
https://doi.org/10.29026/oea.2020.200002



Opto-Electronic 
Advances 

Review
2020, Vol. 3, No. 11

200002‐1 

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

DOI: 10.29026/oea.2020.200002 

Multidimensional manipulation of wave fields 
based on artificial microstructures 
Yuebian	Zhang1,	Hui	Liu1,	Hua	Cheng1*,	Jianguo	Tian1	
and	Shuqi	Chen1,2,3,4*	

Artificial microstructures, which allow us to control and change the properties of wave fields through changing the geo-
metrical parameters and the arrangements of microstructures, have attracted plenty of attentions in the past few decades.
Some artificial microstructure based research areas, such as metamaterials, metasurfaces and phononic topological
insulators, have seen numerous novel applications and phenomena. The manipulation of different dimensions (phase, 
amplitude, frequency or polarization) of wave fields, particularly, can be easily achieved at subwavelength scales by 
metasurfaces. In this review, we focus on the recent developments of wave field manipulations based on artificial micro-
structures and classify some important applications from the viewpoint of different dimensional manipulations of wave 
fields. The development tendency of wave field manipulation from single-dimension to multidimensions provides a useful 
guide for researchers to realize miniaturized and integrated optical and acoustic devices. 
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Introduction 

To receive and send information, images and sounds are 
two primary information carriers for a person in his/her 
real life. The manipulation of electromagnetic (EM) and 
acoustic waves plays a fundamental role in the current 
information society. However, traditional components 
for wave field manipulations are often bulky and heavy, 
which limits the applications of these components in 
miniaturized and integrated devices. Artificial micro-
structures (also called meta-atoms) are some manmade 
subwavelength structures, which can resonate with EM, 
acoustic, or other kinds of waves. Metamaterials1–3 and 
metasurfaces4–9 that have three-dimensional (3D) and 
two-dimensional (2D) artificial microstructures respec-
tively have been proposed to realize miniaturized and 

integrated wave field manipulation devices in recent 
years. In addition, they can exhibit novel properties be-
yond natural materials and realize novel applications by 
carefully designing the geometrical parameters and the 
arrangements of artificial microstructures. Based on arti-
ficial microstructures, numerous applications, such as left 
handed metamaterials10, metamaterial cloaks11, ze-
ro-index metamaterials12,13, hyperbolic metamaterials14–16, 
photonic and phononic topological insulators17–21, have 
been realized, demonstrating the powerful wave field 
manipulation abilities of the artificial microstructures. 

Basically, different properties of wave fields can be 
viewed as different controllable dimensions that can be 
tailored by artificial microstructures. As shown in Fig. 1, 
for acoustic waves in the air, the primary manipulation 
dimensions are phase, frequency and amplitude. Because 
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the airborne acoustic waves are longitudinal waves, they 
cannot exhibit different polarization states. However, for 
EM waves, the polarization state is also an important 
manipulation dimension due to the fact that the electric 
field vector is transversely polarized. Thus, the phase, 
polarization, amplitude and frequency constitute four 
basic dimensions of EM waves. On the other hand, with 
the help of artificial microstructures, the energy band 
structures of phonons and photons can also be manipu-
lated. The arbitrary manipulation of these optical and 
acoustic dimensions is the core task of wave field manip-
ulation. Over the past decades, researchers have done a 
lot of work on the one-dimensional manipulation of 
wave fields. Based on metamaterials and metasurfaces, 
the transmission, reflection, and absorption intensity of 
EM and acoustic waves can be easily manipulated. As a 
result, near perfect absorbers22–24, Fano resonances25, 
plasmonically induced transparency26, antireflection 
metasurfaces27,28, and some other amplitude manipula-
tion applications have been proposed. By manipulating 
the polarization of EM waves, polarizers29 and wave 
plates30 have been realized. Based on the phase manipula-
tion abilities of artificial microstructures, holograms31, 

beam deflectors32–34, metalenses35 and coding 
metasurfaces36 have also been proposed in recent years. 
In addition, the frequency of EM waves can also be ma-
nipulated by nonlinear metasurfaces37. For more details 
about one-dimensional manipulation of wave fields, 
readers can refer to some previous review arti-
cles1–9,31,32,35–41, which have reviewed the metamaterials 
and metasurfaces from different viewpoints. For example, 
Genevet et al. reviewed the development of metasurfaces 
from plasmonic to dielectric metasurfaces6, Assouar et al. 
reviewed the design strategies of acoustic metasurfaces9, 
Ding et al. reviewed the fundamentals and applications of 
gradient metasurfaces32, Chen et al. mainly focused on 
the phase manipulation methods of metasurfaces38, 
Glybovski et al. classified the metasurfaces based on their 
operational principles and functionalities40, Sun et al. 
presented an overview on the working principles and 
applications of metasurfaces41. With the development of 
metamaterials and metasurfaces, the dimensions of wave 
field manipulation have extended from single-dimension 
to multidimensions42–44, which have greatly expanded the 
scope of artificial microstructures. Therefore, a review 
about the multidimensional manipulations of wave fields 

Fig. 1 | Overview of the multidimensional manipulation of wave fields based on artificial microstructures. 
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will provide a useful guide for researchers to design novel 
optical and acoustic devices. 

In this paper, we focus on the recent developments of 
wave field multidimensional manipulations based on 
artificial microstructures. Firstly, we systemically discuss 
the 2D manipulation of EM waves, including the sim-
ultaneous manipulation of phase and amplitude, phase 
and polarization, amplitude and polarization, frequency 
and phase, and some other 2D manipulations of EM 
waves. Next, we briefly review the manipulation of 
acoustic waves from the viewpoint of different acoustic 
dimensions, including the amplitude, phase and energy 
band structure. Then, we review some important optical 
and acoustic applications in wave field manipulations 
based on artificial microstructures. In the last section, we 
provide a brief conclusion and an outlook of potential 
developments in this field. 

Manipulation of wave fields 

Manipulation of EM waves 
Manipulating phase and amplitude of EM waves 
Phase and amplitude constitute the complex amplitude of 
a wavefront, which carries the main information of an 
image. Arbitrary complex amplitude manipulation of EM 
waves plays a vital role in realizing high quality holo-
grams31,45,46 and optical illusions47. In addition, by tailor-
ing the phase and amplitude of antennas simultaneously, 
numerous novel applications can be achieved, such as 
metasurfaces that can control the efficiencies of anoma-
lous refraction48–50, reflection51,52, or diffraction beams53–55. 
To realize arbitrary complex amplitude manipulation of 
EM waves, different geometrical parameters of antennas 
should be designed subtly, and the phase and amplitude 
usually need to be controlled independently. Liu et al. 
proposed a metasurface with simultaneous phase and 
amplitude manipulation of linearly polarized (LP) light 
based on C-shaped antennas53. As shown in Fig. 2(a), the 
transmission amplitude of the antenna array can be con-
trolled by changing the orientation angle θ of the 
C-shaped antennas. At the same time, the phases of the 
antennas can be manipulated by changing their arm 
lengths and the open angles (Fig. 2(b)). Hence, by tailor-
ing all these geometrical parameters simultaneously, both 
the transmission amplitude and the phase of the con-
verted LP light can be manipulated independently and 
simultaneously. Based on this method, broadband te-
rahertz metasurface gratings that can control the ampli-
tudes of anomalous diffraction orders have been pro-

posed. However, the efficiencies of these metasurface 
gratings are limited below 25% due to the fundamental 
limits of ultrathin plasmonic metasurfaces56. For 
metasurfaces operate in reflective scheme, one method to 
i m p r o v e  t h e  e f f i c i e n c y  i s  t o  u s e  t h e  m e t -
al–insulator–metal (MIM) configuration57. Based on this 
configuration, Kim et al. proposed a metasurface that can 
control the amplitude and phase of the local reflection 
coefficient independently51. The amplitude can be 
changed from 0 to 0.6725 by rotating the nanorod, and 
the phase can cover the full 2π range by changing the 
length of the nanorod. This complex amplitude manipu-
la t ion ab i l i ty  enab les  the  des i gn  o f  op t ica l 
Dolph-Tschebyscheff reflectarrays that can minimize the 
sidelobe levels of radiation patterns. To manipulate the 
complex amplitude of circularly polarized (CP) light, one 
can utilize the Pancharatnam–Berry (PB) phase by rotat-
ing the structure and control the amplitude by changing 
the size of the structure58,59. Li et al. proposed a 
metasurface that can generate Airy beams for CP incident 
light based on gold (Au) nanorods58, as shown in Fig. 2(c). 
When CP light incidents on a nanorod with a rotation 
angle θ , part of the CP light will convert into its 
cross-polarized states and acquire a PB phase 2σθ , 
where 1σ    represents the left-handed circularly po-
larized (LCP) and right-handed circularly polarized (RCP) 
light, respectively. Thus, by arranging the nanorods in 
orthogonal directions, 0 and π phase changes can be 
achieved. In addition, by choosing nanorods with differ-
ent lengths, the amplitude of the cross-polarized light can 
be modulated to fit the normalized Airy function. Based 
on this method, Airy beams with both phase and ampli-
tude modulation can be achieved. However, these ma-
nipulation schemes based on changing the structure size 
are usually difficult to achieve broadband operations due 
to the resonant properties of the structures. Recently, Lee 
et al. proposed a metasurface that can realize broadband 
complex amplitude holograms based on X-shaped struc-
tures60. The X-shaped structure can be viewed as a su-
perposition of two nanorods with different orientation 
angles. If the excited modes can be modeled by two in-
dependent electric dipoles under CP light incidence, the 
transmission of the cross-polarized light can be simply 
changed by varying the intersection angles of the two 
nanorods, as shown in Fig. 2(d). In addition, the phase of 
the cross-polarized light can be changed by rotating 
whole X-shaped structure. That is to say, both the phase 
and amplitude can be manipulated by choosing different 
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Fig. 2 | (a) Schematic of the C-shaped antenna used to control the phase and amplitude of linearly polarized light simultaneously (upper panel) and

simulated transmission amplitude and phase of an antenna array for different orientation angle θ (lower panel). (b) Simulated amplitude and phase

of the transmitted y-polarized light for different antennas with different orientation angle θ and geometrical parameters under x-polarized normal

incidence. (c) Upper panel: simulated amplitude of the converted CP light for different nanorods with different lengths. Inset shows the schematic of

the gold nanorod. Lower panels: simulated electric field distributions of the Airy beams with simplified amplitude modulation (left) and without am-

plitude modulation (right). (d) Simulated and measured cross-polarized transmission for X-shaped structures with different intersection angles

(upper panel) and schematic of the designed hologram (lower panel). (e) Upper panels: amplitude and phase profiles of the designed hologram.

