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Geometric Metasurfaces for Ultrathin Optical Devices

Dandan Wen, Fuyong Yue, Wenwei Liu, Shugi Chen,* and Xianzhong Chen*

Metasurfaces, planar metamaterials consisting of a single layer or several
layers of artificial structures, not only form the basis for fundamental physics
research but also have considerable technological significance. Metasurfaces
can locally modify the optical property within a subwavelength range, which
can facilitate device miniaturization and system integration. Metasurfaces
have shown extraordinary capabilities in the local manipulation of the light's
amplitude, phase, and polarization, leading to a plethora of novel applications
such as generalized Snell’s law of refraction and photonic spin Hall effect.
This progress report is focused on the recent advancements in the funda-
mental research of geometric metasurfaces and their applications in ultrathin
optical devices, including planar metalenses, helicity multiplexed holograms,
functionality switchable devices, polarization beam splitters, vector beam
generation, arbitrary polarization control, and so on. The compactness, ease

occurring materials, it is difficult to fur-
ther reduce the thickness of optical ele-
ments based on such a design theory.!l
Metamaterials are artificially structured
materials which attain their properties
from the unit structures rather than the
constituent materials,”! so their optical
properties such as the effective electric
permittivity and the magnetic permeability
can be tuned accordingly.’! To overcome
the fabrication difficulties of metamate-
rials working in the optical range, a 2D
metamaterial, or metasurface has been
developed, which consists of a layer of
optical antennas to locally modify the
phase, amplitude, and polarization of the

of fabrication, and unusual functionalities of these devices render geometric
optical metasurface devices very attractive for new applications such as
encryption, imaging, anti-counterfeiting, optical communications, quantum
science, and fundamental physics. This paper aims to bring readers some
new insights, and to broaden the applications of geometric metasurfaces in

more research fields of science and technology.

1. Introduction

When a light beam passes through a transparent material
with a certain surface topography, its wavefront will be shaped
due to the gradual phase accumulation along the propagation
direction, which forms the basis of traditional optical elements
design. Due to the limited refractive indices of naturally
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scattered light.">* Optical antennas are
typically made of metals or high refractive
index dielectrics, which can be fabricated
through standard nanofabrication process,
such as electron beam lithography, lift-
off process, focused ion beam milling, or
reactive ion etching, thus the complexity
of the fabrication is greatly reduced in
comparison with that for their 3D counter-
parts. Besides, metasurfaces can change
the properties of the scattered light by using antennas with
a dimension smaller than the operating wavelength, which
exhibits high resolution and can avoid the higher diffraction
orders of the traditional diffractive optical devices. In addition,
the thickness of the metasurface is much smaller than the inci-
dent wavelength which makes them practical for device minia-
turization and system integration.

Metasurfaces are generally divided into two categories based
on their mechanisms:['¥ the one based on the dispersion of
antenna resonance and the one based on the Pancharatnam-—
Berry phase, namely, geometric phase.’] The former relies on
the delicate design of antenna geometry to obtain the desired
phase delay of the scattered light. For example, the V-shaped
antennas with various arm lengths and opening angles can
provide phase gradient to the cross-polarized light, which
verifies the generalized laws of reflection and refraction.[’ In
contrast, the latter usually contains antennas with the same
structure but spatially variant orientations.”] Each antenna can
be regarded as an anisotropic scatterer, which converts part of
the incident circularly polarized (CP) light to its opposite heli-
city with a geometric phase £ 2y. The symbol y represents the
orientation angle of the antenna, with + sign for the conver-
sion from left-handed circularly polarized (LCP) light to right-
handed circularly polarized (RCP) light, and the — sign for RCP
to LCP light. Thus, a sampled phase function can be imparted
to the scattered light from an array of antennas with designed
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orientations, which are named as geometric metasurfaces® and
will be focused in this paper.

In this paper, the geometric metasurfaces with different
applications will be introduced from Sections 2 to 7. As one
of the primary functionalities of metasurfaces, the applica-
tions for wavefront control in free space are introduced in
Section 2, which is divided into four sections including the
lensing, holography, Bessel (Airy) beam generation, and heli-
city-dependent beam steering. In comparison with the exten-
sive wavefront control methods in free space, the methods for
surface plasma polariton (SPP) modulation still needs further
extension. Here, the novel applications of geometric metasur-
face in SPP control are introduced in Section 3. Like amplitude
and phase, polarization is one of the fundamental properties
of light. Here in Section 4, optical rotation is realized based
on optical metasurfaces, instead of naturally occurring chiral
materials or Faraday effect. A light beam with a helical phase
structure is called an optical vortex, which has a dark hole in
the center due to the phase singularity of it. This spinning car-
ries orbital angular momentum (OAM) with the wave train.
Benefiting from the flexibility of geometric metasurfaces in
wavefront and polarization control, metasurfaces for the gen-
eration of twisted light beams and arbitrary manipulation of
their superpositions will be discussed in Section 5. Arbitrary
polarization generation and its application in image hidden
are also covered in this part. Apart from the linear optics, geo-
metric metasurfaces also show great potential for wavefront
control and rotational Doppler effect based on high harmonic
generation, which will be introduced in Section 6. Although
the majority of metasurface applications fall into the categories
shown above, we would like to mention a few other inspiring
applications in Section 7. Finally, the conclusion and outlook
for future applications will be given in Section 8.

2. Wavefront Control in the Free Space

2.1. Metalens

Traditional lenses focus the incident light through refraction,
and their focusing properties are determined by the component
materials and the surface topography. In contrast, geometric
metasurface-based lens can abruptly change the phase of the
scattered light within a deep-subwavelength range, thus greatly
reduce the thickness of the lenses. In addition, the unique
property of the geometric phase has yielded a series of lenses
with unusual functionalities.

