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Fundamentals and Applications of Metasurfaces

Hui-Hsin Hsiao, Cheng Hung Chu, and Din Ping Tsai*

Metasurfaces have become a rapidly growing field of research in recent

years due to their exceptional abilities in light manipulation and versatility in
ultrathin optical applications. They also significantly benefit from their simpli-
fied fabrication process compared to metamaterials and are promising for
integration with on-chip nanophotonic devices owing to their planar profiles.
The recent progress in metasurfaces is reviewed and they are classified into
six categories according to their underlying physics for realizing full 27 phase
manipulation. Starting from multi-resonance and gap-plasmon metasurfaces
that rely on the geometric effect of plasmonic nanoantennas, Pancharatnam—
Berry-phase metasurfaces, on the other hand, use identical nanoantennas
with varying rotation angles. The recent development of Huygens’ metasur-
faces and all-dielectric metasurfaces especially benefit from highly efficient
transmission applications. An overview of state-of-the-art fabrication technol-
ogies is introduced, ranging from the commonly used processes such as elec-
tron beam and focused-ion-beam lithography to some emerging techniques,
such as self-assembly and nanoimprint lithography. A variety of functional
materials incorporated to reconfigurable or tunable metasurfaces is also pre-
sented. Finally, a few of the current intriguing metasurface-based applications
are discussed, and opinions on future prospects are provided.

dimensionality of MMs, have been gaining
increasing attention as they possess great
feasibility for realization and demonstrate
exceptional abilities for light molding
beyond that offered by conventional planar
interfaces.’! They usually consist of flat
optical resonator arrays with spatially var-
ying geometric parameters and subwave-
length separation. Upon the interaction
with light, engineering of the spatially var-
ying optical response allows one to mold
the optical wavefronts at will.

In contrast to conventional optical
components that achieve wavefront engi-
neering by phase accumulation through
light propagation in the medium, meta-
surfaces give us new degrees of freedom
to control the phase, amplitude, and
polarization response with subwavelength
resolution, as well as to accomplish wave-
front shaping within a distance much less
than the wavelength.% Their outstanding
optical properties have led to the develop-

1. Introduction

Metamaterials (MMs) are three-dimensional (3D) artificial
composite nanostructures with unprecedented properties for
guiding and controlling the flow of electromagnetic waves, and
have various intriguing novel optical effects and applications
not achievable using natural materials.l'™*l However, it is still
difficult to realize many of the proposed potential applications
or devices, even after the enormous efforts in the past decade
due to the challenges of fabricating complex 3D geometries
and the inherent metallic losses of plasmonic elements at
optical frequencies. Metasurfaces, characterized by a reduced
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ment of versatile ultrathin optical devices,

whether showing novel optical phe-
nomena or new functionalities outperforming their traditional
counterparts. As the field of metasurfaces is rapidly growing,
several review articles focusing on different areas can be found
in the literature.""'* Here, we review the recent progress of
metasurfaces from the fundamental theoretical background,
physical realization, and fabrication, to their potential practical
applications during the past few years.

2. Fundamental Theoretical
Background — Generalized Snell’s Law

Similar to the diffraction grating effect, the introduction of a
metasurface induces a spatial distribution of phase disconti-
nuities at the interface between two media. By applying Fer-
mat’s principle, as derived by Capasso’s group,>!*! or using the
momentum conservation law for wavevectors in a diffraction
grating system,['*l the reflection and refraction can be expressed
by the following generalized formulas:

kr,x = ki,x +%
dx (1)

99

klx :kix B

' ' +ax

where k; , k,,, and k, , are the x-components of the wavevectors
of the incident, reflected, and transmitted light, respectively,
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and d¢/dx is the phase gradient. According to Equation (1), the
reflected and transmitted waves can be redirected arbitrarily
in their respective half space by engineering the spatial phase
response of optical resonators at the interface (Figure 1). A
primitive approach may simply use the dispersion of nanorod
antennas for phase modulation. For example, the phase
response of a transmitted (or reflected) beam at a fixed wave-
length can be varied from 0 to & by changing the length of the
nanorods.>1%17l However, to achieve a full control of wave-
fronts, a phase shift covering the range of 0 to 27 is required.
Therefore, during the past few years, much effort has been
invested in studying appropriate plasmonic or dielectric nano-
structures that provide full phase manipulation and maintain
large scattering efficiency. In the following section, we intro-
duce the physical mechanisms, operation superiority, and limi-
tations of several different types of metasurfaces (Table 1).

2.1. Multi-Resonance Metasurfaces

V-shaped antennas, consisting of two nanorods with equal
length joined together at a certain angle, were the first proposed
nanostructures that allow a phase variation of 0 to 2. This plas-
monic antenna supports two resonant modes, characterized as
symmetric and antisymmetric modes according to their current
distributions shown in Figure 2a.>'8] The symmetric (antisym-
metric) mode is excited when the polarization of incident elec-
tric field (Ej,) is parallel (perpendicular) to the symmetry axis
of the antenna. When the incident wave is neither parallel nor
perpendicular to the antenna symmetry axis, both resonant
modes can be excited simultaneously. The hybridization of two
eigenmodes results in two polarization states in scattered radia-
tion:I*l one preserves the same polarization angle « as the inci-
dent light, and the other being (23 — a)-polarized is attributed
to anomalous components, where f is the angle between the
antenna symmetry axis and the y coordinate, as indicated in
Figure 2b. (The physics of the V-shaped antenna and its analytic
model were discussed in detail in by Capasso and co-workers(!?)
As initially demonstrated by Yu et al. in the mid-infrared® and
later shown by Ni et al. in the near-infrared,?” by properly
choosing f = 45° and o = 0° or 90°, the cross-polarized scat-
tered light (28 — oc = 90° or 0°) can have a large range of phases
and amplitudes by varying the antenna geometry and orienta-
tions (Figure 2b). However, due to the coexistence of ordinary
and anomalous reflection/refraction in this mechanism, the
efficiency of the desired light-manipulation effect is quite low
(Figure 2c). In addition, the fact that anomalous reflected/
refracted optical beams possess different polarization with
respect to incident light also limits its application.

2.2. Gap-Plasmon Metasurfaces

The reflective-array metasurfaces, using the metal-insulator—
metal structure as a basic building block, are constructed by
adding a dielectric spacer and a metallic ground sheet beneath
metallic antenna arrays. The optically thin dielectric layer
allows strong near-field coupling between the top antenna array
and their mirror dipoles in the metallic plane to achieve a 27
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phase modulation. The induced currents on the nanoantennas
and the ground plane are antiparallel, thus generating a strong
magnetic field inside the insulator, known as gap—surface
plasmon modes.>>?% Figure 2d,e show the design of nanorod
antennas?! and H-shaped antennas®?l operating in the near-
infrared and microwave regimes, respectively. The radiation
phase can be efficiently tuned by simply changing the antenna
length.[26-30 Meanwhile, since the reflected amplitude does
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Figure 1. Metasurfaces composed of scatterers with spatial positive (left) and negative (right) phase-gradient response provide reverse-directed effective
wavevectors along the interface, and thus the reflected and transmitted wavefront can be bent into arbitrary directions within their respective half space.

not vary too much from one unit structure to another, one can
merely focus on phase response in the design stage. As trans-
mission is suppressed by the metallic ground plane, the conver-
sion efficiency to the anomalous reflection mode can reach as
high as 80%.121l In addition, this approach has the advantage
that the reflected wave preserves the same polarization state
with respect to the incident wave.

