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Metasurfaces, kinds of planar ultrathin metamaterials, are able to modify the polarization, phase, and amplitude of physical fields
of optical light by designed periodic subwavelength structures, attracting great interest in recent years. Based on the different type
of the material, optical metasurfaces can be separated in two categories by the materials: one is metal and the other is dielectric.
Metal metasurfaces rely on the surface plasma oscillations of subwavelength metal particles. Nevertheless, the loss caused by the
metal structures has been a trouble, especially for devices working in transmit modes. The dielectric metasurfaces are based on
the Faraday-Tyndall scattering of high-index dielectric light scattering particles. By reasonably designing the relevant parameters
of the unit structure such as the size, direction, and shape, different functions of metasurfaces can realize and bring a wide range
of applications. This article focuses on the metasurface concepts such as anomalous reflections and refractions and the working
principle of different types of metasurfaces. Here, we briefly review the progress in developing optical over past few years and look
into the near future.

1. Introduction

Optical elements are the basic unit of optical systems such as
imaging, illumination, and communications [1, 2]. They can
change the direction of light beam propagation and reshape
the wavefront by modulating the amplitude, phase, and
polarization of light.The conventional optical elements, such
as lenses, wave plates, and light modulators, are transmitted
primarily through the principles of refracting, reflection,
absorption, or diffraction of light [3]. Wavefront shaping is
realized by the gradual accumulation of phase in the propaga-
tion of components, which is closely related to the structure,
refractive index, and dielectric constant of components.
Due to the limited manipulation mechanism and material
selection of conventional optical components, it is difficult
to achieve high integration such as chip integration, ultra-
thin structure, wavelength control, and polarization control
[4]. With the development of microfabrication technologies
and computational electromagnetic fields, miniaturization

of optical device and integration of optical system have
gradually become the trend of future development. An
artificially designed new type of optical material media has
gradually attracted more and more attention of researchers.
Further studies have found that the effective combination
of medium and transform optics is expected to achieve its
complete control of electromagnetic waves and has become
a newmethod for the study of beam propagation control and
interaction laws of light and matter.

The metamaterials consist of periodical subwavelength
metals and medium structures, which are artificial
microstructures with a specific order. Due to the influence of
subwavelength structures and overall functional materials,
supermaterials exhibit extraordinary electromagnetic
properties [5]. Therefore, the ideal electromagnetic response
and device function can be obtained by adjusting the
basic unit structure of the material, thereby eliminating
the material performance constraints of the conventional
materials [6]. For the study of metamaterials, many scholars
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Figure 1: Selected functionalities of metasurfaces: (a) band pass frequency selective surface; (b) band stop frequency selective surface; (c)
high-impedance surface; (d) narrowband perfect absorber; (e) twist polarizer; (f) right-handed circular-polarization frequency selective
surface; (g) linear-to-circular polarization converter; (h) two-dimensional leaky-wave antenna with a conical-beam pattern; (i) focusing
transmit array; (j) focusing reflect array; (k)flat Luneburg lens; (l) hologram [18].

have made major breakthroughs in different applications. So
far, the metamaterials that have been obtained include
negative-refractive-index materials [7–9], magnetic
media [10], chiral materials [11–13], electromechanical
metamaterials [14, 15], and photonic crystals [16], and they
can be applied to some difficult areas of conventional optics,
such as super-resolution imaging, electromagnetic cloaks,
and all-optical devices [15]. With the deepening of research,
resonance response and the use of metal structure leads
to the existence of high loss and strong dispersion, which
brings new challenges to practical application. In addition,
micro-scale and nanoscale three-dimensional metamaterials
are expensive and difficult to manufacture [17]. As a result,
researchers have turned their attention to metasurfaces
that are compatible with modern semiconductor. They
can be easily fabricated using existing technologies such
as photolithography and nanoprinting methods. At the
same time, the ultra-thin thickness in the direction of wave
propagation can significantly reduce undesirable losses by
selecting suitable materials and metasurface structures [18].
In general, the metasurface can overcome the challenges of
large-volume metamaterials and realize optical adjustment
functions that are difficult with conventional optical devices.

In conclusion, as shown in Figure 1 the study of metasurface
has become one of the frontier in the field of metamaterials,
which has important research significance.