As shown in the Introduction, the “+” or “~” sign of the geo-
metric phase is related to the helicity of the incident CP light,
which inspires applications that are unachievable by the tradi-
tional lenses.”) Figure 1a shows the schematic of a dual-polarity
cylindrical lens.'% For the RCP incident light shining on the
metalens, the LCP scattered light in the transmission side
forms a bright focal line (Figure 1b). However, with the LCP
incident light, the RCP scattered light is diverged and leaves a
dim background. The reason lies in the fact that the phase pro-
file of the scattered light is conjugated versus the swap of the
incident light helicity. Besides the 1D focusing by the cylindrical
lens, the reversible 3D focusing is realized (Figure 1c), and its
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imaging property is experimentally demonstrated by using the
T-shaped aperture array as the target object.!'! If three sub-
lenses with different focal lengths f;, f,, and f; are integrated,
a multifoci lens can be formed (Figure 1d). The sublenses
contributing to f; and f; are designed to work under the LCP
incident light, while the sublens corresponding to f, works for
the RCP incident light. Therefore, the crosstalk between these
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Figure 1. a) Schematic of the dual-polarity metasurface lens. The orientations of the nanorods gradually change along the x-direction, while remain
the same in the y-direction. The distance s between the neighboring nanorods equals to 400 nm. b) The simulation results for the lens under the
illumination of the RCP (left) and LCP (right) incident light. c) Left: schematic of the reversible 3D focusing lens. Right: scanning electron microscopy
(SEM) image and phase distribution of the lens. d) Multifoci lens that converges the scattered LCP light to points F; and F3, and it also focuses the
scattered RCP light to F,. Figures reproduced with permission from: (a),(b)"% Copyright 2012, Nature Publishing Group; (c)[''l Copyright 2013, (d)['?
Copyright 2015, Wiley-VCH.

focal points can be decreased. Such multifoci lens are claimed  separate metasurfaces are first designed based on the phase
to be useful in particle manipulation, imaging, and quantum  functions of the positive cylindrical lens and the negative spher-
information processing.!' ical lens, which are then merged to form the multifunctional

The concept of dual-polarity lens can be further extended lens (Figure 2a). Under the RCP incident light, the purple
to realize a multifunctional lens, which works as a cylindrical = nanorods diverge the scattered LCP light, while the yellow
(spherical) lens for the RCP (LCP) incident light"} Two nanorods converge the LCP light to form a bright focal line.
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Figure 2. a) The mechanism schematic of the multifunctional lens. The phase functions of the positive cylindrical lens and the negative spherical
lens are encoded on the yellow and purple nanorod arrays, respectively. The merging process only increase the density of the nanoantennas without
changing the sample size. b) The experimental results for the multifunctional lens. c) The metasurface works as a hologram to form a holographic
image of “cat” for LCP incident light, and it turns into a lens for the RCP incident light. d) The basic building block of the multispectral chiral lens. The
blue and green nanofins contribute to the functionalities required for the RCP and LCP imaging, respectively. ) Schematics of the chiral lens, where
the RCP and LCP light from the target point is focused to two different off-axis points. Figures reproduced with permission from: (a), (b)"* Copyright
2016, Nature Publishing Group; (c)'“ Copyright 2015, Wiley-VCH; (d), ()" Copyright 2016, American Chemical Society.
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Figure 3. a) Top: The SEM image of the dielectric metasurface based on TiO, nanofins. Bottom: Experimentally measured conversion efficiency of the
metalens at 532 and 660 nm. b) Top: The building blocks of the GaN-based metasurface operating at red, green, and blue, respectively. Bottom: Sche-
matic of the color routing metalens that converges and separates the different colors. c) The SEM image of the metasurface based on Si nanobeam
array (top) and the image of its focal point (bottom). Figures reproduced with permission from: (a)?!l Copyright 2016, (c)?® Copyright 2014, American
Association for the Advancement of Science; (b)?”) Copyright 2017, American Chemical Society.

Hence, the overall performance of the metasurface is a cylin-
drical lens, and it is easy to infer that the metasurface switches
to be a spherical lens for the LCP incident light (Figure 2b). The
multifunctional metasurface can not only include two phase
functions with rigorous mathematical function, but also two
arbitrary phase functions as demonstrated in Figure 2c.1 If
two arrays of silicon nanofins are interlaced row by row to focus
the LCP and RCP light to the corresponding off-axis points,
chiral imaging can be realized, where two images with opposite
helicity of an object are formed simultaneously.!!>!

Benefiting from the easy-to-integrate property, metasur-
face lens fabricated on the stretchable polydimethylsiloxane
substrate may have its focal length continuously changed.!%l
Alternatively, two metasurface cylindrical lenses are integrated
with phase change substrate (Ge;Sb,Teg), and each lens selec-
tively interacts with the substrate depending on its amorphous
or crystalline state.'” Thus, the metalens shows varying focal
distance with the temperature which changes the phase of the
substrate. In addition to the most frequently demonstrated
spherical and cylindrical lenses, the flexibility of the phase
control by geometric metasurface also yields a metalens with
arbitrary focusing property, such as multiple off-axis focusing!'®!
and multifocal metalens with conic shapes.**]

The metalenses above unambiguously extend the scope of
traditional lenses, however, they still face the problem of high
chromatic aberration. Due to the different phase accumulated
through propagation with various wavelengths, the position of
the focal points changes accordingly although the geometric
phase itself is independent of wavelengths. Several methods
have been applied to make an achromatic metalens, where focal
lengths remain unchanged versus the incident wavelengths.
By resorting the principles of holography, the information car-
ried by different wavelengths can be encoded onto a single
metasurface, hence achieving an achromatic lens working for
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A = 532, 632.8, and 785 nm.?% The geometric metasurface
can also include three different kinds of nanocuboids, which
work for the red, green, and blue light, respectively. Hence, the
anticipated wavefront of the three colors can be independently
controlled.?!l Geometric phase can also be used in combina-
tion with the group phase delay to achieve achromatic property
within a broad wavelength range.l?