2.3. Pancharatnam-Berry-Phase Metasurfaces

Variations in phase or amplitude of the aforementioned meta-
surfaces are based on varying antennas geometry; another
technique, known as Pancharatnam-Berry-phase (PB phase)
metasurfaces, achieves a full phase control by adjusting the ori-
entation angle of antennas with identical geometry.332 Con-
sider an anisotropic nanostructure under normal incidence,
and t, and t, represent its complex transmission coefficients
when the polarization of incoming light is along the two prin-
ciple axes of the nanostructure, respectively. As the nanoreso-
nator is rotated an angle 6 from the x axis shown in Figure 2f,
the transmission coefficients for this rotated system can be
deduced via the operation of Jones matrix:[3334

Table 1. The unique properties of six categorized metasurfaces.

A t, O

t(e)=R<—e)((‘; ( ]R(e)

| cos@ —sin@ t, O cos@ sinO

| sin® cos® 0 t —sin® cosO (2)
tycos’ O+t,sin* 0  (t —t,)cosHsin @

(to—t.)cosOsinf t,sin’0+t,cos’6

where R(6) is the rotation matrix. When the incident wave is
circularly polarized (CP), the transmitted electric field (Ej ) can
be derived by applying matrix multiplication of Equation (2)
and the Jones’ vectors of left-handed CP (LCP) or right-handed
CP (RCP) light é,x = (6. ié,)/v2 and written as:3536]

to+te o by —

te +i204
T *

Ei/R = i(e)éL/R = € Er/L

G)

The first term in Equation (3) represents CP scattered waves with
the same helicity as the incident wave, and the second term indi-
cates that CP scattered waves with opposite helicity carry an addi-
tional Pancharatnam-—Berry phase (£i26). Therefore, a phase shift
can be tuned from 0 to 27 for the opposite handedness radiation

Multi-resonance Gap-plasmon PB-phase Huygens’ All-dielectric Huygens’ metasur-
metasurfaces metasurfaces metasurfaces metasurfaces faces/high-contrast
metasurfaces
Outstanding « First proposed - High efficiency « Easy design « High transmittance « Low absorption loss at
Properties structures « Co-polarized conversion « Broadband efficiency in the microwave optical frequencies
« Large fabrication and near-infrared regimes « High transmission efficiency
tolerance
Limitations « Low efficiency « Limited to reflective « Limited to circularly « Require multi-layered « Limited operation bandwidth
« Cross-polarized applications polarized light operation  structures in the visible

conversion

« Degrading performance in the « Limited choices of materials

optical regime
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Figure 2. a) A V-shaped antenna supports two resonant modes characterized as symmetric and antisymmetric modes according to the current distribu-
tions. The symmetric and anti-symmetric modes are excited by components of the incident field along s and 4 axes, respectively. The schematic current
distribution is represented by arrows indicating the direction of current flow and with brighter colors for larger currents. b) A supercell of V-shaped
antennas with designed equal scattering amplitudes and constant phase gradient A® = 7r/4 between neighbors demonstrated at mid-infrared (left panel)
and at near-infrared (right panel) regimes, respectively. c) Diagram of reflection and refraction of a V-shaped metasurface showing the coexistence of
both co-polarized ordinary beams and cross-polarized anomalous beams. d) Schematic view of a near-infrared gap-plasmon metasurface. The left inset
shows the basic building block made of a gold nanorod and a continuous gold film separated by a MgF, spacer. ) Photograph of a fabricated microwave
gap-plasmon metasurface using H-shaped antennas with varying arm-lengths to manipulate the phase response. f) Schematic of a Pancharatnam—Berry-
phase metasurface using nanorods as an example, where the phase response is solely determined by the orientation of nanorods 0 relative to the x axis.
g) Based on the surface equivalence principle, arbitrary field distributions in regions | and Il can be achieved by properly design surface electric and
magnetic currents that satisfy the boundary conditions. h) Upper panel: photograph of a fabricated microwave Huygens’ metasurface consisting of a
stack of identical circuit-board strips. Lower panel: copper traces on the top and bottom sides of the boards provide the necessary electric and magnetic
polarization currents, respectively. i) Huygens’ metasurface made of three stacked layers consisting of plasmonic (aluminum-doped zinc oxide) and
dielectric (Si) materials as its basic building block (left). a—c) Reproduced with permission.l Copyright 2011, American Association for the Advancement
of Science. b) Reproduced with permission.?’l Copyright 2012, American Association for the Advancement of Science. d) Reproduced with permission.2"]
Copyright 2012, American Chemical Society. e) Reproduced with permission.[?2l Copyright 2012, Nature Publishing Group. g-h) Reproduced with permis-
sion.[3] Copyright 2013, American Physical Society. i) Reproduced with permission.?!l Copyright 2013, American Physical Society.

as the nanoresonator is rotated from 0 to 7.7} Since this method ~ degrades the performance of transmitted-type metasurfaces,
uses oriented replicas of a single antenna design for phase mod-  another approach based on the surface equivalence principle was
ulation, it has the advantage of easy design, higher fabrication  proposed to minimize reflection by simultaneously tailoring the
tolerance, and is beneficial to broadband applications. electric and magnetic polarizabilities at the interface. As shown
in Figure 2g, to create desired field distributions in two regions
with independent electromagnetic properties, surface electric and
2.4. Huygens’ Metasurfaces magnetic currents (], and M,) at the interface should satisfy the
following relation for compensating the field discontinuities:?*!
Since the insufficient coupling efficiency of single-layered plas- ~ L
monic antennas to the phase-controlled mode significantly ~ J. = it X (Hy=H;), M, =—# x (EZ_El) (4)
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Figure 3. a) Schematic of dielectric Huygens’ metasurface using arrays of nanodisks represented as electric and magnetic dipoles with polarizabilities
of and o™ under x-polarized illumination. b) Electric (colored arrows) and magnetic (plain color) field distributions for the magnetic (top) and electric
(bottom) mode of periodic Si nanodisks. ¢) Magnetic-energy-density distributions of 8 dominant resonant modes of a nanopost array viewing from
the horizontal (top) and vertical (bottom) cut planes of the unit cell shown in the left panel. d) Left panel: diagram of the simulation setup for calcu-
lating transmission coefficients of nanopost arrays under normal incidence. Middle panel: the reconstructed transmission amplitude from 8 dominant
resonant modes. Right panel: a comparison between the calculated transmission amplitude and phase of periodic nanoposts and reconstructed trans-
mission amplitude and phase using the 8 dominant resonant modes. |tzc|: reconstructed transmission amplitude, @pc: reconstructed transmission
phase. a,b) Reproduced with permission.*’l Copyright 2015, Wiley-VCH. c,d) Reproduced with permission.*’] Copyright 2016, Nature Publishing Group.

With an arbitrary form of the impinging and desired waves, the
design of Huygens’ metasurfaces may comprise nonperiodic or
multilayered structures in order to engineer surface impedances
locally. For example, Pfeiffer and Grbic used a supercell consisting
of 12 patterned elements to realize a beam deflector with 86%
transmittance in the microwave regime (Figure 2h).?!l Monticone
et al. proposed a stack of three-layered metasurfaces, constructed
from a combination of dielectric and plasmonic nanoblocks func-
tionalized as nanocapacitors and nanoinductors, respectively, for
light bending in the near-infrared range with a theoretical effi-
ciency of 75% (Figure 2i).2Y However, the performance of Huy-
gens’ metasurfaces is much poorer at optical frequencies with the
demonstrated efficiency remaining below 20%.138 This is due to
the weak magnetic response of natural materials and intrinsic
metallic loss of plasmonic elements in the visible regime.

