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ABSTRACT
UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL AND APPLIED SCIENCE

OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

ALL-DIELECTRIC RECONFIGURABLE METAMATERIALS

by Artemios Kavounis

This thesis reports on my research efforts towalddielectricmetamaterials
with reconfigurabldunctionalities:

l

| have reported the first optomechanicalnonlinear dielectric metamaterial. | have

shown that such metamaterials provide extrertalye optomechanical nonlinearities

at near infraredoperatimg at intensities of only a feeM per unit cell and modulation
frequencies as high as 152 MHz, thereby offering a path to fast, compact, and energy
efficient alloptical metadevices

| have experimentally demonstrated the first aldielectric electro-optical nano-
mechanical modulator kased on all-dielectric nanomembrane metamaterial
Furthermore, have shown thdynamical controbf optical properties of this device,
with modulation frequency up to 7 MHZ have also establish an encapsulation
technique whereany nanemembranecan beembedded within a fibesetup with
electricalfeedthroughs and pressure control

| have studied for first time the optical properties of Diamond nanomembrane
metamaterials. Diamond membrarseafter nanostruatring with Focus lon Beam,
presentbroadbangdpolarizationindependent absorption that can be used as efficient
coherent absorbgfor optical pulses as short as 6 This novel class of metaaterials
have been used fepherent modulation with modulation contrast up to 40% at optical
fluences of fewnJ/cnt across the visible spectrum.

| have reported the first optically-switchable, allchalcogenide phasechange
metamaterial. Germanium antimony telluridalloys (GST) after nanostructung
subwavelengtithickness films of GST present higjuality resoances that are
spectrally shifted by lasenduced structural transitions, providing reflectivity and
transmission switching contrast ratios of up to 5:1 (7 dB) atiné@ared wavelengths
selected by desigmor strong colour contrast in visible due ®plasmonic nature.

This work has introduced dielectric nanemembrane metamaterials, as a platform
to provide optically switchable, nonlinear, reconfigurable response®ue to nane
mechanical actuatiobased onopticalklectromagntc forces, coherent modlation
based onhe diamond absorbers and phase change media of Chalcogenide glasses.
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Chapter 1

|l ntroducti on

Recent developments photonicsare focused in several directions, one importaeme are
reconfigurable nanophotonic technologies, wittefest tacontrol opticalsignalsin the nane

scale in high speed]ow energyconsumptionand low fabrication costsNhenthe above
requirementsre fulfilled, nancstructured photonic technologiesll covereverydayife with

huge impact on the welfarend development of the public econamyp to now, many
commercialphotonicapplications have been realized with most profound development those
in the field ofopticalfibre networks,which haveboost thespeed ointernet.However when
comes the time to amipulateand procesthe daily, increasingly signalglectronic devices are
more widely used than nafpiotonic counterparts

Althoughelectronicss a wellestablished technology, thbgve certain limitations, especially

on the speed that they caneogte, and this is clear when you try to manipulate signdlse

GHz range at these speeds fundamental operations of telecommunication networks start to
lack from efficiency and cabhecomeextremely eergy consuming and bulky. Alternativig,

we take agn example how opticfibreshave widely replace copper wires in order to transfer
data, one might thinthatnanghotoniccounterpartsshould eventually replace the electronic
componentsAlong my Thesis | will mainly describe methods and demonstiateeswhich

have the potential to replace electronic devices and prog@mfigurablefunctionalities of

all-optical and electroptical datacontrolat the nanescale
1.1 Dielectric Nanophotonic Metamateri a

The aim of nanophotonics is to brifighdamental concepts of photonics such as emission,
waveguiding, imaging, energy harvesting, data processing among others into tfeealano

In this goal, the development of nanofabrication has leddse potential of this technology,

in cooperation wh computational methods, which have assisted to understand or even predict

novel nanophotonic applications.
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Figure 1.1 Effective parameters and collective response from highdex optical resonator arrays. (a) The
effective eperamidt tpievrimefaBD Brraybfsphérichighindexresonates (inset) with
U = 1 2nm.[7f] (bFThelnfighetic (red) and electric (blue) resonammasespond to an effective negativ
magnetic permdality and an effective negjive dielectric permittivity[7] (c) In the vicinity of electric or
magnetic resonances, a2D arrayofiighdex t el l uri um resonators (I
like an electric or magnetic mirror, respegety. [34] (d) Calculated effective permittivity and permeability fi
a normal incidence TE illuminated array of infinitely long SiC rq€¥

In order to harvest these bengfd good understanding of the underlying physics is needed.
Mie scattering initited the research on dielectric mahotonic metamaterials. The problem of

the diffraction of light by small particles of spherical shape has been considered, from the point
of view of the electranagnetic theory of light, by Lord Rayleigh, in 1881. In the case of a high
index dielectric prticle e.g. a sphere, with size comparable or smaller than the incident light,
Mie resonances appear due to the excitation of electric displacement currents within the

particles, lead to the formation of magnetic and/or dielectric dipoles, quadrago[é$i €5]

These resonances eventually have been used to create peculiar conditions such as high electric

field confinementmagnetic lightforward and/or backward scatterir{§] Figure 1.1shows

calculated effective parameters and collective response fromirdgk optical resonator

arrays,[7] such as GeTe cubg8] and SIC nanowires[9] | n Shemous KlIOlnads

proposed and experimentallgemonstratedthat the coupling eong periodic arrange

dielectric particlexould result in microwave narrow bandpass filters, realizing the first all

dielectric metamaterialLater on other works extend this behaviour in infrared and visible

regimes|8], [9], [11], [12]

p



Research on metamaterials started due to tmeadeé to control light properties with
artificially nanostructured media. Initial work on metamaterials stémeda theoretical paper
from Veselego[13] in that theoretical worlk was suggested thaxotic materials with both
negativeper mi tti vity U and permeability O existe
optics. These conditions however are i mpossi
paper and | at er d®&membrstiate thatdsee mticpropentesaaegpassible
in the microwave regime and demonstrate microwave devices yitregativeand as a result,
negative refractive indekl4], [15] For the next few years, metamaas research was devoted
to the understanding of this scheme, how effective paramétert) can occur after
subwavelength design, with special interest triggered by the opportunity to excioes!
optical properties, some with no analog in naturally available materials. Despite the fact that
researchers in the field of optics had statteckalize that light could be concentrated in small
volumes and chanred using subwavelength metallic structures sitihed a t e [16],(13]s ,
the first experimental nanostructured photonic metamatar@aksdemonstrated a decade later.
Extraordinary transmissioifl8] artificial magnetism and negative refracti¢n9] invisible
metal,[20] magnetic mirror[21] asymmetric transmissid@2] and filtering[23] were just few
examples of the new phenomena enmgydrom the development of artificially structured
matter. This revolution in optics result in miniaagd photonic circuits with length scales
much smaller than those currently achievks a result plasmonic metalgreestablished as
the most prominent building blocks for photonic metamateriaksspite these achievements,
photonic metamaterials stilbald not be used in many practical applications because of their
limitations associated with energy dissipation in the metals used to construct them.

Alternatives are being sought in oxides and nitri@2g, [25] and in highindex dielectrics
delivering resonant metamaterial properties with negligible los$26] Dielectric
metamaterials benefit from the exclusion of joule heating, as a result many times higher g
factors have beerexhibited so faf26], [27] in comparison with plasmonic counterparts.
Optical resonances can bgcited in @electic materials, due to Mie modes excited by high
index dielectricsSince the ¥ experimental demonstration in microwave regime of an all
dielectric metamaterial10] the Mie resonances of dielectric particles have been proposed as
a platform for the engineering of magnetic resonaf8jefd], [11], [28]i [30], and on this basis
magnetic responses have been experimentally realized in metamaterials and photonic crystals
fabricaed from high permittivity dielectrics such as titanium dioxide, germanium and silicon,
at microwave and terahertz frequend&H|i [33] , in the infrared/optical rand8], [34]i [36].

Whilst the field of dielectric metamaterials keep evolving new functionabtitesemerging

3



such as chirality27], zereindex responsg7], phase control[38], [39)Huy gen 6 s sour
[40] lenseg[41], [42] and 29 and/or & harmonicgeneratior[43], [44] asit can be seen in

Figure 1.2.

While in plasmonic structures the electromagnetic fields are typically concentrated in the

surrounding medium, in dielectric Miike resonators, the fields are normally concentrated
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Figure 1.2 Functional Dielectric Metamaterials.(a) Chiral metamaterials made out of periodic Silicon/Sit
bulding blocks, that lack from inversion symmet{27] (b) Experimental implementation of a Huyger
metasurface made out of periodic array of silicon rgillars, after appropriatélesign of the aspect ratic
height/diameter the spatial overlap of an electric and magnetic dipole lead to forward scattering only f
metamaterial array40](c) A dielectric metadense formed by TiQnanobricks operate at visible wavelength

scale bar 300nnf42] (d) A nonlinear dielectric metamatatienhances the inheri® hiarmonic generation of ai
unstructured silicon film[43]

within the volume of the resonator, resudt in fundamentally different behaviour from
plasmonic counterparts. First ceqgsience of this, is that some modes of dielectric resonators
are insensitive to imperfections in the surrounding, ingakhem tolerah to fabrication
imperfectiond45], but other are not, while in plasmonics high fabrication precision is needed
at the interfacesvhere the field is focused. é¢id enhancement is lower than in plasmonic
structuresandthe electric field hapots can be controlled to lie either inside or outside the
resonator in the nedield environment, as a result dielectric metamaterials can become either

structurally or phase change reconfigurable after appropriate design. Depamtlirglesign
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of the metamaterial unit celdifferent array size is need to achieve optical resonaraed
furthermore this leagko sensitivity of the structure tilve angle ofight incident. As stated in

[26] an array of 100x100 metaolecules is neaito obtain collective behaviour while j46]

only an array of 5x5 unit cells is enough to achieve the collective behaviour and the quality
factor of those resonances seems independent to the array size, this effect have been explicitly
explained for plasmonic counterparts [#7]. How to coupleof the incident lightto the
dielectric meamaterials anotherssue which hasto besolved For example if26] an NA of

0.025 is used in order to achievecident lightbeam angleclose to normal, however recent
publications reveals #t is not always the case ag46] where NA of 0.40 is enough to achieve
g-factors of 600.

Apart from the design of the dielectric structures, fabricatiethods and materials used vary
dependhg on the application. Standard lithographic approaches, such as elbeton
lithography or focused ion beam millingee Appendix A have been usdd createperiodic
subwavelength arrays of dielectric namson#ors. Beyond those techniques, dielectric Rano
particles are fabricated using chemical methodsgdd a broad distribution of particle sizes.

[48] In contrast, femtosecond laser ablation of a silicon wafer produces silicon nanoparticles
and simultaneously induces a transfer of these nandpartica nearby glass substr§83.

The most commonly used material up to know used to develop dielectric metamaterials is
Silicon, [49]. However other materials with low refractive index such as Silicond¥itSiN
[50], Titanium Dioxide, TiQ [51], [52] or much higher refractive index like Germanium, Ge
[46] and Tellurium, Tdnave been usefB] Thesedielectric nanostrctures are consideretbre
preferablethanmetallic nanestructuresdue to the fact that are made outwterials which
are compatiblevith CMOs technologiesContinuous efforts are devotéalthe discovery of
novel, functional, dielectric materials like topological insulatof$3] organometallic
perovskiteg54] and chalcogenide glass§ss]

Similar with All-Dielectric metamaterials, Photonic Crystals support optical resonances.

They are both made of similar materials and periodic nanostructures. So which is the

difference between these two categoaErsanophotonics structures. In photonic crystals
optical properties can be described by combi
The dielectric function of a photonic crystal is a periodic function defined by the periodic

pattern of the crystal. EhHamiltonian that describes this eigenvalue problem leads to

permitted and forbidden photonic bands. These photonic band gaps are result of the

destructive/ constructive interference among scattered (partially reflected) waves.



Under resonant conditionBIiBGs), neighboring unit cells coupling is necessary for the
Bragg scattering. So it is normal to consider effective refractive index only for certain
directions. On the other hand,-dlelectric metamaterials rely on different type of
resonances. The egy of the field at the resonance is concentrated in a small fraction of the
unit cell volume. The coupling between metamolecules is neglible, as a result an effective
medium frequency dependent is appropriate to apply. One of the basic ways of thigeeffect
theory is the retrieval method of characterizing the metamaterials effective permittivity and

permeability.

