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Empowered Layer Effects and Prominent Properties

in Few-Layer Metasurfaces

Shugqi Chen,* Yuebian Zhang, Zhi Li, Hua Cheng, and Jianguo Tian

Metamaterials are 3D artificial structures proposed to surpass conventional
natural materials and realize novel functions beyond traditional optical ele-
ments. Nevertheless, they are usually bulky and difficult to be fabricated.

As 2D equivalents of metamaterials, metasurfaces have been proposed to
overcome the drawbacks of metamaterials and fully control the polarization,
amplitude, phase, and dispersion of electromagnetic waves. Relative to single-
layer metasurfaces that have limited controllability and functionality, few-layer
metasurfaces have more degrees of freedom and abundant layer effects to
design novel devices and achieve high-efficiency applications. This review is
focused on the empowered layer effects and prominent properties in few-layer
metasurfaces, and some distinctive applications proposed in recent years are
discussed. It is expected that few-layer metasurfaces will provide a promising
road toward the novel intelligent photonic devices, multifunctional devices,

applications have been realized based on
the metamaterials, such as negative index
materials,?¥! invisibility cloaks,* and zero-
index materials.’! Nevertheless, metama-
terials are usually bulky, difficult to be
fabricated, and suffer from high energy
losses, which hinder their practical appli-
cations in modern photonic systems. In
recent years, planar metasurfaces, the
2D equivalents of metamaterials, have
attracted plenty of attentions due to their
extraordinary abilities in controlling the
polarization, amplitude, phase, and dis-
persion of electromagnetic waves.[%®
Compared with bulk metamaterials, the
metasurfaces have many advantages, such

and integrated photonic devices.

1. Introduction

With the development of modern optics, traditional optical ele-
ments, such as refractive lenses and birefringent crystals, can
no longer satisfy the growing requirements for intelligentialize,
miniaturization, and integration in modern photonic systems.
As 3D artificial substitutes for conventional natural materials,
metamaterials can realize functions far beyond traditional
optical devices. They are composed of periodic subwavelength
artificial nanostructures that function as “electromagnetic
meta-atoms” and can produce distinctive physical properties
unavailable in natural materials.?l Numerous remarkable
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as ultrathin thicknesses, low losses, ease
of fabrication and integration. Over the
past years, single-layer metasurfaces have
been widely applied in realizing polari-
zation conversion,’ beam deflectors,1%11l metalenses,[!213]
holograms," coding,["! structural colors,['®!”] nonlinear meta-
surfaces,'®! and some other applications. Nevertheless, the
interactions between lights and ultrathin single-layer metasur-
faces are usually limited, resulting in low efficiency and limited
controllability in some applications.!'”) Moreover, the degrees of
freedom for light manipulation provided by a single-layer meta-
surface are usually not enough in realizing multifunctional
devices and some other sophisticated photonic systems.
Few-layer metasurface that contains more than one
functional layer provides an effective method to overcome the
drawbacks of both bulk metamaterials and single-layer metasur-
faces. Cheng et al. employed the concept of few-layer metasur-
faces to discuss the advantages and emergent functionalities of
them in ref. [20]. Few-layer metasurfaces retain the advantages
of single-layer metasurfaces and can provide more degrees of
freedom to manipulate electromagnetic waves. More impor-
tantly, the abundant layer effects, such as the multiple wave
interference between layers and the near-field coupling effects,
can enhance the interactions between lights and structures and
improve the efficiency of few-layer systems. In addition, the
combination of different functional layers can produce novel
functions that single-layer metasurfaces can hardly realize. For
example, by breaking the mirror symmetry along the propaga-
tion direction, few-layer metasurfaces can realize asymmetric
transmission of linearly polarized lights.?!l By vertically inte-
grating different metasurfaces on one substrate, optical systems
with different functions can be miniaturization and integration.
Recently, the few-layer metasurfaces have also been extended
in the acoustic fields to realize some novel applications, such
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as the wave branching effects,?? flat Fresnel lens,?2 asym-
metric transmission,?*l and valley topological phases.?*) Hence,
the few-layer metasurfaces provide a promising route to novel
functional devices, multifunctional devices, and integrated
photonic devices.

In this paper, we focus on the basic layer effects and dis-
tinctive properties in few-layer metasurfaces, and summarize
some distinctive applications proposed in recent years. In
Section 2, we briefly introduce four basic mechanisms in con-
structing few-layer metasurfaces. In Section 3, we review some
distinctive applications of few-layer metasurfaces in amplitude
manipulation, polarization manipulation, phase manipulation,
multidimensional manipulation of electromagnetic waves, and
some multifunctional devices. In the last section, we give a
brief conclusion and provide an outlook on the future develop-
ment of few-layer metasurfaces.

2. Empowered Layer Effects in Few-Layer
Metasurfaces

2.1. Near-Field Coupling Effects

Near-field coupling is considered from the perspective of the
interactions between electric and/or magnetic resonances as
shown in Figure 1la. For plasmonic single-layer metasurfaces,
the couplings between electric resonances are relatively easy
to be achieved; for example, Fano resonance can be formed by
the coupling between different electric resonance modes.?>%7]
However, the couplings between electric and magnetic reso-
nances are difficult to be achieved. As a result, many novel
phenomena, such as optical chirality, are hard to be realized
within single-layer plasmonic metasurfaces.?®?%! The reason
is that most of the plasmonic single-layer metasurfaces cannot
provide magnetic resonance modes. On the other hand, for a
few single-layer metasurfaces that can simultaneously sup-
port electric and magnetic resonances, such as split ring reso-
nators (SRRs), the two resonances are perpendicular to each
other, which results in the lacking of coupling. Nevertheless,
the couplings between electric and magnetic resonances can
be efficiently realized by few-layer metasurfaces. One method
is to excite electric and magnetic resonances with parallel com-
ponents through the coupling between adjacent layers.2% The
other approach is to replace the magnetic resonance with an
electric resonance at the equiphase plane by controlling the
space between layers.31:32]

High-efficiency reflective metasurfaces can be achieved with
the help of near-field coupling effects in the metal-insulator—
metal (MIM) configuration.>*-37] This type of metasurface typi-
cally consists of a metal subwavelength resonator and a metal
ground plane separated by a thin dielectric spacer. When the
two metal layers are close enough, strong near-field coupling
can induce antiparallel electrical currents and form a mag-
netic resonance inside the structure. Such resonance mode is
often called as gap-plasmon mode at optical frequencies.”®l
By changing the geometric parameters of the subwavelength
resonators, full 27 phase range with near-unit reflection ampli-
tude can be achieved. Based on this configuration, many
high-efficiency reflective phase gradient metasurfaces, such as
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surface wave couplers!**l and broadband anomalous reflector,*4l
have been proposed. It should be noticed that the MIM con-
figuration can also realize perfect absorber by proper structural
design 3839

