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Abstract

A metasurface is an artificial nanostructured interface that has subwavelength
thickness and that manipulates light by spatially arranged meta-atoms—
fundamental building blocks of the metasurface. Those meta-atoms, usu-
ally consisting of plasmonic or dielectric nanoantennas, can directly change
light properties such as phase, amplitude, and polarization. As a derivative
of three-dimensional (3D) metamaterials, metasurfaces have been emerging
to tackle some of the critical challenges rooted in traditional metamaterials,
such as high resistive loss from resonant plasmonic components and fabri-
cation requirements for making 3D nanostructures. In the past few years,
metasurfaces have achieved groundbreaking progress, providing unparal-
leled control of light, including constructing arbitrary wave fronts and real-
izing active and nonlinear optical effects. This article provides a systematic
review of the current progress in and applications of optical metasurfaces,
as well as an overview of metasurface building blocks based on plasmonic
resonances, Mie resonance, and the Pancharatham-Berry phase.
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7.2

1. INTRODUCTION

Scientists have long used the intrinsic properties of naturally occurring materials to build various
optical components. Such components, for example, lenses, achieve wave front control through
accumulated phase and amplitude change as light propagates inside the material. Therefore, those
conventional optical components are constrained by the refractive index of the materials and the
macroscopic structures of the components. The emerging 2D metamaterials (1), known as meta-
surfaces (2, 3), use an alternative approach for light manipulation based on abrupt and designable
light modulation through subwavelength-thick elements. Those metasurfaces not only achieve the
novel functionalities of their 3D counterparts, such as negative-angle refraction and invisibility
cloaking, but also provide viable solutions to some of the limitations of 3D metamaterials, for
example, high resistive loss and the complicated 3D fabrication process. Metasurfaces consist of
subwavelength-sized meta-atoms, with spatially varying structural features or material composi-
tions. They exhibit remarkable flexibility in manipulating the properties of light at an optically
thin interface. Therefore, the high resistive loss accumulated in bulky 3D metamaterials is greatly
mitigated with subwavelength-thick nanostructures. Moreover, metasurfaces are easy to fabri-
cate using traditional nanofabrication techniques, including photolithography and electron-beam
lithography, which are already commonly available in semiconductor industry.

Although the concept of a metasurface was proposed only a few years ago, artificially engi-
neered structures have been widely adapted to control electromagnetic waves in multiple fre-
quency regimes, for example, the frequency-selective surface (FSS) in microwave and blazed grat-
ings as well as photonic crystals (4). However, metasurfaces differ from those structures in having
spatially varying optical responses, which originate from localized interaction between light and
meta-atoms, whose geometry and spatial distribution can be flexibly designed to generate desirable
optical functions.

In this review, we systematically introduce the recent advances in metasurfaces and their major
applications. We begin in Section 2 with a classification of metasurfaces regarding the material
types of their constituents: plasmonic or dielectric. We explain the operating mechanisms of both
designs. Sections 3—7 present some major applications of metasurface-based devices. In Sections 8-
11, we discuss some unique physical properties of metasurfaces that were discovered in recent years;
these properties give us a better understanding of the metasurface as a new platform for studying
light-matter interactions. To conclude, we envision the future development of the metasurface
technology.

2. META-ATOMS: BUILDING BLOCKS OF THE METASURFACE

Plasmonic materials, including metals and some transparent conducting oxides, transition metal
nitrides, and 2D materials, display strong interaction with light through plasmonic resonances (5—
8). In the process of interaction, electrons inside the material are shifted from their steady-state
positions due to the external electrical field. Such behavior, known as polarization, generates an
internal field to restore the electrons to their original places. Therefore, under a time-harmonic
external field, a collective manner of oscillation is generated with a phase shift of 7t over the
spectral width of the resonance. Moreover, depending on the size of plasmonic particles, they can
be polarized either completely (for smaller particles) or only at the surface (for larger particles),
resulting in a simple dipolar resonance or a multipole resonance. The resonant frequency of these
resonances naturally depends on the shapes, materials, and surrounding media of these particles.
Specifically, for larger particles, the effect of size and shape is more evident since the polarization
happens mainly at the surface. Nevertheless, a 27t phase shift is required to provide full control of
the wave front of the interacting wave. According to Huygens’ principle (9), every point on a wave
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front is a source of wavelets, which will spread out with the same speed as the source wave, and
the line tangent to these wavelets forms the new wave front. On a plane metasurface, secondary
waves reflected by or transmitted through the nanoantennas will gain different phase shifts, and
thus they can interfere and generate an arbitrary wave front.

To increase the phase shift amount of single-mode dipolar resonance to 27, researchers in-
vented V-shaped nanoantennas (9, 10) that can support two resonant modes (Figure 14): a sym-
metric mode and an antisymmetric mode. By superposition of those two resonance modes, a phase
shift of 27t can be successfully achieved for the cross-polarized light, whose polarization is per-
pendicular to that of the incidence. Since there is a polarization conversion associated with the
output light, the efficiency of this design is usually low. To overcome this limitation, researchers
have adopted another design that incorporates a metallic ground plane separated from the top
nanoantenna array by a thin dielectric spacer layer (11, 12). Light incident on this system will
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Figure 1

(@) Resonances in plasmonic nanoantennas. Different resonant modes are excited inside the antenna with different incident
polarizations (denoted by E). Both electric modes (indicated by the red arrows) and magnetic modes (denoted by #2) can induce a phase
shift to the incident light. The shape and orientation of the nanoantenna [with respect to the electric field direction (denoted by E) of
incident light] affect the excited resonances. (b) A sphere dielectric resonator is excited by a linearly polarized incidence (E denotes the
electric field direction) at normal incidence (indicated by the wave vector k). The normalized electric field distribution is shown for a
magnetic dipole and an electric dipole. The white arrows indicate the directions of the displacement current. (¢) Illustration of the
electric and magnetic dipolar resonances. When these resonances are perfectly overlapped, a phase shift of 27t can be generated. Panel 2
adapted with permission from Reference 5. Panel # adapted with permission from Reference 19.
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induce antiparallel electric currents on the nanoantennas and the ground plane, creating a gap
resonance and extending the phase shift to 27t. Furthermore, the hybridization of plasmonic res-
onance with the Pancharatnam-Berry (P-B) phase (13, 14) can also enlarge the phase shift range
to 27t but works only for circularly polarized light.

