3d) [53]. Consequently, a-fold modulation of the transmittance accompanied

by a resonance tuning range40 nm was obtained in the telecom spectral range.

In the visible spectralegion other approaches such as using pluéseige materials

and ionic transport could lead tihe realization of reconfigurable metasurfaces.
Integrating germaniuiantimony tellurium (GST) films into metasurfaces has been
consideredn orderto achieve nonvolatile and reversible fashion to obtain tunable
metasurface§s7]. By exploiting a reversible femtosecaoladercontrolled refractive
index transition that occurs in the GST layer, the functionality of the device can be
written, erasedand rewritten (Fig.l.3e). When writing twedimensional binary or
greyscale patterns into the device, visitdage reconfigurable bichromatic and multi

focus Fresnel zone plates were obtained.

In another study, a novel modulation scheme baseth@ftransport of silver ions
through an alumina(Al20s) dielectric layer was proposed to obtain tunable
metasurface$56]. Such an ionic transport resulted in biaduced nucleation and
growth of silver nanoparticles in an ITO coungtectrode, and hence, altering the
optical extinction response (Fif).3). 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 mbiasand 78% absolute change in reflectance

uponapplication of 100 mV of bias.

In addition to the discussed techniques, the reflectance and transmittance of a
metasurface can be mechanically moduld@®] using electrostatic and magnetic
forces[37], [50].

As can be se® active metasurfaces have gained a great deal of attention because of
their unique ability to provide precise and raale engineering of the wavefront of

light atthenanoscale.
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graphenebased gatéunable device for control of reflected phase (leftidphase modulation

at the wavelengths of 8.2 m, 8m50 anedm §.r7m ght ) . Ci

experiment and simulation rdt®) respectivelyadapted fron§36]. (b) Measured reflectance
spectrum (top left) as well as measured and simulated phase shift (bottom left) as a function of

r cl

es

applied bias for IT@ased tunable metasurfaddie nset shows the interference fringes for

applied biass of0 and 2.5 V. Schematic of stedriffracted bearsvia electrical gating of

different numbes of antennas (rightladapted fronf35]. (c) Schematic illustration of a 64x64
nanophotonic phased array system (left) in which a laser input from an optical fiber isedielive
equally to each nanoantenriBhe inset shows a cloagp view of one antenna unit cell.
Simulation (top right) and experimental (bottom right) clapeview of the radiation pattern of

the system designed to generate the MIT logo in thidial. The nset on the lower right side
of the top right panel shows the targeted MIT logo patdapted fronj60]. (d) Schematic

illustration of an LC-based metasurface wiBi nanodisk antennas (left). Heating the cell from
the backside of th&i handle wafemwill result in a temperaturdependent modulation of the

LC refractive index. Measured transmittance spectra of the metasurface (right). The white
dashed line indicagthe phase transition. The red dots and the cyan squares show the resonance

positions & the electric and magnetic resonances, respectivahapted from[53]. (e)

Schematic of a GSbased reconfigurable photonic device (left) whose optical response could

be written by a femtosecond pulsed laskustration 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 planeadapted fron{57]. (f) Schematic representation tie transport of silver
ions through an alumina layer as a result of applying a DC bias. Increasing the applied bias

accompanied by an increment iretsilver nanoparticles migratioadapted fronf56].

an(
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While these reports indicate options for active contrahefscattered light intensity,
phasemodulation ofthe scattered light upon external actuation is of increasing
importance Different tuning platforms have been proposed to achievenfegrable
metasurfacewith wide amplitude/phase modulatioRhasechange materials such as
vanadium dioxide\{O2) and GST enable largelume index modulatiofb7], [61],

but their switchingspeedis limited [51] and they generally require large power
consumption[62] compared to fieleeffect modulation schemeBurthermore with
optical pumping, the area for refractive index modulation is determined by the size of
the focused laser spot, and is thuatreely large, limiting the ability to achieve control

of individual metasurface element®rior research has also combined tunable
metasurface optics with microelectromechanical systems (MEMS) technology to

demonstrate varifocal lenspg3].

Moreover, previous work has shown that fabricating metasurfaces on elastomeric
substrates may yield adaptive metaleri6é§ strairmultiplexed meteéhologramg65],

and active control of the structural col§86]. However, in MEMSbased 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 frequeey. While interesting, these approaches are not able to yield
versatile active control over the scattered light wavefront with independent control of

phase and amplitude asubwavelength scale.

Among themodulationmechanisms, electrical tuning has bgeoven to be a robust,
energyefficient, and reversible scheme for tuning active metasurfi@zgds[36], [45],
[51]1[53], [56], [67] [71]. Inthis thesis, we will focus on a number of electrical tuning

mechanisms that have been proposed to achieve active metasurfaces.

Ouht d 9 inse

Chapter 2 of this dissertation proposes a conceptually newgdted electraptically
tunable metasurfacglatform that could provide amplitude modulation as well as a
recordhigh phase shift. In Chapter 3, we present an elegttically tunable universal
metasurface whose function could be tuned by individually controlling the voltages
applied to each metadace element, and could serve as a base for futwahipn
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integrated optical devices. As a proof of principle, dynamic beam steering and
reconfigurable focusingredemonstrated using the universal metasurface. Chapter 4
introduces the use of active rastirfaces to control the polarization of light. It will be

shown that by a careful choice of the bias applied to the metasurfaces, a-inearly
polarized incident beam can be scattered as light with linear, elliptical, or circular

polarization.

Chapter 5 fouses on the demonstration of reconfigurable enhancement of the
spontaneous emission decay rate of quantum dots and quantum emitters by integrating
them within tunable metasurfaces Chapter6, alternative approaches to obtain
dielectric tunable metasadeswill 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 metasurfac¥/e conclide the dissertation with a discussion of

motivations andhallengesowards obtaining tunable metasurface€haptery.
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Chapter 2

DUAIGATED ACTITVAES WMEF AOERNI DE PHASE
TUNABI LI TY

The material in this chapter was in paresented ifi34].

Active metasurfaces composedetdctrically-reconfigurablenanoscal@antennaarrays
canenable reatime control of scattered ligigmplitude and phaséchievement of
widely tunable phase and amplitude in ebgsed active metasurfacsgerating at or
near 1550 nm wavelengthsweonsiderable potential for active beam steering, dynamic
hologram rendition, rad realization of flat optics with reconfigurable focal lengths
Previously, electically-tunable conducting oxideased reflectarraypetasurfaces have
demonstratedynamicphasecontrol of reflected light with a maximum phase shift of
184°[35]. Here, ve introducea duatgatedreflectarray metasurfacachitecturethat
enablsmuchwider (>300°) phasdaunability. We explore lighimatter interactions with
dualgated metasurface elements that incorporate two independent yvatagelled
metatoxide-semiconductorNIOS) field-effect channels connected in series to form a
single metasurface elemahatenabéswider phase tunabilityUsingindium tin oxide
(ITO) as the activenetasurfacenaterial and a composite hafnia/alumina gate dielectric
we demonstrata prototypedualgated metasurfaceith a continuous phase shift from

0 to 3@° anda relativereflectance modation of 8% underan appliedbiasvoltage

of 6.5V.

Active Metasurfaces for Modul ati on of

The ability to actively control all the important constitutive properties of light
(wavelength, amplitude, phase, polarization stat®) interaction with tunable
nanoscale elements is a grand challemg@anophotonicsMetasurfaces are two
dimensional nanostructured surfaces that enable versasileefront control for
scattered lighff1l]. Metasurfacescan alsobe viewed asarrays of subwavelength
antennas such that each anteimposes a predefinegphase shiftamplitude change
and polarizatiorrotationon thescattered lightTo date metasurfaces have been used

to realizefocusing mirrorg72], focusing lenss[10], hologramd18], [73], [74], and
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polarization convertelg'5], [76]. However, thanetasurfacem these priorreportsare
passivewhich means their properties are fixed at the time of the fabricatienability
to actively and dynamicallyune the properties ohetasurfaces woulehable dynamic
holograms, focusing lees with reconfigurable focal lengsh and beam steering
leading tothe realization of multiple important devices suchdump-basedLiDAR

systems

Several approacheshave been used taactively control the optical response of
metasurfacesn different wavelengthranges Beam steerindhas beendemonstrated
with chip-basedSi photonicsphased arragoperating at a wavelengtif e=1550 nm
[78]. In this approachthe phase of eadntennawvas actively tuned by waveguide
basedhermacoptic phase shiftethrough an itegrated heatem theSi chip. The silicon
photonicsapproach enabdecontinuous tuning of the phase of emitted light from O to
360 upon application of external biddowever thelarge pixel size of the phased array
(9 em x 9 em) resuls in undesirecside lobesMoreover, hermaoptic control limited
the modulation frequency of thephased array® less thab0kHz [78], which is too
slow for versatile beam steering in technologically importabtAR applications, and
the thermal crosstlk between phase shifters and the photodetectorsetlintite

detection range to 2(79].

Metasirfacesoffer a different approach ta phased arrawrchitecture in which the
array is intrinsically twedimensional andhe subwavelength antenna dimensions and
antenna spacingansuppresside lobesHence, it would be highly desirable to have a
tunable metasurface platforfior comprehensivandactive control of scattered light in
the NIR spectral rangeOur group hagreviouslyinvestigatedield-effect modulation

of the carrier density andefractive index of heavily doped semiconductoes an
approach tevardsNIR activelytunable metasurfas¢35]. This approach tees on the
field-effectinduced charge accumulation or depletion in the semigtimd) electrode
of a nanoscalMOS structure that also serves as a resonant antelsnag ITO as a
semiconductindayer of the MOSfield-effect struture enabledactive modulation of
the optical response oplasmonic reflectarray metasurfacg3s], [67], with a
corresponding reflected ligiphase shift from 0 to 184or anapplied biadetweer)

to 2.5V. While conceptually promising as an approachdiive metasurface design
order to realize a comprehensiVg tunable metasurfacea phase shift from 0

approachindo 360°is desirable
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In this chapter, we repotte design andabrication ofdud-gated fieldeffecttunable
metasurfacantenna arrathat enable phase shitgceeding30C” at a wavelength of
&=1550 nm.

..Desi gn -gpdt eDdu aMet asur f aces

Our dualgatedmetasurfacéeatuestwo charge accumulation/depletion layers within

the dielectric spacer efach activemetasurfaceantenna(Fig. 2.1a). The dualgated
metasurface structure consisbf an aluminum Al) back reflector, a gate
dielectric/ITO/gatedielectric heterostructur@ig. 2.1b), and a periodic array of Al
nanoantennas wi t Hrhedishldohei nanbamtenmase@ommpsetiof e r n .
patch antennas thateconnected by Astripes, which also serve as gate voltage control
electrodes.