2.5. All-Dielectric Huygens’ Metasurfaces

As plasmonic metasurfaces suffer from increasing dissipa-
tive losses at optical frequencies, as well as several undesirable
loss channels occurring during the phase-modulation process,
such as diffraction, ordinary reflection/refraction, and polariza-
tion conversion losses, this initiates a new branch of research
working with the dielectric analogs of metasurfaces. The high-
refractive-index dielectric nanoparticles or nanodisks were
found to be able to generate spectrally overlapping electric and

Small Methods 2017, 1, 1600064
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magnetic resonances with comparable strengths, which is critical
for the achievement of an optimal transmitted efficiency with
the Huygens' metasurfaces.?*#! Different from their metallic
counterparts where the high metallic losses at visible frequen-
cies cause vanishing fields inside nanoparticles and thus lead
to a negligible magnetic response, dielectric nanoparticles with
their low intrinsic losses are able to couple the incoming wave
to generate circular displacement currents inside the nano-
structures and give rise to a strong magnetic dipole resonance
(Figure 3a,b).*>~®] For example, Kivshat’s group utilized arrays of
high-permittivity silicon (Si) nanodisks to experimentally demon-
strate a 0-to-27 phase coverage with transmission efficiency more
than 55% in the near-infrared regime.*?l A beam deflector based
on all-dielectric Huygens' metasurfaces was also demonstrated,
with measured efficiency as high as 45% at visible frequencies.“

2.6. High-Contrast Metasurfaces

High-contrast metasurfaces, composed of disconnected
high-refractive-index dielectric scatterers positioning into
the periodic 2D lattice, are also capable of achieving simulta-
neous phase and polarization control with high transmission
(Figure 3c).*®l Each nanoscatterer can be treated as an indi-
vidual truncated waveguide, which supports multiple Fabry—
Perot resonances with low quality factors.*] Different from
all-dielectric Huygens' metasurfaces with dominant electric and

wileyonlinelibrary.com

(5 of 20) 1600064



small

methods

ADVANCED
SCIENCE NEWS

www.small-methods.com

magnetic dipole resonances, the resonant modes of high-con-
trast metasurfaces contain electric and magnetic dipoles, quad-
rupoles, and higher-order multiples (Figure 3d).*”! Owing to
the large refractive-index difference between the nanoscatterers
and their surroundings, optical energy is strongly concen-
trated inside each nanoscatterer so that transmittance property
is primarily determined by the nanoscatterer geometry, while
the optical coupling among them has negligible effect. High-
contrast metasurfaces have been demonstrated as a polariza-
tion beam splitter with measured transmission efficiency larger
than 70% for both x- and y-polarized light.[*3]

3. Fabrication

Photolithography, electron-beam lithography, and focused-ion-
beam lithography are the conventional surface-lithography
technologies for patterning nanostructures. For the fabrication
of metasurfaces, the choice of fabrication technique should
consider the inherent advantages and disadvantages of these
technologies that satisfying the process requirements, such
as resolution, throughput, reliability, reproducibility, and cost
efficiency. Photolithography is the most widely used fabrica-
tion technology in semiconductor integrated circuits with high
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throughput at the micro- and nanoscale (Figure 4a). The pat-
terns are transferred from photomasks to photoresists after the
exposure and development steps. After the etching, depositing,
and lift-off process, nanostructures are formed on the sub-
strates. Electron-beam lithography is a maskless system capable
of directly drawing arbitrary patterns with several nanoscale
featured sizes (Figure 4a). In addition, the focused-ion-beam
technique is also a straightforward versatile nanofabrication
method by removing and depositing the materials in one step
(Figure 4b).

In order to meet the growing demands of nanofabrication,
many promising fabrication techniques have been developed
and incorporated into the fabrication of metasurfaces, such
as interference lithography,®** self-assembly,*"! and nano-
imprint lithography.® Interference lithography is a different
modality of photolithography, whose pattern shapes are based
on the interference of two or more coherent laser beams. For
example, the periodic grating structures can be fabricated by
two-beam interference lithography with two plane waves. More
complex periodic 2D or 3D structures, on the other hand, can
also be produced by advanced interference lithography, such as
multiple-exposure and non-coplanar beams (Figure 4c). Self-
assembly lithography is an efficient and facile method with
which to pattern various large-area nanostructures, including

Rotation of 90° f)

lglass ]
-

Sample

UV beam expander Mirrors

Metal deposition
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Silicon
substrate

Metallic

nanopartices ‘Shrinkage film

Corrugated
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l spin coat NC

Mﬂ off and
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Figure 4. a) Photolithography/e-beam lithography process. b) Focused-ion beam. c) Interference lithography. d) Self-assembly. €) Nanoimprint lithog-
raphy. f) Hole-mask colloidal lithography and off-normal deposition. c) Reproduced with permission.”®% Copyright 2015, American Institute of Physics.
d) Reproduced with permission.'l Copyright 2015, Nature Publishing Group. e) Reproduced with permission.’? Copyright 2015, American Chemical
Society. f) Reproduced with permission.>3 Copyright 2016, American Chemical Society.

1600064 (6 of 20)

wileyonlinelibrary.com

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Small Methods 2017, 1, 1600064



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Table 2. Tuning mechanisms for metasurfaces.

www.small-methods.com

Mechanism Deformation Phase states Optical anisotropic Distribution Carrier concentration
Functional materials « PDMS + VO, « Liquid crystals « Microfluidic « InSb
« PMMA « GST - ITO

chains, sheets, and 3D constructions, where the system is spon-
taneously assembled by intermolecular balance of attractive
and repulsive forces (Figure 4d). Nanoimprint lithography is a
low-cost, large-area, and high-throughput alternative technique
for replication of subwavelength ordered structures in a single
patterning step. The hard mold with nanoscale surface-relief
features is pressed onto a substrate coated with a moldable
polymeric resist to replicate the patterns via mechanical defor-
mation (Figure 4e).

In addition, several hybrid patterning processes have been
developed for the realization of more complex nanostructures.
For example, hole-mask colloidal lithography and off-normal
deposition are combined to fabricate directional metasurfaces
with tilted nanopillars.’3] Hole-mask colloidal lithography
using roller template stripping has been proposed to pattern
subwavelength metallic nanoholes, nanodisks, wires, and pyra-
mids by taking advantage of plastic materials with the flexible
and stretchable property.>! First, the metal film is deposited
on a poly(methyl methacrylate) (PMMA) substrate with polysty-
rene nanospheres, and then the nanospheres are removed by
tape stripping to form the hole-mask. Next, by deposition of the
metal with a tilted angle and removal of the PMMA, the tilted
nanopillars are produced (Figure 4f).

Recently, a variety of functional materials have been applied
to studies of tunable metasurfaces (Table 2). For example, flex-
ible substrates made of poly(dimethylsiloxane) (PDMS) are used
for conformal metasurfaces!*’! and mechanically reconfigurable
metasurfaces.’® The high flexibility and stretchability of PDMS
makes it possible for the surfaces to be wrapped and for them
to experience an external pulling force. Liquid crystals with
broadband optical nonlinearity and birefringence are the most

Planar lens

commonly used materials for the dynamic control of the optical
properties. The refractive-index change of a liquid crystal can be
externally tuned by temperature, light, and electric or magnetic
fields.7->8 Phase-change materials have also been extensively uti-
lized in optical data-storage systems and nanophotonic systems
based on their tunable optical properties. For example, vanadium
dioxide (VO,)P-! and GeSbTe alloys [ exhibit dramatic differ-
ence in optical properties between various phase states. Their
reversible phase transition can be triggered by thermal energy.
In addition, 2D materials with special optical and electrical prop-
erties are integrated to electrically tunable metasurfaces, where
the charge-carrier density can be controlled by the gate voltage to
stimulate a change in the optical properties.®* Microfluidic tech-
nology can also be applied to tunable metalenses by controlling
the air pressure of the pneumatic valves to change the distribu-
tion of liquid metals within each unit cell.*

4. Applications

The recent advances in metasurfaces have been applied to the
demonstrations of many exotic optical phenomena and various
useful planar optical devices. Many of these metasurface-based
applications are promising alternatives to replace conventional
optical devices, as they largely benefit from ultrathin, light-
weight, and ultracompact properties, provide the possibility
of overcoming several limitations suffered by their traditional
counterparts, and demonstrate versatile novel functionality.(6’]
In the following section, the recent progress of metasurface-
based applications aimed at polarization control and wavefront
manipulation is discussed (Figure 5).

