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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Motivations

This PhD research topic is motivated by the po#érgignificance of effective
control and manipulation of the electromagnetic jEivave using meta-liquid-
based metasurfaces based on photolithography &tilorc processes. The
development of the meta-liquid-based metasurfadersofgreat opportunity to
dynamically tailor the EM wave for real life apg@icons, which allows the optical
properties to go beyond the possibility of convemal materials. Specifically,
metasurfaces have a great potential in manipulaiMy wave by enhancing,
absorbing, rotating, bending, redirecting waves, et
The metasurface refers to the class of technoldgy the ability to obtain

its properties from both the geometric structurel #me chemical composition.
Although the term of metasurface is relatively newthe scientific world, the
manipulation of light can be traced back to the wlaf civilization. For example,
the usage of a burning-glass in ancient world tartsfires is caused by
accumulating different optical phase to concenttia@esunlight. The Lycurgus Cup
shows a different color depending on the direcbbithe incident light due to the
dichroic effect induced by the inclusions of golidasilver nanoparticles in the
glass

material [1]. Advancements in the understandintightt as an EM wave composed

1



Chapter 1 Introduction

of synchronized oscillations of electric and magnéelds marked a new chapter
in light research.

Optical devices are developed to control EM wavealtgring its phase,
amplitude and polarization in a desired manner.v@ntional optical components
are usually based on refraction, reflection orrddtion of EM wave. The phase,
amplitude and polarization changes of the EM wake acumulated through
propagation in the medium of given refractive ind&kis propagation effect is
also used in transformation optics to control thghtl trajectory [2]. The
metamaterial, which is artificially designed withbsvavelength structures and has
spatially varying refractive index from positive tegative, is developed to control
the EM wave more effectively [3]. Recently, the aseirface, a two-dimensional
planar metamaterial, breaks the propagation etfgantroducing abrupt changes
of optical properties in optically thin films [4Buch new technology opens the
door for a new generations of flat optics.

Similar with natural materials which respond to theident EM wave
through large amount of atoms or molecules, theasetace interacts with EM
wave by an array of artificially repetitive unitlisewith their spatial resolution
much smaller than the wavelength. These subwawilemglusions respond
resonantly to the two fundamental components of&kewave,i.e. electric field
and magnetic field. In this way the effective pdtivity ¢ and permeability: of
the metasurface change abruptly at the resonagudrey, even to a negative
value [5]. The advancement of metasurfaces comparedtural materials is that

one can easily obtain the desired permittivity patmeability by simply designing
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the geometric architecture of structures, everh& tomponent materials of the
metasurfaces are the same.

Although a proper design of geometric architectise essential for
metasurface, the component materials also play raportant role. Early
metasurfaces are usually based on metallic stestwhich induce plasmonic
resonances to introduce dispersion for the abrophges of optical properties.
However, the high lossy of metal inevitably causigmificant energy dissipation
and reduces device efficiency, which impedes mamagtgal applications. As an
alternative, all-dielectric metasurfaces are dgwetbfor low-loss electromagnetic
responses by using completely transparent and reifghetive-index dielectric
building blocks. They basically rely on the Mie-gy/pelectric and magnetic
resonances. Similar to the metal-based-metasurféicesdielectric metasurfaces
can also realize all four quadrants of electromaigmesponses: > 0,u > 0;¢ < 0,
u>0;6<0,u<0;ande > 0,u <0 [6].

Due to the resonance nature of the sub-wavelentytictsres, many
metasurfaces are hampered by the lack of tuninghiges and limited working
bandwidth. Therefore, a tunable metasurface that cantrol the resonant
properties is developed [7]. Studies on tunableametaces show vast approaches
via external excitations. In general, tunable mafases are categorized into two
groups: one uses the nonlinear effect of the cbingisnaterials, the other one
reconfigures the structure of the metamoleculesthar lattice arrangement.
Recently, tunable metasurfaces incorporating ligmdterials are developed.

Liquid crystal, which is a kind of nonlinear matdriis used to control the
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refractive index due to its voltage dependent bingénce [8]. The development of
microfluidic technology enables creating microfigicchannels for both liquid-

based structure injection and its reconfigurat®p Based on this platform, liquid
metal and liquid dielectric are widely demonstratedthe realization of tunable
metasurfaces [10, 11].

The realization of metasurfaces benefits from wewiofabrication
technologies. The basic fabrication technology eygd to develop metasurfaces
is based on the scale of the resonant structuneging from millimeter to
nanometer, promising the operating frequency frormrewave to optical range.
Additionally, the structure of the meta-atom and tfeometric architecture also
require different fabrication methods. For metastet operating in microwave
range, the size of the meta-atom is in millimetdrich can be fabricated using the
print circuit board (PCB) printing method [12]. Whehe size scales down to
micrometer, more precise fabrication method is iregy such as optical
lithography [13]. However, its resolution is rested by the optical diffraction
limitation, which is about hundreds of nanometestmag UV light exposure. When
the frequency goes to optical range, electron-bi@aography is widely used [14].
Compared to the photolithography, e-beam lithogyapses a focused beam of
electrons to draw the patterns, which has highluésa up to sub-10 nm, but low
throughput. It is recommended to employ nanoimptititography for high
throughput fabrication with low-cost and sub-10 high resolution [15].

In summary, metasurfaces not only miniaturize @ptidevices into

optically thin, but also provide novel propertias the realization of diverse

4
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functionalities to expand the application of optickevices. The studies of the
tunable metasurfaces enable the real time confr&M wave and broadens the
working bandwidth for practical applications. OwJerahe development of
metasurface for EM wave control has been a goaledgt pursued by both
academia and industry. Hence the study of metadibased metasurface is

chosen as the topic of this thesis.

1.2 Objectives

The main objective of this research is to develagastiquid-based metasurfaces
for microwave and terahertz wave applications. €haweta-liquid-based

metasurfaces are based on soft material, polydiytsgéttkane (PDMS), and use
microfluidic technology to control the shape of tteuctures to realize different
functions. Three kinds of meta-liquid-based metas@s using different materials
are investigated. They are (1) water-resonatorebasetasurface in microwave
using liquid water and water-ethanol solution; I{guid-metal-based metasurface
in terahertz by using mercury; (3) tunable chiratasurface in microwave by
patterning solid metal on PDMS. The primary targeto develop microfluidic

systems which can provide functionalities of EM wawnanipulation by

microfluidic design. The research investigation€lude theoretical analysis,
structural designs, fabrication processes and empatal studies. The theoretical
analysis for the three different metasurfaces gthdedesigns of the corresponding

microfluidic system, including structure designsdatontrol system. Different
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fabrication processes are developed in this PhDeareh, including
photolithography and e-beam evaporation. The expeial studies are carried out
on the developed metasurfaces for characterizaind€€M wave measurements.

The water-resonator-based metasurface consistsvatex-resonator array
embedded in the PDMS, which realizes the impedamaiehing to free space
needed to suppress the reflection in microwave gaiggether with a metallic
ground to block all of the transmission, a neatyuabsorption is realized. The size
of the water-resonator is controlled by applyinffedent water pressure through
the microfluidic channels. The photolithographyrfehtion process is developed.
The experiment results are discussed and compatedhs theoretical analysis.

The liguid-metal-based metasurface consists ofja@dimetal-pillar array
formed in a triple layer structure, PDMS/siliconfdB. High absorption of
terahertz wave is obtained by magnetic resonanc¢heofiquid-metal-pillars. The
vertical tuning of the liquid structure providesaage tunability of the absorption
frequency and enables wide-angle absorption indob@andwidth. The fabrication
process for the PDMS channel and penetrated silaavity is developed. The
frequency agile and wide-angle absorption are exytally characterized and
discussed.

The tunable chiral metasurface consists of a PDIsi#rl sandwiched
between two metallic spiral structures. The tunati@al metasurface can be
controlled from achiral to chiral by using micraflic technology, whereby the
transmission can be controlled from symmetric tn@ssion to asymmetric

transmission. Furthermore, the asymmetric transamsgparameter and its
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bandwidth can be tuned by controlling the heighttled spiral structures. The
fabrication processes for tunable chiral metaserfeembining photolithography
and e-beam evaporation are developed. The expdamepsults of the

characterization of tunable chiral metasurfacedéseussed.

1.3 Major Contributions

The major contributions of this PhD thesis lie sBrious aspects of the theoretical
analysis, structural designs, fabrications, andegrgents of the three different
meta-liquid-based metasurfaces for EM wave maniulaThe details are listed

below:

(@) A new approach for EM wave manipulation is propobgdusing meta-
liquid-based metasurfaces based on soft substrht®DMS. Optical
responses of the metasurfaces are effectively altedr through the
microfluidic technology. The proposed meta-liquiaisbd metasurfaces
provide a new paradigm for dynamical control onhbaticrowave and

terahertz wave.

(b) Fabrication processes of the PDMS channels, siktarttures and metallic
patterns are developed for both the metasurfacmaes structure and the
control system. The tunability is substantially aerstrated on different

optical responses.

(c) A near-unity and ultra-broadband absorption isizedl across the entire

Ku, K and Ka bands by using water-resonator-basetasarface. The

7
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(d)

(€)

(f)

(9)

theoretical model of the impedance matching is ezl and forms the
foundation in designing the water structure. Thaewar water-ethanol
solutions confined in the PDMS channels acts a&samator which induces
magnetic resonance for impedance matching and waw® absorption

(See Chapter 3).

An omnidirectional absorption on curved surface developed.
Specifically, the experimental setup for the faldi characterization of

omnidirectional absorption is developed (See Chajjte

A frequency-agile and wide-angle absorption inher& by using liquid-
metal-based metasurface is designed, fabricated exmerimentally
characterized. The tuning range of the centralueegy reached 51.1%
with higher than 90% absorption. The tuning rangentains at high level

with a wide angular tolerance up to°d@ee Chapter 4).

A tunable chiral metasurface is developed togethtr the design model.
The bi-layer structures provide the opportunity floee metasurface tuned
from achiral to chiral. Particularly, the propagati wave tuned from
symmetric transmission to asymmetric transmissioa studied

(See Chapter 5).

The asymmetric transmission is enhanced to 2 B0the optimized
designed bi-layer structures. It can be reduced teontinuously by

applying different air pressure to reconfigure sheictures (See Chapter 5).



Chapter 1 Introduction

1.4 Organization of Thesis

The thesis is organized into six chapters. Thedhction of the thesis covers the
motivation, objective, and major contributions asgented in this chapter. The
motivation section explains why and how the PhDeagesh is carried out. The
objective states the main focus of this thesis, thedcontribution section lists the
innovations and important findings in both the tie#ical and technological

aspects.

In Chapter 2, literatures on the developments daswfaces are reviewed.
This chapter reviews the fundamental concepts ef rttetasurfaces and some
related novel optical properties. Different appiicas of metasurfaces are briefly
summarized. The research background of the diedetietasurfaces, meta-liquid-
based metasurfaces and the chiral metasurfacedisaressed. All such important
background work provides the guidance and impetustfe research, and also
determines the technological foundations on whiehwork of this thesis is built.

In Chapter 3, the design, fabrication and experimeh water-resonator-
based metasurface in microwave are presented. Tkehanism on the
combination of magnetic resonance and diffractioatigg effect inducing near-
unity absorption in the metasurface is investigaldtk geometric size dependence
of the magnetic resonance is discussed. The ultradband absorption is realized
by controlling the absorption peak frequencies o&gnetic resonance and

diffraction grating effect. The omnidirectional abpgtion on curved surface is
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presented. And a broadband intensity modulator Inyecting different
concentration of water-ethanol solutions is realize

In Chapter 4, the design, fabrication and experisiehliquid-metal-based
metasurface in terahertz are elaborated. The dedigime terahertz liquid-metal-
based metasurface is focused on the vertical dedigme liquid-metal-pillars and
the triple-layer supported substrate for liquid-aheeservation, liquid-metal-pillar
formation and reconfiguration. The theoretical gsial on the size dependence of
magnetic resonance is discussed. The fabricatiowepses for the penetrated
silicon cavity is developed. The large tunabilifyatbsorption frequency and wide-
angle absorption are studied and discussed.

In Chapter 5, the design, fabrication and experisiaf tunable chiral
metasurface are presented. The theory of the asymartransmission is provided.
The mechanism on the transition from achiral tarathis studied to guide the
design of metasurface and realize the control op@gating wave from symmetric
transmission and asymmetric transmission. The éteat analysis by using
plasmon hybridization is studied. The enhancemetiteoasymmetric transmission
is realized through structure modification. Theg&atunability on the asymmetric
transmission are experimentally presented and skscl

Chapter 6 concludes the major contributions of thesis, and follows by

the recommendations for future work.

10
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CHAPTER 2

LITERATURE SURVEY

This chapter is divided into four parts. The fipsrt of the chapter presents an
overview on the metasurface fundamental conceppticad properties and

applications. The second part of the chapter lyriefiroduce the development of
the dielectric metasurface. The electric and magnmesonances induced by the
all-dielectric material instead of traditional miétastructure have wide research
interest to be explored. The third part of the ¢bias focused on the study of
liquid based metasurfaces. Large tunability by gsthfferent kinds of liquid

materials, including liquid crystal, liquid metahd liquid dielectric is reviewed.

The fourth part of the chapter discusses the chretasurface, which has the
properties of optical activity, circular dichroisamd asymmetric transmission. All
these works lay the foundation for the contribusiai this thesis in the research

field of meta-liquid-based metasurface and its isppibns.

11
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2.1 Metasurfaces

2.1.1 Fundamental Concepts

The manipulation of light can be traced back tauamds of years by using lenses,
prisms and mirrors in ancient society. Natural make interact with light obeying
right-handed rule. In 1968, the concept of leftdwth materials (LHMs) was
theoretically proposed by Victor Veselago [16],which the right-hand rule was
failed. Such LHMs showed a phase velocity anti-felrdao the direction of
Poynting vector, which were also known as negatidex materials (NIMs).
However, LHMs did not attract too much attentionilutohn Pendry first proposed
a practical way to make a double negative mediud®®0 [17]. In 2000, David R.
Smith experimentally demonstrated a negative-indexerial in microwave range
by using wire elements to produce negative elegganittivity and split ring
resonators (SRRs) to produce negative magnetic gadsitity in an overlapping
frequency region [18]. Such artificial materialsst of periodic or non-periodic
structures whose functionality is derived by nolyaheir chemical composition,
but also the cellular architecture, which is calledtamaterial (from the Greek
word meta, meaning “beyond”). The structure of ringtamaterial is much smaller
than the wavelength of interest, which is calledetaatom” like the “atom” in
natural materials. An average effect is encountarddrge amount of meta-atoms
due to the fact that light does not see the smaliations of meta-atom much
smaller than wavelength, such that the metamatesimabe accurately described by

the effective refractive index. Since then, consile interests in metamaterials

12
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have been sparked. To date, in addition to the tivegeefractive index, various
optical properties have been explored by usingtmeepts of metamaterials.

The term of metasurface refers to the class of BDgr metamaterial, due
to the fact that it provides similar phenomena agtamaterial, except that the
thickness of the metasurface is sub-wavelength. thiampare to the bulky
metamaterial, metasurface is much easier to fabr@ad void of the complicated

assembling of 3D structures.

2.1.2 Optical Properties

The electric permittivity and magnetic permeabibtg two fundamental quantities

that are used to determine the propagation ofrel@egnetic waves in matters. A

metasurface with electric permittivitye = €,&, and magnetic permeability
M= Ly (Where&, and L, are the permittivity and permeability in the fremase,

g and U are the relative permittivity and permeability dfe metasurface)

interacts with the electromagnetic wave, which bandescribed by Maxwell's

equations as

O = p,
OB =0

Oxg=-98 2.1)
ot

OxH :a—D+J
ot

13
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whereE andH are the electric and magnetic field,andB are the electric and
magnetic flux densityp, is the charge density ardis the current density. The

relationship o, H, B andD can be described by the constitutive relations as

B=uH
{D=£E (2.2)

The permittivity and permeability of the metasugaman be controlled to
realize various properties by rationally designitige geometric and the

composition of the structures.
Negative Refractive Index

One of the most exciting properties of the metaggfis negative refractive index,
which has been widely explored. The materials cauditided into four categories
according to the sign of the permittivitsyand permeability: as shown in Fig. 2.1.
The first quadrants(> 0 andu > 0) represents a right-handed medium, in whieh th
electric field, magnetic field and wave vector éoll the right-hand rule. The
second quadrant € 0 andu > 0) represents the electric plasma, which ocours
most metals in nature. The third quadrank(0 andu < 0) denotes a LHM, in
which the electric field, magnetic field and wavector follow the left-handed
rule. The LHM does not exist in nature, which canrydoe designed artificially.
The fourth quadrant (> 0 andu < 0) denotes the magnetic plasma, which occurs

in some ferrite materials in microwave frequencies.

14
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e>0,u>0

Right-handed
medium

Figure 2.1 Category of isotropic materials accomglito the permittivity and

permeability.

The LHM is responsible for the negative refractidex by simplifying
Maxwell's equations (Eg 2.1) and constitutive equreg (Eq 2.2), which can be

explained as

(2.3)

kxE = uwH
kxH =-cwE

wherek is the wave vectory is the frequency. I < 0 andu < 0, the Poynting

vector, defined a$ = E x H, is antiparallel tok. The phase refractive index,

defined asn==,j|¢,||¢ | must take a negative sign, so that the causalitstilis

15
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conserved [6]. By overlapping the negative permititiand negative permeability
in the same frequency, a negative-index materiaéxpected to be realized.
Therefore, a LHM also refers to negative-index makéNIM).

Inspired by this concept, much effort has been madée realization of
negative permittivity and negative permeability sitaneously across the entire
electromagnetic magnetic spectrum, including therowave range [5, 19],
terahertz [20, 21], infrared [22-24], and the \Jsilregion [25-27]. Various
structures have been used to achieve the eleatdcnaagnetic resonances. A
typical design to realize a negative permeabilgycalled split ring resonator
(SRR), which induces strong magnetic resonance. [Ry]incorporating with a
metallic wire that can obtain a negative permityithrough the electric resonance,
a negative refractive index was realized [18]. Hegvethe size of the SRR is very
difficult to be scaled down to the visible rangefighnet structure is designed to
solve this problem by using two crossed pairedostriseparated by a dielectric
layer [23]. The negative permittivity and permegpilare realized through the
paired stripes which are parallel to the electrieldf and magnetic field,
respectively. A pair of metallic rods is also dermsinated as NIM [22]. The electric
field is oriented parallel to the rods, which indacelectric resonance. The
magnetic field is oriented perpendicular to thestaghich induces strong magnetic

resonance due to the antiparallel current modearpaired rods.
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Perfect Absorption

The metasurface also attracts much attention irliserber due to its capability to
obtain perfect absorption by designing the stregwof the metasurface, which is
called perfect metasurface absorber (PMA). In otdeealize a perfect absorption,
two main issues should be considered. One is tpreap the reflection through the
impedance matching to the free space; the othternsduce the transmission, such
that no EM wave is allowed to be radiated out fritli@ object. The block of the
transmission is relatively easy, which has beermiknitor thousands of years by
simply using a metallic mirror. Metasurface is andaandidate to suppress the
reflection through the impedance matching to tlee Bpace due to the fact that the

metasurface can tailor both the permittivity andwpeability by properly designing
the structures, so that the impedance of the métasd =./// £ can be matched

to the free spacé.

Based on this idea, the triple layer design is Ugeaploited to realize the
perfect absorption, which consists of a dieleclaiger sandwiched between two
metallic layers. The top layer is a patterned nietatructures which is designed to
match the impedance to the free space to reducestiieetion of the metasurface.
The bottom layer is usually a continuous metaliim fthat can block all of the
transmissions. In additional, the electric curremtuced in these two metallic
layers will couple with each other and induce a nedig resonance, which will
enhance the confinement of the EM wave. A dielectayer is sandwiched

between these two metallic layers, in which the EMve is confined and
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absorbed. The first demonstration of the PMA iskiray in microwave range [28].

In this paper, the bottom metallic layer is a cueywwhich has similar function as
the metallic film. It also proves that the absarptis mainly attributed to the

central dielectric layer. The dielectric loss is @aler of magnitude greater than
Ohmic losses in the microwave range [29]. Besides demonstrations in the
microwave range [30, 31], many reports have alsmlone in terahertz [32, 33],
infrared [34, 35], and visible region [36, 37].

The PMAs can be categorized into two classes: nab@nd absorbers and
broadband absorbers. As the name suggests, trewnband absorbers only have
perfect absorption in a narrow bandwidth, while tireadband absorbers have
perfect absorption that is frequency independemnt therefore can absorb EM
wave in a broad bandwidth. The PMAs based on th&lheestructures usually
have narrow band absorption due to the plasmorsonance of the metallic
structure [38, 39]. In order to realize a broadbahdorber, complicated structures
are used to generate multi-resonances, which wdfge with each other and
become a broadband absorption [40-42]. Such coatplicstructures are usually
hard to fabricate and the number of resonancenissid.