(a) (b)

FigurbPualat ed act ioea) Soemaicaof thef uait cell of the degdted
metasurface, which is composed of an Al back reflector, a bottom gate dielectric, an ITO layer
followed by another gate dielectrion top of which Al fishbone antennas are located. The
thicknesses of thantenna array, the gate dielectrics, the ITO |ayat the back reflector are

t1= 40 nm,t; = 9.5 nm,t; = 5 nm, ands = 80 nm, respectively. The antenna dimensiong are

= 280 nm andw; = 120 nm, and the electrode widthvis = 170 nm. The period of the
metasurface ip = 400 nm. A voltage bia¥, is applied between the ITO layer and the top
antennas, while another voltage biads applied between the Al back reflector and the ITO
layer. The two applied voltage biases resulth@ formation of two accumulation/depletion
regions in the ITO layer at the top and bottom ITO/gliédectric interfacegb) A magnified

image of the dielectric spacer of the metasurface that consists of the top gate dielectric, the ITO
layer, and the cittom gate dielectric.

Each metasurface element pestiite 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/dtiectric interfacesan

exhibit the charge accumulation or depletion under applied external bias. This design
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facilitatesa large variation of the complex refractive index of the ITO lajeecarrier
density modulation at both its top and bottom intefafig. 2.1b) andis a key reason
for the wide phase tunability of our dugdted metasurface.

. El ectSrmwslt aattlixatnrsa ctPo olpTeO t i e s

In designing duafjated metasurfacewe acountfor anumber ofconsiderations that
can increasethe metasurfacgunability and efficiencyWe chmse thelTO carrier
concentrationto be Nog= 3 x 1G° cm™ to ensure that the real part of the dielectric
permittivity of the ITO layers positiveat a wavelength a&=1550 nm when no external
biasis applied.Under biasa charge accumulation layes formed inthe ITO, andthe
real part of thedielectric permittivity of the accumulation layeanchange its sign,
undergoing the transition frothe optically-dielectric tooptically-metallic phase.

When the dielectric permittivity of the accumulation laigein the epsilomearzero
(ENZ) region, which meansl< Re() <1, the optical electric field intensity in the
accumulation layers strongly enhanced, resulting in theodulation of the intensity
and phase of the scattered lig], [80]i [82]. The optical electric fiel@&nhancement
in the ENZ region of ITCQarises from the continuity of the normal component of the
electric displacemenas the index approaches zero in this red®®y, [81]. This
suggest thatincreasing the number of accumulation/depletion layers withiadhee
region of themetasurfac@ntennaanbebeneficial forenhancingphaseunability. On
the oher hand, isce the optical loss of the ITO laysrnon-negligible, wedesignthe
ITO layerto be as thin as possibld8ased on these consideratiotise ITO layer

thicknesdgs chosen to b& nmin our dualgated metasurfag&eeAppendixA.1).

To accurately calculate the optical response of metasurfaces under applied bias, we
coupk the device physics simulatioif®evice Lumerical)with finite difference time
domain(FDTD) optical simulationgLumerical) The device physics simulatioase

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. Indmwice physics calculations, we assume

the work function of Alto be4.3 eV. We also assume the effective electron mass of
ITO of m* =0.35me, with me being the free electron mass atectron mobility of ITO

of 25 cnfV-isl. Since our ITOis degeneratgl doped, we assumeo significant
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contribution ofholes to the observed physical processes. In Device Lumerical software,
we insertthe holeseffective massf 1xme, and the hole mobilitgf 1 cn?V-st. In our
simulations, the bandgap of ITi®set to 2.8 ¥ [83], and the electron affinity of ITO

is chosen as 4.8 eV. The assumed DC permittivity of iST'@3 [84].

Once we identif the spatial distribution of charge under different applied biases, we
then relate the calculated carrier density to the complegadied permittivity of ITO

o by using the Drude model:
- - 101 9w (2.1)

where he plasma frequenty is given by the following expression

1 0 Q7r-a’ (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 “ is the
effective electron maseis the damping constant, is a fitting constantand, is the
angular frequency, which is related to the wavelergiis o 2 “/ cywherec is the
speed of light in vacuumwWhen performing optical simulations, we assume that
m*=0.35me,[ p& p 1,and- =3.9.

.Choice of Pl asmonic Met al

Anotherparameter that determines the performanfcie devicds the choice of the
plasmonic metal. The work functions of Al asiter (Ag), which are both near 4.3 eV,

are close to the work function of ITO when the carrier concentration ejorl3 x

1079 cmv3, 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/gidéectric/ITO capacitor reduces

the zerebias 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 gklectric layers under applied electrical Hia8], [85]. To eliminate this issue,

we use Al, aomplementary metadxide-semiconductor (CMOSgompatible material,

as the plasmonic metal in our tunable metasurfaces.
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. .Choi Gataeflictric

The attainable optical modulation in our tunable metasurface is also determined by the
choice of the gate dielectric material. @oablethelargest 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 fieldlumina andhafnia HfO>) are
among the most commonly used high dielectric congjate dielectric materiakhat
areemployed in fieldeffect transistor technology. Az exhibits good thermal stability

and almost perfect interfacial properties witHb&sed substrates, has a large bandgap,
and a high breakdown field of up to 10 MV/¢86], [87]. However,it suffers from a
relatively low DC permittivity ofkazos = 9. On the other hand, H&s a CMOS
compatible material with a wide bandgap, alatively high dielectric constant of

up toknfo2 = 25. But it exhibits a small breakdown field ofl3ViV/cm, and high leakage

current induced by its low crystallizatioenhperature.

Previous research has shown tha®OAIHfO2 nanolaminates, commonly referred to as
hafniumaluminum oxide laminateHAOL) materials,canhave superior electrostatic
characteristics as compared to botb@land HfQ [88]. HAOL structures, which are
grownvia consecutive deposition of ultrathina@s and HfQ layers,werepreviously
shown to have the low leakage current and high breakdown field characteristics of

Al203, and ado the large DC permittivity characteristic of HfO

Accordingly, we were able to obtain a custdeveloped recipe that providedtdi8OL
films with superior electrostatic performance as compared to #@sAhd HfQ films
(see Appendix A.2 for fabrication andcharacterization of HAOL). Our fabricated
HAOL film showed a DC permittivity okqaoL = 22, and abreakdown field oEnaoL

= 7.2 MV/cm As a consequence, by using our custoadeHAOL films as the gate
dielectric in our duafated metasurfacewe have been able to solve one of the most
challenging obstacles of designing voltageable metasurfaces whithe choice of

a gate dielectric with both high DC permittivity and high breakdowia fi

.El.ectr omBagnmeétaitd oc@at @ed MNMatadasur f aces
Modeltlhengl TO L ®wyedatiend tMueetSatsruurcftaucree

As mentioned itheprevious sectionwe model the optical response of our metasurface

under applied bias usirfgDTD simulations coupled to device physics simulatidns.
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order to apply bias to metasurface elements, fishbone antan@a@snnected by
electrodes, creating equipotential columns (B&g 2.23). Then by connecting the
obtained columns to external metallic pads, we can control the bias applied to the
nanoantennaslhe electrostatic performance of the dgated tunable metasurface
element can be viewed as two parallel plate capacitor structurel af@ connected

in series. Therefore, two independent bias voltagede applied to each metasurface
element,Va and VW (Fig. 2.2b). Figure 2.2c shows an SEM image of the fishbone
nanoantennasonnected through the electrodes. A focused ion beam (FIB)-cross
section image of the nanoantennas is presented ir2 Ea). In order to apply bias to
the nanoantennas, all antennas are connected using connection padsnais $hQw
2.2e.

. ITO
Dielectric
. A

Figuri€onfigur atapmltioefdt hbeasnanoant-gahaed Baontithwhe
me t a s u(@)fSehenmtic othe fishbone nanoantennas connected togettzeelectrodes

(b) Schematic showing the bias application configuratibhe nanoantenna arrayare

electrically connected to an external pad to which we apply the val{@ySEMimage ofthe
nanoantennad he <ale bar is 500 nn{d) FIB crosssection of thenanoantenra The cale

bar is 500 nm(e) SEM image of the nanoantennas connected for bias applicatiersale

bar is 500mm.

For the sake of simplicityve assume thaV{|=My| that yield two accessible regimes

of device operation, where sig¥.xVp) QD (Casd) and where sigiiVaxVs) OO0 ( Cas e
II). The charge carrier distributions in the®rthick ITO layer for Case | and Case II

are depicted irFig. 2.3. Here, thez position varies between 0 and 5 nm, with O
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corresponding to #nbottom ITO/HAOL interface and 5 nm corresponding to the top

ITO/HAOL interface.

Vo V]
(O.l.l 3)38

(0113 )aa

Position [nm]

(h)

(0.1.13) wy

Position [nm]

Position [nm]
Figurkllustration of Caseplplaoedt lCasdadl adtoirv d
me t a s u(g)iSehematic of Case | in which there is a simultaneous charge accumulation or
simultaneous charge depletion at both ITO/HAOL interfaces of the ITO layer. In Case |, we
assumeV, = Vo and Vp = Vo. (b) Schematic of Case Il 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 I, we asMdm&pandVy, =T Vo.
The charge carrier distribution in the ITO layer as a function of appliedget for (c) Case

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

the applied voltage and position {@&) Case | andf) Case Il at a wavelength e 1550 nm.
The boundaries of the ENZ regions are redrby dashed curve$heimaginarypart of the
dielectric permittivity of the ITO layer as a function of the applied voltage and positi¢g)for

Case | andgh) Case Il at a wavelength e 1550 nm.

As can be seern Case |, theris a simultaneous charge accumulation or simultaneous

charge depletion at both ITO layer interfacese(Fig2.3a, ¢, e, g). In Case I, charge
accumulation at the top ITO/HAOL interfarssaccompanied by charge depletion &t th
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bottom ITO/HAOL interface, or, vice versa, charge depletion at the top ITO/HAOL
interfaceis accompanied by charge accumulation at the bottom ITO/HAOL interface
(see Fig2.3b, d, f, h).

We should note that only the portiohthe ITO located directly beneath the Al fishbone
antenna is optically modulated at the top ITO/HAOL interface (se€Hig). As seen

in Fig. 2.3, in Case | the ITO dielectric permittivity tite 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 truédee 1. In Case Il, for
sufficiently large applied voltage magnitude, theyalways charge accumulation at

either top or bottom interface of the ITO layer

Simul ated Amplitude abdaCRhaedse MRdxuapwrda

After modeling the complex dielectric permittivity of ITO as a function of position and
appled voltage, we calculate the metasurface optical response for different applied
biasesunder normalinciderceillumination with a transverse magnetic (TM) polarized

planewave E-field alongx-direction).

Here, the antenna width and length, and the widthestripe electrodarechosen to
bew: = 120nm,| = 280 nm, andv. = 170 nm(seeFig. 2.1a), respectivelyn order to
achieve a resonance around our wavelength of intere$650 nmlt should be noted
thatin our simulationsywe use 0.025 nfthick mesh sizes in the active regions of ITO

( & 2 -thickhto carefully resolve the inhomogeneous permittivity profiles and capture

the accurate optical response of the unit cell.

