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elements. Thus, realizing phase manipu-
lation of EM waves at the nanoscale has 
become a key pursuit for the development 
of modern optics and nanophotonics.

Metamaterials are 3D artificial nano-
structures composed of periodic subwave-
length unit cells that resonantly couple to 
the incident EM waves, exhibiting effective 
electric and magnetic responses not found 
in nature.[1–3] However, these promising 
potential applications are hindered in 
their applications due to the challenges of 
fabricating the required complex 3D nano-
structures and the inherent metallic losses 
and strong dispersion of plasmonic ele-
ments at optical frequencies. Planar met-

amaterials, or so-called metasurfaces, can be fabricated using 
existing technologies, such as the lithography method and have 
attracted increasing attention due to their feasibility, low loss, 
and ease of fabrication.[4,5] The most prominent advantage of 
metasurfaces is that they can generate spatial phase disconti-
nuities over the full 2π range with an optically thin interface; 
moreover, the resolution is less than one wavelength. Thus, 
wavefronts can be shaped with a distance of much less than the 
wavelength. With the increasing development of metasurfaces, 
the aforementioned limitations can be solved using various 
ultrathin optical devices, which have properties superior to 
their conventional counterparts.[6–12]

Here, we concentrate on the new capabilities of metasurfaces 
in recent years in manipulating the phase and propagation 
behaviors of EM waves. In Section 2, we briefly introduce the 
underlying mechanisms of three types of phase discontinuities. 
In Section 3, we review the basic applications of phase modu-
lation using metasurfaces. In Section 4, we review more com-
plex and advanced information photonics that have emerged 
from metasurfaces. In the last section, we provide concluding 
remarks and an outlook on future development directions.

2. Three Basic Types of Phase Discontinuities 
Generated by Metasurfaces

2.1. Resonance Phase

The pioneering approach to achieve phase discontinuities 
was to use the dispersion of various metallic nanoantennas, 
as shown in the left panel of Figure 1a. The optical energy is 
coupled to surface EM waves propagating back and forth along 
the antenna surface. Due to the localized surface plasmon reso-
nance, these waves are accompanied by oscillating free electrons 

Relative to conventional phase-modulation optical elements, metasurfaces 
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Phase Manipulation

1. Introduction

Phase is one of the basic characteristics of an electromagnetic 
(EM) wave. Other characteristics, such as the wave vector, 
polarization and amplitude, can be controlled by phase through 
constructive and destructive interference. According to Fer-
mat’s principle, the transition of EM waves is an accumulation 
effect along the propagation path. Thus, conventional optical 
elements used to control wavefronts require spatially varying 
refractive indices or geometries on their boundaries to achieve 
phase accumulation. However, due to the limited permittivity 
and permeability of natural materials, curved interfaces are 
typically used, which (due to their bulkiness and large weight 
and the need for complex design procedures) have become a 
barrier for the growing requirements for integration and min-
iaturization in modern photonic systems. Additionally, conven-
tional optical elements are typically designed to achieve a single 
functionality. However, modern photonic applications require 
multifunctional devices, and the use of complex spatial phase 
variations is unpractical for phase-accumulation type optical 
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at the surface. This process can be idealized as a simple oscil-
lator that includes both internal and radiative damping. A 
charge q located at x(t) with mass m on a spring with spring 
constant κ is driven by a harmonic incident electric field with 
frequency ω.[13] The charge undergoes internal damping with 
damping coefficient Γa because of the Ohmic losses

κ+ Γ + = + Γωd
d

d
d

e
d
d

2

2 a 0 s

3

3m
t

t

x

t
x qE

x

t
i t

 (1)

In addition to the internal damping force Γadx/dt, the charge 
undergoes a force Γsd3x/dt3 due to the radiation reaction, where 
Γs = q2/6πε0c

3. This term describes the recoil exhibited by the 
charge as it emits radiation and is referred to as the Abraham–
Lorentz force or simply the radiation reaction force.[14] By 
assuming harmonic motion, i.e., x(ω,t) = x0eiωt, the steady-state 
solution of Equation (1) can be written as
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where x0(ω) contains the amplitude and phase response of the 
oscillator and /0ω = k m . Equation (2) implies that the ampli-
tude of the oscillation is in phase with the incident field for ω → 
0 and is phase delayed by π for ω → ∞; thus, the tuning range 
of the phase is up to π if a single antenna resonance is involved. 
Using multiresonance nanoantennas, the phase response can 
be extended to cover the entire 2π range, which is necessary 
to fully control EM waves. V-shaped optical nanoantennas that 
work in the midinfrared (MIR) range were the first experimen-
tally demonstrated nanostructures to achieve a phase coverage 
of 2π due to the two different plasmonic eigenmodes that were 
supported according to their current distributions, as illustrated 
in Figure 1b.[4,15] The scalability of this nanostructure allows its 
extension to other frequency ranges, such as the near-infrared 
(NIR) range[5] and the visible range via Babinet-inverted nanoap-
ertures.[16] Notably, only the cross-polarized light is engineered 
with an anomalous behavior with an efficiency of 10–20%, 
while the co-polarized counterpart propagates normally. Several 
approaches have been proposed to boost the efficiency, such as 
bilayer plasmonic metasurfaces obtained by coupling the nano-
antennas with their complementary Babinet-inverted copy[17] 
and the introduction of a Fabry–Pérot-like cavity.[18]

To improve the manipulation efficiency, reflection arrays 
consisting of metallic antennas and a back metallic plane sep-
arated by a thin dielectric layer have been demonstrated.[19,20] 
Strong near-field coupling can be induced between the top 
nanoantennas and their reflections in the metallic plane due to 
the existence of the dielectric layer; additionally, a strong mag-
netic field can be confined inside the dielectric layer because of 
the antiparallel induced currents on the top nanoantennas and 
the metallic plane, known as gap-surface plasmon modes.[21,22] 
The essence of reflection arrays is to use top nanoantennas 
coupled with their dipolar reflections in the metallic plane to 
achieve a phase variation of 2π. Ideally, all incident light can 
be converted into an anomalous reflection by blocking the 
transmission with the metallic ground plane, which has the 
same polarization state as the incidence. Experiments have 

demonstrated that the efficiency in generating anomalous 
reflection of this configuration reaches 80%, significantly 
higher than the single-antenna strategy.

Metamaterial Huygens’ surfaces have been proposed to 
boost the controlling efficiency in the transmission configura-
tion by matching the impedance of metamaterials with that 
of free space. The reflection can be completely eliminated by 
tuning the surface electric and magnetic polarizabilities of the 
metamaterials e

effα  and m
effα , respectively. Then, the electric sheet 

admittance ( es e
effωα=Y j ) and the magnetic sheet impedance 
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( ms m
effωα=Z j ) can be directly extracted from the complex reflec-

tion (R) and transmission (T) coefficients[23]
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where /η µ ε=  is the wave impedance of free space. If the 
normalized electric sheet admittance and magnetic sheet 
impedance are equal and purely imaginary, then the ampli-
tude of each unit cell’s transmission coefficient becomes unity. 
Additionally, the transmitted phase can be varied anywhere 
between −π to +π by adjusting the magnitude of the imped-
ance. The above analysis was implemented in the microwave 
range with an experimental efficiency of 86%[23] and subse-
quently extended to the NIR range but with a much lower effi-
ciency due to the weak magnetic response of natural materials 
and the intrinsic metallic loss of plasmonic elements in this 
range.[24] A stack of three-layered metasurfaces, which were 
constructed from a combination of dielectric and plasmonic 
nanoblocks with various filling ratios and functioned as LC 

nanocircuit elements, has also been theoretically proposed for 
light bending in the NIR range with an efficiency of 75%.[25]

Another method to realize Huygens’ surfaces is to use all-
dielectric nanostructures. Relative to their metallic counter-
parts, dielectric nanoparticles have two advantages: they exhibit 
low intrinsic losses, and they can support both electric and 
magnetic dipolar Mie-type resonances.[26] Figure 1c shows the 
electric and magnetic field distributions of the magnetic and 
electric dipole mode of a silicon nanodisk metasurface. For 
the magnetic dipole mode, we can see a strong magnetic field 
located in the center of the nanodisk, with a vortex-like electric 
field distribution around the nanodisk. However, for the elec-
tric dipole mode, an electric field maximum can be observed at 
the center of the nanodisk. Additionally, by tailoring the geom-
etry parameters of the nanostructures, spectrally overlapping 
electric and magnetic dipole resonances can be achieved with 
an individual nanostructure to realize zero-backward or zero-
forward scattering.[26–31] To understand the physical mechanism 
of this phenomenon, we can consider an idealized subwave-
length array of lossless nanodisk unit cells under plane-wave 
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Figure 1. Three basic types of phase discontinuities generated by metasurfaces. a) Schematic representations of the electric fields in plasmonic 
(left panel) and dielectric (right panel) nanoantennas. Plasmonic rod nanoantennas support only electric resonances while magnetic resonances can 
be achieved using a split ring resonator (SRR). Dielectric nanoantennas can provide both electric and magnetic resonances. b) V-shaped nanoan-
tennas used to control the propagation direction of linearly polarized light. Reproduced with permission.[4] Copyright 2011, American Association for 
the Advancement of Science. c) Electric and magnetic field distributions of the magnetic (top) and electric (bottom) dipole mode of a silicon nano-
disk metasurface. Inset: scanning electron microscope (SEM) image of a typical nanodisk sample. Reproduced with permission.[30] Copyright 2015, 
John Wiley and Sons. d) Illustration of the anomalous phase-matching condition for nonlinear phase-gradient metasurfaces containing rectangular 
nanoapertures. Reproduced with permission.[36] Copyright 2016, Nature Publishing Group. e) Illustration of the geometric phase by parallel transport 
on a curved surface, which results in a change of phase angle. f) P–B-phase-based metasurface realized by rotated nanorods. Reproduced with per-
mission.[45] Copyright 2012, American Chemical Society. g) Phase profile (top) and SEM image (bottom) of a dielectric gradient metasurface optical 
element. Reproduced with permission.[52] Copyright 2014, American Association for the Advancement of Science. h) Variety of continuous phase gradi-
ents for the third harmonic generation signals generated by unit cells with different rotational symmetries. Reproduced with permission.[56] Copyright 
2015, Nature Publishing Group. i) Schematic of the propagation phase. j) Schematic view of the dual-layer metasurface with aligned nanoaperture 
pairs and with a laterally translated nanoaperture; the surface plasmonic standing wave is shown between the two metallic structures, with the field 
and charge oscillation indicated. Reproduced with permission.[77] Copyright 2015, John Wiley and Sons. k) Elliptical silicon nanowire scatter used to 
produce the propagation phase (left) and simulated Ex distributions of four different nanowire geometries (right). Reproduced with permission.[63] 
Copyright 2011, American Chemical Society.
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illumination. Each individual nanodisk is modeled as electric 
and magnetic dipoles oriented in orthogonal directions with 
damping parameters γe and γm and resonance positions ωe and 
ωm, respectively. The field transmittance and reflection coeffi-
cients for this structure can be written as follows[30]
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where ω is the frequency of the incident light. Here, the signs 
of the electric contribution terms in the forward and backward 
directions are known to be the same, while the signs of the 
magnetic contribution terms are different in two directions. 
Therefore, if the electric and magnetic resonances are spec-
trally overlapped with equal strength and width (i.e., ωe = ωm 
and γe = γm, respectively), then the reflection coefficient is zero, 
and unit transmission is achieved. Additionally, full 2π phase 
coverage can be achieved by tailoring the geometry parameters 
of the nanostructures. Based on this method, multiple types of 
high-efficiency all-dielectric Huygens’ surfaces have been pro-
posed in the NIR region[30,32–34] and the visible region.[35]

The resonance phase has also been extended to the regime 
of nonlinear metasurfaces. Consider a four-wave mixing 
(FWM) process in which two transform-limited laser pulses 
(with ωj, kj, and ε= ω⋅ − +Φ( , ) ( , )e ( )t tj j

i tj j jEE rr rr kk rr , where j = 1, 2) 
interact with a metallic nanoantenna to generate an FWM 
signal ε= ω⋅ − +Φ( , ) ( , )eFWM FWM

( )FWM FWM FWMt t i tEE rr rr kk rr , which travels in 
the kFWM direction with frequency ωFWM = 2ω1 − ω2. A nanoan-
tenna that is much smaller than the wavelength can be approxi-
mated by a point dipole (eliminating the position dependence 
within the antenna). This condition leads to effective fields, 
EE ( ) ( ) ( )e ( )ω ω ε ω= ωΦAi i i i i i

i i , where Ai(ωi) is the field enhancement 
(a real quantity) and Φ(ωi) is the phase response. Therefore, the 
third-order polarization is as follows[36]
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where eff
(3)χ  is the effective third-order nonlinear susceptibility. 