Optical vortex
converter

Meta-hologram

Figure 5. Metasurface-based applications on polarization control and wavefront shaping.
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4.1. Polarization Manipulation and Detection

4.1.1. Quarter-Wave Plates

Conventionally, the polarization state of light can be modu-
lated by the birefringence of crystals, where the required
phase retardation between two orthogonally polarized wave
components is accumulated through light propagation. As
a result, the polarization control setups are usually bulky
and suffer from several limitations such as narrow operating
bandwidth and limited choice of materials. This boosts the
development of metasurface-based wave plates operating in
different frequency regimes. Figure 6 shows several examples
of quarter-wave plates (QWPs) based on the ultrathin metas-
urface design.[1%61:66-71 The manipulation of the polarization
state of electromagnetic waves can be realized by splitting the
incident light into two orthogonal components and controlling
the required phase delay between them. For example, Yu
et al. fabricated a broadband and background-free QWP, where
high-quality CP light with ellipticity > 0.97 can be generated
over a broad wavelength range (A =5 to 12 pm) as shown in
Figure 6a.”! Using the V-shaped antennas discussed above,
they designed two subunits with different antenna orientations
so that the corresponding (28 — o)-polarized scattered light in
each subunit satisfies the relation of (23, — 0) — (23, — @) =
90°, which leads to the splitting of incident radiation into two
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orthogonal states. The spatial phase gradient allows the scat-
tered light to be bent away from the propagation direction of
the incident beam and results in a background-free output
beam. The required phase delay between these orthogonal
components was controlled by the offset distance between the
subunits.

The anisotropic optical response of asymmetrically shaped
nanoantennas can also be applied to the realization of ultrathin
metasurface-based QWPs. For example, Zhao and Alul®”l and
Chen et al.’? utilized the detuned plasmonic resonances of two
orthogonal nanorods with different sizes to perform circular-
to-linear (CTL) polarization conversion in the visible and the
near-to-mid-infrared regimes, respectively. Upon the illumina-
tion of horizontally and vertically linearly polarized (LP) light,
two pronounced resonant dips can be found, corresponding to
the dipolar resonances of x-oriented and y-oriented nanorods,
respectively. By operating in the off-resonant regime between
the resonances, the transmission coefficient between the x- and
y-polarized light exhibited a phase difference (A® = @, — @)
close to 90° accompanied by a wavelength-dependent trans-
mission amplitude ratio (T,/T,,) (Figure 6b). Therefore, such
devices can convert CP input light into transmitted LP light
with a measured degree of linear polarization larger than
80% and with a wavelength-dependent polarization angle. To
accomplish the reverse, operating as linear-to-circular (LTC)
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Figure 6. a) Left panel: diagram of a background-free metasurface-based QWP consisting of two V-shaped antenna subunits that generate two co-prop-
agating waves with orthogonal linear polarizations, equal amplitudes, and a /2 phase difference upon LP incidence. Right panel: full wave simulations
of degree of circular polarization and the extraordinary beam intensity. b) Left panel: schematic view of a CTL polarization converter with inset showing
a unit cell consisting of two nanorods forming a T-shaped pattern. Middle panel: the calculated transmittance (solid curve) and phase (dashed curve)
spectra under x- and y-polarized excitations. Right panel: the measured (black dots) and calculated (red curve) degree of linear polarization for CP input
light as a function of wavelength. c) Left panel: sketch of CTL and LTC polarization converters using nanorod arrays. Right panel: theoretical calcula-
tions of the polarization angle of LP input light (red curves) at each sampling wavelength that gives rise to converted CP output light (blue curves).
d) Left panel: a switchable THz QWP made of arrays of cross-shaped apertures that covert linear 45°-polarized light to CP light, and the operating
frequency can be switched via the VO, phase transition controlled by a resistive heater. Right panel: the transmission (upper) and phase difference
(lower) for x- and y-polarized incidence at 300 K (solid curves) and 400K (dot curves) obtained through the experimental measurements, numerical
simulations, and theoretical calculations. a) Reproduced with permission.l"®) Copyright 2012, American Chemical Society. b) Reproduced with permis-
sion.’2 Copyright 2015, American Chemical Society. c) Reproduced with permission.’% Copyright 2014, Nature Publishing Group. d) Reproduced with
permission.l®l Copyright 2015, Nature Publishing Group.
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polarization conversion, the polarization angle of the incident
LP light should be carefully tuned at each wavelength so that
the transmitted components have equal amplitudes along the
principle axes of the sample, owing to the dispersion of the
amplitude ratio. Instead of using two orthogonally patterned
nanorods, Li et al. theoretically demonstrated CTL and LTC
polarization conversion by exploiting the orthogonal optical res-
onant modes of a single nanorod (Figure 6¢).”% The simulated
transmittance for CTL polarization conversion reaches more
than 40% in the wavelength range of 1100 nm to 2000 nm.
With careful manipulation of the incident electric-field polariza-
tion angle at each sampling wavelength, transmittance for LTC
polarization conversion can be achieved over 30% in the range
of 1170 nm to 1590 nm.

Wang et al. further fabricated a switchable terahertz (THz)
QWP by inserting VO, into arrays of asymmetrically cross-
shaped apertures (Figure 6d).°! The lengths of the orthogonal
slots were designed to possess a phase shift of 90° under the
excitation of orthogonal LP light.”!) By manipulating the phase
transition of VO, at different temperatures via a resistive heater,
the effective length of the resonators can be altered and thus
the operating frequency of the QWP can be switched.

4.1.2. Half-Wave Plates

Another category of polarization conversion metasurfaces works
as half-wave plates (HWPs), rotating the direction of linear
polarization.?0336972771 An example is shown in Figure 7a,
which is composed of an array of 45°-rotated brick-shaped nano-
antennas, a dielectric spacer, and a continuous metallic film.
Under x-polarized light illumination, E; can be decomposed
into two perpendicular components (E,; and E;) and excited
orthogonal electric dipoles along the two principle axes of the
nanobricks, respectively. When the reflected coefficients of
detuned long and short-axis resonances reach equal amplitudes
with a phase difference of &, x-polarized incident light can
be transformed to y-polarized light in reflection.””) Based on
this principle, Grady et al. demonstrated an HWP with meas-
ured cross-polarized reflection as high as 80% between 0.73
to 1.8 THz.”l Such highly efficient performance is attributed
to the constructive interference of the partially cross-polarized
reflected fields within the Fabry—Perot-like cavity, and can be
sustainable over a wide range of incident angles. Ding et al. fur-
ther demonstrated a background-free HWP in the near-infrared
range by designing a supercell with a spatial phase gradient of
0 to 27 for the cross-polarized reflected waves (Figure 7a).”%

Metasurface-based HWPs can also be operated in transmis-
sion mode. As demonstrated by Grady et al., two orthogonal
metallic gratings were introduced on the top and bottom of an
45°-rotated nanobrick array as shown in Figure 7b.73! The back
grating allows the transmission of a cross-polarized light beam
while blocking the co-polarized light beam. The front grating
reflects cross-polarized light without blocking incident light
and co-polarized components. The multi-reflection process con-
tinues within this composite structure, resulting in a construc-
tive interference that shows cross-polarized transmission over
50% from 0.52 to 1.82 THz.
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Jiang et al. utilized arrays of strongly coupled nanorods with
tailored aspect ratio to construct a reflective HWP (Figure 7c).[%’]
The measured polarization conversion ratio and reflectance
were higher than 92% from the visible to near-infrared with a
wide field of view (FOV) up to £40°.