Besides bandwidth control, the versatility of PMIkaenables absorption
with desired polarization. In general, PMAs aregpiaation dependent due to the
asymmetric pattern structure. In order to realizepdarization independent
absorption, the structures are designed with symendour fold rotational
symmetry [43, 44]. A racemic mixtures of unit cabsalso used to eliminate the

bi-anisotropy [45, 46].
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The PMAs also support perfect absorption in a wideident angle
demonstrated in many studies [47-50]. Most of tesighs have a decrease of the
absorption with TE mode incidence when the incidemgle is larger than 45
While for TM mode incidence, the perfect absorptiam be maintained at nearly
8(°. This is because for TE mode incidence, the pamalhgnetic field component
reaches near zero. Antiparallel currents inducetivden the top and bottom
metallic layers is weakened when the incident amgiacreasing, hence resulting
in a decrease of the magnetic flux. However, fostwd the proposed PMAs with
wide incident angle, the absorption frequency pasitisually varies as a function

of the incident angle.

Optical Phase Jumps

Conventional optical components like lenses, waatep and holograms rely on
the gradual phase shifts accumulated during lightpggation along the
propagation optical path to shape the light beawlsch is inevitably bulky

compared to the operating wavelength. Metasurfacedyzes abrupt phase
changes under the scale of free space wavelengthgin the resonance of the
patterned structure. As a result, the metasurfacabie to adjust the optical
wavefront into arbitrary shape by introducing splatiariations of light scatters
according to Huygens’ Principle. Assuming a constaadient of phase jump on
an optical interface, the conventional Snell's lafiwefraction is amended to the

generalized form, which can be expressed as [4]
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nsin@)-n sing =9
k, dx
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and the generalized law of reflection is derived as
sin(@, )- sin@ ):i%
ri%dqn (2:3)
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€ )sing, ) nk dy

where the definition of angles is shown in Fig., Reds the wave vector in the free
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Figure 2.2 Generalized laws of refraction and refien. A gradient of phase jump

d@/dx introduced along the x direction reflect andértsmit light to arbitrary
direction of6; andé;. The phase jumpdldy introduced along the y direction leads
to out-of-plane refraction and reflection with taegle ofp, and¢x.
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space,n; and n; are the refractive indices of the medium on theident and
transmitted side of the metasurfaceé/dk and db/dy are the gradient of the phase
jump along thex andy direction. The overall effect of the phase gratiaong the
x andy directions allows the reflected and transmitteghtlibeams to bend into
arbitrary directions in their respective half space

In order to realize full control of the wavefrotite phase shift needs to be
covered from O to2 The first demonstration of the generalized lasvsising V-
shaped resonators, which can provide double-resengioperties to achieve a 2
phase coverage of the cross-polarized light [5&gi®es the V-shaped resonators
[52-55], the SRRs and other structure designs fa#se been demonstrated in
many studies for the abnormal transmission of tlesszpolarized wave [56-58].
The generalized law of reflection has also beenatestnated by using reflect-
arrays [59-61]. The essence of the reflect-arraye use the top metallic structures
coupled with their dipolar images in the back metdilm to achieve a phase
coverage of 2 Such reflect-array design not only realize a otapzation
modulation, but also improve the scattering efficie because the transmission is
blocked by the metallic film. It is also shown tredirupt phase changes can be
produced without introducing of dispersion of theusture resonance. By using
the Pancharatnam-Berry phase, abrupt phase chaagebke simply linked with
orientation of the structure [62-65]. The phasét slfiithe metasurface would cover
the entire 0-2 range by rotating the structures from 0 to °18the mechanism of
phase change by using Pancharatham-Berry phasdyiamplicable to the circular

polarized wave.
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Other Properties

The metasurface shows its versatility in many otreas. The electromagnetically
induced transparency (EIT) is presented with extliaarily narrow-band

transmission by introducing a subradiant (dark moelement coupled with a
superradiant (bright mode) element [66, 67]. ThedH@&sonance is shown through
the interference between a spectrally overlappiraadb resonance or continuum
and a narrow discrete resonance [68, 69]. The meality is demonstrated by
using nonlinear insertions in resonance meta-atpn®s 71], nonlinear host

medium [72, 73], local field enhancement [74, &id nonlinear transmission line

[76, 77], etc..

2.1.3 Applications

A number of intriguing properties of the metasuefaenable tremendous

applications in many fields, which will be presehte this section.

Invisible Cloak

One of the most exciting applications of the metase is invisible cloak.

Naturally, the invisible cloak is impossible duethe fact that light usually scatters
and changes its trajectory when it encounters gacbland makes the object
visible or detectable. Metamaterial can redistebtite spatial refractive index
arbitrarily and guide the ray trajectories purpgsetcording to the transformation

optics, such that light would propagate along thgimal direction as if there is no
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object ahead and a cloaked region is realized §2, Flasmonic cloaking is also
applied based on the scattering cancellation featuof low-permittivity

metamaterials [79, 80]. Such metamaterial-basedalptioaks are bulky. The
surface cloaking is first demonstrated using alsipgtterned frequency selective
surface (FSS) with an ideal limit of thickness tera [81]. A carpet cloak is

demonstrated by using a quasi-conformal mappingn@ogy that conceals an
object by restoring the wavefront as if it waseeted from a flat surface [82-84].
However, the carpet cloak introduces an additigialse in the reflected light and
become detectable by phase-sensitive detector. $bhase change can be
compensated by introducing the resonant structuvbgh is called metasurface

skin cloak [85].

Sensing

Metasurface can be used as sensors due to itsdbggndence on the geometric
size, shape and surrounding dielectric environmiegpecially in the field of the
bio-sensing, many studies have been demonstrateg asnicrowave sensor [86,
87], terahertz sensor [88, 89] and plasmonic sef@hro1]. The ability of strong
localization and enhancement of EM wave using noefase improves the sensor
sensitivity and enables the detection of small am®wf substance. The local
confinement is strongly dependent on the effectrefractive index of the
surrounding dielectric environment. A small fludioa of the refractive index
caused by the small amounts of analytes affectstrémesmission or reflection

spectra of the metasurface [92, 93]. Such refractndex sensing is widely
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demonstrated in biosensing which is label-free lamdcost [94, 95]. Besides, the
metasurface has also been used as a wireless s@masor with highQ-factors
because the external load changes the shape ofetasurface structure, resulting
in the operating resonance frequency shift [96-%8fher sensing applications
based on metasurfaces are also demonstrated, imgladhighly sensitive terahertz
surface wave sensor [99], a gas sensor to wirglesshsure the gas pressure, gas
density, temperature, etc. [100], and a chemicasiag in the visible-IR regime

[101].

Wavefront Shaping

Metasurface can reshape the wavefront arbitragilyntroducing phase jump using
resonant scatters, which has applications in theefkant shaping such as imaging
and radar tracking system. The first and most Exgicomponents among these
wavefront shaping devices is flat lens. To datemgndous works have been
studied for the realization of metasurface basedl #ns in microwave [59],

terahertz [58, 102], infrared [103] and visible ganf104, 105]. Some works are
shown that the metasurface can correct the abmmrafi the lens. An aberration-
free ultrathin flat lens based on plasmonic mefases is performed at telecom
wavelengths by using V-shaped nano-antennas [54jhrAmatic aberration flat

lens is also accomplished using aperiodic gratingee near-infrared region [106].
In addition, a flat lens with tunable phase gratliby using random access

reconfigurable metasurface is presented in micrewfh7]. Other wavefront
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shaping are also investigated by using metasurfage) as beam steering [108-

111], and holograms [60, 61, 65, 112-114], etc.

Other Applications

Metasurface can also find its applications in mather areas. The plasmon ruler,
which can determine nanoscale distances within aaror biological species, is
an exciting application in the fields of biologydasoft materials science [115,
116]. The plasmonic coupling of the metasurfacel lealight-scattering spectra
that are sensitive to a complete set of three démeal motions, such that the
spatial configuration of complex macromolecular dam retrieved [117]. The
metasurface is also widely designed for the rettimaof polarizers, which can
manipulate the polarization state of the EM wave ttuthe chirality or anisotropy

effects of the metasurface [118-122].

2.2 Dielectric Metasurfaces

2.2.1 Fundamental Concepts

Metal based metasurface obtains its properties frenplasmonic resonance of the
metallic structures. As an alternative, dieleciniaterial can also be used to create
a resonator in the design of metasurface, whictaled dielectric metasurface.

Compared with metal based metasurface, dielectrtasarface induces Mie
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resonance instead of plasmonic resonance. Mie aesernnduced in the dielectric
particles results in electric and magnetic resoedrased on displacement currents.
Light scattering by dielectric spherical particlgslative to the incident
light wavelength) is well studied, and is basedrupee exact Mie solution of the
diffraction problem [123]. The scattered field o§iagle isolated dielectric sphere

with radiusr, and relative refractive index can be decomposed into a multipole

series with the 2-pole term of the scattered electric field propmnl to

_ N (MW () — W 3W o nX

. . 2.6
01 (ME, (3~ (I 7y (20)

whereas the"2pole term of the scattered magnetic field is prtpnal to
f, = (MU0~ WP (3Y o X 2

W (M€ (X = 1E (BY Ny

wherex =k r, k; is the wave number in vaccumin(X) and&m(X) are the Riccati-

Bessel functions. The primes indicate derivatiothwespect to the argumengs,
andby, are the scattering coefficient related to theteleand magnetic responses
of the dielectric sphere, respectively. The elea@nd magnetic dipole coefficients,
a; andby, can be calculated from the Eqs 2.6 and 2.7.

The dielectric spheres that can induce electric amagnetic dipole
resonances can be assembled together to becontergaingith arbitrary values of
effective permittivity and permeability. The opticeesponse of an array of
dielectric spheres with a permittivity and perméabof ¢, andu, embedded in a
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host medium with a permittivity and permeabilitysefandu; has been studied by

Lewin back in 1946 [124].

By applying the Mie scattering theory and combinibgvith Clausius-
Mossotti effective medium theory, the effective mpativity and permeability can

be expressed as

Eqx =& |1

+ F(9)+2fbe » (2.8)

F@)-b

— f
/ueff _/ul 1+ F(H)'*‘me _y (29)

F@)-b, '

where F(0) is a resonant functiorhe and by, are the effective permittivity and

permeability which are described as
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where the filling fraction of the spherical dielect particles v, :gn(r—of,
s

6 =k, r, /&4, , To IS the radius of the dielectric sphere &nd the lattice constant

as shown in Fig 2.3. It should be noted that thestitutive parameters retrieved
from Lewin’s model were formulated only considerittge dielectric particles

resonating either in the first or second resonancdes of the Mie series.
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Figure 2.3 Schematic of a dielectric sphere arrayandu,) embedded in a host

medium £; and).

From Egs 2.8 and 2.9, it can be seen that bothpémmittivity . and
permeability uer Of the material can be tailored by controlling teze and
refractive index of the dielectric inclusions, whican be used to design the
metasurfaces. The firstdemonstration of the diatenotetamaterial is demonstrated
in 2003 to realize a negative index materials [1&hce then, tremendous works

has been studied by using dielectric metasurface.

28



Chapter 2 Literature Survey

2.2.2 Optical Properties

The dielectric metasurfaces share the same prepentith the metal based
metasurfaces by manipulating the Mie-type ele@nd magnetic resonances. Mie
resonances occur in any dielectric particle andr tloedering and resonant
frequency are related to the size and shape ofdidlectric particle. The first
property is negative index. From Egs. 2.8 and 2.8an be seen that a negative
permittivity

geff < 0 and negative permeabilifis < O can be obtained when the following

conditions are satisfied as

¥,

F@+2, <1 (2.12)
F(@-h '

Y, <1
F@)+2b, _y (2.13)
F@-b,

In the case of sphere or cubes, the lowest resenfiequency corresponds to a
magnetic dipole and the second resonance corresporah electric dipole, which
can be used to realize the negative permittivitgg permeability [126]. Various
works have studied the negative index by usingetbffit size or materials of
dielectric structures to excite the permittivity dappermeability in the same

frequency band [126-128]. Recently, L. Peng expenially presents a left-handed
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behavior in a two-dimensional array of standardedigic resonators, where the
second resonant mode was considered [129].

Compare to the metal based metasurface, dieleogtasurface is capable
to provide high transmission efficiencies for theeation of arbitrary optical
wavefronts by using low loss dielectric materigs$.near-infrared range, various
functional dielectric metasurfaces have been detratesl based on silicon
structure, including blazed gratings [130], andraofatic beam deflectors and
lenses [106]. The transmission efficiency even lmeacnear-unity by using the
concept of the all-dielectric Huygens’'s metasurfac&he reflection can be
suppressed due to the matching of the electricnaaghetic polarizabilities of the
dielectric particles. Such dielectric particles &#eh as electromagnetically dual-
symmetric scatterers [131, 132], which simultangowexcite the electric and
magnetic dipole resonances. These two resonaneesoatrolled to occur at the
same frequency by controlling the size and shapiefdielectric particles for a
given period [133, 134]. The strength of the resmes can be adjusted by
controlling the refractive index of the dielectqarticles and the surrounding
medium [135]. The localized electric and magnetiet§pe resonances using
low-loss dielectric particles enable a phase cagerffom 0 to 2 and a
transmittance efficiency of near-unity [135, 13Bjowever, when the operating
frequency goes up to the visible range (400 to M@, the silicon becomes lossy
and prevents the realization of highly efficienttaseirfaces. Other materials such
as gallium phosphide (GaP), silicon mononitridéNjSand titanium dioxide (Tig)

that have a transparency window in the visible eabhgcome good candidates to
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overcome the loss problems. However, due to thédimmn of fabrication, only
TiO, has been shown in the visible range for the fotitool over the phase of light
[137]. The high-aspect-ratio Ti®netasurfaces has a high numerical aperture (NA)
of 0.8 with efficiencies as high as 86%. Such negtslis also capable of focusing
light into diffraction-limited spots.

The dielectric metasurfaces also exhibit high-qudiactor Q-factor) of
electromagnetically induced transparency (EIT) 138 silicon bar resonator
serves as an electric dipole antenna, which couplhsthe incident electric field
and induces a “bright” mode resonance. A silicang riresonator supports a
magnetic dipole, which couples with the bar resonatstead of the incident field
and induces a “dark” mode resonance. Due to thelds® property of the silicon
resonator in the operating frequency, the dieleatmetasurface possess a sharp
EIT-like resonance with an ultra-highfactor.

However, for perfect absorption, the losses arénlpiglesired and are
considered as the key factors to reach optimunopeence. Therefore, high lossy
dielectric materials are usually preferred to aechi@ear-unity absorption. For
example, an ultra-thin and highly absorptive digledilm coated on metal surface
has been demonstrated to selectively absorb vafi@egiency ranges of the
incident EM wave in optical frequency based on rietence effects [139].
Although TiQ;, is transparent in visible range, it becomes loglsgn the frequency
decreases to the terahertz region. By using any asfaquasi-monodisperse
dielectric particles of Tig a dual band absorbing material is achieved [17ibg

low loss dielectric materials can be also used dalize high absorption by
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introducing free carriers. A broadband absorpt®emonstrated in the terahertz
range by using a doping semiconductor to captueeterahertz wave in the free
carriers and then be absorbed [141].

Other properties are also demonstrated by usinipaliiee metasurface,
such as bianisotropy [142-144], Fano resonance-1849, polarization conversion

[148, 149], and spin hall effect [150, 151], etc.

2.3 Meta-Liquid-Based Metasurfaces

2.3.1 Fundamental Concepts

The meta-liquid-based metasurfaces are definedhasntetasurfaces that are
partially made of liquid materials, either the swmding medium, or the resonant
structures. They belong to the class of tunableasuetaces, which are capable of
controlling the properties of the metasurfaces é@al rtime through external

excitations.

Traditional tunable metasurfaces without the aascs of liquid materials
have been widely studied. Various tuning method#&haeen developed in the
realization of real time control. The nonlinear dbte metasurfaces are using
nonlinear materials whose optical properties arangkd under an external
excitation, such as EM wave pumping, thermal effetdctric field and magnetic
field, etc. The ferrite materials, such as yttritmmm garnet (YIG), have different
permeability depending on the intensity of magnétd in microwave regime,

which can be used to control the effective perniggplof the metasurface [152,
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153]. Such ferrite materials lose the tunabilityentthe operating frequency goes
up to the optical range due to a constant permualuf the ferrite materials
occurring in optical frequency. At high frequen@nge, the superconductor is
exploited, whose conductivity can be controlled tbynperature [154-158]. The
resonant frequency ar@factor of the metasurface are related to the teatpees-
dependent resistivity of the superconductor, wtach widely used to control the
EIT effect [159]. Other nonlinear metasurfaces ggamiconductors such as diode
based metasurfaces are also developed [160-162jdd2e the reconfigurable
tunable metasurfaces are also used to control thgepies of the metasurface,
which are based on the reconfiguration of the shapemeta-atoms. A
micromachined tunable method based on the techypolaj micro-
electromechanical systems (MEMS) is developed. Strepe of the structures is
reconfigured by using micromachined actuators [163}. Two separated
structures are designed, in which one is anchoreth® substrate and the other is
connected to the micromachined actuators. Whenodrteem is moved by the
actuator, the coupling between these two structwikde changed, such that the
properties of the metasurface can be controlled-{ll&8]. Another approach is
using thermal actuators, which can reconfigurestingctures based on the applied
temperature. Such thermal actuators usually coosisto materials with different
thermal expansion coefficients, such as a staclkedilever using SiNand Au
[169]. The cantilever that initially lie in the pla of the substrate will bend out of
plane by changing the temperature. Such micromadhexctuators or thermal

actuators based tunable metasurface are widely mnated in terahertz regime
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[170, 171]. For nanometer sized actuation in opfieguency tuning, the optical
force and Casimir force are utilized which have muyrecise control on the
nanometer sized structures [172-175].

Previously proposed metasurfaces are usually basedgid substrates,
such as silicon, PCB board or glass, for the supypof structures. A new class of
metasurface is developed by using soft or elasaterals, such as PDMS [176],
polyimide [177], silk [178] or papers [179], whiah called flexible metasurface.
The advantage of the flexible metasurfaces is tthatuning method is relatively
simple by reshaping the substrates, which have leemonstrated in different
spectra from microwave to visible range [180-188].PDMS based flexible
metasurface by stretching the substrate is denadadirwhich not only changes
the geometric size of the structure, but also ckartfe lattice constant of the
metasurface [176]. Other bendable metasurfacealsmedemonstrated, which can
be applied to the circumstance of curved surfageh) s negative index materials

[184], perfect absorbers [185], and filters [18&};.

Liquid Crystal Based Metasurfaces

Recently, a novel platform to design the tunablgasw@faces by using liquid
materials is developed. The pioneer work on thearhqtiid-based metasurface is
using liquid crystal [186-189]. Liquid crystal belgs to the class of nonlinear
materials, which has the property of voltage depan@irefringence. In an aligned
nematic liquid crystal, the permittivit§, . under an extraordinary wave incidence
with linearly polarization is given by
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&ifo
gLC = .
£,C0S O+¢&, sirt @
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where &, and &; are the permittivities for EM wave polarized paghlland

perpendicular to the director axis, respectivélys the orientation angle between

the director axis and the optical wave vector. Snematic liquid crystal has

permittivity in two orthogonal polarizations & = 2 and&;= 4, respectively,

resulting in a tuning range for the refractive indd 0.6. Various works of the
liquid crystal based metasurface have been studiedhanging the refractive

index of the liquid crystal [8, 190-195].
Liquid Metal Based Metasurfaces

Liquid metals at room temperature, such as meremy gallium-indium alloy
(eutectic gallium-indium (EGaln) or gallium-indiutm (Galinstan)), can be used
to design the metasurface as the resonant stractime to their fair electric
conductivity compared to other solid metals and lozactivity compared to
sodium-potassium alloy (NaK). The liquid metal lwhseetasurfaces are usually
using microfluidic technology to create microflledchannels for liquid metal
injection and reconfiguration. The first demonstnaton the liquid metal based
metasurface is demonstrated in 2009 by using merasithe resonant structures
[10]. The microfluidic split-ring resonator (MF-SREs created in the PDMS by
employing rapid prototyping. Two polymer fibers golaced to define in and out

channels. The proposed metasurface shows largdilitmavhen the MF-SRR
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array is changed from non-filling state to mercdyl-filling state. However,
mercury is a toxic material, which restrict its gean the development of liquid
metal based metasurface. Another liquid metaliugalindium alloy, is a good
candidate due to its nontoxic properties. An EGdiased metasurface is
demonstrated in terahertz by using microfluidichtemdogy [196]. It should be
noted that the gallium-indium alloy is easily oxeld when it is exposed to the air.
In this work, they use hydrochloric (HCI) vapor gelectively dissolve the oxide
layer. Complete reconfigurability of the metasuefatructure is accomplished by
refilling the liquid metal into the unfilled micrbannels to recover the initial
structure. Thus the transmission spectrum of theasoeface is significantly

changed by changing the EGaln structures from egasuefilling.