The nonlinear FWM signal carries the frequency response at 
fundamental frequencies through the phase factor e (2 ( ) ( ))1 2ω ωΦ −Φi , 
which changes sharply for excitations close to the nanoantenna 
resonance. Based on this theory, the nonlinear phase variation 
of the FWM signals can cover 2π by finely adjusting the aspect 
ratio of nanocavity unit cells made of rectangular nanoap-
ertures, as shown in Figure 1d.[36] This strategy can also be 
applied to the harmonic generation process.[37]

2.2. Pancharatnam–Berry Phase

In addition to introducing variations in the phase based on 
dispersion of various nanoantennas, a completely different 
approach is to use the so-called Pancharatnam–Berry phase 

(P–B phase), which is a geometric phase that arises during adi-
abatic cycling and can be achieved for scattered light by spa-
tially rotating each unit cell.[38,39] The phase difference between 
the scattered waves from any two nanoantennas with different 
rotation angles equals the solid angle enclosed by their cor-
responding traces in the Poincaré sphere divided by two, as 
shown in Figure 1e.[40] As an example, two traces start at the 
north pole of the Poincaré sphere representing right-handed 
circularly polarized (RCP) incident light, pass different points 
on the equator that represent two nanoantennas with different 
rotation angles (π/2 and −π/4), and end at the south pole due to 
the left-handed circularly polarized (LCP) scattered light being 
monitored. The solid angle enclosed by the two traces is π; 
thus, the phase difference of the cross-polarized scattered light 
of the two nanoantennas is π/2. The main advantage of the P–B 
phase is that it does not depend on the size of the structures 
or the inherent material dispersion or structural resonances. 
The current development of metasurfaces based on the P–B 
phase has been inspired mainly by the innovative findings that 
continuous or discrete subwavelength gratings can be used 
to control the polarization states for the generation of vector 
beams and the manipulation of wavefronts.[40–42] Consider an 
anisotropic nanoantenna under normal incidence; as the x- and 
y-polarizations are decoupled, tu and tv characterize the complex 
coefficient for the incident linearly polarized light along the two 
principle axes of the nanoantenna. For a nanoantenna with the 
optical axis rotated by angle θ, the transmission coefficients can 
be represented using the Jones matrix[43]
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where ˆ( )θR  is the rotation matrix. Given a circularly polarized 
(CP) incident wave ( = ±(ˆ ˆ )/ 2R/L e iei x yEE ), the transmitted electric 
field EEt

R/L  can be written as follows[44]

ˆ
2 2

et
R/L R/L u v R/L u v 2 L/Rθ( )= ⋅ = + + − θ±t

t t t t
i i

i
iEE EE EE EE  (8)

The first term in Equation (8) represents a CP transmitted 
wave with the same helicity as the incident wave, and the second 
term represents a CP transmitted wave with the opposite heli-
city and an additional P–B phase of ± i2θ, where ± represents 
the LCP or RCP light, respectively. Therefore, a phase shift can 
be tuned from 0 to 2π for the opposite helicity radiation as the 
anisotropic nanoantenna is rotated from 0 to π. Moreover, the 
scattering amplitude remains the same due to the unchanged 
geometry of each unit. Based on this principle, a phase- 
gradient metasurface that consists of U-shaped nanoapertures 
was theoretically proposed to steer light into various direc-
tions depending on the helicity of the incident light.[44] Gold 
nanorods were later experimentally used to verify the phenom-
enon of anomalous refraction, as shown in Figure 1f.[45] Due to 
the succinct nature of the P–B phase, this concept can be easily 
extended to other frequencies.[46,47] Several strategies have also 
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been demonstrated to improve the manipulation efficiency, 
such as introducing a reflection configuration,[48,49] plasmonic 
hybridization,[50] and few-layer nanoantennas.[51] A promising 
way to avoid the Ohmic losses of plasmonic elements is to 
replace them with dielectric resonators.[52–54] By implementing 
the P–B phase with silicon nanoantennas (Figure 1g), a high-
efficiency anomalous refraction metasurface operating in 
transmission mode can be achieved in the visible region.[52] By 
employing graphene-based nanostructures, dynamically tun-
able anomalous refraction can also be achieved in the infrared 
regime.[55]

Inspired by the concept of the linear P–B phase, a nonlinear 
metasurface allowing a continuous control of the phase of the 
local effective nonlinear polarizability was recently demon-
strated, as illustrated in Figure 1h.[56] For a CP fundamental 
wave propagating along the rotational axis of a unit cell, the 
local effective nonlinear dipole moment can be expressed as 
PP EE( )α=θ

ω
θ

σ↔
n n, where ω denotes the angular frequency of the 

fundamental beam, αθ
↔

 is the nth harmonic nonlinear polar-
izability tensor of the unit cell with orientation angle θ and 
EEσ  is the electric field of the fundamental wave. As with the 
linear configuration, σ = ± 1 represents the LCP or RCP light, 
respectively. The nonlinear polarizability of the unit cell can 
be expressed as e, ,

( 1)α =θ σ σ
ω θσ−n n i  and e, ,

( 1)α =θ σ σ
ω θσ
−

+n n i  for harmonic 
generation with the same or opposite helicity, respectively, rela-
tive to that of the fundamental wave. The relative phase factors 
(n − 1)θσ and (n + 1)θσ of the nonlinear waves depend only on 
the orientation angle of the unit cell. Thus, through the new 
concept of nonlinear geometric phases, two different contin-
uous phases are imposed on the harmonic generation signals 
of opposite helicities. Additionally, with the combination of 
selection rules, only a single or both nonlinear signals can be 
generated for each harmonic generation process.[57] To increase 
the nonlinear efficiency of the second harmonic generation 
(SHG) process, a multi-quantum-well structure can be coupled 
to each nanoantenna.[58]

2.3. Propagation Phase

In the past few years, a new type of phase shifter, which is 
characterized by the high aspect ratio of the building block, 
has been proposed to realize the propagation phase. Distinct 
from the aforementioned resonance phase, which relies on the 
abrupt phase change of the resonator, the propagation phase is 
achieved via the propagation of light in the nanostructure. The 
phase shifters can be treated as truncated waveguides whose 
effective refractive indices neff can be modulated by adjusting 
the lateral size of structures (Figure 1i). If we neglect the Fabry-
Pérot effects, then the accumulated phase shift φWG of a beam 
passing through a nanostructure with height H can be written 
as follows[59,60]

2
WG effφ π

λ
= n H  (9)

where λ is the wavelength in free space. If the effective index 
difference Δneff between two nanostructures can be modulated 
to exceed unity, then a phase difference of ΔφWG = 2π is obtained 

with a subwavelength height. The common phase shifter 
elements are dielectric ridge waveguides[59,61,62] and high-
refractive-index dielectric scatterers.[63–65] The scatterers can be 
designed to achieve either a polarization-dependent[63,66,67] or a 
polarization-independent[60,68–70] optical response by changing 
the cross-section of the structure. The first work on polariza-
tion-dependent metalenses based on the propagation phase 
was reported in ref. [63]. The unit cell is shown in Figure 1k. 
By changing the geometry parameters of the elliptical silicon 
nanowire, the mode effective index can be tailored to attain var-
ious values. As a result, a variety of propagation phases can be 
achieved. However, this work realized only two phase levels for 
each polarization of light, and the efficiencies of these lenses 
were low. By increasing the phase levels, a polarization-switch-
able phase hologram with a measured efficiency as high as 91% 
for a y-polarized beam was realized in the NIR region.[66] A 
polarization-insensitive metalens using TiO2 nanopillars with a 
measured focusing efficiency as high as 90% at a visible wave-
length was also demonstrated.[60] Many material systems have 
been proposed to implement the propagation phase, such as 
hydrogenated amorphous silicon on a MgF2 substrate in the 
MIR,[69] amorphous silicon[61,71] and hydrogenated amorphous 
silicon on a silica substrate[68] in the NIR, and TiO2 on a glass 
substrate or on an aluminum-coated fused silica substrate[70] in 
the visible region. In the future, we expect additional material 
platforms to be developed to expand the application areas of the 
propagation phase.

For metal–insulator–metal (MIM) structures, an accurate 
propagation constant can be derived by directly solving Max-
well’s equations with boundary conditions[72]
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where w is the width of the slit, β is the propagation constant 
of the surface plasmons, h is the thickness of the metasurface, 
k0 is the propagation constant in free space, and εm and εd are 
the permittivities of the metal and dielectric, respectively. Thus, 
the propagation constant β can be directly modulated using the 
width of the slit w. The abrupt phase change can be expressed 
as follows

β α β β
β

β( ) ( )Φ = + = + − −
+
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d d
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where α is the factor stemming from the multiple reflections of 
light between the entrance and the interfaces. Clearly, the larger 
the propagation constant β, the smaller the thickness needed to 
obtain a local phase shift cover of 0 to 2π, and for a fixed thick-
ness, the phase variation can be achieved by various widths w of 
each nanoslit. Several nanostructures have been demonstrated 
to engineer the phase discontinuities based on this concept 
both in the visible range,[73–75] and the NIR range.[76]

A novel dual-layer metasurface has been proposed recently 
that can provide simultaneous manipulation of the phase 
and polarization of the transmitted light, as presented in 
Figure 1j.[77–79] Surface plasmon polaritons (SPPs) can be excited 
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at each of the metal–dielectric interfaces by the normally inci-
dent light, and a standing wave of SPPs can be formed due to 
the coupling between the two metal layers resulting in an MIM 
waveguide. By controlling either the aligned or laterally trans-
lated state of the top and bottom nanoapertures, the phase of 
transmitted light can cover the 0 to 2π range. By exciting the 
bulk magnetic resonance using antiparallel dipole electric reso-
nances on the sidewalls of thick nanoantennas and the lateral 
Fabry–Pérot resonance in the cavity containing adjacent thick 
nanoantennas, high-efficiency phase control in the NIR range 
has been achieved with plasmonic metasurfaces.[80,81]

