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Metasurfaces, which are planar arrays of subwavelength artificial structures, have emerged as excellent platforms for the
integration and miniaturization of electromagnetic devices and provided ample possibilities for single-dimensional and multi-
dimensional manipulations of electromagnetic waves. However, owing to the limited interactions between planar thin metallic
nanostructures and electromagnetic waves as well as intrinsic losses in metals, metasurfaces exhibit disadvantages in terms of
efficiency, controllability, and functionality. Recent advances in this field show that few-layer metasurfaces can overcome these
drawbacks. Few-layer metasurfaces composed of more than one functional layer enable more degrees of design freedom. Hence,
they possess unprecedented capabilities for electromagnetic wave manipulation, which have considerable impact in the area of
nanophotonics. This article reviews recent advances in few-layer metasurfaces from the viewpoint of their scattering properties.
The scattering matrix theory is briefly introduced, and the advantages and drawbacks of few-layer metasurfaces for the
realization of arbitrary scattering properties are discussed. Then, a detailed overview of typical few-layer metasurfaces with
various scattering properties and their design principles is provided. Finally, an outlook on the future directions and challenges in
this promising research area is presented.

few-layer metasurfaces, light-matter interaction, scattering matrix, full-space manipulation

PACS number(s): 73.21.Ac, 78.20.Bh, 11.30.-j, 42.25.-p, 78.67.-n

Citation: Z. Li, W. Liu, H. Cheng, and S. Chen, Few-layer metasurfaces with arbitrary scattering properties, Sci. China-Phys. Mech. Astron. 63, 284202 (2020),
https://doi.org/10.1007/s11433-020-1583-3

1 Introduction

Arbitrary manipulation of electromagnetic waves is a fun-
damental requirement to realize electromagnetic devices
with on-demand functionalities [1-4]. However, the limited
light-matter interactions in natural materials hinder their
efficient manipulation of electromagnetic waves [5-7]. Me-
tasurfaces, which are planar arrays composed of sub-
wavelength artificial structures, have recently emerged as

excellent platforms for single-dimensional and multi-
dimensional manipulations of electromagnetic waves, and
they also provide a powerful alternative for the integration
and miniaturization of electromagnetic devices [8-13]. By
judiciously modulating the structural parameters of each unit
cell, we can efficiently design the electromagnetic responses
of metasurfaces at the subwavelength scale and implement
electromagnetic functionalities on demand [14-16]. Owing
to their prominent capabilities in electromagnetic wave
manipulation, metasurfaces have been widely utilized in
many fields, such as wave-front manipulation, beam focus-
ing, imaging, sensing, optical encryption, and hologram [17-
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20]. However, despite their remarkable success, meta-
surfaces present some shortcomings in the arbitrary manip-
ulation of electromagnetic waves. In the early designs, the
constituent materials of metasurfaces were mainly metals,
such as gold, silver, and aluminum [21-23]. The limited
light-matter interactions between thin metallic nanos-
tructures and electromagnetic waves as well as the intrinsic
losses in metals are responsible for the low efficiency of
metasurfaces and their limited controllability of electro-
magnetic waves [24-26]. Moreover, planar metasurfaces
have limited degrees of design freedom for structural sym-
metry, which also limits their controllability and function-
ality [27].
Lossless dielectric materials have been widely utilized as

the constituent materials of metasurfaces to significantly
improve their efficiencies. Recent advances in dielectric
metasurfaces indicate that metasurfaces constituted by loss-
less materials can help realize manipulation of electro-
magnetic waves with ultra-high efficiency [28-33].
Moreover, with the modulation of both the waveguide mode
and resonance phase in dielectric nanostructures, the con-
trollability of metasurfaces on the phase and amplitude of
electromagnetic waves has improved significantly [34-36].
Even though metasurfaces constituted by dielectric materials
can overcome some drawbacks in the existing metallic de-
signs, the limited degrees of design freedom for structural
symmetry still limit their performance, preventing the
asymmetric and full-space manipulations of electromagnetic
waves. Recently, few-layer metasurfaces composed of more
than one functional layer have emerged as another powerful
alternative for improving the efficiency, controllability, and
functionality of metasurfaces [37]. With many interlayer
interactions, the efficiency of few-layer metasurfaces can be
improved significantly [38]. More importantly, the structural
symmetry of few-layer metasurfaces can be arbitrarily de-
signed, providing unprecedented capabilities for the asym-
metric and full-space manipulation of electromagnetic
waves. Few-layer metasurfaces with various scattering
properties are currently garnering considerable interest from
the scientific community. Owing to their unprecedented
flexibility for the implementation of various electromagnetic
functionalities, few-layer metasurfaces have been shown
crucial in many applications [37-42].
We herein review the recent advances in few-layer meta-