Lower panels: simulated and measured holographic images at proper image planes. (f) Left panel: schematic of the bilayer metasurface that can

generate complex amplitude holograms. Right panels: phase (upper) and amplitude (lower) profiles of the designed hologram. (g) Upper panel:

schematic of the structures used to independently and completely control the transmitted phase and amplitude. Lower panels: simulated phase and

amplitude for structures with different lengths and rotation angles. (h) Measured holographic images at different observation angles. The upper two

images correspond to the metasurface with a phase gradient. The lower two images correspond to the metasurface with same intensity

distributions as the upper metasurface but without phase gradient. (i) Left panels: schematic of the energy tailorable multifunctional metasurface

(upper) and measured light distributions of three vortex beams with order of 3, 1, 0, respectively (lower). Right panels: the designed (red), calcu-

lated (blue) and measured (green) energies of each functionality for different samples (upper) and measured image of 1951 USAF resolution test

target realized by a metasurface (lower). Figure reproduced from: (a–b) ref.53, Wiley-VCH; (c) ref.58, Wiley-VCH; (d–e) ref.60, Royal Society of

Chemistry; (f) ref.61, Nature Publishing Group; (g–h) ref.62, Nature Publishing Group; (i) ref.63, Wiley-VCH. 

O 

r  
 

 

 

x 

 sE

 sE  

 asE

 x
i

E

 asE

 sE

First and third order

A
m

p
lit

ud
e 

(a
.u

.)
 P

h
ase

 (d
egre

e) 

A
m

p
lit

ud
e 

(a
.u

.)
 P

h
ase

 (d
egre

e) 

1.0 

0.5 

0.0 

1.0 

0.5 

0.0 

180

0 

-180

Simulated results
Gaussian fitting 

A1

A2

A3

A4

A5

Length of nanorod (nm)

A
m

pl
itu

de
 tr

an
sm

is
io

n 

160  180  200  220  240  260  280

0.25 

0.20 

0.15 

0.10 

0.05 

0.00 

60      70      80      90 

1

0.8

0.6

0.4

0.2

0

Normalized 
2

tcross

Experiment 
Simulation 

In
te

ns
ity

 (
a.

u.
) 

 (deg) 

z=150 μm 

z=80 μm 

z=0 μm 

λd,RCP 

Amplitude Phase

Simulation Experiment

z=
15

0 
μ

m
  

  
  

 z
=

80
 μ

m
  

  
  

 z
=

0μ
m

 

A
m

pl
itu

de
 (

a.
u.

) P
hase (degree) 

0.4 

0.2 

0.0 

90

0 

-90

-90    -45      0     45      90 
Orientation (degree) 

1 

0.8

0.6

0.4

0.2

0 

80 

60 

40 

20 

0 

95 

-30 -20 -10  0  10  20 -30 -20 -10  0  10  20

x (μm) x (μm)

z 
(μ

m
) 

250 

250

-250 

-250 

0 

0 

250 

250

-250 

-250 

0 

0 

0

π

2π

0

0.5

1

y 
(μ

m
) 

y 
(μ

m
) 

   1 2t t t

 1t t

A 

Φ 

0   60  120  180 0  2π/3  4π/3  2π 

A
 

 = -20°

 = -20°

 = 0°

 = 0°

0.2k0

ky 

kx 

F1 F2 

F3 

F1

F2

F3 x3

2 

3 

4 

5 

6 

a b 

d 

c

e f

g h i

Ecross = tcrossEin 

y Single order
180

0 

-180

2    1     0   0     3    6 

1

2

3

4

5

6

6
1



                    Opto-Electronic Advances    https://doi.org/10.29026/oea.2020.200002 

 

200002‐5 

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

combinations of the two orientation angles according to 
an expanded PB phase theory. As a result, this type of 
structure is resistant to fabrication errors and can realize 
broadband operation. As an example, broadband com-
plex amplitude holograms that can reconstruct three let-
ters on different image planes have been demonstrated, 
as shown in Fig. 2(d,e). Besides the methods mentioned 
above, the phase and amplitude can also be manipulated 
simultaneously by using few-layer metasurfaces61. As 
shown in Fig. 2(f), the metasurface contains two layers: 
the nanodisks in the bottom layer are used for manipu-
lating the amplitude of the transmitted light and the 
nanoposts in the top layer are used for manipulating the 
phase. The total phase of the transmitted light is the 
summation of the phases contributed by the two layers. 
Both the phase and the amplitude are manipulated by 
changing the radius of these dielectric structures. Based 
on this method, 3D complex amplitude hologram that 
can display a clock evolving along the propagation direc-
tion has been achieved. Few-layer metasurfaces provide 
more degrees of freedom to manipulate the complex am-
plitude of EM waves and can realize polariza-
tion-insensitive operation, which provide a promising 
way to realize more novel functions based on the full 
control of phase and amplitude. 

In the past few years, one difficulty in manipulating the 
complex amplitude of EM waves is realizing complete 
control of amplitude from 0 to 1. Recently, several works 
based on few-layer metasurfaces and/or dielectric 
metasurfaces have partially solved this problem61–64. 
Overvig et al. proposed a metasurface that can completely 
tailor the amplitude and phase at near-infrared (NIR) 
wavelengths by using amorphous silicon (a-Si) struc-
tures62. As shown in Fig. 2(g), the amplitude of the con-
verted CP light can be continuously changed from 0 to 1 
by varying the lengths of the nanostructures, and the 
phase can be continuously changed from 0 to 2π by var-
ying the orientation angles of the nanostructures. Arti-
fact-free holographic images and holograms with sepa-
rately encoded amplitude and phase profiles have been 
demonstrated based on this metasurface platform. As 
shown in Fig. 2(h), two metasurfaces with identical in-
tensity profiles but distinct phase gradient can recon-
struct holographic images at different observation angles. 
Taking advantage of complete and simultaneous manip-
ulation of phase and amplitude, energy tailorable multi-
functional metasurfaces have been proposed63. As shown 
in Fig. 2(h), spin-selective metasurfaces that can generate 

three vortex beams with different topological charges and 
controllable energy ratios have be experimentally realized 
based on a-Si elliptical nanopillars. In addition, direct 
imaging of a calibration test target with low noises have 
also been realized. In principle, the functionalities can be 
arbitrarily designed as long as the interferences in k-space 
between different channels are weak enough. Based on 
these modulation methods and design strategies, nu-
merous novel functions related to energy control and 
complex amplitude manipulation are foreseen in the fu-
ture.  
 
Manipulating phase and polarization of EM waves 
Plane EM waves in free space are transverse waves, which 
leads to many unique and intriguing phenomena com-
pared with longitudinal waves, such as birefringence, 
optical activity and vector light fields. Metasurfaces are 
suitable platforms to manipulate the polarization states of 
EM waves at sub-wavelength scale. In the past few years, 
many polarization manipulators, such as polarization 
convertors65–70 and optically active devices71,72, have been 
proposed based on metasurfaces. However, most of these 
works are designed to realize a single functionality, which 
cannot fulfill the demand of modern optics for multi-
functional devices. By manipulating the phase and polar-
ization of EM waves simultaneously, the functionalities of 
a single metasurface can be greatly expanded, and novel 
functions, such as vector Bessel beams73, vector vortex 
beams74 and focused vector beams with sub-diffraction 
focusing spots75, can also be achieved. In this section, we 
mainly focus on the discussion of three types of work 
related to simultaneous manipulation of phase and po-
larization: 1) polarization manipulators based on phase 
modulation; 2) complete control of phase and polariza-
tion distribution; 3) polarization dependent multifunc-
tional phase gradient metasurfaces. 

Arbitrary polarization states can be generated by su-
perimposing two orthogonal polarization states with 
proper amplitude ratio and phase difference. If we use 
two subunits to produce two orthogonal polarization 
states and control the phase difference between them, 
and then place them together in a sub-wavelength dis-
tance, we can generate arbitrary polarization states in 
principle76–82. For example, Wu et al. proposed a reflective 
polarization generator that can produce arbitrary polari-
zations for LP incident light based on MIM structures79. 
As shown in Fig. 3(a), by arranging the Aluminum (Al) 
nanorods in an array with a constant orientation angle 
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gradient, LP incident light can be converted into two CP 
light with opposite handedness propagating in two dif-
ferent directions due to the PB phase. To generate LP 
light, two subunits with opposite phase gradients were 
combined. The offset between the two subunits intro-
duced the desired phase difference between the 
co-propagating LCP and RCP light. The superposition of 
them in far-field generated the desired LP light. As 
shown in Fig. 3(b), different supercell designs with dif-
ferent position offsets and phase gradients can produce 
six different polarization states reflected to different di-
rections. Compared with simple polarization convertors 
that only use periodic scattering anisotropic nanostruc-
tures, this method can separate the converted light from 
the background optical field due to the phase gradient of 
the metasurface. Besides the generation and manipula-
tion of different polarization beams with uniform polari-
zation distribution, realizing arbitrary polarization and 
phase distribution is also valuable for modern optics. Li 
et al. proposed a plasmonic metasurface that can control 
the polarization and phase distributions of light simulta-
neously based on the bilayer rectangular nano-aperture 
structures83. As shown in Fig. 3(c), the Au nano-aperture 
pairs can support waveguide modes between layers. As a 
result, the phase of the transmission light can be changed 
by changing the geometrical parameters and the relative 
positions of the nano-apertures. In addition, the polariza-
tions of the transmission light are perpendicular to the 
major axis of the nano-apertures. By rotating the rectan-
gular nano-apertures, the polarizations can be changed 
and an extra Berry phase term of ie θ  can be added to 
the transmitted light for CP light incidence, where θ  is 
the rotation angle. As a result, full control of polarization 
and phase can be achieved. A radially polarized vector 
beam without a helical phase profile were then experi-
mentally demonstrated based on this configuration. This 
method can also be used to realize vector beams with 
arbitrary phase distributions84. However, the efficiencies 
of these works are not very high due to the Ohmic losses 
of plasmonic structures. This problem can be solved by 
using dielectric structures85 or few-layer metasurfaces73,86. 
Based on high-contrast a-Si elliptical nanoposts, Arbabi 
et al. realized several high efficiency metasurfaces that 
can completely control the phase and polarization for LP 
incident light at NIR wavelengths85. The phase and po-
larization can be tailored by changing the geometrical 
parameters and the rotation angles of the elliptical 
nanoposts, respectively. As shown in Fig. 3(d), one of the 