1.2 Nanophoeoanti urabl e Technol ogi es

Reconfigurable nanophotonic technologae® namedthe general family of nandevices
whichdenonstrate HAopt i c al[56pRhysipatmecharesms ligentherdne ma n d ¢

optic tuning,modulation offree carrierconentrationin semiconductorsoptical Kerr effect,
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Figure 1.3 Phase change based reconfigurable photonic devicéa) Schematic sketch of an electrical
switchable nanostructure made out of-¥@>-Au micro-structures, operating at midfrared.[182] (b) similar
electrically switchable device based on GAG-Silicon Nitride nanestructure operating inisible-NIR regime.
[113] (c) thermally actuated metasurface based oRVAJ-Saphire structure[73] d, side viewof a SgNa
waveguide resonator employing a GST switBbttom left SEM image and bottom right simulated responst
electric near field. No capping layer is used &éme actuation process is based on optical pUBtk.



electreoptic effecs suchas, pockels effect @lectreabsorption (FrantKeldish) are some of

the most commonly used techniques to control optical behafi@nghotonic structures and

have been used to develop-@titicaland electreoptical modulators[57], [58] Furthermore,

the development of novelaterialancorporated in schemes likeaveguidesphotonic crystals

or even metamatets harvest the near field enchancement to achieve even stronger responses
[59]i[63]. As the materials sciencdevelos new functionalmaterials appear as strong
candicites for opticalor electrical reconfiguration. Graphene witbptically/electrically
controllable energy band gdf4]i [66] and more generally two dimensional matef&ds,

liquid crystak [68], [69] with distinct refractive indexes for different orientation of the
molecules or photoresponsipelymers[70], [71], phase change materials ligallium, [72]

vanadium dioxideVO2, [73] and chalcogenide glasseg4] have fuekd the field of



nanophotonic reconfigurablechnologiesPhasechangematerialscan provide a waipo shrink
optical switching devices down to the nanoscale. Tfayn devices smaller tharfor
comparablen size tgQ the carier wavelength of the signal3his is of great importance in
nanophotonicand createconditions,which areunfeasiblefor electronic circuits[75] Large
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Figure 1.4 Reconfigurable photonic dielectric waveguides baseon optical forces.(a) Schematicsketch
of a freestanding Si waveguide beaifb) Left simulated responsd# the Electric component of the optici
field. Right, the intensity of electric field across the waveguide, light is highly confined in theiridgl
material, while evanescent waves are coupled to thgsBi3trate (cThe experimental setip used to detec
optical force actuationf a freestanding, 1émicron Siliconbeam.Pressure on the chamber is®Ibar (d)
The typical trasmission spectrumf the device showing interference fringes of the internal FaBrgrot
interferometer formed by the input and output couplers. The wavelengths of the actuation and probe
marked with the blue and magenta markers, respecti@glResonance respse curves of a ¥@icromlong
waveguide beam at varying modulation levels of the actuation light. When the vibration amplitude e
the critical amplitude ac, the response shows a strong softening nonlin€heitgritical amplitude of 2.5nm
determned from the backbone curve (magenta line), agrees well with the theoretical value of 2.2 nir
the vibration amplitude versus modulated optical power on the device shows a linear rdggpnse.

norntvolatile change iroptical properties have beenndenstated, howeer the integration of
these materials with metals limits the totalimber oftransition cycles that can be achieved
This is due to degradation of metalapping layers have been used to address this issial
free phase change nadevices arestill of great interest(see Figure 1.3 Other effects are
based on concepts suclmamoemechanical motion of optically resonant structufég] At the

nanoscalgeelastic forces are comgable to electromagnetic forcess A result, effective optical



parameters of the nanodevices can be coatt@kternally to provide reconfigurable response.
This motion can be triggered in several ways to provide modulation of incidertyititgrmal,
electrical, magnetical mechanical or even opticatethods[77] In optomechanical systems
like those pesented ifi78], [79] a freestanding nandneam made out of a highdex dielectric
materialis excited optically by irplane light. Apump-probe measuremers conducted over

a broadbadwavelengttrange As illustrated in Figure 1.8vo light beams are coupléarough
aWDM in the waveguideandafter the device a bandpass filter blotks pump. Robe light

is converted int@n electrical signaby a photodetector and igeorded as vector network
analyzey VNA. The other port of theNA, is used to drive the pump las&heexcitedoptical

force can move the nafmeamson the scale of a few nm, which is enough to cause change of

50% (71 nm gap)

Initial (50 nm gap) Relaxed (35 nm gap)

1 um

Figure 1.5 Plasmonic nanemechanical light modulators.(a) Scanning electron riograph (incident angle 52°
of the double bridge structure after fabrication. The-bsidge structure is freestanding and lifted above
surrounding membrane due to manltal stress in the latte€artoon of the antisymmetric euif-planeandin-
plane mechanical modef the double bridge structur&canning electron micrograph (incident angle 0°) of
center part of the double bridge, showing thenBbwide central gajj83] [97] (b) Schematic of the metamateri:
absorber with a mechanically compliant bilayer (Au (25 nm)/SiN (100 nmajhbrane component decorated wi
a nanoantenna array. The structure simultaneously supports optical Fano and mechanical resonances,
coupled via thermomechanical forces induced by absorption. The absorber gap can be electrostettaliyhtt
an applied voltage. Insethé falsecolour scanning electron microscopy (SEM) image of the fabricated-cross
shaped nanoslot (length (360 nm)/width (150 nm)) antenna array (period 800 nm) that covers an area o
by 250 um at the centre of the 500 Jli;n500 um membranéc) An electreoptical modulator: metadevickiven
by electrostatic forces (green ar r(d)Schematic ef thevsulestmat
prior to stretching with Au split ring resonators attached. The ESEAés of an array of 2 x 2 SRRr unit cells
initially, relaxed, and for 50% strain. The measured gap distances from ESEM images are sh
parenthesef.83]



the effective refractive index of these waveguidea ligw percentThe modulabn of light is
only a small percentage d¢iie incident light, which make this technologymsuitable for
commercial aHoptical modulators.

An alternative technique to aekie structurally reconfigurabléevicess based onlasmonic
resonances achieved in fre@ndingflexible nanomembranes in flexible substrateue to
the strong couplingpetween plasmonic resonatoasyy displacement between the plasmonic
metamolecules can lead to change in the effective index ofdbeice. The main advantage of
this scheme over the dielectric photonic crystals or waveguides is that light is confined in
deeply subwavelength region&s a result the interaction length of those devisdimited to
the thickness of the plasmonic sudae.g. around 100nnThe optical modulation of these
devices aren the scale of few percent, while there iglso the ability for fast dynamical
control of theoptical response. This speed is determhifi®dm the size of the supporting
nanowires or namoembranes. The corresponding frequencgtithe level ofa few MHz.
Howeverfor shorter nanowires with appropriate designeath the GHz fragenciesFigure

1.5presentseveralkexperimental gamplesof this concept.

1. 3Dielectric Metcamaitegui allse

Dielectric reconfigurable metamaterialstperformplasmonic counterparia many aspects.
Joule losses are-priori limited, they are madéom CMOS compatible materialghey can
operate in transmission mod®d recentlyhavebeen showrio be an adequate platform to
achieve optical reconfigurable propertigss illustrated in Figure 1)6 A nanacdifraction
grating can support guided modes, and support certain reflection peh&sisible, and as a
resultgive different colours for diffeent periods and angle of incident light. Upon stretching
the flexible substratecolour can be actively controllefB0] Another examplean array of
silicon nanedisks embedded with a liquid crystal can provide reconfigurable response upon
either heating or biasin{B1], [82] The modulatiordepthreported in these works is better than
plasmoniaccounterpartbutmodulation speeds are still low due to the limited niatiton speed

of liquid crystals, mechanicalreconfiguration of the flexible substratestill limits the

modulation frequencies up to feaw KHz. So the reconfigurable response of dielectric
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Figure 1.6 Dielectric Reconfigurable metamaterials.(a) Left, schematic of a ondimensionahigh-contrast
nanoegrating The optical properties are determined by pegod t higce kapdsdutsy, cwhcd
the width of the highndex bar. In the twarder diffraction regimethe incident light is diffracted into fou
possibleorders: Ri, Ry, Tr1, and . Righ, anomalous reflectioeffect for the proposed deviweth 180 nm

thickness and 32° incidence andgR0] (b). Left, Schematic of the silicon nanodisk metasurface integrated
an LC cell. The silicon nanodisk sample is immersed in the LC, and the cell is heated by a ReghttdBketch
of the (idealized) aangement oftte LC molecules in the nematic and the isotropic phase, respectitely

transmission spectra are ploted for heted and nonOheated samples in near jagfe)d Left, TiO, resonators
embedded in PDMS imagedittv a scanning electron microscope and represented in false color, wher:
indicates PDMS and green TiCRight, plarizationdependent transmission spectra of the metasurfaces
increasing applied straifb2]

metamateris is an open field with the demand of faster modulation speeds and large
bandwidths as well as the everitegammercializabn of those devices into fibéntegrated
systemsRecentpublished works havehown more complex applicatidhan simple active
modulation of the transmission/reflection spectruror examplg55] dynamic focussing of

light was demonstratagsingphase changeresnel and sup@scillatory lenses
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1. 4Thesi s overview

Dielectric metamaterials have the potential dombine metamaterials with industrial
fabrication techniques developed in silicon natectronics. This thesis presentstady of
potentialfor reconfigurabledielectricmetamaterialthroughthreeschemes nanomechanical,
phase changandcoherent contrahechanismsThe researctionehas led to intriguing results,
suchl) the demonstration ofthe first opto-mechanical nalinear dielectric metamaterial
operating at 152MHz which isthe highest modulation frequency preseitb date 2) The
experimentaldemonstratiorof the first nanomechanical electoptical switch made out of
dielectric materials, actuated by few volB3.The demonstration of chalcogenidgassesin
particular GoS;Ts, as optically reconfigurable material (optical switch) with strong
reflection and transmission contrasts up to 5:1 and 3;¥espectivelybetween amorphous

and crystalline states This is expained by the fact thaB.STs is ahigh-index dielectric at

near infrared regime and plasmonic in visikl¢ The report of the first Diamond nano-
membrane metamaterial, which operates as coherent absorber of light pulses as short as

6fs atvisible-NIR wavelengths.

The content of this thesis is summarized as follows:

In the F' chapter ashortreview is considered upon metamaterials and especially the progress
of dielectric netamaterials the previoysarsNext, | present howeconfigurable technologies
have lel to technological breakthrouglamd how plasmonics off@ solution on this direction.
However | emphasize the fact that dielectrics reconfigurable metamaterials could lead to
eventuatommercializatiorof metamaterials technology éeeycanbedeveloped wittCMOS
compatibles methods and demonstrate stronger performance, e.g.: modulation depth, etc

In the 29 chapter structurally reconfigurable metamaterialstuated by optical forcesre
presentedFirst, | reportthat resonant localized elecimagnetic modes in a nanostructured
silicon membranean providean alldielectric metamaterialwhich operatessa nonlinear
medium at optical telecommunications wavelengtishow that such metamaterials provide
extremely large optomechanical nonliriedri e s , operating at intensi
unit cell and modulation frequencies as high as 152 MHz, thereby offering a path to fast,
compact and energy efficient-alptical metadevices.

In the 3 chapter, experimental demonstration of a freanding, aHdielectric, nane
mechanically reconfigurable photonic metasurface actuated by electrostatiaforyasted

The subwavelengtthickness device is manufactured by CM@&&npatible,high refractive
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index and transparent conductive mediadsiti and indium tin oxide) anapplied biases of
only a few voltsto deliver reversibl®ptical changes gmoaching 10% in neanfrared and
dynamic modulation of 7MHz_ast, is explained how thoseetamaterials can b®olveas
fiber-coupledmetadevices operating as fiber integrated eledptical modulators

In the 4" chapter,nonvolatile, amorphousrystalline transitions in the chalcogenide phase
change medium germanium antimony telluride (G&ifg¢ harnessetb realize optically
switchable, aldielectric metamaterials. Nanostructured, subwaveletigthness films of
GST present higlquality resonances that are spectrally shifted by Jaskrced structural
transitions, providing reflectivity and transmission switching contrast ratios of up té 88 (

at visible/neaiinfrared wavelengths selected by desigih.the same time, the GST nano
gratings at the visible regime can operate asmbnic materials with colourrtability across
this regimeand strong contrast in optical properties as.well

In the 8" chapterthe first experimental demonstration of coherent Hyjatight modulation at
few-opticalcycle (6 fs) pulse durations, enabled by a nanostructured polycrystalline diamond
broadband metasurface absorber only 170 nm thigkesentl study the optical properties of
diamond metamaterials for first time and | present how broadband absorption imdiamo
metamaterials is feasible.