The metasurface reduces the dependence on the prop-
agation effect by introducing mutations in optical proper-
ties such as phase, amplitude, and polarization [3–5]. This
mutation can be realized by a two-dimensional array of
subwavelength scattering, which is an electromagnetic mod-
ulation primitive structure at the light wavelength called an
optical antenna. Some common scattering structures include
metal nanostructures, barbina structures, and high refractive
index dielectric media nanomaterials. The core feature of the
metasurface is the subwavelength distance between element
structures, which can be different geometric parameters such
as shape, size, and direction. Compared with the control
of the light path of the metamaterial, the design of the
metasurface is more focused on the wavefront control in
the control of the light beam [26]. It realizes wavefront
control by controlling the intensity and phase of each point,
which avoids the loss of light through the cell structure
multiple times, thereby strengthening the practical applica-
tion. In addition, the metasurface has many advantages over
conventional optical elements. First of all, the thickness of
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Figure 2: Schematic diagram of LSPs [19].

the metasurface is much smaller than the wavelength, so
the treatment of transmitted light and reflected light occurs
only in the structural layer where the interface is very thin.
Secondly, due to the electromagnetic scattering character-
istics, the metasurface can effectively control the optical
phase, amplitude, and polarization at the subwavelength
resolution and efficiently suppress high-order diffraction.
Then the focus of the metasurface is not the far-field optical
control, but the near-field wavefront shaping. Finally, the
magnetic response of themetasurface can achieve impedance
matching of planar optics, not just electric field responses like
conventional elements.

In recent years, the field of metasurface research has
developed rapidly and has achieved considerable research
results. In this article, we review research progress abroad and
summarize some research methods, thus presenting our own
opinions on this research field.

2. Plasmonic Metasurface

2.1. Principle. Thematasurface utilizes the phase jump intro-
duced by the resonance of incident light with subwavelength
structures. According to Huygen’s Prindple, if it controls
the amplitude and phase response of each “point source”
(subwavelength structure) about the incident wave (electric
field and magnetic field component) on the plane, the shape
of the wavefront can be adjusted at will and achieve the
devices expect performances. Similar to the case where the
oscillator displacement is often out of sync with the excitation
in the spring oscillator model, the phase jump is derived
from the phase difference between the polarization charge
displacement and the excitation field.

Plasmonic metasurfaces are generally consisted by metal
nanoparticle structures and its substrate.When incident light
reaches the metal nanoparticles, the free electrons on the
surface will oscillate collectively, and called surface plasmons
(SPs). There are two kinds of SPs, one of them produces
charge density waves but they are unable to propagate,
which became the localized surface plasmons (LSP), and the
other transmits among the interface between the metal and
dielectric, called surface plasmon polaritons (SPPs).

When light strikes the metal particles, free electrons
on the surface exhibit directional movement, and form the
electric dipole on the surface. Affected by electric dipole,
free electrons on the surface of the metal particles produce

+ + ++ + + − − −− − −
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Figure 3: The electric field and the distribution of electric charges
during the propagation of the SPPs inmetal and dielectric interfaces
[19].

resonance phenomenon, which strongly depends on their
natural frequency of the harmonic vibration, the shape of
geometry size, material properties, and dielectric environ-
ment surrounding metal particles [19]. Under the action of
light with similar inherent frequency, metal particles formed
the electronic collective oscillation, and the result is as shown
in Figure 2.

Many nanostructures are capable of generating LSP res-
onances, such as common spherical and ellipsoidal metal
nanoparticles, metal nanorods, andmetal nanostars. Further,
the coupling between the metal nanoparticles constituting
the polymer can also cause LSP resonance, and a strong
electric field is formed in the space between the respec-
tive units constituting the polymer. In addition, the metal
nanopore structure can also generate LSP resonances, and the
periodicmetal nanopore structure can generate both LSP and
SPPs along the metal surface. LSP can enhance local electric
field, improve the efficiency of many optical processes, and
have a wide range of applications in surface enhancement
spectroscopy and biosensing.

SPPs are electromagnetic waves transmitted along the
interface betweenmetal andmedium.They are exponentially
attenuated in the direction perpendicular to the interface
between the metal and the medium. Therefore, SPPs are
locally distributed at the interface between the metal and the
medium and spread in the subwavelength range, breaking
through the diffraction limit.Theprinciple of generating SPPs
is shown in Figure 3.
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Figure 4: Schematic representation of a nanoarray. (a)The unit (blue) at the plasmonic interface is composed of 8metallic V-shaped antennas
with a width of 40 nm and a thickness of 30 nm. The repetition period in the x direction is T, and the repetition period in the y direction is
T/8.The phase delay of cross-polarized light increases from right to left along the x axis. (b)The scanning electron microscopy images of four
antenna array cells with different cycles were produced on a single wafer.