Liquid Dielectric Based Metasurfaces

As discussed, the liquid metals at room temperdtave many restrictions.
For example, the mercury is toxic; gallium-indiuog is easily oxidized in the
air and wetting the glass, silicon or PDMS surfasedium-potassium alloy is
highly reactive and flammable. Liquid dielectric tex@als is subsequently
developed, such as water and sodium chloride solutrhich are abundant, low-
cost, and bio-compatible materials on Earth. Régeattheoretical analysis on the
water-based metasurface is demonstrated, which sshaolfferent tuning
mechanism on the periodically positioned wateedfilreservoirs by thermal tuning,
mechanical tuning and gravitational tuning of thegmetic and electric resonances

[197]. Heating not only causes the shift of theoresice, but also changes the loss
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of water. Thus, the resonatQ-factor is modified, which can be provided by
various options, such as chemical reactions, miavew radioactivity, etc.
Mechanical motion allows the liquid water to redisite into different shapes,
which can be provided by active pumps to reshap&erwia the containers,
introducing air bubbles in water, using ultrasotadiibrate water structures, etc.
Gravitation is naturally distributing on the Easdhrface, which allows water to
reshape in partially filled containers on a rotgtptate. Water is also demonstrated
as a phase transition between photonic crystalsdaidctric metamaterial based
on the physics of Mie and Bragg resonances [198hdws that a metamaterial is
achieved when the wavelength of the Mie mode higjinen the Bragg wavelength.
Conversely, a photonic crystal is achieved whenBhagg wavelength is larger
than the wavelength of the Mie mode. Recently, mateplet array are designed to
suppress the reflection for high absorption [199wever, the in-depth physics
understanding of water droplet is limited to itglhiabsorption properties. In the
view of material functions, the lack of real-timentrollability and suffering from
the gravity effect by simply arranging water drdplen the substrate restrict its
functionality in practical applications. Such watesed metasurfaces are usually
demonstrated in microwave because the refractidexinis relatively high in
microwave and it drops significantly when the fregay is increasing. Recently,
sodium chloride solution is used as the resonauttsire in terahertz region [11].
Two layers of “S” shaped microfluidic channels seped by a PDMS layer are

created for the injection of sodium chloride sauati The symmetry is broken by
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pumping the top and bottom layers with differemh@@ntration of sodium chloride

solution, such that a tunable polarization rotadogle can be achieved.

2.3.2 Properties

Compared to the solid materials, liquid materiatsvme excellent opportunities to
either change the refractive index of the liquiclstures, or reshape the liquid
structures from non-filling state to full-fillingtate continuously, which have large
tunability for the developing of tunable metasuefsc Such meta-liquid-based
metasurfaces have the properties of uniform tumimg random access tuning for

individual unit cell.

Uniform Tuning

The meta-liquid-based metasurface enables a unifuming for all of the
structures, such that each unit cell responds Bithwave indistinguishably. For
most of the liquid crystal based metasurfaces,réfiactive index of the liquid
crystal is uniformly tuned as a function of applietectric field. A tunable
metasurface absorber is demonstrated in the téralegzime by incorporation of
active liquid crystal into strategic locations witithe unit cell [200]. The random
alignment of liquid crystal in the unbiased casdl we realigned to the same
direction with applied bias. Thus a 30% tuning be &bsorption and a 4% tuning
on the frequency are realized at terahertz. Othagrguties such as tunable negative

index [187, 201-205], intensity and phase modufa{ib92], and electro-optical
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switching [191, 206] are also demonstrated by ubmgd crystal. Besides, liquid
metals are also widely used in uniform tuning o thetasurfaces. In the first
mercury based metasurface, a switchable permsafvoin positive to negative is
realized from non-filling to full-filling state isdemonstrated. In addition, the
gallium-indium alloy based metasurfaces are alsmahestrated in the uniform
tuning. An array of L-shape micro-cavity is fabtea in the PDMS, which can be
injected into galinstan. Each arm of the L-shag®mator is connected to the HCI
outlet [207]. The injection of HCI vapor will expelway the galinstan. The
pressures between the input and output of the fluale channel can be
controlled by syringe pumps, such that differenin dength of the L-shape
resonator can be achieved. In this way, a real tecoatrol of reflective
multifunctional polarization converter with broadishand large angular tolerance
of incidence is realized. Such polarization corefertan convert the reflected
microwave to three different polarization statesgluding linear polarization,
circular polarization and elliptic polarization &s. Another gallium-indium alloy,
EGaln, is demonstrated in terahertz regime [208C-8hape microfluidic channel
is connected with two horizontal channels. Whenoélthe channels are injected
with EGaln, the resonator is an irregular closeag.riBy applying different
injection pressure, two other geometries of liguedonators can be obtained,
which is split ring resonator and closed ring regon Thus the transmission

spectrum of the metasurface will be changed angésspre memory is realized.
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Random Access Tuning

The property of random access tuning for the mefasel is essential for
the realization of a tunable flat lens, in whiclcleanit cell should be controlled
individually to gain different phase jumps for wiemt shaping. A flat lens with
tunable phase gradient via random access recoabtgumetasurface (RARM) is
demonstrated by using mercury in microwave [107\voTlayers of PDMS
channels are created for the structure layer amdraolayer, respectively. The

control layer behaves as an array of micro valvgnet to the bottom structure

layer as shown in Fig. 2.4 [9, 209].

(a) (b)
Figure 2.4 Schematic illustration of working priptg of the micro valve (a) on

state and (b) off state.

The air in both control channels and structure oblnare indicated as
green and yellow color, respectively, which areasafed with a PDMS membrane.
The original state of the PDMS membrane is planar td the equal air pressure in
both channels. When the air pressure in the topralothannel is increased by an

air pump, the unbalanced air pressure resultsdovenward force applied to the
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PDMS membrane. Since the PDMS membrane is softdéimnward force will
cause the deformation of the membrane and thusphee of the bottom channels
will be squeezed. When the bottom air channel imeoted to the mercury-filled
SRR, the squeezed space of the channel forcesrtteelee injected into the SRR,
resulting in the reconfiguration of the shape oRSR

The random access control is realized by usingreatg valve multiplexer
addressing the unit cells individually at will [A1A simplified ternary coded
control system is shown in Fig. 2.5, which is usedaddress one of the nine
channels individually. Each bit is controlled byrgd channels. The control
channels are pumped with air to block the chandéts8. Only one channel is left
unblocked for each ternary code. The number ottindrolled channels increased
exponentially when the Bits increased, which emabége-scale of unit cells
control of the metasurface by using limited conttbénnels. In this report [107],
the gap arc of the SRR is individually controlledm 1@ to 120, such that a full
control over the phase shift is realized. Such RAB&sed flat lens has a focal
length tuning from bto 15..

Apart from the uniform tuning and random accessngirior the periodic
structure, others tuning such as partial tuning dperiodic structure is also
demonstrated in the meta-liquid-based metasurfE®® 211]. It is also shows
that by incorporating with the PDMS, the meta-ldtbased metasurfaces can be

either bent [212], or stretched [213] to realiziéedlent functionalities.
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Figure 2.5 Schematic illustration of a simplifiestriary coded control system.

2.4 Chiral Metasurfaces

2.4.1 Fundamental Concepts

A chiral medium is composed of structures that rase superimposable on their
mirror images. The chiral structure and its mirmmage are called enantiomers.
The word “chirality” originates from the Greek wordvhich means “hand”
because the left and right hands are mirror imagesach other which cannot
superimpose on each other. A chiral structure hasoss-coupling between the
electric field and magnetic field when EM wave pagptes through a chiral
medium. Such cross-coupling effect is describedabgimensionless chirality
parametek. The chirality has been long studied since thé/dd&th century when
Biot and others observe an optical rotation of poéal light going through the
quartz crystals. However, the term “chirality” isst used in 1873 by Lord Kelvin

to describe the handedness of the chiral mediurd][2h fact, in chemistry,
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pharmaceuticals and biology, many biologically setmolecules are chiral, such

as sugar, tartaric acid and turpentine.

From the electromagnetic point of view, the consire relations of chiral

medium are expressed as

D=¢cE+ik &1 .H
{ 0*r o:uo (215)

B = tpop H —ik\&xu1E
wherek is the dimensionless chirality parameter of thieatimaterial with a non-
zero value. It is shown that the constitutive iielad for chiral medium is different
from that for the isotropic materials in Eq 2.2.eTélectrical (or magnetic) flux
depends on both the electric and magnetic fielth®fEM wave, because the cross-
coupling between the electric and magnetic fielthe chiral medium. When a left
or right circular polarized light propagate in arahmedium, the refractive index

can be derived as

n _=\&U tK (2.16)

where the refractive indeR corresponds to the eigenvector of the left circular

polarized (LCP) wave and corresponds to the eigenvector of the right cincula

polarized (RCP) wave.

The chiral metasurface are a metasurface consistinghiral structured
meta-atoms. It attracts many research attentionause they exhibit many novel
optical properties, especially for the realizatmnpolarization dependent devices

which are discussed in the following section.
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2.4.2 Optical Properties

Negative Refractive Index

Apparently, from Eqg. 2.16, it shows that if therelity parametex is larger than

JE& 1, one refractive index of the circular polarizatioil become negative. This

concept was first proposed by Tretyakov [215] ardd®y [216] independently. In
the report [216], Pendry theoretically demonstrdted the negative refraction can
be realized by introducing the resonant dipoles @atchiral medium. Chirality
splits the degenerate transverse modes and ceestege of frequencies where the
group velocity has the opposite sign to the phaskcity for one circular
polarization. In contrast with the double negatapproach discussed in previous
section 2.1.2, the chiral route does not requiteuianeously negative permittivity
and permeability in the same frequency range. Téport proposed a practical
realization of a resonant chiral structure by usingwiss roll structure wound in a
helix manner. The resonance results from the irasheet in the coiled helix and
capacitance between the inner and outer layerseohelix. A parallel direction of
the induced magnetic polarization and electric poddion is achieved when the
current flows along the helix. This feature thaotlic polarization and magnetic
polarization are parallel is consistent with whag E.15 implies for chiral
materials.

There is much research interest in using the chmetlasurface to achieve

negative refractive index. A terahertz chiral negatindex metasurface is
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demonstrated based on vertical metallic chiral maswr, in which the chirality is
introduced by tilting the loop of the resonator obfithe plane with its gap [217].
Such a vertical resonator allows the oscillatingent flowing through the metal
loop to be excited by either an electric field asrdhe gap of a magnetic field
perpendicular to the loop, so that an electric idi@md a magnetic dipole oriented
with a small angle is generated in the same frequedtrong chirality is induced,
leading to negative refraction for circular poladz waves. Other chiral
metasurface induced negative refractive index e demonstrated by using
bilayer structures of twisted rosettes [218], tedstrosswires [219], gammadion

[220] and four U split ring resonators [221].

Optical Activity and Circular Dichroism

Optical activity is the rotation of the plane oflgazation of linearly polarized
light when it propagates through a material. Thotapzation effect characterized

by the polarization azimuth rotation anglean be expressed as

49:/]ﬂ(n'L —n'R):%[arg(TR)— ard T,) ] (2.17)

0

whered is the thickness of the mediur,is wavelength in the free spack,and

Trare the transmission of the LCP and RCP wave, céspdy. In fact, the

transmitted wave is still linearly polarized affamopagating through the medium

when the material absorption is ignored and onby tdal part of the refractive
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index is considered. If the absorption of the mates considered, the absorptivity
of a chiral medium will be different for the LCPd&RCP wave, which is called
circular dichroism. Since the impedance of chiradmm is equal for LCP and
RCP wave, the reflections of these two polarizatioe the same. Therefore, the
transmission of the two polarizations is differen¢sulting in an elliptically
polarized wave. The circular dichroism charactetiz®y the ellipticity of the

elliptically polarized wave can be described as

2 2
n :Earctan TL|2 _|TR|2 ) (2.18)
2 T[T

The optical activity and circular dichroism haveebedemonstrated in
many works by using chiral metasurfaces. A two-disi@nal gammadion array
patterned on the substrate having & 20 polarization azimuth rotation is
demomstrated due to the symmetric breaking effgcthe substrate [222]. The
optical activity can also be realized by 3D stroesu[223]. Besides, even an
achiral metasurface can exhibit optical activitydaaircular dichroism under
oblique incidence, which is called extrinsicallyirelh system [224]. In such a
system an achiral structure together with the widvave forms a geometrical
arrangement that cannot be superimposed with ti©mmage and thus the whole

arrangement is chiral.

Asymmetric Transmission

46



Chapter 2 Literature Survey

Non-reciprocal material, usually refers to a ferrihat is biased by a static
magnetic field, transmitting microwave signal frame direction, while absorbing
energy in opposite directions. Recently, it wasnbthat metasurfaces with strong
symmetric breaking can also exhibit propagatioedaion-dependent transmission
effect without violating Lorentz’ reciprocity thesm, known as asymmetric
transmission [225-228]. The asymmetric transmiss$aorcircular polarized wave
is demonstrated by using planar chiral structurljcv requires simultaneous
presence of planar chirality and anisotropy in str@icture [229]. However, the
magnitude of the asymmetric transmission is venalsmA giant asymmetric
transmission is demonstrated by using bi-layeredcsires, which increase the
asymmetric transmission to 0.6 [230]. Apart frone ttircular polarization, the
asymmetric transmission is also demonstrated ifirtear polarized wave by using
bi-layered chiral metasurface [231-237]. Furtherma twisted SRR pattern on
both sides of a dielectric slab is demonstratethenasymmetric transmission for
linearly polarized wave only, but none for circupeiarized wave [238].

In conclusion, the chiral metasurface can exhhet properties of negative
refractive index, optical activity, circular dichson and asymmetric transmission,
which has huge potential applications in opticahowunication, signal processing,

etc.
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2.5 Summary

Based on the literature survey presented, metasmafare artificially designed
materials at subwavelength scale, which exhibitehayptical properties from
microwave frequency to optical regime. Although theoperties of the
metasurfaces mainly rely on the geometric architecbf the meta-atoms, the base
materials also play an important role. The metakbametasurfaces and dielectric
metasurfaces, which are based on the plasmonimaese and Mie resonance,
respectively, have their different advantages aishdyantages. Particularly, a
meta-liquid-based metasurface is presented, whatsists of liquid materials
including liquid crystal, liquid metals and liqudielectrics, not only providing
exotic optical properties, but also enabling adatgnability of the metasurface.
Such meta-liquid-based metasurfaces can flexibhtroband manipulate the EM
wave, including the propagation direction, amplgughase, and polarization
states. Meanwhile, microfluidic technology based swft material PDMS to
control the liquid materials is presented. Finatlye development of the chiral
metasurfaces and the strong chiral behaviors aiewed. Metasurface is a new
and exciting research area, and this thesis seekhdw the significance of EM

wave manipulation by using meta-liquid-based metasa.
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CHAPTER 3

WATER-RESONATOR-BASED METASURFACE

This chapter presents the design, fabrication axperement of the water-
resonator-based metasurface for ultra-broadbancheadunity absorption across
the entire Ku, K and Ka bands. The structure desajrthe water-resonator-based
metasurface are presented. It is using a watenatgo array embedded in the
PDMS by using microfluidic technology. Subsequentieoretical analysis on the
impedance-matching at water-air interface and thabination of the magnetic
resonance and diffraction effect to achieve ulm@alband absorption are
discussed. Then, the fabrication processes for weder-resonator-based
metasurface are illustrated. Finally, the experitalenesults are presented and
discussed. The results include a tunable absorfyotuning the heights of the
water-resonators, a broadband absorption with laaggular tolerance, an
omnidirectional absorption on curved surfaces andbraadband intensity
modulation by injecting different concentrationwéter-ethanol solution into the

liquid reservoir.
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3.1 Design and Theoretical Analysis

The metasurface can be characterized by a comfdeiie permittivitye(w) = ¢’

+¢” and magnetic permeabilitfw) =’ + 4" . It is essential to adjust tlagn) and

u(w) of the metasurface to achieve the impedance-nmgicto free space to
suppress the reflection, together with the metéille to block all transmissions, a
near-unity absorption can be realized. As discusseflection 2, in microwave
range, the absorption of electromagnetic wave byABRM mainly attributed to the
dielectric (volume) loss in comparison to the Ohnfsurface) loss of metal
structure. Therefore, high lossy dielectric mettsg, in which the EM wave is
well confined, is a good candidate for perfect apson. As a proof of principle,
an array of water droplet embedded in PDMS is destnated to realize a

broadband and near-unity absorption by using miadit technology.

3.1.1 Design of Water-Resonator-Based Metasurface

Water is highly absorptive with large value of inmegy part of permittivitye” in
microwave range due to hydrogen bonded network gma@ter molecules, which
make it suitable for perfect EM wave absorptiorthis regime. The two Debye
processes deal with complex permittivity of watehich can be expressed as

[239]

= +& (3.1)
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wherew is the radiation frequency (in gigahertz),is the relative permittivity at
low frequencies (static regiony,is the intermediate relative permittivity, is the
relative permittivity at infinite frequency; andz, are the relaxation times. In this
paper, all temperature conditions are under roompégature. The complex
permittivity of water is shown in Fig. 3.1.

Although large imaginary part of permittivity is ses:itial to high
absorption, the large contrast of permittivity beémn water and air causes the
impedance mismatch to free space of the water fiheating a huge reflection of
microwave at the water-air interface and deterinogathe absorption function as
shown in Fig. 3.2.

80

70 &'

&
60~

501

W 40

30

20

10f

O A I A I A I A I A I A I A I A

0 5 10 15 20 25 30 35 40
Frequency f(GHz)

Figure 3.1 Complex permittivity of water. The bluee indicates the real part of

permittivity; the red line indicates the imagingrgrt of permittivity.
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Figure 3.2 Reflectance and absorption spectra obatinuous water film with the

height from 0.4 mm to 5.4 mm.
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\ Water resonator
- h

(b)

\ Height changed by water volume

Figure 3.3 Schematic illustration of water-resomabased metasurface. (a)
Water-resonator-based metasurface consists of dS membrane layer and a
bottom PDMS-metallic layer. (b) Side view of thdedded water-resonators with
water injection. (c) Height of water-resonator istiaely tuned by different water
volumes. (d) Soft metasurface absorption functionaterial is bent to arbitrary

curvature.
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(b)

PDMS I water PEC
(c)

Figure 3.4 Layout of the water-resonator. (a) Tapw and (b) side view of the
water resonator. (c) Side view of the water resonatith the height of the water

resonator h that can be changed by varying the maikime.
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In order to realize the impedance-matching to §e&ce, we create an array
of water-droplets as resonant structures to cottiepermittivity and permeability
of the metasurface. The water-resonator-based orédas is illustrated in Fig.
3.3a. Each unit cell consists of a water sphere saaplwiched between a top
PDMS membrane and a bottom PDMS space layer watlhdéickside being bonded
to a metallic layer. A 100 um deep circular resareonnected with microchannel
is created in the top PDMS membrane. When wateljested into the reservoir,
the membrane is expanded in the vertical directiosh formed a water sphere cap
due to the water pressure. The water sphere capdsiall in PDMS behaves as a
resonator, which can change the impedance of th@asmdace by inducing a
magnetic resonance. By appropriately designingstiape of the water-resonator,
the impedance of the metasurface can be tailoredaich with the one of free
space. Together with total reflection from the rietaeflector underneath the
bottom PDMS layer, the incident EM wave energyampletely absorbed by the
high lossy water-resonator and thus, near-unitpigb®n is realized. By changing
the water volume, the top PDMS membrane can be nebguh or contracted,
resulting in a reversible process to flexibly refogure the height of the water
resonator as shown in Fig. 3.3b and 3.3c. Thislesdbe dynamical control of the
impedance as well as the absorption spectrum. Tlagéerwesonator-based
metasurface can be bent into different radii ofvature R with a fixed sample
lengths due to the softness of water and PDMS as showigin3.3d. The layout

of the water-resonator is shown in Fig. 3.4. Theggeof the metasurface = 5.5
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mm; the diameter of the water-reservoibDiss 4.4 mm; the width and height of the

channel arev = 0.3 mm andh; = 0.08 mm, respectively.

3.1.2 Theoretical Analysis and Numerical Simulation

Numerical Calculation Method

The optical response of the metasurface is stuolyedumerically calculating the
Sparameter using the commercial simulation softwaireCST MICROWAVE
STUDIO, which was originally based on Finite Di#ece Time Domain (FDTD).

It simplifies the process of creating the structoyeoroviding a powerful graphical
solid modeling front end which is based on the A@i8deling kernel. After the
model has been constructed, a fully automatic megshiocedure is applied before
a simulation engine is started. CST contains seévdiierent simulation
technologys to suit various applications. For gtrees that are electrically much
smaller than the shortest wavelength, the frequelmeyain solver is usually the
better choice. Besides, the frequency domain s@is&r contains alternatives for
the fast calculation db-parameters for strongly resonating structuresréfoee, in
this thesis we utilize the frequency domain soliersimulate the metasurface.
Since the metasurfaces are assumed as infinitedierstructures, the boundary
conditions are set as “unit cell” which virtuallgpeats the modeled structures to
infinite 2D plane. Floquet ports (periodic waveguiaorts) are used as the source
of EM wave and thé&-parameters are calculated to investigate the respb the

metasurface.
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Numerical Results on Pure Water

The water-resonator is embedded in the low penntittdielectric material, PDMS
[240], forming a PDMS/water/PDMS sandwich structiéth the highe value of
water and specific geometric parameter, a magmetonance and a diffraction
grating effect can be excited at certain frequenadle the water-resonator.
Meanwhile, the highs” value of water in a wide frequency range enables a
broadband absorption around resonance frequendiesnormalized absorptiof

of the water-resonator based metasurface is derfveth the calculatedS
parameterS;; and 1 that A = 1 — Fiuff — S, whereSiis the reflected field
amplitude ands;; is the transmitted amplitude, respectively. TheapgeterS; is
always zero since the metallic ground layer bladksgransmission.