3. Basic Applications

3.1. Beam Deflector

The trajectory of a light ray travelling between two points in 
space can be determined using Fermat’s principle. According 
to this principle, when a plane EM wave impinges on a con-
ventional interface between two homogeneous media, the 
directions of the reflection and transmission lights are given 
by Snell’s laws. However, if we can create spatial phase varia-
tions with a subwavelength resolution along the interface, then 
we can generalize Snell’s laws and control the directions of 
the reflection and transmission lights at will. The generalized 
Snell’s laws can be written as follows[4,45,82]
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where ni and nt are the refractive indices on the two sides of the 
interface; λ0 is the wavelength in a vacuum; θi, θt, and θr are 
the angles of incidence, refraction, and reflection, respectively 
(Figure 2a); and dΦ/dx indicates the phase gradient along the 
interface. One approach to provide the desired phase gradient 
is to use the resonant phase of metallic antennas. The general-
ized laws of refraction and reflection were first demonstrated 
using V-shaped antennas in the MIR region.[4] By changing the 
geometrical parameters of the V-shaped antennas and using 
the mirror symmetry counterparts, a 2π phase coverage was 
achieved for the cross-polarized scattered light. Then, eight 
antennas with an incremental phase of π/4 were chosen and 
equally spaced along the interface at a subwavelength separa-
tion. Anomalous reflection and refraction phenomena were 
then experimentally realized and found to be in excellent 
agreement with predictions of the generalized Snell’s laws. A 
broadband beam bending was later demonstrated in the NIR 
region using the same method.[5] When the phase gradient 
provided by the metasurface is noncoplanar with the plane of 
incidence, out-of-plane reflection and refraction of light can be 
achieved.[82] Figure 2b presents the reflection and refraction of 
light in three dimensions. The phase gradient implemented by 
the V-shaped antennas forms an angle with respect to the plane 
of incidence. Therefore, a component of the phase gradient out 

of the plane of incidence is created, resulting in out-of-plane 
anomalous reflection and refraction. Anomalous reflection 
and refraction can also be realized using the P–B phase.[45,46]  
Zhang et al. proposed a broadband anomalous refraction meta-
surface based on this method.[45] By arranging the nanorod 
structures in an array with a constant gradient of the orientation 
angle along the interface, a broadband anomalous refraction 
ranging from the visible to the NIR wavelengths was achieved. 
Additionally, if the rod-to-rod spacing is comparable to the 
wavelength of light, anomalous diffraction may also occur.[45] 
The aforementioned methods of using V-shaped antennas 
and the P–B phase are suitable only for controlling the phase 
of cross-polarized lights and are challenging to realize high-
efficiency beam deflectors. One way around this limitation is 
to use gap-plasmonic structures.[19,83–85] Figure 2c demonstrates 
a high-efficiency broadband anomalous reflection metasurface 
based on gap-plasmonic structures.[19] The unit cell consists of 
a gold nanorod separated from a back Au film by a MgF2 spacer. 
By changing the geometry parameters of the unit cell, this 
metasurface can realize anomalous reflection with an efficiency 
up to 80% at ≈850 nm, and the anomalous reflection beam has  
the same polarization as the incident beam. To realize high 
efficiency beam deflectors for transmission operations, meta-
surfaces based on Huygens’ surfaces or dielectric structures 
have been proposed.[23–25,33,35] The first experimental Huygens’ 
surface at optical frequencies was demonstrated in ref. [24]. 
Using the collocated electric and magnetic polarizabilities, the 
reflection losses were significantly reduced. However, Ohmic 
losses remained due to the metallic structures used in the 
experiment. High-refractive index dielectric structures, due to 
their low losses and compatibility with existing semiconductor 
technologies, were later proposed to realize Huygens’ surfaces. 
Figure 2d demonstrates a high-efficiency all-dielectric meta-
surface in transmission mode.[33] By overlapping the electric 
and magnetic resonances of the silicon nanoblocks, nearly 
100% transmission with a 2π phase control was achieved at 
telecommunication wavelengths. The measured transmission 
efficiency of the anomalous refraction was 36%, which is higher 
than that of most ultrathin plasmonic metasurfaces. Recently, a 
new metasurface platform based on high-aspect-ratio dielectric 
structures was proposed.[66,86] In ref. [66], a polarization beam 
splitter with an experimentally measured efficiency as high as 
77% was achieved at an NIR wavelength.

Based on the phase control ability of the metasurfaces, 
numerous beam deflectors with various functions have been 
proposed, such as dispersion-free beam deflectors,[62] spec-
trum splitting surfaces,[85] and linearly polarization beam split-
ters.[66,87,88] Here, we focus on the discussion of the photonic 
spin Hall effect (PSHE), which is an important effect real-
ized by metasurfaces. The PSHE is an effect of laterally sepa-
rating LCP and RCP photons.[86,89–94] Due to the small photon 
momentum and weak spin–orbit interaction between a photon 
and its medium, the experimental observation of the PSHE 
is challenging. However, a metasurface enables the PSHE to 
be enhanced and directly observed. Figure 2e demonstrates 
a strong PSHE at a metasurface.[90] A linear phase gradient 
along the x-direction was produced using V-shaped antennas, 
which removed the axial symmetry of the system and enhanced 
the spin-orbit interactions. When linearly polarized light was 
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incident on the metasurface, the light of the opposite CP state 
accumulates at the opposite edges of an anomalously refracted 
beam in the transverse direction. This strong PSHE occurred in 
real space and was observable by directly measuring the trans-
verse motion. The PSHE can also be realized in momentum 
space. Figure 2f demonstrates a giant PSHE using the P–B 
phase at a visible wavelength.[92] By locally varying the optical 
axis direction of the dielectric metasurface, a spin-dependent 
separation in momentum space is observed. According to the 
mapping relationship between real space and momentum 
space, the induced real-space shift increases linearly during 

beam propagation. Therefore, this method offers a convenient 
way to magnify the PSHE and facilitate the direct measurement. 
In principle, the PSHE can be realized with ≈100% efficiency by 
using the metasurfaces.[91] Two reflective metasurfaces showing 
≈90% efficiencies for the PSHE in the microwave region were 
also experimentally demonstrated.[91] Recently, Chen et al. 
achieved a relatively large PSHE in refraction with an efficiency 
exceeding 70% at an NIR wavelength using a gold-nanorod-
based metasurface.[80] In view of the metasurfaces’ capability 
to split different polarized light into different directions, one 
important application for beam deflection is polarization state 
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Figure 2. Beam deflectors. a) Schematic of the anomalous refraction (left) and the simulated scattered electric field polarized in the x direction for a 
y-polarized plane wave excitation (right). The red straight line in the right panel defines the wavefront, and the plasmonic antennas used in the simula-
tion are shown in the top of the right panel. Reproduced with permission.[4] Copyright 2011, American Association for the Advancement of Science. 
b) Schematic of the reflection and refraction of light in 3D (left) and the experimental observation of out-of-plane refraction (right). Reproduced with 
permission.[82] Copyright 2012, American Chemical Society. c) Schematic of a broadband anomalous reflection metasurface (left) and the simulated 
scattered electric field polarized in the y-direction for a y-polarized plane wave excitation (right). The antennas used in the simulation and the reflection 
phase of each unit cell are shown in the top and bottom of the right panel, respectively. Reproduced with permission.[19] Copyright 2012, American 
Chemical Society. d) Upper panel: schematic of the all-dielectric metasurface for anomalous refraction. Lower panels: simulated phase of the plane 
wave propagating through the metasurfaces on a SiO2 substrate (left) and the measured beam positions without and with the metasurface (right). 
Reproduced with permission.[33] Copyright 2015, American Chemical Society. e) Upper panel: schematic of the PSHE induced by a phase gradient 
metasurface. Inset: SEM image of the metasurface used in the experiment. Lower panels: measured circular Stokes parameter of the anomalously 
refracted beam with incidence polarized along the x-direction (left) and y-direction (right). Reproduced with permission.[90] Copyright 2013, American 
Association for the Advancement of Science. f) Left panels: schematic of the PSHE induced by a metasurface with a spin-dependent P–B phase gradient 
(top) and the detailed geometry of the metasurface (bottom). Measured intensities (middle panels) and S3 parameters (right panels) after a linearly 
polarized beam passes through two metasurfaces with opposite rotational rates. Reproduced with permission.[92] Copyright 2015, Nature Publishing 
Group. g) Left panel: schematic of the working principle of a metagrating. Inset: SEM image of the metagrating used in the experiment. Right panels: 
normalized optical images of the diffraction spots. The incident polarization state is denoted by |u〉 in each panel. Reproduced with permission.[96] 
Copyright 2015, Optical Society of America.
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measurements.[95–97] Figure 2g demonstrates a plasmonic 
metasurface for the simultaneous determination of the Stokes 
parameters.[96] By interweaving three types of phase gradient 
metasurfaces into a metagrating, the state of polarization of 
the incident light can be determined through simultaneously 
measuring the six correspondent diffraction intensities that 
reveal the Stokes parameters of the light. An in-line polarimeter 
that can perform nondestructive polarization measurements 
of optical signals at telecommunication wavelengths was 
designed.[97] It was realized by detecting the highly polarization-
dependent scattered field of a metasurface in four directions. 
More complex functions, such as spectropolarimeters,[98,99] can 
also be realized based on metasurface beam deflectors.

3.2. Metalenses

Conventional lenses based on the phase accumulation along the 
optical path are often bulky and heavy, imposing a significant 
challenge on their integration with other optical devices. Meta-
surfaces offer an opportunity to overcome these limitations. 
We can realize a metalens by imposing the following parabolic 
transmission/reflection phase profile on the metasurfaces

ϕ π
λ ( )= − + + −( , )

2 2 2 2x y x y f f  (14)

where x and y are the coordinates of the phase-shifting ele-
ments of the metasurface, λ is the wavelength in free space, 
and f is the focal distance of the lens. Figure 3 shows selected 
examples of planar metalenses. The early works on metalenses 
consisted predominantly of plasmonic structures.[44,100–104] 
Figure 3a presents a metalens that is free of spherical aberra-
tion at telecom wavelengths.[100] The desired phase profile was 
implemented using carefully designed V-shaped plasmonic 
antennas. An alternative method to realize metalenses is 
to use the P–B phase.[44,46,101,103] Figure 3b presents a dual-
polarity plasmonic metalens operating at visible wavelengths. 
Due to the nature of the P–B phase, by controlling the heli-
city of the input light, the positive and negative polarities are 
interchangeable in a single metalens.[101] Apart from the plas-
monic antennas, the aperture configurations can also be used 
to create metalenses.[44,104] However, the focusing efficiency of 
these plasmonic metalenses is relatively low at visible and NIR 
wavelengths for transmission operation as a result of Ohmic 
losses and a small scattering efficiency. Additionally, achieving 
2π phase delays in co-polarization is challenging when using 
ultrathin transmit arrays.[105] To address these problems, 
researchers have begun to use dielectric structures to create 
metalenses.[52,54,60–62,66,68,69,106–111] Figure 3c presents a sub-
wavelength-thick lens with high numerical apertures (NAs) and 
a large efficiency based on high-contrast transmission arrays at 
NIR wavelengths.[68] The metalenses are polarization-insensi-
tive due to the circular amorphous silicon post configurations. 
The measured focusing efficiency is as high as 82%. A similar 
metalens was later designed for visible wavelengths using TiO2 
nanopillars.[60] The focusing efficiency was measured to be as 
high as 90% with an NA of 0.6 at the designed wavelength of 
660 nm. Figure 3d presents metalenses with an NA of 0.8 and 

efficiencies as high as 86% at visible wavelengths.[53] The desired 
phase profile is implemented by rotating high-aspect-ratio TiO2 
nanofins. Diffraction-limited focusing and subwavelength reso-
lution imaging are achieved with image qualities comparable to 
that of a state-of-the-art commercial objective lens. Based on the 
P–B phase, these high-aspect-ratio nanostructures can enable 
many high-efficiency chirality dependent metalenses with novel 
functions, such as multispectral chiral imaging,[54] chiral spec-
trometer,[106,108] and immersion metalenses.[112]