Because plasmonic materials can provide strong optical resonances, they were chosen as the
constituent materials of metasurfaces in the beginning stages of research (9, 10, 15), and many
encouraging results were achieved. However, one of the most evident limitations of such plasmonic
metasurfaces is that the energy of light tends to dissipate into heat in plasmonic materials (2).
Similar problems also existin phononic materials such assilicon carbide, in which the light-material
coupling is carried out by the vibration of phonons instead of electrons (16). The resistive loss
reduces the overall efficiency of the device, thus restricting them from many practical applications.
Because plasmonic structures have great abilities in confining light in the nanoscale, incident light
will quickly increase the local temperature. Therefore, plasmonic structures usually have a low
input power threshold of deforming and/or destroying the nanostructures. In addition, noble
metals, such as gold and silver, are widely used as the building materials for plasmonic structures,
which increases the fabrication cost, and such use is incompatible with conventional semiconductor
processes.

To break those limitations, novel designs of metasurfaces using purely dielectric materials
were demonstrated (16, 17). Instead of coupling light to free electrons or phonons to create
resonances, nanostructures made of dielectrics or semiconductors with high refractive indices,
such as titanium dioxide, silicon, germanium, and tellurium, can manipulate the properties of
light through Mie resonances (18) and can achieve enhancement for both the electric and magnetic
fields. Since transparent dielectric materials usually have a small imaginary part of permittivity,
only slight resistive loss is introduced to the structures by those materials. Such devices could
maintain a substantially high efficiency. Moreover, making all-dielectric metasurface structures
can be compatible with the current semiconductor processes.

A simple instance could be used to illustrate the resonance of dielectric nanoantennas. As
shown in Figure 15, for dielectric, sphere-shaped resonators, the two lowest resonant modes
excited by the incident light are the electric and magnetic dipolar resonances (19). Higher-order
modes are generally neglected, as they are orders of magnitude smaller in magnitude. The origin
of the magnetic mode is similar to that of split-ring resonators, which results from the circulating
displacement currents, leading to strong magnetic polarization in the center of the resonator. By
overlapping the magnetic resonance with electric resonance, itis possible to achieve a phase change
covering the entire 27 range (Figure 1c¢). Interestingly, when the electrical and magnetic dipole
moments orient perpendicularly to each other, the scattered light is unidirectional, which can be
readily realized in dielectric nanostructures to make reflection-free Huygens metasurfaces (20, 21).
"This behavior can be conceptually explained by the first Kerker condition, proposed in 1983 (22).

Aside from the plasmonic and dielectric metasurface designs based on dipolar resonances, re-
searchers are also looking into coupled resonators exhibiting Fano resonances, which arise from
the interference between a broad spectral line or continuum with a narrow discrete resonance
(8, 23). With antennas with broken inversion symmetry, such as the asymmetric split-ring wire
resonators, weak coupling of the plasmonic modes to free-space radiation modes can create nar-
row Fano-like resonances with narrow linewidth and high Q factor through interaction between
a super-radiant broader dipole mode and subradiant magnetic dipoles (24). Fano resonances were
also observed in pure dielectric systems (25-27) through coupling of magnetic and electric dipolar
modes. The Fano resonance is directional (27) because the scattering wave is enhanced in one
direction due to constructive interference and suppressed in the other due to destructive inter-
ference. The scattering direction is sensitive to frequency shift, which can be exploited in sensing
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(28) and optical switching (29) applications. This type of resonance shows a new way to construct
low-loss, nonlinear, and active metasurfaces (30).

In addition to resonance-based phase or amplitude modulation, there is also a different ap-
proach based on the P-B phase, namely the geometric phase, to achieve phase shifts. This method
works only for circularly polarized light. In the early 2000s, Hasman and his coworkers (31-33)
used space-variant subwavelength gratings to convert circularly polarized light into an arbitrary
polarization or to form vortex beams. The building block of P-B phase metasurfaces can be viewed
as wave plates with identical geometry but spatially varying orientations of fast axes. This space-
variant polarization manipulation is easily explained by the Jones matrix (33):

T(x,y) =RE @I @R O @),

where J(¢) is the Jones matrix for a wave plate with retardation ¢, R is the rotation matrix, and 0
is the local orientation of the fast axis of the wave plate. If right-handed |R) and left-handed |L)
circular polarized (RCP and LCP, respectively) light is incident on the metasurface, the resulting
light beams will have the following form:

Eoupuerce = T (x,7) [R) = [cos (¢/2) — i sin(¢/2) exp (—i260)] |L),
Eoupuerce = T (v,y) [L) = [cos(¢/2) — i sin(p/2) exp (i20)] |R).

It is evident that a RCP or LCP light will be converted into the opposite circular polarization
and will lose or gain an additional spatially variant phase 26(x, y), respectively. If the unit cell of
the wave plate is rotated from 0° to 180°, the induced phase shift can be continuously tuned from
0 to 27t. The phase shift is purely geometric and independent of any dispersive resonances, and
therefore it has a broad operational bandwidth. Its performance is limited only by nanoantenna
scattering efficiency. In contrast, P-B elements can be resonantly excited to increase the scattering
efficiency, but the phase shift still mostly comes from the geometric phase.

So far, we have addressed an overall mechanism of the building blocks of metasurfaces. Below,
various metasurface-based applications are introduced to cover the topics of current metasurface
research.

3. METASURFACES FOR LIGHT BENDING AND FOCUSING

Metasurfaces can introduce abrupt phase changes at the interface, which originates from the
various mechanisms mentioned in Section 2. Relative to conventional optics, where phase is accu-
mulated along the propagation path of light, metasurfaces provide a simpler solution to engineer
phase directly within an optically thin layer.

3.1. Phase-Gradient Metasurfaces

With that phase engineering capability, we can artificially introduce a linear phase gradient on a
surface. Similar to the fact that the behavior of light at the interface of two media is governed by the
traditional Snell’s law of reflection and refraction, light behavior at a phase-gradient metasurface
can be described by the generalized Snell’s law. It can be derived utilizing Fermat’s principle of
light propagation, which indicates that light must travel along a path with minimal propagation
time. Yu etal. (9) were the first to propose and demonstrate the generalized Snell’s law. Figure 24
vividly illustrates (3) the generalized Snell’s law and its difference from the classical one. This
illustration mimicked Feynman’s example (3, 34) of a coast guard saving a drowning man, which
was used to represent the classical Snell’s law. Since the swimming speed and the running speed of
the guard are not the same, the path that takes the shortest time is not a straight line connecting
the start and the destination but is instead a polyline, which bends at the interface between two
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Phase-gradient metasurfaces. (#) The drowning-man example of the refraction of light at the interface between two media.