Fan et al. demonstrated a freely tunable polarization rotator
by using a trilayer metasurface with three rotatable metallic
gratings (Figure 7d).”¥ The polarization angle of the input LP
light can be altered freely due to the multi-wave interference
in this tri-grating structure. With the optimal geometry design,
such as the thicknesses, the periods, and the separation dis-
tances of three gratings, constructive interference of multiple
transverse-magnetic waves can be achieved, eventually leading
to a nearly perfect polarization conversion. The measured cross-
polarized transmittance reaches 90% within a broad bandwidth
(Figure 7d). In addition to the 90° polarization conversion as
HWPs, the polarization rotation angle can be freely tuned from
the range of —90° to 90° by simply rotating the three composite
grating layers. As the rotation angle decreases, the working
bandwidth increases while the conversion efficiency slightly
decreases (Figure 7d).

Shaltout and co-workers applied PB phase metasur-
faces to rotate LP light by 45° at near-infrared frequencies
(Figure 7e).7>7¢ For an antenna array with orientation angles
varying from 0 to 7, the incident CP light acquires an addi-
tional PB phase term from 0 to 27 (—27m) when converted to its
opposite helicity. According to Equation (3), since the converted
LCP and RCP light beams acquire an opposite PB phase, they
will be scattered to opposite directions (Figure 8a).13%! Such spa-
tial separation for different CP states is known as the photonic
spin Hall effect (PSHE).”>78 As LP light can be regarded as
the superposition of LCP and RCP components, a metasurface
consisting of two subunits of antenna arrays rotating in the
opposite directions can generate converted LCP light from one
subunit directed in parallel to converted RCP light from the
other, upon LP light illumination. (Figure 7e). These two CP
waves can be utilized to effectively retrieve an LP output beam
with its polarization angle depending on the spatial offset
between the subunits. Wu et al. employed a reflective alu-
minum (Al) metasurface composed of six types of supercells
with different offsets to simultaneously generate six polariza-
tion light beams (two CPs and four LPs) upon one LP illumi-
nation (Figure 7f)."”)

4.1.3. Polarimetry

The control of metasurfaces over polarization motivates the
implementation of polarimetry devices for sensing the polari-
zation state or determination of the Stokes parameters of
an arbitrary light source. For example, Shaltout et al.’*! and
Wen et al.B¢ utilized the PSHE to demonstrate polarization
sensing and spectroscopy devices that perform spatial separa-
tion of LCP and RCP light in reflected-type and transmitted-
type PB phase metasurfaces, respectively (Figure 8a,b). The
scattering intensity ratio of two CP states can be used as an
indicator to determine the ellipticity and helicity of incident
light (Figure 8c).13%
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Figure 7. a) Left panel: geometry of a reflective background-free HWP. Insets: the coordinate geometry of the basic building block and SEM image of
part of fabricated metasurface with light blue color indicated the supercell. Right panel: the reflected phase spectra for incident light polarized along
the u and v axes, respectively, and the corresponding phase difference between them. b) Left panel: sketch of a unit cell for transmitted HWP. Right
panel: cross-polarized transmittance obtained through experimental measurements, numerical simulations, and analytical calculations. c) Left panel:
diagram of metasurface-based HWPs utilizing the strong near-field coupling of nanorod antennas to achieve polarization rotation with wide FOV.
The inset shows an SEM image of the fabricated sample. Middle panel: the calculated and measured polarization conversion ratio (blue curves) and
reflection (red curves) spectra at different oblique angles of incidence. Right panel: the calculated and measured polarization states of incident and
reflective waves at 700 nm for three oblique incident angles of 4°, 20°, 40°. d) Left panel: schematic of a freely tunable THz polarization rotator con-
sisting of three-grating-layer structure with its inset showing part of the lateral view. The lower part shows a photograph of the five components of the
polarization rotator. Right panel: measured transmission spectra for components polarized parallel (T;(®)) and perpendicular (T(®)) to the desired
polarization state when @ is designed to be 90° (upper). The measured T};(®) when @ is varied from —90° to +90° (lower). ) Left panel: schematic
view of polarization-controlled metasurface using two PB-phase subarrays (blue and red) rotating in opposite directions. The inset shows an SEM
image of the fabricated sample with the supercell highlighted by the dashed rectangle. Right panel: experimental results show the rotation of LP light
by 45°. f) Left panel: the calculated and measured conversion efficiency of reflective Al metasurfaces with inset showing an SEM image of the fabricated
sample. Right panel: measured scattering intensity of six polarizations. The inset displays the corresponding SEM images of the fabricated samples
with each supercell highlighted by colors. a) Reproduced with permission.l”2l Copyright 2015, American Chemical Society. b) Reproduced with permis-
sion.”31 Copyright 2013, American Association for the Advancement of Science. c) Reproduced with permission.®] Copyright 2014, Nature Publishing
Group. d) Reproduced with permission.”l Copyright 2015, Wiley-VCH. e) Reproduced with permission.’®l Copyright 2014, American Chemical Society.
e) Reproduced with permission.’”] Copyright 2017, American Chemical Society.

Pors et al. used a composite plasmonic metagratings for ~ RCP),B% three set of nanobrick supercells were integrated
simultaneous determination of Stokes’ parameters of an into the designed metasurface via an interweaving arrange-
incident beam.””l As the determination of the light polari- ment (Figure 8d). The incident optical beam can thus interact
zation state requires the respective intensities in three ortho-  with three bases simultaneously and split to the associated two
normal polarization bases of (0°, 90°), (45°, —45°) and (LCP, orthogonal states upon illumination once.
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Figure 8. a) Schematic illustration of PSHE. The transmitted CP light with the same helicity as the incident wave propagates along the regular direction,
while the converted CP light with the opposite helicity acquires an additional PB phase term and thus is refracted to anomalous directions. As a linearly
or elliptically polarized incident wave can be considered as the superposition of LCP and RCP components, the converted RCP and LCP light acquires
an opposite additional PB phase term and is scattered to opposite directions. b) Left panel: PSHE demonstrated by reflective PB-phase metasurfaces.
Right panel: SEM image of a fabricated sample. c) CCD images of the refracted light spots under different polarization states of incidence. d) Upper
panel: SEM image of a metagrating that enables simultaneous determination of Stokes’ parameters with left inset showing its basic building block.
Lower panel: experimental optical images of the diffraction spots corresponding to the six polarization components for the determination of Stokes’
parameters. a) Reproduced with permission.*¥ Copyright 2015, Optical Society of America. b) Reproduced with permission.’*! Copyright 2015, Optical
Society of America. c) Reproduced with permission.®l Copyright 2015, Optical Society of America. d) Reproduced with permission.’l Copyright 2015,

Optical Society of America.