High transmittance can also be achieved by Huygens' sur-
faces configuration based on few-layer metasurfaces. By
adjusting the surface electric and magnetic polarizabilities
(<™ and o) of the few-layer metasurfaces, the reflection can
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Figure 1. Four empowered layer effects in few-layer metasurfaces. a) Schematic representation of various near-field coupling effects between electric
and/or magnetic resonances. b) Schematic view of waveguide effects between layers with laterally translated nanoapertures. c) Schematic of the mul-
tiple wave interference effects between two metasurface layers. d) Schematic of cascaded optical system based on weak interaction effects between

layers of few-layer metasurfaces.

be completely eliminated. Then, the electric sheet admittance
(Y., = jod;" ) and the magnetic sheet impedance (Z,. = jo@; )
can be directly extracted from the complex reflection (R) and

transmission (T) coefficients:[0!

_2(1-T-R)
" N(1+T+R)’

_2n(1-T+R)

(1+T—R) @

es ms

where n=.[u/e is the wave impedance of free space. The
amplitude of the transmission coefficient of each meta-atom
becomes unity when the normalized electric sheet admittance
and magnetic sheet impedance are purely imaginary and equal.
Besides, by tuning the magnitude of the impedance, the trans-
mitted phase can achieve any value between —r to . According
to the above analysis, Huygens’ surfaces configurations based
on few-layer metasurfaces have been implemented in both
microwave rangel*”l and near-infrared (NIR) range.[*!42
Besides the Huygens’ surfaces configuration, another widely
used structure that can realize high transmittance is the ABA
type few-layer metasurface, where A and B represent two
ultrathin metasurface layers.***! This type of metasurface
can support the electromagnetic wave tunneling phenomenon

Adv. Optical Mater. 2019, 1801477

1801477 (3 of 22)

under certain conditions, which can be explained by the effec-
tive medium theory. The high transmission of this kind of
metasurface is always related to the high magnetic fields
inside the structure. By utilizing the near-field coupling effects
between different layers, one can generate effective “magnetic
responses” to match the impedance. Based on this idea, many
high-efficiency few-layer metasurfaces have been proposed.*®!

2.2. Waveguide Effects

The manipulation of polarization and phase of electromag-
netic waves is a vital task of metasurfaces. Nevertheless, single-
layer ultrathin transmissive metasurfaces cannot provide full
control over the phase of the copolarized transmitted light.!'")
On the other hand, although the phase of the cross-polarized
transmitted light can be tuned from 0 to 27 by utilizing the
Pancharatnam-Berry (PB) phase of circularly polarized light,
the polarization state of transmitted light is fixed and cannot
be simultaneously manipulated.”} According to the theroy of
PB phase, when a circularly polarized light is incident on an
anisotropic nanoantenna, the phase of the converted circularly
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polarized light can be changed by spatially rotating the unit
cell. The phase change can be written as ® = 206, where 6
is the angle of rotation of the antenna, o = %1 represents the
left-handed circular polarized (LCP) or right-handed circular
polarized (RCP) lights, respectively. Therefore, the sign of the
phase gradient is locked with the polarization of the incident
light.*”*8 Tn addition, although the phase gradient of the PB
metasurfaces is independent of the wave frequency, the effi-
ciencies can be strongly frequency-dependent, dictated by the
scattering properties of constitutional meta-atoms forming
the metasurfaces.*’l Recently, a novel mechanism for forming
waveguide mode between layers has been proposed based on
few-layer metasurfaces capable of simultaneously manipu-
lating the polarization and phase of transmitted wave.[*”) This
waveguide mechanism can work for both linearly polarized
light and circularly polarized light. As shown in Figure 1b, sur-
face plasmon polaritons (SPPs) can be excited at each of the
metal-dielectric interfaces under normal incidence when the
light is polarized perpendicular to the major axis of the rec-
tangular metal nanoapertures. Since the coupling between the
two metal layers can form a standing wave of the SPPs, a MIM
waveguide can be constituted as a result. The waveguide mode
makes the amplitude and phase of the transmission light sensi-
tive to the geometrical parameters and the relative positions of
the nanoapertures. In the aligned case, the phase shifting can
cover a large range (about 37/2) by tuning the aperture length.
By adjusting the lateral translation between the two layers, the
range of phase shifting can be further extended due to a phase
difference close to 7 existing between the aligned and laterally
translated states, which can be verified by the charge oscillations
at the bottom nanoapertures exhibiting opposite directions. It
should be noticed that the proposed method does not need to
convert the incident linearly polarized light to its cross-polarized
transmitted light, which is different from many existing designs
employing anisotropic resonators. For circularly polarized inci-
dent light, only the light with polarization perpendicular to the
major axis of the nanoapertures can be transmitted. As a result,
the polarization states of the transmitted light can be manipu-
lated by just rotating the rectangular nanoapertures. In addition,
the rotation of each unit cell can introduce an extra Berry phase
term of ¢’ to the transmitted light, where 6 is the angle of rota-
tion. Therefore, the polarization and phase of the transmitted
wave can be controlled by either aligned or laterally translated
state of the few-layer metasurface. Based on this mechanism
and similar structures, bidirectional perfect absorbers and gen-
eration of vector beams with arbitrary spatial variation of phase
can also be realized.%>!

2.3. Multiple Wave Interference Effects

Compared with single-layer ultrathin metasurfaces, which are
usually inefficient, a prominent advantage of few-layer metas-
urfaces is the existence of multiple wave interference between
the functional layers, which can be used to cancel the undesired
light and enhance the efficiency of the metasurfaces. Based on
this method, many high efficiency devices have been demon-
strated, such as antireflection-coating,’>*3! linear polarization
convertor, asymmetric transmission metasurfaces,” and
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metalens.”® In general, the bottom structured layers in these
metasurfaces usually act as reflectors to repeatedly reflect the
incident lights. If the distances between layers are far enough
so that the near-field coupling or magnetic resonance can be
neglected, the reflection and transmission response of the few-
layer metasurfaces can be directly obtained with multiple wave
interference formula.’>%7I More specifically, if a few-layer meta-
surface only contains two functional layers, which are separated
with a distance d, we can model the two functional layers as
tuned impedance interfaces with effectively zero thickness.
The overall field reflection and transmission coefficients of this
metasurface can be written as