In the field of midinfrared and optical wavelength
research, researchers have proposed ultra-thin optical surface
devices. Such new optical devices, called metasurfaces, con-
trol the polarization [5], phase, amplitude, and dispersion [17]
of light by using the scattering properties of ultra-thin wave-
length scale optical resonators at interfaces [27]. The designs
use wavelength-scale dielectric or metallic nanoparticles
to control dispersion characteristics in resonant scattering
systems or in nonresonant situations, so as to make use of
geometrical phase to control light scattering [28]. In recent
years, the development of light field modulation has been
increasing. For example, the generation and application of
vortex and vector light have always been hot research [29–34].
Plasmons have also proven that they can be applicable to opti-
cal modulation [35], just like the generation of ring-shaped
beams in carbon disulfide by using a graded-index plasmonic
lens [36]. Metamaterials and plasmons have evolved a new
revolutionary field in photonics by combining the energy and
momentumof photons into a free electron gas in the formof a
surface plasmon, which combines the properties of photonics
and electronics [37]. Surface plasmons move on the metal
surface and realize the transmission and operation of light at
nanometer scale [9].

2.1.1. Nano-Array Antenna Metasurface. For a device with a
discontinuity of phase at the interface and can be completely
light-guided, its unparalleled control of abnormal reflections
and refraction can be expressed in terms of the generalized
Snell’s law:

sin (𝜃𝑡) 𝑛𝑡 − sin (𝜃𝑖) 𝑛𝑖 =
𝜆0∇Φ
2𝜋 (1)

sin (𝜃𝑟) − sin (𝜃𝑖) =
𝑛𝑖−1𝜆0∇Φ
2𝜋

(2)

where 𝜃t, 𝜃i, and 𝜃r are the angle corresponding to
refraction, incidence, and reflection, respectively; 𝑛𝑡 and 𝑛𝑖
stand for the refractive index of the two different media on
the transmission and incident sides, respectively; 𝜆0 is the

wavelength of free space. Equations (1) and (2) show that
there is a gradient ∇Φ at the discontinuity of the interface
phase, the direction of light refraction and reflection can be
changed by using components along the interface, and it can
be implemented in an extremely thin layer. It is worth noting
that, in essence, ∇Φ is an added momentum contribution,
which can be introduced by coupling the nanoantennas at
the interface and destroying the symmetry at the interface;
therefore, the light waves will be bent to achieve momentum
conservation [38, 39]. The control of the degree of freedom
of the light by the nanoantenna array is shown in Figure 4.
Since the nanoantenna array is an ultra-thin structure, the
metasurface function can be combined with the low-loss
characteristics. This will hopefully achieve the production
of a variety of optical components, making special light
modulation and control possible.

If the interface was added to a periodic array of sub-
wavelength resonators of negligible thickness forming a
meatasurface, the reflection and transmission coefficients
will be then dramatically changed because the boundary
conditions are modified by the resonant excitation of an
effective current within the metasurface. The reflection and
transmission waves carry a phase change that can vary from
−𝜋 to 𝜋, depending on the wavelength of the incident wave
relative to the metasurface resonance. When the resonators
are anisotropic, the polarization state may be also altered.
When the phase change is uniform along the interface,
the directions of reflection and refraction are unaltered; in
contrast, one of the merits provided by meatasurfaces is that
we can create spatial phase variation with subwavelength
resolution to effectively control the direction of wave prop-
agation and the shape of wavefront [40].

The metasurface structure with symmetrical fracture V-
shaped nanoantenna array achieves a mutated phase shift
from zero to 2𝜋 on crossed polarized light, which can be
devoted to designmany planar optical elements [41]. Figure 5
shows the schematic diagram of some applications of optical
metasurface. Just like in order to realize function of the lens,
nanoantennas can be set to concentric rings. In a variety
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Figure 5: Applications of optical metasurface. (a) Metasurface acts as a chemical sensor: the molecules are attached to the metasurface,
resulting in the transfer of resonances of the nanoantennas components. This leads to anomalous reflection and transmission beam angle
changes (indicated by �𝜃𝛾 and �𝜃𝑡, respectively). (b) Schematic diagram of a superrefractive index medium consisted of 3 metasurfaces (left
panel). The right panel displays the cumulative phase transition of light passing through a common homogeneous material (green line) and
through a medium consisting of 3 metasurfaces (red polyline), the slope of every red polyline representing the effective refractive index.

of different shapes, nanoantennas are arranged in such a
way that the mutated phase shift leads to complete phase
length interference on the distance 𝑓 after wave propagation
through the interface. This ultra-thin metal lens can be
designed to generate a variety of beams, such as a nondiffrac-
tion bezier beam. Moreover, the plasmonic metasurface can
control the phase of light, which makes it also applied to 3D
optical holography [40].