Besides the novel optical properties of metalenses, the conver-
sion efficiency is the key to their real applications. For the single-
layer plasmonic metalens, the efficiency is relatively low due to
the Ohmic losses and the difficulty of eliminating the zeroth
order.?%] It was recently reported that the efficiency can be greatly
boosted in the visible wavelength range if the high aspect ratio
dielectric nanoantennas are used, for example, TiO, nanofins fab-
ricated on a glass substrate (Figure 3a).? Each nanofin behaves
as a birefringent antenna where the birefringence is induced by
the asymmetric cross section of nanofins. By carefully designing
the geometry of the nanofins, the conversion efficiency can reach
86, 73, and 66% at 405, 532, and 660 nm, respectively. A met-
alens with high efficiency and numerical aperture (NA) is thus
developed that finds application in subwavelength resolution
imaging,?# spectroscopy,2% and chiral imaging.!™”! In addition to
TiO,, the materials for the nanofins can also be GaN?"! (Figure 3b)
and silicon.”®! Figure 3c shows the metasurface consisting of Si
nanobeam array locating on the surface of the SiO,. The phase
difference between the incident TM polarized light and TE polar-
ized light is 7 at the wavelength of 550 nm, so that the beam array
functions as a half-wave plate with the fast axis perpendicular to
the nanobeams.?’l High-efficiency multifunctional metalens with
Si nanobeam array are realized to achieve axial and lateral multi-
focusing %! Besides the pure dielectric metalens, hybrid dielec-
tric-metal metalens consisting of dielectric antennas and the
metallic background can be used to achieve high efficiency in the
reflection mode for the visible®! and near-infrared®? ranges.
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Figure 4. a) Schematic of the hologram based on the reflective-type metasurface. b) Measured conversion efficiency of the hologram. c) Experimental
setup for the helicity-multiplexed hologram (left) and the images captured on the screen for the LCP and RCP incident light. d) Geometric metasurface
generated optical illusion. e) Conformable metasurfaces on a safety glass. Figures reproduced with permission from: (a),(b)!®! Copyright 2015, (c)P’]
Copyright 2015, (d)B* Copyright 2017, (e)B Copyright 2017, Nature Publishing Group.

2.2. Holograms

Computer generated holograms (CGH) can be used to create
arbitrary intensity distribution; hence, they have numerous
applications including particle trapping, optical scanning, virtual
reality, and so on. In addition to traditional methods to realize
a CGH, such as etching into a dielectric substrate or grayscale
lithography, geometric metasurface provides an easier but more
efficient way to realize CGHs with incredible performances.
Figure 4a shows a geometric metasurface hologram working
in the reflection mode.®! Each gold nanorod, along with the MgF,
spacer and the ground reflective layer can be designed to make
the whole sandwich-like structure work as a half-wave plate. The
peak efficiency reaches 80% at 825 nm, and it also works well
within 630-1050 nm (Figure 4b). To shift the working band to
the visible, Si nanoantenna can be used as an alternative, and the
image hologram (target image floating just above the sample sur-
face) can be reconstructed even using the natural light.1*®l
Although traditional CGHs are generally insensitive to the
polarization state of the incident light, a polarization-selec-
tive CGH can reconstruct independent holographic images
based on the incident polarization state, thereby extending
the CGH applications, such as imaging processing and
optical switching. Figure 4c shows the operation of a helicity
multiplexed hologram,}] where the two images “bee” and
“flower” swap their positions versus the helicity reversion of
the incident CP light. The metasurface can be realized in two
different ways: First, two arrays of nanoantennas are inte-
grated to form the metasurface, and each array corresponds
to a certain target image “bee” or “flower.” Second, a target
image includes both “bee” and “flower” patterns, each antenna
in the metasurface contributes to both patterns. The former
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method features the flexibility of integrating any two sampled
phase functions, while the latter can significantly increase the
conversion efficiency. Images of fine quality are achieved in
the whole visible wavelength range, and the peak efficiency
reaches 59.2% at 860 nm. Using the similar principle, two
symmetrically distributed “Rubin faces” can be reconstructed
on the left and right sides by RCP and LCP light, respectively
(Figure 4d).3% For the linearly polarized incident light, the
optical illusion of a “vase” can be generated. Since helicity
multiplexed holograms have great fabrication tolerance, the
commonly used silicon substrate can be replaced by soft mate-
rials such as SU-8, and the hologram is conformed to a pair of
safety glasses!®! (Figure 4e).

The nature is full of vivid colors, that is, why huge effort
has been attracted to multicolor holography even as early as in
1960s.”] Several metasurfaces have been demonstrated to work
across the visible spectrum,®® however, further integration of
all the RGB components onto a single metasurface must be
applied. The schematic of an angular multiplexed multicolor
hologramP®! is shown in Figure 5a. The target image is first
decomposed into the R, G, B components, whose positions are
properly arranged to form a new target image. Then the phase
distribution is calculated using Gerchberg-Saxton algorithm,
and each pixel value is encoded into a nanoslit by controlling its
orientation angle. The image with correct colors can be obtained
with the off-axis illumination of the red, green, and blue laser.
The angular multiplexing can also be applied by assigning dif-
ferent phase shifts to the R, G, B parts of the hologram, the
corresponding tilted incident light beams can reconstruct
the R, G, B image in the designed observation zone.l*”) Besides
the angular multiplexing method, a more straightforward way is
to find out three kinds of nanoantennas that filter out the R, G, B
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Figure 5. a) Left: Schematic of the multicolor hologram under the illumination of laser beams with different incident angles. The zoom-in area shows
a gold nanoslit antenna. Top right: Experimental results. Bottom right: Simulated geometric phase of the light scattered by an antenna with orienta-
tion angle ¢. b) The metasurface consists of aluminum nanoslits. The multicolor image can be reconstructed by the normally incident green light and
oblique incident red and blue light. c) Three kinds of silicon antennas form the metasurface, which can manipulate the R, G, B light independently.
d) Each supercell of the metasurface contains two blue units, a green unit, and a red unit, which only have high efficiency for the corresponding colors.