(,¢) Schematic view and phase profile of V-shaped plasmonic nanoantennas. (9) A supercell consisting of eight nanoantennas, with a
length of A and a width of A/8. (¢) A design similar to that of panel 4 is shown, and the length of the supercell is denoted by I'. The
wave front of the scattered light has a propagation distance difference of a free-space light wavelength 1, across a supercell,
corresponding to a phase difference of 27t across the eight nanoantennas. A phase gradient causing the transmitted light to bend is
observed. (d) Conceptual image of a metasurface-enhanced photonic spin Hall effect (PSHE) measurement. In the image, the electric
field direction (polarization) is indicated by E, and the propagation direction of light is denoted by k. The metasurface generates a
phase gradient (V®) that bends the transmitted light and causes the splitting between the right circular polarization (RCP) and the left
circular polarization (LCP), indicated by the red and blue circles, respectively. The spin-orbit interaction, which originates from the
transverse nature of light, is depicted at the upper left corner. This phenomenon is considered to be the origin of PSHE. (¢) Incident
light that is x-polarized and y-polarized will have different PSHE after refraction on the metasurface plane. Adapted from Reference 3
(panel ), Reference 10 (panel b), Reference 9 (panel ¢), and Reference 41 (panels d and ¢), with permission.
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different media. By introducing a metasurface, however, a wall of spatially varying height is added.
If we suppose that the time taken for the guard to climb up the wall is proportional to the wall’s
height, the path of the guard varies again since he must take into consideration the time to climb the
wall. Following a simple mathematical calculation, we may find the optimal path, which coincides
with the prediction from the generalized Snell’s law.

The generalized Snell’s law was first verified experimentally using V-shaped plasmonic nanoan-
tenna arrays (9, 10) in the mid-infrared and near-infrared range (Figure 2b,c). As we discuss in
Section 2, two plasmonic eigenmodes are supported in V-shaped antennas. By utilizing the su-
perposition of these eigenmodes, a phase change varying from 0 to 27t (Figure 2¢) can be added
to the cross-polarized component of the scattered wave. The value of this additional phase can
be controlled by the dimensions and orientation of those nanoantennas. Moreover, the amplitude
of the y-axis polarized component should be kept constant to maintain a uniform wave front. By
sampling the additional phase with a 7/4 increment and arranging the nanoantennas with corre-
sponding phase in one direction, the phase gradient is formed at the metasurface plane, which was
used to demonstrate the generalized Snell’s law.

Later demonstrations using reflection-mode metasurfaces (11, 12) were also reported. In those
configurations, nanoantennas are used to introduce a phase gradient on the metasurface plane,
and a metallic ground plate is placed underneath. A dielectric spacer layer is sandwiched between
the nanoantenna layer and the ground plate. Due to the presence of the metallic ground plate, the
nanoantennas could couple with their images to double the range of the phase shift, which makes it
easier to cover the full 27t phase range. Additionally, the metasurface in reflection mode will signif-
icantly improve the reflectance efficiency since the transmission is eliminated by the ground plate,
and the polarization state of the reflected wave will remain the same as that of the incident wave.

3.2. Photonic Spin Hall Effect

The spin Hall effect (SHE) (35) refers to the phenomenon in which electrons with opposite spin
gather at opposite lateral surfaces of a conducting medium carrying electric current. Such an effect
originates from the spin-orbit coupling of electrons and results in the development of spintronics.
Photons, as the basic unit of light, also have similar spin-orbit interaction in the medium it
propagates, and hence the photonic analog of SHE—the photonic SHE (PSHE) (36, 37)—can
be introduced with inhomogeneity of the refractive index of the medium. Light will be refracted
when traveling in such a medium. The refraction will generate a geometrical phase, which lead to
a lateral split between two opposite circular polarizations. This effect is termed the PSHE.

The experimental observation of such a PSHE phenomenon is a challenging task since the
momentum carried by the photon and its spin-orbit interaction with the medium is very small
relative to electrons. In previous attempts, multiple reflections or quantum weak measurements
(38) were used to observe the PSHE. However, these methods require an extremely precise
experimental setup. In addition, one of the premises of the PSHE, the conservation of total
angular momentum at anywhere on the beam (39), might break since the measurement employs
some wavelength-scale structures.

Recentresearch (40,41) reported thata metasurface can gigantically enhance the photonic spin-
orbit interaction by inducing a rapidly varying phase gradient to destroy the axial symmetry of the
optical system (Figure 2d). Such a phase gradient should be aligned with the polarization direction
of alinearly polarized incident light, and two circularly polarized components (LCP and RCP) can
be observed to accumulate at the opposite lateral directions (Figure 2e). In an experimental setup
to observe metasurface-enhanced PSHE (41), arrays of V-shaped phase-shifting nanoantennas
were used to generate phase gradients, which were used to bend light with a large angle. Since
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the refraction happens within an ultrathin layer, a large geometrical phase was introduced, and
therefore a large PSHE was observed. As the experiment suggests, metasurfaces could be used to
provide controlled inhomogeneity at the interface, which could offer a reliable way to utilize the
spin degree of freedom of light.

3.3. Metalenses

Itis possible to create metasurface-based flat lenses, i.e., metalenses, with the same functionality as
traditional lenses exploiting phase control capability. Metalenses are created by forming a parabolic
phase profile provided by spatially arranged phase-shifting nanoantennas. Earlier designs of met-
alenses involved V-shaped nanoantennas or nanovoids (42), which are considered equivalent in the
perspective of optical scattering, as shown in the simulation results presented in Figure 34. Since
the metalenses do not rely on polished spherical surfaces, they do not suffer from spherical aberra-
tions by nature (43). However, the fixed subwavelength pattern of metalenses resulted in evident
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Metalenses. (#) Design of an achromatic metalens and its SEM images (inset). (b) Scattering efficiency (Qscar) of paired nanoantennas
changing with wavelength. In each unit cell of the metasurface, two antennas are placed together. The two coupled nanoantennas could
achieve high-efficiency scattering at three wavelengths (labeled as @, @, and ®), where achromatic metasurfaces are designed. The
distributions of the electric field for each labeled point are depicted. (¢) Conceptual image of a polarization-insensitive metasurface.
Highly symmetric structures are used to reduce the polarization sensitivity. (d) Full wave simulation of the wave front generated by a
V-shaped nanovoid array. These nanovoids serve as nanoantennas following Babinet’s principle. The light is incident from the glass
substrate side, the direction of which is denoted by the wave vector k. (¢) An SEM image of a superdispersive metalens for
high-resolution spectroscopy. Nanoantennas are placed with spatially varying orientations for generating phase gradient.