surfaces from the viewpoint of their scattering properties.
Sect. 2 introduces the scattering matrix theory as well as the
advantages and drawbacks of few-layer metasurfaces for the
realization of arbitrary scattering properties. In sect. 3, we
present some typical few-layer metasurfaces with high effi-
ciency and discuss their design principles. Subsequently, we
present several exciting few-layer metasurfaces with special
scattering properties in sect. 4. Finally, we provide an out-
look on the further directions and challenges in this pro-

mising research area.

2 Scattering properties of metasurfaces

2.1 Scattering matrix theory

The scattering matrix, which involves transmission and re-
flection operators in both forward and backward directions,
relates the inputs and outputs at the two edges of an elec-
tromagnetic system composed of plane parallel layers, as
shown in Figure 1(a) [43]. It is often used to describe
transmission lines, microwave circuits, and scattering sys-
tems. In this case, the outgoing fields can be expressed in
terms of the incident fields as follows:
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where the elements of the S matrix are expressed as t21, r22,
r11, and t12. t21 and r11 are the matrices of the transmission
and reflection coefficients in the forward direction, respec-
tively; t12 and r22 are the matrices of the transmission and
reflection coefficients in the backward direction, respec-
tively. Specifically, considering that the basis polarization
vectors of the incident and outgoing fields are linear-
polarized in the x- and y-directions, we can further express
eq. (1) as follows:
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If the system is lossless, the incident and outgoing optical
power values must be equal. In this case, the energy con-
servation dictates that
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Moreover, the coefficients of the scattering matrix for a
metasurface are not mutually independent [26]. For example,
for a system with time inversion symmetry, the reciprocity
theorem can be applied, and the transmission coefficients in
the forward and backward directions can be correlated as
follows:
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This relationship differs from that in the Jones matrix be-

284202-2Z. Li, et al. Sci. China-Phys. Mech. Astron. August (2020) Vol. 63 No. 8

 http://engine.scichina.com/doi/10.1007/s11433-020-1583-3



cause no coordinate transformation is involved. In addition,
the relationships between the coefficients of the scattering
matrix in a metasurface are related to the structural sym-
metry. For example, for a metasurface whose structure is C4-
symmetric with respect to the axis perpendicular to the sur-
face, the transmission coefficients can be correlated as fol-
lows:

t t
t t

t t
t t
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The coefficients of the scattering matrix in a metasurface
depend on many variables, such as the k vector of the in-
cident waves, wavelength of the incident waves, and time.
As the scattering properties of each unit cell in a metasurface
can be independently manipulated, the coefficients of the
scattering matrix in a metasurface depend on the spatial
position of each unit cell as well.

2.2 Metasurfaces with different scattering properties

Metasurfaces with different electromagnetic responses and
functionalities are mainly implemented by manipulating
their scattering properties, i.e., by adjusting one or more
coefficients of their scattering matrices. For example, me-
tasurfaces with t21 and r11 equal to zero in multiple or
broadband wavelengths can realize perfect absorption of the
electromagnetic waves in the forward direction [44-46]. As
another example, in a metasurface whose structure is mirror
symmetric with respect to the plane perpendicular to its

surface, the cross-polarized transmission coefficients t xy
21 and

t yx
21 can be equal to zero. Hence, the polarization manipula-
tion of electromagnetic waves can be obtained by adjusting
the real and imaginary parts of the co-polarized transmission
coefficients t xx