In the last chapter an outlook work is presented together with a future work.

An appendix is included in the @mo briefly explain main experimental and computational

techniques used for the completion of this thesis.
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Chapter 2

Reconfi guanpelnebr aNBDeel ectr
Met amateri al s

The ultimae goal of nanophotonics that is, to create devices smaller than or comparable in
size to the carrier wavelength of the signals they handle, a relationship of proportions that is
easily achieed in most electronic circuitaye provided by nanomechanickdvices that take
advantage of the changing balance of forces at the nano&sdhe physical dimensions of a
systemdecreasg the electromagnetic forces between constituent elements grow, as illustrated
by the repulsive force between electrons asr tbeparation diminishes. In contrast, elastic
forces, such as the force restoring tfodeed beam, decrease with sia¢the submicrometre
dimensions of the metaolecules in photonic metamaterials, electromagnetic Coulomb,
Lorentz and Ampere forces coetp with elastic forces and can thus be used to reconfigure the
shape of individual metmolecules or to change their mutual arrangement. The nanoscale
metamaterial buildindplocks can be moved fast, poti@ty offering modulation at gigahertz
frequenciesSuch structures can also be dritearmcelastically or by light, through optical
forces arising within iluminated metamolecules

Elastic structured nammembranes are the ideal platform for such nanomechanical
reconfigurable metamaterials. This néwgh-throughput and silicosompatible technology
benefits from related advances in napdomechanics, which have led to the demonstration of
themally driven plasmonic nanoroeanical oscillators and resona{83, [84].
Nanomechanical metamaterials are being developed alongside other approaches for creating
nonlinear, tunable and switchable met&mnals from the microwave to the optical parts of the
spectrum. The technology for growing highalty free-standing nanomebmanes, such as
ultrathin films of silicon nitridd85], silicon[86] and diamond87], that are supported by bulk
semiconductor frames is well established. Individual membranegtlgtirystalline or nearly

single crystal, typically have thicknesses ranging from a few tens of nanometres to one
micrometre, with overall sizes up to a few square millimetres.

El ements of reconfigurabl e met amat.éAttheal s c a

nanoscale, electromagnetic forces acting on such nanowires are comparablastittiorces
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of the supporhg structure and therefore can be used to reconfigure metamaterials. Even small
mutual motion of the elements of the metamaterial arraycosate substantial changes in its
interaction with light andts optical properties (see Figuzdl). For simplicity, let us consider

two cylindrical nanowires of diameter D spaced by a cewteentre distance d and evaluate
forces acting on a segmesftnanowire of length L.

By illuminating nanowireswith monochromatic light, optical force excitationnchappen
Nanowires that have a length L of approximately half of the wavelength of incident radiation
act as resonant antennas for light. Ligiduced oscillating dipoles in a pair of parallel
nanowires will repel with timaveraged opticdbrce F, whichis proportional to the incident

light intensity P, if the radiation is polarized with the electric field E parallel to the nanowires
and the optical @vevector k is directed perpendicuiathe plane defined by them/hen such

gold plasmonic nanowires of diameter D = 100 nm, length L = 500 nm and spacing d = 300

Figure 2.1 Optical force excitation under monochromatic beam illuminationNear field of oscillating
dipoles lead to mutual repulsion of the pair of golden nanowiiastic forces remain constant while optic
forces areproportional tahe intensity of thenputlight beam.

nm are illuminated by light witha&vv el engt h & =si©92% B m=%4thed mWn t e
repelling optical force between them is about 1.5 PNis is calculated with the usage of

Maxwell stress tensor in a Comsol model, with more details explained in page 25 and 26.

Optical force excitatin has been an intense research field the last few year with several
theoretical publication related either with plasmonic cdalectric metamaterial§88]i [91]

However, there is a power limit that these devices can sustain, thisdidtelectric
metamaterials as a better candidate for stronger optomechanical forces in comparison with

plasmonic counterpart/7]
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2. Fresd andilregc tDii-ece n\barnaon e Met amat er i al s

The alldielectric metamaterial designs experimentally implemented to date are ubiquitously
O6positivebd structures based on assemblies o
transparent lowndex substratef8], [26], [27], [36], [37], [41], [69], [921[95], engineered to

present resonant responses based typically on (coupled) Mie/cavity modes. In thishaeek,

developed and experimentally derstmated freestanding aldielectric photonic

met amaterials based o0 pontiduous gananembrangs of Silican pat t
Nitride and polycrystalline Slicon. Silicon Niride membranes have been employed
previously as flexible and ultrathinIsstrates for thermo/electraechanically reconfigurable

and coherently controlled photonic metamatef@gi [98], but Ishow here that as highdex,

low-loss media they may serve as a metamaterial platform in their own right.
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Figure 2.2 Refractive Index and Extinction ratio of Silicon Nitride and Silicon nanomembranes(a)
Silicon Nitride typical ellipsometry spectra in NIR regime. Losses become negligible for wavelengths
than 600nm (p Silicon typical ellipsometry spectra in NIR regimd.osses become negligible fc
wavelengths longer than 1100nm. Thickness and stress of the films influence refractive index and e»
ratio, respectively.
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Ellipsomety measurements of typically used silicondasilicon nitride membranesre

presented in Figur2.2. This is the first test to quantify if the matesi@d o pt i c al pr ope
appropriate to support dielectric optical resonandsgan be seen Silicon retains a refractive

index around 3.5 with negible losses for wavelengtHongerthan 1100nmwhile Silicon

Nitride have been lossless even from shorter wavelengths, however with a lower refractive
index, close to 2Samplesare fabricated in commercially source@Onm thinmembranes via

FIB milling, see Appendix AThe metamaterials typically comprisghersquare arrays of

micron scale unit cell slot features such as sheshape illustrated in Figur@.3 or

subwavelenth periodic nanowires as in Figure Zid a 100 nm SiN membrane).
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Figure 2.3 Free-standing silicon nitride membrane resonant retasurface. (a) scanning electror
microscope imagef an array of silicon nitride, SiN membrangkickness 100 nmwidth slit 200nnh
Experimentally measured transmission spectra, f@nxl ypolarized normally incident light, for the free
standng silicon nitride metasurfacec,f) Computationally modelled distributions of the x component
electric field Ex in themiddle of the membrane at the indicated spectral positions.

High-quality resonances are observ@dthe transmission spectra for such structatesar
infrared (visible) wavelengths for normally incident light polarized paralletite opening of
thes -slots (nanewires), which may be tuned by design via the structural dinoessof the
milled pattern see Figure 2fsgure 2.4) For nanostructures like those in Figure 2CBfinite

element numerical simulations reveal that the resonances relate to interaetwesn Fabry
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Perot andMie modes excited within the dielectric wtture presenting the characteristic
lineshape of a fantype resonangémore details are given in the next sectidanufacturing
imperfections anihhomogeneitieso far limit observed quality facteifor the resonances to
Q~60, but computational moteindicate that in principle values several times higher than this
are possibleAt the same time as if96]i [98] silicon nitide nanowires playhe role of

supporting lkeams, and the optical resonameevided by plasmonic metals, here it is shown

Transmission, % Reflection, %

60 35
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30 L ! 1 1 | ) L | 5 1 L | L L
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Figure 24 Free-standing silicon nitride membrane resonant nanogratingsExpeimentally measured
transmission (aand reflectiorspectrab), y-polarized normally incident light, for the frestandng silicon
nitride metasurfaces, nafgratings with periods P=400, 500 and 600nm as annotated [thickness 10(
Groove size is kept cstant at 200nm for every period.

that nanegratings support guided resowas with Q3-40, paung the way to engineewptical
properties in the visible regime asdggestsSiN as a(new) all-dielectric nanemembrane

material platform

Apart from SiN, polysilicon freestanding membranesgith 100nm thickness have been tested
after nanostructuring. The shape of the unit cell remains the pi shapedrsloas it can be
seen in kKyure 25 thatstrongoptical resonancemerecordecat NIR wavelenghttwith optical
response defined by the nacantileversength L while ptch andother geometric features
remain the samerhese resonances could be used in sensing applicatiansnonlinear
responses vigptomechanical coupling of the optical resonant mode with the vibrational modes
of the nanecantileversin the range of few hundred$ MHz.
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Under appropriate illumination, the optical forces generated in-ldew dielectric
metamaterials such as these can be sufficient to deflect elements of the structure (e.g- the nano
cantilever within each cel(Fig. 2.4, 2.5 and 2)6 Eachhas a mass of ordeof hundreds of

femtograms

500
450
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L=350 nm

15 | I I | I | 1 1 I
1000 1200 1400 1600 1800 2000
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Figure 2.5 Free-standing silicon membrane resonant metasurfacega) Scanning electron microscog
image of part of a frestanding silicon membrane metasurfafi@sseveral cantilevers lengtfb) Zoom in
image of a 2x2 aay of Silicon nanecantilevers witrunit cell size of 1.05 purd 1.05 pm; and thickness 10
nm. (c) Experimentally measured nediR transmission resonance spectra fgratarized light(vertical to
the cantileverhormally incident on structures suchiaganel (a), with vigging nanecantilever lengths L.

In fabricating a variety of Si and SIN membrane metamaterial|ave found that the
equilibrium position of the nanrocantilevers depends sensitively on stress within the
membranes (which can vary among nominalgntical membranes and even across a single
membrane) as well as the length/width of the cantilever arms and thickness of the membrane.
Interestingly have established that varying the position and dimensions of a straight cut across
the fixed end of acantilever (a cut which would constitute the short arm of the classic

asymmetric split ring metamaterial unit cell design; as illustrated in2Eg) enables one to
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Figure 2.6 Control by design of nanecantilevers tilt. (a)an array of tilted meanders, where internal str
of Silicon membranes deforms maetwlecules from their in plane position. (b) An array oc8RAThe

presence/absence of an additional slot cut across the fixed end of each cantilever determines the exter
it tilts out of plane under the action of stresses within the membraipdarie nanecantilevers in a 100 nir
thick poly-Si membranely) are uniformly tilted out of planec(oblique view with the addition of such a slot.

manipulate the degree of tilt in the equilibrium position of the cantil&\es technige could
possbly enable the fabrication @dd-nanoestructures3D nanostructures have been recently
reported irref[99]. In that workion-implantation induce stress(while here appropriate cyts
resultin tilted structures(see Figure 2)6 Those tited structures mighHead to exciteptical
modes which are inaccessibleaiplana2D nanostructure

Furthermore, | have continued developing the next generatiedieddlctric metamaterial
samples made out of bilayéilicon and Silicon nitridejlielectric membranes. The starting
point is still commercially available Silicon membranB$ sputterdepositionmethodwas
usedto createthe second layer of a low index dielectric matgisalicon nitride) operating as

a supportig materia) (see Figure Z). These type of structures hgweviously beemproposed
theoretically,and have been suggested remnostructures where assymetric transmission,
bistable response and chirality control couldabtated based on optical forcg9], [91]. |

am the first ongo developeexperimentally thes structurs, (see Figure 2)7 with great
uniformity. The high aspect ratibetween the length and the width of each wire, make the
fabrication of these samples a dbadjing task where a balance between internal stress and
elastic faceis needed to be found ind®r to provide a uniforrmetamaterial arraf/see Figure
2.7c). An optimum aspect ratio is possibie be found in ordeto fabricate these kind of
structuresin thestructurepresented in Fig. 2,a pair ofbricks with assymetric thicknesgere
fabricakd (see inset Fig.2cj. Eachnanebeam wad4um long with a width of 300nm, while
the unit cell size was 900nm750nm.However, Gaimplantation hamperoptical resonance
in this structure as the resonant optical modes excited are very sensitiveetoithagsed by

FIB milling. Appropriate techniques suchlas/ ion beam acceleration voltage and current
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Figure 2.7Bilayer Si/SiN nanomembrane metamaterials.(a) Schematic of bilayer alflielectric metamaterial
fabrication: al00 nm thick Si membrane in 1 é®i framewas deposited by SiN, 100nmfterwards, a highly
concentrated ion column sputters target materials after ion bombardment of high monfeébtomiling define

an array of nanavires with extreme aspect ratio, while in the next stage FIB selectivelyedefamostructurec
patterns on the silicon film only(b) SEM image of unsuccessful attempt of a sample where strengtt
supporting layer was not enough to hold the Silicon Hamuks. (c) Mlique view of the nandrick array: period
= 750nm x 90hm, dark areas =air, gray areas SiN only while every pair of brick have different thickness.

the use of sacrificiallayer or are-beam lithographic methambuld be useds alternativet
improve the optical response obfie devices.