Figures reproduced with permission from: (a)l*¥l Copyright 2106, American Association for the Advancement of Science; (b)1“% Copyright 2016, (c)

[41]

Copyright 2016, American Chemical Society; (d)*?l Copyright 2016, The Optical Society of America.

components separately. The R, G, B parts of the hologram can
thus be designed independently, and merged together to form a
multicolor hologram (Figure 5¢,d).[*1=43]

Geometric metasurface can have subwavelength pixel size
and continuous phase levels, which renders them suitable for
3D and multiplane holography. A 3D holographic jet plane with
sub-millimeter size is demonstrated using geometric metasur-
face consisting of gold nanorods.*Y A 3D object can be regarded
as a collection of 2D images subsequently arranged in the lon-
gitudinal direction. Therefore as an alternative of 3D holog-
raphy, multiplane holography reconstructs distinct holographic
images at different distances are achieved by using silicon*’!
or plasmonic*®l metasurfaces. Usually the multiple images
are observed by manually changing their distances from the
camera. However, if the hologram is fabricated on a stretchable
substrate, the stretching can change its pixel size and hence
switch the displaced image at a given distance.*’] In addition
to the reconstruction distances, multiple images can also be
achieved according to the incident light helicity and observation
angles, leading to the increase of the information capacity.¥l

2.3. Bessel (Airy) Beam Generation

Bessel beams represent a solution of the Helmholtz equation,
and their amplitudes can be described by the first kind Bessel
equation. The Bessel beams possess several unique proper-
ties such as nondiffraction, self-healing, and self-accelerating,
which make them suitable for optical tweezing, super-reso-
lution imaging, and so on. Traditional ways to generate the
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Bessel beams usually resort to an axicon or an objective with an
annular aperture, however, they have limited NA and additional
elements have to be applied for high-order Bessel beam genera-
tion. Recently, Chen et al. demonstrated a Bessel beam gener-
ator with a single dielectric metasurface.*”! The TiO, nanofins
in the metasurface provide high conversion in the visible range.
High NA (0.9) and subwavelength beam size are verified by
the experiment. A single catenary aperture in a metallic film
can also provide geometric phase from 0 to 27 to the scattered
light."® Thus, benefiting from the unique phase pattern of a
Bessel beam, it can be represented by an array of catenary aper-
tures, which then serves as a Bessel beam generator.

An Airy beam is a nondiffracting waveform that was first
theorized in 1979, and it has found applications in partial trap-
ping, laser microfabrication, etc. Traditional way for Airy beam
generation usually involves the bulky Fourier transform system
that hinders the integration. Fan et al. proposed a dielectric
metasurface Airy beam generator that can precisely control its
deflection and focal length.P] A geometric metasurface can
also provide a degree of freedom for controlling the phase and
polarization of the Airy beam, thus generating Airy vortex and
Airy vector beams.’Z By combining both phase and amplitude
manipulation of light parameters, the nondiffracting and self-
healing features of Airy beams are also demonstrated.?’!

2.4. Helicity-Dependent Beam Steering
Spin—orbital interaction (SOI) refers to the phenomena that

the spin affects the intensity distributions and propagation
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directions of the light beams.’* The SOI effects can be divided
into two categories: internal and external. The internal SOI
results from the fundamental properties of Maxwell equations,
such as the split of paraxial beams in inhomogeneous media.
The external SOI appears when the light passes through or is
reflected by the anisotropic media, such as metasurfaces. Spin-
dependent beam splitting by geometric metasurfaces falls into
the latter category, and it offers great potential for novel optical
applications.

Figure 6a shows the schematic of the metasurface where
the orientation of the nanorods group changes periodically
along the vertical direction, and they remain the same along
the horizontal direction.”> With the CP incident light, the
metasurface provides a phase gradient do/dx for the con-
verted part, and there is no phase gradient for the uncon-
verted part. It is straightforward to understand that the phase
gradient changes to —d@/dx if the helicity of the incident light
is reversed. Thus, for the incident linearly or elliptically polar-
ized incident light, the converted LCP and RCP components
will be shifted to different directions. The operating effi-
ciency of the metasurface increases with the increasing of the
number of the nanorods in each unit cell due to the near-field
coupling and plasmonic hybridization among the nanorods.
The CP light splitting is also achieved through dielectric meta-
surfacesP8l with a higher conversion efficiency (Figure 6c).
Similarly, metasurfaces fabricated by the femtosecond laser
writing can achieve helicity-dependent beam splitting in
the visible range.l® With careful design of the nanoan-
tenna structures in the beam splitting metasurfaces, nearly
100% conversion efficiency has been realized in the micro-
wave range,?¢1l and 70% in the near-infrared range.l®” The
nanoantennas can even be made of 2D materials such as gra-
phene,[®3 and the reflectivity is tunable versus the Fermi level
E. In addition to the nanoantennas with varying orientations,
a single slim nanoaperture can also provide phase gradient
to the scattered light according to its inclination angle, and
hence achieve beam splitting.®¥ The metasurfaces mentioned
above all shift the LCP and RCP components to different
sides. However, if the geometric phase and the propagation
phase are both properly controlled, a special spin-dependent
splitter can be achieved, which only deflect one polarization
component while leaving the other undeflected.®]

In the following, several novel applications have been
found based on the unique polarization splitting function-
ality. Figure 6b shows a polarization measurement method
utilizing the phase gradient metasurface.’’) The intensity
ratio 1; between the converted LCP and RCP parts is inversely
proportional to the LCP and RCP ratio of the incident light.
Hence, the intensity distribution of the light spots in the
observation plane changes with incident polarization states.
The ellipticity and helicity of the incident polarized light can
thus be deduced by measuring 1,. Besides the ratio 7, the
intensity difference between the converted LCP and RCP
parts denotes the value of Stocks parameter S;. If the spin-
dependent beam splitter is combined with other metasurfaces
for measuring S; and S,, the full polarization state of the inci-
dent light can be obtained.(®!