21 and t yy
21 [47-49]. By setting the co-polarized

transmission coefficients t =0xx
21 and cross-polarized trans-

mission coefficients t 0yx
21 , the cross-polarization conver-

sion can be obtained [50]. One specific scattering property of
metasurfaces is asymmetric transmission. According to eq.
(4), the transmission intensities for the forward and back-
ward illuminations with a fixed polarization state differ when
the amplitudes of the cross-polarized transmission coeffi-
cients t xy

21 and t yx
21 are not equal to each other. However, the

asymmetric transmissions of linear-polarized electro-
magnetic waves cannot be realized because the planar
structures of the metasurfaces are mirror symmetric with
respect to the surface. Nonetheless, the asymmetric trans-
mission of circular-polarized electromagnetic waves can be
realized, which only requires the nonzero sum of the cross-
polarized transmission coefficients [51-55].
By independently adjusting one or more coefficients of the

scattering matrix of each unit cell, metasurfaces can exhibit
more functionalities [16]. For example, the phase manip-
ulations of electromagnetic waves at the subwavelength
scale can be realized by independently adjusting the cross-
polarized transmission coefficients of each unit cell; this has
been widely utilized to manipulate the electromagnetic wa-
vefront and has broad applications in optical focusing,
computer-generated holograms, vectors, vortex beam gen-
eration, etc. [54-59]. In addition, metasurfaces can integrate
different electromagnetic functionalities or display different
electromagnetic responses under different illumination con-
ditions by adjustment of one or more coefficients of their
scattering matrices at different wavelengths or incident an-
gles [60-64]. In general, by controlling their scattering
properties, metasurfaces are excellent for the effective ma-
nipulation of electromagnetic waves. However, as mentioned
above, the drawbacks in the working efficiency and design
freedom of structural symmetry of metasurfaces prevent
them from the asymmetric and full-space manipulation of
electromagnetic waves with high efficiency.

2.3 Advantages and drawbacks of few-layer designs

Compared with single-layer metasurfaces, few-layer meta-
surfaces contain more available degrees of design freedom,
as shown in Figure 1(b). Not only can the constituent ma-
terials and the structural parameters be adjusted, but also
some key physical parameters, such as the number of layers,
layer-to-layer spacing, interlayer interactions, and structural
symmetry can be designed when configuring the few-layer
metasurfaces. Utilizing the abundant interlayer interactions,

Figure 1 (Color online) Advantages of few-layer metasurfaces for the
realization of arbitrary scattering properties. (a) Mathematical description
of scattering matrix S that relates the inputs and outputs of electromagnetic
waves based on transmission and reflection operators in two opposite di-
rections. (b) Schematics of a typical tri-layer metasurface and degrees of
design freedom of few-layer metasurfaces for electromagnetic wave ma-
nipulation.
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such as the near-field coupling effect, the waveguide effect,
and the multiple wave interference effect, the efficiency of
few-layer metasurfaces can be improved significantly [38].
By manipulating the number of layers and the layer-to-layer
spacing, the scattering properties of few-layer metasurfaces
can be further adjusted. Furthermore, the structural sym-
metry of few-layer metasurfaces can be arbitrarily designed
and therefore the coefficients of their scattering matrices can
be independently adjusted, promising the asymmetric and
full-space manipulation of electromagnetic waves with high
efficiency.
The multiple degrees of design freedom in few-layer me-

tasurfaces may involve some complexities. More degrees of
design freedom imply a more complicated and time-con-
suming optimization process. The selection of number of
layers and constituent materials of each layer, and the opti-
mization of layer-to-layer spacing and nanostructure con-
figuration of each layer will significantly increase the design
complexity. The increase in the number of layers will result
in enhanced light-matter interactions in few-layer meta-
surfaces, which further improves the working efficiency.
However, the number of layers should not be excessive as the
enhanced light-matter interactions increase the Ohmic los-
ses. In some situations, owing to the complex near-field in-
teractions between the layers, the electromagnetic response
of each layer in a few-layer metasurface is associated with
the alignment and distance between the layers, which further
complicates the optimization processes. Few-layer meta-
surfaces typically have high fabrication requirements, e.g., a
strict alignment between layers is required for the fabrication
of few-layer metasurfaces with near-field interactions be-
tween the layers. Despite some complexities induced during
the design and optimization process, the few-layer meta-
surface is still a suitable and powerful platform for the im-
plementation of arbitrary scattering properties by utilizing
some appropriate optimization processes [38].
Next, we present the unprecedented capacities of few-layer