rlzew)lz _ ',127.21r23611¢|1 + 00+ 23 +2p) + terZKtzlel(e‘z +¢23+621 +2f)

r= 1_r21r23ei(¢21+¢13+2/3) (2)

bt ei(9n+923+ﬁ)
b= 1_1,2,212;36il¢21+¢u+2ﬁ) (3)
where variables illustrated in Figure 1c indicate their meanings.
The complex propagation phase f§ = Nkod when the incident
angle o; = 0. kg is the wavenumber in a vacuum, and N is the
complex refractive index of the spacer. r and t; are the polar-
ization-dependent reflection and transmission coefficients at
individual interfaces, which can be derived from numerical sim-
ulations of the isolated functional layers. If there are more than
two stacked functional layers in a few-layer metasurface, we can
still obtain the overall response of the metasurfaces by simple
semi-analytical S-matrix multiplication.®! One typical phenom-
enon related to multiple wave interference is the Fabry-Pérot
(FP) resonance. The constructive or destructive interference can
be easily achieved by forming a FP like cavity between different
layers.’365% Hence, by adjusting the interference between
layers, we can easily enhance the interaction between light and
metasurfaces, and realize numerous efficient applications.

2.4. Weak Interaction Effects

Various novel phenomena and functionalities have been real-
ized by using near-field interactions between layers in few-layer
metasurfaces; however, most of these few-layer metasurfaces
can only work in a single frequency band. The working band
can be extended by the weak interaction effect between layers
of few-layer metasurfaces. One way is to introduce the defect
to weaken the strength of the coupling between the layers.
Besides, the defect can play a certain role in manipulating
the property of each layer, such as amplitude and phase.[®%61]
The other method is by delicately designing, so that all layers
contribute together in each working band or functionalities,
while each layer dominates a single working band or func-
tionalities.®”] Furthermore, cascaded optical system can also
be realized based on weak interaction effect between layers of
few-layer metasurfaces. As shown in Figure 1d, we can realize a
focusing metalens and an aperture metalens in different layers
and combine them together to build a cascaded optical system.
The metalenses capable of eliminating various aberrations have
been demonstrated by using this design strategy.[63-6]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

3. Prominent Applications in Few-Layer
Metasurfaces

3.1. Total Control of Amplitude and Spectrum

Few-layer metasurfaces can provide plenty of degrees of
freedom to tailor their reflection, transmission, and absorp-
tion properties. The abundant interlayer effects also give
the researchers more approaches to manipulate the spectral
response of metasurfaces, which have been using to realize
numerous excellent applications in amplitude and spectrum
manipulation. In this section, we mainly discuss the asym-
metric transmission devices, circular dichroism (CD), and
some other selected important applications among them.

3.1.1. Asymmetric Transmission

Asymmetric transmission refers to a phenomenon that the
transmission intensities of forward and backward propagating
lights are different.l®*72] The forward transmission of coherent
light through a metasurface can be related to the complex Jones
matrix (also called T-matrix)

v 48] 4

where the four T-matrix components A, B, C, and D are com-
plex numbers and this expression is applicable in any orthog-
onal basis. According to the reciprocity theorem, the complex
Jones matrix of the backward propagating lights is

| A —
T”_[ ‘3 D] (5)

The asymmetric transmission for a given base vector is deter-
mined by the difference between the off-diagonal elements of
the T-matrix. The condition for the occurrence of asymmetric
transmission is |B| # |C|. The T-matrix components obey fixed
relations for certain symmetries. For example, in the linear
base, if a structure possesses mirror symmetries with respect
to a plane perpendicular to the propagation direction, we have
B = C, and no asymmetric transmission occurs.?%l Therefore,
the asymmetric transmission of linearly polarized light usually
needs to break the mirror symmetry of a structure, which is
hard to implement by using single-layer metasurfaces.

To realize the asymmetric transmission of linearly polarized
light, Menzel et al. proposed a few-layer metasurface com-
posed of chiral structures without any rotational symmetry,©®!
as shown in Figure 2a. It consists of two layers, the upper
layer comprises an L-shaped antenna and the lower one com-
prises a nanorod. The L-shaped antenna is used to produce the
needed polarization conversion and the nanorod breaks the
remaining mirror symmetry in the propagation direction. From
Figure 2b,c, we can clearly observe the asymmetric transmis-
sion of linearly polarized light. In addition, this structure can
also realize asymmetric transmission of circularly polarized
light due to the chirality of the L-shaped antenna. However,
the value for the asymmetric transmission of this metasurface
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can only reach 25% under linearly polarized light incidence. In
fact, by carefully designing the geometry and manipulating the
resonances of the structures, few-layer metasurfaces can readily
realize high-efficient asymmetric transmission. Mutlu et al.
proposed a few-layer metasurface that can realize high-efficient
asymmetric transmission of linearly polarized waves with a
measured asymmetry factor of 0.91 in the microwave range.l%”]
By utilizing the near-field coupling effects and electromagnetic
wave tunneling phenomenon in the stacked metallic layers, the
measured transmission efficiency for the backward propagating
waves can reach 96% and the backward-to-forward transmis-
sion contrast can reach 19.6. The phase difference between the
transmitted eigenwaves can be controlled by tailoring the sub-
wavelength mesh sandwiched between two chiral layers. As a
result, the cross-polarized transmission can be maximized in
one direction and the transmission in the opposite direction
can be blocked simultaneously. Besides the efficiency problem,
the working bandwidths of asymmetric transmission devices
also need to be considered in practical application. To address
this problem, some broadband asymmetric transmission meta-
surfaces have been proposed in both the microwave rangel”’!
and the NIR range."7#7¢ Zhang et al. proposed a metasurface
that can realize high-efficient, broadband, and angular robust
asymmetric transmitting of linearly polarized waves.””! It con-
sists of three layers of gold nanogratings, which can be viewed
as linear polarizers that transmit light polarized orthogonal to
the grating. However, different from traditional polarizers, the
transmission efficiency of the metasurface can break the Malus’
law and reach 80% in experiment due to the strong multiple
reflections between layers and the polarization conversion
effect of the nanogratings.