Overall freestanding nanonembrane metamaterials seem adequate ptovide
optomechanical responss thg can provide both optical resonances at NIR and vibrational
modes in the MHz to suB@Hz regime excited via optical forces. A proper design is needed to
excite optical forces, while at the same time the device needs to be lgmasitive to any

structural deformation to provide a nonlinear optical response.
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2. Nanompt omechani cal nonlinear dielectr

Non-metallic metamaterialanostructures currently attract intense attention as they promise to
reduce the losses and costs associated with the use of noble metals in traditional plasmonic
architectures[25] It has already been shown that oxides and nitri#H, graphene[100]
topological insulators[53] and highindex dielectric§26], [27], [34], [36], [37], [41], [82],

[92], [94], [101]can be used as platforms for the realization of{@glesonant metamaterials.

A variety of nonmetallic media, such as graphep&02] carbon nanotubeg103] liquid
crystals[104] and semiconductorfl05], [106]have also been engaged through hybridization

with plasmonic metamaterials to create medith strongly enhanced optical nonlinearities,
while a naneoptomechanical nonlinearity has recently been observed in a plasmonic
metamaterial.[107] Here | experimentally demonstrate an -diklectric metamaterial,
fabricated from a frestanding semiconductor nanmeembrane, with sharp neefrared

optical resonances. It exhibits a strong optical nonlinearitycéegtsal with lightinduced naneo
mechanicabscillations of the structure, which change the physical configuration and thus the
resonant response of the pmmwecaaenat eri al arrayo
Optical forces at the suimicron scale can be comparable or even stronger than elastic forces,
and resonantly enhanced optical forces in photonic metamaterials have been theoretically
studied for both plasmonic and -dikelectric structuref88]i[90] The exchange of energy
between incident light and a nantechanical resonator can be further enhanced when the light

is modulated at the mechanical eigenfrequency of the resohadeedit has recently been

shown that plasmonic metamatesiadan be optically reconfigured on this basis with light
modulated at MHz frequencie$107] In consequence of the fact that the mechanical
eigenfrequencies of objects are dictated by
nancscale mechanical oscillators made of silicon offer the prospeactchanical vibration at
hundreds of MHz or even GHz frequencies.

Considerable efforts have been devoted to the reduction of radiative losses in resonant
plasmonic metamaterials, as n@uiative losses (Joule heating) are unavoidable in the
constituentmet | s . -dlire |l Galtlr i ¢ 6 -madidtive losses aregria linitednso n

with appropriate design they can present even stronger optical resonances, and thereby generate
stronger optical forces, than plasmonic counterpf€®.Previous works have demonstrated

that highindex media such as silicon campportoptical frequency resonande$], [27], [34],

[36], [37], [41], [82], [92], [94], [101] and we harness that characteristic here to engineer an

ultrathin medium with optical properties thaedrighly sensitive to structural reconfiguration.
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The metamaterial is fabricated by direct focused ion beam milling of a commercially sourced
(Norcada Inc.), 100 nm thick polycrystalline silicon membrane in a silicon frameré2.%).

To date, alldiele ct ri ¢ met amaterials have invariiably
arrays of discrete higimdex features (nanorods, discs, bars, etc.) supported on aituegr
substrate[26], [27], [34],[36], [37], [41], [82], [92], [94], [101]The metamaterial employed

in the present study shows however that strong localized resonances can also be excited in
0 n e g alielectvicen@nostructures, i.e. a pattern formed by slots cut into a continuousflayer
high-index material. The frestanding configuration has the additional advantage of
maximizing refractive index contrast with the néiald environment and thereby resonance
guality factor.[108] Each 1.05 um x 1.05 um unit cell (metslecule) contains a rectangular

nanccantilever of length L = 300 nm and width W = 600 nm, with an additional slot across

(b) Direct FIB milling

Figure 2.8 Free-standing silicon nano-membrane metamaterials.(a) 100 nm thick Si membrane in 1 &n
Si frame used as a platform for fabrication of fst@nding aldielectric metamaterialgb) Schematic of FIB
principle, a highly concentrated ion column sputters target materials after ion bombardement ¢
momentum.(c) Schematic oblique view of the nanantilever array: period = 1.05 ;= 300 nm;W = 600

nm; G = 100 nm; slot width = 100 nmd) Scanning electron microscope image of part of a {zamilever

metamaterial array fabricated in a Si membrane by focused ion beam milling [dark areas = slots cut thr
membrane].
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the fixed end of the cantilever arm to increase flexibility (Féy2.8c shows a geometri

schematic of the structurd)he metamaterial array is composed of 25 x 25 ymetkecules.
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Figure 2.90ptical resonancesn free-standing silicon nanemembrane metamaterials(a-c) Normal incidence
reflection, transmission and absorption spectra of the metamatenigbddarized light. Black lines correspond 1
experimental measurements, dashed lines to numerical nrmgd&ltiults; Grey lines show measured spectra for
unstructured silicon membranel, € Field maps, in thay plane at the mighoint of the membrane thickness, ft
(d) the electric mode resonance at 1550 Bpfield component] ande] the magnetic modat 1310 nm , field]

i experimental pump and probe wavelengths respectively. The field maps are overlaid with arrows indice
direction and magnitude of electric displacement.
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This structure supports several optical resonances in thenfieaed range, as illustrated by

the microspectrophotometrically measured reflection, transmnissnd derived absorption
spectra presented in Figs9. Thisdata show good correlation with spectra obtained via 3D
finite element numericahodelling (Comsol MultiPhysics), using a fixed complex refractive
index for polycrystalline silicon of 3.2 + @i (following Ref.[109] with an imaginary part

tuned to reproduce the observed resonance quality at the experimental pump wavelength of
1550 nmi' the elevated value being representative of material and manufacturing imperfections

includinggallium contamination from the ion beam milling process).
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Figure 2.10 Changes in optical properties resulting from structural recafiguration. (a) Numerically
simulated dispersion, Transmission and Absorption of metamasedahd the experimental 1310 nm prol
wavelength for ®o, 50, 1000f nanecantilever tilt angles, as labelled and illustrated schematically tomotiem
alorngside correspondingy field maps for the xy plane at the mpint of themembrane thickness at 1310nr
top row. As the cantilever tilts the resonance blueshifts, this can be justified, if you consider that effecti
length of cantilevers shortens.

In order to achieve a strong optomechanical nonlinearity we require a metamaterial that is
highly sensitive at the probe wavelength (1310 nm in the present case) to structural
reconfiguration dsen by strong optical forces generated within the structure atuthng p
wavelength (1550 nm). Fig2.10 shows simulated transmission around 1310 nm and
corresponding maps of field distribution at this wavelength for three different configuriations

tilt anglesi of the metamolecule narzantilevers. The probe wavelength sits to one side of a
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resonance based upon a spatial distribution of electric field and displacement currents in the
cantilever arms which generate magnetic dipoles (in the manner of til@rfgtasmonic
asymmetric split ri ng [28)e Tha spacdira disperdion depends p p e d
strongly on the cantilever tilt angle, with the resonance-bhiking as the cantilever arms tilt

outof plane (i.e. as their effective length decreases), resulting in a transmission increase at the
fixed 1310 nm probe wavelength (there is a concomitant reflectivity decrease, and no

meaningful change in absorption).
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Figure 2.11Modelling of optical forcesin a periodic array of silicon nanc-cantilevers. Spectral dispersion ot
the normalized oubf-plane optical forces acting on either end of the madtecule nanaantilevers [as illustratec
inset], and of metamaiaf absorption, around the experimental 1550 nm pump wavelength. [In all cases, simu
assume normalljncident,x-polarized light.Jopposite pair of forces act in every metamolecule result in out of p
displacement of the tip.

The absorption resonance at around0LBB waveband is derived from the excitation of an
electric dipole, hybridized with higher order electric mullgsp within each unit cell (Figure
2.9 9, giving rise to a spatial distribution of optical forces that tilts the cantileves aumnof
the sanple planeln classical electrodynamics the componentheftotal timeaveraged force

F acting on an object illuminated with light can be calculated using the surface infeb@l:

600 b Y@ QY (2.1)
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S being a closed surface around the region of istierg are the unit vector components

pointing out of the surface and <Tij> is the thaecraged Maxwell stress tensor defined by

YO -YQ- 00 - €L ‘* 00 - s (2.2

The optical force given by equatiofisl) & (2.2) encompasses both radiation pressure, which

arises through the transfer of momentum between photons and any object on which they
impinge, and the gradient force, which is associated with intensigtieaus in the local field

around an object. Applied to the metamaterial unit cell (Eifl)2this stress tensor analysis

reveals antiparallel forces acting on the two ends of the cantilevei@msn et O posi t i v ¢

F1 (in the +z direction towardse light source) at the free end of the arm and an opposing

force F2 (in thé z direction of ight propagation) at the other.

:“"O PD

SP Filter

) R ccp

Figure 212 Measuring the nonlinearity of nancoptomechanical altdielectric metamaterials (a) An
inverted microscope is used as a stage to focus light on the sample and afterwards collected c
photodetector. (b) inset presents the vacuum chamber ( Linkam stage)sahgrle was kept in low pressur
10* bar. (c)Schematic of the pumprobe experimental arrangement for transmissimile measurements ¢
metamaterial nonlinear response

In normalized units these can respectively reach levels of 0.10ab@l P/c (where P is the

incident power per unit cell and ctise speed of light). In absolute terms, for an illumination
intensity of 60 €W e&€m2, this corresponds to
opposing force of ~35 fN at the hinge, which would be sufficient to induce a static deformation
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(i.e. tilt) of only 2nj displacing the tip of the cantilever arm by ~5 pm. However, much larger
def ormations can be achieved by the same
mechanical resonances, where displacement will be enhanced by the quadityofaitte
mechani cal resonator . As s umi nidl] far the silicong 6 s
membrane, the first mechanical eigenmode of the 300 nmmudtcule cantileverk the out
of-plane oscillation of the armisis expected to occur at a frequency of 165 MHz.

The optanechanical nonlinearity of the frestanding silicon membrane metamaterial was
evaluated using the purpgrobe experimental configuration illustrated schematically in Fig.
2.12. Probe and pump beams at 1310 and 1550 nm respectively are generated by €W singl
modefiber-coupled diode lasers, with the pump beam subsequently etgatioally

(a) (b)
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Figure 2.13 Nonlinear optical response adll-dielectric metamaterialsbased onoptomechanicalcoupling.
(a) 1310 nm [probe] transmission modulation depth as a function of pump [1550 nm] modulation frequen
selection of peak pump intensities [as labelled]. The inset shows ecaatilever unit cell colored according t
the relaive magnitude of oubf-p | ane di spl acement, from numer.
mechanical eigenmodé) the mechanical eigenmodes of higher order are presented here. It is apparen
the complex type of deformation not all the mechanical modes are coupled with incident light, excépidtie
inset in column (a).

