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1. Introduction

Metasurfaces are a class of ultrathin planar optical compo-
nents proposed in the past decade, which are composed of one 
or few layers of artificial morphological structures assembled 
from conventional materials.[1] By delicate design of structures 
in each unit cell, metasurfaces can provide an additional phase 
gradient or surface momentum, which expands the Snell’s 
law to generalized Snell’s law.[2–5] Although metasurfaces are 
much thinner than 3D metamaterials, they are still capable 
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of generating outstanding and strong 
light-matter interactions at the nanoscale. 
Taking advantages of the abundant reso-
nances between light and structures, such 
as electric dipole resonances,[6] magnetic 
dipole resonances,[7] toroidal dipole reso-
nances,[8] metasurfaces can manipulate 
light with different degrees of freedom 
(DOF). For example, the coupling strength 
of light into artificial structures can be 
utilized to manipulate the amplitude 
of the wave functions, such as perfect 
absorbers,[9,10] structural colors,[11,12] and 
asymmetric transmission.[13,14] The fre-
quency manipulation is known as reso-
nances in different wavelengths such as 
nonlinear excitation,[15] or as resonances 
between two different oscillators, such 
as Fano resonances[16–18] and Borrmann 
resonances.[19] The phase of the scattered 
light can be manipulated by metasurfaces 

through resonance phase, Pancharatnam-Berry phase, propaga-
tion phase, and the detour phase.[20–27] The Pancharatnam-Berry 
phase is decided by the symmetry of the nanostructures, and is 
linearly proportional to the orientation angle of the nanostruc-
tures, which enables continuously phase manipulating of meta-
surfaces.[28] The detour phase, which originates from the linear 
relationship between the scattered phase and the displacement 
of the nanostructure, is also independent of the working wave-
lengths, and is highly angle-tolerable.[29] The polarization of the 
scattered light can also be fully controlled by anisotropic design 
of nanostructures, which has been utilized to realize polariza-
tion conversion[30–32] and vector beams generation.[23,33] On the 
other hand, simultaneous and independent control of different 
dimensions of optical waves have drawn much attention of the 
scientific community.[34–39] Based on the versatile manipulation 
of different dimensions of optical waves with metasurfaces, 
researchers have developed massive functional designs such as 
metalenses,[40–42] holography,[43–45] and chiral detection.[46,47]

Since great achievements have been made to realize cus-
tomized single functionality in metasurfaces, more and more 
researchers have focused on integrated design of metasurfaces 
that can deal with concurrent tasks to form a complete meta
surface system, and further to develop integrated photonic nano-
technologies. Multiplexing is a concept in telecommunication 
and computer networks, which means combining multiple 
signals into one signal. In the optical metasurfaces platform, 
multiplexing implies optical communication that consists of 
different information channels.[48] Multifunction design is 
more general than multiplexing, which can integrate different 
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functionalities into a single metasurface. Looking back on the 
past several years, researchers have designed multiplexing 
and multifunctional metasurfaces with different information  
channels and functionalities under different DOF (Figure  1). 
For example, researchers have developed polarization-
controlled, wavelength-selective, angle-selective multiplexing/
multifunctional metasurfaces, which widely expanded 
the family of integrated metasurfaces and exploited new 
fundamental areas of nanophotonic technologies. When inte-
grating different channels or functionalities, segmented, 
interleaved, hormonic, few-layer designs are most commonly 
employed.[49–51] On the other hand, reconfigurable metasur-
faces provide an alternative new approach for the realization 
of optical multiplexing and the integration of different optical 
functionalities under different time series.[52]

There are still some challenges in this research field due 
to some critical issues, such as the lack of multidimensional 
manipulation of optical waves, the lack of universal design 
strategy, fabrication limitation, and signal to noise ratio. How-
ever, to date a lot of efforts have been made to overcome the 
challenges and limitations, and researchers have taken a big 
step toward integrated and on-chip multifunctional meta-
systems. Here, we present a few particularly exciting research 
achievements to review the progress of multiplexing and multi
functional metasurfaces. In Section  2, we review the theoret-
ical design of angular momentum multiplexing metasurfaces, 
and discuss the polarization-controlled, wavelength-selective, 
angle-selective, reconfigurable, and integrated multiplexing/
multifunctional devices from Section  3 to Section  7. In the 
last section, we provide an outlook on challenges and future 
research prospects.

2. Angular Momentum Multiplexing Metasurfaces

Angular momentum is commonly used in multiplexing 
metasurfaces since the angular momentum of light is con-
served, even when the light meets a small scatterer during 
its propagation. Thus, the optical information can be easily 
described by the topological charges. Maguid et al. summarized 
three methods to realize multiplexing metasurfaces that can 
generate several vortex channels,[49] as shown in Figure  2a,b. 
For segmented design, each channel is independent and gener-
ated from different areas of the device; for interleaved design, 
the vortex beam channels are also independently designed and 
the metasurface pattern of each channel is mixed together; 
whereas for harmonic resonance design, all the channels are 
simultaneously designed and each nanostructure contains 
information of all the channels.[53] The third method has better 
signal to noise ratio, and higher information density. The har-
monic resonance design is realized with Fourier transform of 
the transmission/reflection function of the metasurfaces
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where rv j( ) is the position of v nanostructure, and φv
j( ) is the phase 