The absorption spectra for different height of tbp and bottom PDMS
layer when the height of the water-resonator keg¢ps= 1.6 mm are shown in Fig.
3.5. The absorption of the water-resonator-basedasudace is relatively
insensitive to the height of the top PDMS layershewn in Fig. 3.5a. However,
when the height of the bottom PDMS layer is incregsthe absorption at the
absorption peaks will first arise to near unityhat 1.0 mm and then fall to below
80% athz = 2.0 mm as shown in Fig. 3.5b, because the ictieraof the water-
resonator and the ground metal film will be weakemden the bottom PDMS
layer is too thick. In our design, the height of tlop and bottom PDMS layer are

set ath, = 0.6 mm andh; = 1.0 mm, respectively.
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Figure 3.5 (a) Absorption spectra a§ i 1.0 mm when the height of the top PDMS

is changed from 0.4 mm to 1.0 mm. (b) Absorpticectsa at h = 0.6 mm when

the height of the bottom PDMS is changed from Grbtan2.0 mm.
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Figure 3.6 (a) The calculated impedance and (b)utated absorption spectrum

when height of water-resonator h = 1.6 mm.
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The impedanc&(w) of the water-resonator-based metasurface ievett
from the reflection ;) and transmissionS;) data of theSparameters. The
metasurface is characterized as an effective honemyes slab. For a plane wave
incident normally on a homogeneous slab of thickidesith the origin coinciding

with the first face of the slalg; is equal to the reflection coefficient, aBg is

related to the transmission coefficiehtoy S, = Teo" , Whereky represents the

wave number of the incident wave in the free spate refractive index and

normalized impedance deal with theSparameters, which can be described by as

[241]
_Ru(@- %)
S,= 1—- Rozlé'anOd (3.2a)
_(Q-R)e™"
SA‘W (3.2b)
where
_Z-1
Roi = T (3.3)

Subsequently, the impedantean be retrieved as

7 =+ (1+§1)2 — gl
V@a-s,°-S, (3.4)

60



Chapter 3 Water-Resonator-Based Metasurface

where the sign in equation is determined by requer@Z’ > 0 ((-J and (-} denote
the real part and imaginary part operators, respdyg). The calculated impedance
Z(w) when height of the water-resonator= 1.6 mm is shown in Fig 3.6a. At
f1 = 13.1 GHz and, = 36.9 GHz, the real impedangeis approaching unityZ( ~

1) and the imaginary impedanzéis minimized to nearly zer&{( ~ 0), such that
the reflection can be suppressed to nearly zemwul8ied results of absorption
spectrum is shown in Fig. 3.6b. Two absorption peake observed at the
frequencyf; = 13.1 GHz with near-unity absorption of 98% d&nd 36.9 GHz with
absorption of 99%, which matches well to the prgoiic from impedance
calculation.

The first absorption peak is attributed to the et magnetic resonance mode,
which can be examined by the current flow and fae&dribution in Fig. 3.7(a-c). A
circular current flow is induced &t and a strong magnetic field is observed in the
water-resonator as shown in Fig. 3.7(a-b), respelgti Therefore, the incident
microwave energy is strongly confined and absoibethe water-resonators. The
typical quadrupole profile of the electric fieldstlibution in Fig. 3.7c also
confirms the magnetic dipolar response. The seatsdrption peak is attributed
to the grating effect [49, 242]. The periodic watesonator structure behaves as a
2D grating, which excites spoof surface plasmorafiains (SPPs) at the interface
between the dielectric layer and metal ground asvehin Fig 3.8a. Due to the
excitation of the spoof SPPs, the incident microsvess strongly confined in the

water-resonator-based metasurface as shown in #gnetic and electric field
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distribution in Fig. 3.8(b, c). In such a case, theident microwave can be fully

absorbed by the water-resonator-based metasurface.

(b)

+Max

Figure 3.7 Side view of (a) current density, (b)gmetic distribution K and (c)
electric distribution E at the absorption peak.fScale bar presents the field

amplitude for (b,c).
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Figure 3.8 Top view of (a) surface current of thetahground plane; side view of
(b) magnetic distribution Hand (c) electric distribution Eat the absorption peak

f,. Scale bar presents the field amplitude for (b,c).
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Numerical Results on Water-Ethanol Solution

Besides a perfect absorption, there is also strdagand for controllable
absorptivity in many potential applications. Thetevaresonator-based metasurface
provides a very convenient approach to control #iesorptivity by simply
replacing water with other different dielectric stemt liquids. Fig. 3.9 shows that
both the real parte{) and imaginary parts() of the effective permittivity of the
mixture solution decrease with an increased conagom of ethanol in the
solution [243].The decreasing af undermines the microwave confinement in the
original water-resonator, while the decreasingebffurther reduces the wave
absorption in the metasurface. Fig. 3.10 shows dineulation results of the
absorption spectra with different concentrationsetifanol solutions when the
height of the water-resonator keeps at 0.4 mm.aldserption level decreases from
about 90% to below 20% in the entire measured &equy regime, when the
ethanol concentration in the solution is increaeth 0% (pure water) to 100%

(pure ethanol).
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Figure 3.9 Complex permittivity of water-ethanol ludmn with different
concentration of ethanol. (a) Real part and (b) gmary part of permittivity of

water-ethanol solution with different concentratioinethanol, respectively.
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Figure 3.10 Simulation results of the absorptionecgpa with different

concentration of ethanol solution. Height of thet@varesonator is 0.4 mm.
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3.2 Fabrication and Experimental Setup

3.2.1 Fabrication Processes Development

The fabrication processes of water-resonator-basethsurface are based on
photolithography as shown in Fig. 3.11. A Gx%-thick silicon wafer is used as
the substrate, which is baked in a 420ven for 15 min after cleaning by acetone
and IPA. The photoresist AZ 4620 is coated on théewand produces a uniformly
thick layer through spin coating as shown in Fidl1a. The photoresist-coated
wafer is then prebaked to drive off excess photsraslvent. After prebaking, the
silicon wafer with photoresist is exposed undelatigoned plastic mask as shown
in Fig. 3.11b. The UV exposure procedure causeheamical change of the
photoresist and allows it to be removed by develoffeis the unexposed part
remains on the silicon wafer as shown in Fig. 3.IMlte remaining photoresist
functions as a mask in the following etching precd$he plasma chemical agent is
then applied onto the silicon wafer to remove thparmost layer of the uncovered
area of the silicon wafer. The silicon mould witesded pattern is then obtained
after removing the remaining photoresist as shawhig. 3.11d. The next step is
how to use the silicon mould to fabricate the PDMtnnel. The PDMS was
prepared by mixing the base and curing agent viighwteight proportion of 11:1.
After putting in a vacuumizer to expel the suspehaie, the PDMS is poured onto
the silicon mould as shown in Fig. 3.11e and foldvby baking it in a 7& oven
for 2 hours. The pattern is then transferred toRBEEMS by peeling off it from

silicon substrate as shown in Fig. 3.11f. A plamdViS layer is fabricated using
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the same process as the patterned PDMS throught ailiicon wafer without
pattern. The patterned PDMS layer is bonded tplaee PDMS layer to form the
microfluidic channel by plasma bonding as showirion 3.11g. So far the PDMS
channel is fabricated for further liquid injectiothe PDMS sample can be bonded
to arbitrary surface for measurement as showngn3:iL1h.

The fabricated metasurface in which water is igdcinto the water
reservoirs with different volumes is shown in RBgl2. The water-resonator-based
metasurface consists of 24 x 24 elements with amirb period and the total
footprint of the metasurface is 132 mm x 132 mme Tdp PDMS membrane is
expanded to various extents by changing the injeatater volume, leading to a
controllable height of the water resonator from 0.4 mm to 1.6 mm as shown in
Fig. 3.12(a-b). The water-resonator-based meta=eiréan also be bent into an
arbitrary curved surface due to the flexibility whter and PDMS as shown in
Fig. 3.12c. The water-resonators are confined ewthter reservoirs formed by the
two PDMS layers, which can minimize the gravitaibreffect on water-

resonators.
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(a) Spin coat Az 4620 (b) UV exposure
(c) Develop (d) DRIE etching

(e) Pour PDMS (f) Peel off

(g9) Plasma bonding (h) Bond to PEC

m Silicon Photoresist = Mask
PDMS PEC

Figure 3.11 Fabrication processes of water-resondi@sed metasurface. (a) Spin

coating the photoresist AZ4620 on an 8-inch silicubstrate. (b) UV exposure

under a patterned plastic mask. (c) Mask pattertrassferred in the photoresist

after developing. (d) A silicon mould with desirpdttern is obtained through

DRIE etching. (e) PDMS with the weight proportioh:1l (PDMS base: curing

agent) is poured on the silicon mould. (f) Peeltio& PDMS from silicon substrate.

(g) Patterned PDMS layer is plasma bonded to a @I&DMS layer to form the

microfluidic channel. (h) PDMS sample is bondeth®metallic layer.
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Figure 3.12 Photographs of water-resonator-basedasweface. (a) Water is
injected into the PDMS with height of h = 0.4 mh).Kleight of water-resonator is
increased to h = 1.6 mm by increasing the wateunwm. (c) The metasurface is

bent to any arbitrary curvature.
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3.2.2 Experimental Setup for Microwave Measurements

The measurement of the water-resonator-based mietesus carried out in the
anechoic chamber room as shown in Fig. 3.13a. Tavo Antennas are connected
to a vector network analyzer (VNA, Agilent N4693A3% the microwave source
and receiver, which is placed 1.2 m away from ta@e in order to characterize
the far-field reflection properties. Since few hantennas can cover such wide
frequency range from 5 GHz to 40 GHz, two sets idielvand double-ridged horn
antennas are utilized from 5 — 18 GHz to 18 — 4@ @sishown in Fig. 3.13(b,c).
The measurement setup of the water-resonator-basetsurface is
schematically presented in Fig. 3.14. For planatasweface measurement, the
setup is shown in Fig. 3.14a. The source antemm&dtin red) can move along the
left arc with an incident angle a@fi. On the other hand, the receiver (tinted in
green) can move along the right arc with a reflecangle ofp, = ¢;. For curved
metasurface measurement, the setup is shown irBHigb. The source antenna is
fixed at the incident angle of i a holder. The incident wave is assumed as plane
wave. The receiver directiop,’ = ¢;'. The contact point of the source antenna
extension line and the sample is represented agh#e the contact point of the
receiver extension line and the sample is repredes¢ B. The arc length of AB
is defined as5,. In the measurement, the position gfi8 chosen a§, = 10h mm

(nN=0,1,2 - 6).
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(b) (c)

Figure 3.13 (a) Microwave measurement in the anecbleamber room. The horn
antennas are connected to the VNA and placed 1&vay from the sample in
order to characterize the far-field reflection peties. The measurement consists

of two parts, (b) one from 5 — 18 GHz and (c) ttreeofrom 18 — 40 GHz.
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(b)

Figure 3.14 Experimental setup for the far-fieldamgrement. (a) Measurement

setup for planar metasurface. Two dual-polarize@djuple-ridged horns serves

as the source (tinted in red) and receiver (tintegreen), respectively. The source

and receiver can move along the arc to examinesréifit incident and reflect

angle. (b) Measurement setup for curved metasurf@be source is fixed at the

incident angle of @n a holder, while the receiver directign’ = ¢;’.
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3.3 Experimental Results and Discussions

3.3.1 Ultra-Broadband Absorption

The absorption properties of the water-resonateethametasurface are first
investigated by changing the height of the wateomators. The absorption peak at
the lower frequency shows a red shift from K ba2@ GHz) to Ku band (15 GHz)
when the height of the water-resonator is incredsath 0.4 mm to 1.2 mm as
shown in Fig. 3.15, because the effective lengththef magnetic resonance is
increased. On the other hand, the absorption pe#keahigher frequency is not
shifted because it is caused by grating effect ftoenperiodic resonator array. As
a result, the bandwidth of absorption is tuned byhbmagnetic resonance and
grating effect when the water-resonator heighth@nged. The tunable broadband
absorption is simulated and experimentally demaietr as shown in Fig. 3.15a
and b, respectively, which realizes a maximum giigor of 99%. When the
height of the water-resonator is 0.4 mm, the algomrpandwidth of the central
frequency is 78.5% and 78.9% with over 90% absompin the simulation and
experimental results, respectively. The mismatcthefbandwidth is less than 2%
between the experimental and simulation resultschwis mainly induced by the
fabrication error. Each water-resonator are notoum due to the inhomogeneous
pressure in the water reservoir. These non-monedisg water-resonators affect

the bandwidth of the absorption.
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(a) (b)
Figure 3.15 Absorption spectra with different heagylof water-resonators under

normal incidence. (a) Simulation and (b) experimaémesults of the absorption
spectrum when the height of the water-resonatarthsnged from 0.4 mm to 0.8

mm and 1.2 mm.

To demonstrate that the microwave is indeed abdobyethe water-resonator-
based metasurface but not scattered to other idnsctexperimental setup for
different reflected angles measurement is estalists shown in Fig. 3.16. The
source antenna is fixed at the incident angle®adriil the receiver can move along

the arc to examine the reflection at different asglA bare aluminum metal plate
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is measured as a reference as shown in Fig. 3A7gnificant scattering is
observed from the plate at reflection angle up & When the metallic plate is
covered by the water-resonator-based metasurfaeecattering of the microwave

is suppressed to near zero at all reflection arageshown in Fig. 3.17b.

Figure 3.16 Measurement setup for angular reflecid metasurface. Microwave
is normally incident on the metasurface and reftectat different angles is

measured.
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Figure 3.17 (a) Reflection from a bare Al metaltples measured as a reference. A
significant scattering is observed from the plateedlection angle up to 15°. (b)
No scattering wave is observed when the metallicogered with the water-

resonator based metasurface at all reflection asgle
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3.3.2 Wide-Angle Absorption

The water-resonator-based metasurface is also degrated to realize a wide
incident angle absorption in a broad bandwidth.. Big8 shows the measured
absorption spectra of the metasurface under bothahB TM polarization
incidence while the height of the water resonategds at 0.4 mm. The absorption
bandwidth keeps at about 66.7% related to the aeritequency with the
absorption level higher than 80%. With the presesicéhe water channels, the
absorption is slightly different for TE and TM modenormal incidence at high
frequency due to the polarization dependence ofnetag resonance and grating
effect, which is consistent with the simulationués as shown in Fig. 3.19. The
large incident angle broadband absorption of wedsonator-based metasurface
could promises an omnidirectional broadband abswrpbn arbitrary curved

surfaces.
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Figure 3.18 A broadband absorbing material with viticident angle. Measured
absorption spectra with (a) TE mode and (b) TM maedspectively, by changing

the incident angle from°@o 45. Height of the water-resonator is 0.4 mm.
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Figure 3.19 Simulation results of the absorptioecpa with TE and TM mode in

normal incidence when the height of water resorais10.4 mm. Blue line and red

line represent the absorption spectra for TM and miade, respectively. The

existence of the water micro channels slightlyca$f¢he absorption spectra due to

the polarization dependence of magnetic resonandegaating effect.

3.3.3 Omnidirectional Absorption on Curved Surfaces

When a curved surface is illuminated by a planeeydkie reflective wave will

scatter into different directions. Due to the laeggle absorption and high

flexibility of soft water-resonator-based metasaefaan omnidirectional absorbing

material is presented when the water-resonatordbastasurface is bent. Both the
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specular reflective wave and the abnormal scagenave are suppressed under
normal illumination. Here, omnidirectional absogpti means no reflection and
scattering is observed in all directions when therowave is normally incident on
the metasurface. The omnidirectional broadband rpbhea of the curved
metasurface absorption functional material is atterzed and compared with the
absorption of a bare metal curved surface with game curvature. Fig. 3.20a
shows the reflection spectra of a bare metal cusugthce with a small curvature
of R=200 mm and = 130 mm. High reflectance is detected at alladdioms from

@ = 0°top = 75° (each step size of 15°), wheres the azimuth angle of the
detector position. When the metal curved surfacecasered by the water-
resonator-based metasurfade X 0.4 mm), the reflection to all directions is
significantly suppressed to almost zero from 2@QdGHz as shown in Fig. 3.20b.
Similar results are observed when the metal cuswufiace is bent to a larger
curvature ofR = 100 mm. The reflectance (Fig. 3.21a) frenx 0° togp = 75° is
suppressed to negligible level with the cover ofemaesonator-based metasurface
as shown in Fig. 3.21b. As a result, an omnidioeai and ultra-broadband
absorption functional material on curved surfaseadhieved with a bandwidth of

66.7% from 20 GHz to 40 GHz.
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Figure 3.20 An omnidirectional broadband absorbmgterial on curved surface.
(a) Reflectance spectrum at different reflectivsifpans (see Figure S7) of a bare

metal curved surface and (b) the curved water-ragmmbased metasurface when

the curvature is small (R = 200 mm), respectively.
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Figure 3.21 An omnidirectional broadband absorbimgterial on large curvature
of curved surface. (a) Reflectance spectrum ag¢mifft reflective angles of a bare

metal curved surface and (b) the curved water-ragmmbased metasurface when

the curvature is increased (R = 100 mm), respelstive
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3.3.4 Broadband Tunable Absorption

The water-resonator-based metasurface can be edjdnt the ethanol solutions
with different concentrations to change the absatpt Fig. 3.22 shows the

experimental results of the absorption spectra wlifferent concentrations of
ethanol solutions, respectively. As expected, thsogption level decreases from
about 90% to below 20% in the entire measured &equ regime, when the
ethanol concentration in the solution is increaeth 0% (pure water) to 100%
(pure ethanol). As a result, the absorptivity ofe thvater-resonator-based
metasurface can be continuously controlled by smmplecting ethanol solution

with the corresponding concentration.

1.
0.8
E 0.6
g |
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Q 0.4}/ Ethonal 25%
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L Ethonal 75%
Ethonal 100%
v / \
0. [l | [l | [l | [l
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Figure 3.22 Experimental results of broadband isignmodulation with different
concentrations of ethanol solution from 0% (puretevpto 100% (pure ethanol).

Height of the water-resonator is 0.4 mm.
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3.4 Summary

This chapter focuses on the structure design, ¢tieat analysis, sample
fabrication and experiments of an ultra-broadband aear-unity absorption by
water-resonator-based metasurface. The theoreta@lysis explores the
impedance matching to the free space at the watantarface, which guides the
design of the water-resonator array. The waterra&wo-based metasurface
induces a strong magnetic resonance, which incatg®mwith the grating effect, to
achieve the impedance matching to free space mddbandwidth across the entire
Ku, K and Ka bands. In addition, the fabricatioroqasses for microfluidic
metasurface are developed for the liquid injecteord deformation in a large
tuning range using polymer PDMS material. Experitaesmow that the developed
water-resonator-based metasurface has a bandwiditerdral frequency that
reaches 78.9% with higher than 90% absorption undamnal incident microwave.
The high absorption and large bandwidth are alssgwed with oblique incidence
from 0° to 45°. In addition, an omnidirectional éardadband absorbing material is
realized by the curved soft metasurface. Finallgr@adband intensity modulation
is demonstrated by injecting different concentraiof ethanol solution.

The innovation of the water-resonator-based meftaseiis summarized as
follows,
(@ This is the first demonstration of the combinatioh the magnetic

resonance and grating effect to realize an ultcadiipand and near-unity
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(b)

(©)

absorption by using dielectric material, liquid elatembedded into the soft
material, PDMS, across the entire Ku, K and Ka kabmpared to other
materials, liquid water not only provides high lpgsoperties which is
essential to the absorption, but also has highbiigy in the control of the
shape of the structure.

A real time control on the broadband absorptiogluiding the absorption
frequency and absorption strength, is firstly desti@ted by incorporating
with the microfluidic technology. It has the cagddbito reshape the liquid-
resonator by simply changing the volume of theitign the microfluidic
reservoir created in the PDMS.

A curved water-resonator-based metasurface is demaded due to the
softness of water and PDMS, which functions as mamidirectional and

broadband absorbing material on arbitrary curvethees.
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CHAPTER 4

LIQUID-METAL-BASED METASURFACE

This chapter presents the design, fabrication amerénent of the liquid-pillar-
based metasurface for frequency-agile and wideeamdisorption in terahertz
regime. The structure designs of the liquid-pilbl@sed metasurface are presented,
which is using a liquid-metal-pillar array confineadl the triple layer structure,
PDMS/silicon/PDMS. Subsequently, theoretical anialgs the absorption induced
by strong magnetic resonance is discussed. The inatidn of the PDMS and
silicon to break the tuning limitation in 2D plaaed realize a large tuning range of
the metasurface is discussed. Next, the fabricgirooesses for the liquid-pillar-
based metasurface are illustrated. Finally, theeexgental results are presented
and discussed, including a polarization-independabsorption due to the
symmetric pattern of the liquid-metal-pillars, aduency-agile absorption by
tuning the heights of the liquid-metal-pillars amavide-angle absorption in broad
bandwidth by adjusting the liquid-metal-pillars ¢t to compensate the frequency

shift.
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4.1 Design and Theoretical Analysis

Terahertz absorption material can be designed hasudace using a dielectric
layer sandwiched between a metallic structure layed a metal ground layer,
matching the impedance to the free space and Inlgckil of the transmissions,
respectively. In general, the metasurface absaorptiaterials usually rely on the
electric and magnetic response of the top metairactures, as well as the
magnetic response induced by the inductive couplmgween the metallic
structures and the ground plane. The magnetic nsggoplay an important role in
the realization of impedance matching. However, riregnetic dipole moments
induced by the top metallic structures are usup#ypendicular to the incident
magnetic field, which results in a week interactiorbetween. Vertical split-ring
resonator is therefore developed to provide anrateve method to enhance the
magnetic response by erecting the split-ring resonap along the propagating
direction [244, 245], resulting in a strong magoedsponse between the incident
magnetic field and the magnetic dipole induced ey $plit-ring resonator, which
can be exploited to realize the impedance matchmgdditional, it is desirable to
have terahertz absorption materials with frequeagple and wide-angle
functionality. The metasurface incorporated witltmofluidic technology provides
a great opportunity to reconfigure the geometrthef structures, leading to a large
tunability on the absorption frequency due to thghhsize dependence of the
resonant frequency. The development of the miadititechnology in microscale

put the microfluidic metasurface in terahertz iptactice as discussed in Chapter
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2. Here, a liquid-metal-based metasurface is detraied by using microfluidic
technology, which can be tuned in the vertical pgaiing direction for frequency-

agile and wide-angle absorption.