Figure2.4 shows thaeflectance response of tbaalgated metasurface in Casand

Case llas a function of wavelength and applied voltdgeCase | (Figs2.4a, c, e), a

large reflectance modulatiors observed at positive biaseshen the dielectric
permittivity of both the top and bottom ITO interfaces snoso the ENZ regionin

this casewe observe a blue shift of the resonance when the applied bias isfre@se

0 to 2.5 V. For applied voltages larger than 2.5 V, the @som reeshifts. Thisis
consistent with previously reported resyB$]. In Case I) we observe a significant
reflectance modulation both at positive and negdtiaseskigs.2.4b, d, f). Moreover,

we observe that in Case ll, the reflectance spectsunvariant to the transformation

VoY T Vo. This is due to the fact that in Case Il, both at positive and negative biases, the
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gap phsmon resonance coupled to the ENZ region in ITOistfarmed in either the

top or the bottom ITO layer interface.

Figures2.4e, f show the spectra of relative reflectance change at different applied
voltages for Case | arClase I, respectively. The insets of Figsle, f showthe relative
reflectance change as a function of applied voltage at a fixed wavelermthlds0

nm. As could be seen, a very large relative reflectance clsageiesed in both Case

| and Case Il at the operating wavelength.
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C a s eReflettance from the metasurface as a function of wavelength and applied voltage in
(a) Case ] and(b) Case Il Reflectance spectrum for different applied biasegdpCase | and

(d) Case IlI. The relative reflectance change spectrum for different applied voltage<Jfase

| and(f) Case Il. The insets show the relative reflectance changdumstion of voltage at a
wavelength of 1550 nm.

The phase response of the dgated metasurface under applied bias is presented in
Fig. 2.5. Figure2.5a shows the acquirgzhase spectrum of Case | for different applied
biases. Here, the acquired ph&sdefined 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 sh#tobserved at positive biases, when the dielectric

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

In Case ll, similar to the reflectance modulation discussed aboveam@bsere a
significant phase modulation both at positive and negative biagp2 (5b).
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As could be seeln Figs. 2.4 and 2.5, the proposed duglated metasurfacean
significantly alter themplitudeandphase of the reflected light under an applied bias.

In Fig. 2.6, we plot the phase shift and reflectance as a function of applietfdaas
wavelength ob= 1550 nmFigure2.6a, which correspnds to Case |, shows that this
bias configuratiortangive a continuously tunable phase shift betweehar@ d T 2 4 5
when the applied voltagsvaried betweeWo= 1 6 . 5Vo=\6.5 ¥.Mlds amounts to

a total tunable phase shift of 31derived from Case |I.

(b)

—_—
o
—

S “ Gate dielectric {100 -f;"] g 10 §

° L — o 10} 1 by

Q 0 £ 2 £

o = 1-100=

] 20} ﬁ E %

0 -100 g o )

8.0l 2 R 1-200 o
10 v

% 2005 & £
- ©

€, o 0 3002

-5 -2.5 0 25 5
Vo [V]

Figur:&si mul ated reflectance gatdephmseasthrffdace
function of \apthlei evdh vedBe trmg dhdn(a) Reflectance and phase

shift of the dualgated metasurface i€ase |, in whichthere 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 dgatled metasurface Base I, in which the charge
accumulation at the top ITO/HAOL inface is always accompanied by the charge depletion

at the bottom ITO/HAOL interface and vice versae nsets schematically show the charge
distribution in the dielectric spacer of the metasurface.
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As expected, a phase shift derived from Casés linvariant with respect to the
transformationVoY T Vo (Fig. 2.6b). In Case Il, the phase shift smoothly vakietween
0 a n d° whehhb applied voltags increased fronVo= 0 V to Vo= 6.5 V. Thus,
via an appropriate biagpplication, the proposed dugdted tunable metasurfacan

allow us to attain a tunable phase shift of345

Distribution of E{GatedomMagasuir ¢ aEi

To gain further insight, wetudy the distribution of the electrand magnetic fields
inside and around the dugéted active metasurface. In F2g7z, weplot the distribution

of the absolute value of the optical electric field in the metasurface elentrd
resonant wavelength @=1550 nm Figure2.7a shows the spatial distribution of the
optical electric field at zero bias. The bottom part of Riga shows the magnified
region of the dielectric spacer at zero bias. WaddC bias is applied, we obsera
significant variation of the distribution of the optical electric field. Figtii#d shows
the optical electric field distribution in Case | at an applied voltagé ef 6.5 V. As
seen in k. 2.7b, the optical electric fields enhanced at both the top and bottom
ITO/HAOL interfaces due to the ENZ regions thatformed at these interfaces.

Eivim ()

200 =100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200

x [nm] x [nm] x [nm]
Fi gur:eSpati al di stributi ont ®iivg ittthyen ety e d ual f

metasurface f or (&dmstebutibn odthednadditudeeof the lelectric field
inside the metasurface element at no applied bias. The bottom faysbbws the magnified
image of the field distribution in the HAOL/ITBIAOL dielectric spacer of the metasurface.
The closeup of the distribution of the electric field magnitude in the dielectric spacer of the
metasurface whefp) Vo=6.5VinCasellc)Vo= 1T 6. 5 V(d)iVe=66 ¥ i €asd I,

(&) Vo= 1 6 . GaseMl.Theroperating wavelength#&=1550 nm.
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On the other hand, when the applied DC biasin Case lisequgtto 1 6 . 5 V, t he
layer is depleted at both top and bottom interfaces (Eigs), and therefore we do not

observe a significant optical field enhancement in the ITO layer.

In Case Il, however, a dramatic optical field enhancement is observed at both positive
and negative applied biases V0= +£6.5Rigé. 2.3d, €. In this case, an applied bias

of Vo= 6.5V, we observe the optical electiegdd enhancement in the ITO layer around

the top ITO/HAOL interface due to the ENZ region formed in the ITO layer 2Fig).

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 biasisequalto T 6. 5 V. Th
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 tlzecomponent of the electric fielH,
inside the dielectric spacer of the tamurface, which consists of HAOL/ITO/HAOL
planar layers. The spatial distributionBfis calculated at a wavelength b6=1550

nm. Figures2.8a-c correspond to the bias application configuration that is referred to
as Casd, while Figs.2.8d-f correspond to the bias application configuration referred
to as Case Il. In both Case | and Case I, the assumed values of the applied\lhias are
= 1 6 VBb=0V,andVo=6.5V. As seen in Fig2.8c, d and f,one can observa
strong field enhancement at the interfaces of ITO and HAOL.

@  v,=v,=-65v  gm (® V,=V, =0V ()  v,=v,=+65V
15 20 15 7 15
_ Top gate dielectric 10 10 _
E Sl E S0 R E Sl mem e
ITO
E gl MO o & [ T T i A
-5 Bottom gate dielectric -10 -5
-10 -20 -10 -10
-200 -100 0 100 200 -200 -100 0 100 200 -200 =100 0 100 200
x [nm] X [nm] x [nm]
d y-v,=-65v (e) V,=-V, =0V ® V.= -V,= 6.5V
15 15 - 15
10 10 10
. T o S - S
£y —— s - N e e ———
-5
10 10 10
200 100 0 100 200 -200 100 0 100 200 200 100 0 100 200
x [nm] X [nm] x [nm]
Figure . : Spatizalomgosent bofi ¢meofel eldéric f

gated metasurf ace Closeupithage ef thé spatial distriQution ef thé | .
component of electric field in the HAOL/ITO/HAOL regi@b the wavelength @&=1550 nm

for (@) Vo=16.5V,(b) Vo =0, and(c) Vo =+6.5V in Case I(d) Vo=16.5V,(e)Vo =0V,
and(f) Vo=+6.5 Vin Case Il.
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Figure2.8also shows that thecomponent otheelectric fieldE; around the right and

left edges of the antenna are antiparallel@oh other

Figure2.9plots the spatial distribution of the absolute value of the magnetic field for
our dualgated metasurfacest the wavelength ob-=1550 nm.Figures 2.9%-c
correspond to Case I, while Figs9d-f correspond to Case Il. In both Case | and Case

II, we assume the following values of applied bias voltagess 1 6 .V&=0WV,
and,Vo=6.5 V. As seen in this figure, the magnetic fisltbcalized in the gap region
between the Al antenna and thesk reflector. This proves the existenceaahagnetic

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

strongly altered by changing the applied voltage.

@ v,=v,=-65v @m0 V,=V,=0V () v,=v,=+65V

0 100 200
X [nm]

V,=-V,=6.5V

x [nm] x [nm] x [nm]

Figur:e Spati al di stribution withihe -tnageduat
met asur face f or Spatiald@istributian ofdthe Gagsitede bflithe magnetic

field at the wavelength @=1550 nmfor (a) Vo=16.5V, (b) Vo =0, and(c) Vo= +6.5 V in

Case I,(d) Vo=16.5V,(e)Vo=0V, and(f) Vo= +6.5 V in Case Il.The horizontal dashed

lines from bottom to the top specify th®undaries between the back reflector and bottom
HAOL, the bottom HAOL and the ITO layer, the ITO layer and the top HAOL,thedop

HAOL and the antennashé&verticaldashed lines outline the patch antenna

Fabri catgiaardofTubDwadll e Met asurface

Having identified an approach to metasurface design, we fabricate and characterize the
tunable optical response thfe duatgated metasurfacén order to fabricateur gate
tunable metasurface, we first perform RCA1 cleankg>( NH4sOH: H20, = 5: 1: 1)
of 100 Si substrates. We then deposit an 80-thik Al back reflector using-beam

evaporatior(see Appendid.3). On top of the Aback reflector, we deposit a 9.5 nm



46

thick HAOL usingatomic layer deposition (ALD)}s described iAppendixA.2. Next,

we deposita 5 nmthick ITO layer on top of the HAOL gate dielectric by using RF
magnetron sputtering iAr/O2 plasma environmer{seeAppendixA.4 for fabrication
and characterization of the ITO layerp characterize our ITO films, we perform Hall
measurements and spectroscopic ellipsometry on-fhiak ITO layers depositeon
guartz and Si substrates, respectivéyncewe sputtered the ITO layer, we deposit
another 9.5 nnathick HAOL layer as the top gate dielectrid\fterward, we sm
electronbeam resistEBR) on our Si/AI/HAOL/ITO/HAOL planar sample and pattern
fishbone antenna arraysms well as thecontact padsvia standard kectronbeam
lithography(EBL). After developing the-beamexposed sample, we depost nm
thick Al by using ebeam evaporationfhe dualgated metasurfads obtainedafter
performingthelift -off process. Figur&.10 summarizes the described fabrication steps

of our tunable metasurface.