(f) Conceptual image of an on-chip chiroptical spectrometer using a metasurface. By utilizing the photonic spin Hall effect of
metasurfaces, this device splits light with opposite spin and different wavelengths (denoted by the differently colored arrows). Adapted
from Reference 45 (panel #), Reference 44 (panel 5), Reference 46 (panel ¢), Reference 42 (panel d), Reference 49 (panel ¢), and
Reference 50 (panel f), with permission.
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chromatic aberrations (44, 45), which became a major challenge for researchers. To overcome
this issue, designs of achromatic metalenses (Figure 34) were recently discussed. One method to
reduce chromatic aberrations is utilizing dispersive phase compensation. In a recent work from
Aieta et al. (44), such compensation is accomplished using a specially designed metasurface, whose
constituent meta-atoms consist of two coupled dielectric nanoantennas of rectangular shape, as
shown in Figure 35. The coupling between these two antennas results in high-efficiency scattering
at three different wavelengths, and the subwavelength array of such antenna sets generates phase
changes to focus light. In this way, the chromatic aberration is eliminated at three wavelengths.

Another task is to eliminate the polarization dependence of the metalenses. Such dependence
is attributed to the nonsymmetrical shape of optical nanoantennas and subwavelength patterns
and could be reduced or eliminated by using highly symmetric shapes. A polarization-insensitive
design of a metalens (46) was recently presented using transition-metal oxide nanopillar antennas.
Figure 3¢ shows an illustration of that metalens. To achieve higher symmetry, the meta-atoms of
the metasurface are of cylindrical shape and are arranged in a circularly symmetric fashion.

Metalenses have shown great flexibility in light focusing and imaging, and such flexibility
originated in digitized designs of the subwavelength-scale patterns. By designing and optimizing
these patterns, we could improve the performance of metalenses to achieve higher efficiency (47),
higher numerical aperture (48), and a broader range of working wavelengths. One typical design
of metalenses that was recently proposed (49) showed transmissive metalenses with high spectral
resolution and compact size for near-infrared light. In particular, large-angle off-axis focusing was
achieved with the metasurface, of which an SEM image is shown in Figure 3e. This work shows
that metalenses could overcome the challenge of designing high-resolution off-axis lenses.

The functionality and compactness of the metalens make it an ideal alternative to conventional
lenses, especially in cases in which the space of optical systems is limited. A successful practice
utilizing metalenses in compact systems is the on-chip chiral spectrometer (50), whose conceptual
image is shown in Figure 3f. In this setup, two kinds of metasurface-based devices are used. One
is the meta-grating, which splits light with different wavelengths. The other is a metalens used to
focus these split lights to different positions of the image plane, where a CMOS camera is placed
to measure the intensity of the focused light. Such a device achieved spectral resolution as low as
0.3 nm, and such resolution is limited by the CMOS detector. A working wavelength range of
170 nm was also achieved. Moreover, metalenses could also be used in imaging systems, with a
broad wavelength range from visible light to microwave. A recent publication of a typical imaging
system utilizing a metalens (51) presented an immersive metalens for microscopy. The metalens
was integrated with a commercial scanning confocal microscope to achieve a spatial resolution
as low as 200 nm and a high numerical aperture of 1.1. In conclusion, some conventional lenses
could potentially be replaced by metalenses, thus shrinking the system size and sometimes also
improving performance. For instance, Groever et al. (52) designed a metalens doublet by fabri-
cating metalenses on both sides of a dielectric substrate, which is analogous to the doublet lenses
in classical optical systems. By combining the compactness of the metalenses and the aberration-
correction capability of the classical optical systems, we are moving one step further to the mass
production of high-end metalenses.

4. METASURFACES FOR POLARIZATION AND ANGULAR
MOMENTUM CONTROL

4.1. Polarization Conversion

Polarization, as a physical property and a degree of freedom of light, has great significance in
almost all kinds of optical systems. Effective methods to control polarization states, as a result,
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have been highly emphasized in past research in optics and photonics. Metasurfaces, with the
promising capability of phase engineering with ultralow thickness, can result in the extraordinary
manipulation of polarization states by designing specific patterns of nanoantennas.

Wave plates are widely used in a vast variety of optical systems. These optical components
could shift the polarization state of polarized light by introducing certain phase differences to two
orthogonal components of light (53). Similar to the working mechanism of conventional wave
plates, metasurfaces realize polarization conversion through manipulation of two eigenmodes of
light that correspond to two orthogonal polarizations (54). T'o design a metasurface for polarization
conversion, one should have knowledge of the incident wave and the desired output wave. With
such information, a Jones matrix at each point on the metasurface plane, which connects the
incident and output waves, can be calculated. The calculated Jones matrix can be achieved by
designing the proper meta-atoms.

One of the earliest works on polarization control with metasurfaces utilized plasmonic V-shaped
antennas (55). In this work, researchers converted incident linearly polarized light to circularly
polarized light. Such conversion is performed through superposition of two scattering light waves
with approximately the same amplitude, orthogonal linear polarizations, and a 7/2 phase differ-
ence. The V-shaped antennasare divided into two sets to generate two types of scattering light, with
a 7/4 angular difference between the orientations of corresponding antennas in different groups.

Up to now, the conversion between a linear polarization state and a circular polarization state,
between two different linear polarization states, or between two opposite circular polarization
states (i.e., between RCP and LCP states) has been reported with experiments using metasur-
faces (54, 56, 57). One way to achieve such conversions by a metasurface—a combination of a
propagation phase and a geometrical phase—was implemented using spatially varying patterns of
nanoantennas. The geometrical phase (32, 33, 54, 56, 58), as we introduce above, could be gener-
ated by composing the metasurface with identical nanoantennas with spatially varying orientations,
as shown in Figure 4b. However, since one major limitation of P-B phase-based metasurfaces is
that they work only for circularly polarized incident light, the P-B phase itself must be combined
with the propagation phase to achieve arbitrary control of polarization states, which leads to a
hybrid pattern of nanoantennas (Figure 44).

4.2. Spin-to-Orbit Angular Momentum Conversion and Orbital Angular
Momentum Generation

Polarization-controlling metasurfaces combining the propagation phase and the geometrical phase
could also be used in the generation of optical vortex beams, which are also termed orbital angular
momentum (OAM) beams since they carry OAM (59, 60). The most significant feature of such
OAM beams is their helix-shaped wave front, which is a direct consequence of its phase dependence
on azimuthal angle. The order of OAM, L, is described as the number of the twists of a wave front
contained per unit wavelength. OAM has been recognized as an additional degree of freedom of
light (59) and could be utilized in high-speed free-space optical communication systems (61, 62)
since beams with different orders of OAM will not interfere with each other.