4.1.1 Design of Liquid-Metal-Based Metasurface

The control method of the liquid-metal-based mefase is shown in Fig. 4.1(a),
which consists of three layers. A silicon layer hwipenetrated cavities is
sandwiched by two PDMS layers. Liquid-metal is atgel from the bottom PDMS
layer through the microchannel and filled into eatliton cavities. The height of
the liquid-metal-pillars can be controlled by the @essure applied from the air
inlet in the top PDMS layer, which breaks the tgnimitation in 2D plane and
provides a broadband tuning range of the metasurfayg applying different air
pressures, the liquid-metal-pillars height canrmaased or decreased, resulting in
a reversible process for flexibly reconfiguring ttesonators. The adjacent liquid-
metal-pillars form a U-shape resonator so as todadnagnetic dipoles that are
parallel to the incident magnetic field, resultingstrong interaction in between.
The U-shape Resonator is a variant of previoustyadestrated designs that
exhibit a Lorentz-like resonant response describgdan effective complex
permittivity e(w) = &' +ig” and permeability(w) =’ +iu”, wheree’ ande” are
the real and imaginary parts of permittivity, andy” are the real and imaginary

parts of permeability, respectively [246-248].
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Air inlet 1 Air inlet 2

Cavity 1

Lin1 pillar 1 Liquid pillar 2

Liquid injection

Py

Figure 4.1 (a) Design of the liquid-metal-based asetface consists of liquid-
metal confined in the silicon cavities that cantbeed in the vertical direction by
using microfluidic technology. Liquid-metal is iofjed from the bottom PDMS
layer and filled into the silicon cavity. The heigif the liquid-metal-pillar can be
controlled by applying different air pressures fréme air inlet in top PDMS layer.

(b) Equivalent circuit model of U-shape resonator.
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It can be described qualitatively in terms of itgiealent circuit as shown in Fig.
4.1(b). The gap between the adjacent two liquidatgtlars can be thought of as
a capacitor, where the effective capacitance ioehasC. Such two liquid-
metal-pillars connecting with the bottom liquid eegir form an inductive loop,
where the effective inductance is denoted..ashe effective resistance is denoted

asR. The resonant frequency of the U-shape resonatobe described as [249]

1

w=
2rf(L+u S 1) C

4.1)

wherey, is the permeability of the surrounding medium \khis silicon in this
paper. The area of U-shape resondigrand the volume of a unit ceVW is

described as

§=Ghv=PBr (4.2)

whereG is the gap between two adjacent liquid-metal-gslla is the height of the
liquid-metal-pillars,P is the periodic of the liquid-metal-based metastef Such

that the resonant frequency of the U-shape responatobe determined as

1

w=
27T\/(L + 1 Gh/ Pz) C

(4.3)

By constructing the height of the liquid-metal-ai, the corresponding

equivalent capacitor and inductor will be chandedding to a tunable frequency
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of the U-shape resonator. For example, when thghheif the liquid-metal-pillars
h is increasing, the effective size of the capacitoiincreasing, such that the
effective capacitanc€ is increasing. Meanwhile, the cross section arfethe
inductive loop is also increasing, such that tHeative inductancé is increasing.
Therefore, the resonant frequensywould shift to lower frequencies from Eq. 3

whenh is increasing, and vice versa.

Figure 4.2 Schematic of tunable absorption matebialusing liquid-metal-based

metasurface consisting of liquid-metal-pillar arragnbedded in silicon cavities.

Based on this control method and theoretical amalysur liquid-metal-
pillars are patterned into array in realizationaofrequency-agile and wide-angle
absorption as shown in Fig. 4.2. The U-shape rdésmnhainduce magnetic

resonance, leading to strong confinement and atisorpf the terahertz wave in
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the metasurface. Furthermore, the absorption paeoce will not be deteriorated
under oblique incidence, which promises the retbnaof a wide-angle absorption
material. In order to achieve an identical tunifighe liquid-metal-pillars, the air
inlet are connected with each other in the top POM®r, creating a uniform air

pressure.

4.1.2 Absorption with Different Thickness

In the simulation, the liquid metal is mercury, wahiis modeled with high
electrical conductivitys = 1.04 x 18 S/m. Silicon is modeled as a loss free
dielectric with real part of permittivitys’ = 11.9. PDMS is modeled as a lossy
dielectric material [250]. The absorption of thetaseirface can be derived by the
scattering parameteiSfparameter) using microwave studio of CST (Computer
Simulation Technology), i. & =1 -R-T=1 - Bi1f- [S1f.

In order to investigate the influence of the PDM®&I a&ilicon layer, we
construct a four stacked layers, PDMS/silicon/maiRDMS, as shown in Fig.
4.3. The height of the mercury layerhs = 50 um, which will block all of the
transmissions. The height of the bottom PDMS layér = 1 mm. The simulation
results of the absorption spectra with differenight of silicon layer when the
height of the top PDMS laydr, = O um is shown in Fig. 4.4. When the height of
the silicon layer igy, = 0 um, the bare mercury film behaves as a metallicanirr
which reflects all the incident light, leading tanaar zero absorption as shown in

the red line. However, when the height of the silidayer is increasing, a Fabry-
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Perot cavity resonance is induced in the silicoredaresulting in an absorption
peak in the spectrum as shown in the green linelkduel line. In the following

design, the height of silicon layer is chosetnas 100um.

hy

h,

hs
hy

Figure 4.3 Layout of PDMS/silicon/mercury/PDMS filwithout pattern. The

height of the mercury layer ig i 50 um; the height of the bottom PDMS layer is

hy =1 mm.
0.5
0.4+ _
——h,=0pum
[ ———h,=100 ym
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Figure 4.4 Simulation results of the absorption cdpe with different height of

silicon layer, when the height of the top PDMS tagdy = 0 um.
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The influence of the top PDMS layer is similar be tsilicon layer, which
induces multi Fabry-Pérot cavity resonances as shiawFig. 4.5. However, the
absorption at the whole frequency window is incireasvhen the height of the
PDMS is increasing due to the lossy property ofRBMS. Although absorption is
the first priority in our design, the increasingigieé of the PDMS destroy the
frequency selected absorption so as to make the@is undistinguishable in the
frequency domain. Since the ultimate goal of taild-metal-based metasurface is
to design a frequency-agile absorption materialchgnging the height of the
liquid-metal-pillars, it is desirable to suppred® tinfluence of the PDMS to
minimum. In contrast, the height of the top PDM$elashould be enough to
support the control channels. As a trade-off, dpeRDMS layer is designed bs

= 300pum.

0.8

o
o)

Absorption
o
™

0.2

0. 1 | 1 | 1 Y . — |

0.15 0.20 0.25 0.30 0.35 0.40 0.45
Frequency 7(THz)

Figure 4.5 Simulation results of the absorptioncpewith different height of the

PDMS layer, when the height of the silicon layemis 100 um.
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4.1.3 Theoretical Analysis and Numerical Simulation

(b)

Figure 4.6 Layout for one single element with fbguid-metal-pillars. (a) The top
view and (b) side view of one single element withheight of the liquid-metal-
pillars h that can be controlled by applying di#at air pressure from the top

PDMS channels.
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The layout for one single element with four liqureetal-pillars is shown in Fig.
4.6. The period of the liquid-metal-based metaseariaP = 300um; the diameter
of the silicon cavity (and liquid-metal-pillars) i3 = 100um; as discussed in the
last section, the height of the top PDMS layer ailidon layer is designed as
h; = 300 um andh, = 100 um, respectively; the height of the liqueservoir is
hs = 50 um; the height of the bottom PDMS layehjs= 1 mm; the height of the
top PDMS channels iss = 50 um; the contact angle of the mercury in theos
cavity is6. = 141°. The gap between the silicon cavity (agditi-metal-pillars) is

denoted a& = 30 um.

1.0

o ——TEmode O S —

—e—TM mode

Absorbance
o o
N o))

et AR S—

0.20 0.25 0.35 0.40

0.30
Frequency 7(THz)

Figure 4.7 Simulation results of the absorption e with TE mode (red line)
and TM mode (blue dot) when the heights of thadigquetal-pillars are h = 70

um,
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(b)

-Max

+Max

Figure 4.8 (a) Magnetic field distribution at thegk frequency (0.32 THz) with TE
mode. (b) Magnetic field distribution at the pea#giency (0.32 THz) with TM

mode.
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The polarization-independent feature under normadence is numerically
calculated in Fig. 4.7, when the height of the iligmetal-pillars is 70 um. The
symmetric structural design with four identicaldid-metal-pillars in an element
enables the polarization-independent charactesist€ the absorption. The
absorption spectra are completely overlapped wihahd TM mode incidence
(See definition in Fig. 4.3). An absorption peaknduced at 0.32 THz with near-
unity absorption of 99%. This absorption peak iglaited to the induced magnetic
resonance mode, which can be examined by the mediedd distribution in Figs.
4.8a and b with TE and TM mode incidence, respelstivDifferent charges are
accumulated at the surface of the adjacent liquadaivpillars and an LC resonance
is formed in the gap. The current loop is induagethe U-shape resonator, which is
responsible for the strong enhancement of the nigfiredd in the gap, and for the
creation of a magnetic resonance. The directioth@finduced magnetic dipole is
parallel to the incident magnetic field, leadingacstrong coupling in between.
Since the U-shape resonators are patterned intepithar array periodically, the
adjacent U-shape resonators couple with each atmgrinduce another magnetic
resonance at the side of the elements as showngindBa. In the absorption
spectrum, another absorption peak is also obsatvadound 0.29 THz, which is
induced by the Fabry-Pérot cavity as discusseddtian 4.2.1.

In order to realize the dynamic control of the apson frequency, the
effective length of the magnetic plasmon resonaarebe controlled by tuning the
height of the liquid-metal-pillars. The increasihgight of the liquid-metal-pillars

results in a red shift of the magnetic resonancehasvn in Fig. 4.9. When the
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height of the liquid-metal-pillars is 40 um, therrsponding effective length of
the magnetic resonance is decreased as shown in4F@a and thus, the
absorption peak frequency is increased to 0.414 Wiz absorption higher than
90%. When the height of the liquid-metal-pillarcisganged to 90 um, the effective
length of the magnetic resonance is increased@srsin Fig. 4.10b, resulting in a
decreased absorption peak frequency to 0.246 THz absorption higher than
90%. The tuning range of the absorption peak freguaeaches 50.9% of the

central frequency with absorption higher than 90%.

100
90
80

70

Height / (um)

020 025 030 035 040 045
Frequency f(THz)

Figure 4.9. Simulation results of the absorptiofocanap with TM mode when the
height of the liquid-metal-pillars is tuned fron¥25 xm to h = 10Qum. A tunable
absorption material by using the liquid-metal-basedtasurface is achieved from

0.246 to 0.414 THz with a tuning range covers 50d3%he central frequency.
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(b)
viox I v

Figure 4.10 (a) Magnetic field distribution at petikquency (0.414 THz) when the
heights of the liquid-metal-pillars are 40n. (b) Magnetic field distribution at the
peak frequency (0.246 THz) when the heights ofidjaéd-metal-pillars are 100
um.

101



Chapter 4 Liquid-Metal-Based Metasurface

—— TE mode

. N
LN
S

0.20 0.24 0.28 0.32 0.36 0.40
Frequency f(THz)

(a) (b)

o
T
\
/
(
L

Absorption
o
S

©
[N}

Figure 4.11 Simulation results of the absorptiomeapa with incident angl® =

60° when the heights of the pillars keep at 72 (anAbsorption spectra with TE
and TM mode. (b) The magnetic field distributiorhet absorption peak frequency
with TM mode. (c) and (d) The magnetic field dsition at the first and second

absorption peak frequency with TE mode, respegtivel

102



Chapter 4 Liquid-Metal-Based Metasurface

100
90 90

80 80

70

70

60 60

Height /A (um)
Height /4 (um)

50 50

40 40

30 30

0.20 0.25 0.30 0.35 0.40 0.20 0.25 0.30 0.35 0.40
Frequency f(THz) Frequency f(THz)

(a) (b)

90
80
70

60

Height A (um)

50

Height A (um)

40

30

0.20 0.25 0.30 0.35 0.40 0.20 0.25 0.30 0.35 0.40
Frequency 7(THz) Frequency 7(THz)

(c) (d)

Absorption

o I T
Figure 4.12 Simulation results of the absorptioiocanap with TM mode when

the heights of the liquid-metal-pillars are changedm 25 pm to 100 um at the

incident angle of (ay = 15°, (b)d = 30°, (c)# = 45° and (d)? = 60°.
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Here, we also investigate the electromagnetic mespof the liquid-metal-
based metasurface with oblique incidence. The sitiul results of the absorption
spectra with incident angle= 60° are shown in Fig. 4.11a. A magnetic resoeanc
is induced with TM mode incidence as shown in Bid.1b. The absorption peak
maintains in a single band with 99% absorptionhesvs in Fig. 4.11a (blue line).
However, a higher order of magnetic response ooetits TE mode incidence as
shown in Fig. 4.11d, which induces another absomnpgieak as shown in the red
line in Fig. 4.11a. In this paper, we focus on Thda incidence with oblique
incidence. When the incident angle is increasiognf° to 60°, the tuning range
of the absorption peak frequency covers 27.6% efctnmtral frequency from 0.25
to
0.33 THz with absorption higher than 90% as shawhRig. 4.12, which realizes a

wide-angle absorption in broad bandwidth under Thtimincidence.
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4.2 Fabrication and Experimental Setup

4.2.1 Fabrication Processes Development

The fabrication processes of the liquid-metal-basextasurface consist of two
parts, including DRIE etching for silicon layer asdft lithography for PDMS
layer as shown in Fig. 4.13. The fabrication preessfor silicon layer are shown
in Fig 4.13(a-f). The photoresist AZ 4620 is spoated on the silicon wafer as
shown in Fig 4.13a, following by prebaking to exfie excess photoresist solvent.
The prebaked wafer is exposed under UV light withatterned plastic mask as
shown in Fig 4.13b. After developing to remove #éx@osed photoresist as shown
in Fig 4.13c, the uncovered part of the siliconavas etched with a depth of 120
um as shown in Fig 4.13d. The photoresist is remdyedcetone as shown in Fig.
4.13e. A 100tm thick silicon wafer is then fabricated by gringliprocess using
Backgrinder machine as shown in Fig. 4.13f. Theangd bottom PDMS layer is
fabricated by soft photolithography as shown in. Fdl3(g-k). The photoresist
SU-8 is a negtive photoresist, whereby the parfgosad to UV light become
insoluble and can’t be washed away during developnihe remaining parts of
the photoresist is highly cross-linked with hightslity to chemicals and has good
mechanical properties to avoid removing, which ugtlde in the fabrication of
mould for PDMS channels. After the SU-8 photoressapplied to the silicon
substrate as shown in Fig. 4.13g, it must be safed to evaporate the solvent and
density the film on a level hot plate. SU-8 is wally transparent and insensitive

above the wavelength of 400nm but has high acthisorption below 350nm.
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Following UV light exposure with a plastic mask st®own in Fig. 4.13h, A post
exposure bake is necessary to selectively croksthia exposed portions of the
photoresist, which becomes insoluble to the dewslopvhile the unexposed
portions is washed away. The SU-8 mould is themiobt by rinsing with IPA
and dried with a gentle stream of air as shownig &.13i. A hard bake is also
applied to further cross link the photoresist ohad plate. The next step is to
fabricate the PDMS channel by using the SU-8 motilee PDMS is prepared by
mixing the base and curing agent with the weigbpprtion of 11:1. After putting
in a vacuumizer to expel the suspended air, the 8¥poured onto the SU-8
mould as shown in Fig. 4.13j and followed by baking a 7%C oven for 2 hours.
The pattern is then transferred to the PDMS byipgaedff it from SU-8 mould as
shown in Fig. 4.13k. Finally, the silicon layer ptasma bonded to the top and

bottom PDMS layer as shown in Fig. 4.13| and 4.1@mspectively.
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(a) Spin coat Az 4620

(c) Develop

(e) Remove Az 4620

(g) Spin coat SU-8

(i) Develop

(k) Peel off PDMS

(m) Plasma bonding

I Silicon

. SU-8

I Az 4620
= PDMS

(b) UV exposure

E

(d) DRIE etching

(f) Grinding

(h) UV exposure

() Pour PDMS

() Plasma bonding

= Mask

Figure 4.13. The fabrication processes of the dlquetal-based metasurface. (a-f) Silicon
layer is fabricated by DRIE etching. (g-k) Top &atktom PDMS layers are fabricated by
soft lithography technology. (I,m) The liquid-mdiaked metasurface is obtained by

plasma bonding.
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The photograph of fabricated metasurface is shawfig. 4.14. The liquid-metal-
based metasurface consists of 70 x 70 elements3@ihum period. The height of
the liquid-metal-pillars are tuned by the volumetbé air pumped out of the
microfluidic channel, which is controlled by a syge pump. The pumping speed
from the syringe pump is approximately 3.6 mL/mintakes about 10 ms to
change the height of the liquid-metal-pillars fr@to 100um and for them to
stabilize. The capillary action of the liquid-mefallars in the silicon cavity is
balancing the air pressure. The force due to sarfensionFst = yzDcog), = 113
uN (wherey = 0.465 N/m is the coefficient of surface tensiborandé. can refer to
the definition in Fig. 4.6). The gravity of eachjuid-metal-pillar isG = pzD*hg =
0.1 uN (p = 13.6 g/cmiis the density of mercury = 100pum is the maximum
height of the liquid-metal-pillarsy = 9.8 m/$ is the gravitational acceleration)
which is thousand times smaller than the capillaction. The gravity does not
affect the absorption if the metasurface is updmen. The confocal images of the
fabricated liquid-metal-pillars taken by Leica TG®8 Confocal are presented in
Fig. 4.15. The height of the liquid-metal-pillarancbe reconfigured by applying

different air pressures from the top air channslstown in Fig. 4.15(a-d).
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X

Liquid
injection

SiIic%n Cavity

Contro’ch annel of
top PDMS layer

e

50 pm

Figure 4.14 (a) Photograph of the liquid-metal-bdsaetasurface. (b) Top view
microscope image for a single element of metasarfaathout liquid-metal

injection. (c) Top view microscope image with ldpmetal injection.
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(b)

(c) (d)

Figure 4.15 Fabrication results of the liquid-metssed metasurface. Confocal
images for a single element of four-pillars withe theight of the liquid-metal-

pillars at (a) h = 25 pm, (b) h =50 um, (c) h = %n and (d) h = 100 pum.
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4.2.2 Experimental setup for Terahertz Measurement

The measurement of the liquid-pillar-based metaseris carried out by using the
terahertz spectrometer (TPS Spectra 3000) as shoWwig. 4.16. The optical path
of the reflection measurement is shown in Fig. 4 Iiie generated pulse of
terahertz radiation is incident to the sample wath incident angle o1 by

orienting the direction of the mirror M2. The refl®on terahertz wave is reflected

by mirrors M3 and M4 to the detector with a reflentangle62 =01.

Teraviey

Figure 4.16 Terahertz spectrometer (TPS Spectr®Bfald spectra measurement.
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Figure 4.17 Schematic illustration of the opticaktip for the reflection

measurement.

4.3 Experimental Results and Discussions

4.3.1 Polarization-Independent Absorption

The measured results under normal incidence wheihafght of the liquid-metal-

pillars kept at 70 um are shown in Fig. 4.18. Asaption peak occurs at 0.32
THz with the absorption close to near unity, andadditional absorption peak that
is induced by the FP cavity is observed at arou@8 UHz, which agrees with the
simulation results as shown in Fig. 4.7. There islight difference in the

bandwidth of the absorption spectra between theulation and experimental
results due to the fabrication errors. All liquicktal-pillars are not perfectly

uniform due to the inhomogeneous pressure in theosi cavity. These non-
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monodispersed liquid-metal-pillars will affect thandwidth of the absorption. The
absorption spectra with TE mode and TM mode areostinoverlapped, which

verify the polarization-independent feature of #fosorption material.
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Figure 4.18 Experimental results of the absorptgpectra of the liquid-metal-
based metasurface with TE mode (red line) and TMeamblue dot) incidence

when the heights of the liquid-metal-pillars is ¥&um.