RCAH1 treated Si substrate E-beam evaporation of Al Atomic layer deposition of
back-plane HAOL
Spinning resist Atomic layer deposition of Sputtering ITO
HAOL
E-beam exposure and E-beam evaporation of Al Metal lift-off
development antenna array

T

Figure Schematic representati ongadfedf ahurniadd tei
me t a s u Fdllavimg the direction of the arrows, the fabrication steps can be
summarized as follows: RCAdleaning 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 dibp HAOL gate dielectric by ALD, spinning-tayer ebeam resist,

patterning the top antennas witlbbeam lithography and development of the exposed resist,
deposition of the Al antennas bybeam evaporation, and liftirgff the excessive Al and

the resst.
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It is noteworthy that during fabrication, our sampédes patterned to allow for easy
application of a bias between the Al back reflector and the ITO laggr The Al
fishbone antennaare connected to amxternal Al pad that allogvfor facile bias
application between the fishbone antennas and the ITO MyefMhe electrode pads

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

~.Experi Dembaktrati oqatodd tret eDuwarlf ac e

Once we fabricatgéthe dualgated metasurface as discussed in the previous section, we
doamplitude and phase measurements on the fabricated d&ptesl measurements

are performed by illuminating our metasurfaces with linearly polarized light with
incident electric field aligned with the fishbone antenxdifection in Fig 2.1a). In

our experiments, the bias configuratioorrespondso Case |, wheNa= Vo andVy =

Vo (Fig. 2.3a).

Refl ectance measurement s

Figure2.11shows the experimental setup that we use for reflectance measurements.
In our reflectance measurement setup, the metasugdbeminated by a broadband
laser. The laser beam impirsgen the metasurface after passing through an optical
chopper, a polarizer, a 50/50 npalarizing beam splitter, and a 20x objective lens.
We use a white light source, a flipping mirrand achargecoupled deviceGCD)
camera to make sure that the lasenbisgositioned at the center of the metasurface.
The light reflected from the metasurfaseéhen guided to a germanium (Ge) detector

by the 50/50 beam splitter.

NIR Laser Monochromator OC: optical chopper
A Y A M CCD camera M: mirror
E (m? f — P: polarizer
7 Q BS: beam splitter
FM: flipping mirror
/ Detector
BS 20x Objective

o@D

Metasurface
i White light source

Figure : : Optical setup for meagatredg t he
met a $§ a AdR.laser beam is shone on the metasurface, and the reflected beam is
collected by a detector.
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The reflectance is then obtaingd

YQQa Q® O & EpariQn (2.3)
where'Y and’Y are the raw reflectance values obtained while
illuminating the metasurface and the Al back reflector, respectively. IS

the background reflectance in the absendé@icident laser beam.

Figure 2.12 displays the measured reflectance spectra at different values of applied
voltageVo. The resonance observed to blueshift with increasitite voltage fromVo

=0V toVo=2.5V. When we increasthe applied voltage frordo = 2.5 Vto Vo = 6.5

V, the resonances observed to restift, and likewise when we decrease the applied
bias fromVo=0VtoVo=1 6. 5 V, a r eisobsareed. these obsatvatioris f t
are consistent with our simulation results (Fiy4) which indicate that at an applied
voltage ofVo = 2.5 V, we reach the ENZ region in the ITO accumulation layer
corresponding to the transition from resonance blueshifedshift. Figure 2.1%

depicts thespectrum of theelative reflectancehangeobtained from
- — (2.4)

As can be seen, even though the measured reflectance modsfnis fairly
broadband, we observe an enhancemen®if? around the metasurface resonant
wavelength. The inset of Fig.1% shows theelative reflectancenodulationz-2¥2

as a function of applied bids at a wavelength of = 1550 nm. At a wavelength of

= 1550 nm, the relative reflectance modulatimuch more significant for negative

rather than positive bias voltages.

WhenVy decreasefromVo=0VtoVo= 1T 6. 5 V, we oObserve a 1
modulation of 89% at the wavelength o= 1550 nm. On the other hand, when the

applied voltagé/o increasefrom Vo = 0 V to Vo = 6.5 V, we observe that the relative
reflectance modulatiois 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 tmodulation of the optical electric field in the ITO

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

strong absorption in the ITO layer, whereas the applied bias effeatnelulates the
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optical field distribution irthe dielectric spacer of tieetasurface and leadsabigher

reflectance.

Figure2.1Z displays the reflectance as a function of applied vokKagéa wavelength
of / = 1550 nm. As can be seen, a decraéadke reflectane levelis observed when
the applied voltage incressBom Vo= 1 6 . %0 =Y0.6 V. ®nce the applied bias

passe Vo = 0.6 V, we observe an increase in the reflectance.
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1 r . =
9 o0 ‘9_9-.100 =1550 nm
£ 80 =200 < % e
[ o~ 2 S O
2 60F = <
c P 65-35 0 35 65
5 o 100 Voltage [V]
o 40
2 o
S 20} < of
m 0 " L L 3.3V N —y
1200 1400 1600 1800 1200 1400 1600 1800
Wavelength [nm] Wavelength [nm)]
(c)
—35
=
3
c 25}
©
et
o
2
S 15|
14 . . . . .
S5 25 0 2.5 5
Voltage [V]
Figure . : Measured amplitude resddase of

Measured reflectance spectra in Case | at different applied volagés The spectra of the
relative reflectance modulation for different applied voltages he inset shows the relative
reflectance change at the wavelengtheef 1550 nmas afunction of applied bia&/%. (c)

Measured reflectance in Case | as a function of appliedviasd at the fixed wavelength of
&= 1550 nm.

Phase measur ements

After performing reflectance measuremeits the gatetunable metasurfacand
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

interferometettype measurement setapown in Fig2.13

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

via a polarizer, a 50/50 ngpolarizing beam splitteand then a 20x objective lens. By



5C

using a white light source and a CCD camera, we elisat¢he laser lightlliminates

the edge of the metasurface. Therefore, a part of the incomingibeeitected from
the metasurface, while the other pastreflected from the surrounding planar
AI/HAOL/ITO/HAOL heterostructure, which astas a buikin phase reference. The
light reflected from the sampigguided to aNIR camera by using a 50/50 beam splitter.

At the same timethe incident laser beam itsedf directed to the camera by using
mirrors, where it sengeas a reference beamhe images of the formed interference
fringesarerecorded by the camera. The camera rectwo regions of interference
fringes i) the fringes formeda interference of the light reflected from the metasurface
and the reference beam, and ii) the frinigesedvia interference of the light reflected
from the HAOL/ITO/HAOL/AI planar heterostructure and the reference beam. Our
interferometry enabteaccurate phase measurements sinadis configuration, errors

caused by vibrations and other motion ingitéds areeliminated.

Multimode
Fiber

M: mirror

P: polarizer

BS: beam splitter
L: lens

Souroe 20x

Objective

%\ /**'U

Metasurface

Figur &@ptical setup used for measuring the
t he t unaghaltee dd umaelt ahe fringksaobtaireed from the interference of the
incident and the reflected bearm®recorded by &IR camera, and subsequently processed
and fitted. Our fitting procedure enables to retrieve the relative displacement of the
interference fringes originating from the metasurface and the reference when yve higsl.

To analyze the phase shift of thght reflected from our tunable metasurface, we
process the images captured by the camera under different applied biases. In these
images, we select one spatial cresstion from the metasurface interferefragges

and another one from the referencaedgs area. The intensity values at the eross
sectionsarethen interpreted as the curves which are then smoothened by a moving

average (MA) filter.

p h
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Figure2.1Zashowstheinterference fringes recordéy the NIR camera foritferent

applied bias voltages.
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Figure : : The Mitcyhpeel smoena siunrteenmefnetr ormeest lelrt s
the phase shift of thegdtightmatedd ercft ede fwhem
t he appl(@)dahe interfeerce fringe patteyrcaptured by the NIR camera. The

dashed lines labeldg@Ro andfiMo show the reference and metasurface fringe esessons,

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

sections and their MA smoothened curv@s.Fitted sinusoidal waves for reference and
metasurface fringe crosections. Herayp rjs the distance between the two fixed peaks of

the sinusoidal functions fitted from metasurface and reference fringesarcissns, ang

is the period of the sinoglal wave, respectively.
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The intensity data extracted from the reference fringes (indicatefiRiy and
metasurface fringes (indicated B 9 is depicted in Fig2.14b. Figure2.14 also
plotsMA -filtered curves for both the reference and metasurface fringes. Riddce
shows the sinusoidafunctions fitted to the two mentioned fringe regions.
Considering the offset between these two sinusoidal functions, orealalate the

phase shift for each applied bida
0@ i {aQQO— (2.5)

wherew rjs the distance between the two fixed peaks of sinusoidal functions that
correspond to the metasurface fringes and reference fringeg, anthe period of
the sinusoidal wavéccordingly, the measured interference fringe displacenagats

converted into a relative phaskift.

Figure 2.15 shows the measured phase shift values as a function of applied bias
voltage Vo at the laser illumination wavelength &f = 1550 nm. Examples of
interference fringe images recorded at bias voltagésof T 6 . 5Vo¥+6.8¥Y d

are shown in the inset of Fig.15 The dashed white lines show timerference

fringes from the metasurface (M) and the referencéflRen we increase the applied

voltage fromVo=0VtoVo= +6. 5 V, we obs2i%evhidis phase
accompanied by a modest relative reflectance modulation of 28%2(Efg).

-
(=4
o o

-100¢}

-200}

Phase shift [deg]

5 25 0 2.5 5
Voltage [V]

Figurie Measured phase -gatsepdo nnseet aosfu rtMeasared ufad r C
phase shift of the metasurface as a function of applied volfagea wavelengtiof a== 1550

nm. The insetsshow the interference fringesi&d.5 Vand+6.5 V. The dashed lines labeled as

fiRo andfiMoindicatetheinterferencdringes fromthereferenceand metasurface, respectively

Moreover, decreasing the applied voltage fins O VtoVo= 1T 6. 5 V, we mea
phase shift oft91° thatis consistent with our simulation results shown in Eida.
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Interestingly, despite the modest phase shift recorded at negative Wasd} the

reflectance measured at a wiangth/ = 1550 nm increasdrom 13% to 30%.

As can be seertthe overall phase shifof 303°is produced ashe applied bias to the

dualgated metasurfads varied betweeWo = 6.5 V andVp =+6.5 V.

Theoretical DemonstrHdsiog b {Ga tBePda anl

Met asur faces

In the present sectipmve usethe experimentally derived phase shift and reflectance
values to theoretically estimatbe beam steering performance of our dgated
metasurface. To steer the beam, wealdlazed gratingpproach. 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 antemray @aheory to analytically calculate

the farfield radiation pattern of our metasurface. In our analytical approach, we
incorporate experimentally measured reflectance and phase shift values into the

calculations of the fafield radiation pattern.

Within the scope of the Fraunhofer approximaf{i®d), [89], the farfield intensity can

be analytically given as
0— 90 s DO (2.6)

whereO s the farfield radiation pattern of a single metasurface element, Wfile
stands for the array factafis the observation angle defined with respethéz-axis.
Note that the reflected beam is stk thez-x plane (see Fig2.1a). In ourcase, the

array factor can be written as
00 B YQ (2.7)

Here, ] numerates themitter, and N denotes the total number of emitters in the
metasurfacek denotes the free space wauenberk = 2 “a;/andd gives the distance
between neighboring emitters. Therefor® p QO E-- gives the phase difference
conditioned by the path length differentse the observation point due to different

emitterpositions.Y gives the reflectance of t§i& emitter, which we extract from our
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measurement results (Fig.12). is the actively controlled emittémparted phase

tha controls the beam deflectidhig. 2.15.