The metasurfaces with large phase gradient can not only
divert the LCP and RCP components, but also they are highly
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dispersive, that is, different wavelength can be separated with
high resolution. Hence, the spectrum for the LCP and RCP
components of the incident light can be obtained simultane-
ously.l”) The polarization beam splitting can happen along any
phase-gradient direction, including both the transverse and lon-
gitudinal directions. By integrating the phase gradients along
the two directions with a dynamic phase lens, the scattered
LCP and RCP parts are not only separated, but also focused to
different positions.%8] Spin-dependent splitting and focusing
are also realized in the THz range, where the phase gradients
along both directions are achieved by the distribution of the
antennas.®! Since the LCP and RCP images of the target object
can be simultaneously formed, interesting functionalities such
as the circular dichroism measurement can be performed with
a simplified imaging system.

As mentioned above, the efficiency of dielectric metasur-
faces is usually higher than plasmonic metasurfaces due to
the abundant resonances of dielectric nanoantennas, such as
waveguide modes, simultaneous electric and magnetic dipole
resonances. One way to significantly increase the efficiency
of the plasmonic metasurfaces is to increase the effective
interaction distance of light travelling in nanoantennas. In
recent years, Cheng et al. proposed few-layer metasurfaces
that can remarkably expand the functionalities of plasmonic
metasurfaces with high efficiency.”” These few-layer meta-
surfaces can generate near-field interaction,’!] Fabry-Pérot
resonances,/’? waveguide modes!”3! between layers, leading to
expansion of functionalities and improvement of efficiency.
As shown in Figure 6d-f, a three-layer geometric metas-
urface is proposed to generate high-efficiency asymmetric
anomalous refracted and reflected light.” The orientation
of nanorods in each unit cell is different from each other,
which leads to a multiwave interaction to increase the effec-
tive propagation distance in the metasurface. When the LCP
and RCP light is incident from forward and backward, the
metasurface plays different roles of spin conversion and
spin reflection. This effect can also be utilized to achieve
asymmetric transmission (Figure 6g), and the asymmetric
transmission coefficient reaches 0.638 at 183.1 THz.5%l This
designing methodology can also extend to acoustic metasur-
faces to achieve feasible coding acoustic metasurfacel’* and
asymmetric transmission.””]

Furthermore, the strength of the CP light can be modulated
by simultaneous incident LCP and RCP light.*>7¢] With accu-
rate control of the incident angles and relative phase of the
CP light, the intensity of the refracted anomalous light can be
dynamically tuned (Figure 7a,b). This phenomenon originates
from the interference of the anomalous and ordinary refracted
light, which is highly dependent on the incident angle and rela-
tive phase of the CP light. Similar method has been adopted
in linearly polarized incident light to control the intensity of
the refracted light by changing the incident polarization direc-
tion.””l The helicity-dependent beam steering is also realized
through graphene-based metasurfaces. Graphene, 2D material
with high carrier mobility, is capable of generating plasmonic
resonances.”® Cheng et al. proposed graphene nanocrosses to
achieve broadband optical beam steering in the infrared wave-
band,”” as shown in Figure 7c,d. The efficiency of such metas-
urfaces is near to that of metallic plasmonic metasurfaces. One
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Figure 6. a) Top: Schematic of the metasurface that deflects LCP and RCP light to different directions. Middle: The deflection angles of LCP and RCP light
for different incident angles. Each supercell contains eight nanorods groups with varying orientations. Bottom: By increasing the number of nanorods
in each unit cell, the efficiency of the plasmonic metasurfaces increases, and the working waveband expands. b) Top: The incident light is decomposed
partially into the LCP and RCP components, which are anomalously refracted to both sides. Bottom: The ellipticity of the incident light can be deduced by
measuring the intensity of the anomalously refracted LCP and RCP light. c) Top: The dielectric metasurface deflects LCP and RCP light to different direc-
tions. Middle: The metasurface contains amorphous silicon nanofins on a glass substrate. Each supercell contains six nanofins with varying orientations.
Bottom: A supercell has the length P, and width P,. d) Schematic of the reciprocal anisotropic few-layer metasurface. e) The intensity of the reflected
light with different number of supercells. f) Electric field distribution for LCP and RCP light incident from forward and backward directions, respectively.
g) Top: Forward LCP incident light can be converted to RCP transmitted light and backward LCP incident light is reflected to LCP light. Bottom: Calcu-
lated asymmetric transmission efficiency for LCP and RCP light. Figures reproduced with permission from: (a)** Copyright 2015, (g)P°® Copyright 2016,
Wiley-VCH; (b)B71 Copyright 2015, The Optical Society of America; (c)*® Copyright 2014, (d-f)i% Copyright 2016, Nature Publishing Group.

of the advantages of employing graphene is that the intensity ~ the graphene-based metasurfaces working in deep subwave-
of the refracted light dynamically changes with the Fermi length scale are capable of realizing high-order optical modula-
level of graphene. Since the graphene nanostructure with size  tion such as high-order diffraction (Figure 7e) and high-order
decreasing to /80 still can generate plasmonic resonances,  optical vector beams. 5
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Figure 7. a) The strength of the anomalous refracted light can be dynamically controlled by simultaneous LCP and RCP incident light. b) The electric
distribution of the refracted RCP light with different relative phase ® of 0°, 82°, and 180°, respectively. c) Schematic of the graphene-based geometric
metasurface and the near-field electric distribution. d) Transmission spectra of the graphene nanostructure under linearly polarized and CP light. The
LCP and RCP light propagate to different directions when passing the metasurface. e) Phase shift of different graphene groups to achieve high-order
anomalous reflection. The graphene nanoantenna is similar to that in (c) and (d) with reduced size. Figures reproduced with permission from: (a), (b)/7®l
Copyright 2014, The Optical Society of America; (c),(d)”® Copyright 2015, (e)®% Copyright 2018, Wiley-VCH.