4.3.2 Frequency-agile absorption

The frequency-agile absorption can be realizedibing the effective length of the
magnetic resonance. By applying different air pwessthe height of the liquid-

metal-pillars can be changed from 0 to 100 um, sdoatune the absorption
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frequency of liquid-metal-based metasurface. Fi$j94hows the absorption color
map when the height of the liquid-metal-pillarsnereased from 30 to 90 um. The
absorption peak frequency is tuned from 0.246 44®.THz. The tuning range of
the absorption peak frequency reaches 51.1% ofctmral frequency with

absorption higher than 90%, which is slightly diéfiet from the simulation results
as shown in Fig 4.9 due to the fabrication errothe liquid-metal-pillars. The

mismatch in the tuning range is less than 2% betwde experimental and

simulation results.
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Figure 4.19 Absorption color map of the tunable@pson material in TM mode
normal incidence when the height of the liquid-hpthars is tuned from

h=30 pumtoh=90 um.
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4.3.3 Wide-Angle Absorption

Fig. 4.20a shows the experimental results of theom@dtion spectra with different
incident angles (TM mode) when the height of thyili-metal-pillars is 50 um.

The absorption peak slightly shifts to lower fregeye when the incident angle is
increasing as shown in Fig. 4.20b and the absorptiaintains at nearly 99%.
Such frequency shift caused by the change of thiglent angle will restrict its

potential applications in EM shielding and coloraiging, etc. The red shift can be
compensated by decreasing the height of the liqathl-pillars, which realizes a
wide-angle absorption with broad bandwidth. Theegxpental results of the wide-
angle absorption material tuned by different hesghit the liquid-metal-pillars is

shown in Fig. 4.21. We demonstrate three absorgdtegquencies that is fixed at
0.25 THz (Fig. 4.21a), 0.28 THz (Fig. 4.21b) an830THz (Fig. 4.21c) when the
incident angle is changed from 0° to 60°. By cambnsly tuning the height of the
liquid-metal-pillars, the wide-angle absorption caver all the frequencies from
0.25 THz to 0.33 THz with a tuning range of thetca@nfrequency 27.6%. The
absorption outside the central frequency staysgis ds 60%, which is caused by
the top lossy PDMS layer. It can be suppressed siggulow loss dielectric

materials in terahertz regime.
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Figure 4.20 Experimental results of the metasurfatsorption material with
different incident angles (TM mode) when the headhhe pillars keeps at 50 pum.
(a) Absorption spectra when the incident anglehianged from 0° to 60°. (b) Peak

frequency as the function of the incident angle.
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Figure 4.21 Experimental results of the broadbanmtl avide-angle absorption
material with TM incidence when the incident angled® (black line), 15° (red
line), 30° (green line), 45° (blue line) and 60ar{d yellow line). By tuning the
height of the mercury pillars, the absorption pdegdquency can be fixed at (a)
0.25 THz, (b) 0.28 THz and (c) 0.33 THz. The tumiagge of the central

frequency reaches 27.6%.
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4.4 Summary

This chapter focuses on the structure design, noatem@nalysis, sample
fabrication and experiments of a frequency-agild ande-angle absorption in
terahertz regime by using liquid-pillar-based mettsce. The liquid-pillar-based
metasurface induces a strong magnetic resonanegelsying the U-resonator up
long the propagating direction, which not only styty couples with the incident
magnetic field, but also break the tuning limitatim 2D plane. In addition, the
fabrication processes for microfluidic metasurfaweaerahertz are developed for
the liquid injection and reconfiguration in a larggning range by combining
silicon and PDMS together. Experiments show that developed liquid-metal-
based metasurface is polarization-independent asdahtuning range in central
frequency of 51.1% with higher than 90% absorptiomder normal incident
microwave. Finally, a wide-angle absorption matesigh a tuning range in central
frequency of 27.6% is achieved when the incidegteais changed from 0° to 60°.

The innovation of the liquid-pillar-based metasoegas summarized as
follows,

(@) The combination of silicon structure layer and PDEt#itrol layer for the
liquid-metal injection and reconfiguration in misgale is developed. The
triple layers structure, PDMS/silicon/PDMS allovire ttuning of the liquid-
metal in the vertical direction to break the tuningitation in 2D plane,

which provide a significant milestone for the tuleaimetasurface.
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(b) A real time control on the absorption frequencytinying the height of the
liquid-metal-pillars is firstly demonstrated in thierahertz regime. The
coupling mechanism between the liquid-metal-pillass investigated
numerically, which provide a good understandingtmway to control the
absorption.

(c) A wide-angle absorption with broad bandwidth istfy demonstrated with
large angular tolerance up t0°60’he mechanism of the broadband wide-

angle absorption is numerically investigated.
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CHAPTER 5

TUNABLE CHIRAL METASURFACE

This chapter presents the structure design, nualeaitalysis, sample fabrication
and experiments of a tunable chiral metasurface tforable asymmetric
transmission. The tunable chiral metasurface carcdsgrolled from achiral to
chiral by using microfluidic technology, wherebyethtransmission can be
controlled from symmetric to asymmetric transmissi®he structure designs of
the tunable chiral metasurface are presented, wdretusing a bilayer of metallic
spiral structures patterned on both sides of theM8Dayer and could be
reconfigured by using microfluidic technology. Sefsently, theoretical analysis
on the interaction of the dual-spiral structuresngisplasmon hybridization is
discussed. Next, the fabrication processes forllenzhiral metasurface combining
photolithography and E-beam evaporation are predeminally, the experimental
results of tunable asymmetric transmission aregmtesl and discussed, either with

wide incident angle or a curved metasurface.
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5.1 Design and Theoretical Analysis

Chiral materials exhibit asymmetric transmissiomgioating from their different

responses to left and right circularly polarizeghti Studying of asymmetric
transmission for circularly polarized light was ogjed in the planar chiral
metasurfaces. However, such planar chiral metasesfare only chiral in the two-
dimensional space, in which the asymmetric transions is absent for linear
polarization. Efforts on the asymmetric transmissfor linear polarization have
been made by introducing symmetric broken alongptiopagation direction in the
metasurface structures. In optical communications idesirable to change the
wave propagation from asymmetric transmission tonregtric transmission.

However, previously proposed chiral metasurfacek e tunability to control

chirality from chiral to achiral, which is essemtir the propagation wave
changing from asymmetric transmission to symmetaasmission. An array of
metallic dual-spiral structures patterned on battes of the PDMS layer is
proposed to control the chirality from achiral tbiral by controlling the spiral

structures from planar to three-dimensional (3D9tigh microfluidic technology.
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5.1.1 Design of Tunable Chiral Metasurface

Theory of Asymmetric Transmission

The transmission of polarized light can be desdribsing Jones matrices [231,

251]. Assuming a plane wave that is propagatingositivez-direction

y

wherew is the frequencyk is the wave vectolly andly is the complex amplitudes
of polarized wave ix andy direction, respectively. The transmitted fidldandT,

through the medium is represented by

y

The complex amplitudes of the transmitted field amddent field can be

described by Jones matiixas

lin
Ty TyX Tyy Iy I , (5.3)
where the superscriptand subscriplin indicate the forward propagation direction

and a special linear base with base vectors phtallehe coordinate axes, i.e.,

decomposing the incident wave int@ndy directions arélx andTyy, respectively.
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If no magneto-optical material exists in the mediutee Jones matrix for the
backward propagation directiof® can be obtained by applying the reciprocity

theorem

Tb ( Txx _Tyxj
lin
T, (5.4)

The off-diagonal elements of the Jones matriceddiavard and backward
propagation interchange their values and the siEgoime negative indicating a
phase difference of 180

The asymmetric transmission for a given linear has¢or is defined as the
difference between the transmittance of forward drstkward propagation

direction, which is characterized by thgarameter as

AW = (T > + [T, - (T + - T = 1) -] T
= (T T (T + [T = a0 (5.5)

From EqQ. 5.5, it is clear that the asymmetric traission parameter is

determined by difference of off-diagonal elemeritthe respective Jones matrix.
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Design Method

Original image Mirror image

() (b)
(©) (d)

Figure 5.1 Design of one element of the tunableathmetasurface tuned from

achiral to chiral, which consists of a dielectricechum sandwiched between two
metallic spiral structures. When both spiral stuuets are planar, the metasurface
is achiral because (a) the original image is supgrosable on (b) its mirror image.
The metasurface becomes chiral when the top spiratture is reconfigured in

the vertical direction, since (c) the original im&ags not superimposable on (d) its

mirror image.
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The tunable chiral metasurface reported here dsnsik a dielectric medium
sandwiched between two metallic spiral structuestown in Fig. 5.1. When the
dual-spiral structures are planar, the metasurfaegehiral, since the mirror image
is superimposable on its original image as showhign 5.1a and b. However, the
metasurface becomes chiral when the top spirattsirel is reconfigured in the
vertical direction, because the mirror image of theal-spiral structure is not
superimposable on its original image as shown @ bilc and d. Such a chiral
structure is patterned into square array and chibgasymmetric transmission for

linear polarized wave as shown in Fig. 5.2.

A A A
"X
"R R e >
x-pol vy vy-poI.
Backward transmission
NN
- D Ve Ve

y-pol.

Figure 5.2 Schematic illustration of the asymmettiansmission for linear

polarized wave through chiral metasurface.
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The schematic of the tunable chiral metasurfaceorparating with
microfluidic technology is shown in Fig. 5.3a are tdimension of each single
element is shown in Fig. 5.4. The period of theasetface i? = 5 mm. The
Archimedean spiral is used as the metallic strectwith an inner radius of
Rin = 0.7 mm, outer radius &b, = 2.0 mm, width ofv = 0.3 mm and thickness of
600 nm. The relative twist of the bottom spiral = 0°. The height of the top
PDMS layer, bottom PDMS layer and microfluidic chahareh; = 0.5 mmh, =1
mm andhz = 80 um, respectively. The diameter of the air reseri®b = 4 mm.
The original state of the metasurface is planashasvn in Fig. 5.3b without air
injection. Such planar metasurface is achiral whiekhibits symmetric
transmission under forward and backward incider®iace the bottom PDMS
membrane is much thicker than the top PDMS membnrahen the air is injected
into the reservoir, the top PDMS membrane is expdnand formed a PDMS
sphere cap due to air pressure, while the bottoM®ayer maintains planar. The
top expanded PDMS membrane stretches the top spitgtures out of plane and
become 3D spiral. By applying different air pregsihe top PDMS membrane can
be expanded or contracted, resulting in a revergbbdcess to flexibly reconfigure
the height of the spiral structuheas shown in Figs 5.3c and 5.3d. The symmetric
breaking of the two spiral structures introducesatity and the transmission under
forward and backward incidence become asymmetherdby, the tunable chiral
metasurface can be dynamically controlled from ratho chiral, which enables

the control of transmission from symmetric to asyetnio.
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Planar spiral structure

\ 3D spiral structure

e e e A1

(€)
\ Height changed by air pressure
= - =t 1 h

(d)

Figure 5.3 Schematic of tunable chiral metasurfa@d. Dual-spiral structure
array incorporating with microfluidic technologyb) Side view of the original
state of planar dual-spiral structure. (c, d) Heigf top spiral structures is tuned

by different air pressure.
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Figure 5.4 Layout of the tunable chiral metasurfa(@® Top view and (b) side
view of the dual-spiral metasurface. (c) Side vawhe dual-spiral metasurface
with the height of the spiral structure h that cl@ changed by varying the air

pressure.
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5.1.2 Theoretical Analysis and Numerical Simulation

The optical response of metasurface is studied y ®IICROWAVE STUDIO
with periodic boundary condition. The dual-spiraiusture is patterned on both
sides of low permittivity dielectric material, PDM&rming a metal/PDMS/metal
sandwich structure. The coupling between these gpicals contributes to the
resonances at certain frequencies for the metasurfaimulation results of the
forward and backward transmission of co-polarizadod cross-polarization when
both spiral structures are planar are shown in bi§a and 5.5b, respectively.
Since the metasurface is achiral, the forward aadkward transmission are
completely overlap, i.e.Tyfx :Txfy :T)t/)x: T)t()y (the superscriptd and b indicate
microwave incidence under forward and backward @gaegion direction,
respectively). Two resonance peaks occur in thesepwlarization transmission at
fy = 25.8 GHz and, = 37.1 GHz, respectively, which are induced bydbepling
between these two spiral structures. The surfaceerudistribution are similar
under forward and backward incidence as shown m Bi6 and Fig. 5.7,
respectively. The surface current direction of s bottom spiral structures is
asymmetric at the lower frequentyas shown in Fig. 5.6a and 5.7a while it is
symmetric at the higher frequendy as shown in Fig. 5.6b and 5.7b. The
interaction between these two spiral structures mamexplained by the plasmon
hybridization model as shown in Fig. 5.8. The lowaergy modey. corresponds

to a bonding mode due to the positive interactietwikeen top and bottom spiral
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structures while the higher energy maole corresponds to an anti-bonding mode

due to the negative interaction.
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(b)

Figure 5.5 Simulation results of the transmissiowler (a) forward incidence and

(b) backward incidence when both layer of spiralistures are planar.
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(b)

Figure 5.6 Simulation results of the surface cutréistribution when both layer of
spiral structures are planar at (a) the first pefkand (b) second peak @inder

forward incidence.
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(b)

Figure 5.7 Simulation results of the surface cutr@istribution when both layer of
spiral structures are planar at (a) the first pefkand (b) second peak @inder

backward incidence.
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)

|.)

Figure 5.8 The energy-level diagram describing peesmon hybridization in the
tunable chiral metasurface resulting from the iaidion between the top and
bottom spiral plasmons. A positive interaction Willver the overall energy of the
hybridized mode and result in a bonding mod@e (vhile a negative interaction

results in an anti-bonding mode().
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The height of the top spiral structures can be roietl by applying
different air pressures in the microfluidic charseésulting in a three-dimensional
chiral structures. The simulation results of thevard and backward transmission
of co-polarization and cross-polarization are shoimnFig. 5.9a and 5.9b,
respectively, when the height of the top spiralcures ih = 1.0 mm. Such chiral

metasurface exhibits asymmetric transmission of finevard and backward

propagation wave, i.eTyfxinx’ Txfyi T)t()y. However, due to the reciprocal

properties of the metasurface in Eqgs. 5.4, thefohg relationship is satisfied, i.e.

Ty; = Txby, Txfy = Tl;x. The surface current distribution under forward dackward

incidence are shown in Fig. 5.10 and Fig. 5.11peetvely. A bonding mode in
the two spiral structures is induced at the loweqdiency off; = 25.9 GHz while

an anti-bonding mode is induced at the higher feegqy off, = 35.8 GHz. The
strength of the surface current distribution intksathat the coupling strength is
different between the forward and backward incideat both resonance peaks,
resulting in the asymmetric transmission of thevemd and backward propagation
wave. The asymmetric transmission parameter fealipolarized wave reaches 5%
as shown in Fig. 5.12. In this way, the tunablerathinetasurface is controlled
from achiral to chiral, leading to a controllabl®pagation wave from symmetric

transmission to asymmetric transmission.
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Figure 5.9 Simulation results of the transmissioer (a) forward incidence and

(b) backward incidence when the height of the mabstructure is h = 1.0 mm.
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(b)

Figure 5.10 Simulation results of the surface caotrdistribution at (a) the first
peak f and (b) second peak @inder forward incidence, when the height of top

spiral structures is h = 1.0 mm.
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(b)

Figure 5.11 Simulation results of the surface caotrdistribution at (a) the first
peak {f and (b) second peak @inder backward incidence, when the height of top

spiral structures is h = 1.0 mm.
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0.08- Asymmetric transmission
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22 26

30 38
Frequency f(GHz)
Figure 5.12 Simulation results of the asymmetramsmission at the height of top

spiral structures h = 1.0 mm.

Asymmetric Transmission Enhancement

The asymmetric transmission reported in Sectiod5relative low. In order to
enhance the asymmetric transmission, the duallsptiactures are patterned
asymmetrically on both sides of the PDMS as shownFig. 5.13. In this
configuration, when both spiral structures are gtathe metasurface is chiral. The
height of the top PDMS layer, bottom PDMS layer &MS channel i = 0.5
mm, h, = 0.42 mmhsz = 80 um, which satisfy the relationship bf —h; = hy, i.e.
the height of PDMS membrane under top and bottoralsptructures are the
same. Therefore, when air is injected into the afierdic channel, both spiral
structures will be deformed with an equal heighh.of
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(b)
Figure 5.13 Top view of the dual-spiral structuiterned asymmetrically on both
sides of the PDMS.
The simulation results of the transmissidp, under forward and backward
transmission are shown in Fig. 5.14. When the b@rplanar, i.eh = 0 mm, the
metasurface exhibit chirality, such that the fovand backward transmission are
different as shown in the black line. Two resonapeaks occurs at around 28 and
37 GHz due to the plasmon hybridization. When tleggit of the spiral is
increasing from O to 1.4 mm, the frequency distametgveen two resonance peaks
Is decreasing, because the coupling between topbattdm spiral structures is
weakened. The asymmetric transmission paramesdrasn in Fig. 5.15a, which
shows a maximunA reaches over 50%. At the frequency of 37 GHz, the

asymmetric transmission exhibit large tunabilityhieh can be tuned from 50% to
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0 when the height of the spiral structures is ckednfjom O mm to 1.4 mm as

shown in Fig. 5.15.

1.0

— 1= 0 mm

i — h=0.6 Mmm
0.2} e )= 1.0 mm

| — h=1.4mm
0.0 1 I 1 I 1 I 1 I 1 I 1

26 28 30 32 34 36 38

Frequency 7(GHz)
(a)

1.0

i — /=0 mm
0.8} — )= 0.6 mm

e )= 1.0 mm

i — h=1.4mm

0.6}

O.C 1 I 1 I 1 I 1 I 1 I 1
26 28 30 32 34 36 38
Frequency 7(GHz)
(b)

Figure 5.14 Simulation results of the transmissigpwhen the height of the spiral
structures is changed from 0 to 1.4 mm under (avdod incidence and (b)

backward incidence.
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Figure 5.15 Simulation results when the heighthef $piral structures is changed

from 0 to 1.4 mm. (a) Asymmetric transmission patamA. (b) Asymmetric

transmission as a function of h at the frequency/oGHz.
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5.2 Experimental Results and Discussions

5.2.1 Fabrication Processes Development

(a) Spin coat Az 4620 (b) UV exposure
(c) Develop (d) DRIE etching
(e) Pour PDMS (f) Peel off

(g) Plasma bonding (h) Cover shadow mask

(i) E-beam evaporation ()) Release shadow mask
| | | | ] || | | | ]
(k) Cover shadow mask (I) E-beam evaporation

(m) Release shadow mask

- -

Silicon Photoresist Mask
.

PDMS Shadow mask Gold

Figure 5.16 Fabrication processes of tunable chiraktasurface combining
photolithography and E-beam evaporation.
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The fabrication processes of the tunable chiral asmeface combining the
photolithography and E-beam evaporation is showfign5.16. The fabrication of
the PDMS channel is shown in Fig. 5.16(a-g), whitds been reported in
Section 3.2.1. The spiral structures is depositecdbath sides of the PDMS by
using E-beam evaporation as shown in .Fig. 5.16hAnshowdown mask with
desired pattern is used for metal deposition asvshm Fig. 5.16h. A 3-nm
thickness of chrome film and a 650-nm thicknessgoid film is deposited in
sequence on PDMS by using E-beam evaporation asnsio Fig. 5.16i. The
metal pattern is obtained by removing the shadowknes shown in Fig. 5.16j.
The PDMS sample is flipped over for the metal démys on the other side of
PDMS. The shadow mask should be aligned well withrhetal pattern deposited
previously under the microscope as shown in Fid6kk. Likewise, a 3-nm
thickness of chrome film and a 650-nm thicknessgoid film is deposited in
sequence on PDMS by using E-beam evaporation asnshoFig. 5.161. After
removing the shadow mask, the metasurface is @atamFig. 5.16m.

The fabrication results of the tunable chiral metkse is shown in
Fig. 5.17a. The metasurface consists of 24 x 2ees with a 5-mm period and
the total footprint of the metasurface is 120 mri20 mm. The original state of
the spiral structures is planar as shown in Fi@g7B. When the air pressure is
applied in the microfluidic channels, the top PDN&mbrane is expanded,
leading to a controllable height of the spiral stame as shown in Fig. 5.17c. The
tunable chiral metasurface can also be bent intarlbitrary curved surface due to

the flexibility of the PDMS.
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Figure 5.17 Photographs of the tunable chiral matésce. (a) Full view of the
tunabel chiral metasurface with two spiral struaudayers deposited on both sides
of the PDMS. (b) Planar dual-spiral metasurfacehwiit air injection into the
PDMS channels. (c) Height of the spiral structuiegncreased to h = 1.5 mm by

injecting air into the PDMS channels.
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5.2.2 Tunable Asymmetric Transmission

Pe

B YeaYeYeYeY \11 YR YR YEYeYeY \

/

I Flip over for backward
measurement

¢ m

L 8

Figure 5.18 Experimental setup for the measurenoémhicrowave transmission.
Two dual-polarized quadruple-ridged horns servelrassource (tinted in red) and
receiver (tinted in green), respectively, which amnnected to a vector network

analyzer. The backward transmission is measurdtigping over the sample.