In this approachan emitter is defined as a scatterer, which scatters light with a given
phase. For example, an emitter can be amadof a single or multiple metasurface
elements, depending on the voltage application configuration. The array factor captures
the most important features of the-feald radiation pattern, such as the steering angle
and the width of the steered beam. Siage emitter is relatively omnidirectional, we
setsO s p, 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 duatgated metasurface, vean apply 200 independent bias voltages.

As mentioned above, we useblazel grating approach to steer the beam. In this
approach, we create a constant phase gradient along the metasurface, effectively
creating a periodic phase pattefirable2.1 summarizes the experimentally derived
voltages, which yield the relative phase shifts equal’t®®, 187, and27C. The
corresponding measured reflectance valueslamshown in the last column of Table
2.1 We define @lazedgrating that consists of four metasurface elements with phase
shifts of @, 9, 18C°, and27(°. Since we assume that we have 100 metasurface
elements, we can effectively create 25 blazes. In this tteesparameted equals to the
period of our metasurfacg = 400 nm Figure2.16a shows the calculated f&eld
radiation pattern. As can be seen, in this case, the beam is steestddnng angle of
7.

In the next stepwe againemgoy four independent phase leveldowever,now, we
define a single blaze a®°, 0°, 9C¢°, 9C°, 18C, 18C, 27C¢, and27(C. Note, that now in
Eq. 2.7), we setd = 800 nm, andN = 48, implying that in this calculationve assume
that the metasurface consists of 96 elementhidrcase, our blazed grating consists of
12 blazes, and the steering angle i$&38shown in Fig2.16b.

Table 2.1: Experimentally measured phase and reflectanaalues. The reported values
of Vo provide phase shift in 90 steps.

Phaseq Relative Phasée] VoltageVo [V] Reflectance [%0]
-198.6 0 35 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 steeririg2 Table
summarizes the experimentally derived voltages, which yield the phase shifts equal to
0°, 607, 120, 180, 240, and 300, which we use to defe a unit blaze. In this cas#,

=400 nm, andN = 96. The experimentally measured reflectance values are shown in
the last columrof Table2.2. We can now apply 16 metasurface blazes that yield the
steering angle of 3%s shown in Fig2.16c.

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

Vo a provide phase shift in 60 steps.

Phaseq] Relative Phasée] VoltageVs [V] Reflectance [%0]
-211 0 55 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
(a) (b)
1 1
0=72° 0=28°
0.8 0.8
©0.6 0.6
c c
[ []
£04 £0.4
0.2 JJ 0.2
. oAb
0 -50 0 -50 0 -50 0 -50
6 [de 0 [de
© [deg] () [deg]
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0.8 0.8
%0.6 %0.6
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] ]
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0.2 J“. 0.2
h
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Figure Calcul ated begamtetteteunalbl eemat a

The far-field radiation patterrfor different voltage application configurations with phase

profiles of the metasurface beifg) 0°, 9C¢°, 18C¢, and27(C, repeated 25 time&)) 0°, 0°, 9C°,
90°, 180, 180, 27C, and27(, repeated 12 timeg¢g) 0°, 6C°, 12C¢°, 18C, 24C, and 300,
repeated 16 times, aifd) 0°, 0°, 6C°, 60, 12C¢°, 12C, 18C, 18C, 247, 240, 300", and30C,

repeated 8 times. The inset of each subfignolecateshe angle at which the beam is steered.
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As a final example, we define a unit blaze §s®, 6, 60°, 12C, 12C¢, 18C, 18C,

24C, 240, 300, and30C°. Thus, a single blaze consists of 12 metasurface elements.
Note that in this case, we skt 800 nm, andN = 48. When this blaze is periodically
applied, the reflected beam is steeredri@ngle ofL%. The farfield radiation pattern

of such blazes is shown in Figj.1&.

It should be noted thalh¢ steering angld obtained fromEqgs. £.6) and €.7) can also
becalculated by using a simple grating equation

OE+ - (2.8)

Here,L denotes the length of the blaze.

Figure2.17 plots the steering angle as a function of the period of the blazed grating
obtained using Eq.2(9). In Fig.2.17, the red dots correspond to the blaze periods,

which have been used to produceffatd radiation patterns shown in Fig.16

Dots a, b, c, d, corrpend to Figs2.16a, b, ¢, and d, respectively. The steering angles
predicted by the grating equation.§) match well with the steering angles obtained
from the calculations of the fdield radiaton pattern. Thus, by using the blazed grating

approach, we can also steer the beam to the other angles shown irREigure

—=70,®2

o
o0
Oooo
o
10} °°°Ooooooooo'

2 4 6 8 10 12
Length of a unit blaze (um)
Figure . . Calcul ated steeri n§teednganfleeas usi n
a function of the period of the blazed grating. Red dots correspond to the blaze periods, which

were used to produce féield radiation patterns shown in Fig.16 Dotsa, b, ¢, andd
correspond to Fig2.16a, b, ¢, and despectively.
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Comper iSsgagleel Tunabl e Metasurface

To confirm that it isadvantageus to usedualgated metasurfaseas compared to
singlegated oneswe calcula¢ the phase shift of théght reflected from the
metasurface, when only thEO layer and the fishborentenna are biased with respect
to each otherFigure2.18 shows the reflectance as a function of wavelength and
applied bias. Figureg.1&, c plot the reflectance and relative reflectance change

spectra for different applied voltages.
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c o u nt e(n)Reflectance from the singlgatal metasurface as a function of wavelength
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acquired phase for different applied biagBsPhase shift as a function of applied voltage at
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The reflectance as a function of applied bias voltage for three different wavelengths
close to the resonance wavelength is depicted inZidgd. Figure2.18& shows the

spectrum of the acquirgzhase, and the phase shift as a function of applied voltage at
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the wavelengths of =1545 nm, / =1550 nm, and =1555 nm are plotted iRig.
2.19. As can be seerwhenwe change he voltage from 16.5
shift changes frond8° to -212.8 when/ =1545nm, from 75.6 to 1 185.2 when/
=1550 nm and from93° to1156.8 when/ =1555nm.

Therefore the maximum achievable phase shift for the shgyglied metasurfacis
~272°, which is 74° smaller than the phaseshift obtained from the duajated
metasurfacélVe note that the duglated metasurface exhibits an asymmetric response,
enabling a given phase shift to be achieviedmultiple different bias configurations,

and hencegreater flexibility in system design for beam steering.

Conclusions and Outl ook

In this chapterwe presented thdesign an@xperimental demonstration adualgated
plasmonic reflectarray metasurface thlabws wide phase tunabilityith appliedbias
at a wavelength a#= 1550 nm and hephase of theeflected lighttanbe continuously
tunedfrom 0O to 3@°. We showed aneasuredelativereflectancemodulationof 8%%.
This large optical tunabilitys achieved both due to the materiafaployed herandto
the dualgated metasurfaarchitectureEachelementof our dualgated metasurfaces
can be viewed as twaseriesconnectedMOS field-effect structuredo which two
independent bias voltagesan be appliedyielding a wider phasetuning range
compared to asinglegated metasurface. Interestinglyg, our metasurfacea given
phase shift can be achiewdad multiple different bias configuratiorikat yielddifferent
reflectance valuegnabling an approach for reflectance modulati@tanstant phase
This feature may be very useful thedesign and demonstration of futuhgnamically
reconfigurable low-profile optical components such as focusing lesiswith
reconfigurable focal lengghdynamic holograms, and beam steering devices.
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Chapter3

ELECT®®@®TI CALLNWABILUE MULTI FUNCTI ONA
METASURFRACE

The material in this chapter was in part presentg¢@5h

Shaping the flow of light at the nanoscale hastzegrand challenge for nanophotonics
over decades. It is now widely recognized that metasurfaces representsaat@ip
nanophotonics array technology capable of comprehensively controlling the wavefront
of light via appropriately configuring subwavelehgintenna 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, etagically-controlled array with no
moving parts. By electroptical 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 thmtcapable 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 arrégvel control of scatteredght phase, amplitude, and

polarization, similar to dynamic and programmable memories in electronics.

Il ntroducti on

Wavefront shaping in traditional optical elements is usually accomplished by gradual
phase changes along the optical paths throughafipatarying 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 withbsvavelength resolution and enables an
unprecedented manipulation of the propagating electromagnetic WHveRapid
advances irthe 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/phassensitive scattering to enable wavefront engined2ng[3].

Owing to their welengineered metatoms that act as optically thin scatterers,
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metasurfaces enable unconventional change of the local state of the interacting light.
This results irseveramerits such asltra-compactness, and precise control over ight
matter interaction @hedeep subwavelength scalleat are unavailable to conventional
optical element§o6], [97].

A great number of research endeavors accomplished to fdatever, 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 becomdigpensable 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
meftsurfaces, for which external stimuli can give rise to changes in the dielectric
function of the metasurface elemefg], thereby modulating the antenna phase and
amplitude responsdy employing the mentioned external stimuli, one eahie\e
tunable metasurfaces lycorporatingactive materials such as transparent conductive
oxides (TCOs) likdTO [34], [35], [46], [67] or titanium nitride TiN) [98], liquid
crystals[52], [99], 2-D materials such as graphd8é] and MoS [100], [101] phase
change material§102] and ferroelectrics[103] into metasurfaces. Dynamically
manipulating the incident light can hence initiate extensive innovationghéor
application of metasurfaces in optoelectronic devié@song these active platforms,
TCOs tha undergo a reliable and reproducible index change in response to an optical
or electrical stimulus, provide high modulation speed, low energy consumption,
robustnessand wide tuning range, leading them to estab&speriority oveother

active materials

The ability of metasurfaces to spectrally, temporally, or spatially manipulate the
wavefront of light with very high spatial resolution is expected to accelé¢nate
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 gdiyebixel
configuration is still remaining an outstanding research challenge. Moreover,
multifunctional reprogrammable metasurface components have not yet been

demonstratedlhe ealization of a single hardware device that can provide multiple and
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indeed general functions wouldrther accelerate the impact of metasurfaces and their
applications. Such multifunctionality can be found in electronics technology that has
benefitted fromthe development of programmable and reprogrammable circuits
composed of identical circuit elemerngsich as dynamild04] and statig105] random

access memories and figiddogrammable gate arraji06].

In this chapter, we proge a stat®f-the-art prototypical platform for a multifunctional
metasurface that could be electronically programmed to achieve multiple optical
functions. As a proof of princip] we utilize our multifunctional metasurface to
demonstrate two of the mosessential 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 interconnect§108], and optical communication§109].
Conventional beam steering devices such as Risley pri$a®, galvanometer
scanning mirrorg111], and decentered lensgkl2] employ mechanically moving
optical components to steer the incident light. Although mechanical beam steering
systems provide wide steering ategurange 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 compondts3]. The availability ofelectronic

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 unachiesabtechanical

motion.