Besides the asymmetric transmission of linearly polarized
light, the asymmetric transmission of circularly polarized
light is also required in many practical applications. To realize
this effect, Pfeiffer et al. proposed a bianisotropic metasur-
face that consists of three patterned gold layers,’% as shown
in Figure 2d. The metasurface is designed by first finding the
sheet admittances of each layer needed for a specified Jones
matrix, and then finding the physical realization according to
the frequency-selective surface theory. The measured T-matrix
components of the metasurface are shown in Figure 2ef. A
maximum transmission of 50% and an extinction ratio of
20:1 can be achieved at NIR wavelengths. The relatively high
efficiency can be attributed to the interference enhancement
effect of the desired polarization and the suppression of the
undesired polarization in transmission waves. It should be
noticed that, although the asymmetric transmission phenom-
enon usually requires the existence of polarization conversion,
it is possible to realize asymmetric transmission of the same
polarization.”7”8! Figure 2g shows an asymmetric transmis-
sion device composed of alternative Ag and SiO, thin layers
and a pair of sub-wavelength gratings.”8! The device of wave-
length-scale thickness can realize asymmetric transmission of
transverse-magnetic (TM) polarized visible light under normal
incidence. The alternative Ag and SiO, thin layers between the
two gratings can be viewed as a planar hyperbolic metamaterial
that can act as a pass-band filter for high spatial frequencies
exceeding the diffraction limit, as shown in Figure 2h. When
the light is normally incident from side A on the top grating,
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Figure 2. Asymmetric transmission. a) Schematics of the few-layer metasurface, which enables asymmetric transmission of linearly polarized waves.
Measured squared moduli of the four T-matrix components for b) forward (+z direction) propagation and c) backward (—z direction) propagation,
respectively. (a)—(c) Reproduced with permission.[% Copyright 2010, American Physical Society (APS). d) Schematic of the few-layer metasurface, which
enables asymmetric transmission of circularly polarized waves. Measured (circles) and simulated (solid lines) T-matrix components of the metasurface
on e) linear and f) logarithmic scales. (d)—(f) Reproduced with permission.’ Copyright 2014, APS. g) Schematic of the asymmetric transmission
device composed of alternative Ag and SiO, thin layers. h) Dispersion relations of the asymmetric transmission device for TM polarization. i) Measured
intensity transmission coefficients for two fabricated devices. (g)—(i) Reproduced with permission.I”8 Copyright 2014, Nature Publishing Group (NPG).

it can excite a pair of oblique, laterally counter-propagating
modes that can pass through the device with the help of the
bottom grating. However, when the backward propagating light
is incident from side B on the bottom grating, it is coupled to
a pair of nonpropagating, evanescent modes located within the
bandgap of the hyperbolic metamaterial. As a result, broadband
efficient asymmetric transmission can be achieved, as shown
in Figure 2i. As discussed above, few-layer metasurfaces have
many prominent advantages in realizing asymmetric trans-
mission of electromagnetic waves compared with single-layer
metasurfaces. Although there exist some difficulties in real-
izing high-efficiency and broadband asymmetric transmission
in the visible region due to the Ohmic losses of plasmonic
structures, these problems can hopefully be solved by using
dielectric materials.””)
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3.1.2. Optical Chirality

Chirality is a ubiquitous geometrical phenomenon in the nat-
ural world, which refers to lacking any mirror-image symmetry
of an object.®% Fascinating optical effects caused by chirality
can also be found in various biological species. For example,
single network gyroid biophotonic crystals have been proved
that can produce vivid structural colors of butterfly wings,®!
helicoidal structures of the beetle elytra make Chrysina gloriosa
possess a brilliant metallic appearance under LCP illumina-
tion.® These intriguing effects mainly arise from the different
response of optical chiral materials to LCP and RCP waves and
can be roughly divided into two major categories, optical rota-
tion (OR) and CD. OR is caused by the difference in refrac-
tive index between LCP and RCP waves of a chiral material,
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resulting in the rotation of polarization when linearly polarized
light passes through the material. While the difference in the
absorbance for LCP and RCP waves of a chiral material leads
to CD. Chirality is also an important property for biological and
chemical researchers. It exists widely in biomacromolecules,
thus the detection of optical chiral response of molecules is
an effective approach to explore their spatial configurations.
However, the chirality of natural material is generally subtle,
so a long light-matter interaction length is required, oth-
erwise it is hard to be discriminated. Compared with natu-
rally occurring chiral materials, few-layer metasurfaces have
shown the ability to significantly enhance the optical chiral
responses, which in turn provide a promising way for bio-
chemical conformation and structural analysis.[?82%83 Similar
to the natural molecules, few-layer metasurfaces can generate
intrinsic chirality, which is an inherent property and not sub-
jected to external conditions. Besides the universal OR and CD
effects, novel phenomenon can also be generated by few-layer
metasurfaces, such as negative refractive indices as shown in
Figure 3a,b.30:84-80]

The existence of geometric chirality for nanostructures is
not equal to the existence of optical chiral responses, but it
is still a good starting point for research. It has been proved

www.advopticalmat.de

that the CD signal is derived from the Coulomb interaction
between nanoparticles,’®”) thus the spectrum mainly depends
on the geometry and composition of the nanostructures, and
the symmetry of a frame is very important for forming a strong
chiral response for this type of few-layer metasurfaces.¥%0 As
shown in Figure 3c, only configurational optical chiral response
emerges if similar meta-atoms are arranged in a handed
fashion because resonant plasmonic coupling is an essential
prerequisite. The insets show the enantiomers (red and blue)
and the achiral nanostructures (black). The AT spectrum can
be flipped by changing the handedness of the enantiomers
and the difference in transmittance is up to 7%. However, the
optical chiral response observed in this type of few-layer meta-
surfaces is not significant due to the fact that although the
structures meet geometric chirality, it is clearly not satisfied
with the requirement for optical response. In fact, it has been
proved that the generation of optical chirality requires the near-
field coupling of electric and magnetic fields. The constitutive
relations can be described as follows for a general optical chiral
medium:°192]

D=e, & E+2H (6)
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Figure 3. Optical chirality realized by few-layer metasurfaces. a) Scanning electron microscopy (SEM) image of the chiral few-layer metasurface. b) The
experimentally retrieved real (black) and imaginary (gray) parts of refractive index under LCP and RCP waves, respectively. (a,b) Reproduced with permis-
sion.% Copyright 2009, APS. c) Experimental AT cp_gcp Spectra. Insets: SEM images of meta-atoms with different handedness. Reproduced with permis-
sion.l88 Copyright 2012, American Chemical Society (ACS). d) Schematic of the hybridization model for chiral plasmonic Born-Kuhn modes. Reproduced
with permission.['%l Copyright 2013, ACS. e) Left panel: experimental transmittance spectra for 90° twisted split rings. Right panel: the numerical current and
magnetic field distributions for the 90° twisted split rings. Reproduced with permission.'% Copyright 2009, NPG. f) Simulated transmittance spectra under
RCP (black) and LCP (red) illuminations with 3 to 4 and 6 to 7 layers. Insets: lllustration of the chiral metasurfaces with different layers. Reproduced with per-
mission.""% Copyright 2012, NPG. g) Experimental transmittance and CD spectra through the active few-layer metasurface under LCP and RCP illuminations
for the amorphous (lighter curves) and crystalline (darker curves) states of phase change material. Reproduced with permission.['"”] Copyright 2015, ACS.
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and