metasurfaces can generate and focus the radially and az-
imuthally polarized light for different LP incident beams. 
Another metasurface that can convert LP incident 
Gaussian beams into radially and azimuthally polarized 
Bessel–Gauss beams was also demonstrated, with meas-
ured transmission efficiencies reaching 96% and 97% for 
the x and y polarized incident beams, respectively. Re-
cently, Deng et al. proposed a new method to realize ar-
bitrary polarization and phase distributions by using “di-
atomic metasurfaces”87. As shown in Fig. 3(e), the unit 
cell of the metasurface consists of two orthogonal metal 
nanorods. Different from the former works that use PB 
phase or resonance phase, this work is based on the dis-
placement-targeted phase88, which can be continuously 
tuned by changing the global displacement of the 
metamolecule. The fundamental mechanisms of the po-
larization manipulation are similar to the polarization 
generators discussed above. The two orthogonal 
nanorods can produce two orthogonal LP beams with 
controllable amplitude ratio and phase difference, which 
can be tailored by changing the orientation angle of the 
metamolecule and the local displacement between the 
two nanorods, respectively. This method can realize 
phase manipulation robust against both wavelengths and 
incident angles, and can generate arbitrarily polarized 
light, including CP and elliptically polarized light. As a 
result, vectorial holograms with arbitrarily spatially var-
ying polarizations can be achieved. 

Polarization is an important degree of freedom to rec-
ord optical information. By encoding different phase 
information or functions into different polarization 
channels, numerous polarization dependent multifunc-
tional phase gradient metasurfaces can be realized89–97. 
The key to realizing these devices is to achieve polariza-
tion dependent phase responses, which are usually im-
plemented by anisotropic nanostructures for LP light98,99. 
However, for CP incident light with opposite handedness, 
these nanostructures can only implement equal and op-
posite phase profiles if only PB phases are used89,92. Re-
cently, Mueller et al. proposed a method that can imple-
ment two independent and arbitrary phase profiles on 
any pairs of orthogonal polarization states by combining 
both propagation phase and PB phase95. As shown in Fig. 
3(f), by varying the dimensions and orientation angles of 
dielectric nanostructures that act as linearly birefringent 
wave plates, arbitrary and independent phase profiles can 
be achieved for two orthogonal polarization states. As a 
proof, a hologram metasurface that can produce a 
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Fig. 3 | (a) Schematic of the reflective polarization generators based on phase gradient metasurfaces. (b) The simulated polarization conversion

efficiency for each polarization. (c) Left: schematic of the bilayer nano-aperture structure used to control the polarization and phase simultaneously.

Middle: schematics of the polarization and phase realized by nano-aperture pairs with various dimensions and orientations. Right: measured far-field

intensity distributions of the generated radially polarized beam without and with a linear polarizer (oriented at angle θ ) intercepted before the cam-

era. (d) Left: schematic of the metasurface that can generate and focus the radially and azimuthally polarized light for different LP incident beams.

Middle: simulated and measured intensity distributions of the vector beams. Right: optical (bottom) and scanning electron (top) microscope images

of the metasurface. (e) Schematic of the diatomic metasurface for vectorial holography. (f) Upper panels: schematic of the metasurface that can

implement two independent and arbitrary phase profiles on any pair of orthogonal polarization states by combining both propagation phase and PB

phase. Lower panels: measured images of the chiral holograms for different CP incident light. (g) Schematic of the arbitrary SOC (left) and the

typical J-plate design (right). Figure reproduced from: (a–b) ref.79, American Chemical Society; (c) ref.83, Wiley-VCH; (d) ref.85, Nature Publishing

Group; (e) ref.87, American Chemical Society; (f) ref.95, American Physical Society; (g) ref.100, American Association for the Advancement of Science.
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dog image for RCP incident light and a cat image for LCP 
incident light was experimentally realized. This strategy 
can not only realize polarization switchable multifunc-
tional metasurfaces for arbitrary orthogonal LP and CP 
light, but also work for arbitrary orthogonal elliptical 
polarization light, which significantly expanding the 
scope of polarization dependent metasurfaces. Based on 
this strategy, arbitrary spin-orbital angular momentum 
conversion (SOC) have also been realized100,101. CP states 
of light correspond to the spin states of photons, which 
are related to the spin angular momentum (SAM) of light. 
Optical vortex beams are EM waves with a helical phase 
front φ lθ , where θ is the azimuthal angle in the trans-
verse plane, l is the topological charge and related to the 
orbital angular momentum (OAM) of light102–105. Based 
on geometric metasurfaces with proper phase profiles, 
RCP (LCP) incident plane beams can be converted into 
LCP (RCP) output vortex beams with opposite topologi-
cal charges106–108. However, this fundamental connection 
between the SAM and OAM limits the generation of ar-
bitrary OAM states. By combining both propagation 
phase and PB phase, Devlin et al. decoupled the coupling 
between SAM and OAM, and realized arbitrary SOC for 
both CP light and elliptically polarized light100. As shown 
in Fig. 3(g), the metasurfaces consist of dielectric 
nanostructures with different dimensions and orientation 
angles. The output OAM states can be independently 
designed for arbitrary input orthogonal spin states. Re-
cently, a novel method that can realize broadband SOC 
was proposed based on the diatomic metasurfaces109. This 
method utilized the PB phase and detour phase, which is 
similar to the strategy used in ref.87. The metasurface can 
independently generate different OAM states for RCP 
and LCP incident light in a wide range of incident angles. 
The coupling and decoupling between polarizations and 
phases produce abundant interesting phenomena. Novel 
physics and applications are waiting to be explored by 
arbitrarily and simultaneously manipulating the polariza-
tions and phases. 

Manipulating amplitude and polarization of EM waves 
The reflection, transmission and absorption properties of 
periodic scattering anisotropic nanostructures are usually 
related to the polarization conversion of incident light. 
Deeply understanding the relationships between ampli-
tude manipulation and polarization manipulation is vital 
to the realization of many useful optical devices, such as 
asymmetric transmission devices110–117, chiral 

metasurfaces118–124 and polarization enabled image dis-
play125,126. Asymmetric transmission is a phenomenon 
that the total transmission of the forward and backward 
propagating light are different, which is closely related to 
the symmetry of the structure and the polarization con-
version of the light127. If we use a complex Jones matrix 
(T-matrix) to describe the transmission of coherent light 
through a linear and reciprocal metasurface and write the 
T-matrix for the forward propagating light as: 

f A B
T

C D
 

  
 

  ,              (1) 

where A, B, C and D are complex numbers. According to 
the reciprocity theorem, the T-matrix for the light prop-
agating along the backward direction is  

b A C
T

B D
 

   
  .             (2) 

From the equations above we can know that the dif-
ference between the off-diagonal elements of the 
T-matrix determines the asymmetric transmission, which 
can be obtained from the polarization conversion effi-
ciencies of the light for a given base vector. The asym-
metric transmission occurs when B C  and can be 
defined as 2 2= C B   , which is affected by the sym-
metry of the metaatoms. To realize asymmetric transmis-
sion of LP light, the mirror symmetries with respect to a 
plane perpendicular to the propagation direction need to 
be broken, which is usually implemented by using 
few-layer metasurfaces110–113,128–130. For example, Huang et 
al. proposed a metasurface that can realize asymmetric 
transmission of LP waves based on few-layer twisted split 
ring resonators111. Two metallic split ring resonators were 
twisted 90° to each other and separated by a dielectric 
slab. Due to this special symmetry, strong asymmetric 
transmission only for LP waves was experimentally 
achieved at microwave frequency. To realize asymmetric 
transmission of CP light, Pfeiffer et al. proposed a 
bianisotropic metasurface composed of three patterned 
gold sheets114, as shown in Fig. 4(a). By finely designing 
the sheet admittances of each layer, the metasurface can 
convert RCP incident light into LCP transmitted light for 
one incident direction and reflect RCP light for the op-
posite incident direction. The interference between these 
cascaded sheets can enhance the transmission of the 
converted CP light and the reflection of the undesired 
polarizations. As a result, the measured maximum 
transmission of the metasurface can reach 50% and the 
extinction ratio can reach 20:1 at NIR wavelengths 
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(shown in Fig. 4(b,c)).  
Chirality is a universal geometrical property that refers 

to an object lacking any mirror-image symmetry. Com-
pared with natural chiral objects, artificial chiral micro-
structures can have stronger optical chiral responses, 
which have attracted plenty of attentions from re-
searchers due to their important roles in fundamental 
research and practical applications131–134. The optical chi-
ral responses mainly arise from the different responses of 
chiral structures for LCP and RCP light, which can be 
roughly divided into two major phenomena: One is re-
lated to the different amplitude responses of CP light, 
including circular dichroism (CD)135–140 and circular 

conversion dichroism (CCD)141–143; the other is related to 
the polarization rotation of LP light due to the different 
refractive indexes for different CP light, termed optical 
rotation (OR) or optical activity or circular birefrin-
gence144,145. CD is a phenomenon that usually refers to the 
different absorption responses for different CP light, 
which is related to the OR through Kramers-Kronig rela-
tions. As a result, a chiral metasurface can always realize 
CD and OR effects simultaneously146–148. To realize chiral 
metasurfaces, the mirror-image symmetry of the unit 
cells should be broken, which can be implemented by 
using few-layer metasurfaces or 3D chiral structures. 
Based on dual-layer twisted-arcs, a CD of ∼0.35 and a 