metasurfaces for the realization of arbitrary scattering
properties by reviewing some exciting achievements in this
research area.

3 Few-layer metasurfaces with high efficiencies

In most cases, light-matter interactions within metallic me-
tasurfaces involve only electric responses, which results in
limited efficiency [65-68]. For example, the amplitudes of
cross-polarized transmission coefficients do not exceed 0.5
in the metallic metasurfaces [68]. In few-layer metasurfaces,
not only the electric response, but also the magnetic response
can be involved by utilizing the abundant interlayer inter-
actions to significantly improve the efficiency [38,65].
Multiple wave interference within layers is one of the main

interlayer interactions in few-layer metallic metasurfaces,
which has been used to efficiently manipulate electro-
magnetic waves in the reflection mode through metal-
insulator-metal designs [69-74]. The multiple wave inter-
ference effect can also be utilized in the transmission mode
to enhance light-matter interactions within few-layer meta-
surfaces. The few-layer metasurface containing a Fabry-
Pérot-like cavity is an early configuration to enhance the
amplitudes of cross-polarized transmission coefficients in
the transmission mode, as shown in Figure 2(a) [75]. The
Fabry-Pérot-like cavity is composed of two orthogonal gold
gratings. One of them can transmit y-polarized electro-
magnetic waves, whereas the other one can transmit x-
polarized electromagnetic waves. The main function of the
Fabry-Pérot-like cavity is to enhance the interaction between
the nanostructures in the middle layer and the electro-
magnetic waves. As shown in Figure 2(b), the proposed few-
layer metallic metasurface serves as a broadband linear po-
larization converter in the transmission mode with over 0.5
efficiency. The co-polarized transmittance and the cross-
polarized reflectance are practically zero when using the
gratings. By independently adjusting the cross-polarized
transmission coefficients of each unit cell, we can further
achieve a high-efficiency manipulation of the electro-
magnetic waves’ wavefront, as shown in Figure 2(c) and (d).
Currently, this configuration is a popular design to achieve
high-performance linear polarization converters [76-78].
As the scattering matrix of a few-layer system can be

obtained from the scattering properties of each layer when
the near-field interactions between the layers are negligible,
the Fabry-Pérot-like cavity is not a necessary component for
the design of few-layer metallic metasurfaces with high ef-
ficiency [79-82]. Figure 3(a) shows a tri-layer metasurface
that can be used to realize giant asymmetric transmission of
the circular-polarized optical waves at a wavelength of
1.5 µm [83]. Compared with previous approaches, the per-
formance of the asymmetric transmission in the proposed tri-
layer metasurface improved significantly with a 20:1 ex-
tinction ratio and over 50% transmittance in one of the cir-
cular-polarized optical waves, as shown in Figure 3(b). The
giant asymmetric transmission of the circular-polarized op-
tical waves in this tri-layer metasurface is achieved by in-
dependently designing the electric admittances of each layer,
and the scattering properties of the tri-layer metasurface can
be presented in terms of the cascaded layer admittances. This
is a good alternative method for the design of few-layer
metasurfaces [82-84]. The few-layer metasurfaces discussed
above can enhance the amplitude of the cross-polarized
transmission coefficients in their scattering matrices while
minimizing the amplitude of the co-polarized transmission
coefficients. In fact, the amplitude of the co-polarized
transmission coefficients can be improved in few-layer me-
tasurfaces. Figure 3(c) shows a bilayer aluminum metasur-
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face that can be treated as a broadband linear polarizer in the
near infrared regime (as shown in Figure 3(d)) [85]. In this
design, the modular square of the co-polarized transmission
coefficient t yy