3. Wavefront Shaping of SPP

In addition to the wavefront control in the free space, geometric
metasurfaces can serve as bridges to link the SPP waves with
the incident light, hence shaping the SPP wavefront. Novel
applications can be found such as SPP directional coupling
and helicity-dependent wavefront control, which dramatically
improves the near-field applications of SPPs.

Despite different mechanisms have been applied for SPP
launching, such as the prism coupling and grating coupling,
the excited SPP waves always have the fixed propagation direc-
tion. By utilizing the helicity-dependent phase gradient gen-
erated by the geometric metasurface, the SPP unidirectional
excitation can be realized.B!] When the incident light changes
from RCP to LCP, the phase matching condition is shifted, and
the direction of the SPP excitation (Figure 8a). With the LCP
or RCP incident light, the excited SPP shows high extinction.
However, SPPs along both directions can be excited with ellipti-
cally or linearly polarized incident light, which offers another
freedom for SPP control.B!d

The directional scattering of the SPP can also be real-
ized in another way, where each nanoaperture defined in the
metallic film can be regarded as a dipole that scatters the inci-
dent light polarized perpendicular to its long axis.®¥l Under
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the illumination of CP light, the phase of the scattered SPP
wave change with the orientations of the nanoslits.®* Hence,
two columns of nanoslits with perpendicular orientations and
a properly designed spacing can serve as the spin-dependent
directional coupler (Figure 8b). The nanoslits can be replaced
by nanorods placing on top a graphene layer to directionally
excite the graphene plasmons.®’!

It is interesting to note that nanoslit arrays arranged in
a ring!®! or spiral shapel® can form a helicity-dependent
plasmonic lens. Under the matched CP light, the SPP will
be focused into the central point, or else it will be diverted
for the orthogonal polarization. Thus, the lens is used as a
plasmonic CP light analyzer.[®>#” The spiral-shaped nanoslits
array can also be used to control the OAM of the SPPs by
simultaneously utilizing the geometric phase and the
dynamic phase.[®8]

Similar to the principles of the CGHs, the desired SPP wave
profile can serve as the target image and the geometric meta-
surface acts as a holographic coupler. By using a geometric
phase matching scheme, that is, the method to deduce the
angles of the nanoslits array from the target pattern, two SPP
beams generated by LCP and RCP light can cooperate with
each other, and reconstruct helicity-dependent SPP profiles
(Figure 8c).1828
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Figure 8. a) Schematic (top) and experimental results (bottom) of the unidirectional SPPs excitation. With the RCP(LCP) incident light, the SPP travels to
the right (left) side and coupled out by the coupler. b) Top: The parallel nanoslit pairs are repeated to form the metasurface, which couples the incident
light to different directions according to its helicity. Bottom: Simulation results for the near-field distribution under different incident polarization states.
c) Top: Simulated (top) and experimentally obtained (bottom) SPP profiles for the LCP and RCP incident light. Figures reproduced with permission from:
(a)B1@ Copyright 2013, (c)®2 Copyright 2015, Nature Publishing Group; (b)8¥l Copyright 2013, American Association for the Advancement of Science.

4. Optical Rotation

Light with linear polarization has equal LCP and RCP compo-
nents, and if the light passes through certain material with cir-
cular birefringence, that is, the refractive indices for the LCP
and RCP light are different, the polarization angle of the output
light will be rotated. This phenomenon has given birth to many
useful applications, such as concentration determination/®” and
organic structure analysis.”!! Traditional way to obtain optical
rotation usually resorts to chiral materials or Faraday effect, but
it is difficult to minimize such devices due to the weak rota-
tion coefficient in the naturally available materials. By mim-
icking the natural chiral materials, 3D chiral metamaterials can
effectively manipulate the polarization rotation,?! but it suffers
from fabrication difficulties. Chiral metasurfaces are also devel-
oped,®l however, the magnitude of the rotation angle is lim-
ited. In comparison, geometric metasurfaces can realize optical
rotation without resorting to the chiral antennas, and the major
approaches will be introduced in this section.

For geometric metasurfaces, the optical rotation of the
output beam can be obtained by the collective function of all
the antennas. As shown in Figure 9a, the metasurface contains
two subunits, both of which can decompose the incident light
to LCP and RCP components, and send them to different direc-
tions.” With the displacement of the two subunits, the phase
difference A® is provided to the copropagated LCP and RCP
light, which then recombine and form a new polarization state.
Since the rotation angle equals to 7d/p, it is convenient to control
the optical rotation angle through the arrangement of the subu-
nits. To boost the conversion efficiency, reflective-type metasur-
face can be used®! and multiple beams with different polariza-
tions are generated simultaneously.”® Since the optical rotation
is only obtained through the geometric phase, it can even rotate
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a vector field regardless of its nonuniform spatial polarization
distribution.”!

For a traditional half-wave plate, optical rotation can be
achieved due to the different phase accumulation along its fast
and slow axes. Similarly, Liu et al. developed a metasurface half-
wave plate, where a subunit is composed of two nanorods with
the orientation angles ¢; and ¢, (Figure 9b).* For the linearly
polarized incident light with the polarization direction ¢, the
output light will be rotated to ¢, + ¢, — 2¢. As shown in Figure 9c,
a metasurface-based rectangular phase grating is demon-
strated for optical rotation. There are only two subunits, with
the orientation angles of ¢;/2 and ¢,/2. The linearly polarized
incident light can be decomposed into the RCP and LCP com-
ponents, and their phase difference A is related to ¢, and ¢,
thus the rotation angle can be easily controlled with properly
designed A%l

5. Orbital Angular Momentum and Vector Beam
Generation

There are two kinds of angular momenta that a light beam can
carry: the spin angular momentum (SAM) and the OAM. SAM
can only have two values, £72 per photon, corresponding to
the LCP and RCP light, respectively. While OAM can have the
values of £h per photon, £ =0, 1, £2, £3....... Figure 10a shows
sample examples of OAM beams with different topological
charges. A topological charge refers to the number of the twist
in one wavelength or the number of azimuthal phase wind-
ings about the beam axis. The higher the topological charge,
the faster the light is spinning around its axis. The wavefront,
the phase distribution, and the intensity profile are presented
in this figure.
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Figure 9. a) Schematic of the metasurface for optical rotation. It contains two kinds of subunits, with an offset distance d. b) A single unit of the
metasurface half-wave plate is composed of two antennas with orientation angles ¢, and ¢, the optical axis has the direction (¢, + ¢,)/2. c) Top: The
optical rotation process: an incident light beam is rotated by angle f3,; after reflection. Bottom left: Schematic of the metasurface. Bottom right: SEM
image of the metasurface. Figures reproduced with permission from: (a)l®!l Copyright 2014, (b)®®>! Copyright 2017, American Chemical Society; (c)®®

Copyright 2017, American Institute of Physics.