Fig. 4 | (a) Schematic of the metasurface that enables asymmetric transmission of CP light. Simulated (solid lines) and measured (circles) Jones

matrix of the metasurface on linear (b) and logarithmic (c) scales. (d) Schematic of the optical response of the planar chiral metasurface. Measured

zeroth-order transmission spectra (e), CD spectra (f) and circular birefringence spectra (g) of the planar chiral metasurface. (h) Schematic of the 3D

Janus helical structures in two enantiomeric forms. (i) Measured transmission spectra and CDTF spectrum of the metasurface in form A for different

CP incident light in the forward direction. (j) Measured transmission spectra and LDTB spectrum of the metasurface in form A for different LP inci-

dent light in the backward direction. (k) Measured transmission spectrum for different azimuthal angles of the LP incident light. Figure reproduced

from: (a–c) ref.114, American Physical Society; (d–g) ref.148, Nature Publishing Group; (h–k) ref.154, Nature Publishing Group. 
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maximum polarization rotation of ∼305°/λ have been 
experimentally achieved at NIR wavelengths146. In addi-
tion, the transmission at the polarization rotation peaks 
can be higher than 50%. It should be noticed that, due to 
the existence of linear birefringence, the OR power is 
dependent on the orientation of the incident LP light. 
One way to realize CD and OR without linear birefrin-
gence is to use structures with rotational disorder147. For 
example, for the metasurface consisting of two layers of 
asymmetric gold nanorods with fixed intersection angle, 
by randomly rotating the nanoantenna dimers around 
the z-axis, a globally isotropic response is achieved and 
pure chirality without linear birefringence can be realized. 
Besides the few-layer metasurfaces and 3D chiral struc-
tures, chiral metasurfaces can also be realized by using 
planar single-layer metasurfaces121,148,149. Recently, Zhu et 
al. proposed a planar chiral metasurface that can realize 
giant intrinsic chirality in the visible region148. As shown 
in Fig. 4(d), the metasurface consists of titanium dioxide 
gammadion nanostructures with four-fold (C4) sym-
metry. As a result, there is no linear birefringence and 
circular polarization conversion. The period of the 
metasurface is smaller than the targeted free space wave-
length and greater than the effective wavelength in the 
substrate. By tailoring the resonance modes of the 
nanostructures and exciting higher-order multipolar 
modes, the normally incident RCP light can be transmit-
ted in the zeroth order and LCP light can be diffracted 
into the first order. Thus, strong intrinsic chirality can be 
observed in the zeroth order transmitted light. As shown 
in Fig. 4(e–g), ∼87% of the RCP light was transmitted in 
the zeroth order, and a giant CD in transmission of 
∼80%, together with a peak polarization rotation of ∼60°, 
were experimentally achieved. CCD is a phenomenon 
related to the different circular polarization conversion 
efficiencies for LCP and RCP incident light, which is al-
ways connected with the asymmetric transmission of CP 
light114,150–152. It should be noticed that, for metasurfaces 
that preserve mirror symmetry in light propagation di-
rection, strong CCD can still be realized if the 
nanostructures are chiral in the plane perpendicular to 
the light propagation direction143,151.  

Recently, a new kind of metasurface that can simulta-
neously realize optical chiral response and direc-
tion-controlled polarization conversion has been pro-
posed153,154. As shown in Fig. 4(h), a metasurface com-
posed of 3D plasmonic helical nanoapertures with gra-
dient grooves was fabricated by means of one-step 

grayscale focused ion beam milling154. For CP incident 
light propagating in the forward direction, the 
metasurface can convert RCP incident light into LP 
transmitted light but block LCP incident light, as shown 
in Fig. 4(i). This phenomenon is different from the CD 
and CCD effects discussed above, because the circular 
dichroism in transmission (CDT) is mainly attributed to 
the different reflection responses for different CP light 
rather than the absorption or the circular polarization 
conversion. In the backward direction, the metasurface 
acts as a combination of a linear polarizer and a circular 
polarizer. Both the LCP and the RCP incident light will 
be converted into RCP transmitted light with similar in-
tensities. As a result, no CDT occurs in the backward 
direction. However, linear dichroism in transmission 
(LDT) is realized in the backward direction. As shown in 
Fig. 4(j), only the LP incident light with component per-
pendicular to the aperture can be transmitted and con-
verted into RCP light. In addition, the transmission in-
tensity can be changed by varying the azimuthal angle of 
the LP incident light according to the Malus’s law, as 
shown in Fig. 4(k). Thus, this metasurface can encode 
binary image for the forward CP incident light and en-
code grayscale image for the backward LP incident light 
simultaneously. These polarization dependent spectrum 
manipulation metasurfaces discussed above reveal the 
complex relationships between amplitude manipulation 
and polarization manipulation. How to realize broad-
band and high efficiency asymmetric transmission devic-
es and chiral applications, such as circular polarizers155 
and chiral molecular detection devices156, with structures 
easier to fabricate still has a long way to go. Another re-
search direction in this field is realizing arbitrary ampli-
tude manipulation for arbitrary pairs of orthogonal po-
larized light, which can greatly expand the optical infor-
mation storage capacities of a single metasurface. 

 
Manipulating frequency and phase of EM waves 
To meet the growing demand for novel optical devices 
and multifunctional metasurfaces, phase gradient 
metasurfaces that can simultaneously work in different 
frequency bands need to be explored. Over the past few 
years, numerous multiwavelength metasurfaces, such as 
colorful metaholograms157–161, multiwavelength achro-
matic metalenses162–169 and super dispersive devices170,171, 
have been proposed. On the other hand, the research 
interests in phase gradient metasurfaces have been ex-
tended from linear optical response to nonlinear optical 
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response172–177. When an incident fundamental beam with 
CP state σ  incidents on a subwavelength nanostructure 
with an orientation angle of θ  embedded in an iso-
tropic nonlinear medium, the nth harmonic nonlinear 
polarizabilities for the CP state σ  and -σ  can be ex-
pressed as   1 i

, , e n θσnω
θ σ σα  and   +1 i

,- , e n θσnω
θ σ σα , respec-

tively, where ω  is the angular frequency of the funda-
mental beam172. As a result, the generated nonlinear sig-
nals with polarization same as or opposite to the polari-
zation of the incident fundamental beam will acquire a 
phase of ( 1)n σθ  or ( 1)n σθ , respectively. In addition, 
the processes of harmonic generation are related to the 
symmetries of the molecular configurations172,177–179. For 
CP incident light, a single nanostructure with m-fold 
rotational symmetry allows only harmonic orders of 

( 1)n lm   for the same CP as the incident light, and 
( 1)n lm   for the opposite CP light, where l is an inte-

ger. Thus, a nanostructure with three-fold rotational 
symmetry (C3) can generate second harmonic signal with 
opposite CP states, which has a phase of 3σθ , but can-
not generate third harmonic signals. However, a 
nanostructure with two-fold rotational symmetry (C2) 
can generate third harmonic signals with both the same 
and opposite CP states, which have phases of 2σθ  and 
4σθ , respectively. In addition, for C4 nanostructures, 
only a third harmonic generation (THG) signal with op-
posite CP state to that of the incident light and a phase of 
4σθ  can be generated172, as shown in Fig. 5(a). Based on 
the geometric phases and selection rules of nonlinear 
signals, nonlinear metasurfaces with continuously con-
trollable phases can be realized. By coating a nonlinear 
active medium (PFO) on top of two phase gratings com-
posed of C2 (nanorod) and C4 (nanocross) structures, 
THG signals with different CP states can be generated. By 
varying the orientation angles of the nanostructures to 
impart the desired phase gradients on the metasurfaces, 
the diffraction of THG signals can be tailored at will. As 
shown in Fig. 5(b), for the C2/PFO metasurface, THG 
signals with both the same and opposite CP states to that 
of the incident light were generated and diffracted into 
the 1  and 2  diffraction orders. However, for the 
C4/PFO metasurface, only the THG signals with the op-
posite CP states were generated and diffracted into the 

1  diffraction orders, which confirms the existence of 
the geometric phases and selection rules of nonlinear 
signals. Based on the nonlinear geometric phase, nonlin-
ear metalenses180 and nonlinear diffraction181 for second 
harmonic generation (SHG) signals have also been real-

ized. Besides manipulating the phases of harmonic sig-
nals, the phases of nonlinear four-wave mixing (FWM) 
signals can also be manipulated175,182. As shown in Fig. 
5(c), by using rectangular nanocavities in thin gold films 
with different aspect ratios, an additional momentum 
along the phase gradient direction can be provided175. 
Similar to the generalized Snell’s law in linear optical 
response, a generalized phase-matching condition for 
FWM can also be derived by considering the additional 
momentum provided by the nonlinear metasurface. Thus, 
nonlinear blazed gratings for the FWM emission can be 
realized and their diffraction angles can be controlled by 
manipulating the phase gradients (grating periodicities) 
of the metasurfaces (shown in Fig. 5(d)). Different from 
the geometric phase working for CP nonlinear signals 
and realized by rotating the nanostructures, this method 
is based on the resonance phase and works for LP non-
linear signals. This method can also be applied to manip-
ulate the phase of THG signals183. As shown in Fig. 5(e), 
based on the V-shaped gold nanostructures with different 
arm lengths and intersection angles, full 2π phase manip-
ulation for the THG signals can be achieved under LP 
light incidence. Few-layer nonlinear hologram 
metasurfaces that can generate holographic images at the 
blue wavelength when illuminated by an infrared laser 
were experimentally achieved.  