21 is approximately 0.89 from 1050 to 1350 nm,
whereas those of transmission coefficients t xx

21 , t xy
21 , and t yx

21

are equal to zero. Compared with the single layer metasur-
face, the proposed bilayer metasurface has a broad working
bandwidth and a high extinction ratio, as shown in
Figure 3(e). Thehigh performance of the proposed bilayer
design is attributed to the multiple wave interference be-
tween the layers, and the scattering properties of this bilayer
metasurface can be predicated by the scattering matrix of
each layer. A number of few-layer metasurfaces based on the
scattering matrix theory have been proposed to manipulate
electromagnetic waves with high efficiency [86-93].
For few-layer designs based on the scattering matrix the-

ory, the scattering properties can be manipulated by de-
signing the scattering matrix of each layer. Moreover, their
scattering properties can be further adjusted by changing the
layer-to-layer spacing and number of layers [75,82].
Figure 4(a) and (b) show a bilayer metasurface whose cross-
polarized transmission coefficient t yx

21 can be continuously
manipulated by varying the distance between the two layers

[94]. The nanoantenna array in the bilayer metasurface can
almost completely reflect the x-polarized optical waves in the
working waveband that will interfere with the incident x-
polarized optical waves, resulting in the change in the elec-
tric field distribution above the nanoantenna array, as shown
in Figure 4(b). Furthermore, the L-shape particle can be re-
garded as a polarization converter, whose efficiency is di-
rectly associated with the magnitude of the electric field
within it. Hence, the polarization conversion efficiency of the
bilayer metasurface can be changed by varying the distance
between the L-shaped particle and the nanoantenna array.
Figure 4(c) and (d) show a narrow band-pass filter composed
of few-layer nanostructures, whose bandwidth and efficiency
can be manipulated by changing the number of layers [95].
The scattering property of this filter can be fully described by
the multiple wave interference theory. Another typical ap-
proach is a few-layer metasurface composed of stacked na-
norods, in which the transmission efficiency of left-handed
circular-polarized (LCP) waves decreases with the increas-
ing number of layers, whereas that of the right-handed cir-
cular-polarized (RCP) waves increases accordingly [96].
In general, few-layer metasurfaces are known to be im-

portant for the manipulation of electromagnetic waves with
high efficiency and afford more degrees of design freedom.

Figure 2 (Color online) Few-layer metasurfaces based on Fabry-Pérot-like cavity. (a) Schematic of a tri-layer metasurface for the realization of a linear
polarization converter with high efficiency. (b) Experimentally measured, numerically simulated, and theoretically calculated results of cross-polarized
transmittance, and numerically simulated result of co-polarized reflectance. (c) Schematic of a tri-layer metasurface for broadband and high-efficiency
anomalous refraction. (d) Experimental results of cross-polarized transmittance as a function of frequency and angle. (a)-(d) reproduced with permission from
ref. [75], copyright 2013, American Association for the Advancement of Science.
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Figure 3 (Color online) Few-layer metasurface supported by scattering matrix theory. (a) Schematic of a high-performance bianisotropic tri-layer meta-
surface for the realization of the giant asymmetric transmission of circular-polarized optical waves. (b) Experimentally measured (circles) and numerically
simulated (solid lines) results of squared moduli of transmission coefficients under a circular base. (c) Schematic of a bilayer metasurface for broadband
polarization extinction. (d) Experimentally measured transmittance as a function of polarization angle α of the linear-polarized illumination at 1100, 1200, and
1300 nm. (e) Comparison of transmission extinction ratio between metasurfaces with a single layer and a bilayer of nanorods. (a), (b) Reproduced with
permission from ref. [83], copyright 2014, American Physical Society. (c)-(e) Reproduced with permission from ref. [85], copyright 2019, Wiley-VCH.