The measurement of the tunable chiral metasur@arried out in the anechoic
chamber room, which has been reported in Secti@?2.3.The transmission

measurement setup is shown in Fig. 5.18. The axjeital results when two spiral
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Figure 5.19 Experimental results of the transmissigp with symmetrically spiral

pattern under forward and backward incidence wheah lfoth layers of spiral

structures are planar and (b) the height of the spral structures is h = 1.0 mm.
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structures are patterned symmetrically on bothssmfethe PDMS are shown in
Fig. 5.19. When both layers of spiral structureg atanar, the dual-spiral
metasurface is achiral, resulting in symmetric draission as shown in Fig. 5.19a.
When the height of the top spiral structures is r,rthe forward and backward
transmission become different as shown in Fig. &B.19he asymmetric
transmission parameter is near zero as shown in &R (red line) while it
reaches 0.05 dt = 1.0 mm as shown in blue line. As a results,tthasmission
through the dual-spiral metasurface is controlleanf symmetric transmission to

asymmetric transmission.

0.10

0.05}-
= £ 0.00
<

-0.05k = 1= 0 mm

— 1= 1.0 mm
-0.10 1 | 1 | 1 | 1
22 26 38

30
Frequency f(GHz)

Figure 5.20 Experimental results of the transmissibrough the dual-spiral
metasurface with symmetrically spiral pattern, whican be controlled from
symmetric transmission at h = 0 mm to asymmetandmission at h = 1.0 mm.
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Figure 5.21 Experimental results of the transmissiyx with asymmetrically
spiral pattern when the height of the spiral sturess is changed from 0 to 1.4 mm

under (a) forward incidence and (b) backward incide.
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Figure 5.22 Experimental results with asymmetricadpiral pattern when the
height of the spiral structures h is changed fronio01.4 mm. (a) Asymmetric
transmission parametex. (b) Asymmetric transmission as a function of hhat

frequency of 37 GHz.
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The experimental results when two spiral structueee patterned
asymmetrically on both sides of the PDMS are showiig. 5.21. The asymmetric
pattern of the spiral structures makes the metasartchiral when both spiral
structures are planar, resulting in asymmetric sin@ssion under forward and
backward incidence as shown in black line. Theed#iice between the forward
transmission and backward transmission is sigmflgeenhanced. The asymmetric
transmission reaches 50% as shown in Fig. 2.22theAtrequency of 37 GHz, the
metasurface exhibits large tunability on asymmetaasmission as shown in Fig.
2.22b. The asymmetric transmission can be tunad 0% to 0 when the height
of spiral structures is changed from 0 to 1.4 mrne Blight mismatch between
simulation and experimental results is induced &lyritation error. The spiral

structures are not uniform due to inhomogeneousspre in the air reservoirs.

5.2.3 Wide-Angle Asymmetric Transmission

Here we also investigate the asymmetric transmmsefodual-spiral metasurface
under oblique incidence. The experimental setupbdique incident measurement
iIs shown in Fig. 5. 23. The transmission with dife incident angles can be
measured by tilting the sample with an angl&.ofhe incident microwave is TE
mode. The backward transmission can be measurdtipping over the sample.
The experimental results of the transmissigrwhen the incident angle is changed
from @° to 45 with the height of the spiral structuries: 1.0 mm are shown in Fig.

5.24. The forward transmission is much higher thta backward transmission.
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When the incident angle is increasing, the bandwadtthe forward transmission
becomes narrow. The backward transmission keepwatdvel when the incident
angle is increasing. As a results, the bandwidthhef asymmetric transmission

(>40%) becomes narrow as shown in Fig. 5.25.

Figure 5.23 Experimental setup for transmission soe@ement under oblique
incidence. The transmission with different incidangles can be measured by
tilting the sample with an angle fvarying from (’to 45°with a step of 1% The
incident mode is TE mode. The backward transmissiomeasured by flipping

over the sample.
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Figure 5.24 Experimental results of the transmissigx for TE mode oblique
incidence with the height of the spiral structucd$r = 1.0 mm under (a) forward

incidence and (b) backward incidence.
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Figure 5.25 Experimental results of the asymmeétaasmission with oblique TE
incidence when the incident angle is changed fr8no @3 with the height of the

spiral structures h = 1.0 mm.

5.2.4 Asymmetric Transmission on Curved Surfaces

The asymmetric transmission is also demonstratéa aviferent curvature of the
dual-spiral metasurface. Since the PDMS is soét ditial-spiral metasurface can be
bent into different curvature. The experimentalipdor the curved metasurface is
shown in Fig. 5.26. The extent of bending is defirees the overall height of
sampled. Similarly, the backward transmission is measurgdlipping over the
sample. The height of the spiral structurel #1.0 mm. The experimental results

of the forward and backward transmission when divéeght of the sample is
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changed from 10 mm to 40 mm are shown in Fig. 5&¥hb, respectively. The
asymmetric transmission is shown in Fig. 5.28. Witkns increasing, the

asymmetric transmission maintains at high levehwitoroad bandwidth.

Figure 5.26 Experimental setup for transmission soe@ment when the tunable
chiral metasurface is bent into different curvatuiidhe extent of the bending is
defined as the overall height of the sample d. Bhekward transmission is

measured by flipping over the sample.
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Figure 5.27 Experimental results of the transmissig, when the tunable chiral
metasurface is bent into different curvature with height of the spiral structures

of h = 1.0 mm under (a) forward incidence and (aglkward incidence.
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Figure 5.28 Experimental results of the asymmaetaasmission when the tunable
chiral metasurface is bent into different curvatwéh the height of the spiral

structures of h = 1.0 mm.

5.3 Summary

This chapter focuses on the structure design, noatem@nalysis, sample
fabrication and experiments of a tunable chiralasetface for tunable asymmetric
transmission. The theoretical analysis explores dbaeration of asymmetric
transmission, which guides the design of the spstalictures. The dual-spiral
structures interact strongly with each other artige two resonance peaks due to
the plasmon hybridization. In addition, the fabtioa processes for solid metal

incorporating with microfluidic technology are déwmged with a large tuning range
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using polymer PDMS material. Experiments show that developed dual-spiral

metasurface controls the microwave from symmetaagmission to asymmetric

transmission. A large tunability of the asymmetri@nsmission is realized from

50% to 0. The high asymmetric transmission is pueskewith oblique incidence

from Q° to 45°. In addition, the asymmetric trarssiun maintains at high level

with a broad bandwidth is realized under differentvature of the curved dual-

spiral metasurface.

(@)

(b)

(©)

The innovation of the tunable chiral metasurfacguimmarized as follows,

This is the first demonstration of the solid metatonfigured by the
microfluidic technology to realize a tunable china¢tasurface from achiral
to chiral, whereby the transmission through the asw@tface can be
controlled from symmetric transmission to asymnegtiansmission.

The fabrication processes for the reconfiguratibthe solid metal using
microfluidic technology is developed by combininigopolithography and
E-beam evaporation. A large tunability on the aswtmio transmission is
realized by changing the air pressure in the miigicht reservoir created in
the PDMS.

A curved dual-spiral metasurface is demonstrateel tduthe softness of
water and PDMS, which has high asymmetric transonsgén a broad

bandwidth.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusions

Three different meta-liquid-based metasurfaces ¢tively control different
electromagnetic response such as the absorptiortransimission in microwave
and terahertz regime have been innovated, i.e.rw@denator-based metasurface,
liquid-metal-based metasurface, and tunable cimatasurface. Various aspects,
including theoretical studies, structure designabritation technologies and
experimental characterizations have been presenbedcontents cover mainly the
theoretical analysis and structure designs baseth@mmicrofluidic technology,
and experiments of the three successfully desigmetd-liquid-based metasurfaces.
The major conclusions are listed here.

The water-resonator-based metasurface is studemtetically, fabricated
and experimented. The working principle in emplgythe magnetic resonance
and diffraction grating effect for near-unity anttrarbroadband absorption are
discussed thoroughly. The far-field measuremenbfonidirectional absorption is
developed. In addition, different concentrations vediter-ethanol solutions are
investigated to tune the absorption of the metasetf
(@) This is the first demonstration of the combinatmihmagnetic resonance

and grating effect to realize an ultra-broadband aear-unity absorption
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(b)

(©)

by using dielectric material, liquid water, embeddeto the soft material,
PDMS, across the entire Ku, K and Ka bands. Contp@arether materials,
liquid water not only provides high lossy propesti@hich is essential to
absorption, but also has much flexibility in thentrol of the shape of the
structure.

A real time control on the broadband absorptiogluiding the absorption
frequency and absorption strength, is firstly desti@ted by incorporating
with the microfluidic technology. It has the cagddbito reshape the liquid-
resonator by simply changing the volume of liqurd the microfluidic

reservoir created in the PDMS.

A curved water-resonator-based metasurface is demaded due to the
softness of water and PDMS, which functions as mamidirectional and

broadband absorbing material on arbitrary curvethees.

A liquid-metal-based metasurface is theoreticatlydeed, fabricated and

experimented. A triple layer structure, PDMS/siii®@DMS, is filled with liquid-

metal for the formation and reconfiguration of tlgeiid-metal-pillars. The tuning

method of the liquid-metal-pillars that are confinen the penetrated silicon

cavities is provided. A frequency-agile and widefanabsorption is studied and

discussed.

(@)

The combination of silicon structure layer and PDbtfitrol layer for the
liquid-metal injection and reconfiguration in misgale is developed. The

triple layers structure, PDMS/silicon/PDMS allovire ttuning of the liquid-
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(b)

(©)

metal in the vertical direction to break the tunimgitation in 2D plane,
which is a significant milestone for the tunabletaseirface.

A real time control on the absorption frequencyabieved by tuning the
height of the liquid-metal-pillars in the terahemzgime. The coupling
mechanism between the liquid-metal-pillars is inigagéed numerically,
which provide a good understanding of how to cdritre absorption.

A wide-angle absorption with broad bandwidth istfiy demonstrated with
large angular tolerance up t0°60’he mechanism of the broadband wide-

angle absorption is numerically investigated.

A tunable chiral metasurface, which consists of ialedtric layer

sandwiched between two metallic spiral layershentetically studied, fabricated

and experimented. The tunable chiral metasurface@ge a real time control of the

propagating wave from symmetric transmission tavasgtric transmission. The

fabrication processes incorporating with e-beamperation are developed. In

addition, the enhancement of the asymmetric trassmon by structure

modification is studied and discussed.

(@)

(b)

This is the first demonstration of solid metal nefoggured by the
microfluidic technology to realize a tunable china¢tasurface from achiral
to chiral, whereby the propagating microwave thtotlte metasurface can
be controlled from symmetric transmission to asymnmé&ansmission.

The fabrication processes for the reconfiguratidnsolid metal using

microfluidic technology is developed by combinirfge tphotolithography
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and E-beam evaporation. A large tunability on teygnametric transmission

is realized by changing air pressure in the miaidit reservoir created in

the PDMS.

(c) A curved dual-spiral metasurface is demonstrateel twuthe softness of
water and PDMS, which has high asymmetric trandonseén a broad

bandwidth.
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6.2 Recommendations

Recommendations for future research are summaaizéallows

(@)

(b)

(©)

The reconfiguration of the metasurface is realizeg microfluidic
technology, which utilizes a pump to apply diffeér@nessure. Despite the
successful demonstrations of the electromagnetgporese using the
microfluidic technology, the tuning speed is linditeHence this impedes
the potential applications of the meta-liquid-bassgtasurfaces, where fast
tuning speed is required. One possible solutiortoisscale down the
reconfigured structures. Smaller size of metaserfaan significantly
facilitate the tuning speed.

Although the absorption bandwidth demonstrated haper 3 is ultra-
broad, it can still be broadened by using inhomeges water-resonator
array. The non-uniform pattern of water-resonatwié induce multiple
magnetic resonance so as to facilitate the banbwidldb realize non-
uniform distribution of water-resonators, a randacsess tuning method is
required as discussed in Chapter 2.

The tuning range of the absorption and asymmetransmission
demonstrated in Chapter 3 and Chapter 5, respfctican be further
increased by expanding the top PDMS membrane twoeatey degree.
However, the increasing pressure will break thedomn of top and bottom
PDMS. One possible approach is to make the top PDiMW&nbrane

thinner, such that smaller pressure is requireéxXpand the top PDMS
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membrane. This thinner PDMS membrane can be adhieyeising a spin
coater with high spinning speed.

(d) The tuning range of the absorption frequency detnatesl in Chapter 4
can be further facilitated by using a thicker sificsubstrate so as to
increase the maximum height of the liquid-metalapd. However, the
increasing height of the silicon results in more rEBonance peaks in the
spectrum. One approach is to replace the silicah wer refractive index
material, such as crystal quartz.

(e) The liquid material we are using in Chapter 4 igaugy which is toxic.
Although the mercury is totally sealed in the PDNMervoir, it still
impedes its practical applications. One approadotee the limitation is to
replace the mercury with non-toxic material, suslgalinstan.

)] In the tunable chiral metasurface design, stroyghagetric transmission is
successfully demonstrated. However, it can be ingatdy enhancing the
chirality of the metasurface. One approach is tmgusnulti-layer spiral

structures.
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Résumé Long de la Theése

Description synthétique

Les dispositifs optiques affectent les ondes &@etagnétiques (EMs) en modifiant
la phase, 'amplitude et la polarisation, idéaletnde la maniére souhaitée en
fonction de l'application. Les composants optiquanventionnels souffrent
toutefois de limitations inhérentes a I'encombretream dans ce cas, les variations
de phase, d'amplitude et de polarisation déperdkeid propagation de la lumiere
sur des distances beaucoup plus grandes que ladond'onde. C’est ainsi qu'’il y
a un intérét croissant suscité par des composaiigues plats et ultra-minces
réalisés a partir d'une méta-surface, laquelle adgénue a partir de structures
artificielles congues et réalisées a une échellelmugueur d'onde. La permittivité
et la perméabilité d'une méta-surface peuventaeingues de maniere flexible de
sorte a présenter des réponses optiques qui pegivertes différentes de celles de
leurs homologues naturels, ce qui conduit a deleueds propriétés et parfois a un
comportement extraordinaire. De plus, la répons&ee d'une méta-surface peut
étre efficacement contrdlée et accordée sur urmge lgamme, a travers diverses
approches, qui permettent d’envisager des appitatide ces méta-surfaces dans

de nombreux domaines.

Cette thése porte sur la conception, la fabricaébfiexpérimentation de méta-
surfaces a base de méta-liquides pour le conttole modulation d’'ondes EMs.
Ces méta-surfaces sont basées sur I'utilisationegddsiques de micro-fabrication
photo-lithographiques combinées a la technologierariluidique. En incorporant
divers matériaux comprenant un matériau diéleatriiguide, un métal liquide et
un métal solide dans un réseau de canaux micrdidlue, il est possible de

manipuler davantage les réponses optiques de la-snéface, telles que
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I'absorption, la transmission et la chiralité. Dams premier temps, une méta-
surface a base d'un résonateur a eau a été thémeqt concue et démontrée
expérimentalement en utilisant I'un des matérias< glus abondants, les moins
colteux et les plus biocompatibles : I'eau, pow ainsorption quasi-totale et ultra-
large bande sur I'ensemble des bandes Ku, K eDidas un deuxieme temps, une
méta-surface a base de métal liquide est préspotgeune absorption accordable
en fréquence dans le régime Térahertz et indépémddmn I'angle. L'approche
proposée peut conduire a une large plage d'acdtt@aen fréqguence de
l'absorption en contrélant la forme du métal liquidelon la direction de
propagation. Dans un troisieme temps, nous progosoe meéta-surface chirale
accordable, constituée de deux structures métalliglisposées sur les deux faces
d’'une couche diélectriqgue en PDMS. Cette méta-sarfageut étre accordée de
I'état achirale vers I'état chirale lorsque la sture supérieure en spirale est étirée
depuis sa forme initiale planaire jusqu’a une for®B. Ainsi, l'onde de
propagation peut étre réglée depuis une transmissyonétrique jusqu’a une

transmission antisymétrique.

Chapitre 1. Introduction

L'introduction porte sur la motivation, les objéstet les principales contributions
de cette thése de doctorat. Nos travaux de rechesmht motivés par le potentiel
applicatif d'un contrdle et d'une manipulation adfies des ondes EMs, y compris
dans les domaines micro-ondes et Térahertz, artrales méta-surfaces originales
a base de méta-liquide et utilisant des procédésmitro-fabrication. Le
développement de la méta-surface a base de métddigffre une grande liberté
de contrb6le dynamique de I'onde EM pour des appbies: réelles, ce qui permet
d'atteindre des propriétés optiques qui vont aa-delce qui est possible avec des
matériaux classiques. Plus précisément, les métaees, en particulier celles
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basées sur des méta-liquides, offrent dinnombgsabpmssibilités pour la
manipulation de l'onde EM par la focalisation, daiption, la rotation, la

déformation, la redirection des ondes, etc.

L'objectif principal de cette recherche est de t#pymer des méta-surfaces a base
de méta-liquide pour les applications d'ondes Hypguences et Térahertz. Ces
méta-surfaces a base de méta-liquide sont basées |upport mince constitué
d’'un matériau souple, le polydiméthylsiloxane (PDM& utilisent la technologie
micro-fluidique pour contrdler la forme des struet afin de réaliser différentes
fonctions. Trois types de méta-surfaces a base d@-lguide et utilisant
différentes combinaisons de matériaux sont étudli€sagit (1) d'une méta-surface
basée sur un résonateur micro-onde a base d'eatilignt de I'eau liquide et une
solution d'eau et d'éthanol; (2) d’'une méta-surfiames le régime Térahertz a base
de métal liquide en utilisant du mercure; (3) unétarsurface chirale accordable
dans le domaine micro-ondes en structurant le rsétale sur le support souple en
PDMS. Un des obijectifs technologiques est dans a® de développer des
systémes micro-fluidiques qui puissent fournir, panception micro-fluidique, de
nouvelles fonctionnalités de manipulation d'onde#. ELes recherches
comprennent I'analyse théorique, la conceptionadstructure, le développement
du processus de fabrication et les études expétatesn L'analyse théorique des
trois méta-surfaces oriente la conception du systemmicro-fluidique
correspondant, y compris la conception des strastet du systéme de controle.
Différents procédés de fabrication sont dévelopgéss cette thése, recourant
notamment a la micro-photolithographie et I'évaporapar faisceau d’électrons.
Les études expérimentales sont effectuées sur éés-saurfaces développées pour

la caractérisation et la mesure des ondes EMs.

Les principales contributions de cette thése rapgasa divers aspects de l'analyse
théorique, la conception et la réalisation de nstrwtures ainsi que sur des
résultats expérimentaux obtenus sur les trois mudti@ces méta-liquides
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considérées et visant la manipulation des ondes. HMs principaux aspects

originaux de ce travail sont énumerés ci-dessous:

(1)

(@)

3)

(4)

(5)

Une nouvelle approche pour la manipulation des ®ritlds est proposée en
utilisant des méta-surfaces a base de métaux dsms un substrat souple
en PDMS. Les réponses optiques des méta-surfaoesaatrolées de facon
efficace et accordées sur une large gamme graee tachnologie micro-
fluidique. Les méta-surfaces proposées, a baseéte-liquide, fournissent un
nouveau paradigme pour le contréle dynamique suoiheles micro-ondes et
Térahertz

Des procédés de fabrication de canaux PDMS, daststes en silicium et
des motifs métalliques sont développés pour lattra résonante élémentaire
de la méta-surface et de son systéme de contrdecdrdabilité est
essentiellement démontrée par différentes répasepies mesurees.

Une absorption quasi-total et ultra-large bandeobstnue sur I'ensemble des
bandes Ku, K et Ka en utilisant une méta-surfabas® de résonateurs a eau.
Le modéle théorique de l'adaptation d'impédancedésgeloppé et il est le
fondement dans la conception de la structure a basei. L'eau confinée
dans le PDMS agit comme un résonateur qui induih seulement la
résonance magnétique pour l'adaptation d'impédaraie aussi I'absorption
des micro-ondes. (Voir chapitre 3)

Une absorption omnidirectionnelle sur une surfaceiivée est démontrée. En
outre, le dispositif expérimental pour la caras&tion en champ lointain de
I'absorption omnidirectionnelle a été développétaetfet. (Voir chapitre 3)
Une absorption accordable en fréguence dans le idem&érahertz et
indépendante des angles a été congue, fabriquéecaedctérisée
expérimentalement, en utilisant une méta-surfabas& de métal liquide. La
gamme d’accordabilité de la fréquence centraleteindt51,1% avec une
absorption supérieure a 90%. La plage de réglagmastenue a un niveau

élevé avec une tolérance angulaire jusqu'a 6019r @hapitre 4)
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(6) Une méta-surface chirale accordable est dévelopgpdés que le modele
théorique de sa conception. Les structures bicaucbmbinées a un controle
micro-fluidique ont permis une nouvelle fonctiontél celle d’accorder la
méta-surface de I'état achiral & I'état chiral.ride électromagnétique a ainsi
pu étre accordée de la transmission symétriqudranamission asymétrique.
(Voir chapitre 5)

(7) La transmission asymétrique est améliorée a plusO8e dans les structures
bicouches convenablement congues. Elle peut &reteégraduellement et de
facon continue jusqu'a 0, en appliquant une pressiair différente pour

reconfigurer la forme géométrique des structuiésir(chapitre 5)

Chapitre 2. Etat de I'Art Bibliographique

Dans ce chapitre, nous examinons les notions géséde base relatives a ce
projet de doctorat. Le chapitre se compose de guadirties. La section 2.1
présente un apercu des concepts fondamentauxrdétéasurface. La permittivité
électrique et la perméabilité magnétique de la raatéace peuvent étre contrélées
pour réaliser diverses propriétés en concevarmmagilement la géométrie et la
composition des structures. Ces propriétés incliewlice de réfraction négatif,
I'absorption parfaite, la discontinuité de phasetrnsparence induite par voie
électromagnétique, la conversion de polarisatidn, Be nouvelles propriétés
permettent des applications considérables dan®uidnreux domaines, tels que le
revétement invisible, la bio-détection, limagesa super résolution, la regle

plasmonique, le polariseur, etc.