Reconfigurable metasurfaces have recently been employed to provide dynamic beam
steering in the microwave and NIR regimes by exploiting microfluidic flfiss}],

[115], incorporation of phasehange marials[55], and reorientation of liquid crystals
[116]. However, the performance of these devices is limited due tofthilere 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, electreoptic modulation in multipleuantumwell (MQW) resonant
metasurfacepl17], [118] an intrinsically ultrafast process, has been shown to provide
high-speed modulation and dynamic beam steering, but to date, a liphiesk
modulation range has constrained the achievable beam directivity and steering angle

range.
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Electrooptically controllable bearswitching has also been demonstratea the
incorporation offCOsas active material into metasurfa¢es], [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 waveguidased thermmptical phase shifters couplei
antennag60], [120]i [123], or by employing frequenegradient metasurfacg$24].

These chigbased antenna arrays can endd@dam steering at visible or infraréidR)
frequencies, but are applicatispecific 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 optal 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 & 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 bullg 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
wavelengthscale or smaller spacingb], [14], [126]i[128]. Metalenses have
demonstrated the capability to perform higisolution imaging, wavefront shaping for

aberration correction, and polarization conver$tjn

Reconfigurable metasurfaces have been utilized to realize dynamic focusing by
variation of the overall lens optical thickness or curvatwi@, liquid crystal
reorientation[129], microfluidic flow [130], [131] or elastic deformatior{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 eleptroally tunable multifunctional
metasurdce that can exhibit multiple functions in the NIR wavelength regime using a
single deviceyia 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 ngwbposed dynamic metasurface platform

allows independent manipulation of addressable subwavelength pixels.
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Figure3.1a schematically illustrates our proposed multifunctionalswetace, whose
independently addressable elements endiphamic control of the wavefronta a
pixel-by-pixel reconfiguration. Using this schemee demonstrate a reprogrammable
metasurface whose functieanbe reconfigured between dynamic beam stedfigy
3.1b) and dynamidocusing metanirrors, achieving a reconfigurable focal length and
numerical aperturéFig. 3.1c) by tuning of the gate voltages applied to individual

metasurface elements

(a)
R—

Figure . : Schematic demonstration of t he
i ndependentl y addr es s aBdhenatimef(h)ahe unultifumatianal e | e me n
metasurface whose functionality can be switched bet{@etynamic beam steering afc)

cylindrical metalens with reconfigurable focal length.

Desi ¢gOptafc aBll eyctTru;mabl e Metasurface EI

Our active metasurface operates by virtue of electrigaltyng the coupling between

a plasmonic metasurface and the ENZ modes individual control over the
metasurface elemen®Blasmonic metasurfaces have recently proven to achieve strong
light-matter interaction through coupling to ENZ modesthi@a proposed desigthe
coupling strengtis modifiedvia control of the charge carrieoncentrations ianITO

layer embedded into the metasurface when operating the device in the ENZ wavelength

regime of ITO. In this fashion, the metasurfam@n provide possibilities to switch
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between different regimes of the ligiatter interactionAs a resultthe amplitude and
phase of the light reflected from the metasuria@xpectedo be continuously tuned

by applyinga DC electric field across the ITO layg4].

Figures3.2a, b schematically illustrate the building blocks of our tunable gated field
effect metasurface, consisting of an Au bagehector(t, = 80 nm) on top of which an

Al20s layer (ta = 9.5 nm)is deposited. The ADz layer acs as a dielectric spacer,
adding a degree of freedom for the metasurface optical mode profile design. This layer
is followed by deposition of aiTO layer ¢ = 5 nm) a gate dielectri¢th = 9.5 nm)

and Au fishbone nanoantennas £ 40 nn). The gate dielctricis HAOL, a hybrid
material that simultaneously exhibits high breakdown field and high DC permitsrity
described irAppendixB.2 [34]. The period of the metasurfaisspicked to bep = 400

nm.

(@)

.A|203, tA/ ITO: t[
B HAOL, ¢,
Electrode
w, . Antenna

Figure .desiUgpm tofcet he mul t iSEhanmtctofa)periadic met a s
array andb) unit cell of the antenna elements. The metasuiitacemposed of an Au back

reflector, an AIOs dielectric layer, an ITO layer, aradHAOL gate dielectric followed by an

Au fishbone antenna. The period of the metasurfage= 400 nm, and the thickness of the
backreflector, AbOs, ITO, and HAOL layerareselected to b = 80 nmta=9.5nmti =5

nm, andt, = 9.5 nm, respectively. The width, length, and thickness of the andeens=130

nm, .= 230 nm, and. = 40 nm, respectively and the width of the electrisde. = 150 nm.

Applying a DC electric bias between the ITO layer and the nanoantemaddesa
reproducible fieldeffectinduced modulation of the complex refractive index of ITO in
the NIR wavelength rang8y altering the applied electric fieldye canmodulate the

ITO charge carriedensity close to the interface of the ITO and the gate tligleBy
further increasing the applied bias, the real part of the dielectric permittivity in an

accumulation layer located within IT@kesvalues betweerl and +1, yielding an
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ENZ condition. In the ENZ regime, the ITO layer permittivig/varied at NIR
wavelengths by changing tlagplied DC bias

In order to calculatéhe 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 inahiTO layer by coupling finite difference time
domain optical simulations (FDTD Lumerical) with device physics simulations (Device
Lumerical).In the devicghysics calculations, we use the mesh size @0ndn which

had been validated bgerforming carefl convergence tests.

In our device physics calculations, the assumed parameters faarél€@t to be the
same as the ones mentioned in Chapte®rce the spatial distributions of charge
carriers under different applied biasesidentified, we calcula the complex dielectric
permittivity of ITO- by using the Drude model provided Egs. ¢.1) and @.2).
Figures3.3a-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 Figs3.3b, by changing the applied bias, BNZ regon is observed within

the ITO layer, at a region close to the interface of the ITO and HAOL film.

The proposedeconfigurable metasurface opesg spectrally overlapping the ENZ
regime of ITO and the geometrical antenna resonaggbsequentlythe width and
length of the antenna, and the width of the electevdeesignedo bew,=130 nma
=230 nm, anave = 150 nm respectivelyso thata magnetic dipole plasmon resonance
occus at the wavelengths coinciding with tENZ regime for ITO0perating in the

telecommunication wavelength regime.
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distribution of(a) charge carrier densit{h) real and(c) imaginary part of the permittivity of
ITO for different applied biases.
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As a result of thespectral overlap othe ENZ regime ofTO andthe geometrical
resonancef the metasurface, the metasurfesoexpected to exhibdlarge modulation
of the optical response

Opti calElMoGprioat alolhy i Tiunabl e Metasur f
..Cal cuOpt iRekaslponsEl eéCpitbiecal | y Tunasbl e Me

In order to calculate the optical response of the metasurface, we useavall
electromagnetic calculations for our tunableasatface using FDTD Lumerical. Here,

the metasurfaces illuminated by a normaihcidence planavave with an electric field

along the direction of the antennas. When performing electromagnetic calculations, the
mesh sizesreadjusted in different layerd.o fully take the gradual index change in

the accumulation layer of ITO into account, a mesh size of as thin as 0.025.18ed

in the active region of the ITO layer.

Figures3.4a, b show the reflectance and phase shift spaiftthe metasurface for
different applied biases. Herthye phase shifis defined as a difference between the
phases of the reflected and incident ptaraaes calculated at the same spatial point.
As seen in Fig3.4a, at all applied biases, resonant dge clearly observed at
wavelengths close tb= 1500 nmwhich isour wavelength of interest. Figurésic, d
illustrate the simulated reflectance and phase shift as a function oédidis at

different wavelengths.

As can be seen, when the external mabanged, we observe a reflectance change that
is accompanied by significant phase modulation. This demonrstrateboth the real
and imaginary parts of the refractive index loé tactive region in the ITO layare

modulated by the applied bias.

After we confirmed that our designed metasurfacan provide both reflectance and
phase modulation, waanthen pick the operatgwavelength 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 constanttbpochange in

the applied bias. Figuré.5 shows the maximum reflectance modulation and the
maximum achievable phase shift at different wavelengths. As can be seen, increasing
the maximum achievable phase skifaccompanied by an increase in the amplitude

modulation whichis not desigble for utilization of the metasurface as a phase
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modulator device. As a result, the opergtivavelength off = 1510 nmis chosen in

order to obtain a phase shift of higher than 2%@iile the maximum reflectance

modulation remaisas small as possible.

(@)

(b)

6 6V
Iso
~ 4 &= 0 -
2 2 60 &
° | ‘=-100+
>0 40 g 0
= 5 & -200f
o ®©
> 200 &=
-4 o -300f

-6
1100 1300 1500 1700
Wavelength (nm)

(c)

Wavelength (nm)
(d)

. -6V
1100 1200 1300 1400

20 — 50 ==r
= — 1500 nm o
S 150 — 1505 nm ] < 5ol
8 — 1510 nm =
S 10 BN =L — 1500 nm
© ® -150 - — 1505 nm
2 5l o — 1510 nm
Q o 1515 nm
od 250 _ 1520 nm

0 1 1 1 1 L 1 L L L

6 4 2 0 2 4 6 6 4 -2 0 2 4 6
Voltage (V) Voltage (V)
Figure Calculated amplitude/ phase modul

me t a s u Sirhutatedfa) reflectance angb) phase shift spectra at different bias voltages.
Simulated(c) reflectance an@d) phase of the reflection from the metasuefas a function of
applied voltage for different wavelengths

450 — v . . .
c . 1300
E 350F 2. 2
< P AR 1280 §
"2 250f e @
mE \ \‘-.—» (7]
1 i \ ~ o -5
x 150f n *_ 260 =
e« 50 = “vg =
i L LU I 1

1500 1505 1510 1515 1520

Wavelength (nm)

Figure Selecting the operating wavelen
Simulated raximum achievable reflectance change (square) and phase modulation (diamond)
at differentwavelengths.

To gain further insight, we analyze the electromagrisgids in the metasurface at the
resonance wavelengtfihe spatial distribution of thelectric field intensityunderan
applied bias of 6 V, 0V, and +6V are presented iRigs. 3.6a-c. Zoomedn images
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of the electric fieldinside the dielectric spacer of the metasurface, consisting of the
AlO3/ITO/HAOL heterostructures are shown in the insets. As can be seen, at the
applied bias of +&, thereis a strang field enhancement in the accumulation region of
the ITO layer which occsrsubsequent to the existence of ENZ condition in the
mentioned layer. By leveraging this strong field enhancement iadiive region of

the ITO layer, the complex permittivithangecanbe drastically emphasized.

(a) (b) 1 i (©)

V=-6 V, A=1510 nm V=0, A=1510 nm V=6V, A=1510 nm

Antenna

Back reflector

-200\ -100

0 - -200\ - 200

Figure . Spatial electric field intensity
The anplitude of the electric field at the operating wavelengtlt ef 1510 nm for different

voltages ofa) V=16 V, (b) V =0, and(c) V = 6 V. The insets show the zoomdimage of

the ALOs/ITO/HAOL nanasandwich.