2.2. Plasmonic Application

2.2.1. Optical Vortex Plates. According to the mutated phase
of the interface [42, 43], a phase plate consisting of two-
dimensional V-shaped metal plasmonic antennae [44, 45] is
designed and produced to generate an optical vortex from
cross-polarized scattered light of themodulator transmission.
Thenby controlling the geometry of the antenna and selecting
the array element group, it covers the phase more than 2𝜋
radians. The first-order or second-order vortex phase plate is
designed based on different topological charges, and different
order vortex beams are finally generated [46, 47]. Figure 6
shows a vortex phase plate model with eight groups of
plasmons and subwavelength antennametasurface structures
distributed in one azimuth.

In addition, the use of gradient metasurface can make
vortex beam generatorminiaturization [48, 49].The continu-
ousmetasurface is composed ofmulticircular chirp plasmons
surface waveguides with anisotropy and spatial heterogeneity
that can generate spin-orbit interactions of photons. The
surface plasmons waves of radial polarization are excited
by continuous superstructure. When the chirp coefficient is
zero, a vortex beam with a topological charge of 1 can be
generated by irradiating a metasurface with a wavelength of
632.8 nm of left-handed polarized light and a vortex beam
with a topological charge of 2 can be obtained by using
the analyzer to detect the crossing polarization components
in the radiation wave. When the chirp coefficient is not

zero, the topological charges of the vortex beam change
from an integer to a fraction. The use of a high refractive
index material to further fill the annular chirp waveguide can
theoretically generate vortex beams of arbitrary topological
charges (integer and fractional). Moreover, compared with
the discrete metasurface, the continuous metasurface “pixel
points” can be infinitely small, high precision phase modula-
tion can be achieved, and extremely pure vortex beam can be
obtained.

2.2.2. �ree-Dimensional Color Holography. A simple three-
dimensional color hologram can be fabricated from a thin
layer of metal with a thickness of only ten to a hundred
nanometers [50]. Since its smallest pixel size is only 200nm
× 200 nm, its projection holographic field of view can
reach 90∘ (That is the entire transmission space is imaged)
and even the evanescent wave area. Since the entire visible
light band is an achromatic structure, full-color holographic
imaging can be achieved by utilizing this structure and
introducing off-axis illumination technology. The offaxis
illumination technology introduced can eliminate the zero-
order light interference and the cross-talk between different
color images in traditional metasurface color holography,
which greatly improves the imaging SNR. Further, by using
its subwavelength-scale pixel size, a hologram without a false
image can be obtained by rationally designing a moving
related image existing in a conventional color holography
technique to a disappearing wave region. Figure 7 shows the
generation of a hologram using a metasurface holographic
plate. This holographic technology provides a more efficient
method for phase and amplitude design and reconstruction,
providing a viable solution for a wide range of applications in
the microscope, beam shaping, and entertainment industries
[51–57].

2.2.3. Hyperbolic Lens. The hyperbolic lens is a flat lens
with superconducting plane waves that can perfectly focused.



6 Advances in Condensed Matter Physics

(a) (b)

Figure 6: (a) Eight groups of V-shaped focusing structures arranged in the radial direction of the circle, arranged along the azimuth direction
with 0, 𝜋/4, 𝜋/2, 3𝜋/4, 𝜋, 5𝜋/4, 3𝜋 /2, and 7𝜋/4 phase antennas and linear spacing 𝜋/4. (b) Vortex phase mode.

(a) (b)

z = 0 m z = 10 m z = 15 m

(c)

Figure 7: (a) Place a pattern on a specific distance from the metasurface holographic plate (here we choose ten microns). (b) Create a specific
holographic template on the metasurface. (c) Metasurface holograms received at a particular location.

