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Past achievements and future challenges in
3DE*@H*SI' the development of three-dimensional

% |;|;| a:ﬁ *ﬁ. a;‘l- photonic metamaterials

Costas M. Soukoulis™®* and Martin Wegener®

“Photonic metamaterials are man-made structures composed of tailored
micro- or nanostructured metallodielectric subwavelength building blocks
b c d e

»

o

Gold a Silver

Figure 2 | 3D photonic-metamaterial structures. a, Double-fishnet negative-index metamaterial with several layers?=1%222271 p, ‘Stereo’ or chiral
metamaterial (see also Fig. 3) fabricated through stacked electron-beam lithography?*-%62%-3, ¢, Chiral metamaterial made using direct-laser writing and
electroplating®. d, Hyperbolic (or 'indefinite’) metamaterial***>*° made by electroplating hexagonal-hole-array templates*. e, Metal-dielectric layered
metamaterial composed of coupled plasmonic waveguides, enabling angle-independent negative n for particular frequencies**#s., f, SRRs oriented in all
three dimensions, fabricated using membrane projection lithography='. g, Wide-angle visible negative-index metamaterial based on a coaxial design®°.

h, Connected cubic-symmetry negative-index metamaterial structure amenable to direct laser writing™. i, Metal cluster-of-clusters visible-frequency
magnetic metamaterial made using large-area self-assembly™. j, All-dielectric negative-index metamaterial composed of two sets of high-refractive-index
dielectric spheres arranged on a simple-cubic lattices2-565,
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YA L T A7 SR 5D metamaterials

Muamer Kadic'-?, Graeme W. Milton?®, Martin van Hecke** and Martin Wegener(:?*

Key points

= Metamaterials are rationally designed composites made of tailored building blocks,
which are composed of one or more constituent bulk materials, leading to effective
medium properties beyond those of their ingredients.

= Metamaterials thereby fulfil a long-standing dream of condensed matter physics to
design materials on the computer to avoid tedious trial-and-error procedures and
excessive experimentation.

= Although many 1D and 2D model architectures have been considered because of
their ease of fabrication and reduced design complexity, the full potential of the
metamaterial concept is opened up for 3D microstructures and nanostructures.

*» In electromagnetism and optics, examples are effective diamagnetism and
paramagnetism up to optical frequencies, impedance matching and duality, negative
refractive indices, maximum electromagnetic chirality, perfect optical absorption and
non-reciprocal propagation of electromagnetic waves without static magnetic fields.

* |n acoustics and mechanics, a c
parameters, chiral mechanic 50)
compressibility, negative dy
broadband perfect sound ak
and highly nonlinear, multist
constituents.

= |n transport, examples are hi
the absolute mobility and th
magnetoresistances and the
of magnitude.

= Future 3D material printers
properties from only a small
today’s 2D graphical printer:
cartridges.

Fig. 2 | Gallery of designed 3D optical metamaterial unit cells and corresponding experimental realizations.

a |Anarrangement of metallic split-ring resonators leading to artificial magnetism. b | Afishnet arrangement for
uniaxial negative refractive indices. c | An ABAB...AB laminate, which is a unit cell used in many metamaterials, including
hyperbolic metamaterials. d | Helices providing chiral behaviour. e | Multiple intertwined helices for recovering three-fold
rotational symmetry. Panel a is adapted with permission from REF'*, Wiley-VCH. Panel bis adapted from REE*’, Springer

e ias PR B o nreea



nature FOCUS | REVIEW ARTICLE

naHOtCChnOIOgy PUBLISHED ONLINE: 7 JANUARY 2016 | DOI: 10.1038/NNANO.2015.304

All-dielectric metamaterials

Saman Jahani' and Zubin Jacob"?*
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Even though metamaterials research started with the quest for
negative-index®, zero-index’, chiral”® and hyperbolic™ media, the
goal of the field has grown into arbitrary control of the amplitude,
phase and polarization of light waves at the subwavelength (nano)
scale®. The most promising route to achieve this goal consists of



4.2 Bk E R EM A
4.2.1 @B TR

4.2.2 BT Xsnel EEERBALE
4.2.3 fmifR A%

4.2.4 Y]

4.2.5 ETHBHEIFEI

'

AR

]

RS R 1t

H}



Metasurface: BFRME . BHEFRE
planar, ultrathin metamaterials. metafilms. J&X3E#EE
the two-dimensional equivalent of metamaterials
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Light Propagation with Phase SCIENCE VOL 334 21 OCTOBER 2011 333
Discontinuities: Generalized Laws of
Reflection and Refraction

Nanfang Yu,! Patrice Genevet,? Mikhail A. Kats,! Francesco Aieta,*? Jean-Philippe Tetienne, 14
Federico Capasso,** Zeno Gaburro™~*
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Generalized refraction law: A
. . ho dD
sin(B)n; — sin(B;)n; = Z_L:EE