Stimulated by multiple applications, various metalenses 
have been proposed in recent years, such as multifocal metal-
enses,[113,114] 3D metalenses,[115] metalens doublets,[116,117] and 
Fourier metalenses.[118] Chen et al. proposed a Fourier metalens 
that can perform a Fourier transform for a large incident angle 
range and a broad operating bandwidth.[118] Multiple efforts are 
underway to develop tunable and reconfigurable metalenses 
using mechanical[119,120] or optical control.[121] Figure 3e presents 
an optically reconfigurable metasurface based on phase-change 
materials.[121] With tailored trains of femtosecond pulses, the 
complex refractive index profiles of Ge2Sb2Te5 (GST) films can 
be written, erased and rewritten. Various optical components, 
such as chromatically corrected focusing zone plates and super-
oscillatory lenses, can be written with a high accuracy based on 
this method. In particular, a dynamically optically reconfigurable 
zone-plate device was achieved by reamorphization and re-crys-
tallization of Fresnel zone patterns. Controlling the chromatic 
dispersion of lenses is of great significance in multiple applica-
tions, including imaging and microscopy. Recently, many efforts 
have been made to realize achromatic metalenses.[61,62,70,71,122–126] 
In general, to realize equal focal lengths at various wavelengths, 
a wavelength-dependent phase profile should be imposed on 
the metasurface to compensate for the phase differences accu-
mulated during propagation through free space. Figure 3f pre-
sents an achromatic lens operating at three wavelengths in the 
NIR region.[61] The required dispersive phase compensation was 
achieved using an aperiodic array of coupled dielectric nanores-
onators. A polarization-insensitive metalens with the same focal 
distance at 1550 and 915 nm was subsequently demonstrated in 
ref. [71]. The desired phase profiles at various wavelengths were 
implemented using unit cells with multiple dielectric structures. 
More recently, Capasso et al. demonstrated a reflective achro-
matic metalens with >60 nm bandwidth in the visible region,[70] 
which was accomplished by dispersion engineering of dielectric 
phase shifters that provided both multiple 2π phase coverage 
and anomalous dispersion. Tsai et al. demonstrated broadband 
achromatic metalenses in the NIR region for CP incidences in a 
reflection scheme (see Figure 3g).[123] The basic phase profile for 
a metalens was implemented using the P–B phase. The phase 
compensations for various wavelengths were acquired by suit-
ably designing the resonance phase of each unit element. Except 
for the phase compensation method, which typically requires 
that each unit cell compensates the phase for all desired wave-
lengths, we can also realize achromatic metalenses by designing 
a variety of structures for various wavelengths and combining 
them. Figure 3h presents a stacked multilayered achromatic 
lens for red, green and blue light in the visible region.[126] The 
metalens is composed of three dense vertical stacked metasur-
faces, where each layer is fabricated from various materials and 
with various design parameters for a specific spectral band. The 
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focal length of each layer can be designed independently; thus, 
both achromatic lenses and anomalous dispersive lenses can 
be achieved based on this spatial multiplexing method. Achro-
matic metalenses can also be achieved by overlapping two or 
more long-depth-of-focus foci or by overlapping the discrete 
foci of different wavelengths.[124] Using the principle of super-
oscillations, achromatic subdiffraction photonic focusing metal-
enses were realized in both the NIR and the visible region.[124] 
In particular, this method can create foci with sizes smaller 

than the Abbe-Rayleigh diffraction limit. Even though mul-
tiple studies have addressed the chromatic aberration problem 
under the framework of metalens, much work remains before 
high-efficiency broadband achromatic metalenses that can be 
used in practice are ultimately achieved, particularly in the vis-
ible region. In view of the potential abilities of metasurfaces to 
control the phase and dispersion of unit cells independently,[122] 
numerous high-efficiency metalenses with novel functions are 
foreseeable in the future.
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Figure 3. Metalenses. a) Left panel: SEM image of a plasmonic metalens consisting of V-shaped nanoantennas. The corresponding phase shift profile 
is shown on the right. Right panels: simulated (top) and measured (middle) transverse cross-sections of the intensity profile. The line scans of these 
two transverse cross-sections are shown in the bottom of the right panels. Reproduced with permission.[100] Copyright 2012, American Chemical Society. 
b) Upper panel: schematic of a bipolar plasmonic metalens. Lower panels: simulated intensity distributions of the metalens with RCP (left) and LCP 
(right) incident light. Reproduced with permission.[101] Copyright 2012, Nature Publishing Group. c) Measured plane of focus full width at half maximum 
(FWHM) spot size, transmission and focusing efficiency of high-contrast transmission array metalenses as a function of their focusing distance. Inset: 
SEM image of the silicon posts forming the metalenses. Reproduced with permission.[68] Copyright 2015, Nature Publishing Group. d) Measured 
focusing efficiency of metalenses. Inset: SEM image of the TiO2 nanofins forming the metalens. Reproduced with permission.[53] Copyright 2016, Amer-
ican Association for the Advancement of Science. e) Dynamically optically reconfigurable zone-plate device that can form two different foci (left) and then 
erase one focus (middle) and subsequently restore it (right). Reproduced with permission.[121] Copyright 2016, Nature Publishing Group. f) Measured 
and simulated focal lengths of a multiwavelength achromatic lens for several wavelengths. Inset shows a false-colored SEM image of the metalens. 
Reproduced with permission.[61] Copyright 2015, American Chemical Society. g) Schematic of a broadband achromatic metalens (left) and the measured 
and simulated focal lengths with various NA values (right). Reproduced with permission.[123] Copyright 2017, Nature Publishing Group. h) Left panels: 
schematic of a three-layer multispectral achromatic lens (top) and schematic of the detailed geometry of the layered structure (bottom). Right panel: 
measured intensity distributions of the focal region for the achromatic lens. Reproduced with permission.[126] Copyright 2017, Nature Publishing Group.
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3.3. Polarization Manipulator Based on Phase Modulation

The arbitrary polarization manipulation of EM waves based 
on metasurfaces has attracted much attention in the scientific 
community because of the wide range of modern optical appli-
cations that such control can afford. One way to realize polariza-
tion manipulators, such as quarter-wave plates, half-wave plates, 
and optically active devices, is to use metasurfaces comprising 
periodic strongly scattering anisotropic nanostructures that can 
abruptly change the polarization of light. However, these devices 
are based on the relatively narrow resonance of the unit cell 
structures, which limits their working bandwidth. Moreover, the 
performance of these devices is typically degraded by the optical 
background that cannot be converted to the desired polarized 
light. One method to solve these problems is to use spatially 
inhomogeneous arrays of anisotropic optical antennas. Figure 4a 
presents a broadband, background-free quarter-wave plate in the 
MIR wavelength range.[127] Two subunits (pink and green), each 
of which contains eight gold V-shaped antennas, make up a unit 
cell. The offset between the subunits introduces a π/2 phase dif-
ference between two copropagating waves (co-PWs) with equal 
amplitudes and orthogonal linear polarization. As a result, a CP 
extraordinary beam can bend away from the surface normal in 
the far field, leading to background-free polarization conversion. 
This method can realize a broadband wave plate because the 
method is less sensitive to wavelength variation. Additionally, 
this method can independently modulate the phase difference 
between two orthogonal polarizations and can thus generate 

scattered light waves with arbitrary polarization states. This 
capability was later demonstrated using a reflective aluminum 
plasmonic metasurface in the visible region.[128] Figure 4b pre-
sents the reflective polarization generator that can produce any 
polarized beam with linearly polarized incident light. Using the 
P–B phase, linearly polarized incident light can be decomposed 
into two orthogonal CP light beams that are bent in two different 
directions. The offset between the nearby subunits introduce the 
desired phase difference between the LCP and RCP light that 
is reflected to the same anomalous angle. The superposition of 
the two CP light beams in the far field can produce light of any 
desired polarization. By integrating six different areas into one 
metasurface, each with a specific polarization conversion func-
tion, the polarization generator can simultaneously produce 
four different linearly polarized beams and two orthogonal CP 
beams. A similar metasurface using the resonant phase was 
demonstrated in ref. [129] for the Ku-band. By designing the ani-
sotropic reflection-phase distributions along the x and y direc-
tions, the x- and y-polarized components of a linearly polarized 
point source can be independently manipulated to realize multi-
beam reflections. When the x- and y-polarized reflected beams 
are designed to deflect to the same direction with equal ampli-
tudes, the polarization state of the reflected wave is controlled 
solely by the phase difference between the beams. However, this 
structure is limited to producing a fixed polarization state for a 
specific arrangement. Recently, Chen et al. proposed a method 
to design broadband half-wave plates that can change the polari-
zation angle from θ to −θ with respect to the optical axis for any 
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Figure 4. Polarization manipulators based on gradient metasurfaces. a) Left panel: schematic of a background-free quarter-wave plate consisting of two 
V-shaped antenna subunits. Right panel: simulated phase difference and ratio of amplitudes between the two orthogonal, linearly polarized waves as 
a function of wavelength. Reproduced with permission.[127] Copyright 2012, American Chemical Society. b) Schematic of polarization generators (left) 
and the simulated conversion efficiency for each polarization (right). Reproduced with permission.[128] Copyright 2017, American Chemical Society.  
c) Left panels: schematic of a metasurface half-wave plate with a constant optical axis (top), transmission amplitude of each unit-cell as a function of 
position (left bottom) and schematic of the different propagation directions of the object and the image light (right bottom). Right panels: SEM image 
of a half-wave plate with the optical axis along the x-axis (top) and the transmitted polarization angle of the image light as a function of the incident 
polarization angle (bottom). Reproduced with permission.[130] Copyright 2017, American Chemical Society. d) Schematic of the optical activity process 
with a nonchiral metasurface (left) and the calculated optical rotations and amplitude transmissions as a function of a geometrical parameter (right). 
Reproduced with permission.[132] Copyright 2016, Nature Publishing Group.
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polarization.[130] Figure 4c presents the unit cell of the half-wave 
plates. By properly arranging the two subunits that are rotating 
in different directions, the metasurfaces can separate the trans-
mitted object (purple) and the image (blue) light using the ampli-
tude modulation. The two nanoantennas in the same column 
form a nanoantenna pair. The angular bisector of the nanoan-
tenna pairs (the optical axis of the half-wave plate) remains con-
stant during the rotation. The polarization conversion angle is 
wavelength-independent and can be exactly predicted using a 
classical half-wave plate. By modulating the phase differences 
between two or more subunits, an optical activity can also be 
realized using nonchiral metasurfaces.[131–133] Kildishev et al. 
demonstrated a broadband optically active metasurface that can 
rotate linearly polarized light by 45° in the NIR region.[131] The 
fundamental mechanisms of the optical activity is the same 
as in ref. [128]. Figure 4d presents a controllable optical active 
metasurface with nonchiral plasmonic structures.[132] The unit 
cell contains two different cross-shaped nanoaperture subunits 
that can convert the linearly polarized light into RCP or LCP 
light at a subwavelength scale. Simultaneously, by adjusting the 
geometric parameters of the nanostructures, the phase differ-
ence between the RCP and LCP lights can be modulated from 
≈π/2 to π, leading to a continuously controllable optical activity 
from 3° to 42°. The method of using spatially inhomogeneous 
arrays of anisotropic optical antennas provides a flexible tool to 

modulate the phases of different polarized lights. In particular, 
this method facilitates the realization of dynamical control of 
polarization states by hybridizing metasurfaces with phase-
change materials.[134] However, the efficiency of the polarization 
manipulation requires further improvement. Such improve-
ments might be enabled by using dielectric structures or hybrid 
dielectric-metal structures. Based on the phase modulation of 
metasurfaces, we expect more polarization manipulators with 
various functions to be developed.

3.4. Optical Vortex

An optical vortex beam is a type of beam with a doughnut-
shaped intensity profile and a helical phase front carrying 
orbital angular momentum (OAM).[135,136] The phase profile can 
be written as follows: ϕ = lθ, where l is the topological charge 
and θ is the azimuthal angle in the plane perpendicular to the 
propagation direction; l can be viewed as the number of twists 
within one wavelength and is related to the orbital angular 
momentum L by the equation L = lℏ, where ℏ is the reduced 
Planck constant. An optical vortex can be produced by imposing 
an azimuthally varying phase profile on the metasurfaces using 
either the resonant phase[4,137,138] or the P–B phase.[45,139–142] 