The phase manipulation of nonlinear signals provides 
a new way to separate the nonlinear beams from funda-
mental beams and realize background free optical devices. 
In addition, nonlinear metasurfaces can increase the in-
formation capacity of a single metasurface through addi-
tional information channels at nonlinear frequen-
cies184–187. As shown in Fig. 5(f, g), Ye et al. proposed a 
metasurface that can generate different holographic im-
ages for fundamental beam and SHG beams of different 
CP states184. According to the theory of PB phase and 
selection rules of nonlinear signals, for an incident fun-
damental beam with CP state σ , a split ring 
nanoantenna with an orientation angle of θ  can gener-
ate SHG beams with both same and opposite CP states, 
which have phases of σθ  and 3σθ , respectively. In 
addition, the transmitted fundamental beam with a 
cross-CP state can acquire a PB phase of 2σθ . That is to 
say, the linear and nonlinear signals can have different PB 
phases for a same nanostructure. Thus, it is possible to 
encode three different phase profiles for the three trans-
mitted beams. Based on this idea, three independent 
holographic images of the letters ‘X’, ‘R’ and ‘L’ were 
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generated under LCP incident light for the transmitted 
RCP fundamental light, RCP second harmonic wave and 
LCP second harmonic wave, respectively. This method 
can also be applied to generate nonlinear optical vortices. 
As shown in Fig. 5(h), Li et al. proposed a metasurface 
that can simultaneously generate three optical vortices 
with different topological charges for linear beam with 
converted CP state and SHG beams with two different CP 
states186. In addition, the three optical vortices can be 
focused at different focal planes by adding parabolic 
phase distributions into the metasurface. This 
metasurface can provide threefold optical information 
channels compared with linear PB phase metasurfaces. 

At the present stage, one problem that hinders the prac-
tical application of nonlinear metasurface is the low non-
linear frequency conversion efficiency. To solve this 
problem, Nookala et al. introduced the quantum well 
structure into the nonlinear phase gradient 
metasurface188. As shown in Fig. 5(i), the metasurface 
consists of semiconductor multi-quantum-well (MQW) 
heterostructure split-ring resonators and operates in re-
flective scheme. Due to the coupling of EM modes in 
nanoresonators and quantum-engineered intersubband 
nonlinearities in MQW semiconductor heterostructures, 
the nonlinear responses can be strongly enhanced. By 
taking advantages of nonlinear PB phases, beam steering 

Fig. 5 | (a) Schematic of the THG signals and their phases for C2 and C4 nanostructures. (b) Measured THG signals from the C2/PFO and C4/PFO

metasurfaces with a phase gradient of the nonlinearity. (c) Schematic of the anomalous phase matching condition for phase gradient metasurfaces.

(d) Measured (blue circles), calculated (black line) and simulated (red squares) FWM emission angle as a function of the grating periodicity. (e) Left

panels: schematic of the V-shaped gold antennas (upper) and the nonlinear hologram metasurfaces that work at THG wavelength (lower). Right

panel: the phase of the THG signals for V-shaped antennas with different arm lengths and intersection angles. (f) Schematic of the linear and

nonlinear PB phases for a split ring resonator. (g) Schematic of the nonlinear metasurface that can generate different SHG holographic images for

different CP states. (h) Schematic of the nonlinear metasurface that can simultaneously generate three focused optical vortices with different

topological charges and different focal lengths. (i) Schematic of the unit cell of the nonlinear phase gradient metasurface based on quantum well

structure. (j) Far field profiles of RCP and LCP second harmonic wave output from the metasurfaces with different phase gradients. Figure repro-

duced from: (a–b) ref.172, Nature Publishing Group; (c–d) ref.175, Nature Publishing Group; (e) ref.183, Nature Publishing Group; (f–g) ref.184, Nature

Publishing Group; (h) ref.186, Wiley-VCH; (i–j) ref.188, Optical Society of America. 
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of SHG signals with relatively high efficiency has been 
experimentally realized (shown in Fig. 5(j)). Besides the 
nonlinear optical responses, the rotational Doppler effect 
can also change the frequency of the incident light, which 
can be interpreted by the angular momentum transfer of 
light189,190. Based on the phase gradient metasurface, 
Georgi et al. have experimentally observed the rotational 
Doppler frequency shift induced by spin-orbit coupling 
of light189. When a CP light passes through the rotating 
metasurface, the cross CP reflected light will acquire a 
Doppler frequency shift, which is proportional to the 
rotational angular frequency of the metasurface and the 
total transferred angular momentum. The combination 
of frequency manipulation and phase manipulation 
greatly expands the scope of linear and nonlinear optics, 
which certainly will bring out numerous novel optical 
devices. 

Other 2D manipulations of EM waves 
Besides the 2D manipulation of EM waves discussed 
above, other multidimensional manipulations can also be 
realized based on the platform of metasurfaces. For ex-
ample, by manipulating the frequency and amplitude of 
EM waves simultaneously, nonlinear harmonic genera-
tion enhancement metasurfaces for enhancing the 
SHG191–195 and THG196–198 signals have been realized. The 
frequency and polarization of EM waves can also be ma-
nipulated simultaneously by involving nonlinear materi-
als199,200. In addition, the time evolution of EM waves can 
also be viewed as a controllable degree of freedom. All 
optical modulation of light polarization at picosecond 
timescales has been realized based on a nonlinear aniso-
tropic metasurface201. By using gold cut-disk resonators 
that have strong coherent nonlinear responses, ultrafast 
optical modulation of SHG and THG signals can be real-
ized on a subpicosecond timescale202. Recently, 
Keren-Zur et al. demonstrated that spatiotemporally tai-
lored terahertz wavepackets can be generated by nonlin-
ear metasurfaces203. These works demonstrate the exten-
sive and powerful abilities of metasurfaces in EM wave 
manipulation. The simultaneous manipulation of two 
properties of EM waves will further expand the scope of 
metasurfaces and realize more advanced functions. 

Manipulation of acoustic waves 
Manipulating phase and amplitude of acoustic waves  
Different from optical wave, sound waves are essentially 
mechanical waves. Sound waves travel through the fluid 
systems such as air and water only in a longitudinal wave 

pattern, while transverse wave mode can exists in solid 
elastomers. A sound field is described by amplitude and 
phase. As a 2D counterpart of acoustic metamaterials, 
acoustic metasurface are thought to be an effective way to 
control the acoustic field by modulating the amplitude 
and phase. The acoustic absorption metasurface can con-
trol the amplitude of acoustic absorption spectrum by 
designing resonance unit. The increase of energy density 
caused by the acoustic resonator can significantly in-
crease the total energy dissipated by the material204. The 
acoustic absorption metasurface has the advantages of 
subwavelength size, small volume and good absorption 
capacity of low-frequency band, which are not provided 
by traditional acoustic absorption materials. According 
to the resonance unit structure, the sound absorption 
materials can be divided into membrane type205,206, 
Helmholtz type207,208 and Fabry-Pérot type209,210. By com-
bining monopole resonance with dipole resonance, Yang 
et al. constructed a degenerate subwavelength membrane 
resonator and experimentally achieved a perfect absorp-
tion rate of 99.7% of the low frequency wave206. Based on 
Helmholtz resonators, a subwavelength resonant panel 
for low-frequency quasiperfect sound absorption was 
proposed which uses the accumulation of cavity reso-
nances due to the slow sound phenomenon208. In Fig. 6(a), 
Yang et al. presented a folded Fabry-Pérot tube array for 
realizing structures with target-set absorption spectra and 
a sample thickness close to the minimum value decided 
by causality210. This method achieved the absorption 
spectrum close to the theoretical limit in the semi-infinite 
frequency range shown in Fig. 6(b). In addition, by con-
structing an additional phase distribution at the interface, 
acoustic metasurface can achieve arbitrary regulation of 
the wavefront phase. The acoustic structural units con-
stitute the acoustic metasurface and each of them can 
independently modulate the phase of the acoustic wave in 
the range of 0-2π, forming a specific phase distribution 
on the emission surface of the metasurface211. For the 
concept of computer binary units that was introduced 
into the acoustic system212, Xie et al. implemented coding 
acoustic metasurfaces by using two coding elements with 
equal amplitudes and a phase difference of π to represent 
'0' and '1' in the binary system, respectively213. Phases of 
acoustic waves transmitting through the coding elements 
of “0” and “1” are shown in Fig. 6(c). When two coding 
elements are arranged according to a specific coding se-
quence, the coding acoustic metasurfaces has the  func-
tion of specific regulation of sound waves. In Fig. 6(d), 
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Fig. 6 | (a) Schematic of the folded Fabry-Pérot tube array for realizing structures with target-set absorption spectra. (b) Absorption spectra caused

by Fabry-Pérot resonance, which is close to the theoretical limit in the semi-infinite frequency range. (c) The transmission phase of two coding

elements. (d) Simulated far field distribution (upper) and simulated (lower left) and measured (lower right) field amplitude distributions of the

transmitted waves divided into four beams when coding elements are distributed in a checkerboard pattern. (e) Schematic of generalized Snell’s

law realized by a series of tapered labyrinthine metamaterials (upper) and the phase changes of six types of unit cells (lower). (f) Measured

anomalous refraction caused by controlling the wavefront phase with arrangement of the unit cells. (g) The decoupled effect of amplitude-phase

(lower) caused by the holey structured lossy acoustic metamaterial (upper). (h) Upper panels: amplitude (left) and phase (right) profiles of the lossy

acoustic metamaterial for generating the Airy beam. Lower panels: comparison of the Airy beam formed by amplitude phase modulation (APM)

(left) and Phase modulation (PM) (right). Figure reproduced from: (a–b) ref.210, Royal Society of Chemistry; (c–d) ref.213, Wiley-VCH; (e–f) ref.216,

Nature Publishing Group; (g–h) ref.226, Nature Publishing Group. 
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the reflected waves are divided into four beams with 
symmetrical azimuth distribution when the coding se-
quence is in a 2D checkerboard pattern. The 
beam-splitting effect enables acoustic coding 
metasurfaces to be used in acoustic antennas. Based on 
generalized Snell’s law214, Li et al. and Xie et al. designed 
reflective and transmissive acoustic metasurfaces, respec-
tively, which realized arbitrary regulation of the acoustic 
wavefront215–217. Through arbitrary regulation of the 
wavefront phase of acoustic waves, some interesting 
phenomena such as anomalous reflection218,219 and re-
fraction216,220,221, asymmetric propagation222,223, acoustic 
vortex field224 and directional control213,225 were realized. 
Figure 6(e) shows the generalized Snell’s law realized by a 
series of tapered labyrinthine metamaterials216. The phase 
changes of six types of unit cells are shown in Fig. 6(e), 
which can cover a complete 2π range. By controlling the 
phase of the wavefront, the metasurfaces can realize spe-
cial acoustic effects which traditional acoustic devices 
cannot, such as anomalous refraction shown in Fig. 6(f), 
extraordinary beam-steering and negative refraction. 
Commonly, the structure units of metasurfaces are usu-
ally unable to adjust the amplitude and phase of acoustic 
waves independently at the same time and the unavoida-
ble losses make it difficult to control coupling, which 
limits the ability of metasurfaces to control the acoustic 
field. Recently, a type of metasurfaces capable of achiev-
ing amplitude and phase modulation separately was 
proposed226,227. Zhu et al. studied the decoupling between 
the amplitude and phase of reflected acoustic waves by 
changing the structural parameters of the pipeline, as 
shown in Fig. 6(g)226. By deliberately introducing energy 
loss in a controlled manner, a holey lossy acoustic 
metamaterial was designed to arbitrarily adjust the am-
plitude and phase of acoustic wave. It is important to 
improve the accuracy and flexibility of sound field con-
trol. Figure 6(h) provides the comparison of the Airy 
beam formed by amplitude-phase modulation (APM) 
and phase modulation (PM), which obviously shows that 
APM Airy beam has a better quality than the one formed 
by PM. The APM of acoustic metasurface is flexible and 
adjustable and has a broad application prospect. Based on 
the decoupled modulation of phase and amplitude, a 
metasurface with coating unit cells and perforated panels 
was designed to achieve high-quality holograms227. 
 