Generalized reflection law:

sin(6;) — sin(0;) = %‘g
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Recent advances in planar optics: from
plasmonic to dielectric metasurfaces

Patrice GeENEVeT,* Feperico CAPAss0,>* FRANCESCO AIETA,° MOHAMMADREZA KHORASANINEJAD,? AND
RoBert DevLIN?
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Fig. 2. (A) Calculated phase and amplitude of A B Symmetricmode  Antisymmetric mode
scattered light from a straight rod antenna made of
a perfect electric conductor (20). The vertical dashed
line indicates the first-order dipolar resonance of
the antenna. (B) A V-antenna supports symmetric
and antisymmetric modes, which are excited, re-
spectively, by components of the incident field along
$ and & axes. The angle between the incident po-
larization and the antenna symmetry axis is 45°.
The schematic current distribution is represented

-
o

'—ph'else
§, === amplitude|
| %

18 um
Hir & REH

Phase (n)
=]
(4]

by colors on the antenna (blue for ymmetricand %0 5T o o 1o

red for antisymmetric mode), with brighter color LA,

representing larger currents. The direction of cur-

rent flow is indicated by arrows with color gradient. D Amplitude Phase Shift
(C) V-antennas corresponding to mirror images of (normalized) (degree)
those in (B). The components of the scattered elec- ' 1 18 180
tric field perpendicular to the incident field in (B) 135
and (Q) have a nt phase difference. (D and E) An-

alytically calculated amplitude and phase shift of o
the cross-polarized scattered light for V-antennas 45
consisting of gold rods with a circular cross section

and with various length h and angle between the 0
rods A at A, =8 um (20). The four circles in (D) and

(E) indicate the values of h and A used in exper-
iments. The rod geometry enables analytical cal-
culations of the phase and amplitude of the scattered

light, without requiring the extensive numerical 045 20 40 60 80 100120140160 180  ° 0'40 20 40 60 80 100 120 140 160 180
simulations needed to compute the same quan- A (degree) A (degree)

tities for “flat” antennas with a rectangular cross-

section, as used in the experiments. The optical y

A I
properties of a rod and “flat” antenna of the same g_’
length are quantitatively very similar, when the z X E; r / !‘é L\%\ v r"rg /
rod antenna diameter and the “flat” antenna 40 —T = . = 1
width and thickness are much smaller than the S __l r / !4’ LL\ v rr /
length (20). (F) Schematic unit cell of the plasmonic a0 Ju= I)
interface for demonstrating the generalized laws of T ‘ p— ‘o
reflection and refraction. The sample shown in Fig. 3A ~ o e
is created by periodically translating in the x-y plane
the unit cell. The antennas are designed to have

e o hemecn nelsbbor: TSRS ¥ rvLL\\vrrz
difference time-domain (FDTD) simulations of the f’ / L’ Lk\ v r“ v

z (um)

scattered electric field for the individual antennas 9

composing the array in (F). Plots show the scat-

tered electric field polarized in the x direction for -10 -1
y-polarized plane wave excitation at normal in- 0 /8 /4 3r/8 . /2 s5I/8 arl4  r/8

cidence from the silicon substrate. The silicon
substrate is located at z < 0. The antennas are equally spaced at a sub-  principle, the anomalously refracted beam resulting from the superposi-
wavelength separation ['/8, where I" is the unit cell length. The tilted red  tion of these spherical waves is then a plane wave that satisfies the
straight line in (G) is the envelope of the projections of the spherical waves  generalized Snell’s law (Eq. 2) with a phase gradient |dd/dx| = 2n/I” along
scattered by the antennas onto the x-z plane. On account of Huygens's  the interface. 10

SCIENCE VOL 334 21 OCTOBER 2011 333
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Fig. 5. (A) SEM image of a plasmonic interface that
creates an optical vortex. The plasmonic pattern
consists of eight regions, each occupied by one
constituent antenna of the eight-element set of Fig.
2F. The antennas are arranged so as to generate a
phase shift that varies azimuthally from 0 to 2r, thus
producing a helicoidal scattered wavefront. (B) Zoom-in
view of the center part of (A). (C and D) Respectively,
measured and calculated far-field intensity distributions
of an optical vortex with topological charge one. The
constant background in (Q) is due to the thermal ra-
diation. (E and F) Respectively, measured and calcu
lated spiral patterns created by the interference of the
vortex beam and a co-propagating Gaussian beam. (G
and H) Respedtively, measured and calculated interfer-
ence patterns with a dislocated fringe created by the
interference of the vortex beam and a Gaussian beam
when the two are tilted with respect to each other. The
circular border of the interference pattem in (G) arises
from the finite aperture of the beam splitter used to
combine the vortex and the Gaussian beams (20). The
size of (C) and (D) is 60 mm by 60 mm, and that of (E)
to (H) is 30 mm by 30 mm.
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Broadband nght Bending SCIENCE VOL 335 27 JANUARY 2012 427

with Plasmonic Nanoantennas

Xingjie Ni, Naresh K. Emani, Alexander V. Kildishev, Alexandra Boltasseva, Vladimir M. Shalaev*
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Sun, 8. ef al. Gradient-index meta-surfaces as a bridge linking propagating Sum, S. et al. High-efficiency broadband anomalous reflection by gradient
waves and surface waves. Nature Mater. 11, 426-431 (2012). meta-surfaces. Nano Lett. 12, 6223-6229 (2012).
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PHYSICAL REVIEW B 84, 205428 (2011)