B=—"2E+u,ji,H 7)
Co

where &, 14, and ¢, are the permittivity, permeability, and speed
of light in vacuum, respectively; and &, [, and X are the
relative permittivity, permeability, and chirality tensors, respec-
tively. For simplicity, we consider an isotropic chiral material
(the parameters in the above equations are simplified to sca-
lars), which has different optical responses under LCP and RCP
illuminations, thus the refractive indices and impedances for
RCP (+) and LCP (-) waves are given by

el Ty (®)

Z: =2 \/,ur /Sr (9)

where z, is the vacuum impedance. From Equation (8), one
can readily infer that the phase difference between the two
circularly polarized waves is Re(n, — n_)dk,, where d is the
thickness of the chiral material and k, is the wave vector in
vacuum. Thus, the rotation angle of OR can be expressed as
0 = Re(y)dk,. Alternatively, the difference in transmittance
is T, = exp[-Im(n, — n_)dky]. Furthermore, in case of a weak
absorption, CD can be simplified to CD = 2dkyIm(y). It is
obvious that the optical chiral response can be significantly
enhanced via effectively near-field coupling between electric
and magnetic fields from Equations (6) to (9). In this section,
we mainly discuss various few-layer metasurfaces which can
generate CD. We will discuss OR in Section 3.2, together with
polarization conversion, because OR is similar in phenomenon
to polarization conversion.

As one representative type of chiral nanostructures, helical
metal structures were theoretically proposed and experimentally
demonstrated, which can introduce a set of parallel electric and
magnetic components.’»?3-l When circularly polarized light
is incident on the helical structure perpendicular to the axis of
rotation, both electric and magnetic dipoles can be excited and
paralleled to each other, which means the resonances are effec-
tively coupled. Thus, strong chiral response can be observed.
However, helical metal structures still face the challenges of
high costs and are hard to work in the visible range. Various
few-layer metasurfaces that support the coupling between elec-
tric and magnetic dipoles have also been proposed to replace
the helical structures.3%%-% These few-layer metasurfaces
were primarily designed to work in the microwave and terahertz
regions due to their complicated configurations. As shown
in Figure 3a, the meta-atom can be equivalent to an inductor-
capacitor (LC) resonant circuit, the bottom metal strips form a
capacitor and the loop acts as an inductor. An electric dipole
along the direction of capacitor and a magnetic dipole along the
direction of inductor can always be generated simultaneously
when oscillating current flows through the metal loop. Since
the angle between the two dipoles is small, significant chiral
response is anticipated. From Equation (8), we can find that if
the chiral response y is strong enough, the nanostructure will
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present a negative refractive index for one circularly polarized
light. Figure 3D indicates the experimentally retrieved effective
parameters of the few-layer metasurface. The real part of the
refractive index for LCP wave reaches negative values due to the
strong chiral response, while the refractive index for RCP wave
remains positive over the whole frequency range.

Another strategy is to replace the magnetic dipole with an
electric dipole, which means one electric dipole is used to
mimic magnetic dipole and the other electric dipole can be cou-
pled in different equiphase planes.[!32 Following this strategy,
a few-layer gammadion structures with a little different dimen-
sions was proposed to exhibit CD at NIR wavelengths.*” Apart
from the dimensional inconsistency, rotating misalignment
can also induce strong optical chirality, such as twisted gold
crosses.l'% Due to the isotropy of the gold cross, linear birefrin-
gence can be avoid. As a consequence, the twisted gold crosses
exhibit pronounced CD while the polarization conversion can
be negligible. Chiral effective parameter retrieval has also
been applied,'®Y which shows that the strong optical chirality
leads to a difference in the refractive indices for LCP and RCP
waves as large as 0.35. Similar to the plasmon hybridization
model,[1%2193] 3 plasmonic analog of the Born—-Kuhn model of
chiral nanostructures has been used to characterize the near-
filed coupling of electric dipoles, as illustrated in Figure 3d.[14
The bonding and antibonding states are generated owing to the
strong coupling of the electric dipoles. Because of the favorable
arrangement of charges, the bonding state is at lower energy
level compared with individual nanorod while the antibo-
nding state lies at higher energy level. By delicately adjusting
the inter-rod distance, remarkable CD effect has been demon-
strated based on this model. Higher degree of freedom between
the electric and magnetic modes can also be realized by few-
layer metasurfaces, which leads to more complex hybridization
of chirality.l'®! Figure 3e demonstrates a few-layer chiral metas-
urface of twisted split rings and its transmission spectrum can
be adjusted by changing the twist angle. The numerical current
and magnetic field distributions for the 90° twisted split rings
are shown in the right panel of Figure 3e. Both electric and
magnetic dipoles can be excited in the upper and lower SRRs.
However, the electric dipoles in the slit gaps are perpendicular
to each other, thus no electric dipole-dipole interaction occurs.
Therefore, the resonance levels are determined by magnetic
dipole—dipole coupling in the near-field. The magnetic dipoles
at resonances @y and @s, are aligned parallel and antiparallel,
respectively, leading to different transmittance responses.
The twisted SRRs were later arranged in a fourfold rotational
symmetry (C,) supercell, which could completely eliminate
polarization conversion and obtain CD effect.!%! Giant optical
chiral has also been realized in a few-layer twisted-arc metasur-
face.'] Moreover, the sign of the CD spectrum in a plasmonic
system can also be controlled by small relative shifts between
the coupled structures.!'%®! Two stacked L-shaped nanoantennas
constitute the plasmonic system, as we discussed before, two
hybridized modes are distinctly excited. As the displacement
between the two nanoantennas is continuously tuned, the reso-
nance energy of the hybridized modes relative to one another
shifts. For a given energy, the sign of the CD spectrum is
changed. From the perspective of the hybridization model, the
lateral displacement changes the charges of the opposite/same
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sign located at the coincident part, thus an inversion of the
hybridization happens. The strength of the optical chirality can
also be engineered within twisted nanorods.'%”! The previous
works were mostly dual-layer metausrfaces. Actually, the optical
chiral response can be further enhanced when more layers are
involved, as shown in Figure 3f.1% Stronger optical chirality
can be observed, as the number of layers increases due to the
strong coupling between the closely spaced twisted nanorods.
From another perspective, the working mechanism can also be
understood as the extension of the dual-layer structure.