Traditional methods of OAM beam generation include the use of laser-mode conversion (60),
spatial light modulators, and other optical devices such as spiral phase plates (63). Metasurfaces,
however, can directly create a helical wave front for the output beam by arranging nanoantennas
with linearly increasing (or decreasing) phase shifts along the azimuthal direction (9). Thus, such
metasurfaces add an optical vortex to the light wave front, which is shown in Figure 4¢. This kind
of spatial arrangement for the phase shifts can be done for circularly polarized light as well as
for exploiting the P-B phase. Since, as a result, this arrangement turns spin angular momentum
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Figure 4

(@) Hlustration of metasurface nanoantenna arrays generating the propagation phase, the geometrical phase, and the hybrid phase.

(&) Six sets of nanoantennas (numbered I through 6) for splitting different orthogonal polarization states of light. These six sets of
nanoantennas could deflect the corresponding orthogonal polarization states to opposite directions with respect to the surface normal.
Since the first set uses only the geometrical phase, it can split only circularly polarized light. For sets 25, the propagation phase is
combined by changing the dimensions of the nanoantennas, enabling them to split elliptically polarized light with different polarization
orientations. (¢) Spin-to-orbit conversion (SOC) using a metasurface. This device reverses the spinning of incident light and attaches an
additional type of angular momentum—orbital angular momentum (OAM)—to the output light. (4) SOC-based OAM generation and
splitting with incident light, whose wave fronts are shown as dark green, of an arbitrary polarization state |Ei,). The helical wave fronts
of two output light beams are shown on the right in light green and dark blue. Adapted from Reference 54 (panels # and b),

Reference 65 (panel ¢), and Reference 64 (panel d), with permission.

(carried by the circularly polarized light) to OAM,, it s also termed spin-to-orbit conversion (SOC)
(64, 65). Normally the SOC permits only the conversion of left- and right-circular polarizations
into states with opposite OAM. However, by providing an additional phase shift in the azimuthal
direction, a metasurface can convert circular polarizations into states with independent values of

OAM, as shown in Figure 4d (64).

5. METASURFACE INVISIBLE CLOAKS

An invisibility cloak is an optical device used to conceal an object and to render it invisible. It
was scientifically realized thanks to transformation optics and conformal mapping. However, the
initial proposal for an invisibility cloak involved extreme values of material properties, which are
hard to achieve practically. Later, a so-called carpet cloak circumvented this issue by transforming
a bumping, reflecting surface into a flat one. This technique, which is termed quasi-conformal
mapping (66), has been used in both the microwave and optical regimes to create cloaking de-
vices. The idea of quasi-conformal mapping frees researchers from the endless seeking of certain
materials with desirable refractive indices, but practically there are still some major limitations
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for current cloaking devices that employ such a technique. For example, the reshaping of the
wave front requires a spatially varying refractive index, which usually takes a large volume of the
cloaking device, making it bulky and hard to scale up to a macroscopic scale. Moreover, light
propagation inside such material regions also causes additional phase retardation, which makes
the cloaked object detectable by phase-contrast devices.

Unlike traditional cloaking devices, a metasurface cloak directly reshapes the wave front of
the reflected light by compensating for the phase difference at different locations on the cloaked
surface. The phase shifts needed are provided by the nanoantennas, which are arranged with
subwavelength spacing. Such compensation could be maintained within a certain range of incident
angle. Therefore, the metasurface cloak (67-69) renders the object underneath invisible. Ni et al.
(67) recently realized such a metasurface-based cloak by using rectangular gold nanoantennas,
which were fabricated on a 3D curved surface, as illustrated in Figure 5a. The arbitrarily shaped
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(@) Conceptual image of a metasurface optical cloak. The red arrows indicate the directions of the incident and reflected light. The gold
nanoantennas of the metasurface cloak are depicted as shiny rectangular blocks on the curved surface. (b) Reflected fields for a surface
without and with a metasurface cloak. Oblique incidence is also considered for the cloaked condition. The colors indicate the wave
fronts of the reflected light. (c) A metasurface hologram with the generated holographic image “PURDUE” when illuminated by a
676-nm laser. (d) An SEM image of the metasurface hologram for the letter P. The inset at bottom right shows the V-shaped nanovoids
that are the building blocks of the metasurface hologram. (¢) Schematics of a 1D metasurface for mode coupling and conversion. Light
incident from different sides will be coupled differently. (f) Coupling between TE (transverse electric), TM (transverse magnetic), and
surface waves. Here, TE (TM) waves are defined as waves that have a nonvanishing electric (magnetic) field component along the
propagation direction, and they have distinguishable effective modal indices (7). The TEqp mode can be coupled to the TM ;o mode if
incident from the left side (forward) while coupled to surface waves if incident from the right side (backward). The coupling between
these modes can be seen from the amplitude distribution of the electric field (E, denotes the y component and E. denotes the z
component of the electric field). (g) Simulation images of metasurface-generated surface waves with various wave fronts (denoted by the
white dots). The intensity distributions of the electric field are shown to depict the wave fronts of the excited surface waves. Adapted from
Reference 67 (panels # and b), Reference 73 (panels ¢ and d), Reference 74 (panels ¢ and f), and Reference 78 (panel g), with permission.
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3D object is perfectly concealed, with only a plane wave reflection observed, as the simulation
shows in Figure 5b.

6. METASURFACE HOLOGRAMS

The emerging trend of virtual reality and augmented reality has led to a greater demand for
effective methods for 3D display than ever before. Holography, an optical approach to record
and restore 3D images, is therefore of tremendous interest. The traditional holography technique
(53) requires the interference of a coherent reference beam with the object beam to generate an
amplitude hologram, which can reproduce the 3D image of the object if a readout beam is applied
to it. However, such a hologram suffers from low image brightness since a conjugate image is
produced along with the real image during the readout process. Later on, phase holograms were
proposed as an improvement (70), which translates the interference pattern during the recording
process to phase distribution while setting the amplitude on the hologram plane to be uniform.
Such phase holograms could significantly improve the brightness of the recovered image, but the
conjugate image still exists.

With the rapid development of nanofabrication techniques, this limitation could be overcome
by employing metasurface holograms. Since metasurfaces could manipulate the phase distribution
at the hologram plane at a subwavelength scale, the conjugate image could be eliminated (71, 72).
An example of a metasurface hologram (73) appears in Figure 5¢, which shows the fabricated
metasurface on the hologram plane. Spatially distributed nanoantennas (Figure 5d) were used to
provide phase and amplitude information when read out, so that the original scattering wave from
the object can be reconstructed and its holographic image revealed.

The general process of metasurface-based holography is similar with computer-generated
holography techniques: First, the object wave is calculated at the hologram plane. Second, the
nanoantennas of the metasurface are designed to provide phase shift and amplitude modulation to
the output wave. Such phase shift should have a coverage of 27t to cover all possible phase values.
Finally, the phase and amplitude of the object wave at different points on the hologram plane are
sampled, and nanoantennas with corresponding phase and amplitude modulation are placed at
these points.