of the v nanostructure in the jth channel. Thus, all the channels 
are designed together and the total scattered field |ψ(k)〉 in k-space 
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is obtained. This method not only can realize multiplexing, but 
also can achieve demultiplexing. As shown in Figure 2c, Li et al. 
proposed vortex beam multiplexing and demultiplexing with 
a single metasurface in the visible,[54] and Zhao et  al. demon-
strated similar effects with C-shaped ring resonators in the tera-
hertz waveband (Figure 2d).[55] These designs are based on phase 
manipulation of the incident light, which suffer from intrinsic 
noises due to the lack of the intensity information of the Fourier 
components. Liu et  al. proposed a dielectric nanopillar design 
that can manipulate the transmitted Fourier components with 
high efficiency, and further can control the intensity ratio of each 
channel with high accuracy (Figure 2e).[56]
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Taking intensity of each nanostructure into consideration, 
Liu et al. proposed an analysis method to estimate the governed 
area of each nanostructure (Figure 2f), and calculated the func-
tionality function of the scattered field[57]

exp( )
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where TviMS describes an equivalent size that the nanostructure 
can govern in the v direction. This is a more generalized theory 
which can describe the scattered field of the metasurface more 
precisely. The red starred line depicts a class of equivalence fol-
lowing φi + kxi = π, which means these nanostructures are equiv-
alent to each other in k-space despite their locations and phase 
(Figure 2g). This analysis method has been utilized to realize a 
convex-concave double lens, and to demonstrate the stable con-
dition which can guide the design of metasurfaces (Figure 2h). 
Recently, Jiang et  al. proposed an efficient multiplexing mil-
limeter metasurface that can control the transmitted angle, 
intensity ratio, and topological charges in each channel.[58] 
This work studied angular momentum multiplexing and the 
corresponding properties in detail (Figure  2i,j). The number 
of multiplexing channels is associated with the noises in each 
channel. The more the number of channels is, the relative 
noises in each channel will be. Thus, the total number of multi-
plexing channels must have an upper limit. Jin et al. proposed a 
multiplexing metasurface design with 36 channels, which is so 
far the highest results.[59] Based on the multiplexing design and 

utilizing interleaved arrays, Zhang et al. combined holography 
and vortex beam generation, and realized four-channel multi-
functional metasurfaces with holography and vortex beam both 
occupying two channels.[60]