Our electromagnetic calculations shdhat the metasurface phase and amplitude
tunabilites 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.7.

The field distributions are presented at diéi@ wavelengths and under different
applied biases. As can be seen in Fjgd-f, at the resonance wavelength+ 1510
nm, the metasurface suppoatlargemagnitude magnetic fielthatis localized in the

gap region betweethe gold antenna anthe gold backplane.

Figure3.8shows the spatial distribution of teeomponent of the electric fieldithin

the metasurface under different applied biases. As caedre the-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 dessionsistent with

thelarge magnetic field shown Figs. 3.7d-f, indicating that the considered resonance
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is a magnetic plasmon resonance. g¥®uldnote that the strength of the magnetic

dipoleis strongly modified by altering the applied bias.
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Measured Optic@pt iReaslployws®BummdblItd eMd&

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 FBigiste 3.9 shows the

fabrication steps of the device.

(b)

(d)

(9)

Figure . : Fabrication st eps (aoHatterhingeghe mul t i f
outermost connecting pad®) patterning the back reflectdic) deposing the ADs layer, (d)

patterning the ITO layefe) patterning the connecting pads of the ITO la{@&depositing the

HAOL gate dielectricand(g) patterning the antenna array and the inner connecting pads.

To fabricatethe multifunctional metasurface device, we fipgrform a standard
cleaning process on G4 (1 nm) on Siwafers. Then we spinoat a layer of S1813
photoresist on the sample. The emhost parts of the connecting pads as well as some
alignment markersre then patterned using photolithography. After developing the
photoresist, a 10 mithick titanium (Ti) layer followed bya 200 nmthick Au layeris
deposited on the samples usargelectron beam evaporator. After liftiadf the excess
Ti-Au parts, we patirn the back reflector bgBL [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 3thick chromium Cr) layer followed byan 80
nmtthick Au layer usingan electron beam evaporator. After the Hiftf process, a 9.5
nm-thick Al2Os layeris deposited on the samples using ALD through shadow masks.
Thenthe ITO layers patterned byEBL, and a 5 nnthick ITO layeris deposited on
the sample using rootemperatureRF magnetron sputtering in AriOplasma
environment. The deposition pressig® mTorr while the applied RF power48W.
Once the excess ITO regioaslifted-off, we pattern the contact pads of the ITO layer
by EBL. After developing th&BR,a10 nmthick Ti layer followed bya200 nmthick

Au layeris deposited on the samples usargelectron beam evaporator. Afterward, a
9.5 nmthick HAOL layeris deposited on the samples using ALD. The size of the
HAOL film is controlled by using shadow masks dgrithe ALD processWe then
pattern the antennas and the inner contact pad conneayi&il_ after spinningeBR

on the sample. Once tlEBR is developed, we deposit a 2 fthiick Ge layer followed

by a 40 nrrthick Au layer.

After fabricating the device, weharacterize the tunable optical response of the
metasurface by performing amplitude/phase spectrum measurerrerdsder to
measure all the functionzrovidedby our multifunctional metasurface, we designed

and built a custom optical measurement setup.

Figure . : Universal measurement setup used
and f ocusi ng NRdaNdRUaser, Mlenmrtors I iris, BS: 50:50 beam splitter, L:
| ens, LA: Il amp, P: pol ari zer ,rwaNeplatenSPut r al

spectrometer, O: objective lens, MTS: metasurface sample; IR CCD camera, \C: visible
CCD camera, MS:-axis motorized stage.
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This measurement setup is capable of measthgflectance spectrum, phase shift,
beam steeringand reconfigurable focusing. FiguseLOshows our custorbuilt setup.
Each measurement is performed through a part ofuoiversalsetup that will be
discussed in detail in the following sections. For all measurementsitilize an
uncollimated white light source from a halogen lamp (LA) and a visible CMOS image

sensor camera () to visualize the sample surface.

Figure3.11shows the part of the universal optical setup ihased for refctance
measurements§or reflectance measuremetiite surface of the metasurface sangple
illuminated byan uncollimated white light from a halogen lamp (LA). The incident
light is focused by an objective (O) with a long working distaridéutoyo M Plan

Apo 20x, 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 metasigface

guided to a spectrometeia a beam splitter (BS) and a mirror (M). The reflectaisce

then obtainedria
YQQa QOB O Eplrin——m——— (3.1)

where'Y is the raw reflectance from the metasurface sample, is the

raw reflectance from a mirror, afd  is the background reflectance in the absence

of theincident laser beam.
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Figure Optical set uplLAulare,dV: imor, L:teresf | ect a
BS: 50:50 beam splitter, P: polari zeartgr O: o0bj
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 thbbase shiftof the beanmreflecied from the
metasurface, we use a Michelson interferometer system by using a part of the
measurement setup, shown in Ed.2 In this part of the setup, the metasurface sample
isilluminated by a tunable NIR laser. The labeam illuminatethe metasurface after
passing through an iris (1), a 50:50 Apolarizing beam splitter (BS), amoh objective

(O) with a long working distanceviitutoyo M Plan Apo 20x, NA = 0.40, WD = 20
mm). The polarization of the incident be&xontolled by a polarizer (P) to make sure
that the incident electric field in the direction of the antennddhe reflection from the
sampleis then directed towards dR camera (IRC) by using the mentioned beam
splitter (BS). In addition to the reflectidrom the metasurface sample, the laser beam,
which serve as a reference beais,also guided to the camera by using mirrdv. (

By focusing the incident laser beam on the edge of the metasurface nanoantenna array,
the scattered beamsreflected partlfrom the metasurface and partly from theback

plane, resulting in a lateral shift in the interference fringe patterns of the metasurface
and the backeflector when changing the applied bias. By fitting these two ross
sections to sinusoidal functior@d obtaining the relative delay between the fitted
sinusoidal curves when changing the applied voltage;ameetrieve the phase shift

acquired due to the applied bizsing the method discussed in Chapter 2.

Figure : : Opt i csanli fste tnuepaN$Rusrdd@RMaEsentv: mprora s e
I: iris, BS: 50:50 beam splitter, P: polarizer, ND: neutral density filter, O: objective lens, MTS:
metasurface sample, L: lens,-@R IR CCD camera. The components indicated with red cross
marks belong tohe universal setup and are not used in this part of the measurement.
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Figure3.13illustrates the measured reflectance (blue curve) and phase shift (red curve)
as a function of applied biashen the same voltage is appliedalb metasurface
elementsAs seen in Fig3.13 atthewav el engt h of >2=1522 nm,
continuous phase shift gfightly greatetthan 270 (274), accompanied bg modest
reflectancemodulationis obtained As a result, the operanwavelength of the

fabricated devicés picked to be 1522 nm.
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Figure . : Measured tunable optical respo

Measured reflectance (blue curve) and phase shift (red curve) as a function of applied bias
voltage. The operatinwavelength of the fabricated devigechosen to bé = 1522 nm such

that a phase shift greater than 2@@companied by moderate amplitugl variationcould be
obtained.

When analyzing beam steering performance of our multifunctional metasurface in the
following section, we will observe that the reflectance modulagpimvided by the
metasurface wilfesult inanincreased intensity of the undesired diolees in the far

field radiation. Moreover, since the complex dielectric permittivity of ITO is
significantly modulated only in a subm-thick layer, a large tunable phase shift is
observed only when the optic&lid is tightly confined in this subhm-thick ITO active

layer. This tight field confinement results in enhanced absorbandehence, reduced
reflectance of our active metasurfa@y. changing thestructural parameters of the
metasurfaceor usingTCOswith higher electron mobilities, such as cadmium oxide

(CdO)[132], one carthangehe reflectance of the metasurface (8ppendixB.3).
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Once we validated the modulation performance of the individual metasurface elements,
we investigate the metasurface array beam steering and focusing performance. SEM
images 6 the fabricated metasurface nanoantennas are shown i3.Efg. In our
metasurface device, to facilitate an easier and more feasible bias application,
nanoantennasare electrically busconnected together in one directiofgrming
equipotential antenna rows referred to here as a metasurface pixels. Then eash pixel
individually controlled by a separdyeapplied gate voltagdt will be shown in the
following sections how this individual control of the metasurface pixaisezd to the

emersion of a new class of planar photonics components

(a)

Figure . : Fabrication and meas uaSHEVWENt of
image of the nanoantennas of the fabricated-atable metasurface for the demonstration of

dynamic beam steering and a reconfigurdbdeising metamirror. The scale bars from left to

right are 200mm, 50 mm, and 500 nm respectivelyb) Photographic mage of the
multifunctional metasurface with 96 independently addressable eleréetxale bar is 5

mm. (c) SamplemountingPCBto which we wirebond themultifunctionalmetasurface pads.

96 metasurface el ement s 6-bomeddfrom thensamplé tollODO p ad
conducting pads on the fir&®CB. The ale bar is 10 mm(d) Voltage deriving PCB that

provides 100 voltages controlled by programming microcontrolldrs cale bar is 20 mm.

Figure3.14%b 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 metasurfacde@ments, we design two printed circuit boards (PGBs)wn in
Figs.3.14c, d (see AppendiB.4 for further details on the PCB design)

Demonstration higd!| Biefamn St ie@em a In gM&ts a

After validating the wide phase tunability of our metasurfaug] being able to
independently control each metasurface pixelewgloy the metasurface toold the
scattered wavefront by locally shifting tbbase of the beant will. To this endwe

first, design and demonstea& dynamic beam steering devid@® 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 voftaggplied to the 96

metasurface pixels.

To design the spatial phase profile of the metasurface, we employ a multilevel
approximation ofa blazed grating approacfi33]i [135] that is widely used for
demonstration of beam steering metasurfa¢é®], [116]. This approach is
implemented byreaing a constant phase gradient along the metasurface, effectively
generatinga periodic phase patternathcould provide us specific steering angles. The
phase valueareadopted from the unit cell simulations for each applied bias. Here, we
discretize the phase shdtquired by the metasurface pixels into four levels90 ,

180, and 270°.

In thisconfiguration, the metasurface sat a diffraction grating with reconfigurable
period. Each effective period, hereafter termed a supercell, cofsise metasurface
pixels exhibiting the discretizedldvel phase shift values. When no bmapplied, we
observe only the zerotbrder diffracted beam in the Fourier plane. In other words, the
subwavelength period of the metasurface result an absence of higherder
diffracted beams at zero bias. By changing the pixel repetition nuiRb&ifor each
phase shift value within one supercell, we electrically modulate the effective period of
the metasurface array. This resutta shift of the spatial position of the first diffracted

order, enabling manipulation of the fild radiation.

Figure 3.15a showsthe 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 fulMlave electromagnetic simulations using THD

Solutionsby Lumerical. The faffield radiation patterns of the metasurface obtained
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from the fullwave simulation can be seen in Fijl%. Each curve represents the
radiation pattern corresponding to the spatial plpaséle illustrated with the same
color depicted in Fig3.15. As can be seen, the metasurface is capable of providing a

maximum steering angle of 70.vhenRN= 1.