Eight types of V-shaped focusing structures are periodically
arranged in the radial direction of the planar circle. Each
set of V-shaped focusing structures on the ring is evenly
arranged. As shown in Figure 8(a), eight groups of V-shaped
focusing structures are arranged in the radial direction of the
circumference, and the phases are arranged from the inner
ring to the outer ring to be 0, 𝜋/4, 𝜋/2, 3𝜋/4, 𝜋, 5𝜋/4, 3𝜋/2,
and 7𝜋/4 antenna arrays and their phase linear spacing are
𝜋/4. Based on the perfect focus of the phase distribution, the
arrangement of radial V-shaped structures was calculated,
the position of each focusing structure r was determined,
and finally the number of structures etched on the ring was
obtained [58, 59]. By designing different microstructures, flat
lenses with different focal lengths can be obtained. Due to
the very thin thickness of the flat lenses, it is expected to be
applied in the field of optical integration [60]. According to
the above method, Figure 8(b) shows an ultra-thin flat lens

that generates a specific focal spherical wave based on the
metasurface structure.

3. Dielectric Metasurface

3.1. Principle. Unlike the plasmonic metasurface, the dielec-
tric metasurface is formed by the distribution interface of
high-refractive-index light scattering particles that is com-
parable to the wavelength of light [61–64]. The kind of scat-
tering effect is called Faraday-Tyndall scattering. And when
particles are cylindrical or spherical, the Helmholtz equation
can be separated by boundary conditions, which matches
the Mie scattering conditions [65]. Therefore, accurate Mie
calculations are greatly helpful for dielectric nanoparticles.
The radiation field and the internal field can be calculated by
extending the solution to the spherical vector wave function.
The analytical expression of the radiation field is generally
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Figure 8: (a) Lens model. (b) Schematic diagram of the ultra-thin flat lens producing a spherical wave of a specific focal length.

y

x

y
x

zn1

ns

k0
E0

(a)

y

x

y
x

zn1

ns

k0
E0

(b)

y

x

y

x

y
x

ED MD

z
n1

k0
E0

(c)

Figure 9: (a, b) Diagram of electric field in plasmonic resonator; (c) diagram of electric field in dielectric sphere.The plasmonic rod antennas
only stand by electrical resonances and can ignore magnetic contributions. In plasmonic particles, metal rods are formed into a split ring
resonator, which can realize strong magnetic dipole resonance [20].

compared with the experimental data, which can be fitted to
extract the contribution of every model. And the analytical
expression of the internal field stands for distribution of the
field in the medium. It reveals the physical mechanism of
efficient metasurface transmission or reflectivity.

If the spherical dielectric nanoparticles are small enough,
they will undergo significant resonance in the electromag-
netic field. In Figure 9, these resonances are mainly related
to the excitation of magnetic and electric dipole modes. In
description of Mie, the first resonance is magnetic dipole
resonance in cases where the effective wavelength is the mag-
nitude of the particle size (𝜆0/𝑛𝑠𝑝 ≈ 𝐷𝑠𝑝). Dipole magnetic
resonance in a high refractive index dielectric resonator is
virtually caused by an electric field rather than a magnetic
field. As is shown in Figure 9(c), unlike metallic plasmonic
nanoparticles, dielectric resonance is driven by displacement
currents rather than electrical conduction currents, which

greatly reduces the energy loss in resonance. It should be
noted, as shown in Figures 9(a) and 9(b), that the polarization
of the electric field in the metal cleaved ring resonator is
antiparallel in both ends of the ring and can be effectively
coupled to the cyclic displacement current.

Magnetic dipole modes also appear on aspherical geom-
etry of dielectric particles. For example, in a single-layer
cylindrical silicon resonator on a silicon-insulating substrate,
the forced separation of the electrical and magnetic dipole
resonances, as shown in Figure 10, enables the peak reflectiv-
ity in the short-wavelength infrared region to surpass 99%.
In rectangular resonators, altering the size of the geometry or
scattering makes tuning the resonant wavelength very easy
[20]. The combination of electrical and magnetic resonance
scattering properties is of great importance for achieving
efficient planar optical metasurfaces.
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Figure 10: (a) The metasurface consists of an elliptic amorphous silicon column with the same height, different diameters (Dx and Dy), and
different azimuthal angles (𝜃). The columns are located in the center of the hexagonal cell (pixel). (b) Rectangular dielectric nanoparticles
also exhibit electromagnetic field polarizability. The figure shows the electric dipole (ED) and the magnetic dipole (MD) [20].