3. Polarization-Controlled Multiplexing  
and Multifunctional Metasurfaces

As mentioned above, the realization of a specific optical function-
ality in metasurfaces is always related to the creation of an optical 
transmission/reflection function with fixed complex amplitude 
profile in the metasurface plane.[61–63] Thus, optical multiplexing 
can be easily achieved by the superposition of different optical 
transmission/reflection functions in metasurfaces.[59,64] Mean-
while, metasurfaces with anisotropic optical responses provide 
another alternative way for the integration of different optical 
functionalities. With anisotropic metasurfaces, two different 
optical transmission/reflection functions can be independently 
designed in the metasurface for two orthogonal linear-polarized 
waves respectively, which has been widely used for the realiza-
tion of polarization-controlled multiplexing and multifunctional 
devices.[13,37,38,60,65–78] Figure  3a shows a typical example, this 
anisotropic metasurface consists of birefringent metallic nano-
antennas. The phase delay distributions for x- and y-polarized 
waves in the proposed metasurface can be manipulated inde-
pendently by rational design of the structure parameters of the 
metallic nanoantennas, as shown in Figure 3b. This anisotropic 
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Figure 1.  Overview of the development of optical multiplexing and optical multifunctional metasurfaces. Optical multiplexing is generally aimed at 
optical communication, and optical multifunction is used to deal with concurrent tasks, both of which can integrate different channels or function-
alities into a single metasurface. The optical channels consist of vortex beams, wave vectors, holograms, etc., that are manipulated under different 
wavelengths, incident angles, polarization states, or time series. The configuration of the multiplexing and multifunctional metasurfaces includes 
segmented, interleaved, harmonic, few-layer, and reconfigurable designs.
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Figure 2.  a) Schematic of the shared-aperture metasurfaces that can simultaneously generate vortex beams with different topological charges. b) Top to 
bottom: measured, simulated, and calculated energy distribution at the Fourier space under left-handed/right-handed circularly polarized (LCP/RCP) inci-
dence, respectively. c) The designed metasurface serves as off-axis multiplexing and demultiplexing for different incident configurations. d) Multiplexing 
and demultiplexing in the terahertz waveband. e) Energy tailorable multiplexing realized with full Fourier components. By employing both intensity and 
phase manipulation of the transmitted light with dielectric nanopillars, the intensity of each multiplexing channel can be accurately controlled within a 
wide design range. f) Localized rectangular model of diffraction theory for multiplexing and multifunctional metasurfaces. Each unit cell has no or weak 
interaction with other unit cells. g) Sphere of the metaunit. The polar angle is φi / 2, and the azimuthal angle is kxi. The red starred line in the sphere is a 
class of equivalence with φi + kxi = π. h) Left to right: designed convex and concave double lens with the momentum analysis method. Periodic focusing 
with parabolic phase distribution, which is an example of the stable condition. i) Independently controllable intensity, direction, and topological charges of 
the generation of multiple spin-dependent vortex beams. j) The angles, intensity ratio (I1/I2), and topological charges of the output beams can be indepen-
dently controlled by the metasurfaces. k) A large number of channels generated from the multiplexing metasurfaces. a,b) Reproduced with permission.[49] 
Copyright 2016, Wiley-VCH. c) Reproduced with permission.[54] Copyright 2016, Wiley-VCH. d) Reproduced with permission.[55] Copyright 2017, American 
Chemical Society. e) Reproduced with permission.[56] Copyright 2019, Wiley-VCH. f–h) Reproduced with permission.[57] Copyright 2017, American Physical 
Society. i,j) Reproduced with permission.[58] Copyright 2018, American Physical Society. k) Reproduced with permission.[59] Copyright 2017, Wiley-VCH.
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Figure 3.  a) Schematic diagram of one period of the metasurface that consists of birefringent nanorods. b) The reflective phase delays of the 
birefringent nanorods and the corresponding theoretically designed value for x- and y-polarized 8.06 µm optical waves respectively. c) Polarization-
controlled anomalous reflection in the designed metasurface. d) Schematic of the basic unit cells of the 2-bit anisotropic coding metasurface. 
e) Far-field scattering patterns of a 2-bit anisotropic coding metasurface for x- and y-polarized incident waves respectively. f ) Schematic of the 
structural design of the nanoslit-based metasurface for a polarization-controlled hologram. g) Phase and amplitude control of the two typical unit 
cells in the nanoslit-based metasurface. h) Schematic of an amorphous silicon post, the phase delays of x- and y-polarized waves in the post can 
be easily manipulated by changing the diameters of the long and short axis of the post respectively. i) Illustration of polarization-controlled beam 
splitter, focus lens and hologram based on arrays of amorphous silicon post. j) Schematic of a unit cell of the proposed reflective-type metasurface 
and an artistic rendering of the off-axis multiple orbital angular momentum generation. k) Schematic of the polarization-controlled superpositions 
of multiple orbital angular momentum for incident waves with different polarization states. l) Schematic of a metasurface with interleaved design 
for helicity-dependent focusing and holograms. m) Illustration of multifunctional light-sword metasurface lens. n) Schematic of a polarization 
controlled multifocus metalens with segmented design. o) Conceptual schematic of the combination of propagation and geometric phases, which 
can be widely used for independent phase manipulation of any set of incident waves with orthogonal polarization states. p) Helicity-dependent 
hologram at 532 nm. Two independent phase profiles for LCP and RCP waves respectively can be encoded in an array of TiO2 pillars with the 
combination of propagation and geometric phases. q) Illustration of the helicity-dependent anomalous wave generation under linearly polarized 
illumination in a few-layer anisotropic metasurface. r) Electric-field distribution of anomalous waves for LCP and RCP normal incident waves at 
1900 nm. a–c) Reproduced with permission.[65] Copyright 2013, Optical Society of America. d,e) Reproduced with permission.[66] Copyright 2016, 
Springer Nature. f,g) Reproduced with permission.[68] Copyright 2017, American Chemical Society. h,i) Reproduced with permission.[37] Copy-
right 2015, Springer Nature. j,k) Reproduced with permission.[64] Copyright 2017, Wiley-VCH. l) Reproduced with permission.[71] Copyright 2016, 
Wiley-VCH. m) Reproduced with permission.[72] Copyright 2018, American Chemical Society. n) Reproduced with permission.[75] Copyright 2015, 
Wiley-VCH. o,p) Reproduced with permission.[38] Copyright 2017, American Physical Society. q,r) Reproduced under the terms of the CC-BY Crea-
tive Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[13] Copyright 2016, The Authors, published 
by Springer Nature.
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metasurface can deflect x- and y-polarized incident waves into 
two different directions (Figure  3c), and the deflection angles 
can be well manipulated independently.[65] Step further, Liu 
et  al. introduced the concept of coding into the design of ani-
sotropic metasurfaces and realized 1-bit and 2-bit anisotropic 
coding metasurfaces simultaneously, which provided a simple 
and effective method for the design of linear-polarization-con-
trolled multifunctional devices.[66] In the design of 1-bit coding 
metasurface, two basic unit cells with 0° and 180° phase delay 
respectively are used as digital element “0” and “1”.[67] To realize 
a 2-bit anisotropic coding metasurface, sixteen basic unit cells 
were used in the proposed design to represent four different dig-
ital states, as shown in Figure 3d. With a polarization-dependent 
coding sequence, the proposed anisotropic coding metasurface 
can realize distinct optical functionalities for x- and y-polarized 
incidence (Figure  3e). Figure  3f,g is another typical design of 
anisotropic metasurface, which is used for the realization of 
polarization-controlled hologram.[68] The unit cell of this pro-
posed anisotropic metasurface consists of two sets of nanoslit 
arrays, the phase and the amplitude of the diffraction waves 
can be easily manipulated by the detour phase and the number 
of nanoslits respectively. Moreover, the horizontal arrays and 
the vertical arrays only diffract vertically polarized waves and 
horizontally polarized waves respectively. By independently 
manipulating the phase and amplitude of the x- and y-polarized 
diffraction waves with the proposed anisotropic metasurface, 
different holographic images can be observed under different  
polarization states. The anisotropic optical response exists not 
only in metallic metasurfaces, but also in dielectric metasur-
faces. Figure 3h shows the basic unit cell of a dielectric aniso-
tropic metasurface which is composed of elliptical amorphous 
silicon posts.[37] The phase delays of x- and y-polarized waves in 
the elliptical amorphous silicon post can be directly manipulated 
by changing the diameters of the long and short axis of the post 
respectively. By utilizing the elliptical amorphous silicon post, 
polarization-controlled beam splitters, focus lenses, and holo-
grams have been all well realized with different designs of phase 
profiles in the metasurface plane (Figure 3i).