Recently, new types of chiral few-layer metasurfaces have
also been demonstrated. In fact, the optical chiral response
is not limited in the linear regime. This effect in second har-
monic generation (SHG) is several orders of magnitude more
significant than its linear counterpart.''*112l Since SHG only
exists in materials with noncentrosymmetric atomic lattice or
nanostructures with no inversion symmetry, the intrinsically
noncentrosymmetric chiral few-layer metasurfaces are sponta-
neously suitable for possessing strong SHG. Different from the
linear CD effect, the sign of the CD spectra does not change
by flipping the sample in the SHG process, while the normal-
ized quantity SHG-CD signal would change which is defined as
SHG-CD = APX cp | P2 = 2(PX% — PX%) /(P24 + Pi%) 1113 Various
few-layer metasurfaces have been demonstrated to possess
strong SHG-CD signals,"*11% which has promising applica-
tion prospects in chiral imaging. The concept of “handedness
switching” has also been transferred from organic chemistry
to chiral few-layer metasurfaces. By changing the conductivity
of silicon with external optical stimuli, handedness switching
in few-layer metasurfaces has been demonstrated.'’® Another
approach to realize tunable and switchable chiral few-layer
metasurface is to adopt phase change materials whose dielec-
tric constant can be adjusted by external excitation such as laser
pulses, voltage, or temperature.l''”] The phase change material
Ge;Sb,Te, (GST-326) was employed due to the large difference
in refractive indices between amorphous and crystalline states,
which can cause a large spectral shift of the resonance position.
Corner-stacked nanorods were chosen as the underlying system
and modified by sandwiching a layer of GST-326 between them.
Figure 3g presents the tunable chirality experimental results,
which shows that a giant spectral shift of 18% was realized.
Few-layer metasurfaces can further provide a platform for
enhancing chiral light-matter interactions such as two-photon
luminescence from quantum emitters.!'®l Few-layer twisted-
arc metasurface was infused with achiral quantum emitters.
Thanks to the confinement of the incident light around the
metasurface, two-photon luminescence was remarkably chiral-
selective enhanced compared with a reference case without
metasurface.

3.1.3. Other Applications in Amplitude and Spectrum Manipulation

The multiple wave interference effect and near-field coupling
effect between layers make the few-layer metasurface a powerful
platform to tailor the reflection,l>°3119120 transmission,!121-127]
and absorption*128-131 of electromagnetic waves. By utilizing
the multiple wave interference effect between the functional
layers, Chen et al. proposed a wide-angle antireflection coating
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in the terahertz frequency range.” The metasurface consists of
arrays of gold split-ring resonators and a gold mesh, as shown
in Figure 4a. It can be seen from Figure 4b that almost zero
reflection is achieved due to the destructive interference of the
multiple reflections waves in the metasurface coating. Further
study shows that the antireflection coating works well over a
wide range of angles of incidence for both transverse electric
(TE) and TM polarizations. Recently, broadband antireflection
metasurfaces operating at terahertz and mid-infrared wave-
lengths have been proposed based on the same mechanism.?!
The broadband character of these metasurfaces was achieved by
tuning the structural geometry to bring two antireflection bands
closer. Over the past few years, few-layer metasurfaces have real-
ized many novel applications in both near-field distribution and
far-field spectrum manipulation. One interesting application
among them is the wave-based analog computing.'?}l Figure 4c
shows the cascaded optical system that can perform mathemat-
ical operations. It consists of three parts: the first part and the
third part are two graded-index dielectric slabs with parabolic
variation of permittivity that can perform the Fourier transform
and the inverse Fourier transform, respectively; the second part
is a suitably tailored metasurface spatial filter, which can either
be a metasurface with prescribed permittivity and permeability
or a metatransmit-array. The simulated results are shown in
Figure 4d. The z-component of the electric field distribution
is used as the input function. The device can produce a field
profile at the output end, which is proportional to the first dif-
ferentiation of the input field profile. This technique can realize
some fundamental mathematical operators, such as differen-
tiation, integration, and convolution. The far-field spectrum
properties of metasurfaces are related to the near-field resonant
response of the structures. In recent years, the nonradiating
anapole resonance modes have attracted great interests among
researchers due to their distinctive properties in reducing the
radiation loss and enhancing the near-field.'32133 However,
the excitation of anapole modes is quite challenging by using
single-layer metasurfaces without resorting to complex excita-
tion configuration.!33 Recently, Wu et al. proposed a few-layer
metasurface that can support anapole mode in the NIR range
under normally incident plane-wave.['3? The metasurface con-
sists of a gold film perforated by dumbbell-shaped apertures
and arrays of vertical split-ring resonators (VSRRs), as shown
in Figure 4e. The incident light can excite a horizontal electric
dipole and a horizontal toroidal dipole around the dumbbell-
shaped apertures. The VSRRs are used to enhance the toroidal
dipole and suppress the undesired magnetic quadrupole. The
near-field coupling effect between the top dumbbell-shaped
apertures and the bottom VSRRs plays a vital role in real-
izing the anapole mode. Because the toroidal dipole moment
has exactly the same far-field scattering pattern as the electric
dipole moment, when the toroidal dipole and electric dipole are
superimposed with the same amplitude but out of phase, the
destructive interference of them will produce the nonradiating
anapole mode with strong near-field enhancement. Figure 4f
shows the measured reflection and transmission of the meta-
surface. A reflection dip is observed around the anapole
resonance wavelength, which can be tuned by changing the gap
size between the Au apertures and the VSRRs. Few-layer meta-
surfaces have also been applied to the realization of structural
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Figure 4. a) Schematic of the antireflection coating. b) Measured reflection and transmission of the antireflection coating under normal incidence.
(a,b) Reproduced with permission.’Z Copyright 2010, APS. c) Schematic of the metasurface that can perform mathematical operations. d) Upper
panel: perspective view of the propagation of a wave throughout the system functioning as first differentiator. The input function is shown at left and
the output profile is shown at right. The snapshot shows the simulated z-component of the electric field. Lower panels: simulated results (real (red)
and imaginary (blue) parts) at the output for first differentiation using different metasurfaces. The green lines are the expected analytical results. (c,d)
Reproduced with permission.l?3] Copyright 2014, American Association for the Advancement of Science (AAAS). e) Schematic of the metasurface that
enables the excitation of the nonradiating anapole mode. f) Measured reflection and transmission of the metasurface. The red dashed line represents
the simulated resonant wavelength of the anapole mode. (e,f) Reproduced with permission.['*4 Copyright 2018, ACS. g) Left panel: schematic of the
multidielectric metasurface that can realize ultrahigh saturation structural colors. Right panel: the corresponding CIE 1931 chromaticity coordinates

based on simulated spectra for the designed samples. Reproduced with permission.[* Copyright 2013, ACS.