7. METASURFACES FOR SURFACE OR GUIDED WAVES

With carefully designed subwavelength arrays of nanoantennas, metasurfaces form abrupt phase
changes on their surfaces. Such spatially varying phase changes could be regarded as an additional
wave vector, which serves as compensating momentum between different propagating modes, thus
enabling metasurface-based wave coupling. Since the coupling between modes inside an optical
waveguide is extremely important in optical communication systems such as optical fibers, the
effects and properties of metasurfaces in wave guiding and coupling are well worth investigation.

7.1. Mode Conversion

Metasurfaces allow for complete control of the flow of light, which provides unforeseen utility in
integrated optics. Recent research (74) proposes a 1D metasurface—embedded waveguide structure
for mode coupling and conversion, as shown in Figure 5e. Since the metasurfaces introduce a phase
gradient on the waveguide top surface, an equivalent wave vector k is applied along the waveguide,
which provides an additional wave vector for mode coupling and conversion to happen. With the
directionality of such a wave vector, such mode conversion is also directional (as seen in Figure 5f).
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7.2. Surface Wave Control

Metasurface can also be designed for surface-wave manipulation. Surface plasmon polaritons
(SPPs) can exist at a metal-dielectric interface, with large propagation wave vectors and tight field
confinement. By using metasurfaces as a coupler, the momentum difference between the free-space
incident wave and the SPPs can be compensated for by the phase gradient, which can be considered
as an equivalently linear momentum provided by the metasurface. Unlike the conventional grating
couplers, the momentum provided by the metasurface points to a unique direction, and therefore
the SPPs and their low-frequency counterparts (i.e., spoof SPPs on artificial surfaces) can be
excited unidirectionally (11, 75-77). Anisotropic SPPs propagating in one direction were recently
reported using metasurfaces consisting of V-shaped bimodal nanoantennas as a coupler (78). As
we discuss above, such antennas could support two orthogonal electrical dipole modes (16), which
could be used to generate asymmetric SPP wave fronts, as observed in Figure 5g. This induced
SPP could also be combined with other modes supported by the metasurface, providing more
possibility for exotic optical properties.

8. METASURFACES FOR REMOTE QUANTUM INTERFERENCE

In ordinary isotropic quantum vacuum, the quantum interference is unlikely to happen, since it
requires nonorthogonal transition dipole moments, which can hardly be seen in different excited
states of an atomic system. However, in anisotropic quantum vacuum (AQV), quantum interfer-
ence can be achieved even with orthogonal transitions. Current research has predicted that AQV
could be generated by embedding an atom in a photonic crystal or near a metallic plane, but
realizing either possibility requires extraordinarily precise positioning (79, 80) of the atom. In ad-
dition, in such a short distance between the atom and the surface, the property of the atom can be
greatly affected by short-range effects such as the Casimir-Polder force and surface thermal noises.
Hence, observing quantum interference in practical systems is very difficult with these methods.

Metasurfaces, with the capability of direct phase engineering in a polarization-dependent way,
provide us with another route to generating AQV. A recent work (81) proposed and theoretically
demonstrated AQV generation with a metasurface. In this approach, as shown in Figure 64, two
orthogonal dipole moments parallel to the metasurface from an atomic system can be reflected in
different ways: One focuses to itself, and the other defocuses, allowing for quantum interference
between the two dipolar modes.

This behavior can be achieved by designing a set of nanoantennas to have a constant phase shift
in one polarization and a linear phase shift in its orthogonal polarization, as shown in Figure 6b. If
those nanoantennas are arranged such that the latter polarization forms a parabolic phase profile,
as shown in Figure 6c, the incident light with that polarization will focus as if it were reflected
by a spherical mirror, while the other polarization will experience a flat mirror. Therefore, if the
isotropy of the quantum vacuum in the focusing point (the center of the spherical mirror) is broken,
these orthogonal photons generated at that point can have quantum interference with each other.

From the calculations in Reference 81, generated AQV could be maintained within a dis-
tance as far as 100 wavelengths, which is considered a macroscopic distance compared to the
distance achieved by previous methods. This research demonstrates the capability of metasurfaces
in quantum optics systems, and this new AQV generation technique could be applied in quantum
communication and quantum computing systems.

9. NONLINEAR METASURFACES

The nonlinearities in optics have long been studied and utilized to manufacture optical devices.
In recent years, there has been a growing tendency to incorporate nonlinear phenomena and
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Figure 6

(@) Anisotropic quantum vacuum (AQV) generation with metasurfaces. The solid green curve shows AQV, while the red dashed line
shows boundaryless isotropic quantum vacuum. The inset shows a three-level atom in AQV, located at a certain macroscopic distance d
from the metasurface plane, with two coupled orthogonal transitions among different states (from 4 to #; and from & to a,, respectively).
The coherence between the transitions is defined as «. (5) Phase profile of the designed metasurface. The phase shift is different for two
orthogonal linear polarizations. (¢) 2D presentation of the metasurface phase profile (denoted bt the pseudocolor map). The inset shows
a small region of the metasurface. (d) Schematic view of a multi-quantum-well (MQW) substrate with a plasmonic metasurface. The
gold nanoantennas are placed on top of a MQW substrate, with a layer of platinum and another layer of gold below the substrate. The
whole structure is placed in an indium phosphide (InP) layer. The design of the nanoantenna is also shown (unit: nm). Through
intersubband transitions and gold nanoantennas, second-order optical nonlinearity can be significantly enhanced. (¢) Conceptual image
of second harmonic generation. It shows the generation of the frequency-doubled light (frequency 2w) from incident light (frequency
w) with the MQW and the metasurface. (f) Change in second-harmonic-generation power conversion efficiency with the power (or
intensity) of a fundamental frequency (FF) beam with the yyy polarization combination. The yyy polarization combination indicates the
process in which the y-polarized second harmonic wave is generated by two y-polarized incident light. Adapted from Reference 81
(panels #—) and Reference 83 (panels d—f), with permission.

effects with metasurfaces. Nonlinear metasurfaces, as the name implies, combine the advantages
of metasurface-based flat optics and nonlinear optics, providing a new perspective for researchers
to improve the performance and develop new functionalities of metasurfaces.

9.1. Nonlinearity Enhancement

One of the most critical tasks in nonlinear optics research is to generate large optical nonlinearity.
In traditional nonlinear optics, optical nonlinearity can be generated from nonlinear optical ma-
terials, such as optical crystals and plasmonic materials (82), or it can be generated from external
modulations through physical effects, such as the Pockels effect of birefringence. Normally, optical
nonlinearities are very small. A recent study suggested a new way to achieve giant nonlinearity

www.annualreviews.org o Optical Metasurfaces: Progress and Applications — 7.15
Review in Advance first posted on
March 21, 2018. (Changes may still
occur before final publication.)