In order to further elucidate the potential of meta-
surface, considerable “electromagnetic field” scattering, we
will introduce the study of Kerker et al here [66]. When
the relative permittivity and relative permeability of the
dielectric sphere are equal, ie, 𝜀 = 𝜇, zero backscatter and
no depolarization are present. Because 𝜀 = 𝜇 particles scatter
light and cause destructive interference in the backward
direction.The effect described above is called the first Kerker
condition [67].When considering that the nanoparticles have
a sufficiently small size until the size of particles are similar
to the wavelength of the light, as a result, the prediction of
Mie’s scattered light coefficient will be greatly simplified, and
the characteristics of the discrete field are left with only a
few coefficients [68]. This means that nanoparticles can be
considered as dipole particles; that is, only dipole conditions
contribute to the scattering field.

For a better description of the electromagnetic field and
magnetic dipole polarizability, two coefficients of the Mie
extension can be introduced:

𝛼𝑒 =
3𝑖𝜀
2𝑘3

and 𝛼𝑚 =
3𝑖
2𝜇𝑘3 𝑏1

(3)

where 𝑘 = 𝑛𝑠𝑝𝑘0.
Interference between the electric dipole and themagnetic

dipole causes the appearance of a backscattering cross sec-
tion, which can be expressed as

𝜎𝑠 (𝜋) = 4𝜋𝑘4 (
𝜀
−1𝛼𝑒

2 + 𝜇𝛼𝑚


2) [1 + cos (𝜋 − Δ𝜙𝛼)] (4)

When the dipole oscillates in phase (Δ𝜙𝛼 = 0), its min-
imum value is an overall mode comparable to the Huygens
source.

The first Kerker condition has been widely used in
the microwave and optical frequency bands of germanium,
silicon, and gallium arsenide nanospheres.

Figure 11(a) shows a schematic diagram of the forward
and backward radiation. Figure 11(b) also describes the
scatter plots corresponding to the forward and backward
radiation. In the pink/orange highlighted area of Figure 11(c),
forward/backward scattering is acquired when the electrical
andmagnetic dipoles overlap at the common/antiphase reso-
nance.This is achieved by a silicon nanodisk array embedded
in a refractive index-optimized homogeneous medium in the
Figure 11(d). In recent years, the wavelength-order nanopillar
array in Figure 11(f) and the dielectric ridge waveguide made
of amorphous silicon have been put forward as phase shift
elements. Among these elements, an efficient transmission
metasurface can be created at the midinfrared and infrared
wavelengths as the wavelength distance propagates to the
desired phase accumulation.

3.2. Dielectric Metasurface Applications. The dielectric meta-
surface is a new type of two-dimensionalmetamaterial, which
has received more and more attention due to its ability
to operate in light [62]. Compared with the phase transi-
tion induced by propagation in a conventional system, the
metasurface can introduce phase and amplitude mutations
through the optical resonator array [63]. In this respect,
the dependence of the propagation effect can be simply
released. Therefore, in the past few years, the characteristics
of some novel two-dimensional devices have been gradually
proposed and experimentally proved, such as abnormal
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Figure 11: (a) Diagram of the forward and backscattering characteristic of micron-sized dielectric particles. (b) Scattering plot of a 240 nm
germanium sphere; refractive index 𝑛𝑠𝑝 = 4 is a constant and positive value in this wavelength range. Two polarizations, parallel to the incident
electric field (TM or p-polarization) or consistent with the plane of incidence (TE or s-polarization) are all considered. (c) The interaction
of the total extinction profile 𝑄𝑒𝑥𝑡 (black curve) with the wavelength is determined by the contribution of every parameter in the expansion
of Mie [21]. The blue line corresponds to the contribution of the dipole and the red line to the contribution of the magnetic dipole, and
approximately 1.4 microns pink depends on the magnetic quadrupole moment. (d) The phase and amplitude of the scattering field can be
used as a function of wavelength of the ideal wavelength array, with electric and magnetic dipole resonance of the same intensity and width
under plane wave illumination. (e) Numerical calculation of the transmission intensity (red line) and phase (blue line) of a silicon nanorod
with a diameter of 484 nanometers and a height of 220 nanometers embedded in a homogeneous medium with the best optimal refractive
index (n = 1.66). The resonance happens at a designed wavelength of approximately 1340 nanometers with a phase coverage of 2𝜋. (f) Finite
element simulation of the near-field distribution of scattered light in a circular amorphous silicon nanopillar (radius = 75 nm, height = 750
nm) as an example. (a, f) Corresponds to [22]; (b, c) Corresponds to [23]; (d, e) Corresponds to [24] adaptation.

reflection/refraction [64], surface-wave coupling [22], and
high-resolution optical holograms [23]. Moreover, some of
the plasmonic metasurfaces functions achieved can also be
done by dielectricmetasurfaces, like vector vortex beams gen-
eration [69], Pancharatnam-Berry phase lens and dynamical
phase lens [70], etc.