Figure 5a presents a vortex beam generator based on V-shaped 
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Figure 5. Optical vortices. a) Upper panel: SEM image of the plasmonic vortex beam generator. Lower panels: measured and calculated far-field 
intensity distributions of the vortex beam (left) and measured and calculated interference patterns created by the interference of an optical vortex and 
a copropagating Gaussian beam (middle) or a tilted Gaussian beam (right). Reproduced with permission.[4] Copyright 2011, American Association for 
the Advancement of Science. b) Schematic of the spin–orbit coupling through a plasmonic metasurface. Inset: interference pattern of the generated 
vortex beams with planar and spherical waves. Reproduced with permission.[139] Copyright 2014, Nature Publishing Group. c) SEM image of the silicon 
metasurface and reconstructed phase of the object beam. Reproduced with permission.[34] Copyright 2015, American Chemical Society. d) Schematic 
of the rotational Doppler shift induced by the spinning metasurfaces. Reproduced with permission.[147] Copyright 2017, Optical Society of America.  
e) Schematic of the arbitrary spin-to-orbital angular momentum conversion (left) and the typical J-plate design (right). Reproduced with permission.[148] 
Copyright 2017, American Association for the Advancement of Science.
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plasmonic antennas.[4] The plasmonic pattern consists of eight 
regions, each designed to impart a constant phase to the inci-
dent planar light, providing an azimuthally varying phase from 
0 to 2π. As a result, an optical vortex with l = 1 is generated, 
which can be identified by the interference with a Gaussian 
beam. When a copropagating Gaussian beam interferes with 
the vortex beam, a spiral interference pattern is produced. 
When a Gaussian beam and the vortex interfere at a small 
angle, a dislocated interference fringe is produced. Figure 5b 
presents a vortex beam generator based on the P–B phase at 
visible wavelengths.[139] By arranging the orientation angles 
of the plasmonic gold nanoantennas in a way that rotates 2π 
along a path surrounding the plate origin, an azimuthally var-
ying phase from 0 to 4π is imparted to the converted CP light. 
Due to the nature of the P–B phase, the topological charges of 
the generated optical vortices are spin-dependent. That is, for 
LCP and RCP input beams, the topological charges of the gen-
erated optical vortices are l = +2 and l = −2, respectively. This 
finding can be verified by examining the interference pattern 
of the generated optical vortices with planar waves and spher-
ical waves. An optical vortex can also be produced using fork  
gratings.[143,144] A vortex beam generator based on fork gratings 
was demonstrated in ref. [144]. The fork-type phase distribution 
can be viewed as the superposition of a linear-gradient phase 
and an azimuthally varying phase. Therefore, the device can not 
only produce the optical vortices but can also simultaneously 
control their directions. The phase profile is encoded into the 
metasurface using aluminum nanoslits with various orienta-
tion angles. When the metasurface is illuminated with a lin-
early polarized Gaussian beam, different CP vortex beams with 
different topological charges are deflected to different direc-
tions. However, the efficiency of these plasmonic metasurfaces 
is relatively low. One way to improve the efficiency is to use 
the dielectric structures to generate optical vortices.[33,34,145,146] 
Figure 5c presents a polarization-independent silicon metas-
urface for high-efficiency optical vortex generation at telecom 
wavelengths.[34] By overlapping the electric and magnetic 
dipolar resonances of the silicon nanodisks, a high-efficiency 
Huygens’ metasurface is achieved. The required spatial dis-
tribution phase is achieved by changing the lattice spacing of 
the nanodisk arrays. A transmission efficiency exceeding 70% 
can be achieved in this experiment. The phase gradient meta-
surfaces can easily transfer different OAM to a beam, which 
facilitates the study of the influence of complex momentum 
coupling. Recently, Zentgraf et al. demonstrated the rotational 
Doppler shift induced by spin-orbit coupling of light at spin-
ning metasurfaces.[147] As shown in Figure 5d, a q-plate is 
constructed using the P–B phase encoded by gap-plasmonic 
structures. A CP light is reflected into the cross-polarization, 
and its OAM is changed by the metasurface. When a metasur-
face rotates at a constant angular frequency, the frequency of 
the reflected CP light is changed due to the rotational Doppler 
effect. The frequency shift can be measured by measuring the 
time-dependent interference signal. The experiments demon-
strate that the Doppler shift is proportional to the rotational 
angular frequency of the metasurface and the total amount 
of transferred angular momentum. This effect may find uses 
in the remote detection of spinning objects. More recently, 
Capasso et al. proposed a method to realize the arbitrary 

spin-to-orbital angular momentum conversion of light. To 
realize this function, the metasurface should be able to simulta-
neously control the orientation angle of the fast axis and phase 
shifts. The structures of the metasurface are shown in Figure 5e. 
The phase shifts of the light that is linearly polarized along the 
symmetry axes of the elements are controlled by varying the 
length and width of the TiO2 nanofins, and the orientation 
angles of the nanofins are simultaneously varied azimuthally. 
As an example, a metasurface that can convert LCP and RCP 
light into optical vortices with various values of the OAM was 
designed and experimentally verified. An optical vortex can also 
be manipulated by nonlinear metasurfaces. A spin-controlled 
OAM of light in SHG using ultrathin photonic metasurfaces 
has been proposed; the spin manipulation of the OAM mode of 
the harmonic waves was directly verified using the SHG from 
a gold unit cell with threefold rotational symmetry.[149] By cre-
ating metasurface-based nonlinear computer-generated holo-
grams (CGHs), vortex beams at SHG were also demonstrated, 
and the diffraction angle of the beam was scanned by changing 
the pump wavelength.[150] Additionally, optical vortex generation 
combined with other functions is discussed in Section 4.3.

3.5. Other Applications in Beam Manipulation or Control

With the development of metasurfaces and other technologies 
in the fields of photonics and nanoscience, numerous applica-
tions based on phase gradient metasurfaces have been pro-
posed. In addition to the basic applications mentioned above, we 
review selected additional important applications in this section.

In the past few years, we have witnessed the expansion of 
metasurfaces from plane geometry to nonplanar geometry, 
which has developed into a new research direction named meta-
surface cloaks.[151–155] Figure 6a shows an ultrathin, invisibility 
skin cloak for a visible wavelength.[151] Using a method of phase 
compensation that uses the gap-plasmonic structures, the skin 
cloak can completely reshape the phase of the reflected light, 
as if the light were reflected from a flat mirror. This type of 
skin cloak can hide an arbitrarily shaped 3D object but works 
at a specific wavelength only and produces a specific wavefront. 
Subsequently, Genevet et al. proposed a design theory for meta-
surfaces with arbitrary geometries.[152] The theory, called con-
formal boundary optics, allows one to design the transmission 
and reflection at will for any arbitrary interface. Faraon et al. 
demonstrated a conformal flexible dielectric metasurface that 
can decouple the optical properties of objects from their phys-
ical shape.[156] For example, cylindrical lenses covered with this 
metasurface can be transformed to function as aspherical lenses 
that focus light to a point. Recently, Luo et al. proposed a method 
to realize a reconfigurable metasurface cloak for dynamical illu-
sions at a microwave frequency.[153] By reconfiguring the phase 
distribution of the reflection beam using the varactor configura-
tions, the cloak can not only generate a mirror-reflection wave-
front but can also dynamically generate other illusions.

A nondiffracting Bessel beam, as one of the exact solutions 
of the free-space Helmholtz equation, was first demonstrated in 
1987 with a transverse intensity profile that can be described by 
the Bessel functions of the first kind. Many notable properties 
have been revealed since its discovery, such as nondiffraction 
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and self-healing.[157] Conventional methods to generate zeroth-
order Bessel beams use a conical prism or an objective paired 
with an annular aperture. By substituting metaaxicons for the 
conventional axicons, both zeroth-ordered and higher-ordered 
Bessel beams can be generated by integrated metadevices with 
a high NA. Using V-shaped nanoantennas, a zeroth-ordered 
Bessel beam was achieved at telecom wavelengths but with a 
low efficiency.[100] High-efficiency zeroth-ordered and higher-
ordered Bessel beams were subsequently generated in the 
visible spectrum with a dielectric metasurface[52] and metallic 
structures similar to the natural catenaries (Figure 6b).[158] 
Metaaxicons with a high NA of up to 0.9 were demonstrated 
recently that can generate both zeroth- and higher-ordered 
Bessel beams, as shown in Figure 6c.[159] Additionally, the 
FWHM of the generated Bessel beams was experimentally 
provided that was independent of the wavelength by tailoring 
the phase profile of the metaaxicons. In addition to conven-
tional Bessel beams, vector Bessel beams were also exploited 
by superimposing the Bessel profiles with cylindrical vector 
beams.[160] Gaussian beams with linear or circular polarization 

can both be converted into vector Bessel beams, and the recip-
rocal process was also demonstrated, that is, that vector Bessel 
beams can be transformed into collimated, scalar beams with 
linear and circular polarizations.

The discovery of Bessel beams aroused an enthusiasm for 
exploring additional nondiffracting wave profiles conforming 
to the Helmholtz equation. The nondispersion Airy wave 
packet was first predicted in 1978 by demonstrating that the 
Schrödinger equation can possess an Airy function form solu-
tion.[161] Inspired by the mathematical similarity between the 
Schrödinger equation and the paraxial Helmholtz equation, 
the Airy beam was first demonstrated in the optical domain in 
2007.[162,163] In addition to the nondiffracting and self-healing 
features, an Airy beam has the remarkable feature, unlike the 
Bessel beam, of freely accelerating even in the absence of any 
external potential. However, conventional methods to generate 
an Airy beam typically involve the Fourier transform of a lens, 
which necessitates at least one focal length, thus affecting the 
compactness of the optical system. By employing orthogonal 
nanorods, a simplified metasurface was theoretically proposed to 
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Figure 6. Selected additional applications realized with metasurfaces. a) Left panels: 3D schematic of a metasurface skin cloak (top) and the unit 
cell used to build the metasurface (bottom). Right panels: schematic of a cross-section of the metasurface (top) and the simulated electrical field 
distributions based on an actual design (other panels). Reproduced with permission.[151] Copyright 2015, American Association for the Advancement 
of Science. b) Measured cross-polarized intensity distribution of a higher-ordered Bessel beam generated by metasurfaces similar to the natural cate-
naries. Inset: SEM image of the fabricated metasurface. Reproduced with permission.[158] Copyright 2015, American Association for the Advancement 
of Science. c) Measured intensity profiles of wavelength-independent Bessel beams with a high NA generated by a dielectric metasurface. Inset: SEM 
image of the fabricated metasurface. Reproduced with permission.[159] Copyright 2017, Nature Publishing Group. d) Simulated electric field distribution 
of the generated Airy beam (left panel) and its self-healing property (right panel) with both its phase and simplified amplitude modulation. Reproduced 
with permission.[164] Copyright 2016, John Wiley and Sons. e) Far-field second-harmonic Airy beams at first-order diffraction generated by SRRs. Inset: 
SEM image of part of the fabricated metasurface. Reproduced with permission.[150] Copyright 2016, American Chemical Society. f) Ez distribution on 
part of the metasurface that can convert PWs to surface waves (SWs). Inset: schematic of the sample and the near-field scanning technique. Repro-
duced with permission.[169] Copyright 2012, Nature Publishing Group. g) Simulated Hy distributions in the case of SPP excitation by the metacoupler 
under a normally incident beam (top) and an obliquely incident beam (bottom). Reproduced with permission.[171] Copyright 2016, Nature Publishing 
Group. h) SEM image of a plasmonic coupler (left top) and the leakage radiation microscopy images showing SPP excitation along the y-direction 
for y-polarized light (right top) and the x-direction for x-polarized light (bottom). Reproduced with permission.[175] Copyright 2014, Nature Publishing 
Group. i) Simulated Cherenkov surface plasmon wakes generated by a 1D array of aperture antennas under an obliquely incident beam. Inset: SEM 
image of the nanostructures used in the experiment. Reproduced with permission.[176] Copyright 2015, Nature Publishing Group.
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generate 1D plasmonic Airy beams using both phase and ampli-
tude modulation, as illustrated in Figure 6d.[164] The bending 
degree of the generated Airy beam can also be easily controlled 
by changing the number of nanorods. Experiments of trans-
mission-type Airy beams were subsequently demonstrated by 
simultaneously tailoring the amplitude and phase of a metallic 
C-aperture array.[165] The nondiffracting Airy beams can also 
be generated in the terahertz (THz) range and even to be dual-
wavelength.[114,166] By manipulating both the phase and ampli-
tude of the quadratic nonlinear coefficient locally at the single 
inclusion level, emitted second harmonic Airy beams from non-
linear binary phase CGHs were also demonstrated, as presented 
in Figure 6e.[150] In addition to launching Airy beams in free 
space, Airy plasmons have also been excited by an engineered 
nanoscale phase grating and a graded nanocave array.[167,168]

Phase gradient metasurfaces can also act as bridges linking 
PWs and SWs.[169] As shown in Figure 6f, the reflection phase 
gradient provides a transverse wave vector that can compensate 
the momentum mismatch between a PW and an SW, resulting 
in a nearly perfect PW-to-SW conversion for any incidence 
angle larger than a critical value. Broadband and high-efficiency 
conversion from guided waves to spoof SPPs in the micro-
wave frequency has also been realized.[170] This conversion was 
implemented using gradient grooves and a flaring ground to 
simultaneously match the momentum and impedance of a 
conventional coplanar waveguide and a plasmonic waveguide. 
Recently, Zhou et al. demonstrated a high-efficiency surface 
plasmon metacoupler in the microwave regime.[171] By placing 
a transparent gradient metasurface above the target plasmonic 
metal at a certain distance, an experimental efficiency of ≈73% 
was achieved for the PW-to-SPP conversion due to the suppres-
sion of both decoupling and surface reflections (Figure 6g). 
The phase gradient metasurface not only can act as a coupler 
to connect a PW and an SW, but also can control the propaga-
tion of SWs.[172,173] By patterning an interference pattern of the 
incident vortex beam and focused SPP on a plasmonic inter-
face, an incident vortex beam that carries OAM can be trans-
ferred into focused SPP waves, which can be used to detect 
the OAM of light.[172] By applying the P–B phase on a metal 
film, we can realize a helicity-dependent directional SPP exci-
tation[173] or a helicity-dependent near-field intensity distribu-
tion.[174] Figure 6h shows a plasmonic coupler that can realize a 
unidirectional polarization-controlled SPP excitation at telecom 
wavelengths.[175] By independently manipulating the orthogonal 
polarizations of reflected light with gap-plasmonic structures, 
various types of linearly polarized incident light can be con-
verted into SPPs propagating in orthogonal directions. Figure 6i 
shows the generation and manipulation of Cherenkov surface 
plasmon wakes with a 1D array of aperture antennas.[176] The 
Cherenkov surface plasmon wakes were generated by creating 
a running wave of polarization along the nanostructure array 
that propagates faster than the SPP phase velocity.