modulated at frequencies up to 200 MHz. The beams are combined using a wavelength division

multiplexer into a single fiber and then pass via a-fg&ce collimator to thieput port of an

optical microscope operating in transmission mode. They are focused at normal incidence to

concentric spots on the metamaterial, with

e W/ #isimaintained at the sample, while peak pumntpnsity is varied up to a maximum
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l evel of 2.6A2ow-PasscfiNgl bdooks transmitted pump light and the probe signal is
monitored using an InGaAs photodetector (New Focus 1811) conneciaal dlectrical

network analyzer (Agilent Technologies EA@). The sample is held under low vacuum
conditions at ~0.1 mbar to reduce atmospheric damping of mechanical oscillsfiguse
2.13apresents the relative purimpduced change in probe transmission as a function of pump
modulation frequency. As pumptansity increases the observed optomechanical resonance
grows in strength and collapses spectrally to a central frequency of 152 MHz, reaching a
maximum modulation depth of 0.2%. From numerical modelling, a transmission change of this
magnitude corresponds an inducednanoant i | ever tilt of order 1
~830 pmi some two orders of magnitude more than the expected static displacement at the
same pump intensity. This implies a mechanical resonance quality factor of order 100, though

we take this to be a lower limit on the value for individual silicon cantilevers inhomogenously
broadened (due to slight manufacturing defects and structural variations) across the
metamaterial array. Indeed, at low pump intensities a spectrally dispatrafgpeaks emerges,
suggestive of the distribution of individual
At higher intensities the coupling among oscillators leads to synchronization and collective
oscillation at a common frequency in googreement with the computationally projected
frequency of the structureds first mechanica
It is instructive to estimate what nonlinear susceptibility a hypothetical homogeneous medium
would need to possess to provide a response of comparableitudagto the nano
optomechanical silicon membrane metamaterial: Absorption in a nonlinear medium is
conventionally descri bed 2.y whete éis lightiptensitg, 8i on 1
is the propagati on di st atmedirearand nonlihear albsergtionu m a n
coefficients respectively. The observed nonl
the pump power, so can be quantified via an estimate of the first nonlinear absorption
coef filxaele/nitl tb) , witeamaeerial thickness. Athtlee 152 MHz resonance
frequed @¥l0> mAV, which corresponds to a nonlinear susceptibility of order

| m{ ¢ (®?®3 }9IN1OW'2124 m

In conclusion, by structuring a freanding nananembrane of silicon at the sumavelength

scale we engineer optical resonances strong enough to deliver a substantial optomechanical
nonlinearity in an otherwise linear ultrathin medium. The nonlinealieléctric metamaterial

operates at suBHz frequencies and pW/uriell intensities in the earinfrared spectral

range. These fregtanding aldielectric metamaterials offer a compact, energy efficient and
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fast active optoelectronic platform potentially suited to practical application in high speed
photonic applications. Improvements may be enathe design and fabrication of membrane
metamaterials to enhance the probe transmission or reflectivity change per degree of tilt or
nanometre of displacement, and to maximize the efficacy with which optical forces can
generate such movements. But ewdnile absolute changes are small, their sharply resonant
nonlinear character may serve a variety of sensing (e.g. gas pressure, chemical binding)
applications.
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Chapter 3

El e eotprtoo cRRdconf i griaedlectr
Met amateri al s

3. Aldi el ectmdacch anmainma | me t-aptuird amed wll a&tc

The interface between electronic and optical/photonic signals is of enormous technological
importance at macromicro, and increasingly nargcopic scales. This is true both of the
conversion between signal formatse. generation and detection of light and in the context of
electrically controlling (modulating/routing) guided and fgEace optical signals/beams. In
regard to the latter, mechanisms for electrically controlling the optical properties of bulk or thin
film media and surfaces have been the subject of research interest over many decades. The Kerr
and Pockels electroptic effects are widely used in amplijudnd phase modulators, carrier
induced changes in doped semiconductors are harnessed in optoelectronic and silicon photonic
devices[58] ; Liquid crystals (electric fiekinduced molecular reorientation) and MEMS
(micro-electremechanical systems) are the foundation of numerous display, spatial light
modulation and adap#voptics technologies.

In recent years, photonic metamaterialsyanmade media with nanostructurally engineered
optical propertie$62] i have emerged as an enabling technology platform within which all
kinds of lightmatter interaction can be resonantly enhanced. Large etmutioo effects
(reversible changes in transmission, reflection and absorption of light) can be achieved over
extremely short (subwavelength) interaction lengths through the hybridization of active media
(e.g. semiconductofd 05], [112] graphengl102], phasechange materialg’3], [113]i [115],

liquid crystals[104], [116) with plasmonic nanostructures. Nam@chanical plasmonic
metasurfaces can deliver effective eleaiptic coefficients orders of magnitude larger than
any naturally occurring materigl’7] and interaction regimes (e.g. eleetnagneteoptic

effects [98]) with no analogue in conventional nonlinear optics. However, plasmonic
architectures are unisable for many application@4], [95]: they are absorbing in the visible

to nearinfrared spectral range (i.e. indert losses are high even at nanoscale thickness); they

cannot withstand high optical intensities (as a consequence of resonantly enhanced absorption
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Figure 3.1 All -dielectric nano-mechanical metasurfacl a) Scanning el ectron

standing nanowire array [viewed at oblique i
Pl an view SEM image showing detail amfowi he p:
structure imposed at each end of the array wh
of nanowires. (c) Di mensi onal schematic of t

metasurdpckbwrdé8liogalRse, Wwp= 18,6, 2¢0,80 nm] .

local temperatures may readily exceed the -sffectsuppressed melting points of
nanostructured noble na$); and they are not compatible with established (CMOS)
micro/nanoelectronic manufacturing processes. For these reasons, attention has lately turned
towards edbaktricd photoni c nBs]t[a7MEBY,d41]i[&],s and
[93], with active switching and tuning of optical (V\MHIR) properties experimentally
demonstrated via liquid crystal hybridizatif82] elastic substrate deformatiof§2] two-

photon absorption in siliceri43], [117] optomechanical reconfiguratiof118] and nor

volatile opticallyinduced phaserdnsitions in chalcogenide glgd44.9] Here we present an
electrically controlled, frestanding, all-dielectric metasurface (Figur8.1) in which
electrostatic forces are harnessed to reversibly reconfigwestitucture, providing a
mechanism for lowoltage/lowpower reflectivity and transmission modulation.

Devices are manufactured on commercially sourced polycrystalline silicon membranes (1 mm

I 1 mm windows supported i n a@dtedsincludingthe k si |
frame) with 70 nm of indium tin oxide by raditequency sputtering from an In203/Sn02

(90/10 wt%) alloy target. A base pressure of 4 s6Xfbar was achieved before deposition and

a highpurity argon gas flow of 70 ccpm was udedstrike the plasma. A 20:5 argon: oxygen
deposition gas mixture was used to maintain the plasma and ensure sufficient oxygen content
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Thin film deposition FIB 2-layer FIB selective Annealing: Dielectric
to metal Transition

1%e@@ 4 |TO

Silicon

Figure 3.2 Fabrication procedure of all-dielectric electro-optical metamaterial.

in the deposited ITO film. The membrane substrate was held on a rotating platen approximately
150 mm from the target whe it is subject to a temperature increase of <10°C during
deposition, ensuring minimal stress in the film, which was subsequently annealed at 200°C for
60 minutes under an oxygen atmosphere to increase conductivity (measured sheet resistance
decreases fra 3.4 x 16 Ohm/sq to 1 x 13DOhm/sq; carrier concentration increases from 3.5

x 10%%cm?® to 1¢Yem?®). Metasurface nanostructuresnedimensional arrays of @ e m | on g
nanowies with a period of 800 nm (Figugl), were fabricated by focused ion beanB(F

milling from the ITO side othe bilayer membrane (cutting through both layers of material).
Each period contains an asymmetric pair of Si/ITO strips (one 300 nm wide, the other 200 nm
wide) separated by a gap100 nmwhich was subsequently annehbg 200°C for 60 minutes

in oxygen atmospheresee Figure 3.2 The optical response of the nanowire array is
predominantly determined biie silicon component (see Fig. &8low) while the ITO layer
provides electrical connectivity to facilitate electaed tuning of the gap size g. To this end

the ITO layer alone is further patterned at the ends of the nanowires such that the two nanowires
in each asymmetric pair are electrically isolated from each other and connected to opposing
terminals either sidef the device.

The nature of the metasurfase(inevitably) anisotropic optical response and its dependence

on the gap size g are revealachumerical simulations (Figure 3.3Ve model a single period

of the nanowire array in the cressctionaxz plare (as defined in Figure 3.With periodic
boundary conditions in thedirection (i.e. effectively assuming an infinite array of infinitely

long nanowires) using the finite element method (Comsol MultiPhysics). The simulations
utilize material parametefsr polycrystalline silicon and for ITO derivddom ellipsometry
measurement. @h have weakly dispersive refractive indices in the 4tRRaspectral range

above ~1300 nm: around 3.8 + 0.002i for Si and 1.9 + 0.08i for ITO), and they assume normally
incident, narrowband, linearly polarized plane wave illumination. Forpdtarized light

(incident electric field parallel to the nanowires) the metasurface presents a sharp (Q ~94) Fano
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type resonant response that is based upon the excitation-phaaitel dsplacement currents
in the nanowire pairs (predominantly withiretsilicon as illustrated in Figure 3)3nd reliant

upon their dimensional asymmetrjt 20] Resonances are bhkshifted and the local field

strength in the nanowires increases as their separation g decreases, leading to substantial
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changes in reflectivity and transmission. For example, a reduction in gap size from 100 to 80
nm produces an increase3if% in absolute reflectivity atsb0 nm and a decrease of 25% in
transmission athe same wavelengtiror TM-polarized light no resonamode is supported,;
reflectivity and transmission are weakly dispersive (as for the unstructured Si/ITO balager)

do notdepend on gap size.
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Figure 3.4 Si/ITO nanowire metasurface optical characterization.Mi cr ospectrophot «

reflection and transmission spectra (contdiamuwo (g ollid
l'ight, with corresponding Electric fraetdumadsSforT
has been plotted (dashed |ine) for comparison with
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Figure 3.5DC electro-optic modulation of Si/ITO metasurface optical properties(a) Numerically simulate
crosssectional map in thez plane ofthe static electric field amplitude over a single period of the metas
array for a gap sizeg= 80 nm and an applied bias of 1V between the ITO sections of the two nanow
Maximum electric field amplitude [at the midpoint of the gap betwhemanowires] as a function of gap <
for a fixed 1V bias. (c) Experimentally measured dispersion of relative transmittivity change for the
nanowire metasurface under a selection of applied bias levels [as labelled]. The inset shows the
Transmission change for the initial and final state, shaded according to applied electrical bias.
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transmissi on.
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Figure 3.6 AC electro-optical modulation of Si/ITO metamaterial optical properties. a) Modulation of
transmission with an external electrical control sigslahmplitude A at different frequencies f. Transmissi
modulation is detected on the fundamental mechanical eigenfrequencies of Si/ITO narpwitgput phase
change. Maximum amplitude of electrical input was 300mV.
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32 Fi beeaoupl e-hemhnaheotprnranedlamat eri al s

Optoelectronidntegrated componesithat permit theelectricalmanipuhtion of lightare of

high interest.Several architectures haveenproposed and usearf this, such as Silicon
photonic deviceg122] andVSCH. laserd123] theyhavethe potential tereate compadiber
integrated photonicmicro-devicesthat benefit fromfabrication experiencdeveloped across

past years iCMOS (complementary metakide semiconductor) electroniddltimately, the

goal is the development of leaost highvolume photonic integratedircuits (PICs) with
integrated electronics, to simultaneously access the full potential of the silicon péaiferm
Si-photonics for higkspeed signaling and sensing, and CM&&:tronics for subsequent
logical operations and computations

Photonic mnomembrane metamaterials benefit from the fact that they can provide extreme
nonlinearities in a subwavelength scakarthermorejt has been show(in the previous
chaptey that nanemechanical electro/optical modulatocan be made out of CMOS
compatble media to achieve strong nonlinear responses. Here we present for first time a fiber
integrated metasurface dully encapsulated in a fiber environment, providing elecjptcal
modulation at the telecommunication wavelengths, 1316imstly the optcal response of the
all-dielectricnancgratingis testedooth experimentally and with 3bnite element method
numerical analysis. Then, we provide a general metbpthe encapsulation process with
specific characteristics such agptical losses, beamliameter/profile and in the last part we

a) Terminal1 : Terminal 2 b)

Figure 3.7 All -dielectric nano-mechanical metasurface (&) Scanning electron microscope image
a freestanding nanowire arraydp view] manufactured in a silicon/ITO bilayer membrar
(b) Closeview, SEM image showing detail of the periodic arrangement of asymm
nanowire pairs and éhstructure imposed at each end of the array where the ITO la:
selectively etched to electritplisolate pairs of nhanowire®imensional schematic of th
asymmetric Si/ITO nanowire pair within each period of the metasurface array [by des
=780, wl =200, w2 = B0, g =100 nm].
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record around 0.25 dB contrast ratio between the voltage ON/OFF states actuated by a few
volts, due to electrostatic actuation.

The metamaterighas been fabricated as describe®eéction3.1. Here the difference ithe
thickness of the Silicon layer, is 140nm. This resuitdifferent optical responselhe
dimension of te metamaterial is explained ifgkre 3.7.