In metallic metasurfaces, the phase manipulation of 
linear-polarized optical waves is associated with its optical 
resonance.[69] By adjusting the anisotropic optical resonance 
in metallic metasurfaces, independent phase manipula-
tion of two orthogonally linear-polarized waves can be easily 
achieved. Differently, the phase manipulation of circular-
polarized optical waves is always realized by using geometric 
phase, as a result, the phase delays of LCP and RCP optical 
waves in metallic metasurface always have equal amplitude 
and opposite sign.[70] For example, Yue et  al. proposed a 
reflective-type metasurface to realize the generation and polar-
ization-controlled superposition of multiple orbital angular 
momentum states, as shown in Figure  3j,k.[64] By switching 
the polarization state of the incident waves from LCP to RCP, 
the signs of the topological charges are flipped accordingly. 
Thus, to realize polarization-controlled multifunctional metas-
urfaces on the circular base, metasurfaces with interleaved or 
segmented design have been widely utilized.[60,71–75] Wen et al. 
proposed a metasurface with interleaved design to realize 
two distinct functionalities under LCP and RCP illumination 
respectively.[71] The proposed metasurface is a combination 

of two different metasurfaces with different optical function-
alities, as shown in Figure 3l. For LCP illumination, the RCP 
wave emitting from the first metasurface reconstructs a holo-
graphic image of “cat” while the RCP wave from the second 
metasurface diverges and forms a subtle background. For 
RCP illumination, The LCP wave emitting from the second 
metasurface focus on a spot while the LCP wave from the 
first metasurface diverges. Thus, this merged metasurface 
functions as a hologram and a convex lens for LCP and RCP 
illumination respectively. By using the same design principle, 
Zhang et  al. realized a light sword metasurface lens with 
helicity-dependent focal segment, as shown in Figure  3m.[72] 
Figure  3n shows a helicity-dependent multifoci metalens 
based on the segmented design.[75] The proposed metalens is 
comprised of three regions with different phase profiles. Every 
region can be considered as a helicity-dependent sublens and 
these three sublenses have the same axis and different focal 
lengths. Thus, the proposed metasurface can focus LCP and 
RCP illumination into different spots. Even though polariza-
tion-controlled multifunctional metasurfaces on the circular 
base can be easily realized by using interleaved and seg-
mented design in metasurfaces, the unit cell of these designs 
cannot realize independent phase manipulation of LCP and 
RCP optical waves, resulting in the reduction of the working 
efficiency of metasurfaces and introducing extra background 
noises. Based on the previous approach,[37] Mueller et al. pre-
sented an effective method to overcome these disadvantages 
and realized the independent phase manipulation of any pair 
of orthogonal states of polarization in one dielectric pillar.[38] 
Figure 3o is a conceptual schematic of the proposed method, 
and independent phase profiles on any set of orthogonal 
polarization states can be realized in dielectric nanostructure 
arrays by combining the geometric and propagation phases. 
With this approach, chiral holograms were realized in die-
lectric metasurfaces composed of TiO2 pillars, as shown in 
Figure 3p. Another alternative approach to realize full and dis-
persionless phase and polarization control of optical waves is 
to involve diatomic metamolecules that are composed of two 
orthogonal meta-atoms.[39] By tailoring the global and local 
displacements between and within each metamolecules, fully 
and independent manipulation of phase and polarization of 
optical waves can be realized. Based on this approach, broad-
band vectorial metahologram has been well implemented. 
Recently, Li et  al. extended a new degree of freedom for the 
design of polarization-controlled multifunctional devices.[13] 
With simultaneous manipulation of phase and amplitude of 
optical waves, the anomalous wave generation in the proposed 
few-layer metasurface not only depends on the helicity of the 
incident waves but also is relate to the incident directions, 
as shown in Figure 3q,r. With this approach, a series of new 
polarization-controlled multifunctional devices have continu-
ally been proposing.[76–78] It is worth mentioning that polariza-
tion-controlled multifunctional metasurfaces not only can be 
realized by involving effective phase manipulation of optical 
waves in metasurfaces, but also can be realized by involving 
effective intensity manipulation of optical waves in metas-
urfaces. For example, Li et  al. proposed a bilayer aluminum 
metasurface to realize the arbitrary intensity manipulation of 
optical waves.[79] Polarization-controlled imaging and optical 

Adv. Mater. 2020, 32, 1805912
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encryption have been well demonstrated by utilizing the pro-
posed bilayer metasurface.