4. Advanced Information Photonics

With the development of modern information photonics, optical 
devices with large information storage capacities are required. 
Metasurfaces for basic applications cannot accommodate this 

requirement. Thus, more complex metadevices with enhanced 
information storage capacities and multifunctionalities have 
been proposed. In this section, we discuss three types of meta-
surfaces involved with information photonics: metaholograms, 
coding metasurfaces, and multifunctional shared-aperture 
metasurfaces. Metaholograms are designed to store and release 
information with a higher resolution than their conventional 
counterparts. Coding metasurfaces provide a link between the 
physical world of metasurfaces and the digital and information 
world, and multifunctional metasurfaces can accommodate 
multiplexed information.

4.1. Metaholograms

Holography was first invented by Gabor in 1948 with the 
original intent of improving the resolution of electron micro-
scopes.[177] Due to its significant capabilities of wavefront 
shaping and optical recording/reconstruction, numerous appli-
cations, such as data storage and information encryption, have 
follows. Traditional amplitude holograms rely on recording the 
interference patterns from the light scattered by an object and 
a coherent reference beam. The low conversion efficiency, due 
to much of the incident power being scattered or reflected in 
this classic approach, limits the practical applications. By trans-
lating the intensity of the interference patterns into phase vari-
ations, phase holograms provide a relatively high diffraction 
efficiency and can substantially increase the brightness of the 
reconstructed images;[178] additionally, with the use of CGHs in 
the past decade,[179,180] the required phase and amplitude distri-
butions can be numerically calculated and then encoded into 
spatial light modulators (SLMs).[181] The smallest achievable 
hologram pixel size of conventional SLMs is on the order of a 
micrometer, which is several times the wavelength of visible 
light; their intrinsic limitations, such as higher-order diffraction 
and twin-image issues, are still challenging to avoid. Although 
a smaller pixel size can be achieved with advanced nanofabrica-
tion technologies, the high cost remains a limitation. Therefore, 
subwavelength metasurfaces have become a natural candidate 
for high resolution and efficient holography. Since the basic 
application of holograms is to record and reconstruct objects, 
we classify the metaholograms in an intuitive way: as single-
color metaholograms and multicolor metaholograms.

4.1.1. Single-Color Metaholograms

This type of metaholograms cannot present different colors in 
one image because each pixel consists of one or several same 
unit cells. For the resonant phase metasurfaces, the response of 
phase and amplitude of each unit cell is dispersive; thus, only 
illumination with specific wavelengths can reconstruct meta-
holograms. For the P–B phase metasurfaces, with the broad 
bandwidth resonance and nondispersive phase response, the 
images can be rendered with various colors depending on the 
illuminating wavelengths.

Using V-shaped nanoapertures, a holographic image in the 
visible wavelength range has been reconstructed with a high 
resolution but low efficiency of 10%, as shown in Figure 7a.[182] 
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One way to address the low efficiency is to adopt the MIM 
reflection configuration; with the combination of P–B phase and 
the MIM reflection configuration, a reflective-phase-only meta-
hologram with a broadband spectral response in the visible/
NIR range, a maximum efficiency of 80% has been presented, 
as illustrated in Figure 7b.[49] Similarly, combining the reflective 
operating mode with resonant phase metasurfaces has achieved 
a 50% efficiency in the NIR range; additionally, high-fidelity 

metaholograms were simultaneously projected at angles of 
45° and 20° with respect to the impinging light.[183] Another 
approach to increase the efficiency of transmission-type meta-
holograms is to use high-contrast dielectrics or Huygens’ metas-
urfaces. The P–B phase based on a high contrast metahologram 
made of titanium oxide has been used to provide a broadband 
high efficiency of ≈80% in the visible spectrum as presented 
in Figure 7c.[184] Eliminating the reflection using a Huygens’ 
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Figure 7. Metaholograms realized using metasurfaces. a) Measured holographic images reconstructed by a metasurface consisting of V-shaped 
nanoapertures under linearly polarized light. Inset: schematic view of the unit cell of the metasurface. Reproduced with permission.[182] Copyright 2013, 
Nature Publishing Group. b) Schematic illustration of the highly efficient reflection-type metahologram based on the combination of the P–B phase 
and MIM structures. Reproduced with permission.[49] Copyright 2015, Nature Publishing Group. c) Measured holographic images covering the visible 
spectrum reconstructed by a metasurface of titanium oxide. Inset: SEM image of the fabricated metasurface.[184] Copyright 2016, National Academy 
of Sciences. d) Experiment results of high-transmission and high-diffraction-efficiency holographic images recorded using a dielectric Huygens’ meta-
surface. Inset: SEM image of the fabricated metasurface. Reproduced with permission.[185] Copyright 2016, Optical Society of America. e) Experiment 
results of polarization-switchable chiral metaholograms based on the combination of the P–B phase and the propagation phase. Inset: SEM image of 
the fabricated metasurface. Reproduced with permission.[192] Copyright 2017, American Physical Society. f) Schematic illustration of the 3D metaholo-
gram. Reproduced with permission.[193] Copyright 2013, Nature Publishing Group. g) Schematic illustration of the spin- and wavelength-multiplexed 
nonlinear metaholograms. Reproduced with permission.[196] Copyright 2016, Nature Publishing Group. h) Schematic illustration of a multiplexed 
metahologram on a stretchable substrate. Reproduced with permission.[197] Copyright 2017, American Chemical Society. i) Schematic illustration of 
multicolor dielectric metaholograms consisting of three types of silicon nanoblocks. Insets: SEM images of the fabricated metasurface and one meta-
molecule consisting of four Si nanoblocks. Reproduced with permission.[200] Copyright 2016, American Chemical Society. j) Schematic illustration of an 
angle-sensitive multicolor metahologram with a single type of nanostructure pixel. Inset: Schematic view of the unit cell of the metasurface. Reproduced 
with permission.[203] Copyright 2016, American Association for the Advancement of Science.
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metahologram has been experimentally demonstrated to gen-
erate grayscale high-resolution metaholograms that transmit 
over 90% and have a highest diffraction efficiency of over 99% 
in the NIR range, as shown in Figure 7d.[185] Inspired by this 
fact, a polarization-insensitive metahologram based on Huy-
gens’ metasurfaces with a 40% imaging efficiency at an NIR 
frequency[32] and a metahologram that functions at a shorter 
wavelength in the NIR range have been proposed.[186]

Higher-complexity polarization-multiplexed metaholograms 
that can reconstruct different holograms with different incident 
polarizations have also been demonstrated. A metahologram 
that can generate switchable dual images by controlling the inci-
dent polarization state based on the reflective resonant phase 
configuration for a visible wavelength was presented.[187] P–B 
phase-based metaholograms exhibiting multiple recording chan-
nels and helicity-dependent phase profiles that can integrate dif-
ferent multiplexing strategies into a single metahologram, such 
as polarization, position, and angle, have also been demonstrated 
in both the visible[188] and NIR range.[66,189] Broadband polariza-
tion-multiplexed metaholograms that operate throughout the 
visible and NIR range and are associated with the traditional 
detour phase have been presented under both circular[190] and 
linear polarization incidences.[191] Another recent notable 
method is the combination of the P–B phase and the propaga-
tion phase; two independent phase profiles can be imposed on 
any pair of orthogonal polarization states, resulting in chiral 
metaholograms characterized by fully independent far fields for 
each circular polarization, as presented in Figure 7e.[192]

Metaholograms with large information capacities have also 
been presented. 3D or multiplane metaholograms working 
in the visible and NIR range with position multiplexing 
(Figure 7f)[193] and both position and polarization multiplexing 
capacities were experimentally demonstrated.[194] Angle-multi-
plexed metaholograms were also proposed by encoding holo-
graphic information associated with various incident angles in 
a single metasurface; a dynamic holographic display was recon-
structed by controlling the incident angle.[195]

New types of metaholograms have also been developed in 
recent years. Nonlinear metaholograms were realized using the 
P–B phase operating in both the linear and nonlinear regimes; 
different spin and wavelength multiplexed phase responses are 
associated with the same rotating nanoantenna, resulting in the 
reconstruction of multiple metaholograms generated indepen-
dently by the fundamental and second harmonic generation waves 
with different spins, as indicated in Figure 7g.[196] A two-layer 
nonlinear metahologram was also created using a separate phase 
hologram embedded in each metasurface layer to yield the desired 
holographic images for the vertical or horizontal linear incident 
polarization.[37] Relative to linear metaholograms, the nonlinear 
metaholograms that function in the nonlinear regimes remove 
background noise at the fundamental frequency and provide 
additional multiplexing channels. By fabricating gold nanorods 
on a stretchable polydimethylsiloxane substrate, multiple distinct 
holographic images can be switchably displayed, as illustrated in 
Figure 7h.[197] A coding-metasurface-based reprogrammable meta-
hologram was recently exploited; the digital state of each coding 
unit cell could be switched by electrically controlling the loaded 
diodes, resulting in different target holographic images that were 
realized by a single coding metasurface in real time.[198]

4.1.2. MultiColor Metaholograms

Distinct from single-color metaholograms, multicolor meta-
holograms can simultaneously achieve multiple images with 
different colors. The basic approach is to combine several 
narrow-band resonant nanostructures that are resonant at com-
pletely different wavelengths to form a super unit cell. Angle-
sensitive multicolor metaholograms have also been developed 
to achieve a higher metahologram quality with a higher resolu-
tion and lower crosstalk among different colors.

Multicolor metaholograms could be presented based on the 
super unit cell design, with the combination of both the reso-
nant[199] phase and the P–B phase (Figure 7i).[200,201] However, 
the super unit cell design inevitably increases the pixel size and 
may suffer from crosstalk among different colors; a novel angle-
sensitive methodology has been proposed to achieve multicolor 
metaholograms with a single type of nanostructure pixel, as 
shown in Figure 7j,[202,203] by superimposing multiple holograms 
that were calculated separately for various color components 
and encoded with an additional phase shift for each color. In 
the reconstruction process, the illumination of three-primary-
color lasers with a variety of tilted incident angles were used to 
decode different components to generate the desired multicolor 
images. Graphene oxides can also be used to generate wide-
angle and multicolor 3D holograms through an athermal photo-
reduction process induced by a single femtosecond pulse.[204]

4.2. Coding Metasurfaces

Coding metasurfaces were proposed in 2014. Instead of using 
effective medium parameters, digital coding unit cells with 
specified phase responses can be used to characterize metasur-
faces, as illustrated in Figure 8a.[205] The coding representation 
of a metasurface not only simplifies the design and optimiza-
tion procedures of metasurfaces due to the digitalization of the 
unit cell geometry but also provides a link between the physical 
world and the digital world. Distinct from conventional metas-
urfaces, the design procedures and the functionalities of meta-
surfaces are determined by coding sequences, which represent 
different digital states of each coding unit cell. Furthermore, the 
coding sequences make coding metasurfaces able to be imple-
mented by digital logic devices; thus, by changing the input 
coding sequences, different functionalities can be achieved in 
real time. By arranging coding unit cells with optimized coding 
sequences, the coding metasurfaces can be used to manipulate 
EM waves in a simpler and more efficient way.