Furthermore, the ransmission spectrum isneasured experimentally with a CraiC
microspectrometelsee appendix C for methgdand the optical response matches excellent
with simulated spectra using a finite element megwder, COMSOL(see Appendix [} and

presentedn figure 3.8.
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Figure 3.8 Si/ITO nanowire metasurface optical characterizatonMi cr ospectrophoto
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Forthe TEmode, as defined in the inset of Figure 3.&ha)resonanfeatures in transmission
spectra are recorded the telecommunication wavelength1310nm. In this wavelength, the
magnetic field circulation across every pair of this assymetric width gragisglt in a

transmition dip. For the other polarization, Tilwbde, magnetic field is trapped uniformly in

both nanewires, as a result a broad transmission is recorder in the whole NIR regime.
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Figure 3.9Light beam profile across two optical fibersa Pk emat i ¢ sketch-upf TWwe

mode, PM fibers used with a pair of microcollir
di ameter between the tomcot)i mheorstewbhith paaf
z=0, where the beam diameter i s mini mum.
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We prepare an optical setun collaboration with Dr. Yongmin Jungyhere the nano
membrane can be embedded and alignel thie light beam. For this reason, we use a piezo
stage to align to single mode fibres operating at 1310nmny fffantain polarization of the

out- put lase sourcepanda style. In order to create a focused beam between the two fibers, we
position a-lens which depedenty onthe distance from the facet of the fiber can either create

a focused or collimated beam. The alignment setup is presented in Figure 3.9. by positioning a
CMOS camerdetween the two fibers we record fasition of theminimum beam jgot and

define this as zero position. Then for the position we use a piezo stage and we record the power
recorded for several position of teeglemode fiber in order to reproduce the optipedfile

of the light beam as presented in figure 3.9c.

a) RF connector

metamaterial
SLD @ /
1$ nm L'ﬁ Fibre

-l p=18 —
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Figure 3.10 DC electreoptical modulation of a Si/ITO nanowire metasurface.a) Skematic sketch of the
experimental setup used to control optical props of a dielectric metamaterial electricallyansmission
difference for voltage ON and OFF state, for b) TE and c¢) TM mode of a laser at 1310nm.

Next wetest the electrmptic response adhe encapsulateshetamaterial. For this we use the
setup describenh figure 3.9 and intersect the silicon/ITO metamaterial described previously.
An RF connector is used telectricallyactuate théwo terminals The reponse recorded is

illustrated in figure 3.10a superluminescentdiode laser,(SLD) was used with central

45



wavelength of 1310nm and bandwidth of 80nm. We align our polarization and we test first the
TE-mode were a maximum of 0.25dB is measured. The positwveof the difference reveals
that transmission is getting larger after the applicatiomfefv volts. This can be understood
from the fact that as the nabeams bend towards each other the uniformity of the sample
breaks so the resonant deeplaoagerexisss. In the other polarization an opposite change is
recorded where we have a negative changeimsmission after application of electric signal.
This means that as the beams beng tlestroythe characteristic plateau formed in the Figure
3.8 a). he changes in the output light have been recorded in an optical spectrum analyzer.
Overall the peormance of an altlielectric electreoptical nanemechanical metamateribhs
been tested. A new method has been proposed foiintegration of nanemembrae
metamateriain a fiber environment, while thisork opens the way for the irgtion of the
general family oftructurally reconfigurable metamaterialdilver platforms.

RF connector

Vacuum valve
(50mBar)

Figure 3.11Fiber-coupled nanemembrane electrooptical metamaterial.
Final device with electric contactor electreoptical modulation, vaccum sealed for avoid contamination
increase performance of device.
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Chapter 4

Reconfi Qhhaaéed | @ledamagteer | al

Phasechange materials exhibit fast and reversible transitions between apramsrand a
crystalline state The two states display resistivignd refractive index contrastyhich is
exploited in phasehangeoptoelectronicmemory device§/4], [124] The most important

family of phasechange materials consists of -SbTe alloys given their high melting
temperatur¢600°C) andphaseransition temperature around 260Dependingpn the regime

of excitation, one can obtain either reversibtarreversible phase chang€*ontinuous and
reversible changes occur through the intermediate coexistence of phases, and are suitable for
controlling light with light.An example of this physal mechanism is explained in Figud€l,

adopted fronj124].

In the rest of tis chapter | benefit from this mechanism to provide reconfigurable phase change

metamaterials, operating in visible andean infrared regime, with strong

a Amorphous phase (b |
Low reflectivity
High resistance
Short high laser or
current pulse
(reset puise)
5%
Time S
k=]
g
(=]
Undercooled -
a Crystalline phase e -

Amorphous

High reflectivity
Low resistance ‘/_,/’]
Long low laser

or current pulse
(set pulse)

=

Time

Crystallization \

Crystalline

aser power or
electric current

L

Temperature (K)

Figure 4.1 Rewriteable optical data storage using phasghange materials a, A short pulse of a focusec
high-intensity laser beam locally heatsetphasehange material above its melting temperature. b, Rap
cooling thealloy at rates higher than 109 s'* quenches the liquitike state into a disordered, amorpho
phase. This amorphosgtate has different optical properties from the surroundigstalline state, so detectin
amorphous regions is straightforward with admtensity laser beam. ¢, To erase the stored information a
pulse with intermediate power is used. The laser locally heats the-gieasge film above the crystallizatio
temperature. At temperatures aboyghE atoms become increasingly mobile and can revert to the energet
favourable crystalline state,aming the recorded informatiofi24]
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Transmission/Reflectionontrast between amorphous and crystalline states of chalcogenide
metamateris. Reversibility of switching of the proposed devices was feasible only after the

use of a capping layer, which is appropriat® pr ot ect t he met amat er i
guenching proces3he thin film deposition of the chalcogenide glasses have eéormed

by Dr Behrad Gholipour as well as the ultrafast reversible switching.

4. Aldi el ect-changbaseconfigurabl e metas

From their emergence as a paradigm for engineering new passive electromagnetic properties
such as negative maictive index or perfect absorption, metamaterial concepts have extended
rapidly to include a wealth of dynamicswitchable, tunable, reconfigurable, and nonlinear
optical functionalities, typically through the hybridization of plasmonic (noble metal)
metmaterials/surfaces with active medi§62] Phasechange materials, including
chalcogenidefl13], [125] [127] vanadium dioxide[73], [114], [128] gallium, [115] and

liquid crystals[116], [129], [130]have featured prominently in this evolutidle now show

that the chalcogenides offer a uniquely flexible platform for the realization cfolatile,
optically-switchable aldielectric metamaterials. Subwavelentfiickness germanium
antimony telluride (GST) nanrgrating metasurfaces provide highual ity (© O 20
infrared resonances that can be spectrally shifted by optiadilced crystallization to deliver
reflection and transmission switching contrast ratios up to 5:1 (7 dB).

To mitigate the substantial Ohmic losses encountered in plasmeetamaterials at optical
frequencies, which compromise many applications, while also improving manufacturing
process practicality and compatibility with established (opto)electronic technologies,
considerable effort has been devoted of latetothe read t | odi elf e dtarlilc & met a
presenting resonances based upon the excitation of Mie as opposed to plasmonic (displacement
as opposed to conduction current) modes in-iigkx, lowloss dielectric as opposed to noble

metal nanostructures. Aige range of passive dllielectric metasurface planar optical
elements for steering, splitting, filtering, focusing and variously manipulating beams have been
demonstrated, very typically using silicon for visible to Aeamwavelength$36], [37], [39],

[41], [93]Active functionalities have been demonstrated on the basis of hybridization of a
silicon measurface with a liquid crystdi82] two photon absorption on silicon metasurfaces

[43], [117]and nonlinear optomechanical reconfiguration in a-8&mding silicon membrane
metasurfacegl118]
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By virtue of their compositionaltgontrolled highindex, lowloss characteristics, which
extend over a broad spectral range from the visible towang infrared, and which moreover
can be reversibly switchedelectrically or optically) in a nomolatile fashion, the
chalcogenides (binary and ternary sulphides, selenides and tellurides) provide an exceptionally
adaptable material base for the realization of optically reconfigurabledeei@es. Their
phasechange properties reversible transitions between amorphous and crystalline states with
markedly different optical and electronic properiidsave been utilized for decades in optical
data storage and more recently in electronic plchaage RAM.[124] The crystallineto-
amorphous transition is a megjtienching process initiated by aosth(few ns or less), intense
excitation that momentarily raises the local temperature above the melting poitheT
amorphousgo-crystalline transition is an annealing process requiring a longef&®uitower
intensity excitation to hold the mater@bove its glass transition temperatuge(dut below

Period 950nm
1 ' '

Platinum

Figure 4.2All -chalcogenide nanegrating metasurfaces. (a,b,9 Oblique incidenc&EM image of the propost¢
samples for 3 different periods ang (dosssectional scanning electron microscope images of a 750 nm |
grating fabricated by focused ion beam milling in a 300 nm thiokrphous GST film on silica.
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Tm) for a short time. The latter can also be achieved through an accumulatiortioiesiiold
(including fs | aser pulse) excitations, faci
switching moes of interest for albptical data and image processing, and harnessed recently

for direct, reversible laser writing of planar optical elements and shortane IR
metamaterials in a chalcogenide thin fil®5], [131] [133]

o Al RS o

Quartz

_410111!1-110112.1_110212-1
) Ez, Vim Hx, A/m Hy, A/m

Figure 4.3 All-chalcogenide nanegrating metasurfaces optical response Simulated response diie neal
electric (a) and magnetic (b,c) field distribution for the resonant wavelength for linearly polarized light
to the nanowires, TE mode. On resonance, antiparrallel displacement currents within the centre and
of each nanavires un while for the magnetic component a circulation within each nanowire takes place

Here, we demonstrate structurally engineered -hjiggdity neafinfrared transmission and
reflection resonances in planar (300 nm thick) dielectric fgwatng metasurfacesf o
amorphous germanium antimony telluride (Ge2Sb2Te5 or GSWidely used composition

in data storage applications), and the -nofatile switching of these resonances via laser
induced crystallization of the chalcogenide. We employ fgrating array meisurface
patterns ofsubwavelength periodicity (Figure 4,Ximilar to those used, for example, in
demonstrations of active nanophotonic photodetectors and tunable [fil&¢E.[136] A thin
(subwavelength) film of a transparent medium at normal incidence has properties of reflection
and transmission dependent on its thickness and compfexctive index. Periodically
structuring such a film on the subwavelength scale has the effect of introducing narrow
reflection/transmission resonances via the interaction between thin film interference and
grating mode[137], [138] Such structures are naliffractive and thus behave in the far field

as homogenous layerfl39] In the case of anisotropic structuring, the resultant optical

properties are dependent on the polarization of incident light.

50



GST films with a tickness of 300 nm were deposited on optically flat quartz substrates by RF
sputtering (Kurt J. Lesker Nano 38). A base pressure of-5xitibar is achieved prior to
deposition and higpurity argon is used as the sputtering gas (70 ccpm to strike, 37 acpm t
maintain the plasma). The substrate is held within 10K of room temperature on a rotating platen
150 mm from t he tsaessggamorphous filnys.r Nawgbatirng enetasorface

patterns, with a fixed slot width s ~130 nm and periods P from 7580@m®, each covering
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Figure 4.4 GST nano-grating optical spectra. (a, b) Microspectrophotometrically measured Reflectiy
transmissiom and absorptioA [=1-{R+T}] spectra for 300 nm thickmorphous GST nangrating metamateria
with a selection of periodB [as labelled; slot widtls = 130 nm], under T#polarized illumination, alongsic
spectra for the unstructured amorphous GST film. (c) Numerically simulated transmission spectradaisig
a nondispersive GST refractive index value for each grating period [as labelled] selected to re
experimental resonance positions and widths.
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an area of approximately 20 um x 20 um, were etched through the GST layer by focused ion
beam (FIB) milling (Fig. 1). The normahcidence transmission and reflection characteristics

of these GST nangrating metasurfaces were subsedlye quantified, for incident
polarizations parallel and perpendicular to the grating lines (along the y and x directions
defined in Figire 4.4 (a) and (bpr TE and TM orientatianof the grating, respectively). This
measuremenperformed bya microspecbphotometer (CRAIC QDI2010) with a samgin

domain size of 15 um x 15 pr(see Appendix C for more detgils

Unstructured, amorphous GST is broadly transparent in thelRe@ange, with measured
transmission at a thickness of 300 nm >70% between 13001880 nm (Figre 4.3;

absorption being <20% in this spectral range (<1% above 1500 nm).gxatimeg metasurface
structuresintrodce pronounced resonances, with qual.i
where ar is the r esona-maxeunilinevgth)efor CEpolmadd o |
light, as shown in Figures4a ard 44b, at spectral positions directly proportionallie hane

grating period P.
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Figure 4.5 Numerically simulated transmission spectra for 300 nm thick amorphous GST nangrating
metamaterialswith a selection of periods [as labelled; slot wigdth130 nm], under TEpolarized illumination
calculated using ellipsometircally measured values for the [weakly dispersive] complex refractive i
unstructured amorphous GST.