4. Wavelength-Selective Multiplexing  
and Multifunctional Metasurfaces

Realizing specific optical functionalities at different wave-
lengths is a fundamental requirement of the development of 

the integrated photonics, which requires independent design 
of the optical transmission/reflection functions of the optical 
devices at different wavelengths. Metasurfaces with inter-
leaved, segmented or few-layer design provide an effective 
way for the realization of wavelength-selective multiplexing 
and multifunctional devices.[80–87] For example, Huang et  al. 
utilized an interleaved aluminum nanorod array to realize 
a phase-modulated multicolor meta-hologram for linear-
polarized illumination, as shown in Figure  4a,b.[80] The unit 

Adv. Mater. 2020, 32, 1805912

Figure 4.  a) Illustration of a multicolor hologram under linearly polarized incidence in an aluminum-nanorod-based array. b) The locations and sizes 
of the three wavelength-selective images relative to the zeroth-order spot. c) Illustration of multiwavelength hologram in a dielectric interleaved array. 
d) Experimental measured results of the achromatic color hologram (top half) and highly dispersive color hologram (bottom half). e) Schematic of 
the polarization-controlled color hologram in a dielectric interleaved metasurface. f) Target holographic images for different polarization states (A), 
and the corresponding experimental measured results (B), while lasers of 632.8 and 532 nm provide illumination simultaneously. g) Schematic of 
multispectral achromatic lens based on a few-layer design. h) Experimentally measured results of focal spot for the few-layer metasurface at 450, 550, 
and 650 nm, showing the chromatic aberration correction. i) Illustration of the bifunctional beam deflector. j) Electric-field distributions of y-polarized 
component and the far-field responses at 0.85 THz (reflection) and 0.4 THz (transmission) for the x-polarized normal incidence. k) Schematic of the 
few-layer metasurface for multispectral holograms. l) Calculated results of dual-wavelength out-of-plane holographic images. m) Illustration of the 
multifunctional metasurface. n) Simulated results of linear cross-polarization conversion, linear-to-circular conversion and nearly perfect absorption 
in three different wavelengths. a,b) Reproduced with permission.[80] Copyright 2015, American Chemical Society. c,d) Reproduced with permission.[81] 
Copyright 2016, American Chemical Society. e,f) Reproduced with permission.[82] Copyright 2017, Optical Society of America. g,h) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[83] Copyright 2017, 
The Authors, published by Springer Nature. i,j) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License  
(http://creativecommons.org/licenses/by/4.0/).[84] Copyright 2018, The Authors, published by Springer Nature. k,l) Reproduced with permission.[87] 
Copyright 2018, American Chemical Society. m,n) Reproduced with permission.[88] Copyright 2017, AIP Publishing.
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cell of the proposed metasurface consists of four subunits 
that can realize independent phase manipulation of optical 
waves at three different wavelengths, while keeping the same 
efficiency. With this approach, three different phase profiles 
corresponding to different holographic images were simul-
taneously achieved in the metasurface plane, resulting in the 
multicolor meta-hologram. By utilizing the same design con-
cept, Wang et  al. proposed a dielectric metasurface composed 
of Si nanoblocks to realize independent and full phase control 
at red, green and blue wavelengths for circular-polarized illu-
mination.[81] They further achieved achromatic color hologram 
and highly dispersive color hologram to verify the successful 
phase manipulation at three visible wavelengths, as shown in 
Figure  4c,d. Polarization-controlled color-tunable holograms 
can even be achieved in interleaved metasurfaces by utilizing 
both polarization-controlled and wavelength-selective manipu-
lation of optical waves.[82] As shown in Figure 4e, the unit cell 
of the proposed metasurface consists of two Si nanopillars, and 
each of them was used to construct a specific phase profile at a 
fixed wavelength for a certain polarization state. By using this 
design concept, twin holographic images of a “chameleon” were 
achieved for LCP green illumination and RCP red illumination. 
Due to color mixing, the color of the holographic image of the 
“chameleon” can be easily tuned by changing the polarization 
state of the incident waves, as shown in Figure  4f. Different 
from interleaved or segmented metasurfaces, the realization 
of the wavelength-selective multifunctionalities in few-layer 
metasurfaces is attributed to the layer-by-layer design of the 
optical transmission/reflection functions for different wave-
lengths. For example, Avayu et al. utilized a metallic few-layer 
metasurface to realize a triply (red, green, and blue) achromatic 
metalens, as shown in Figure  4g,h.[83] The proposed few-layer 
metasurface is a vertical stacking of three independent metas-
urfaces, and every of them is made from a different material 
and is designed for a fixed wavelength. Figure 4i shows another 
few-layer design that is composed of two independent metasur-
faces.[84] This design was utilized to generate anomalous refrac-
tion and reflection at two different wavelengths respectively, as 
shown in Figure  4j. Wavelength-selective bi-functional deflec-
tors and bi-functional focusing lenses were also achieved by 
this design. Since the optical transmission/reflection functions 
for two wavelengths can be independent designed in two layers, 
the optical functionality of this type of two-layer design at each 
wavelength can be arbitrarily designed.[85,86] For metasurfaces 
with few-layer design, it is worth mentioning that the size of 
the unit cell of each layer do not need to be the same, Figure 4k 
is a typical example.[87] The proposed few-layer metasurface is 
also composed of two independent metasurfaces; the top layer 
consists of Si nanorods and the bottom layer is composed of 
ITO cross-shaped nanoantennas. Because the size of the unit 
cell of the bottom layer is much bigger than the top layer, the 
optical functionality at two wavelengths that are far apart can 
be independently designed. With the proposed few-layer metas-
urface, dual-wavelength out-of-plane hologram at the operating 
frequencies of 531 and 37 THz were achieved, as shown in 
Figure 4l. This approach indicates that few-layer metasurfaces 
have advantages in the design of wavelength-selective multi-
functional devices when the desired operating wavelengths 
are far apart. Different from the above design concepts, 