Manipulating light polarization with ultrathin plasmonic metasurfaces

Yang Zhao and Andrea Alu”
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T r denotes the transmission coefficient for left-handed circularly polarized
(LCP) waves for right-handed circularly polarized (RCP) illumination

T,y represents the complex amplitude of the transmitted wave, linearly
polarized in the x direction for excitation in the y direction
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FIG. 2. (Color online) (a) Amplitude and (b) phase of the
transmission coefficients for linearly polarized excitations for the
optimized metasurface geometry of Fig. 1. (c, d) Similar plots for
the complementary geometry, composed of plasmonic nanorods.
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Here we are able to theoretically and experimentally
demonstrate that broadband, strong polarization conversion
and quarter-wave plate functionality may be achieved using a
single, ultrathin planar metasurface in the visible regime. Our

Tailoring the Dispersion of Plasmonic Nanorods To Realize
Broadband Optical Meta-Waveplates
Yang Zhao and Andrea Alu* Nano Lett. 2013, 13, 1086—1091
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Simultaneous Generation of Arbitrary Assembly of Polarization States with
Geometrical-Scaling-Induced Phase Modulation

Ya-Jun Gao®,"* Xiang Xiong,"* Zhenghan Wang,' Fei Chen®,' Ru-Wen Peng®,"” and Mu Wang®'*"
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Fundamentals and Applications of Metasurfaces

Hui-Hsin Hsiao, Cheng Hung Chu, and Din Ping Tsai* Small Methods 2017, 1, 1600064
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Metasurface-based applications on polarization control and wavefront shaping.
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SIS ETEMANEEER  Optically resonant
SSJ=F dielectric nanostructures

BiEitiR (ﬂé:ﬁé}ﬁ) N 1&*&% srsenty I'.K““]’ Tmmﬁgiﬂmm Mark L. Brongersma,”

BRT RIS, TEHILTR Science, 354(6314), 846 (2016)
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ed, electric dipole; eq, electric quadrupole; md, magnetic dipole; mqg, magnetic quadrupole.
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Dielectric gradient metasurface
optical elements science, 345, 298 (2014)

Dianmin Lin,"* Pengyu Fan,"* Frez Hasman,” Mark L. Brongersma't

1.0 0.5 50 0 50 100
I(a.u.) Z (um)
Fig. 1. Example of a DGMOE: An axicon constructed from Si nanoantennas. (A) Schematic of a
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Nonlinear photonic metasurfaces

Guixin Li'2, Shuang Zhang® and Thomas Zentgraf?

Nature reviews materials, 2, 17010 (2017) and references therein
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a Nonlinear circular dichroism for SHG ¢ Superchiral metasurface e Trisceli-type chiral metasurface
LEP

ReN
g

INonlinear material

]
RCP
2w
b 3D nonlinear chiral metamaterial d Nonlinear chiral watermarking

Meta-atom Incoming circularly 'Right polarized 'Left polarized
polarized wave light light

Figure 3 | Nonlinear optical circular dichroism’
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Quo Védi‘s, Metasurfaces? | B fﬂblﬂ 7**@7&77-/57

Cheng-Wei Qiu,* Tan Zhang, Guangwei Hu, and Yuri Kivshar*
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0 Cite This: Nano Lett. 2021, 21, 5461-5474 Read Online =

- Biomedical
metasurfaces

@ ._u_]m‘ :;}'m

Twisted bilayers

Metalens for :
i o sk SR % AN e o ] 12020%

Blazed binary gratings \% HHH

. BIC-based bio- : N i
i i . barcod s i !
""""""""""""""""""""""" I : Hybridization with

detection 2018 2D materials

2011 ————

B ek adassas dosma bad itindunad

Computational and
information
metasurfaces

Phase-discontinuity
metasurface

2018% -

| 2014%

| Quantum entangiement : 20185

'
H
'
)
'
H
1}
1}
'
i
i

s @y ! 2
i Programmable | i - ?018‘ .

| metasurfaces | | Edge detection |
Space-variant i i : i
dleledncgrmmgs

Mum-photon quantum
source

Quantum ﬁ ﬂ— e AN
] metasurfaces | | ° I
- ML gt
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