Figure 4 (Color online) Manipulation of scattering properties of few-layer metasurfaces by changing layer-to-layer spacing and number of layers. (a)
Schematic of a unit cell of a bilayer metasurface composed of an L-shaped particle and a nanoantenna array. (b) Simulated results of x-component distribution
of electric field along z-axis, and variation in the absolute value of the transmission coefficient tyx in the forward direction with the change in the position of
the L-shaped particle. (c) Schematic of a few-layer metasurface composed of multiple bilayer structures. (d) Measured transmittance of few-layer meta-
surfaces with different stack assemblies. (a), (b) Reproduced with permission from ref. [94], copyright 2015, Springer Nature. (c), (d) Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) [95], copyright 2018, the
Authors, published by American Institute of Physics.
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4 Few-layer metasurfaces with special scatter-
ing properties

As mentioned above, the key feature of few-layer meta-
surfaces is that their structural symmetry can be arbitrarily
designed to form some scattering properties that cannot be
achieved by single-layer metasurfaces. Figure 5(a) shows a
bilayer metasurface in which the asymmetric transmission of
linear-polarized optical waves was first obtained [97]. The
proposed bilayer metasurface with three dimensional and
nonsymmetrical designs can achieve the asymmetric trans-
mission of both circular- and linear-polarized optical waves
as its transmission coefficients are not equal to each other, as
shown in Figure 5(b) and (c). Moreover, the asymmetric
transmission of linear-polarized electromagnetic waves can
be further realized by appropriately adjusting the transmis-
sion coefficients of the scattering matrix, whereas the
transmittance is symmetric for circular-polarized electro-
magnetic waves [98]. Furthermore, the cross-polarized and
co-polarized transmission coefficients can be set to zero and

then a diode-like unidirectional transmission of electro-
magnetic waves can be achieved, as shown in Figure 5(d)-(f)
[99]. In the proposed bilayer metasurface, the modular
square of the cross-polarized transmission coefficient t yx

21 and
the co-polarized transmission coefficient t xx

21 are approxi-
mately zero, whereas the modular square of the cross-po-
larized transmission coefficient t xy

21 remains constant from
1150 to 1450 nm, which results in a diode-like unidirectional
transmission of linear-polarized optical waves. The realiza-
tion of asymmetric transmission and diode-like unidirec-
tional transmission of linear-polarized electromagnetic
waves is a popular topic in the research area of few-layer
metasurfaces [100-104]. Apart from the asymmetric trans-
mission of linear-polarized electromagnetic waves, few-
layer metasurfaces possess other special scattering properties
as well. Figure 5(g) shows a pair of bilayer metasurfaces that
can be used to realize the spin-selective transmission of
circular-polarized optical waves [105]. The structural mirror
symmetry in these two metasurfaces is broken by the bilayer

Figure 5 (Color online) Manipulation of scattering properties of few-layer metasurfaces based on special structural symmetry design. (a) Schematic of a
bilayer metasurface for the realization of asymmetric transmission of linear-polarized optical waves, and schematic of the experimental setup. Numerically
simulated results of the asymmetric transmission for (b) linear and (c) circular states. (d) Schematic of a bilayer metasurface for the realization of broadband
diode-like asymmetric transmission of linear-polarized optical waves. (e) Numerically simulated results of squared moduli of transmission coefficients under
forward illumination. (f) Simulated results of transmission spectra for x-polarized waves propagating along forward and backward directions. (g) Schematic
of a pair of bilayer metasurfaces for the realization of spin-selective transmission of LCP and RCP waves, respectively. (h) Simulated results of squared
moduli of transmission coefficients under a circular base for the proposed bilayer metasurfaces (unit cell as shown in the inset image). (a)-(c) Reproduced
with permission from ref. [97], copyright 2010, American Physical Society. (d)-(f) Reproduced with permission from ref. [99], copyright 2014, American
Institute of Physics. (g), (h) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/) [105], copyright 2017, the Authors, published by Springer Nature.
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design, whereas their structure is C4-symmetric with respect
to the axis perpendicular to their surfaces. This special de-
sign of structural symmetry results in the zero amplitudes of
the cross-polarized transmission coefficients (under circular
base) t lr