4.2.1. Basic Coding Metasurfaces

The concept of coding metasurfaces was initially proposed 
and experimentally demonstrated in the microwave frequency 
due to the relative ease of fabrication and characterization.[205] 
For the initial 1-bit coding, binary digits “0” and “1” with EM 
phases of 0 and π were used to control the behaviors using 
different sequences of “0” and “1.” A more complex multibit 
can be realized by introducing more discrete phases. One of 
the prominent advantages of a coding metasurface is that the 
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manipulation to EM waves can be achieved simply by changing 
the coding sequence, which determines how the coding unit 
cells with various digital states are arranged on a 2D plane. As 
another important application, radar cross-sections (RCSs) of 
metallic objects can also be reduced using both 1-bit and 2-bit 
coding metasurfaces with random coding patterns. The coding 
metasurfaces were extended to THz frequencies to realize 
broadband and wide-angle diffusion using multibit coding 
unit cells based on a Minkowski closed-loop, as shown in 
Figure 8b[206] and anomalous reflections with ring-shaped unit 
cells.[207] Based on the orthogonality of different frequencies, a 
frequency-dependent dual-functional coding metasurface in the 
THz range that can accomplish two independent functionalities 
at two designed frequencies was developed.[208] Using a specific 
design, a THz wave can be focused in the near-field region to 
generate a nondiffraction Bessel beam with an improved-trans-
mittance triple-layered free-standing structure.[209] Because of 
the aforementioned isotropic geometric structures of the coding 
unit cell design, a fixed coding metasurface can have only one 
function, which is unrelated to the polarization of the inci-
dence. The concept of coding metasurfaces has been extended 
from isotropic to anisotropic based on the different responses 
under perpendicularly polarized EM waves of anisotropic 
designs, resulting in polarization-controlled anisotropic coding 
metasurfaces.[210] The concept of coding metasurfaces has been 

exploited even in the acoustic regime by adopting 1-bit acoustic 
coding metasurfaces, as presented in Figure 8c; the function-
alities of beam splitting and more complex Fresnel zone plates 
have been designed and experimentally demonstrated.[211] A 
Fresnel plate incorporating an acoustic coding metasurface can 
operate over a certain bandwidth due to the broadband feature 
of the designed unit cell. Using the same design, multiband 
ultrathin asymmetric transmission of an acoustic wave was 
proposed by breaking the spatial inversion symmetry based on 
the constructive and destructive interferences of acoustic-wave 
coupling between the coded elements; using this configuration, 
the effect of asymmetric transmission can be easily switched on 
and off by changing the coding patterns.[212]

4.2.2. Programmable Coding Metasurfaces

In previous discussions, various unit cells were used to charac-
terize different coding states; to truly link the physical world to 
the digital world using coding metasurfaces, however, a variety 
of coding states should be realized by a single unit cell. For 
this purpose, an elaborately designed structure was proposed 
to achieve a real digital coding unit cell.[205] A pin-diode was 
mounted between two separated metallic structures on the top-
side of the dielectric substrate, which was controlled using the 
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Figure 8. Various functionalities realized by coding metasurfaces. a) Simulation results of coding metasurfaces with various coding sequences (upper 
panel), simulation and measurement results of monostatic RCS reductions of a 1-bit coding metasurface (lower panel). Inset: schematic view of the 
unit cell of the coding metasurface. Reproduced with permission.[205] Copyright 2014, Nature Publishing Group. b) Measured and simulated backward 
scattering coefficients of a 2-bit metasurface in the THz range under normal incidence. Inset: simulated results of the Minkowski coding particle at 
different frequencies. Reproduced with permission.[206] Copyright 2015, Nature Publishing Group. c) Photograph of the fabricated “0” and “1” coding 
elements (upper panel), experimental acoustic temporal field distribution of the transmitted wave for normal incidence and a flat Fresnel lens based 
on 1-bit acoustic coding metasurfaces (lower panel). Reproduced with permission.[211] Copyright 2016, John Wiley and Sons. d) Simulated polariza-
tion state in the plane perpendicular to the wave vector for various gate voltages (upper panel) and schematic illustration of the polarization-division 
multiplexing technique using the proposed metadevice with a circular orthogonal polarization basis according to the superposition principle of polari-
zation states (lower panel). Reproduced with permission.[215] Copyright 2016, John Wiley and Sons. e) Schematic illustration of EM reprogrammable 
metaholograms using a 1-bit coding metausrface. Inset: schematic view of the unit cell of the coding metasurface. Reproduced with permission.[198] 
Copyright 2017, Nature Publishing Group. f) Schematic of the processes used to calculate the physical entropy of a coding metasurface from its far-
field pattern. Reproduced with permission.[217] Copyright 2016, Nature Publishing Group.
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DC voltage. The reflection phase difference reached π when 
the diode was biased “on” and “off” so that the digital states 
“0” and “1” of the coding metasurfaces could be electrically 
controlled by the pin-diode using a DC voltage. Thus, a single 
coding metasurface was composed of designed unit cells fea-
turing numerous functions with various coding-sequence pos-
sibilities. When all possible coding sequences are stored in a 
field programmable gate array (FPGA), a variety of functionality 
can be dynamically generated in a programmable way. Taking 
advantages of the dynamically controlled programmable coding 
metasurfaces, a transmission-type 2-bit programmable coding 
metasurface in the microwave frequency for single-antenna 
and single-frequency imaging was developed.[213] When an 
FPGA inputs a series of random coding sequences into the 
programmable metasurface, multiple independently random 
radiation patterns are generated, illuminating the object to 
be imaged. For large-scale imaging problems, a compressed-
sensing technique based on a programmable coding metasur-
face system was experimentally validated for high-resolution 
microwave imaging with excellent performance.[214] A metade-
vice composed of a metallic metasurface and graphene that can 
dynamically modulate the polarization state of a reflective wave 
with a wide tunable range in the MIR range was proposed, 
as illustrated in Figure 8d.[215] In this device, the phase retar-
dation difference between the two orthogonal E-field compo-
nents caused by the metadevice is controlled using a switching 
gate voltage applied on the graphene at one of three different 
values, and the incident linearly polarized light is dynamically 
converted into LCP light, RCP light, or linearly cross-polarized 
light in the reflection direction. Additionally, the programmable 
metasurfaces can be used to produce programmable hologram 
imaging, resulting in a variety of target holographic images 
realized in real time using a single coding metasurface, as indi-
cated in Figure 8e.[198]

4.2.3. Information Operations with Coding Metasurfaces

Information entropy was originally used to measure the 
unpredictability of an information state, or equivalently, of 
the average value of an information source.[216] The larger the 
entropy, the more uncertainty the information source has and 
the more information it carries. As a link between the physical 
world and the digital world, a method of measuring the infor-
mation carried by coding metasurfaces was recently proposed 
using information entropy, as shown in Figure 8f.[217] An 
approximately proportional relationship was found between 
the geometrical and physical entropies by calculating them for 
a series of coding patterns, which means that the information 
of the radiated pattern can be controlled by modulating the cor-
responding coding pattern with a certain geometrical entropy. 
Inspired by the convolution theorem in Fourier transforms, a 
new coding strategy called the scattering pattern shift was pro-
posed that can rotate the scattering pattern to a target direction 
with little distortion and realize beam scanning with a contin-
uous scanning angle.[218] Based on the principle of scattering 
pattern shift, ring-shaped scattering patterns with controllable 
shapes and directions were generated by arranging the gra-
dient coding sequence that varies along the radial direction.[219] 

Another application is a controllable random metasurface that 
can control the probability of random scatterings appearing in 
certain directions by combining a random coding pattern with 
an additional gradient coding pattern.[220]

4.3. Multifunctional Shared-Aperture Metasurfaces

Most metasurfaces that we have already discussed were 
designed to realize a single functionality. With the development 
of modern photonics, ultracompact, multifunctional, and inte-
grated optical devices are desired that can control the phase, 
amplitude and polarization independently. Inspired by the con-
cept of shared-aperture antennas,[221] which were originally used 
for steering radar beams, this critical need has been addressed 
by demonstrating multifunctional metasurfaces.[222,223] The 
antennas use a single common aperture to simultaneously per-
form multiple functionalities. Three approaches were proposed 
for the realization of multifunctional shared-aperture metas-
urfaces: segmentation, interleaving, and harmonic responses, 
as illustrated in Figure 9a. The segmentation approach suffers 
from a low angular resolution and high noise. The interleaving 
approach suffers from speckle noise and is hindered by capacity 
reduction; however, this approach offers high flexibility in mul-
tifunctionalities generation. In contrast, the harmonic response 
concept constitutes a suitable platform to realize an accurate 
angularly resolved multibeam possessing negligible noise and 
a high information capacity; however, this approach restricts 
design flexibility. Relative to the segmentation approach, inter-
leaved and harmonic response metasurfaces are potential 
candidates for realizing on-demand, multifunctional on-chip 
photonics. Additionally, a momentum analytical method was 
proposed to provide a generalized approach for designing mul-
tifunctional metasurfaces.[224]

4.3.1. Segmented Metasurfaces

In the segmentation approach, the aperture is spatially divided 
into separated subarrays imprinted using various phase func-
tions. As a result of this division, a reduction of the angular 
resolution is inevitable. An ultrathin flat lens that can generate 
multiple focal points along the longitudinal direction was real-
ized by applying this concept. Unlike conventional multifoci dif-
fractive lenses, multiple focal points with different focal lengths 
can be achieved by changing the polarization state of the incident 
light.[225] Moreover, by adding the phase arrays of optical vortices 
into this multifoci design, a nanostructured focusing optical 
vortex generator with multiple focal planes is enabled, as shown 
in Figure 9b.[226] By designing each segmentation to function as 
an efficient polarization splitter for one of the different polariza-
tion states, chip-size plasmonic spectropolarimeters were dem-
onstrated, as indicated in Figure 9c.[99] The spectropolarimeters 
can diffract normally incident light in six predesigned directions 
whose polar angles are proportional to the wavelengths, and the 
contrast in the corresponding diffraction intensities provides 
a direct measure of the incident polarization state through the 
retrieval of the associated Stokes parameters. Another layout 
aim is to individually design each segmentation to function for 
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a single wavelength; thus, wavelength-multiplexed multifunc-
tional metasurfaces can be achieved. Based on this logic, achro-
matic lenses have been exploited via setting each segmentation 
to have the same focal length.[126,227]

4.3.2. Interleaved Metasurfaces

To enhance the angular resolution, an interleaved approach can 
be applied, in which multiple desired phase profiles are inter-
leaved within the entire aperture.[228] Each phase profile is asso-
ciated with a different subarray and is subjected to a thinning 
process to achieve a sufficient bandwidth, an adequate signal-
to-noise ratio (SNR) and the desired functionalities. Although 
the stochastic thinning process still affects the SNR of the 
radiation profile, which causes this approach to suffer from 
speckle noise, the high flexibility in multifunctionality genera-
tion makes interleaved metasurfaces attractive and practical. 
Multichannel optical vortices and vectorial vortices have been 
proposed to extend the extraordinary information capacity and 
the polarization helicity control in the geometric phase mecha-
nism, which is implemented in a straightforward manner using 

2D structures by imprinting optical antenna patterns, as shown 
in Figure 9d.[228,229] By substituting metaholograms for some of 
the optical vortices, metaholograms and the superposition of 
optical vortices in multiple channels can be realized simultane-
ously.[230] By continuously changing the helicity of the incident 
light, polarization-dependent holographic images in two chan-
nels along the horizontal direction and the continuous control 
of the OAM superposition in two channels along the vertical 
direction were realized. Another helicity-dependent strategy was 
proposed to integrate two distinct functionalities by designing 
two functionalities that operated separately in the positive and 
negative sides of the metasurfaces. An interleaved metasurface 
can function either as a spherical or cylindrical lens[231] or as 
a metahologram and a lens (Figure 9e)[232] depending on the 
helicity of the incident light. Although this straightforward 
approach produces background noise, which decreases the SNR 
of the generated functionalities, such noise can be deceased by 
optimization methods, such as the angle-multiplexing method. 
As mentioned in the preceding section, wavelength-multiplexed 
interleaved metasurfaces have been exploited in this way.