Cheng et al. utilized an array of gold nanorods to realize linear 
cross-polarization conversion, linear-to-circular conversion, and 
nearly perfect absorption in three different wavelengths respec-
tively, as shown in Figure  4m,n.[88] The realization of wave-
length-selective multifunctionalities in the proposed design 
is attributed to the reasonable optimization of the anisotropic 
resonance of the nanorod in a broadband range. Even though 
the proposed metasurface has a good performance, the huge 
time for structure optimization makes this design concept 
cannot be widely used for the design of wavelength-selective 
multifunctional devices. However, the development of artificial 
intelligence provides a new opportunity for the application of 
the proposed design concept.[89] With significant decrease of 
the time for structure optimization, the proposed design con-
cept may become an effective way for the design of wavelength-
selective multifunctional devices in future. Moreover, recent 
advances in nonlinear metasurfaces provide a new approach 
for the realization of wavelength-selective multiplexing and 
multifunctional metasurfaces.[90,91] Nonlinear metasurfaces, 
which can realize phase manipulation of fundamental optical 
waves and harmonic waves simultaneously, can implement 
different optical functionalities at fundamental wavelengths 
and harmonic wavelengths respectively. Predictably, nonlinear 
metasurfaces will be an important part of the research area of 
multiplexing and multifunctional metasurfaces.

5. Angle-Selective Multiplexing  
and Multifunctional Metasurfaces

The polarization-controlled or the wavelength-selective multi
plexing and multifunctional metasurfaces mentioned above 
can only realize different optical functionalities by changing 
the polarization state or the wavelength of the illumination. In 
some cases, people are more willing to achieve different func-
tionalities in one optical device without changing the state of 
the illumination, which requires the realization of switchable 
optical function in optical devices. Angle-selective metasur-
faces provide an effective way to meet this need. For example, 
Kamali et  al. proposed an angle-multiplexed metasurfaces to 
realize independent wave-front encoding at different illumina-
tion angles.[92] The proposed metasurface composed of dielec-
tric U-shaped nanostructures shows different optical responses 
at different illumination angles, resulting in the realization 
of incident-angle-selective phase profile in the metasurface 
plane. Based on this design concept, angle-multiplexed holo-
gram was achieved. Two different holographic images can be 
observed under 0° and 30° illumination respectively, as shown 
in Figure 5a,b. Angle-selective multifunction metasurfaces have 
also been proposed to effectively realize the manipulation of 
optical wave front. Deng et al. showed that extraordinary optical 
transmission, total internal reflection and extraordinary optical 
diffraction could be realized respectively in a metallic nanoslit 
array that is embedded in an asymmetric environment for three 
different illumination angles.[93] This multifunctional metasur-
face can be treated as a transmission filter, a mirror, and an off-
axis lens simultaneously. Polarization manipulation of optical 
waves can also be implemented in angle-selective metasurfaces. 
Figure 5c,d shows an angle-selective multifunctional device that 

Adv. Mater. 2020, 32, 1805912
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can behave as a half- or a quarter- wave plate under different 
illumination angles.[94] Recent advances in angle-selective 
multifunctional metasurfaces further indicate that the optical 
response of metasurfaces with interleaved design can be simul-
taneously and independently manipulated by the wavelength, 
the polarization and the incident angle of optical waves, which 
greatly expand the design range of multifunctional metasur-
faces.[95] The introduction of incident-angle-selective optical 
responses in metasurfaces provides a new DOF for the design 
of multifunctional optical devices and significantly expands the 
practical applications of metasurfaces.

6. Reconfigurable Metasurfaces for Time Division 
Multiplexing

Reconfigurable metasurfaces can also be used for the realiza-
tion of multiplexing and multifunctional optical devices for a 
fixed illumination. Recently, reconfigurable metasurfaces made 

from phase change materials, liquid metals, graphene and so 
on have been widely investigated to realize the dynamic manip-
ulation of optical waves.[96–104] Figure  5e shows a reconfigur-
able metasurface for dynamic tunable beam switching.[99] The 
proposed design is composed of a GeSbTe (GST) layer and a 
geometric phase metasurface. The geometric phase metasur-
face based on interleaved design can realize two specific phase 
profiles at two resonant peaks. GST is a typical phase change 
material. When the phase of the GST changed from amor-
phous to crystalline, the resonance peaks of the geometric 
phase metasurface will red-shift accordingly. Thus, for a fixed 
incident wavelength, the phase profile in the metasurface plane 
can be switched between two designed states by changing the 
phase of the GST, resulting in the dynamically tunable beam 
switching. With this design concept, bifocal zoom lens were 
further achieved, as shown in Figure  5f. Yu et  al. utilized 
another reconfigurable metasurface composed of gold and mag-
nesium nanorods to realize dynamic multifunctional devices 
in the visible spectral region.[100] Magnesium can undergo a 