3.2.1. High Impedance Metasurface. As shown in Figure 12,
high impedance metasurface is a sandwich structure
composed of subwavelength metal structure/dielectric
layer/metal bottom plate, and it can almost completely

reflect electromagnetic waves [71]. The structural elements
of high impedance metasurface are much smaller than the
working wavelength. According to the theory of equivalent
circuit model, high impedance metasurface has equivalent
inductance L and capacitance C, so the system has a specific
resonant frequency. The equivalent impedance of a highly
impedance metasurface is very high near the resonant
frequency, which means that the horizontal magnetic field
on its surface is very weak and the horizontal electric field
is very strong, just like a “magnetic conductor.” When
the electromagnetic wave frequency is far away from the
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Figure 12: High impedance metasurface structure.

resonant frequency of the high impedance metasurface,
the electromagnetic response of the system returns to the
“magnetic conductor”. These characteristics allow high
impedance metasurface to have different reflective phases
at different frequencies. At the resonance frequency of the
system, the reflection phase is 0∘, which means that even
if the antenna is infinitely close to the high-impedance
super surface, the antenna can maintain the same phase
interference and the antenna has extremely high radiation
efficiency. This characteristic of high impedance metasurface
overcomes the disadvantage of one-fourth wavelength
spacing limitation of traditional antenna baseplate, so that
the antenna system can be miniaturized. When we classify
this type of ultra-thin artificial micro-organisms in response
to the special adjustment characteristics of electromagnetic
waves on the electromagnetic surface, high-impedance
metasurfaces are an important category.

3.2.2. Dielectric Gradient Metasurface. Gradient metasur-
faces are two-dimensional optical elements capable ofmanip-
ulating light by imparting local, space-variant phase changes
on an incident electromagnetic wave. These surfaces have
thus far been constructed from nanometallic optical anten-
nas, and high diffraction efficiencies have been limited to
operation in reflection mode. Erez Hasman’s group have
proposed a series of dielectric gradient metasurface opti-
cal elements capable of also achieving high efficiencies in
transmission mode in the visible spectrum [25]. Ultrathin
gratings [72–75], lenses [76, 77], and axicons have been
realized by patterning a 100-nanometer-thick Si layer into
a dense arrangement of Si nanobeam antennas. The use
of semiconductors can broaden the general applicability of
gradient metasurfaces, as they offer facile integration with
electronics and can be realized by mature semiconductor
fabrication technologies. Figure 13 shows an example of
dielectric gradient metasurfaces optical elements (DGMOE).

3.2.3. Polarization-Controlled Metasurface. In 2007, Zhou
Lei’s research team proposed the perfect conversion of elec-
tromagnetic polarization using an anisotropic metasurface,
which has no energy loss at all and can achieve 100%
conversion efficiency [78]. As is shown in Figure 14(a), it

is a sandwich structure composed of an “I” type metal
structure/dielectric layer/metal with an ultra-thin structure
[79].

Its equivalent dielectric model consists of an air layer, an
anisotropic dielectric layer, and ametal layer.This anisotropic
hypersurface has different resonant frequencies in the x and
y directions. The system 𝜇2𝑥𝑥 → ∞ and 𝜇2𝑦𝑦 → ∞ at
the x-resonance frequency means that, for x-polarized elec-
tromagnetic waves, the super surface appears as a “magnetic
conductor” with a reflectivity of 1 and a reflection phase of 0∘.
For a y-polarized electromagnetic wave, the system response
is an “electrical conductor” with a reflectivity of 1 and a
180∘ reflection phase. This expresses that after the incident
electromagnetic wave is reflected by the metasurface, the x
component of the electric field remains unchanged, and the
y component of the electric field is reversed. Therefore, the
polarization of the reflected wave is completely controlled in
the vertical direction, achieving effective polarization conver-
sion. On the other hand, this metasurface is comparable to
an ultra-thin artificial birefringent material, so polarization
control can be achieved. Compared with the conventional
methods of polarization control, this kind of metasurface
has the advantages of high efficiency and thin thickness. In
addition, as shown in Figure 13(b), we also achieved effective
polarization rotation in the optical frequency band [80],
resulting in a perfect transmission 1/4 wave plate to achieve
perfect polarization control of line offset, ellipsometry, and
circular polarization [81].