21 and t rl
21. Moreover, the amplitude of one of the co-

polarized transmission coefficients can be adjusted to zero
because they can be independently manipulated in this de-
sign. Owing to this specific design of the transmission
coefficients, the spin-selective transmission of optical waves
canbe observed in the proposed bilayer metasurfaces, as
shown in Figure 5(h). By breaking the structural mirror
symmetry in the few-layer metasurfaces, other chiral optical
responses can be obtained [106-109]. Recently, the uni-
directional reflection of electromagnetic waves, which is
associated with the conception of exceptional point and
cannot be achieved in single-layer metasurfaces, has been
widely investigated in few-layer metasurfaces [110-113]. In
these designs, the reflection coefficients of their scattering
matrices in one propagation direction are equal to zero at the
working wavelength, resulting in the unidirectional reflec-
tion of electromagnetic waves. From the abovementioned
progress, it is clear that few-layer metasurfaces with abun-
dant and different scattering properties can be utilized to
efficiently manipulate electromagnetic waves.
More importantly, the scattering properties of each unit

cell in a few-layer metasurface can be independently ma-
nipulated, which provide unprecedented possibilities for the
asymmetric and full-space manipulation of electromagnetic
waves. Figure 6(a) shows a bilayer metasurface in which not
only the diode-like unidirectional transmission of linear-

polarized optical waves, but also the subwavelength phase
manipulation of transmission waves can be realized [114].
This design is similar to the abovementioned design [99],
which involves the subwavelength phase manipulation of
transmission waves by changing the structural parameters of
the L-shaped particle in each unit cell. Using this design, the
asymmetric polarization encryption based on holograms can
be obtained, as shown in Figure 6(b). Figure 6(c) shows a tri-
layer metasurface that can realize the asymmetric wavefront
manipulation of circular-polarized optical waves (as shown
in Figure 6(d)) [115]. The scattering matrix of this tri-layer
metasurface was specially designed, in which only four
cross-polarized coefficients are not equal to zero at the
working waveband, resulting in the diode-like unidirectional
transmission of circular-polarized optical waves. Further-
more, the asymmetric wavefront manipulation in this tri-
layer design was achieved by utilizing the geometric phase.
In addition to the asymmetric manipulation of electro-
magnetic waves, few-layer metasurfaces have been proposed
to realize the full-space manipulation of electro-magnetic
waves in some recent studies [116-122]. As shown in
Figure 7(a), most previous designs of metasurfaces only
function in either transmission or reflection mode, leaving
half of the electromagnetic space unutilized [116]. Even if
the asymmetric manipulation of electromagnetic waves can
be realized through the abovementioned few-layer designs,
the independent phase manipulation of transmission and
reflection waves are still not realizable [115]. Recent ad-
vances in few-layer metasurfaces have overcome these
drawbacks. By independently designing multiple coeffi-

Figure 6 (Color online) Asymmetric scattering properties in few-layer metasurfaces. (a) Illustration of asymmetric functionality of a bilayer metasurface.
(b) Measured holograms under different illumination directions and polarization states. (c) Schematic of a tri-layer metasurface for the realization of
asymmetric anomalous refraction and reflection. (d) Time snapshot of amplitude distribution of electric field under LCP/RCP forward and backward
illuminations. (a), (b) Reproduced with permission from ref. [114], copyright 2019, American Chemical Society. (c), (d) Reproduced under the terms of the
CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) [115], copyright 2016, the Authors, published
by Springer Nature.
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cients of their scattering matrices, the few-layer meta-
surfaces, whose electromagnetic responses are dependent on
both the incident direction and the polarization state of the
incident waves, can realize the full-space manipulation of
electromagnetic waves and the integration of multiple elec-
tromagnetic functionalities [116-121]. For example, three
different functionalities can be integrated into a few-layer
metasurface by independently designing the reflection
coefficients r xx