4.2. Wavefront Shaping

4.2.1. Planar Metalenses

The wavefront engineering for conventional refractive lenses is
based on the surface topography or the spatial refractive-index
variation of the optical transparent media. Under such a frame-
work, the beam profiles are altered according to the phase accu-
mulation along the optical path through these lensing devices.
To achieve the phase profile equivalent to conventional lenses,
metasurfaces should impose the following phase profile to con-
vert incident planar wavefronts into spherical ones:[#82

¢ (xy) = —27”(\/962+y2+f2—f) (5)

where A is the wavelength in free space, and f is the focal
length of the lens. Planar metasurface lenses, so-called
metalenses, have been experimentally demonstrated using
V-shaped antennas at telecom wavelengths.[®2l However, the
efficiency of these metalenses is relatively low due to the weak

Small Methods 2017, 1, 1600064
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light coupling to the single-layered plasmonic antennas and
focusing only the cross-polarized scattering component. The
complementary V-shaped apertures were also applied to fabri-
cate flat lenses in the visible.®?l In addition, nanorodsP*#4 and
U-shaped apertures!®®] have been used to create planar lenses
based on the PB-phase technique, where the required phase
profile is introduced when CP incident light is converted to
its opposite helicity. Recently, Capasso's group demonstrated
diffraction-limited metalenses with efficiency as high as 86%
by using high-aspect-ratio titanium dioxide (TiO,) nanofins
with PB phase rotational morphology (Figure 9a).® The focal
spots at their design wavelengths are smaller by a factor of
=1.5 than those from a commercial lens. The TiO, building
blocks were further used to construct two interlaced arrays
that focus incident light beams with opposite helicities into
two distinct foci, demonstrating a chirality-distinguishable
imaging system.[0l

As conventional lenses suffer from severe chromatic aber-
rations due to the dispersion of the phase accumulated by
light during propagation, many metasurface-designed lenses

wileyonlinelibrary.com (11 of 20) 1600064
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Figure 9. a) Measured focusing efficiency of a metalens consisting of high-aspect ratio TiO, with PB-phase rotational morphology. The inset
shows an SEM image of part of a fabricated sample. b) False-colored side-view SEM image of a telecom achromatic metalens using two rectan-
gular a-Si resonators separated by a gap as the basic building block. c¢) Schematic of reconfigurable optical devices. With the manipulation of
trains of femtosecond pulses, the complex refractive index of the phase-change material (GST) converts from its amorphous state to the crystal-
line state, allowing GST films to be written with high accuracy. d) Calculated electric energy intensity of a micro-lens in the x-z plane. Insets: SEM
image of a-Si posts (upper) and the real part of the z component of the Poynting vector at the plane of focus (lower). ) Left panel: measured
full width at half maximum (FWHM) of the spot size, transmission, and focusing efficiency of micro-lenses as a function of focusing distance, d.
Right panel: the spectra of FWHM spot size and focusing efficiency when the focusing distance of micro-lens is 175 um. f,g) Design procedure
of conformal metasurfaces demonstrated by using a converging cylinder (f) and a diverging cylinder (g) as the wrapped object. Left panels show
the calculated optical path difference (OPD) of the rays transmitted through the non-planar objects. Right panels display the desired OPD along
the surface of the object. The conformal metasurfaces at the surface of the nonplanar object can thus be designed according to the phase dif-
ference between the original and desired profiles (middle panels). a) Reproduced with permission.®%l Copyright 2016, American Association for
the Advancement of Science. b) Reproduced with permission.®”) Copyright 2015, American Chemical Society. c) Reproduced with permission.[62
Copyright 2016, Nature Publishing Group. d,e) Reproduced with permission.*?l Copyright 2015, Nature Publishing Group. f,g) Reproduced with
permission.[*”] Copyright 2016, Nature Publishing Group.

also face the same problem because of the intrinsic dispersive  same focal lengths at three designed wavelengths of 1300, 1550,
behavior of the resonators, thus degrading the performance  and 1800 nm.

of an imaging system.®®% To eliminate chromatic aberration, Wang et al. demonstrated randomly reconfigurable metasur-
Capasso's group proposed the concept of the achromatic meta-  face devices by writing, erasing, and rewriting 2D grayscale or
lens, which imparts a wavelength-dependent phase contribution ~ binary patterns into a phase-change material (Ge,Sb,Tes, GST)
to compensate the dispersive accumulated phase through light  (Figure 9¢).®2 They demonstrated chromatically selective and
propagation. They realized an achromatic metalens operating  chromatically corrected lenses by writing binary and grayscale
at telecom wavelengths by using an aperiodic arrangement  Fresnel zone-plate patterns in GST thin film. Via careful con-
of coupled rectangular dielectric resonators (Figure 9b).B#87]  trol of the energy and the repetition rate of a femtosecond laser,
This design allows the incident near-infrared light to have the  the reversible refractive-index phase transition of GST can be
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applied to perform the write—erase—write reconfigurable cycle
of Fresnel zone-plate patterns.

Faraon's group theoretically and experimentally demon-
strated polarization-insensitive and high-numerical-aperture
lenses with measured focusing efficiency as large as 82% at
telecom wavelengths (Figure 9d,e).*”) These metalenses were
based on high-contrast metasurfaces, composed of high-refrac-
tive-index amorphous silicon (a-Si) nanoposts on a glass sub-
strate. Despite the planar substrates, such high-transmittance
arrays can also be applied to arbitrarily nonplanar-shaped
objects and dramatically alter their original optical property. As
shown in Figure 9f,g, the cylinder-shaped lenses were demon-
strated to functionalize as aspherical lenses by covering them
with designed metasurfaces, displaying over 50% focusing effi-
ciency in the near-infrared.*’]

4.2.2. Metaholograms

Another interesting platform of metasurfaces would be the
realization of computer-generated holograms (CGHs), which
requires careful engineering of local phase, amplitude, and
polarization response in order to get high-quality images. Com-
plementary V-shaped structures have been utilized to introduce
an eight-level phase and a two-level amplitude distribution for
the reconstruction of a holographic image in visible light with
efficiency of 10%.°% PB-phase metasurfaces or geometric meta-
surfaces have also been widely used for the design of metaholo-
grams due to their superior phase control.’"! For example,
three-dimensional (3D) optical holography®?l has been dem-
onstrated to project an on-axis 3D jet-shaped image with a
wide FOV evaluated as £40° (Figure 10a). The required phase
profile of this design is imparted via the rotation angles of the
subwavelength gold nanorods. To enhance image-conversion
efficiency, Zhang’s group further used a multilayer design by
introducing a ground metallic plane to the PB-phase metas-
urfaces.”®l Similar to the concept of metasurface-based reflec-
tive half-wave plates, the fast- and slow-axis resonances of each
nanorod are designed to have a phase delay of & for optimizing
the conversion efficiency between the two CP states. The recon-
structed 16-level-phase CGHs achieve diffraction efficiency over
50% in a broad bandwidth of 630-1050 nm with a maximum of
80% at 825 nm (Figure 10b).1’]

Recently, such highly efficient and broadband reflective-type
configurations were further applied to helicity-multiplexed
metaholograms. Wen et al. used two sets of reflective PB phase
metasurfaces to independently sample two hologram patterns
with 16-phase levels projecting into the left and right sides of
incoming CP light beams, respectively. These two metaholo-
grams were then combined by an interlaced arrangement of
nanorod arrays. As shown in Figure 10c, the positions of the
reconstructed symmetrical off-axis holographic images can be
exchanged by altering the handedness of the input wave.’
The measured conversion efficiency in this work could reach
more than 40% from 620 to 1020 nm. Khorasaninejad et al,,
on the other hand, utilized geometric metasurfaces consisting
of two sets of rotated Si nanofin arrays in each pixel to project
different letters along the same direction when switching the
helicity of incident CP light beams (Figure 10d).!
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In addition to helicity-multiplexed holograms, polarization-
multiplexed metaholograms operating in LP light illumina-
tion were also demonstrated.®®%%] For example, Monte-
longo et al. utilized both vertically and horizontally orientated
silver nanorods with an L-shaped arrangement to display
polarization-switchable metaholograms (Figure 10e).’”] Tsai’s
group fabricated cross-shaped gold nanorods with size vari-
ations to construct a four-phase-level CGH that exhibited
two distinct images when illuminated by orthogonal LP light
(Figure 10f).°% Li et al. used graphene oxides through an
athermal photoreduction process to write the required phase
variation for 3D vectorial metaholograms carrying polarization-
sensitive information (Figure 10g).®l The recent development
also includes several examples demonstrating polarization-
insensitive holograms.”*-191104 For example, Huang et al. fab-
ricated an ultrahigh density of nanoholes randomly distributed
in a chromium film to demonstrate a metahologram with dif-
fraction efficiency up to 47% (Figure 10h).”%! Kivshar's group
employed high-refractive-index Si nanodisks with different lat-
tice periodicities to construct a four-level phase mask, which
generated a visually identical holographic image of “hv” with
40% imaging efficiency for horizontal and vertical polarizations
in the near-infrared (Figure 10i).1% Their recent work has fur-
ther exploited Si nanopillars with 36 different radii to demon-
strate two holographic patterns with a measured transmission
efficiency up to 90% and diffraction efficiency over 99% at
1600 nm (Figure 10j).[101