colors in recent years.'”'34 By using multidielectric stacked

layers, Yang et al. experimentally obtained ultrahigh saturation
structural colors ranging from 70% to 90% with full hue,** as
shown in Figure 4h. The unit cell consists of a SiO, capping
layer, a TiO, spacer layer, and a Si;N, bottom layer. This design
strategy can deeply modulate the multipolar modes inside the
structure and thus has more advantages in manipulating the
spectrum responses of metasurfaces. The monochromaticity of
reflection spectra can be dramatically enhanced via suppressing
excitation of multipolar modes at shorter wavelength. There-
fore, the saturation and color gamut space can be significantly
increased. The simulated color gamut space can occupy 171%
sRGB space, 127% Adobe RGB space, 126% DCI-P3 space,
and 90% Rec. 2020 color space, which indicates the proposed
metasurfaces are promising for high-end and advanced dis-
play applications. Above examples indicate that the few-layer
metasurfaces are more flexible in manipulating the near-field
properties and controlling the far-field spectrum responses
than single-layer metasurfaces.

3.2. Manipulation of Polarization

Conventional methods to manipulate the polarization state
of electromagnetic waves, such as magneto-optic phenom-
enon,['] birefringent crystals,['3®) and polarized molecules,'3]
exist with the disadvantages of bulky size and narrow working
bandwidth, which impose a tough challenge on the miniaturi-
zation and integration of optical systems. On the other hand,
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metasurfaces can directly manipulate the polarization state of
electromagnetic waves at the sub-wavelength scale with a wider
bandwidth. Furthermore, the polarization state of electromag-
netic waves can be finely modified to the pixel scale (meta-
atom) utilizing metasurfaces, thus the outputs of arbitrary
polarization states can be easily realized. Compared with mon-
olayer metasurfaces, few-layer metasurfaces have the ability to
reasonably redistribute the incident energy and increase the
length of light-structure interaction through multiple wave
interference and near-field coupling between layers, thus the
efficiency and bandwidth of polarization conversion can be
effectively improved.

We will first discuss OR effect as mentioned before. Same as
CD effect, OR is generated by near-field coupling of different
electric and/or magnetic modes. Giant gyrotropy has been
achieved in twisted rosettes through strong coupling between
electric and magnetic dipoles as shown in Figure 5a.l13%13
This result proved that strong polarization rotatory power can
be achieved not only in continuous helical structure but also
in few-layer metasurfaces. The experimental results shown
in Figure 5b indicate that a linearly polarized wave passing
through the metasurface will be converted into elliptically
polarized wave, and its polarization azimuth will rotate. The
observed gyrotropy of the bilayered metasurface is several
orders of magnitude stronger than the natural materials.
Besides, due to the strong optical chirality, this few-layer meta-
surface can also generate negative refraction. The OR effects in
former works exist with strong dispersion because the metasur-
faces operate in resonance frequencies. By adopting a reversed
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Figure 5. Manipulation of polarization state by few-layer metasurfaces. a) Schematic of twisted rosettes with different handedness. b) Experimental
results of the frequency dependent polarization azimuth rotation (left panel) and ellipticity (right panel). (a,b) Reproduced with permission.l'*8 Copy-
right 2006, APS. c) Upper panel: schematic of the meta-atom of the few-layer metasurface linear polarization converter. Lower panel: experimental,
simulated, and calculated cross-polarized transmission and simulated copolarized reflectance. Reproduced with permission.’ Copyright 2013, AAAS.
d) Optical images with different levels of zooming of few-layer metasurface quarter-wave plaste. €) Amplitude transmissions and phase retardance
between orthogonal components, and the corresponding calculated ellipticity for experiments. (d,e) Reproduced with permission.'*] Copyright 2014,
Wiley-VCH. f) Upper panel: schematic of few-layer metasurface circular-to-linear polarization converter. Lower panel: Simulated amplitude ratio and phase
difference of the electric components of the transmitted wave under LCP and RCP illuminations. Reproduced with permission.l% Copyright 2015, NPG.

design principle, broadband dispersionless OR has been
achieved when the metasurface operated in the off-resonance
frequency range.['*] The metasurface is built by sandwiching a
metallic mesh between two conjugated gammadion resonators.
The two resonances of the metasurface are well separated, thus
the off-resonance frequencies and high-dispersion OR effect
can be effectively suppressed. Through ingenious designing,
the two well separated resonances can independently act as a
polarization rotator, hence a dual-band 90° polarization rotator
has been realized based on a few-layer chiral metasurface.l'*l In
addition to the coupling between electric and magnetic dipoles,
the magnetic dipole-dipole coupling has also been demon-
strated to achieve a 90° polarization rotator.'*2l The few-layer
metasurface consists of four pairs of cut-wire on four sides
of the square. Magnetic dipoles on the upper and lower sides
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of the square can be directly excited by the incidence. Strong
transverse magnetic dipole coupling occurs because they are
exactly the same, this coupling leads to remarkable antiparallel
currents on the left and right sides, which results in strong con-
version of polarization.

The other methods to manipulate the polarization state of
electromagnetic waves are mainly based on multiple wave
interference. To achieve a complete polarization conver-
sion, it requires that the material has two eigenmodes with
a phase difference of 7 at the resonance frequency in two
orthogonal polarization states, theoretically. Few-layer meta-
surfaces can provide more degrees of freedom to modulate
the eigenmodes, thus it is more likely to realize a complete
polarization conversion. It has been demonstrated that single-
layer L-shaped holes can rotate the linearly polarized wave to
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45° 131 By inserting a cavity between the two layers of L-shaped
hole system to form a FP cavity, a further degree to modulate
the eigenmodes can be provided and a nearly complete polari-
zation conversion has been realized.'*!] This result arises from
the coupling between the FP resonance and plasmonic modes,
which leads to the overlap between two orthogonal polarization
states, hence the phase difference can be modified to a com-
plete polarization conversion. Another strategy is using the
metasurfaces as auxiliary surfaces to construct the FP cavity
as shown in Figure 5c.5* The nanorod itself can be used as a
linear polarization conversion device when the incident wave is
polarized at 45° with respect to its long axis. When the nanorod
arrays are sandwiching between a set of orthogonal gratings, a
series of reflections occurs inside the gratings, thus the energy
of the incident wave interacts with the nanorods repeatedly.
The lower panel of Figure 5c indicates the experimental results
of the broadband high efficiency polarization conversion in
transmission mode. Moreover, this interferometric mecha-
nism is universally applicable for linear polarization devices. By
replacing the nanorod with gratings oriented at 45° respect to
the y axis, a nearly perfect orthogonal polarization conversion
has also been demonstrated.'*>] Due to the broad bandwidth
characteristic of the gratings, this device can operate in ultra-
broad band. Besides, any desired polarization direction can be
further achieved by rotating the oriented angles of the gratings.
Waveguide cavities have also been integrated with this config-
uration.'*%l The waveguide cavities have the ability to confine
the incident electromagnetic wave, and the two orthogonal slots
etched at the center of the front and bottom surfaces are used to
couple the energy in and out. A slot tilted 45° inserted between
the two orthogonal slots was utilized to subtly transform the
energy from the front cavity to the back one, as a result, a cavity-
based 90° polarization rotator was realized.