Manipulating energy band structure of phonons 
Phonon crystals, a periodic system of artificial scatterers, 

provide periodic potential energy for acoustic waves. 
When acoustic wave travels through a phonon crystal, it 
has an energy band structure similar to the electronic 
system, which provides a possibility for the implementa-
tion of topology characteristics in phonon systems. To 
realize the topological phase transition of phonon crystal, 
time-reversal symmetry or spatial inversion symmetry 
should be broken. In acoustic systems, it is difficult to 
break the time-reversal symmetry, for phonons are low in 
energy and can hardly interact with magnetic fields, elec-
trons and photons. In 2014, Alù et al. introduced a circu-
lating fluid into a resonant ring cavity, and the acoustic 
Zeeman effect, making the degenerate 
counterpropagating azimuthal resonant modes split at 
the present of circulating fluid, was predicted228. Acting 
as acoustic magnetic field, fluid is introduced into the 
acoustic system. In 2015, acoustic topological Chern in-
sulator was predicted by Yang et al. and Ni et al. by add-
ing air flow to break time-reversal symmetry in the 
graphene lattice229,230. Figure 7(a) shows that the degen-
eracy of K(K’) points in the graphene lattice is opened by 
airflow and a complete band gap appears. For the break-
ing of time reversal symmetry, two bands at lowest ener-
gy carrying opposite nonzero Chern numbers and two 
edge states distributing on different surfaces propagate in 
opposite directions, as shown in Fig. 7(a)230. Due to the 
difficulty in controlling the air flow in the experiment, 
the acoustic Chern insulator was not observed until 
2019231. For the system with time-reversal symmetry, 
acoustic quantum spin hall effect was realized. It is found 
that the pseudospin can be constructed by conjugate 
states, and the Kramers degeneracy can be replaced by 
the symmetry of the lattice in Bose system232. In 2016, He 
et al. used the symmetry of the lattice to construct the 
accidental degenerated double Dirac cone in phononic 
crystals, and the acoustic quantum spin Hall effect was 
observed experimentally for the first time233. The 
pseudospin is constructed by the hybridization of Bloch 
mode, and the band inversion between p-band and 
d-band is realized by the interaction of 
pseudospin-orbital coupling. Figure 7(b) shows two pairs 
of interface states with opposite propagation directions at 
the interface between topological trivial and topological 
nontrivial phononic crystals, which are robust and cor-
respond to two conjugate states. In condensed matter, in 
addition to the intrinsic degrees of freedom such as spin 
and charge, solid materials also have valley degree of 
freedom, which exists at the singularity of the band 
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structure. Liu’s group introduced valley degree of free-
dom into 2D acoustic phononic crystal, and a pair of 
topological protected interface states appear at the 
boundary between two phononic crystals with different 
valley phases234,235. As shown in Fig. 7(c), based on 
hexagonal lattice, the 2D phononic crystals consist of 
triangular scatterers234. When mirror symmetry is broken 
by rotating triangular scatterers, the Dirac cone in the 
K(K’) points is opened to form a band gap. A pair of ex-

treme points, appearing on the upper and lower band 
near K(K’) points, carry the opposite vortex on two une-
qual corners of the hexagonal lattice. Study finds that 
when the scatterers turn to opposite angle, the phononic 
crystal will be in different valley Hall phases, and two 
crystals in different valley Hall phases will produce a pair 
of valley chiral boundary transfer states shown in Fig. 
7(c), whereas two crystals in the same valley Hall phase 
have none. In addition, the valley state is also extended to 

Fig. 7 | (a) Schematic of the topological Chern insulators (upper) and the projected band diagram of the sonic crystal (lower). The red and blue

lines represent the edge states distributed on different edges. (b) Upper panel: schematic of the transmission of the acoustic quantum spin hall

effect. Lower panel: calculated projected band diagram of the topological phononic crystal. The red and blue lines represent two pairs of interface

states with opposite propagation directions distributed on different interfaces. (c) Upper panels: schematic of the two dimensional acoustic

phononic crystal (left) and the valley states (right). Lower panels: the band diagram (left) and the band transition diagram (right). (d) Schematic of

the phononic crystal of type-I Weyl points (left) and the distribution of type-I Weyl points in Brillouin zone (middle). Fourier transforms of the surface

wave fields on the XZ plane that show the Fermi arc of type-I Weyl points(right). (e) Schematic of the phononic crystal of type- II Weyl points (left)

and the distribution of type- II Weyl points in Brillouin zone (middle). Fourier transforms of the surface wave fields on the XZ1 plane that show the

Fermi arc of type-II Weyl points (right). (f) Upper panels: schematic of the quantized quadrupole (left), the corresponding tight bound model (mid-

dle) and the corresponding structural unit (right). Middle panels: diagram of experimental equipment (left) and the corresponding distribution of the

bulk, edge and corner response at an arbitrary frequency (72.0 kHz) (right). Lower panel: the frequency regions of bulk, edge and corner states.

Figure reproduced from: (a) ref.230, Institute of Physics; (b) ref.233, Nature Publishing Group; (c) ref.234, Nature Publishing Group; (d) ref.238, Nature

Publishing Group; (e) ref.239, American Physical Society; (f) ref.248, Nature Publishing Group. 

a a a 

x y 

Bulk   Upper edge  Lower edge 

-0.4    -0.2    0.0    0.2     0.4 

800

780

760

740

720

700

680

kx(2π/a) 

F
re

qu
en

cy
 (

H
z)

 

Sound 100% out

S mode

A mode

Acoustic spin-
Acoustic spin+

F
re

qu
en

cy
 (

H
z)

 

26

24

22

20

18

14

12
-0.5 0.50.0

k|| (2π/a)

8

7

6

5

4

3

2

1

0

8

7

6

5

4

3

2

1

0

0
pΨ

0

qΨ 0

Max

-60  -40  -20   0   20   40   60 Γ Κ  Μ 

P
hase diagram

Γ 

Γ 
Μ 

Μ 
K 

K 
H A 

Max

Min

(2π / 3 )xk a

k z
 (

2π
/c

) 

-0.5         0.0         0.5

0.5

0.0

-0.5

k z
 (
π

/h
) 

(2π / 3 )xk a
-1.0  -0.5  0.0  0.5  1.0 

1.0

0.5

0.0

-0.5

-1.0

5 mm

1.0
0.8
0.6
0.4
0.2

x 

y 

70    71    72    73    74    75    76 

1.0
0.8
0.6
0.4
0.2
0.0

Frequency (kHz) 

E
ne

rg
y 

(a
.u

.)
 

Bulk 
Edge 
Corner 

a b c

d f

e 

 (°)

W
ei

gh
ts

 

H

K 

K
— 

2r0 

ra 
L 

h 

L 

a 

a  rb 



                    Opto-Electronic Advances    https://doi.org/10.29026/oea.2020.200002 

 

200002‐17 

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

the double-layer triangular scatterers, which shows more 
abundant topological phases236. 

Recently, in 3D phononic crystals, topological semi-
metals have drawn much attention. The typical repre-
sentative of topological semimetals is Weyl semimetal, 
which carries two-fold degeneracy points in wavevector 
space, around which the quasi-particles resemble the 
massless Weyl fermions from the standard model. In 
Weyl semimetal, a pair of opposite chiral Weyl fermions 
carrying topological charge +1 or -1 connect with each 
other by a nontrivial surface state called the Fermi arc in 
the surface Brillouin zone. Based on graphene model, 
synthetic gauge flux was introduced in the 3D phononic 
crystal by engineering the coupling in the z direction. 
Two types of Weyl point models were proposed by Meng 
et al.237, and observed experimentally by Li et al.238 and 
Xie et al.239 respectively. Type-I Weyl points were ob-
served in chiral phononic crystal and Weyl points with 
opposite topological charges were distributed in different 
planes in Brillouin zone. In the constant frequency plane, 
a pair of chiral Weyl points projected as a point connect-
ed by a Fermi arc, as shown in Fig. 7(d)238. Type-I Weyl 
point shows vertical conical dispersion, while the cone 
dispersion at type-II Weyl point is seriously inclined. 
When the anisotropic coupling is introduced, the cone 
dispersion of type-I Weyl point is inclined seriously to 
become type-II Weyl point. Due to the inclined conical 
dispersion, the Fermi arc is not a connection between 
point and point like type-I Weyl point, but a connection 
between bulk band and bulk band on the constant fre-
quency plane, as shown in Fig. 7(e)239. In addition, other 
novel fermions, such as the triple-degeneracy fermions240, 
have been observed successively. More recently, by gap-
ping out the edge states, higher-order topological insula-
tors, which host both topological corner and hinge states, 
got a lot of attention241–245. Zhang et al. observed the top-
ologically protected corner and hinge states at the inter-
face of two 2D photonic crystal carrying Dirac mass of 
unequal size and opposite sign241. Based on the theory of 
charge polarization, it is found that a 2D quantized 
quadrupole insulator has similar topological 
one-dimensional edge modes with gaps, which stabilize 
zero dimensional in-gap corner states246–248. The corre-
sponding tight bound model with alternating distribution 
of positive and negative coupling is shown in Fig. 7(f)248. 
The quantized quadrupole is concentrated at the four 
corners of the unit cell and the corner states exist in the 
four corners of the sample shown in Fig. 7(f). 