Another aspect of recent developments would be the manip-
ulation of phases at duall'®1% or triple wavelengthsl6102:103]
to achieve full-color metaholograms. For example, Tsai's group
demonstrated a multicolor hologram utilizing Al nanorods with
different sizes to form a two-level phase modulation at three
primary colors (Figure 10k).l1%2 Wang et al. used three dif-
ferent sizes of Si nanoblocks with subwavelength spacing and
changed the in-phase orientations of each nanoblock to achieve
full phase control for red, green, and blue wavelengths.'%] Two
different functional color holograms were demonstrated, where
the achromatic metahologram generated identical images for
all three wavelengths, and the highly dispersive metahologram
projected distinct images at specific wavelengths (Figure 101).

4.2.3. Optical Vortex Generation

Metasurface-based devices applied to vortex-beam generation
have recently gained tremendous interest due to their various
promising applications in high-resolution microscopy, optical
tweezers, and classical and quantum communication tech-
nology.1%19] A variety of plasmonic nanostructures such as the
plasmonic Archimedes’ spiral!%112 and plasmonic rings3-11%]
have been demonstrated in generating either vectorial or scalar
vortex beams with arbitrary orbital angular momentum (OAM)
values. On the other hand, PB-phase metasurfaces consisting of
nanoantennas possessing rotation surrounding the origin can
also be used for optical vortex generation, where the rotational
rate of the nanoantennas across one circumference determines
the topological charge of the structure.”#11°-11% For example, a
metasurface composed of nanoantennas possessing one full rota-
tion of 360° surrounding the origin corresponds to a topological
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Figure 10. a) 3D holography consisting of subwavelength metallic nanorods with spatially varying orientations generates an on-axis jet image upon
normal incidence of CP light. b) Schematic illustration of the working principle of a highly efficient reflective hologram employing a PB-phase metasur-
face combined with a back metallic plane. The inset shows an SEM image of the fabricated metasurface. c) Diagram of a helicity-multiplexed hologram
realized by a reflective PB-phase metasurface. The inset shows an SEM image of part of the fabricated sample. d) A helicity-multiplexed metahologram
shows letters of “R” and “L,” respectively, upon RCP and LCP light illumination. The inset shows a false-colored SEM image of part of the fabricated
sample consisting of two parts (green and purple) in each pixel. e) A polarization-switchable metahologram showing two independent patterns at
0° and 90° polarization. The inset displays an SEM image of the fabricated metasurface consisting of horizontally and vertically oriented nanorods
arranged in an L shape. f) Two distinct reconstructed images of a polarization-multiplexed hologram generated at the horizontal and vertical polariza-
tion angles. Inset: an SEM image of the fabricated sample consisting of cross-shaped nanoantennas. g) The reconstruction of a 3D vectorial wavefront
based on athermally photoreduced graphene oxides. h) A polarization-insensitive metahologram made of ultrahigh-capacity aperiodic nanoholes.
Inset: SEM image of part of the fabricated sample. i) Holographic images generated by horizontally and vertically polarized light are visually identical.
Inset: SEM image of part of the fabricated dielectric Huygens’ metasurfaces. j) High transmission and diffraction efficiency metaholograms with the
inset showing an SEM image of the fabricated Si nanopillar arrays. k) Sketch of multicolor holograms using Al nanorods as the basic building block.
Inset: SEM image of one pixel of the hologram with the colored area indicating the four subpixels. |) Left panel: an achromatic metahologram gener-
ates the same image of a flower for three primary colors. Left and right insets: SEM image of part of the fabricated sample and the basic building block
consisting of three differently sized Si nanoblocks with in-plane PB phase orientations, respectively. Right panel: a highly dispersive metahologram
projects a triple colored image of a red flower, a green peduncle, and a blue pot. The inset shows an SEM image of a portion of the fabricated sample.
a) Reproduced with permission.P®'l Copyright 2013, Nature Publishing Group. b) Reproduced with permission.®3l Copyright 2015, Nature Publishing
Group. c) Reproduced with permission. Copyright 2015, Nature Publishing Group. d) Reproduced with permission.>! Copyright 2016, American
Association for the Advancement of Science. e) Reproduced with permission.l”l Copyright 2014, American Chemical Society. f) Reproduced with
permission.l®® Copyright 2014, American Chemical Society. g) Reproduced with permission.’ Copyright 2015, Nature Publishing Group. h) Repro-
duced with permission.®® Copyright 2015, Nature Publishing Group. i) Reproduced with permission.'%l Copyright 2016, American Chemical Society.
j) Reproduced with permission.l'%l Copyright 2016, Optical Society of America. k) Reproduced with permission.[' Copyright 2015, American Chemical
Society. |) Reproduced with permission.'*l Copyright 2016, American Chemical Society.
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charge of g = 1 (Figure 11a). Owing to its rotationally invariant
property, this metasurface does not exchange angular momentum
with the optical field. However, since the handednesses of the
input and output beams are not identical, the conservation of
angular momentum suggests that the change in the spin-angular
momentum must be transformed into OAM. Therefore, this
device yields light carrying OAM of | = +2gA.[116117]

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

As rotational symmetry is not a requirement for spin-to-
OAM conversion, Boyd’s group fabricated metasurfaces that
are capable of generating OAM with values varying from
—-25 to 25 with a conversion efficiency of 9% at 760-790 nm
(Figure 11b).'"7] Recently, Zeng et al. further fabricated a gra-
dient-rotation split-ring antenna metasurface containing the
superposition of both linear-gradient phase and rotation-spiral
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Figure 11. a) Upper panel: SEM image of a fabricated metasurface with topological charge of 1. Lower panel: interference patterns of the converted
vortex beams with planer (upper) and spherical (lower) waves. b) Upper panel: designed spatial arrangement of nanoantennas and their corresponding
SEM images for generating output beams carrying OAM values of (+1, 2, +4, £20, and £25). Lower panel: intensity profiles of the object beams and
their interference patterns with a spherical wave. c) Upper panel: schematics of the orientation distributions of nanorod arrays for achieving gradient
phase, rotation phase, and gradient-rotation phase, respectively. The gradient-rotation phase is the superposition of the linear-gradient phase and the
rotational-spiral phase. Lower panel: measured transmitted diffraction images of gradient-rotation arrays that demonstrate that the converted vortex
beams are bent to designed diffraction angles under CP light illumination. Inset: an SEM image of the gradient-rotation arrays made of split-ring
antennas. d) Optical microscopy image of a dielectric meta-reflectarray with a spiral phase profile ranging for 0 to 2. Left inset: SEM image of eight
Si cut-wire resonators showing a constant phase difference A® = 7/4 along the azimuthal direction. Right inset: interference pattern of the generated
vortex beam with a Gaussian beam. e) Schematic illustration (left panel) and SEM image (middle panel) of a spiral phase plate based on dielectric
Huygens' metasurfaces. Right panel: intensity distribution of measured output beam. f) Left panel: SEM image of a fabricated polarization-independent
optical vortex beam converter based on dielectric Huygens’ metasurfaces. Right panel: reconstructed phase of the generated vortex beam. g) Left panel:
SEM micrograph of a holographic interface for generating vector beams with inset showing higher magnification. Right panel: measured far-field inten-
sity distributions at 633 and 850 nm. The distinct features with respect to different rotation angles of the linear polarizer reveal the radially polarized
characteristic. h) Experimental setup for vector beams generation by two cascaded metasurfaces. The bottom insets show sketches of metasurfaces
with g = 0.5 and q =1, respectively, and intensity distributions of the generated vector beams. i) Schematic view of high-transmission vectorial vortex-
beam converter based on dielectric Huygens’ metasurfaces and the corresponding measured polarization distribution of the output beams. Upper
panel: the conversion of linear horizontal polarization to radial polarization. Lower panel: the conversion of linear vertical polarization to azimuthal
polarization. a) Reproduced with permission."®l Copyright 2014, Nature Publishing Group. b) Reproduced with permission.'"] Copyright 2014,
American Institute of Physics. c) Reproduced with permission.[2% Copyright 2016, American Chemical Society. d) Reproduced with permission.['1]
Copyright 2014, American Chemical Society. e) Reproduced with permission.'? Copyright 2015, American Chemical Society. f) Reproduced with
permission.'?l Copyright 2015, American Chemical Society. g) Reproduced with permission.['?*l Copyright 2013, American Chemical Society. h) Repro-
duced with permission.'?] Copyright 2014, Optical Society of America. i) Reproduced with permission.? Copyright 2016, American Chemical Society.