Adv. Mater. 2020, 32, 1805912

Figure 5.  a) Illustration of the angle-multiplexed hologram. b) Simulated and experimental measured holographic images captured under a 915 nm 
TE-polarized laser at 0° and 30° incidence angles. c) Schematics of an incidence-angle-dependent multifunctional metasurface for polarization manipu-
lation of reflected waves. d) Calculated results of TE–TM reflection-phase difference at different illumination angles at 0.55 THz. e) Illustration of beam 
switching in the active plasmonic metasurface. f) Camera pictures of the bifocal lens imaged at different distances z from the metasurface. g) Illustra-
tion of tunable beam steering in a dynamic Janus metasurface. h) Schematic of a graphene-loaded plasmonic metasurface for optical polarization 
encoding. i) Simulated polarization states of incident (red) and reflected (blue) light at 7.1 µm for different gate voltages. a,b) Reproduced with permis-
sion.[92] Copyright 2017, American Physical Society. c,d) Reproduced with permission.[94] Copyright 2018, American Physical Society. e,f) Reproduced 
with permission.[99] Copyright 2017, Springer Nature. g) Reproduced with permission.[100] Copyright 2018, American Chemical Society. h,i) Reproduced 
with permission. Copyright 2015, Wiley-VCH.[105]
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phase-transition from metal to dielectric upon hydrogen. With 
hydrogenation and dehydrogenation process, the phase profile 
in the proposed metasurface plane can be switched between 
two states, resulting in two different optical responses for a 
fixed illumination, as shown in Figure  5g. Above approaches 
indicate that reconfigurable metasurfaces made from phase 
change materials can be widely used for the realization of  
the dynamic bifunctional devices. However, metasurfaces made 
from phase change materials have some disadvantages on the 
realization of dynamic trifunctional or multifunctional devices, 
because it can only switch the optical transmission function of 
the metasurfaces between two designed states. Recently, meta-
surfaces made from graphene show some advantages on the 
realization of dynamic multifunctional devices. The optical con-
ductivity and permittivity of graphene show a strong depend-
ence on its Fermi level, which can be dynamically controlled 
by a gate voltage.[102–105] By combining the graphene layer 
with an anisotropic gold nanoaperture array, Li et  al. realized 
dynamic and continuous modulation of the polarization states 
of the reflected waves.[105] The polarization state of the reflected 
waves can be dynamically manipulated into linear-polarized, 
LCP and RCP by changing the gate voltage among three dif-
ferent values, as shown in Figure 5h,i. As a dynamic approach 
for the implementation of optical multiplexing and multifunc-
tion integration, reconfigurable metasurfaces plays a key role in 
the research area of multiplexing and multifunctional metasur-
faces and is attracting more and more attention of the scientific 
community.

7. Integrated and On-Chip Multifunctional 
Metasurfaces

Although the compact size is one of the most intriguing prop-
erties of metasurfaces, we usually have to handle them and 
measure their optical properties with huge equipment. In the 
past decades, researchers were studying on developing inte-
grated and on-chip metamaterials and metasurfaces, which 
combines sources, processor, and detectors all together, so that 
they can be as successful as electronic industry one day. How-
ever, integrated design is challenging due to the theoretical 
design principle, fabrication techniques, and compatibility of 
each subcomponent. In the metasurfaces platform, researchers 
are still seeking for valuable scenarios from different point of 
views to realize integrated and on-chip techniques. Zhang et al. 
proposed a design of geometric dielectric metasurface that 
locates on top of a traditional waveguide. Interestingly, for dif-
ferent incident polarization states, the light that couples into the 
waveguide can be selectively transmitted, which is attributed to 
the coupling between the waveguide modes and the surface 
waves generated by the metasurface (Figure  6a,b).[106] Li et  al. 
combined a waveguide and phase-gradient metasurfaces to con-
trol the propagation and coupling of waveguide modes.[107] The 
nanostructures lay on top of the waveguide. For forward propa-
gation direction, the incident fundamental waveguide mode 
TE00 is converted either to higher-order TE or TM modes; while 
for backward propagation direction, the incident fundamental 
waveguide mode is converted to surface waves (Figure  6c). 
As shown in Figure  6d, the forward incident TE00 mode is 