Despite many approaches and methods['®! have been pro-
posed to generate the OAM beams, these systems are typically
bulky in size, which hinders their applications in integrated
optics. Moreover, the limited resolution of the spatial light mod-
ulators, low damage threshold of the g-plates still need to be
overcame for practical applications. The progress in nanofabri-
cation techniques has enabled the development of metasurfaces
to control the wavefront of the incident light in the subwave-
length domain. By spatially adjusting the geometric param-
eters of unit cell of metasurface, one can generate and control
the OAM at will.l'% For instance, a plasmonic metasurface is
demonstrated to impart the OAMs to the incident CP plane
waves!'%®! (Figure 10b). A 3D volumetric optical vortices gen-
erator is realized using geometric metasurface with dielectric
nanopatterns.'®! The concepts of Dammann vortex gratings
and spiral Dammann zone plates were employed to generate
vortex arrays (Figure 10c). Not only can metasurface be utilized
to generate the OAM states, it also provides a flexible way to
manipulate the superposition of two OAM states. Yue et al.
proposed and demonstrated a metasurface approach to realize
polarization-controllable multichannel superpositions of OAM
states with various topological charges.['%! Under the RCP inci-
dent light, four OAM states (from £ =1 to { = 4) are generated
at the same time (Figure 10d,e). By manipulating the polariza-
tion state of the incident light, different OAM superpositions
are realized in different channels. As shown in Figure 10d, if
the incident light changes to be linearly or elliptically polarized,
the left channel will be the superpositions of £ = 3 (RCP) and
£=-1(LCP), and the right channel corresponds to the { =1 (RCP)
and £ = -3 (LCP). It is similar for the top and bottom channels,
and the case for the right channel under different incident
polarization states is shown in Figure 10f. Later, a method for
imparting independent OAMs to two orthogonal polarizations
was proposed!'™ (Figure 10gh). Owing to its capabilities of
arbitrary engineering of phase at nanoscale, metasurface shows
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great potential in system integration and device miniaturiza-
tion. For example, Zhang et al. showed a metasurface device
with tunable functionalities including polarization-controllable
hologram generation and superposition of orbital angular
momentums.!'%2 Figure 10i shows the experimental results of
holograms and vortex beams.

Light is characterized by amplitude, phase, and polarization.
Besides phase, metasurface can also manipulate the polariza-
tion profile, which further expands its capabilities for various
applications, such as vector beams!'”’l and vector vortex beams
generation,['%® image encoding.'”! Arbabi et al. demonstrated
a dielectric metasurface approach to generate cylindrical vector
beam by locally modifying the polarization.'”’¢l Radial and
azimuthal vector beams were generated from x and y linearly
polarized beam (Figure 11a). Yue et al. reported a reflective-
type plasmonic metasurface that can generate cylindrical vector
vortex beams.[1%] The vector vortex beams are obtained through
the superposition of two circular components, which are the
converted part with an additional phase pickup and the residual
part without a phase change (Figure 11b). The “s” pattern
clearly verifies that the vector beam carries OAMs (Figure 11c).
Yue et al. also demonstrated a metasurface approach which
can hide a high-resolution grayscale image into a laser beam
with the spatially variant polarization states.'%” The encoded
image can be revealed after passing through a linear polarizer
(Figure 11d). Metasurface platform provides a novel route to
manipulate the polarization profile with high resolution, which
renders this technology very attractive for diverse applications.

6. Geometric Metasurface for Nonlinear Applications

The geometric metasurfaces introduced above are all within
the scope of linear optics, that is, the frequency of the scattered
light carrying the geometric phase has the same frequency
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of £=2. c) 3D vortex array generation by a dielectric metasurface. The metasurface works within the Fresnel range. d) Schematic of four OAM states
from £=1 to £ =4 generation under illumination of RCP light. e) The experimentally observed intensity profiles of four OAM beams. f) Simulated and
experimentally recorded intensity profiles of the hybrid superposition of OAM modes |R £ =1) and |L £ = =3). g) Schematic of dielectric metasurface
consisting of nanopatterns with predesigned spatial variation of phase shifts and birefringence by adjusting the parameters including length, width, and
orientation angle. h) Generation of two independent OAM states of m = =3 and n = —4 from two orthogonal SAM states with elliptical polarizations.
The measured intensity profiles and interference pattern confirm that the two output beams (deflected by £10°) contain the designed values of OAM.
i) The experimental results of holograms and vortex beams generated from a single metasurface device. Both the two holograms and the sign of two
vortex beams (£ =1 and £ = —1) are dependent on the helicity of the incident beam. Figures reproduced with permission from: (a), (b)['%®l Copyright
2014, Nature Publishing Group; ()"l Copyright 2017, (i)[1% Copyright 2017, American Chemical Society; (d)—(f)['®! Copyright 2017, Wiley-VCH;
(g), ()% Copyright 2017, American Association for the Advancement of Science.

with the incident light. With the flourishing application of the
plasmonic antennas in the field of optics, the analogue of the
linear geometric phase in the nonlinear field has raised great
attention. In the following, the nonlinear geometric phase and
its application, along with the rotational Doppler effect will be
introduced.