Annu. Rev. Mater. Res. 2018.48. Downloaded from www.annualreviews.org

Access provided by 73.175.94.207 on 06/24/18. For personal use only.

MR48CHO07_Ni

ARI

13 March 2018 14:4

with metasurface structures by using quantum-engineered electronic intersubband transitions
in #-doped multi-quantum-well (MQW) heterostructures (83). A nonlinear optical response was
generated from external optical pumping on a layered MQW substrate, and the nonlinear response
was significantly enhanced by a metasurface consisting of arrays of plasmonic nanoantennas. Pan-
els 4 and e of Figure 6 show the design and schematic of the MQW-metasurface combination
and the enhancement of the optical nonlinearity. The generation of nonlinearity could also be
realized through external voltage bias, and such giant nonlinearity could facilitate wave mixing
experiments, as well as photon pair generation in quantum communication.

9.2. Phase Control in Nonlinear Four-Wave Mixing

Another important application of the metasurface in nonlinear optics is that it can achieve the
anomalous phase-matching condition of four-wave mixing (FWM) fields. With the phase gradient
of the metasurface, an extra momentum/wave vector term is introduced in the phase-matching
condition of the FWM wave, resulting in a new, anomalous phase-matching condition. Almeida
et al. (84) thoroughly studied this phase-matching condition for FWM waves. Two transform-
limited laser pulses interact with the nanocavities of the metasurface, generating FWM waves. Such
FWM emissions can be steered by designing the phase gradient of the metasurface. The supercells
of multiple nanocavities also form an optical blazed grating, which shows correspondence with the
Raman-Nath diffraction theory in nonlinear optics. Almeida et al. (84) envisioned the nonlinear
phase control of optical waves, and nonlinearity-based imaging devices might benefit from this
study.

10. TUNABLE AND RECONFIGURABLE METASURFACES

Above, we discuss in detail the applications of the metasurface to various areas and its capability
for light manipulation. Recently, there has been a rising demand in modern optical systems for
switchable or tunable responses with changes in operational conditions. Such demand requires
that the device be tuned or reconfigured. The metasurface, as a promising choice for realizing
compact optical systems, suffers from a fixed response once it is fabricated. Therefore, researchers
have put much effort into the realization of reconfigurable metasurfaces (85-89). Several feasible
approaches were proposed and studied. In those approaches, functional materials, whose optical
properties (e.g., permittivity) could be tuned from external stimuli, have been used as an additional
degree of freedom to adjust the device. Some common types of such external stimuli are mechanical
force, heat, optical field, magnetic field, and electric field. We briefly discuss here the tunable or
reconfigurable metasurfaces based on the methods discussed in the subsections below.

10.1. Mechanically Tuned

One way to tune the response of metasurfaces with mechanical forces is by fabricating nanoan-
tenna arrays on a flexible substrate, of which the most common is polydimethylsiloxane (PDMS).
By stretching the substrate, the spacing between nanoantennas can be changed, similar to the case
schematically shown in Figure 7a4. Since metasurface functionality originates from the nanoan-
tenna arrays, this change in relative position of the nanoantennas could result in a change in the
metasurface’s properties.

In a recent work (86), such a stretchable substrate was used to fabricate a metasurface with
tunable phase gradient. An array of gold nanoantennas was placed on a PDMS substrate, with
spatially varying orientation and shape to generate a phase gradient. The phase gradient changes
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Figure 7

(@) Conceptual image of a stretched metasurface with a flexible substrate. The incident light (depicted in red) passes through a stretched
metasurface with gold nanoantennas (depicted by yellow blocks). (b)) A photo of flexible metalenses. The optical response of these
metalenses could be tuned by mechanical stretching. (c) A schematic view of a temperature-tuned checkerboard metasurface. The blue
layer represents a sapphire film with a thickness of D. The checkerboard structure is the vanadium dioxide region with a thickness of 4,
which results from selective defect engineering of the vanadium dioxide layer. Reflectance under near-normal incidence is measured
using a Fourier transform infrared spectroscopy (FTIR) microscope. In this setup, an MCT (mercury cadmium telluride, or HgCdTe)
detector is used to measure the intensity of the reflected light. (4) Experimental result of the measured reflectance. A strong
dependency on temperature can be observed. As shown here, the reflectance reaches its minimum at 60°C at a wavelength 2 =11.3 pm,
as denoted by the dashed vertical line. (¢) Illustration of a GaAs metasurface being tuned by a femtosecond laser pulse. The inset shows
the tuning and recovery of the magnetic dipole resonance. (f) Measured transient reflectance trace of the metasurface. AR = Ryump —
R, where R is reflectance in the absence of the pump beam and Rjump is reflectance in the presence of the pump beam. A strong
correlation between the relative reflectance change, AR/R, and the pumping power can be observed. (g) A schematic view of a
metasurface absorber tuned by external voltage bias. (h) Measured reflectance under different voltage biases. Vg is the externally
applied gate voltage, and Venp is the gate voltage when the concentrations of electrons and holes in the graphene sheet are equal. A
clear dependency on external voltage bias could be observed. Adapted from Reference 86 (panels # and &), Reference 88 (panels ¢ and 4),
Reference 94 (panels ¢ and f), and Reference 95 (panels g and 5), with permission.
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when the PDMS substrate is stretched, resulting in a tunable refraction angle from 11.4° to
14.9°. On the basis of this result, a flat zoom lens, as shown in Figure 75, can be fabricated
with reconfigurable focal length. Such stretchable metasurfaces are expected to be integrated into
wearable electronic devices or flat display systems, for which elastic materials are preferred.

10.2. Thermally Tuned

Changes in external temperature could also vary the optical response of a metasurface. To achieve
temperature-tunable metasurfaces, a special kind of material, phase change materials (PCMs),
are usually used to obtain large changes in optical properties. One typical example of a PCM is
vanadium dioxide (VO,) (90-92), which is in the insulator state with low conductivity at lower
temperature but shifts to the metallic state with orders-of-magnitude-higher conductivity when
heated to higher temperature. This metal-insulator transition (MIT) (90) originates from the
internal lattice change of VO, and occurs near room temperature (approximately 340 K), which
makes VO, amenable to thermal modulation.