La section 2.2 présente un diagramme alternatif poocevoir la méta-surface en
utilisant des matériaux diélectriques. Comparéa éta-surface a base de métal,

la méta-surface diélectrique induit une résonaredee au lieu de la résonance
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plasmonique. La résonance de Mie induite dans &ticples diélectriques est
basée sur des courants de déplacement, qui peasdapter la permittivité et la
perméabilité effectives de la méta-surface. Cepetnda méta-surface diélectrique
est capable de fournir des efficacités de transamsélevés pour la création de
fronts d'onde optiques arbitraires et un factew@€Yé de transparence induite par
voie électromagnétique, et ceci en utilisant desérrsux diélectriques a faible
perte. L'absorption élevée recourant aux méta-sesfdiélectriques basées sur des

matériaux a forte perte est également discutée.

La section 2.3 présente brievement des méta-sgrimademse de méta-liquide qui
sont réalisées en partie a base de matériaux éigusit le milieu environnant, soit
la structure résonante, soit les deux. lls apparéat a la classe des méta-surfaces
accordables, capables de donner lieu a un corgntemps réel de leurs propriétés
par des sollicitations externes. Trois types dearsétfaces a base de méta-liquide
sont décrits, y compris les méta-surfaces a baserid@ux liquides, les méta-
surfaces a base de métaux liquides et les métaesgrfa base de diélectrique
liquide. Ces méta-surfaces a base de méta-liquifiesit d'excellentes possibilités
soit pour changer l'indice de réfraction des stmas liquides, soit pour remodeler
en continu les structures liquides de I'état de-neomplissage a ['état de
remplissage complet. lls offrent la possibilitérdaccord uniforme pour toutes les
structures ou alors celle d’'un accord d'accés @léapour chaque cellule unitaire

individuelle.

La section 2.4 décrit les concepts fondamentauladeéta-surface chirale dans
laquelle un couplage croisé entre le champ électriet le champ magnétique est
induit lorsque lI'onde EM la traverse. La méta-stafahirale fournit également une
nouvelle voie vers lindice de réfraction négattin outre, d'autres propriétés
optiques utilisant la méta-surface chirale sonteédggant passées en revue, telles

gue la réactivité optique, le dichroisme circul@tda transmission asymétrique.
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Chapitre 3. Méta-surface a base de résonateur d'eau

Fig. 1 Méthode schématique (a) et d’accordabilité (b), (d), de la méta-surface

a base de résonateurs a eau.

Ce chapitre présente la conception théorique,dadation et les expériences de la
méta-surface a base de résonateurs a eau poubsotion ultra-large bande et

guasi-unitaire dans I'ensemble des bandes Ku, Kaet

La section 3.1 présente la conception et l'andllygerique de la méta-surface a
base de résonateurs a eau. Le résonateur a eamc@storé dans le matériau
PDMS a faible permittivité, formant une structune sandwich PDMS / eau /
PDMS comme montré sur la Fig. 1a. La membrane PBMfRrieure est dilatée a
différents degrés en modifiant le volume d'eaudideconduisant a une hauteur
contrblable du résonateur a eau de h = 0,4 mm enfncomme le montre la Fig.
1 (b-c). Avec la valeur élevée de la partie réeltee la permittivité de I'eau et des
parametres géométriques spécifiques, une résormaageétique et un effet de
réseau de diffraction peuvent étre excités a cmsafréquences du résonateur a
eau. Dans le méme temps, la valeur élevée de lie paraginaires” de la
permittivité de I'eau dans une large gamme de &éges permet une absorption de

large bande autour des fréequences de résonancee @r8analyse théorique de
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l'adaptation d'impédance de linterface eau-aia ¢4 combinaison de l'effet de

résonance magnétique et de diffraction, I'absampiltra-large bande est obtenue.

La section 3.2 comprend les procédeés de fabricaide dispositif expérimental
pour la mesure dans le domaine micro-ondes. Lesédés de fabrication de la
méta-surface basée sur les résonateurs a eauas@st $ur la photolithographie. La
section 3.3 présente les résultats expérimentauia daeéta-surface a base de
résonateurs a eau. L'absorption double bande &chatr I'effet combiné de
résonance magnétique et de diffraction peut éinér@é en ajustant la hauteur des
résonateurs a eau. Le pic d'absorption a la frempueriérieure montre un décalage
spectral négatifréd-shif) de la bande K (20 GHz) a la bande Ku (15 GHRdae

la hauteur du résonateur d'eau est augmentée aen®,d 1,2 mm, car la longueur
effective de la résonance magnétique est alors enig®. D'autre part, le pic
d'absorption a la fréquence supérieure n'est paéléar il est provoqué par I'effet
de réseau a partir du réseau de résonateurs ppresddont la période n’est pas
affectée. En conséquence, l'absorption ultra-ldr@ede est obtenue lorsque ces
deux pics d'absorption se confondent. Une telleorgion large bande a une
tolérance angulaire jusqu'a 45°. La méta-surfabas® de résonateurs a eau peut
eégalement étre mise en flexion vers une surfaagrwee arbitraire comme illustré
sur la Fig. 1d et ce, grace a la flexibilité du PBMt de I'eau. Ce degré de liberté
supplémentaire permet une absorption omnidirecétbarsur différentes surfaces
courbes. De plus, la méta-surface a base de réswaat eau peut étre remplie par
des solutions d'éthanol dans I'eau a différentesceatrations pour modifier
I'absorption, ce qui est également démontré exmétalement sous forme d’un
modulateur d'intensité a large bande.
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Chapitre 4. Méta-surface a base de métaux liquides

Cavity
Si
Liquid
- iNjECtION
PDMS

Expel airf *

(c)
Fig. 2 Méthode schématique (a) et de réglage (b), (c)adeéta-surface a base de
métaux liquides.

Ce chapitre présente la conception, la fabricatibles expériences réalisées sur
des méta-surfaces a base de structures en pilguglds, pour l'absorption

accordable en fréquence et indépendante de I'dagkela gamme des Térahertz.

La section 4.1 présente la conception et l'anathigerique de la méta-surface
basée sur les piliers liquides. La méta-surfacase lole piliers liquides se compose
d'une couche de silicium avec des cavités micrnées et prises en sandwich par
deux couches PDMS, comme illustré dans la Fig.L2aliquide métallique est
injecté a partir de la couche PDMS inférieure adra un micro-canal et introduit
dans chaque cavité de silicium comme représentéaskig. 2b. La hauteur des
piliers métal liquide peut étre contrdlée par lagsion d'air appliquée depuis
I'entrée d'air dans la couche PDMS supérieure, ao@rmontre la Fig. 2c, qui
rompt ainsi la limitation d'accord dans le plan @Cfournit, par le degré de liberté

supplémentaire de la hauteur, une plage d'accogé lBande de la méta-surface.
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En appliquant des pressions d'air différentes, eut pinsi augmenter ou diminuer
la hauteur des colonnes métal liquide, ce qui abauin processus réversible de
reconfiguration flexible des résonateurs. La stmectsymétrigue avec quatre
piliers métal liquide identigues dans chaque élémeéa base permet des
caractéristiques d'absorption qui sont indépendadéela polarisation. L'analyse
numeériqgue montre que l'absorption élevée est aiedbau mode de résonance
magnétique. Afin de réaliser le contréle dynamidada fréquence d'absorption, la
longueur effective de la résonance magnétique magme peut étre contrlée en
ajustant la hauteur des piliers en métal liquide.hauteur croissante des piliers
métal liquide entraine un décalage spectral nédedd-shif) de la résonance

magnétique.

La section 4.2 présente brievement les procédéfalfécation et le dispositif
expérimental pour les mesures dans la gamme Tézaher section 4.3 présente
les résultats expérimentaux obtenus sur la méfaegia base de métaux liquides.
Tout d'abord, le caractére indépendant de la alBon est démontré
expérimentalement. Ensuite, 'absorption agileréguence est discutée en ajustant
la hauteur des piliers métal liquide de 0 a 1®0. La plage de réglage de la
frequence du pic d'absorption atteint 51,1% derdéguence centrale avec une
absorption supérieure a 90%. De plus, les spectassorption avec différents
angles d'incidence (mode TM) montrent un décalaggatif de la fréquence de
pics d'absorption lorsque l'angle d'incidence audedJne telle diminution de la
fréequence peut toutefois étre compensée si besovidireinuant la hauteur des
piliers métal liquide. En réglant en continu la teaw des piliers métal liquide,
I'absorption indépendante de I'angle peut couetites les fréquences de 0,25 THz

a 0,33 THz avec une plage de réglage de la fréguesrdrale de 27,6%.
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Chapitre 5. Méta-surface chirale accordable

Fig. 3 Schéma et méthode de contrdle de la méta-surfaeaccordable.

Ce chapitre présente la conception, la fabricatiea structure et les expériences
réalisées sur la méta-surface chirale accordahle yore transmission asymétrique
accordable. La méta-surface chirale accordable paet contrélée d'achiral a
chirale en utilisant une technique de contrdle mitwidique, grace a quoi la
transmission peut étre commandée de la transmisgioétrique a la transmission

asymeétrique.

La section 5.1 présente la conception de la streiati I'analyse numérique de la
méta-surface chirale accordable. La théorie derdastission asymétrique de
l'onde polarisée linéairement est présentée. La-séface chirale accordable est
constituée d'une couche de PDMS prise en sandwitle eleux structures
métalliques en forme de spirales, comme illustréladrig. 3a. L'état initial de la
méta-surface est plan, comme le montre la Figagant injection d'air. Une telle
méta-surface planaire est achirale et présentetranemission symeétrique sous
incidence avant et arriere. Comme la membrane PD#ESieure est beaucoup
plus épaisse que la membrane PDMS supérieure umi&r est injecté dans les
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canaux micro-fluidiques, la membrane PDMS supéeieast dilatée et forme un
capuchon de PDMS de forme quasi-hémi-sphériqueadudé la pression d'air
appliguée, tandis que la couche PDMS inférieurdergdane. La membrane
supérieure de PDMS étire ainsi les structures Iggirsupérieures hors du plan qui
deviennent des spirales 3D. En appliquant une ipresd'air différente, la
membrane PDMS supérieure peut étre dilatée ouamiat, ce qui a pour résultat
un processus réversible de reconfiguration flexildda hauteur de la structure en
spirale, comme le montre la Fig. 3 (c-d). La ruptsymétriqgue des deux structures
en spirale introduit la chiralité et la transmissigous incidence avant et arriere
donnant lieu a une réponse asymétrique. Le mod&deritjue d'hybridation
plasmonique est introduit pour expliquer les deips pde résonance dans les
spectres de transmission. La simulation numériguentra que l'onde de
propagation peut étre commandée de la transmissimiétrique a la transmission
asymeétrique quand les structures en spirale swpésesont accordées de I'éat

planaire 2D a I'état 3D.

La section 5.2 présente d'abord les procédés ddcdtibn combinant la
photolithographie et I'évaporation par faisceadet¥ons. Ensuite, on démontre
expérimentalement la transmission asymeétrique dabbe en imprimant les
structures en spirale symétriquement sur les dacesfde la couche de PDMS. La
transmission asymétrique peut étre encore améliaré®% en imprimant les
structures en spirale de facon asymétrique sudéesx faces en PDMS. A la
frequence de 37 GHz, la transmission asymétriqué @tee accordée de 50% a 0

lorsque la hauteur des structures en spirale phs6ea 1,4 mm.
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Chapitre 6. Conclusion et recommandations

Ce chapitre résume les travaux de recherche etifadiverses recommandations
pour les perspectives de travaux futurs. La sec@dh décrit les principales

conclusions des trois méta-surfaces méta-liquidasidérées.

La méta-surface basée sur le résonateur a eaa pstrhiere démonstration de la
combinaison de l'effet de résonance magnétiquee eésieau de diffraction pour
réaliser une absorption ultra-large bande et prahd'unité sur I'ensemble des
bandes Ku, K et Ka. Cette démonstration a étés@alen utilisant un matériau
diélectrique, incorporé dans le matériau PDMS samuplar rapport a d'autres
matériaux, I'eau liquide fournit non seulement gaespriétés de pertes fortes, ce
qui est essentiel a I'absorption, mais offre égal@rbeaucoup de souplesse dans le
contréle de la forme de la structure. De plus, ontdle en temps réel de
I'absorption large bande, y compris la fréquenedsrption et la résistance a
I'absorption, est démontré par l'intégration deelzhnologie micro-fluidique. De
plus, une méta-surface incurvée a base de résopadeeau est présentée de
maniere innovante comme un absorbeur omnidirectiorsur des surfaces

incurvées.

La méta-surface a base de métal liqguide combigeuahe structurée en silicium a
échelle microscopique et la couche de contréle PO0d&r l'injection du métal

liquide en vue de la reconfiguration. Les structuéetriple couche permettent
l'accord du métal liquide dans la direction vetBcaour briser la limitation

d'accord dans le plan 2D. Ceci constitue un jatopartant pour ces méta-surfaces
accordables. Un contrdle en temps réel est égatedé&nontré sur la fréquence
d'absorption en ajustant la hauteur des pilierané¢al liquide dans le régime
Térahertz. De plus, une absorption indépendantel'ategle est également
démontrée avec une grande tolérance angulaire 'fusifli. Le mécanisme de

I'absorption a grand angle est étudié numériquement
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La méta-surface chirale accordable est la premiélidgamonstration de

reconfiguration de structures métalliques solidésg a I'apport de la technologie
micro-fluidique. Ceci a été mis en ceuvre pour seéaliune méta-surface chirale
accordable de l'état achiral a I'état chiral. Pams@quent les micro-ondes
transmises par ces méta-surfaces ont pu étre codémattune transmission
symétrique a une transmission asymétrique. Lesépgsc de fabrication pour la
reconfiguration géométrique du métal solide s’apptiisur les techniques de
micro-fluidique et sont mis en ceuvre en combinamtphotolithographie et

I'évaporation par faisceau d’électrons. Une graam®rdabilité sur la transmission
asymeétrique est réalisée en modifiant la pressiaim dans le réservoir micro-

fluidique créé dans le PDMS.

Dans la section 6.2, les recommandations pour éesppctives de travaux futurs

sont résumées comme Ssuit :

La reconfiguration des meéta-surfaces est réalis@elag mise en ceuvre de la
technologie micro-fluidique, laquelle utilise unenmpe pour contréler la pression.
Malgré les démonstrations réussies de réponsefradfegnétiques accordables
par voie micro-fluidique, la vitesse d'accord retetefois limitée. Une solution

possible consiste a réduire la taille des strustoeeonfigurées. Une méta-surface

de plus petite taille pourrait considérablementlarer la vitesse d'accord.

Bien que la largeur de bande d'absorption démontés le chapitre 3 soit déja en
ultra-large bande, elle peut encore étre élargietdéaant un réseau non homogene
de résonateurs a eau. La configuration proposéeésieau non uniforme de
résonateurs a eau devrait induire une résonancaétiage multiple de maniére a
améliorer davantage la bande passante. Pour méafisedistribution non uniforme
des résonateurs a eau, une méthode d'accord gara@éatoire est requise, comme

indiqué au chapitre 2.
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La gamme d'accord de I'absorption et de la trarsamsasymétrique démontrée
dans les chapitres 3 et 5, peut étre encore augmant étendant la membrane
PDMS supérieure a un degré plus important. Cepénldapression croissante peut
conduire a la rupture de la liaison des couches BBNpérieure et inférieure. Une
approche alternative possible consiste a rendrelabrane PDMS supérieure plus
fine, de telle sorte qu'une pression plus faibfésaia dilater la membrane PDMS
supérieure, ce qui peut étre obtenu en utilisantdispositif d'enduction par
centrifugation a vitesse plus élevée pour la réttia de cette membrane.

La gamme d'accord de la fréequence d'absorption ageau chapitre 4 peut en
principe étre encore augmentée en utilisant untsatbde silicium plus épais de
sorte a augmenter la hauteur maximale des piliennétal liquide. Cependant, la
hauteur croissante du silicium donne lieu a plugpide de résonance Fabry-Pérot
(FP) dans le spectre. Une approche envisageabtastenait alors a remplacer le

silicium par un matériau d'indice de réfractioréméur, tel que le quartz cristallin.

Dans la conception de la méta-surface chirale datde, une transmission
asymeétrique forte a été démontrée avec succesn@ape une amélioration peut
étre apportée en augmentant la chiralité de la-sw@face. Une approche consiste
a utiliser des structures en spirale multicoucheslieu du systeme bicouche

considéré dans nos travaux.

En conclusion, il y a encore un important potenpelir de nombreux travaux de
recherche complémentaires dans le domaine des sudteces a base de méta-
liquide, et qui pourrait donner lieu a des étudemmémentaires en vue de
I'amélioration des leurs performances et I'appraiseement de leur modélisation

théorique pour en faciliter la conception.

209









Summary

Novel and tailored electromagnetic properties can be realized using a metasurface through artificially
designed structures. The effective permittivity and permeability of a metasurface can be flexibly designed
and even tuned so as to exhibit electromagnetic responses that can be very different from those of their
natural counterparts, leading to enhanced properties and sometimes to extra-ordinary behaviour.

This thesis focuses on the design, fabrication and experimentation of meta-liquid-based metasurfaces for
electromagnetic wave control and modulation. These metasurfaces are based on the use of both
photolithography-based microfabrication and microfluidic technologies implemented onto thin and
flexible substrates of sub-wavelength thickness. More specifically, the incorporation within a microfluidic
channel network of various materials, including liquid dielectric material, liquid metal and solid metal
have been exploited to further manipulate the electromagnetic responses of the related metasurfaces,
such as the absorption, transmission and chirality.

The first part of the thesis reports an ultra-broadband and wide-angle absorbing material by water-
resonator-based metasurface. It consists of an array of water droplets embedded in the soft dielectric
material, PDMS; it exhibited an almost perfect absorptivity over the Ku, K and Ka bands. The second part
of the thesis focuses on a frequency-agile and wide-angle absorber in terahertz by liquid-metal-based
metasurface, where a liquid-metal-pillar array can be continuously controlled in the vertical direction
hence breaking the tuning limitation in the 2D plane. The third part of the thesis focuses on an active
chiral metasurface. The metasurface can be switched from achiral to chiral by changing the spiral
structure from planar pattern to 3D pattern. This functionality can manipulate the microwave
transmission from symmetric to asymmetric under forward and backward incidence.

In conclusion, tunability on the absorption, transmission and chirality have been realized through
microfluidic metasurfaces, which appear having high potential applications in various areas such as stealth
technology, imaging system, and optical communication, to name a few.

Résumé

Des propriétés électromagnétiques nouvelles peuvent étre réalisées a I'aide d'une méta-surface a travers
des structures artificielles. La permittivité et la perméabilité effectives d'une méta-surface peuvent étre
congues de facon flexible et méme accordées de sorte a présenter des réponses électromagnétiques
pouvant étre tres différentes de celles de leurs homologues naturels, ce qui conduit a des propriétés
améliorées voire parfois a un comportement extraordinaire.

Cette thése porte sur la conception, la fabrication et I'expérimentation de méta-surfaces micro-fluidiques
pour le contréle de propriétés des ondes électromagnétiques. Leur réalisation est basée sur des
technologies relevant de la photolithographie et de la micro-fluidique, mises en ceuvre sur des substrats
souples d'épaisseur sub-longueur d'onde. Plus spécifiquement, nous avons exploité l'incorporation de
divers matériaux dans un réseau de canaux micro-fluidiques, y compris des diélectriques liquides, un
métal liquide et un métal solide pour manipuler davantage les réponses électromagnétiques des méta-
surfaces correspondantes, telles que I'absorption, la transmission et la chiralité.

La premiere partie de la these présente une méta-surface tres absorbante sur une ultra-large bande
spectrale et. Elle est constituée d'un réseau de résonateurs formés de gouttelettes d'eau noyées dans le
matériau diélectrique souple, le PDMS; I'absorption mesurée est presque parfaite sur les bandes Ku, K et
Ka. La seconde partie de la thése porte sur un absorbeur agile et indépendant de I'angle dans la gamme
Térahertz ; il s’agit d’'une méta-surface a base de métal liquide, ol un réseau de puits métalliques liquides
dont la hauteur est commandée en continu, ce qui brise la limitation d'accordabilité dans le plan 2D. La
troisieme partie de la these porte sur une méta-surface chirale active. La méta-surface peut étre
commutée de achiral a chiral en déformant la structure en spirale initialement plane vers une géométrie
3D. Cette fonctionnalité peut manipuler la transmission hyperfréquence de symétrique a asymétrique
sous incidence avant et arriere.

En conclusion, I'optimisation de [|'absorption, de la transmission et de la chiralit¢é d’ondes
électromagnétiques a été réalisée grace a des méta-surfaces micro-fluidiques, qui semblent ainsi
présenter un important potentiel applicatif dans divers domaines tels que la technologie furtive,
I'imagerie et la communication optique.