After fabricating the metasurface, we noticed a pitch siference between the
designed metasurface and the fabricated device due to fabricatiadeadities. In
order to take this pitckizedifference into account, we use an analytical formulation to
calculate the fafield pattern of the beam steering m&irface by using a blazed grating
approach. In this approach, we use the framework of antenna array tongyEQs.
(2.6) and @.7). By implementing this method using the simulated reflectance arsé pha
shift values, we obtain the ffield radiation pattern of the beam steering metasurface,
illustrated in Fig3.15c.
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Spatial phase distribution of the beam steering metasurface with difféxaratiues.(b) Full-
wave simulation results of the beam steering metasurfage$0t00 nm and = 1510 nm.
Simulation results of the beam steering metasurface obtained throaigticah calculations
for (c) p=400 nm,/ = 1510 nm andd) p = 504 nm,/ = 1522 nm.

st
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As can be seen, there is a good agreement between the analgiitaihed radiation
patterns and the fulvave simulation results. Once we confirmed the ability of our
analytical formulation in predicting the féield radiation pattern, we employ the same
method by using the dimensions obtained from the SEM imagealdolate the far
field pattern of our fabricated metkevice (see Fig3.15d).

Generally speaking, actrieseonmat as wrpfeacad s c
metasurfacethe operation wavelength is located around the resonancsee#ipig.

3.4a). When applying an external bias, we perturb résonance characteristics
resuling in a phase shift. Howevein addition tothe phase shift, we also obsewlre
reflectance modulation. Hence, when performing beam steering by using the
metasurface, the amplitude of the light scattered by each metaseléatentdepends

on the applied bias voltage. This undesired amplitude modulation significantly
deteriorate the beam steering performance of our metasurface. Figluéellustrates

the analytical simulation results of theam steering performance for the case of equal
amplitudes for all metasurface pixels for differ&MNvalues (Fig. 3.16f). The phase

shift valuesareobtained from Fig3.4d.
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Figure&ffect: of amplitude andfipdlad er andbidaitl iadn o
of t he beam st e 8imilatiog resukstohtheubedmasteering metasurface
obtained through analytical calculations when equal reflectance values and step phase
distribuionsareassumed for all metasurface pixels wig@nRN= 2, (b) RN=3,(c) RN= 4,

(d) RN=5, ande) RN= 6. Analytical simulation results of the beam steering metasurface with
unequal reflectance values and step phase distribution for different metasurface pix€fy when
RN=2,(g) RN=3,(h) RN=4,(i)) RN=5, and(j) RN= 6[95].

The beam steering simulation results for the practicatasurface in which the

amplitudes are modulated when changing the applied bias voltage are presented in Fig
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3.163-l. The reflectance and phase shift valaesobtained from Figs3.4c, d. As seen

in Fig. 3.16 the unequal reflectance values of different metasurface pixelsrénat
generated as a result of amplitude modulation when changing the applied bias, create
unwanted lobes in the fdield patternwhile 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 diredtl\d8)) is drastically
decreased due to the variation of the amplitude

Another importat factor that needs to lm®nsidereds the detailed choice of the phase
profile across the metasurface that can significantly influence the beam steering
characteriscs. Ideally, when steering a beam to a steering afagtbe wave reflected

from the metasurface should be a plarmve such that its wavefront is tilted with
respect to the metasurface plane by an aigl€o achieve an ideal tilted plane wave,
one uss the following phase profile across the metasurfaggi=(-1) k p osi n ( d
where ] numerates the metasurface elemgnts the metasurface period,is the
wavenumber of the incoming plane wg87]. To experimentally realize this phase
profile, we need to be able to access phase shifts spanning from 0.téi8&@ver, in

our metasurface, the maxirhahccessible phase shigtlimited to values around 270

To implement kbam steering by using our multifunctional metasurface, we approximate
the ideal phase profilégea by stairstep profiles shown in Fig.15. As seen in Figs.
3.1%, c, the designed step pilefenablebeam steering.

Onecanalso 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 270. For the ultimate clarity, we plot a perioaf fthese three different phase
profiles (ideal, step profile, linear) in the case of a steering angle dfia4-&y. 3.17.

In Fig. 3.17, the dots correspond to the phase values at spatidiopeswhere the
metasurface elements are locatadile the solid lines show the phase profiles
effectively created across the metasurface. The stairstep phase profile sHagn in
3.17corresponds to the following spatidiktribution of phase® , 0, 0,190,190,
190,1180,1180,1180,1270,1270, and1 270.

To generate the linear phase profilee desired steering anglase chosen to be the
same as the ones demonstrated by applying stairstep phase pkefdessult, for each
steering angle, the number of metasurface pixMB) (n one supercelk chosen to be
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00 1 'YOto ensure that the lengths of the generated supercells using linear phase
profilesareidentical to those used in the stairstep case. Accordingly, the phases within
a supercelbre picked to be evenly spaced between 0 ®2d0 . In other words, the
phase shift between metasurface elements within a supierchbbsen ag x & 1

YO p).

01 :
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3
8 .200¢1
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Figure . . A s uper c e Wwithdiffeent ideal, lineaireaad'stain g an gl e
step phasTeebpueofliilmes.corr espondsthetedlindththte 6i de al

linear phase profile while the black line represents the stpipgtase profile used in the present
work. The horizontal green dashed line indicates the maximal achievable phase shift in our
metasurfacg95].

As an example, here, we set a constant phaseb&tfeen neighboring metasurface
elements as 2701 corresponding to the caseRifi= 3. Inthecase of the linear phase
profile, the supercelis given as 0, 1 24.5455, 149.0909, 1 73.6364, 198.1818,
1122.7273, 1147.2727, 1171.8182, 1196.3636, 1220.9091, 1245.4545, and

1270. For all considered phase profiles (ideal, stairstep, and linear) the supercell
incorporats 12 metasurface pixels, and the length of the supercell (or, equivalently, the
period of the generated blazed grating)4 . 8 dandesigied stairstep profile
attempsto accurately reproduce both the period and the slope of the ideal phase profile.
On the other hand, the slope of the linear phase profile deWiate the slope of the

ideal phase profile.

As a next step, we calcidathe faffield radiation patterngn the cases when linear
phase profileareemployed to create the supercells. Thdifd radiation patterns for
linear phase profiles that correspond to diffeMRtvalues are presented in Figsl8a

e. Our simulation results show that employing linear phase profitgs te slightly
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better beam steering performance. As seehigs. 3.18e, the linear phase profile

yields smaller sidelobes at negatiaemgles 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 microcontrollets provide small voltage increments tleanlead to

linearly distributed phase profiles would be much more complicated compared to the
cases when -fevel phase distributionare used. As a result, in our experimental
demonstration, we use-ldvel stairstep phase profiles with differéRN values to

change the size of the supercell and accordingly access different steering angles.
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Figure . . Simul atéroinng emaitl & su roffa d enh eo thteaaim ¢
refl ectance val ues andrabsisnuenaerd pfhoars ea Idli snmerti absul
(@ MP =8, (b) MP = 12,(c) MP = 16,(d) MP =20, ande) MP = 24[95].

As can be implied from Fig8.16 to improve the beam directivity, one has to minimize

the amplitude variation when applyirp 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 thghase of a metasurface piXai3g]. Increasing the
maximally achievable phase shift could also improve the beam steering performance of
the metasurface since i n t hatosteeatsedbeamne c a
(Fig. 3.18.

After confirming the beam steering performance of the asweface through
simulations, we measure the-feeld radiation pattern of the beam steering dewice

the Fourier spacesing the part of the universal setup shown in Ei§jQ In this part

of the setup, a coherent beam from a tunable NIR laser illursitie#emetasurface
sample. Thdaser beanis focused on the sample kan objective (O) with a long
working distanceNlitutoyo M Plan Apo 20x, NA = 0.40, WD = 20 mralter passing
through an iris (1), a polarizer (P), and a 50:50-potarizing beam splitter (BS). The
reflected beanis then guided to an IR camera ({R positioned in the Fourier plane,

wherethe radiation patteris captured.
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Figure .setumWpuseadl for beamNIRL NRrlasar,dM: measur
mirror, : iris, BS: 50:50 beam splitter, P: polarizer, O: objective lens, MTS: metasurface sample,

L: lens, IRC: 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.

Figure3.20a shows the metasurface spatial phase profiles, for thégeelrphase shift

with RN=2 toRN= 6. In Fig.3.20a, each graghaded region determines one supercell.

In order to provide a better comparison between the simulation and experimental results,
the simulated fafield pattern of the beam steering device using the abovementioned
analytical formula is presesd in Fig.3.2(. 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 changindikealue, the size of the metatase
supercell is electrically modulated, resulting in reconfigurable beam steering with

guastcontinuous steering angles.

Figure3.20c shows the measured {iéeld pattern for our beam steering device. Due to
limitations ofour measurement setup, steering angles of higher than 23.5° could not be
captured by the imaging system. As a result, the maximum measured steeririg angle
~22°, which corresponds to a repeat number of 2. As expected, by increasing the
effective period bthe metasurface, the beam angle became smaller. We also note that
for eachRN value, no diffracted order with an intensity equal to that of the desired
steering anglaes observed at negative angles, indicating true phase gradient beam
steering rather thmaswitchable diffraction. This confirethat the beam steering
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obtained as a result of the asymmetric phase gradient introduced by the subwavelength

metasurface phase elements.
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values that are used to create phase gradients resulting in beam stiee8irgulation results

of the beam steering metasurface obtained through analytical calculations. Chandiihy the

value from 2 to 6, the steering angles of 22.17°, 14.56°, 10.86°, 8.66°, andzabfained

through calculationqc) Experimental results dhe beam steering metasurface. Changing the
RNvalue from 2 to 6, weanobtain the steering angles of 22.19°, 14.43°, 10.91°, 8.51°, and

bean

7.40°. Each steering angle corresponds to the spatial phase distribution of the same color

presented irfa).
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Demonstration of -Mynemic Focusing Met

Using the same concept of controlling the phase imposed by each metasurface pixel,
we are able to demonstratehe use of our multifunctional metasurface as a
reconfigurable lens by developing phase profiteddnses 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 phasefsprovided by thenetasurface is dictated by the
hyperboloidal profile:

%olo — Q w Q (3.2)

wherea-is the wavelengtH,is the focal length andis 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 1.5m, 2nm, and 3mm. These valueareextracted from the simulated
phase shifas a function of applied bias (Fig4d). In order to investigate the focusing
performance, we simulate the multifunctional metasurface under the applied bias
distributions illustrated in FigS.20a-C.

Figure . : Theoretical d e mo-mis t rSpatial pthase o f a
(diamond) and voltage (square) distribution of a focusing sméter with focal lengths ofa)

f=1.5 pm,(b) f = 2 um, andc) f = 3 um using the phase shifts obtained from the simulation.
Full-wave simulation of the spatial distribution of the electric fi&lf for the focusing meta

mirror with focal lengths ofd) f = 1.5 um,(e)f = 2 um, andf) f= 3 um.























































































































































































































































































































































