Table 3. Summary of previously reported half-wave plates.

Functionality Reflective terahertz Transmitted terahertz Transmitted terahertz Reflective near-infrared Reflective

HWPI73] HWPI73] Hw P74l HWP72 HW P19
Cross-polarized reflectance/ 0.73-1.8 THz: >80% 0.52-1.82 THz: >50% 0.2-0.35 THz: > 85% 1100-1700 nm: >65% 640-1290 nm: >92%
transmission Max. at 1.36 THz: 88%  Max. at 1.04 THz: 80%
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Functionality

Mechanisms

Operation wavelength/focusing efficiency (FWHM spot size)

Metalenses at visible wavelengths!®’]

Polarization-insensitive metalenses at telecommwavelengths’l

Vortex metalenses at infrared wavelengths(®']

Achromatic metalenses at telecom wavelengths!®’]

Dielectric PB phase metasurfaces

High-contrast metasurfaces

High-contrast metasurfaces

Dielectric metasurfaces

405 nm: 86% (0.682)
532 nm: 73% (0.704)
660 nm: 66% (0.692)
1550 nm: 829% (2.42)
1550 nm: 42% (0.574)
850 nm: 70% (102)
1300 nm: 15% (21.152)
1550 nm: 10% (18.714)
1800 nm: 21% (13.892)

phase to achieve a background-free converted vortex beam with
high mode purity over a broad visible range (Figure 11c).[12%

In addition to PB-phase metasurfaces, the spiral-phase pro-
file can be achieved by properly engineering the geometry of
nanoantennas.>123122121] Vialentine’s group used Si nanoblock
resonators placed above a silver ground plane to demonstrate
a high-efficiency vortex-beam generation from 1500 nm to
1600 nm (Figure 11d).'?! Shalaev et al.l'??l and Kivshar's
groupl'?!] utilized all-dielectric Si Huygens metasurfaces for
vortex converters with transmission efficiency of 45% and 70%,
respectively, at telecom wavelengths, as shown in Figure 11e,f.

Capasso’s group combined a fork hologram and concentric
circular rings to create a spiral phase front with radial polari-
zation over a broad visible range (Figure 11g).'** Yi et al.
used two cascading metasurfaces with topological charges of
q=0.5and g = 1 to generate cylindrical vector vortex beams.
The first element was used as a spin-to-orbital angular-
momentum converter, and the second was applied to manipu-
late the local polarization (Figure 11h).%%] Recently, Kruk
et al. utilized all-dielectric Huygens’ metasurfaces to convert
vertical LP beams into azimuthal polarization and horizontal
LP beams into radial polarization with up to 99% polarization
conversion efficiency and 90% transmission at telecomm fre-
quencies (Figure 11i).537)

Table 5. Summary of previously reported metaholograms.

5. Conclusions and Outlook

The field of optical metasurfaces has been in rapid progress
as a platform for numerous novel optical effects and potential
applications.['26-128] We have reviewed a few of the representa-
tive demonstrations of metasurface-based devices such as wave
plates, polarimetries, metalenses, metaholograms, and optical
vortex converters, and these examples are listed in Table 3-6.
There are still many other aspects or applications not included
here, such as nonlinear metasurfaces,2>-14!l hyperbolic meta-
surfaces,'*>7148]  thinfilm metasurfaces,'*-1>  parity-time
symmetry metasurfaces,>*15% etc. Thanks to the advances in
nanofabrication technologies, these low-cost, large-area, and
mass-productive techniques have sped up the development
of static metadevices and are gradually becoming mature.
We believe that a variety of emerging techniques and clever
designs can also be adopted for metasurfaces, such as scan-
ning probe lithography,[1%-102] laser direct writing,!'93-1%%] laser-
induced forward transfer,'°-1%8] the multilayer electroplating
technique,['%17% multiphoton lithography,!'71-173] nanostencil
lithography,!'74 phase-shifting photolithography,'”® shadow-
mask lithography!'7¢177] etc. With the incorporation of func-
tional materials, tunable or reconfigurablel*!,>>-59:61-63178-189]
metasurfaces further bring more exciting and versatile

Functionality Transmitted/reflective

Number of phase

Mechanisms Operation wavelength/conversion

type levels efficiency
High-efficiency metaholograms/®l Reflective 16 PB-phase metasurfaces 630-1050 nm: >50%
Max. at 825 nm: 80%
Helicity-multiplexed metaholograms/®4 Reflective 16 PB-phase metasurfaces 620-1020 nm: > 40%
Max. at 860 nm: 59.2%
Polarization- multiplexed metaholograms/®® Reflective 4 Gap-plasmon metasurfaces 632.8 nm: 10%
780 nm: 18%
Polarization-insensitive metahologramsl'®l Transmitted 4 Dielectric Huygens’ metasurfaces 1477 nm: 40%
Polarization-insensitive metahologramsl'®"l Transmitted 36 Dielectric Huygens’ metasurfaces 1600 nm: 90%
Multicolor-multiplexed metaholograms!'%] Transmitted 8 Dielectric PB-phase metasurfaces 633 nm: 18%

532 nm: 5.2%
473 nm: 3.6%

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 6. Summary of previously reported scalar optical vortex converters.
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Functionality Transmitted/

Number of phase

Mechanisms Operation wavelength/

reflective type levels conversion efficiency
Spin-to-orbital angular momentum converter!''”] Transmitted 6 Plasmonic PB-phase metasurfaces 780 nm: 8.6% + 0.4%.
Broadband vortex-beam converter('1] Reflective 8 Dielectric multi-resonance 1550 nm: 94.5%
metasurfaces
Vortex-beam converter in transmission model1?2 Transmitted 8 Dielectric Huygens’ metasurfaces 1550 nm: 45%
Polarization-independent vortex-beam converter!12’] Transmitted 4 Dielectric Huygens’ metasurfaces 1490 nm: 70%
High-purity vortex-beam converter!'20l Transmitted 4 PB-phase metasurfaces 880 nm: 6%

functionalities for broader applications. The continuous innova-
tion of novel concepts and applications make this field still vivid
and prosperous.
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