This behavior isreplicated in threglimensional finite element (Comsol MultiPhysics)
numerical simulations. These assume in all cases a losslesspersive refractive index of
1.46 for the silica substrate, normally incideatrrowband plane wave illumination and, by
virtue of periodic boundary conditions, a grating pattern of infinite extent in-thelane.
Using in the first instance ellipsometrically obtained values for the complex refractive index of

the unstructured amphous GST film(Figure4.6), which has a weakly dispersive real part
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~2.5 (decreasing slowly with increasing wavelength from 2.6 to 2.4 between 1000 and 1700
nm) and a loss coefficient <0.045 across most of thelRegpectral range (rising below 1130

nm to reach 0.09 at 1000 nm), a good qualitative match is obtained, albeit widgs \adl Q

>30, (Figure 45.)

Using instead the real and imaginary parts of GST refractive index as free parameters in the
model, an improved match to the experimentally obskespectral positions and widths of
nancgrating resonances is achieved with Jalispersive refractive index values for each
grating period (as shown in Fig4c) that are marginally higher in both the real and imagyi

part than the ellipsometmalues &the corresponding resonant wavelength. The discregmnci
between ellipsometryand experimental/fitted spectra are related to manufacturing
imperfections, i.e. deviations from the ideal model geometry such as slightndleg of

grating lines into theubstrate, and to contamination / stoichiometric change in the GST during

FIB milling, which effects some change in refractive index.

(a) (b)  Amorphous state

ncryst

1
©
o

Refractive Index n
i

T
o
N

o
N
Extinction coefficient k

Namo rph

Wavelength, nm

Figure 4.6 Near-IR dispersion of complex refractive indices of GSTfrom spectroscopic ellipsometrgf
the asdeposited amorphous and lasemealed crystalline phases of a 300 nm thick unstructured Ge:
film on silica.

The simulations show that the TE resonance is associated with the excitationptfazetl
displacement currents (intfy di recti on) along the core anc
and a circulating pattern of magnetic field centered within the wire as illustrated khI-ig.

For the orthogonal TM polarization, the spectral dispersion of reflectivity and transmasion (

measured by the microspectrophotometer, which employs an objective of numerical aperture
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Figure 4.7 Effect of near normal incident light in a nano-grating.a) Mi crospectropho

reflection and transmission spegtati hgr mat 8 m8tPaemi !
nm [ sl et W3 @trhm]-pouadereedMil |l uminati on.

0.28) is more complex. Resonances, again at wavelengths proportional to P, are split as a result

of the structuresd sensi tangleoffight(seeFigted.ij.s or i en
Under TMpolarized illuminationnang r at i ng resonances are split

strong sensitivity in this orientation to the incident angle of light: The microspectrophotometer
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employs an objective with aumerical aperture of 0.28, thereby illuminating samples at

i nci dentangng ffdmezerdod16° Thisis of little consequence to the TE mode
(experimental data are reproduced well by numerical simulations assuming ideally normal
incidence), butdr the TM polarization spatial symmetry is broken by the slightest deviation

from normal incidence, leading to the observed resonance splittiag], [140] The TM
resonances are characterized by displacement currents circulating in the xz plane (forming
magnetic dipoles oriented alongiya single symmetric loop centered within each nanowire at
singularly normalincidere, d = O0A; mor e c o-creulateddistibusionsnme t r i
at off-normal angles (see Figure %1.8
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Figure 4.8 Effect of near normal incident light in a nanograting.a) Mi crospectr oph
reflection and transmission spegtatai figrmat 830dP=amy
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for a 300 nmgtrhitdhgGMBEtRrRMMAORT i @3QQ mwwihntdand Pleati owi
surfaces of the GST l|layer ofnit3@ngheés4sbetwmenedp
of fset for clarity]. Field -mampomaéot eot hedgeltdmree dfi
cel |l of the metasurface at ®©hel33mgrurhl]aramadrtmad tiw
nm] of the split resonance for an incident angle

By engaging the phasghange properties of GST124] the resonances of athalcogenide
metasurfaces can be optically switched in awalatile fashion. In the present case, GST rRano

gratings are converted from the-@depositedamorphous phase to a crystalline state by laser
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excitation at a wavelength of 532 nm (selected for its strong absorption in GST). This annealing
isachieved byraste’kcanning the beam, with a spot diam
intensityof ~3mW m2, over the sample to bring the GS
its glasstransition point Tg but below its melting point Tm (around 110 and 630°C
respectively[141], [142]though exact values will vary with factors including film thickness,
composition and densityJhe resultantchane i n GST6és compl ex refrac
change in the spectral dispersion of the ngrading resonances, bringing about substantial
changes in the metasurface transmission and reflection, especially at wavelengths close to the

resonancé absolue levels are seen to increase/decreass byugh as a factor of five (Figure
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(a)
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I
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Figure 4.9 Reconfigurable optical response of GST nangratings. (a) Microspectrophotometricall
measured TEnode reflectivity and transmission spector the asleposited amorphous and lasemealec
[partially] crystalline phases of a 300 nm thick GST ngrating metamaterial with a periddl= 850 nm
[slot widths= 130 nm]. (b, c) Spectral dispersion of-fitbde reflection (b) and transmission §jitching
contrast, evaluated as € &6 whereA andC are respectively the amorphous and crystalline level
a selection of GST nangrating periods [as labelled].
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4.9). Anincrease in the real part of the GST refractive indexshéftis metasurface resonances

by approximately 150 nm, while the concomitant increase in the imaginary plaetiotiex is
primarily responsible for increasing the resonance linewidth and broadbandeguorant)
absorption, particularly at shorter wavelengths.

Repeating the above process of matching numerically modelled spectra to experimentally
observed nangrating resonance positions and widths yields (for all three grating periods,
again under the nedispersive approximation) a refractive index value of 2.85 + 0.09i for the
laserannealed GST in the naigpatings (se€&igure 4.10. The induced index changé-a10%

is substantial but yet smaller and less waveledgtiendent than may be expected on the basis

of ellipsometric data founstructured crystalline GST, segure 4.6 This indicates strongly

that the nanostructured GST is stoichiometrically modiéied/or only partially crystallized,

[127], [143], [144]which is to be antipated primarily as a consequence of the FIB milling
process (reduction of refrve index due to irradiatiofl45] creation of defects and gallium
implantation) and because nanostructuring unavoidably modifies the thermal properties of the
film (i.e. theenergy absorbed from the laser beam at a given point; the temperature achieved;
and the rates of temperature increase/decrebkmjetheless, the refractive index change
(resonance spectral shift) achieved experimentally may be considered close to iogtiaual

it maximizes transmission and reflectivity contrast. For example, the 1470 nm reflectivity
maximum of the amorphous 850 nm period grating becomes a reflectivity minimum in the

(partially) crystalline state, giving a contrast ratio (Ramorphousdaiiyne) of 5:1 (7 dB).
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Figure 4.10Crystalline GST nanocgrating spectra & simulation. (a) Microspectrophotometrically measu!
trarsmission spectra for 300 nm thick lasemealed [partially] crystalline GST nagoeating metamaterials with
selection of period$ [as labelled; slot widths = 130 nm], under THpolarized illumination. (b) Correspondii

numerically simulated transmissigpectra calculated using a rtispersive GST refractive index value of 2.85 + 0
that reproduces the experimental resonance positions and widths for all grating periods.

The reverse crystallin®-amorphous transition is not demonstrated as part of the present
study: This mekguench process would require transient heating of the GST to a temperature
above Tm, which would lead to geometric defatiora and chemical degradation of the
samples. Robust metasurfaces supporting reversible switching over many cycles may be
realized by encapsulating the GST nanostructure in the manner of the functional chalcogenide
layers within rewritable optical discshich are located between protective layers of ZnS.SiO

In this regard, althalcogenide metasurfaces hold a notable advantage over hybrid plasmonic
metal/chalcogenide metamaterifld3], [125)[127] which ultimately require similar
passivation layers (and thereby inevitably sacrifice switching contrast due the separation
necessarily introduced between the active chalcogenide component aundftite, i.e. optical

nearfield, of the plasmonic metal). Athalcogenide metasurfaces can also offer lower
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insertion losses and greater ease of fabrication (via a single lithographic step in a single layer

of CMOS-compatible material) than plasmonighnid structures.

In summary, we have realized-dikelectric photonic metasurfaces using a chalcogenide phase
change material platform, and demonstrated -Hoightrast, nosvolatile, opticallyinduced

switching of their neamnfrared resonant reflectivityand transmission characteristics.
Subwavelength (300 nm; <@a/5) films of ger man
nondiffractive subwavelength grating patterns, present higlality resonances that are
spectrally shifted by as much as 10% asoasequence of a laseiduced (amorphous

crystalline) structural transitions in the GST, providing switching contrast ratios of up to 5:1 (7

dB) in reflection and 1:3-% dB) in transmission.

Within the transparency range of the (unstructured) hostumednigh switching contrast
wavebands can be engineered by design, i.e. appropriate selection of metasurface pattern
geometry and dimensions. G$& material with an established industrial footprint in optical

and electronic data storage, can readily teéctured for telecommunications applications at

1550 nm, while other members of the extensive (sulphide, selenide and telluride) chalcogenide
family may also provide similar active, @llelectric metasurface functionality in the visible

range and at infired wavelengths out to 20 pm.

Among material platforms for atlielectric metamaterials, chalcogenides offer a unique
compositional variety (i.e. range and variability of material parameters) andotetrie

(including binary[124]as we | | as i nc [l&nhemtchirglfundliapalitg. Ws c al e €
wealth of reconfigurable and selflaptive subwavelengthhi cknegpsi 6061 appl i cec
may be envisaged, including switdile/tunable bandpass filter, lens, beam deflection and
optical l i miting components. |t i's interest
reflectivity and transmission changes occur in the opposite direction to those in the unstructured
chalcogenie (e.g. crystallization increases the reflectivity of an unstructured film but decreases

that of a nanayrating at resonance). The ability of a single medium to provide both high and

low reflectivity/transmission (signal on and off) levels in the sama@@ktate, such that they

can be simultaneously inverted via a homogenous, samgé structural transition, may be

of interest in image processing as well as the above metasurface optics applications.
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4. 2 Chhhrlyre ven P-Dasesimeainsiic i dna i n C
tunabl e Chalcogenide Metasurfaces

Chalcogenides alloys based upon groth6 O chal cogend el ements (
tellurium) covalently bound to 6énetwork forr

galliumi present a vaety of technologically useful properties, from infrared transparency and
high optical nonlinearity to photorefractivity and readitguced, reversible newolatile
structural phase switching. It has gone largely unnoticed however, that some chalcogenides
accrue plasmonic properties in the transition from an amorphous to a crystalline state, i.e. the
real part of their relative permittivity becomes negative. Indeed, one of the most commercially
important chalcogenide compounds, germanium antimony tell(@eesb: Te or GST), which

is widely used in rewritable optical and electronic data storage technologies, presents exactly
this behavior at wavelengths in the red#raviolet to visible spectral range. In this ware

show that the phase transitiorducedemergence of plasmonic properties in the crystalline
state can markedly change the optical properties of subwaveldnckhess nanostructured

GST films, providing for the realization of nemolatile, reconfigurable (e.g. coltunable)
chalcogenide mesarfaces operating at visible frequencies, and thus creating opportunities for
developments in newolatile optical memory, solid state displays andoglical switching
devices.

Phasechange materials have played a significant role in the evolutiorie¢ g¢asmonic and
photonic metamaterial technologies, delivering a variety of switchable, tunable, and
reconfigurable optical functionalities through hybridization with plasmonic metal
nanostructure$73], [113], [114], [146]1[149]. Chalcogenides in particular, which can be
electrically and optically switched between amorphous and crystalline states with markedly
different electraic and photonic properties, have facilitated the realization of active plasmonic
metamaterial devices for a variety of applications including eleetnd altoptical signal
switching, polarization modulation, beam steering, and multispectral im§b@gi [127],

[150], [151] Moreover, the neanfrared high refractive index and index contrast between
phase states on GST have recently been harnessed in the demonstratiomesidgabte and
optically switchailleec tna nedisldogenidedt metaserticésbla | |
[119]

Here we show that thin film GST can be optically switched between amorphous and
polycrystalline states which, atMWVIS wavelengths, are respectively dielectric and metallic

(i.e. plasmonic), and demonstrate this in the context of switchable photonic metasurfaces. The
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Dielectric function

r e a | 1oprelatite pedmittivity (Figuret.11a) for polycrystalline GST has a negative value,

asis required for a medium in air/vacuum to support surface plasfi8hsatwa v el engt hs
below 660 nm, and a positive value at longer wavelengths. In contrast, amorphous GST is a
dielectric, with a positive v-mftateéspectfalrande, acr
Figure 4.11b presents the plasmonic figure oemY'dQ j¢* 'O i the surface

plasmon polartiton (SPP) propagation decaygtk in units of SPP wavelengfh52] i for

polycrystalline GST alongside a number of other, noble metal and repeofgsed

~

alternativg24], plasmonic mediaQ o) Q - - - - being the wavevector
of surface plasmon polaritons on a planar interface between metallic and dielectric media with
complex relative permittivi tkendosbedifinthapresentyd r e
case; kis the free space wavevector.) On this basis, GST is comparable to most other materials
in the U\-to-blue/green visible wavelength range, and almost as good a plasmonic medium in
this spectral band as hightioped tramparent conductive oxides are at nedirared
wavelengths.