11 and r xx
22 , and the transmission coefficient t yy

21

[117]. A recent approach further demonstrated that the full-
space manipulation of electromagnetic waves can be
achieved by the interleaved design of few-layer meta-
surfaces, as shown in Figure 7(b) [122]. The basic unit cell of
this design is shown in Figure 7(c), which is designed based
on the scattering matrix theory. This basic unit cell can
realize the unidirectional transmission of electromagnetic
waves with phase control. By applying a 90° rotation in the
plane, the rotated unit cell can achieve the unidirectional
transmission of electromagnetic waves in the opposite di-
rection. Furthermore, by arranging these two types of unit
cells in an interleaved manner, i.e., a 90° twisted angle be-
tween two neighboring unit cells, distinct directional holo-
grams can be obtained, as shown in Figure 7(d).
In general, few-layer metasurfaces are an excellent can-

didate to realize special scattering properties, and they offer
unprecedented possibilities for the asymmetric and full-
space manipulation of electromagnetic waves.

5 Conclusions

We presented the recent advances in few-layer metasurfaces
in terms of their scattering properties. Owing to their abun-
dant interlayer interactions and more degrees of design
freedom, few-layer metasurfaces are excellent platforms for
the efficient manipulation of electromagnetic waves, and

provide unprecedented possibilities for the asymmetric and
full-space manipulation of electromagnetic waves and the
integration of multiple electromagnetic functionalities. Cur-
rently, few-layer metasurfaces with special scattering prop-
erties are garnering more attention from the scientific
community. We herein proposed several promising direc-
tions in this research field that may benefit nanophotonics
significantly.
The relationship between the design freedom of few-layer

metasurfaces and their scattering matrices is indispensable
for the implementation of few-layer metasurfaces with
scattering properties on demand. Recently, the interplays
between the number of layers and phase coverage in few-
layer metasurfaces have been well discussed [123]. This type
of study will considerably simplify the design process of
few-layer metasurfaces, which also benefits the realization of
specific electromagnetic functionalities in few-layer meta-
surfaces.
By designing different constituent materials or different

structures in each layer, few-layer metasurfaces have shown
unprecedented flexibility for the integration of different
electromagnetic functionalities. Recent approaches have
proven the potential of few-layer metasurfaces as an alter-
native for the multispectral control of electromagnetic waves
[124-126]. Meanwhile, the newly proposed dielectric few-
layer metasurfaces have been proven to be a powerful plat-
form for integrated photonics [127,128]. Hence, few-layer
metasurfaces will be fundamental in achieving frequency-
selective multifunctional electromagnetic devices and in-
tegrated devices.
The dynamic manipulation of the scattering properties of

few-layer metasurfaces further provided a good platform for
the manipulation and integration of multiple electromagnetic
functionalities. A tunable polarization rotator based on a
few-layer metasurface has been proposed recently based on
the scattering matrix theory [129]. The dynamic manipula-

Figure 7 (Color online) Full-space manipulation of electromagnetic waves based on few-layer metasurfaces. (a) Working principle and advantages of the
full-space metasurfaces. (b) Illustration of the Janus tri-layer metasurface. (c) Schematics of theoretical model and twisted tri-layer meta-atom. (d) Calculated
results of transmitted electric field distribution under forward and backward illuminations. (a) Reproduced with permission from ref. [116], copyright 2017,
American Physical Society. (b)-(d) Reproduced with permission from ref. [122], copyright 2020, Wiley-VCH.
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tion of the scattering properties of few-layer metasurfaces
will further improve the controllability and functionality of
few-layer metasurfaces.
The independent design of multiple coefficients of a

scattering matrix was time consuming and complex owing to
the plentiful degrees of design freedom in few-layer meta-
surfaces. The reversal design of few-layer metasurfaces
using deep-learning technologies will overcome this draw-
back and ease the design of few-layer metasurfaces with
specific scattering properties [130-132].
Benefitting from their scattering properties, which can be

arbitrarily designed, few-layer metasurfaces indicated ample
possibilities in various application areas. The comprehensive
investigation of the application potentials of few-layer me-
tasurfaces in nanophotonics has become a popular topic in
this research area. For example, a recent work indicated that
few-layer metasurfaces may be utilized to achieve neural
computations [133].
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