Under the illumination of the CP incident light, the co- or
cross-polarized nth harmonic generation will have the non-
linear geometric phase of (n — 1)a@ or (n + 1)06,11% where
o = *1 represents the LCP(RCP) light and 6 is the orientation
of the nanoantenna. Figure 12a shows nanostructures with two-
and fourfold rotational symmetry, the propagation direction
of the third harmonic generation (THG) can be controlled by
the nanoantenna distributions. Similarly, the geometric meta-
surface with highly nonlinear multi-quantum-well substrates
can realize second harmonic generation (SHG) beam steering,
focusing, and polarization manipulation (Figure 12b).[112]
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It is worth mentioning that the flexibility in controlling the
nonlinear geometric phase has enabled the nonlinear holog-
raphy and OAM generation. Using a metasurface with split
ring antennas, the LCP incident light can generate three distinct
images: the RCP image in the linear domain and the RCP, LCP
images in the nonlinear domain (Figure 12c).'" Walter et al.
demonstrated a nonlinear metasurface hologram that can only
reconstruct clear images by its second harmonic generation,
which can be used for image hiding ' Like the linear geometric
phase, the positive or negative sign of the nonlinear geometric
phase is determined by the helicity of the incident light. Thus, the
helicity-controlled OAM of light in harmonic generations can be
realized."™™) If the chiral nanostructure is used, that is, the field
enhancement only occurs for a helicity, the high harmonic OAM
can be generated using the linearly polarized incident light.['°]

In contrast to the well-known translational Doppler effect,
a rotating g-plate can shift the frequency of the converted light
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passing through a polarizer (the white arrow shows the transmission direction of the polarizer). d) A metasurface can generate a light beam with an
inhomogeneous polarization profile to hide a grayscale image. The incident polarization states on the left, top right and bottom right are linear polari-
zation (LP), RCP and LCP, respectively. Figures reproduced with permission from: (a)l'%’¢l Copyright 2015, (d)I'® Copyright 2018, Nature Publishing
Group; (b),(c)["%®! Copyright 2016, American Chemical Society.
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according to its rotation speed and direction, which is rota-
tional Doppler effect.''”] Since geometric metasurface platform
provides an efficient way for the generation of OAMs, rota-
tional Doppler effect is demonstrated using metasurface-based
g-plate.l''3118] In the linear domain, the g-plate imparts the OAM
of —2qo; to the converted light, where g is an integer determined
by the antennas distribution and o; = +1 represents the helicity of
the incident light. Hence, the frequency shift equals to 2Q(q — 1)
0;, and Q is the angular rotation frequency of the object.

7. Other Applications

Optical metasurfaces have revolutionized optical research in
recent years, providing novel devices based on the geometric
design and arrangement of light-scattering nanoantennas.
Despite the various applications of the geometric metasurfaces
mentioned above, a few other interesting applications are worth
mentioning to inspire our readers in different fields.

(1) The combination of geometric phase and dynamic phase.
Most of the reported metasurfaces are passive, meaning that
the optical properties or functionalities are predefined once
the components are fabricated and cannot be reconfigured
dynamically. The two kinds of phases can be used together
to achieve circular dichroism, or encode two independent
phase functions to any kind of orthogonal polarizations.['?’!

(2) Complex amplitude control. Despite geometric metasurfaces
only control the phase in most cases, an X-shaped meta-atom
with carefully controlled orientation angles of its two arms is
reported to simultaneously control the amplitude and phase
of the scattered light.[12!]

(3) A helicity preserving mirror. Generally, the helicity of the re-
flected light from the normal mirror is reversed, but the heli-
city can be preserved if the light shines on the high-efficiency
reflective-type metasurface.'??]

(4) Shared aperture antenna arrays. By interleaving of several
independent antenna arrays, multiplexed geometric-phase
profiles, as well as several independent functionalities can be
achieved.[1?3]

(5) THz modulators. Since the transmittance of THz waves
through natural occurring materials is generally weak, the
development of THz modulators is thereby hindered.l'?]
Benefiting from the strong interaction between the subwave-
length metallic antennas and the THz waves, metasurfaces
are very versatile in the THz wave applications,'?! including
the spectrum, 2% polarization,?”l and wavefront!'?8l modula-
tion of the transmitted or reflected waves.

8. Conclusion and Outlook

Metamaterials have brought up new ideas and enabled many
groundbreaking discoveries due to the engineering flexibility in
tailoring electromagnetic properties by introducing the meta-
atom concept, but their practical applications in the optical
range are primarily limited by the technical challenges such
as 3D nanofabrication. Amplitude, phase, and polarization are
the fundamental properties of light beam, which can be locally
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modified by using optical metasurfaces with planar structures,
and it enables flat optical components with customer-designed
functionalities. Geometric optical metasurfaces have shown
unprecedented capabilities in the manipulation of the polari-
zation and phase of light at the subwavelength scale, allowing
for implementation of a wide variety of optical components.
Some of the demonstrated unusual functionalities of metasur-
face devices cannot be obtained using even the highest quality
commercial devices, and some have to be achieved using
bulk optical components. The novel metasurface devices with
designed functionalities render geometric metasurface devices
very attractive for practical applications and might directly
replace conventional optics in many applications.

Active control of metasurfaces can further extend their
applications by realizing tunable properties or switchable
functionalities without actually replacing optical elements in
a system.['?l Although thermal tuning,3% voltage bias,[3! or
geometrical deformation!'3?l has been incorporated into meta-
surfaces, this kind of tuning is based on functional materials
(e.g., semiconductors and graphene). A key challenge in the
field of optical metasurfaces is the realization of reconfigurable,
randome-access surfaces, devices whose individual nanostruc-
tures can be geometrically rearranged in order to produce “on-
demand” optical properties. Demonstration of this capability
would unlock a variety of novel adaptive photonic devices,!33]
including dynamic lenses, active holograms, and functionality-
switchable devices, and would have wide-ranging application in
optics, data, communications, and fundamental physics.
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