Here, we show that the chalcogenide alloy germanium antimony telluride (G@8igh has
been widely used as the functional basis of rewritable optical disk and electronicpaage
RAM techndogies over many decadéesan be converted between amorphous and crystalline
states that are respectively, at UV/VIS frequencies, dielectric and metallic (i.e. plasmonic). The
amorphousgo-crystalline transition, which changes the sign of the real pdrtlofe mat er i al
relative permittivity (1) from positive to negative (Figt.11a), is an annealing procedsis
processnay be initiateceitherby heating or by pulsed laser or electronic excitation, bringing

the chalcogenide to a temperature above @ssgfansition poinfly (around 160°C) but below

10* -
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Figure 4.11 Chalcogenide plasmonics.(a) Spectral dispersion [from variable géa ellipsometric
measurements] @he reall] and imaginary3 parts ofthe relative permittivity of sputtered germanium antimo
telluride [GST] in its amorphous and polycrystalline phases. (b) Spectral dispersion of plasmonic figure «
for polycrystalline GST and a selection of other plasmonic materials [as labelled; calculated using n
parameters from.
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its melting pointTm (600°C).The reverse transitidna meltquenching processcan be driven
by shorter, higher energy pulsed excitations that bring the material momentarily to a
temperature abovén.

This work employs nanoscale thin films of the chalcogenide ptizesege medium
GeShkTes (GST). 500 nm thick amorphous films deposited under high vacuum are structured
by focused ion beam nlithg with nondiffracting, subwavelength grating metasurface patter
having periods in the 38800 nm ranggFig. 4.12) Unstructured, amorphous GST is a
transparent absorbing dielectric at ulralet/visible wavelengths, with a reflectivity (of 415
30% in the present case) that is not substantially modified in thisrabeange by the nano
grating structures. In stark contrast however, the crystalline phase has a negative afue of
the wavelength range from 2@15 nm and may thus support surface plasmon resonance
modes that dramatically change the optical response of nanostructured surfaces.

This isillustrated by the vibrant colours produced in reflection imaging of thstaltine
GST nanegratings (Fig. 4.12b) under TM polarized light, which vary as a function of grating
period. The spectral dispersionradrmatincidence reflegtity for a 300 nm period grating in
amorphous (dielectric) and crystalline (plasmombpsess presented in Figurd.13 For
incident light polarized perpendicular to the grating lines (alongkteection defined in
Figure 4.1b - the TM grating orientation) there is a significant change in this dispersion
associated with the crystallizatiasf the GST (Fig.4.13), with a pronounced reflection
resonanceentered at 535 nm, giving rise to theie green color shown in Figure 4.1Zinite

:
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Figure 4.12 Colour tunable crystalline chalcogenide metasurfacega) Spectral dispersion (from variabl
angle ellipsometric measurement$the real and imaginary parts of the relative permittivity of a 500 nm tl
germanium antimony telluride film in its amorphous and crystalline phaseSc@dm)ning electron microscop
image of a section of a GST nagmting fabricated by focused idream milling. (c) Reflection optica
microscopy images of crystalline phase GST pgragings [20 um x 20 pum square domains surroundec
unstructured crystalline GST] of varying period [as labell&at];TM and TE polarized incident light.
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element method simulationgtilizing material parameters from Fig. 4.1ieproduce the
experimentally obarved reflection resonance at 535nm for-pblarized light and reveal the
nature of the plasmonic mode excited in the nanostructure at this wavelength (see field map

inset to Fig. 4.18). For TE-polarized light, no resonances are observed; the amorphous

a
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Figure 4.13 Spectral dispersion of normal incidence reflectivity for a 300 nm period grating in a
500 nm thick GST film for (a) TM- and (b) TEpolarized light and for the amorphous and crystalline phase
GST [as labelled]. Dotted lines in (a) are numerically sined&tM spectra for the nanograting structure. The in
to (a) shows theaumerically simulated distribution of thecomponent of electric field in thezplane for the
crystalline phase of GST at the 535 nm resonance wavelength.

crystalline transition produces only a broadband change in the level of reflefigityt.13b):
In this orientatiorthenanegrating behaves as a linear medium with a-di@persive effective

refractive index related to that of the GST and its fill iacwithin the grating structure.
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In order to achieve reversible optical switching in practical devices, the film needs to be thin
(semitransparent) and encapsulated between transparent protective layers to prevent
degradation of the chalcogenide in aspecially at elevated phase transition temperatures. For
this reason we thin out the previous sample with total thickness of 7G 8 é&énd deposited
it between 70 nm protective layers of ZnS/5ih optically flat quartz substrates by RF
sputtering (Kurt J. Lesker Nano 38) from &&»Tes and ZnS:SiQ@(1:9) alloy targets. A base
pressure of 5 x T0mbar was achieved prior to deposition and kpghity argon was used as
the sputtering gas. The substrate was held within 10K of room temperature omg phéen
150 mm from t he tsaassgamorphaus filns.r Nesgbatireg enetdsoriace
arrays were subsequently milled though the BiSZ~ GST  ZnS/SiO2 trilayer using a
focused (gallium) ion beam (FEI Helios NanoLab 600), at a beam cutt@&pA to prevent
crystallization of GST (via ion beainduced heating) during the milling process. Metasurface
domains, each measuring 20 20 em in the sample plane, were fabricated with a range of
periods P from 250nm to 400 nm, with a fixed edlllinewidh W of 100 nm (Fig4.14.

Unstructured
amorphous

NanogratingJ-
metasurface

Crystallised _|
region

Transmission

Figure 4.14 GST switchable plasmonic metasurfaces (a) Artistic cutaway section of nangrating
metasurface structures fabricated for the present study in a 70 nm film of GST between two layers [70 r

of ZnS/SiQ. (b) Scanning electron microscope image of a section 8h&SiO,i GSTi ZnS/SiQ tri-layer
metasurface [dark areas being the quartz substrate exposed by focused ion beam milling, i.e. removal of the tri

layer]. (c) Transmission and (d) reflection¥Mo | ar i zed, nor mal i nci dencPkPe
= 400 nm, amorphous phase GSTHayer metasurface domain [surrounded by unstructured amorphous
GST trilayer], part of whichi t he centr al 12 | 12 em region apj

reflectioni has been selectively crystallizbg fs-pulsed laser illumination.
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The amorphouso-crystalline transition in chalcogenides is an annealing process that may be
initiated globally by ambient, or locally by laser electrical currenrinduced heating to a
temper atur e ab o v-@randtibnepoinnagt(-€l80FPCafdér &ST) lgul belewsits
melting point Tm (~600°C)141] The reverse transitioha meltquenching procedscan be

driven by shorter, higher energy pulsed excitations that bring the material momentarily to a
temper&ure above Tnj153]. In this work, structural transitions in the GST layer are excited
using 85 fs laser pulses at a wavelength of 730 nm in a beam focused to a diffniadtsoh

spot and rastescanned over the sample using a spatial igbtiulator, as described in Ref
[131]. By varying the number, repetition rate and energy of pulses delivered at a given point,
one mg accurately control the temporal profile of opticaligluced temperature change in the
GST. Here, we employed trains 80 D140 mJcri? pulses at a repletion rate of 1 MHz for
crystallization.

The normalincidence transmission and reflection characteristics of the GST-grating
metasurfaces, in amorphous and crystalline states, were quantified, for incident polarizations
pemendicular and parallel to the grating lines (along the x and z directions defined4tilRig.

or TM and TE orientations of the grating, respectively), using a microspectrophotometer
(CRAICQDI2010) Asampl ing domain size o fBperdukeof@8 x 15
with GST in its amorphous phaseeasured first. ile transmission of the unstructured
ZnS/SiQi GSTi ZnS/SiQ tri-layer increases monotonicallith wavelength across the U t
nearlR spectral range, frori% to 35%(Fig. 415a). For the polgrystalline phase, levels of
transmission are suppressed across the entire range but follow essentially the same trend,
reaching appnamately 12% at 900 nm (Fig. 4.&4p The subwvavelength period (and therefore
nontdiffractive) nanegrating metasurfacersictures introduce resonances for -pidlarized

light (incident electric field perpendicular to the grating lines), at visible wavelengths
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Figure 4.15 Optical properties of amorphous [dielectric] and polycrystalline [plasmonic] GST
metasurfaces.(a, b) Measured spectral dispersion of ZnS/$IGSTi ZnS/SiQ nanegrating metasurface TV
transmission for a seléah of grating period® [as labelled], for the amorphous (a) and polycrystalline (b) st
of the GST layer, overlaid with spectra for tingstructured trlayer [dashed lines]. Corresponding numerica
simulatedtransmission spectra (@). Distributins of the normalized magnetic field, H in tkeeplane for a unit
cell of aP = 400 nm nangyrating(e, f) for transmission resonance wavelengtbat580nm for amorphous an
690nm for the respective crystalline phase

dependent on period P, for both phase states of GST, which manifest themselves in the
transmitted and reflected cofoof the metamaterial domains (Figurédsc-d). For TE
polarized light, the observed optical response in either amorphous or polycrystalline GST is
largely invariant with nangrating period and almost identical to the unstructurethyer
transmissiorspectrum for the corresponding phase state. (Corresponding reflection spectra,
and TE polarized spectra are presented in4-if)

It should be noted that the observed TM resonances are of markedly different nature for the
two phase states of GSTin the amorphous case they are displacement current resonances
reliant upon the high refractive index contrast between the dielectric GST and surrounding
media, while for the crystalline phase the resonances are plasmonic, i.e. based upon the
opposing signs ofJ1  a't i nterfaces between the GST al
simulations clearly illustrate this difference: Figudessc-f show results of a 3D finitelement
Maxwell solver model, which employs ellipsometrically measured values for the complex
permttivity of GST as presented in Fig.11a. It assumes lossless ndispersive refractive

indices of 1.46 and 1.80 for the semmiinite quartz substrate and the ZnS/Siyers

66



Figure 4.16 Transmission/Reflection spectra oflGST metasurfaces Amorphous(a-c) and Crystalline ()

nanoegratings spectra for period P=250nm up to 40Qxsmannotated. NeresonantTE-mode exist in both
amorphous and crystalline states. Dielectric resonances become stronger closénfoanedras the extinctior
ratio of Chalcogenide glasses decreases, see Chapter 4.1. Reflection spectra hold resonances in both £
(c) and cystalline state (f) as it can be seen in Fig. 4.15 are related with mie and plasmonic reso

respectively.

respectively; normalincident narrowband plane wave illumination; and, iojue of periodic
boundary conditions, a naigrating pattern of infinite extent in theyxplane. There is good
gualitative and quantitative agreement between experimentally measuredt(Bgsb) and
numerically simulated (Figgl.15c¢, d) transmissio spectra for the GST metasurfaces in both
amorphous and crystalline states. Discrepancies are attributed to manufacturing imperfections
(the computational model assumes ideal rectilinear 1gaating geometry as illustrated
schematically in Figd.14a) ard contamination of the ZnS/Si@nd GST layers (gallium ion
implantation) during FIB milling, which has the effect of modifying refractive index. The
crosssectional distributions of magnetic field in Figsl5e and, reveal essential differences
betweerthe resonant modes for ambgus and crystalline phase GSTtte former case the

field is stronger within the (higher index dielectric) GST layer than in the ZngI8y@rs
above and below, while in the | lketmetalicGSThe f i €
layer and is stronger at the interfaces with ZnS4SiO

Nonvolatile, lightinduced structural transitions between amorphous and crystalline phases of
GST, i.e. its conversion between dielectric and plasmonic states, thereby changes the
transmission and reflection characteristics of the metamaterial, manifested in the visible

spectral range as changes in color. We define the transmission and reflection switching contrast
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