3.2.4. Metasurface Prisms. The emergence of artificial elec-
tromagnetic specific media has triggered a series of rev-
olutionary advances in light field control. According to a
gradient-specific media system, metasurface devices operat-
ing in the microwave, terahertz, and optical bands have been
designed. The gradient of the optical parameters of various
special prisms and special prisms replaces the geometric
gradients of conventional optics, and all of these optical
controls fall into the category of volume control. With the
V-shaped antenna array, people have designed a monochro-
matic phase-shift-free ultra-thin flat lens and prism axis [82]
working in the communication band, which has opened up
a new direction for the design of high numerical aperture,
super-resolution planar prisms. Recently, we designed and
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Figure 16: (a) All-media gradient metasurface lens. (b)-(e) High numerical aperture lenses; (f)-(g) visible light lenses.

fabricated a reflective gradient surface prism [83]. The inci-
dent plane wave’s reflection phase distribution is hyperbolic.
Experiments of Figure 15 show that the prism can focus
incident light. The gradient metasurface prism thickness is
much smaller than the wavelength (approximately 𝜆/20) and
all electromagnetic waves can be reflected and focused at the
focal point. Therefore, with nearly 100% operating efficiency,
it has important application value in the flat antenna.

3.2.5. Full Media Metasurface Lens. Metasurfaces based on
all-dielectric nanostructures can overcome the limitations
of plasmonic metasurface efficiency [20, 63–65]. Typically,
the dielectric super surface is composed of a column of
high refractive index media having a near wavelength length.
The main types of materials include Si, TiO2, GaP, and
SiN. In 2014, Brongersma et al. [1] of Stanford University
proposed the concept of an all-dielectric metasurface, which
provides an effective solution for designing efficient imaging
lenses. The designed device is mainly based on the PB phase
principle and uses silicon nanowires of sufficient depth. The
structure is shown in Figure 16(a). When the incident light

wavelength is about 500 nm, the focusing efficiency of the lens
reaches 70%. In 2015, Faraon et al. [22] of California Institute
of Technology designed a high numerical aperture lens with
a round silicon column. The lens achieves 82% focusing
efficiency at the 1550 nm communication wavelength. The
microstructure is shown in Figures 16(b)–16(e). The circular
silicon column has a high degree of rotational symmetry, so
the designed lens is polarization-independent. The height of
the silicon pillar is close to 1𝜇m, the aspect ratio is relatively
large, and the processing difficulty is also great. Although the
proposal of dielectric metasurface is expected to solve the
problem of plasmonic metasurface loss, the efficiency of the
imaging lens designed in the visible light band is still limited,
especially when the wavelength is 500 nm. In 2016, Capasso
et al. [46] used PB phase to implement high-performance
metasurface lenses in the visible region. As shown in Figures
16(f) and 16(g), the designed lens consists of a chloro-oxy
dielectric rod and a glass substrate. A low loss medium
material with smooth surface and high refractive index is
used to solve the problem of material selection in visible
band. Since this lens is based on the principle of PB phase
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modulation, its main drawback is that circular polarized light
must be used, so some additional devices are needed to deal
with the light source.

4. Conclusion

In this paper, the typical plasmonic metasurface and the
dielectric metasurface are introduced from two aspects: prin-
ciple and application. The plasmonic metasurface consists of
a periodic, subwavelength metal structure. We describe in
detail the nanoantenna array structure that constitutes the
plasmonic metasurface. By adjusting the different arrange-
ments of the V-shaped antennas in the nanoantenna array,
according to different abrupt phase shift methods, we intro-
duced the application of the plasmonic metasurface in opti-
cal scroll plates, three-dimensional color holography, and
hyperlenses. Then the advantages of dielectric metasurface
are introduced: special control of electromagnetic wave and
superiority of semiconductormaterials. Based on this feature,
the researchers achieved polarization conversion control with
100% conversion efficiency. Reflected gradient metasurface
prisms can be used to reflect all electromagnetic waves and
converge them at the focal point to achieve holographic
imaging using a metasurface. Finally, we introduced a high
numerical aperture all-media metasurface lens designed by
researchers using low-loss dielectric materials. In a word,
the plasmonic metasurface and the dielectric metasurface
have their own advantages, and their applications are also
very extensive. As a novel two-dimensional material, the
metasurface has many secrets to be explored.
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