Applications in wave field manipulations 

Applications in EM manipulations 
Based on the outstanding EM wave manipulation abilities 
of metasurfaces, numerous useful applications have been 
proposed. In this section, we will introduce some im-
portant applications of metasurfaces, including structural 
colors, polarization measurements, optical sensors and 
optical information encryptions.  

Structural colors exist widely in nature and human so-
ciety, which originate from the interference between in-
cident light and microstructures249–251. Structures with 
different shapes and geometrical parameters can display 
various colors due to their different resonant properties 
in the visible region. Structural colors based on 
metasurfaces have many advantages compared with 
chemical pigments, such as high spatial resolution, high 
durability, low pollution and being tunable by structural 
change. Over the past decades, plenty of structural colors 
have been realized and studied by using plasmonic 
structures, both in reflective252–254 and transmissive255–257 
schemes. However, plasmonic structures often have the 
disadvantages of high losses, broad peak widths and pro-
hibitive costs, which hinder their practical uses in realiz-
ing high purity structural colors. One method to tackle 
this problem is to use the dielectric structures258–264. Re-
cently, a metasurface based on multi-dielectric stacked 
layer structures has been proposed to realize ultrahigh 
saturation structural colors265. As shown in Fig. 8(a), the 
unit cell consists of three dielectric layers, which can re-
alize the deep modulation of multipolar modes. By sup-
pressing the multipolar modes at higher frequencies, the 
saturation and gamut space of structural colors can be 
dramatically increased. The measured saturation can 
reach about 90% and the simulated gamut space can oc-
cupy 171% sRGB space, 127% Adobe RGB space and 90% 
Recommendation 2020 space. The huge gamut space and 
ultrahigh saturation of structural colors indicates that the 
metasurface-based structural colors have enormous po-
tentials in advanced color display devices. However, there 
are still some obstacles needed to be addressed on the 
road to practical applications of structural colors, such as 
mass production, dynamic color display and high-quality 
additive colors in the transmission mode.  

Polarization measurement plays a vital role in polari-
zation communication, remote sensing and 
spectropolarimetry. However, traditional methods for 
measuring the states of polarizations (SOPs) often rely on 
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Fig. 8 | (a) Left panel: schematic of the metasurface based on multi-dielectric stacked layer structures that can realize ultrahigh saturation structural

colors. Right panel: the simulated CIE 1931 chromaticity coordinates for the samples with different periods and gaps. (b) Schematic of the multi-

plexed hologram metasurface that can realize direct polarization measurement. (c) Schematic of the angle-multiplexed all-dielectric metasurface

(upper) and the reflection spectra of the metasurface for different incident angles (lower). (d) Normalized reflection spectra of the metasurface

before (upper) and after (middle) coating a polymethyl methacrylate (PMMA) layer. Lower panel: absorption spectrum obtained from the measured

reflection spectra (black line) and absorption spectrum of a PMMA layer on a gold surface obtained from standard infrared reflection absorption

spectroscopy measurement (orange dashed line). (e) Design approach (upper left) anld experimental characterization (upper right and lower

panels) of an OAM-multiplexing hologram metasurface that can encode different holographic images into different OAM channels. Figure repro-

duced from: (a) ref.265, American Chemical Society; (b) ref.284, Optical Society of America; (c–d) ref.304, American Association for the Advancement

of Science.; (e) ref.313, Nature Publishing Group. 
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bulky optical components, such as polarizers and 
waveplates. Metasurfaces can distinguish different polar-
izations by using subwavelength anisotropic nanostruc-
tures266,267, and thus can be utilized to realize 
ultracompact polarimeters. Based on photonic spin Hall 
effect268–274 or CD effect275, different CP light can be dis-
tinguished and detected. Because a completely polarized 
light can be decomposed into two CP light with opposite 
handedness, the ellipticity and handedness of a polarized 
light can hence be obtained by measuring the intensity 
ratio of its RCP and LCP components276. To fully charac-
terize the SOPs of light, one method is to obtain the full 
Stokes parameters of light by decomposing the incident 
light into several pairs of orthogonal polarized light277–281. 
In addition, taking advantage of the intrinsic dispersive 
behavior of nanostructures, spectropolarimeters that can 
analyze the SOPs and spectral components of incident 
light simultaneously have also been realized90,282–283. An-
other method that can measure the SOPs of light is to 
obtain the amplitudes and phase difference of two or-
thogonally polarized components simultaneously. Re-
cently, Zhang et al. proposed a multiplexed hologram 
metasurface that can realize direct polarization meas-
urement284. As shown in Fig. 8(b), the metasurface can 
generate two holographic images of a ring containing an 
upper circular disk or a lower circular disk for LCP or 
RCP incident light, respectively. The two ring images can 
overlap with each other with different PB phase distribu-
tions and generate different interference patterns ac-
cording to the phase difference between LCP and RCP 
light. In addition, the amplitude contrast of the two CP 
light can be obtained by comparing the intensities of the 
upper and lower circular disks. Thus, the SOPs of inci-
dent light can be determined by directly measuring the 
holographic images. This method provides a new way to 
measure the phase difference between two orthogonally 
polarized light, which may bring out more compact po-
larization measurement devices.  

Optical sensors based on metamaterials or 
metasurfaces are widely used in detecting low concentra-
tion molecules285–291 and small refractive index changes of 
surrounding mediums292–296. Most of these optical sensors 
are based on the strong resonance and local field en-
hancement of nanostructures, which can improve the 
sensitivity of optical responses to the changes of the sur-
roundings. To fully characterize the figure of merit (FOM) 
of an optical sensor, the quality factor ( Q -factor) of the 
resonance also needs to be considered. A higher sensitiv-

ity and a higher Q -factor will result in a higher FOM. 
Many methods and structures have been proposed to 
improve the Q -factor of the resonance, such as the 
methods based on Fano resonances297,298 or bound states 
in the continuum (BICs)299,300. Recently, a new kind of 
asymmetric dielectric structure that can realize high Q
-factor resonances based on the BICs has been pro-
posed301,302. When the asymmetry parameter of such a 
structure approaches zero, the Q -factor can tend to in-
finity in theory if the material has no absorption loss. 
This kind of structure was then quickly applied to realize 
the molecular detections303–305. The molecular absorption 
fingerprints can be obtained by using an an-
gle-multiplexed all-dielectric metasurface304. As shown in 
Fig. 8(c), the metasurface consists of germanium elliptical 
resonators with asymmetrically tilted main ellipse axes. 
When a broadband light source illuminates the 
metasurface at different incident angles, the peak posi-
tions of the reflection spectra can change over a target 
fingerprint range. Taking advantages of the high Q
-factor and surface-sensitive resonance, the reflection 
spectra can be modulated by the absorption of the analyte, 
as shown in Fig. 8(d). As a result, the distinct absorption 
fingerprints of different analytes can be obtained by 
comparing the reflection envelopes before and after 
analyte coating. These optical sensors based on 
metasurfaces pave the way for compact and portable di-
agnostic applications. On the other hand, various optical 
sensors that can detect different physical quantities, such 
as depth sensors306 and quantum sensors307, can also be 
realized in the future by using metasurfaces. 

Optical information encryption shows its significance 
in modern society. Using metasurfaces, images can be 
encoded into different dimensions of EM waves, such as 
wavelength, polarization and OAM, and thus can only be 
decoded under specified conditions. For example, Walter 
et al. encoded the optical images into nonlinear 
metasurfaces, which can only be read out from SHG 
waves308. In addition, by manipulating the polarization 
profile of SHG waves, high-resolution images can be en-
crypted by both the wavelength and polarization simul-
taneously309. There are two major technical proposals for 
the encryptions based on polarization manipulation. One 
is encoding the optical information (amplitude or phase) 
into specified polarization states310. The other is using the 
Malus’s law to generate grayscale imags after passing 
through a linear polarizer311,312. Recently, Ren et al. pro-
posed a metasurface that can realize OAM multiplexing 
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holography, which can encode different holographic im-
ages into different OAM channels313. To avoid the inter-
ference between OAM pixels in the image plane, an 
OAM-dependent 2D Dirac comb function was used to 
sample the hologram in the spatial frequency domain. As 
shown in Fig. 8(e), the OAM multiplexing holography 
can be realized by superposing four different OAM selec-
tive holograms on a single metasurface. If a planar wave 
with a topological charge of zero incidents on the 
metasurface, only a complex interference pattern can be 
observed. However, four different holographic images 
can be decoded by the incident waves with opposite top-
ological charges to that of the spiral phases used in the 
encoding processes. This work opens the door of OAM 
encryption and may greatly increase the capacity of en-
crypted information. Optical information encryptions 
can also be realized through controlled chemical reac-
tions. Based on the hydrogenation/dehydrogenation 
process of magnesium, dynamic information encryp-
tions/decryptions have been realize through met-
al/dielectric transitions314,315. With the help of 
metasurfaces, more novel methods of optical information 
encryptions will be proposed in the future. 