converted to TM00 mode. Such mode conversion as special 
type waveguide may find applications in high-capacity optical 
communication. Integrated metalens develops rapidly recently 
since doublet lens can be utilized to eliminate chromatic aber-
rations.[108,109] As shown in Figure  6e, Arbabi et  al. employed 
a doublet metalens integrated with a complementary metal−
oxide–semiconductor (CMOS) detector, and achieved a mini-
mized camera with total size of 1.6 mm × 1.6 mm × 1.7 mm.[109] 
The proposed minimized camera not only can correct chro-
matic aberrations with field-of-view of 60°, but also can record 
images directly. Li et al. realized on-chip zero-index nanostruc-
tures design,[110] which is integrated with conventional nano-
photonic components such as SU-8 slab waveguide, and can 
be efficiently coupled to photonic integrated circuits and other 
optical components (Figure  6f,g). Actually, the scale of metas-
urfaces decides that they are much easier to be integrated than 
traditional optical elements. Wang et  al. proposed a compact 
design to generate high-order Laguerre–Gaussian modes with 
a plasmonic metasurface (Figure  6h).[111] With delicate design 
of pixel distribution, Shen et  al. realized polarization-selective 
waveguide mode splitter with total size of 2.4 µm × 2.4 µm.[112] 
As shown in Figure  6i, different polarized waveguide modes 
(TE and TM modes) propagate to different branches. Such die-
lectric building blocks are compatible with CMOS fabrication 
processes, which is considered to be a candidate for future inte-
grated photonic systems.[113–115] Recently, Arbabi et al. proposed 
tunable metasurface doublets based on microelectromechanical 
systems (MEMS),[116] which theoretically enables a scanning 
frequency reaching a few kHz (Figure  6j). By controlling the 
relative distance between two metalenses, the focal spot alters 
for about 35  µm. The proposed design can also be integrated 
with a third metasurface to form a minimized microscope, and 
the corrected field-of-view reaches 40°.

8. Conclusions and Outlook

Here, we have presented the development of multiplexing and 
multifunctional metasurfaces. With elaborate design of nano-
structure arrays, different information can be multiplexed into 
different channels, or different functionalities can be inte-
grated. The functionalities are not limited to vortex beams, 
others such as focusing, imaging, holography, surface waves, 
waveguide modes conversion, special beams, can also be used 
as functionality channels. Since metasurfaces provide a wide 
platform for deep light-matter interaction and for manipulating 
different optical dimensions, metasurfaces can deal with con-
current tasks at different polarizations, wavelengths, and inci-
dent angles, which further greatly boosts the DOF to realize 
multifunctional designs. By controlling unit cells through 
optical, mechanical and many other methods, reconfigurable 
multifunctional metasurfaces enable functionalities to trans-
form to another ones, which significantly reduces the costs 
of fabrications. On the other hand, metasurfaces, especially 
all-dielectric metasurfaces, are compatible with the commer-
cial CMOS platform,[117] and can potentially combine existing 
photonic elements such as waveguides, quantum dots. Conse-
quently, integrated and on-chip metasurfaces that can perform 
optical communication and optical computation may also be 

Adv. Mater. 2020, 32, 1805912
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Figure 6.  a) Under circularly polarized incidence, the metasurface-waveguide generated spin-selective surface waves that are guided to two opposite 
directions. b) Left to right: simulated output electric distribution for RCP and LCP incidence. c) Top to bottom: with forward propagation direction, 
the incidence fundamental waveguide mode is transferred to either higher-order TE or TM modes; whereas with backward propagation direction, 
the incident fundamental waveguide mode is transferred into surface waves. d) Mode transfer from TE00 to TM10 when light propagates along the 
waveguide. e) Integrated miniature camera that can correct chromatic aberrations and imaging simultaneously, with total size of 1.6 mm × 1.6 mm 
× 1.7 mm. f) On-chip zero-index metasurfaces, which is integrated with conventional nanophotonic components such as an SU-8 slab waveguide. 
g) 3D dispersion surfaces of the zero-index metasurface. h) On-chip generation of high-order Laguerre–Gaussian modes with broadband metas-
urfaces. i) Integrated beam splitter that can separate the TE and TM output beam into two paths. j) An integrated MEMS-tunable metalens. The 
focal length is dynamically tuned by controlling the distance between two metalenses using a MEMS system. a,b) Reproduced with permission.[106] 
Copyright 2019, Wiley-VCH. c,d) Reproduced with permission.[107] Copyright 2017, Springer Nature. e) Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[109] Copyright 2016, The Authors, published 
by Springer Nature. f,g) Reproduced with permission.[110] Copyright 2015, Springer Nature. h) Reproduced with permission.[111] Copyright 2017, 
Optical Society of America. i) Reproduced with permission.[112] Copyright 2015, Springer Nature. j) Reproduced under the terms of the CC-BY Crea-
tive Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[116] Copyright 2018, The Authors, published by 
Springer Nature.
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possible. As mentioned above, integrated and on-chip design of 
metasurfaces mainly suffer from the lack of multidimensional 
manipulation of optical waves, the lack of universal design 
strategy, limited fabrication techniques, and increased signal 
to noise ratio. One way to overcome such limitations may be 
developing new materials to improve the intrinsic properties of 
metasurfaces, such as 2D photonic materials. Another way may 
be exploiting new DOF to manipulate optical fields. Recently, 
the burgeoning development of photonic and phononic 
topology is a good example,[118,119] which roots in the intrinsic 
symmetries of materials or structures to manipulate the energy 
band. As the development of deep subwavelength nanostruc-
tures, multiplexing and multifunctional metasurfaces will have 
deeper and deeper impact on modern photonics, quantum 
optics, and relative techniques.
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