Designs of VO,-based metasurfaces have been proposed and realized, achieving dynamic
switching of optical responses. For instance, in 2016 Rensberg et al. (88) presented a design of an
active metasurface based on a defect-engineered PCM. This work utilized ion beam irradiation to
engineer the MIT and to make it happen at a lower temperature. A metasurface-based absorber
was fabricated and characterized. Temperature-dependent reflectance was observed, as shown in
Figure 7¢. The temperature-dependent reflection spectra (Figure 7d) indicate the existence of
the MIT during the heating process. Such PCMs enable new possibilities for metasurface design,
and the thermally tunable metasurface could find its application in various fields, such as optical
sensing and tunable thermal emission.

10.3. Optically Tuned

Modulation through optical pumping is commonly realized in ultrafast optics. With modulation
using ultrafast light pulses, optical modulation could achieve much faster modulation speed than
could traditional electrical modulation devices (93). A recent research paper (94) demonstrated, for
the first time, free carrier—induced absolute reflectance modulation under low pumping power and
fastrecovery time. The researchers utilized direct-gap Mie-resonant semiconductor materials such
as GaAs to generate free carriers under external optical pumping, and the position of magnetic
dipolar resonance was shifted under such modulation, as shown in Figure 7e. In addition, the
researchers also measured the time window of such free carrier injection and the recombination
time. The result indicates that GaAs-based metasurfaces could achieve a much shorter relaxation
time (approximately 2 ps) under lower pumping power than could silicon (approximately 30 ps).
Moreover, optical pumping also changes the reflection spectra of the metasurface (Figure 7f). The
researchers state that this phenomenon is due to the direct-gap nature of GaAs nanostructures.
Such metasurfaces could work at visible frequencies as well as in the near-infrared regime with
the appropriate semiconductor materials.

10.4. Electrically Tuned

Electrical tuning of material properties has been widely used with materials like graphene, which
is a material with high electrical conductivity, broadband electro-optical properties, and stable
chemical resistance (95, 96). By applying external voltage to a graphene layer, the carrier density
of graphene can be adjusted, and thus its optical properties can be changed. A novel design of an
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electrically tunable metasurface-based perfect absorber was presented on the basis of this principle
(Figure 7g). Such an absorber has voltage-dependent reflectance (as measured in Figure 7h) and
could be used in an optical modulator with a maximum modulation depth of more than 95% and
a modulation speed of up to the tens of gigahertz in the mid-infrared range.

Many electro-optical materials other than graphene have been used in electrically tuned meta-
surface systems such as indium tin oxide (ITO). The permittivity of I'TO can be tuned with external
voltage, and such changes in permittivity will result in a change in the reflection spectra since the
epsilon-near-zero (ENZ) frequency of the I'TO is shifted. A recent study (87) utilized this property
of ITO and integrated I'TO into a silicon grating metasurface on a silica substrate. In this work,
a positive external voltage bias was used to shift the ENZ frequency of ITO to 1.48 um. The
reflection near 1.48 pm changed from more than 95% to near zero.

11. TOPOLOGICAL METASURFACES

A common first impression of the word topology usually comes from the famous example of
the topological equality between a doughnut and a teacup, which can be continuously deformed
into each other. Rooted in abstract mathematics, topology was surprisingly utilized in research
of condensed matter physics in the past 10 years, leading to the Nobel Prize-winning theory of
topological insulators (97-99). Today, researchers are striving to extend the concept of topology
to the optical regime, opening a new avenue of topological photonics.

In general, several methods are commonly used to introduce topological phases into a pho-
tonic system (100): breaking time-reversal symmetry, conservation of discrete degrees of freedom
such as spin and valley, and spatial/temporal modulation. Experimental realizations of photonic
topological insulators based on these methods have been reported to exploit photonic crystals.
Metasurfaces, reported in a recent manuscript (101), could also be designed to exhibit band in-
version by certain symmetry reduction. In this reported work, the optical scattering property of
the metasurface could be controlled by tuning the synthetic gauge field, and the topological in-
variant (spin Chern number) of such a metasurface could be extracted through the measurement
of transmission spectra.

The research on topological photonic systems has provided us with the possibility for pre-
viously unforeseen optical devices, such as robust delay lines, nonreciprocal devices, arbitrary
geometry lasing (102), and much more. The metasurface, as an artificially designed structure,
could be modified to introduce symmetry reduction and could be modulated spatially and tempo-
rally with optical pumping, external voltages, and other stimuli, providing numerous methods to
form synthetic gauge fields for band inversion and topological phase transition. Therefore, we can
expect that the combination of metasurfaces and topological photonics will further broaden our
horizons and that the unique properties of such a combination are bound to be useful in future
photonic systems.

12. CONCLUSION AND OUTLOOK

In this review article, we discuss in detail metasurfaces, from concept and theories to applications.
The exotic optical properties of metasurfaces originate from the distributions of meta-atoms. The
subwavelength spacing of those meta-atoms enables the manipulation of light with high spatial
resolution. By engineering such meta-atoms, metasurfaces can have total control over various
properties of light, such as phase, polarization, and amplitude. The metasurface technique provides
a novel approach to create optical components and devices in an ultrathin layer and has led to
applications in many fields. In addition, the fabrication of metasurfaces can be compatible with
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the current lithography techniques in the semiconductor industry. Therefore, metasurfaces have
great potential in building compact on-chip optical devices. In addition, by using novel materials
with variable optical properties, reconfigurable and tunable metasurfaces can be realized.

Research on metasurfaces is rapidly growing. We conclude this review by envisioning some of
the most important research areas of metasurfaces, with the hope of providing strategical guidance
for fellow researchers.

1. One future research area is discovering and synthesizing materials with novel properties as
constituents for metasurfaces. In the past decade, the emergence of novel materials such as
graphene, I'TO, VO,, and titanium nitride has inspired wide applications. These materials,
with their unique properties, manifest new functionalities of metasurfaces. In particular,
low-loss plasmonic materials for metasurfaces are in great demand, as such materials can
overcome the high loss of traditional plasmonic materials without losing the nice features
of plasmonic resonances.

2. Another area to explore is metasurfaces with broadband response and reconfigurability.
Many functions of traditional optical devices have been realized with metasurfaces. However,
the great limitations of metasurfaces are their low bandwidth and high spectral dispersion.
High bandwidth and low spectral dispersion are critical for many optical elements such as
lenses. Moreover, to create devices such as displays and spatial light modulators, metasurfaces
should be able to change their properties dynamically. There is great demand for the design
and realization of a fully reconfigurable metasurface.

3. A third area for discovery is the integration of metasurfaces into current existing systems.
In this review, we discuss the use of metasurfaces in immersion objective lenses and opti-
cal nonlinearity enhancement. Integrating metasurfaces with existing systems could be the
shortest way to push the metasurface technology into industry. This idea could be applied
to a vast variety of fields, including biomedical sensing and imaging, optical communication,
lasers, and thermal detectors.
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