Besides the abovementioned applications, 
metasurfaces can also be used in imaging316-319, invisibility 
cloak320–324, photochemistry325 and some other important 
research fields. Backlund et al. demonstrated that the 
orientation-induced lateral localization biases in sin-
gle-molecule microscopy can be removed by a 
metasurface-based azimuthal polarization filter placed in 
the microscope’s Fourier plane316. Pahlevaninezhad et al. 
proposed a nano-optical endoscope by integrating a 
metalens into an endoscopic optical coherence tomogra-
phy catheter317. With the help of metalens, 
non-chromatic aberrations can be eliminated and 
high-resolution optical coherence tomography in vivo 
can be achieved. Based on the phase compensation strat-
egy and the phase manipulation abilities of metasurfaces, 
Ni et al. experimentally realized an ultrathin invisibility 
cloak for visible light320. However, this invisibility cloak is 
polarization-sensitive. To realize polarization-insensitive 
invisibility cloak, Orazbayev et al. proposed a cloak 
metasurface composed of double coaxial metallic rings323, 
which can work for both transverse electric and trans-
verse magnetic incident polarizations. Recently, Chu et al. 
proposed an invisibility cloak that can operate in trans-
mission geometry by combining transparent 
metasurfaces and zero-index materials324. These applica-

tions based on metasurfaces are expected to innovate in 
the relevant domains and have potentials in realizing 
compact and integrated optical devices. 

Applications in acoustic manipulations 
Because the metasurfaces can flexibly manipulate the 
amplitude and phase of the acoustic wave, the arbitrary 
regulation of the sound wave becomes a reality. The 
transmission,  re f lect ion and absorption type 
metasurfaces with specific phase-amplitude modulation 
show great application prospects, such as acoustic holog-
raphy326,327, acoustic stealth328, acoustic focusing329 and 
sound-absorbing material330–332. Melde et al. designed a 
3D printed hologram surface that could precisely regulate 
the phase delay of wavefront, and realized highly resolved 
acoustic holography327. The phase delay of each pixel of 
the image depends on the thickness of the 3D printed 
transmission elements. After the sound waves pass 
through the holographic plane, the sound waves carrying 
the picture information appear in the image plane, as 
shown in Fig. 9(a). The hologram modulated by this 
method has a very high resolution and a pixel accuracy of 
up to 20 μm , achieving 15,000 acoustic pixels in the 
hologram. In addition, Xie et al. realized acoustic holog-
raphy using metasurface active phase arrays as 
sub-wavelength pixels326. A set of 12 optimized labyrin-
thine unit cells were designed to realize the phase delay 
profile required by the hologram. By arranging the unit 
cells, the holographic of a letter ‘A’ was reconstructed 
experimentally. The holographic metasurface does not 
require complicated circuits, but only a sensor, which 
greatly reduces the complexity of the system and has 
brought a huge application prospect for the control of 
acoustic wave and modulation of signal. Yang el at. pro-
posed a single multi-wave metasurface carpet cloak that 
can hide objects with arbitrary shape and size under EM 
wave, acoustic wave, and water wave328. As shown in Fig. 
9(b,c), by providing an additional phase to compensate 
the phase distortion introduced by a bump, metasurface 
carpet cloak can strongly suppress the scattering from the 
bump, thus achieving acoustic stealth. Kaina et al. real-
ized subwavelength focusing only by a metamaterial con-
sisting of a single resonant unit. The Helmholtz resonator 
structure is introduced into the metamaterial, and the 
reciprocal of the equivalent mass density and volume 
modulus of the acoustic metamaterial are all negative by 
adjusting the size of the structure333. Based on the double 
negative exponential acoustic metamaterial, a negative 
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Fig. 9 | (a) Schematic of the process of acoustic hologram imaging. Left panels: target image and phase distribution of target image. Middle panel:

the metamaterial corresponding to the phase distribution. Right panels: workflow for acoustic metamaterial reconstructing target acoustic images.

(b) Scheme of a metasurface carpet cloak. The black arrows are the incident waves; the blue arrows and red arrows are the reflected waves with

and without metasurface carpet cloak. (c) A typical unit cell of the metasurface carpet cloak and its corresponding S11 parameters. (d) Left panels:

Schematic of the unit cell of flat acoustic superlens and the flat acoustic superlens. Reft panels: experimental demonstration of subwavelength

focusing (upper) and imaging (lower) using a flat acoustic superlens. (e) Upper panels: schematic of the Weyl phononic crystal and its unit cell.

Lower panel: the experimental observation of topological negative refraction. (f) Upper panels: schematic of the sonic crystal based on Kekulé

lattice (left) and the k-space analysis on the outcoupling of armchair termination at f = 5.6 kHz (middle) and zigzag terminations at f = 5.8 kHz

(right). Lower panels: the measurements (upper) and simulations (lower) of three types of topological acoustic antennas corresponding to zigzag

domain walls and armchair terminations (left and middle), the armchair domain wall and the zigzag termination (right). Figure reproduced from: (a)

ref.327, Nature Publishing Group; (b–c) ref.328, Nature Publishing Group; (d) ref.333, Nature Publishing Group; (e) ref.335, Nature Publishing Group; (f)

ref.336, American Physical Society. 
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index acoustic superlens was designed and 
subwavelength focusing was achieved, as shown in Fig. 
9(d), which can realize imaging with spot width and res-
olution 7 and 3.5 times better than the diffraction limit, 
respectively. In addition, by taking advantage of the cou-
pling of the Fabry-Pérot resonance mode and evanescent 
wave, Zhu et al. designed a metamaterial with 
three-dimensional pipeline structure that enables 
high-frequency information carrying object details to be 
observed at the image plane, thus achieving acoustic im-
aging with resolution of λ /50334. Moreover, the phe-
nomenon of negative refraction has been found in pho-
non crystals very recently, which has opened up a new 
way of application of topological phonon crystals. It is 
found that topological negative refraction effect can be 
observed on the surfaces formed by cutting and splicing 
from different surfaces of Weyl phonon crystal335. For the 
semi-open Fermi arc, topological negative refraction, 
with reflection completely suppressed, behaves different-
ly from traditional negative refraction, as shown in Fig. 
9(e). Xie et al. proposed topological directional antenna 
based on a 2D sonic crystal with a Kekulé lattice. By con-
trolling the parity and angular selectivity of the edge 
states, the out-coupled edge states can generate one beam, 
two beams in symmetric or antisymmetric fashion, or 
multibeams, as shown in Fig. 9(f)336. 

Conclusions and outlook 

To summarize, we have reviewed recent progresses of 
wave field manipulations, including EM wave manipula-
tions and acoustic wave manipulations. The multidimen-
sional EM wave manipulations based on metasurfaces 
produce plenty of novel applications and show great po-
tentials in realizing miniaturized and integrated multi-
functional devices. The manipulations of acoustic waves 
in air and phononic crystals also have great significances 
in theoretical studies and practical applications. The 
methods proposed to manipulate wave fields based on 
artificial microstructures break the limitations of tradi-
tional materials and expand the scope of modern optics 
and acoustics. Based on the current developments in 
wave manipulations, some promising directions in this 
field are foreseeable in the future. 
1) Arbitrary dimensional manipulation of EM waves. 
Arbitrarily manipulating the EM wave fields is one of the 
ultimate pursuits for researchers. Although many meth-
ods have been proposed to realize single-dimensional and 
2D manipulations of EM waves, simultaneously manipu-

lating three or more dimensions of EM waves is still a 
challenging work. Based on chiral geometric 
metasurfaces, the simultaneous manipulations of ampli-
tude, polarization and phase have been realized337. 
Asymmetric transmission and phase manipulation have 
also been realized simultaneously by using 
metasurfaces338,339. In addition, polarization controlled 
complex amplitude holograms340 and polarization con-
trolled color holograms341,342 have also been proposed. 
However, these works cannot arbitrarily and inde-
pendently manipulate more than two dimensions of EM 
waves, because some of the optical dimensions are usual-
ly associated with each other through the geometrical 
parameters of the microstructures and the degrees of 
freedom of the geometrical parameter space are usually 
not enough. To realize arbitrary dimensional manipula-
tion of EM waves, new methods should be proposed to 
decouple these optical dimensions and more degrees of 
freedom may need to be searched to find proper struc-
tures. Thus, the design processes of these metasurfaces 
may be complicated and time-consuming. This problem 
may be partially solved by using some advanced compu-
tational methods and artificial intelligence in the design 
processes343–347. 
2) On-chip optical dimensional manipulation. Besides 
the manipulations of free space waves, the manipulations 
of surface waves and waveguide modes also have great 
significances for their potential applications in integrated 
optical circuits and on-chip detectors348–350. Based on 
subwavelength structures, the free space propagating 
waves can be converted into surface plasmon 
polaritons351,352, Cherenkov surface plasmon wakes353, and 
waveguide modes354–357. In addition, on-chip wavelength 
demultiplexing358–360, spatial modes conversion361 and 
polarization beamsplitter362 have also been realized by 
introducing the subwavelength artificial microstructures 
into optical waveguides. Notably, by integrating phase 
gradient metasurfaces with optical waveguides, asymmet-
ric optical power transmission363 and phase-matching- 
free SHG364 in waveguides can be realized. The resonance 
and scattering properties of nanoantennas provide a 
bridge to link free space waves and guided waves, and 
provide a tool to control the propagation properties of 
waveguide modes. More importantly, by integrating 
subwavelength structures with on-chip architectures, new 
optical dimensions in the structure plane can be intro-
duced and manipulated. The manipulation of on-chip 
optical dimensions and the simultaneous manipulation 
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of free space waves and guided waves will bring out nu-
merous novel integrated photonic devices.  
3) Manipulation of elastic phonons. It is well known that 
in air or water acoustic systems only the longitudinal 
wave modes exist, while in elastic wave systems there are 
not only longitudinal wave mode but also transverse 
wave mode. Acoustic waves in solid elastomers carry 
time, frequency, amplitude and phase information, which 
is similar to fluid system. In addition, because elastic 
wave phonons have shear wave modes not found in fluid 
sound waves, elastic phonons have more abundant 
modes, higher frequencies, and higher energy densities, 
making them less susceptible to the effects of their sur-
roundings365–367. Solid-state devices that manipulate elas-
tic phonons are also easier to be miniaturized and inte-
grated into solid-state chips. Elastic phonons have ad-
vantages that fluid phonons do not, such as extensible to 
integrated devices, strong anti-jamming ability and low 
loss, which make them have the potential to construct 
new chip components and have great application poten-
tial in modern industrial civilization. Recently, phonon 
thermal diodes368, elastic metamaterials366,369, thermal 
pumping370 and other novel materials and devices have 
been predicted and realized by scientists. 
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