Multifunctional metasurface lenses have been created by 
interleaving multiple distinct optical elements. multifunctional 
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Figure 9. Multifunctional shared-aperture metasurfaces. a) Schematics of 1D phased arrays and far-field intensity distribution of wavefronts with posi-
tive (red) and negative (blue) helicities emerging from segmented, interleaved, and harmonic-response metasurfaces. Reproduced with permission.[222] 
Copyright 2016, American Association for the Advancement of Science. b) Schematic and measured results of the nanostructured focusing optical 
vortex generator with multiple focal planes. Reproduced with permission.[226] Copyright 2016, John Wiley and Sons. c) Measured far-field images of the 
diffraction spots for six different incident state of polarizations, each resulting in a unique intensity distribution. Inset: SEM image of fabricated meta-
surface. Reproduced with permission.[99] Copyright 2017, American Chemical Society. d) Experimental realization of multichannel optical vortices and 
verification of the desired topological charges. Inset: SEM image of fabricated metasurface. Reproduced with permission.[229] Copyright 2017, Nature 
Publishing Group. e) Schematic of the polarization-selective dual-functional metasurface, a metahologram and a lens could be achieved depending on 
the helicity of the incident light. Reproduced with permission.[232] Copyright 2016, John Wiley and Sons. f) Schematic of off-axis multi-OAM generation 
and experimentally observed superpositions of OAM states. Reproduced with permission.[236] Copyright 2017, John Wiley and Sons. g) Illustration of 
the generation and reconstruction procedure of a 3D vortex array based on a dielectric metasurface. Inset: SEM image of fabricated metasurface. Repro-
duced with permission.[237] Copyright 2017, American Chemical Society. h) Illustration of the polarization-controlled polarization splitting and focusing 
multifunction metamirror. Inset: SEM image of fabricated metasurface. Reproduced with permission.[240] Copyright 2017, American Chemical Society. 
i) Schematic illustration of the polarization-dependent full-space bifunctional metadevices. Inset: schematic view of the unit cell of the metasurface. 
Reproduced with permission.[242] Copyright 2017, American Physical Society.
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wavefront shaping can be accomplished within a single shared 
aperture without reducing the NA of each subelement.[233] 
Multicolor imaging with a high spatial resolution and optical 
imaging functionality with simultaneous color separation have 
been obtained using this design. Achromatic lenses[71,125,227] 
and multicolor metaholograms,[199–201] as previously discussed, 
have also been exploited based on interleaved metasurfaces.

4.3.3. Harmonic-Response Metasurfaces

To improve the SNR, a harmonic response approach can 
be adopted in which the harmonic orders of the phase func-
tion are exploited to produce multiple wavefronts, resulting 
in negligible noise and a high information capacity. Thus, 
high-capacity optical communication can be achieved by com-
bining harmonic-response metasurfaces with OAM-carrying 
optical vortices. To focus the intensity of the generated optical 
vortex, metasurfaces integrated with a lens and an optical 
vortex generator have been explored.[226,234] By imposing the 
phase profile of a linear gradient and an optical vortex, a con-
verted vortex beam with a high purity can be separated from 
the unconverted and other undesirable beam components in a 
specifically designed diffraction angle.[143] Multichannel optical 
vortices with both phase and amplitude modulation have also 
been demonstrated.[235] Higher-complexity continuously polar-
ization-controlled OAM superpositions in multiple channels 
have also been proposed, as presented in Figure 9f.[236] Arbi-
trary manipulation of OAM superpositions in four channels 
was achieved by controlling the helicity of the incident light. 
To further enhance the information capacity, a 3D volumetric 
vortex array with independently controllable topological charges 
of a sequence of coaxial beam profiles in the longitudinal 
propagation direction that can be present for the 2D diffrac-
tion orders in each transverse plane was recently explored, as 
illustrated in Figure 9g.[237] In addition to multichannel optical 
vortices generators, multiple optical vortices multiplexers and 
demultiplexers based on a highly integrated off-axis technique 
have been presented.[238] As a multiplexer, beams without OAM 
can be transferred into coaxial beams carrying various OAM 
features using various incident angles; as a demultiplexer, 
coaxial beams carrying multi-OAMs can be divided into various 
directions with fundamental modes. Large-angle metasurface 
deflectors to steer incident NIR plane waves to various diffrac-
tion orders according to the wavelengths with a high average 
efficiency for each wavelength using an iterative optimization 
solver have been produced.[239] Polarization-controlled optical 
metadevices have been developed based on harmonic-response 
metasurfaces as well, such as a polarization splitting and 
focusing metamirror that can simultaneously split orthogonal 
light polarizations and focus them into different focal spots, as 
shown in Figure 9h.[240] Bifunctional metadevices composed of 
anisotropic unit cells with polarization-dependent transmission 
and reflection phase responses to efficiently manipulate EM 
waves in the full space in the microwave regime were recently 
proposed, as illustrated in Figure 9i.[241,242] Relying on different 
optimization methods, the harmonic response concept can also 
be implemented in multi-image metaholograms, as we dis-
cussed in Section 4.1.[188,189,192–195,197,202,203]

5. Conclusions and Outlook

Phase gradient metasurfaces enable us to create an arbitrary 
phase profile for wavefront control and beam forming with 
a subwavelength resolution. We have summarized various 
methods that have been proposed to realize phase control and 
divide the phase into three types according to their generation 
mechanisms and features, which can be implemented using 
both metallic and dielectric nanostructures. Additionally, we 
have reviewed various applications based on phase gradient 
metasurfaces. This area is an emerging, promising and rap-
idly developing research domain that is attracting increasing 
interest from researchers. Many novel applications have been 
proposed, and many new branches have appeared in this field 
in the past few years. Among them, we wish to emphasize 
certain promising areas that may greatly broaden the scope of 
application of phase gradient metasurfaces:

(1) Waveguide-based metasurfaces: Optical waveguides play an 
important role in the transfer of energy and signals in in-
tegrated optical circuit systems. Metamaterials have great 
potential for controlling the propagation of light in a wave-
guide.[242–248] With a metasurface, vertical incidence light can 
couple into the waveguide,[249] and the waveguide can act as 
an in-plane polarimeter.[250] The effective relative permeabil-
ity of the waveguide can also be controlled using split-ring 
resonators.[251] Recently, it was reported that phase gradient 
metasurfaces can be integrated into waveguides to realize 
mode conversion, polarization rotation and asymmetric opti-
cal power transmission.[252] By introducing a phase gradient 
along the propagation direction of light with plasmonic or 
dielectric nanoantennas, an effective wavevector can be im-
parted to the incident mode, which can convert the higher-or-
der waveguide mode into a lower-order mode or an SW. The 
effective wavevector introduced by the nanoantenna arrays 
can also be used to relax the phase-matching requirement in 
on-chip nonlinear wavelength conversion.[253] Notably, an op-
tical fiber, as another type of waveguide, can also be an impor-
tant platform to implement phase gradient metasurfaces. By 
integrating a phase gradient metasurface on an optical fiber 
tip, optical fiber “metatips” that can steer a beam in the NIR 
region have been proposed and experimentally realized.[254] 
In view of the extensive applications of waveguides and the 
powerful light modulation abilities of phase gradient metas-
urfaces, waveguide-based metasurfaces are expected to be a 
promising field in future integrated optical circuits and opti-
cal communication systems.

(2) Dynamically reconfigurable metasurfaces: Dynamically recon-
figurable metasurfaces are highly desirable for the realiza-
tion of advanced optical devices and can greatly enhance the 
abilities of EM wave controls. However, most of the currently 
proposed phase gradient metasurfaces are static, which 
means that their functions cannot be changed or tuned 
once the design is completed. Currently, several methods 
have been proposed to realize dynamically reconfigurable 
metasurfaces,[255] such as electrical control,[55,153,215,256,257] 
optical control,[121,258–260] mechanical control,[119,120] and ther-
mal control.[261,262] Dynamical phase gradient metasurfaces 
are often implemented using active functional materials. For 
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example, tunable infrared anomalous refraction[55] and opti-
cal polarization encoding[215] by varying the Fermi energy of 
graphene have been proposed. The refractive index of GST 
can be changed by changing the GST structural phase form 
amorphous to crystalline. Based on this property, several 
phase gradient metasurfaces have been realized from the MIR 
region[134] to the NIR[260,263,264] and the visible regions.[121] Re-
cently, Qiu et al. proposed a reconfigurable active metalens 
at microwave frequencies that can simultaneously control 
multiple focal spots. However, realizing real-time wavefront 
control that can individually modulate every phase shifter el-
ement from 0 to 2π remains a considerable challenge, par-
ticularly for the short-wavelength region. Notably, a dynamic 
change of the phase gradient can lead to some new phenom-
ena and enable so-called time-gradient metasurfaces,[266,267] 
which can break the photon energy conservation constraint 
and realize nonreciprocal propagation of light.

(3) Gradient nonlinear metasurfaces: Although the nonlinear P–B 
phase and the abrupt phase of metasurfaces can both cover 
the full 2π range, providing unprecedented control over the 
nonlinear generation process relative to conventional non-
linear optical crystals, the conversion efficiency of nonlinear 
metasurfaces is very low. Currently, weak signals can be de-
tected only with highly sensitive cameras, which are applied 
in optical encryption.[268] Therefore, new materials and sys-
tems should be explored to enhance the conversion process. 
One strategy is to couple metasurfaces to the intersubband 
transitions of semiconductors.[58,269] Another strategy in-
spired by conventional quasi-phase-matching was recently 
proposed,[270] using multilayered nonlinear metasurfaces, 
the nonlinear conversion efficiency can be dramatically en-
hanced. With further developments in the enhancement of 
the conversion efficiency, an increasing number of nonlinear 
metadevices can open new avenues for data storage, optical 
information security and display.

(4) Quantum metasurfaces: The application scope of metasur-
faces has extended from classical systems to quantum sys-
tems in recent years.[271–273] The capacities of metasurfaces 
for polarization and phase modulation provide a promising 
route for on-chip quantum state engineering. An anisotropic 
quantum vacuum can be realized using the polarization- 
dependent response of a metasurface that can act as a spherical 
mirror for one polarization state while simultaneously serv-
ing as a normal mirror for another polarization state.[272] As 
a result, a strong anisotropy in the decay rate of a quantum 
emitter located above the metasurface can be achieved. Such 
an artificial anisotropic quantum vacuum can induce remote 
quantum interference among radiative decay channels in 
a multilevel quantum emitter with orthogonal transitions. 
Metasurfaces can also be used to realize the quantum entan-
glement of qubits at the chip level. The metasurface-mediat-
ed quantum entanglement between two qubits separated by 
macroscopic distances with large values of concurrence has 
been theoretically demonstrated.[273] The interaction of the 
two qubits was mediated by a metasurface that can redirect 
the emission from the source qubit toward the target qu-
bit. By combining the metasurface platform with quantum 
systems, quantum metasurfaces may find numerous applica-
tions in on-chip quantum science and technologies.

In summary, thanks to the flexible ability of phase control, 
the simplicity of fabrication and integration, the subwavelength 
resolution of the phase shifter elements, and the diversity of 
functions and other advantages, phase gradient metasurfaces 
are expected to play a significant role in the realization of future 
nanophotonic devices and to have other advanced applications.
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