Although realizing the arbitrary manipulation of the polari-
zation state is the ultimate goal, the wave plates are still worth
discussing because of their widespread applications. The main
problem faced by conventional birefringent crystals is the
narrow bandwidth, which is limited by the dispersive proper-
ties of the crystals. By contrast, by properly designing, few-
layer metasurfaces have the ability to achieve broadband per-
fect wave plates. A broadband, high-efficiency, and tunable
quarter-wave plate based on a few-layer metasurface has been
demonstrated as exhibited in Figure 5d.'*] The quarter-wave
plate was constituted of stacked metallic wire grids, the front
grating is oriented at —45° with respect to the x axis while the
back grating is oriented at 0°. The width of both the metal strips
and the air space was increased, thus only the TM-polarized
wave with an electric component perpendicular to the strips
can couple to the surface plasmons (SPs), and the TE-polarized
wave can transmit due to the large air space without inducing
SPs. Moreover, the phase retardance caused by the briefrin-
gence of the front grating is positively related to frequency. In
order to compensate the dispersion of the front grating, the
back grating was designed with an increased air space and a
decreased grating width, which facilitated the diffraction of
the TM mode and introduced a phase retardance negatively
correlated with frequency. As a result, an approximately achro-
matic 7/2 phase retardance with high transmission is achieved
as shown in Figure Se. From the previous discussion we can
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get the conclusion that the core of constructing wave plates by
few-layer metasurfaces is to introduce a desired phase differ-
ence between two orthogonal electric components by the front
and the back layers. Following this principle, another few-layer
metasurface consisted of two layers of hockey-stick-like metallic
arrays, which can realize linear-to-circular polarization conver-
sion that has been proposed as well.¥l The combined struc-
ture is similar to placing another polarizer between a set of
orthogonal polarizers. Furthermore, a m/2 phase retardance is
introduced between the two linearly polarized components. By
tuning the phase retardance to x, high-efficiency half-wave plate
can also been achieved by few-layer metasurfaces.['*)] The whole
nanostructure lacked C, symmetry, so it was anisotropic for lin-
early polarized electromagnetic waves, which is important for
constructing half-wave plates. When the metasurface is under
illumination with polarization along the slow axis, large sur-
face currents can be induced. The excited electric and magnetic
dipoles cause a large effective refractive index, while no signifi-
cant electric or magnetic dipoles are excited under illumination
with orthogonal polarization, leading to a small effective refrac-
tive index. As a consequence, the 7 phase difference between
the fast and slow axes is introduced due to this large anisotropy.

Conversion of polarization can be realized by other mecha-
nisms based on few-layer metasurfaces as well. For a single-
layer metasurface deposited on the dielectric substrate, the
phase of the copolarized transmitted light is limited to the
(-7/2, 7/2) range.'”) Therefore, it is hard to realize a perfect
quarter-wave plate in a periodic metasurface due to the phase
difference of 7/2 in the transmission coefficient T,, and T,
is needed. However, the range of phase of transmission coef-
ficient can be extended by embedding the structure into the
substrate as shown in the inset of Figure 5f°% due to the
same refractive index on both sides of the nanostructures.
The lower panels of Figure 5f show the simulated amplitude
ratio and phase difference of the transmitted wave for RCP
and LCP incidences. Moreover, since the metasurface is time
reversal symmetric, the conversion of linearly polarized wave
to circularly polarized one can also be realized. Cascaded
tensor Huygens surface can also be used as a broadband and
high-efficiency circular polarizer.'>!] The high efficiency arises
from the overlapping of electric and magnetic dipoles within
the dielectric twisted strips, while the symmetry breaking of
the few-layer metasurface leads to the different transmittances
between LCP and RCP waves. For reflective MIM metasurfaces,
to completely manipulate the polarization state of the reflec-
tive wave, the reflection coefficients of the orthogonal polari-
zation are different. Electric resonances for both orthogonal
polarizations can be provided by H-shaped nanoantennas, the
underlying metal plate provides currents flowing opposite to
the H nanoantennas, thus the entire system exhibits magnetic
responses at the resonance frequencies.['? Besides, reflective
MIM metasurfaces can maximize the conversion efficiency.
The inherent physics of this configuration has been further
explored.['>3 Due to the finite penetration length of the metal in
the optical frequencies, in addition to the magnetic responses,
electric responses exist simultaneously, forming a symmetric
mode. Using the thickness-dependent dispersion of the die-
lectric layer to compensate for the intrinsic dispersion of the
metallic nanoantennas, broadband wave plates have been later
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proposed.>*1>°1 The abovementioned few-layer metasurfaces
are limited to one or several polarization conversion func-
tions once the structure is built. However, it is more inspiring
to dynamically manipulate the process of polarization conver-
sions. By integrating graphene and anisotropy metasurfaces,
the graphene-loaded metasurfaces can dynamically modulate
the polarization states of electromagnetic waves with a widely
tunable range by electrically changing the Fermi energy of the
graphene sheets.['>*1°8] A more straightforward strategy can be
applied in terahertz range, since the few-layer metasurfaces are
large enough to make mechanical manipulation possible.'>!
Linearly polarized THz wave can be rotated to any direction by
mechanically rotating the few-layer metasurface, which is based
on three rotatable gratings.

3.3. Manipulation of Phase

Phase manipulation plays a vital role both in traditional and
emerging optical devices. Numerous novel applications, such
as metalenses, vortex beam generators, and metaholograms,
have been realized by using the phase gradient metasurfaces
over the past decades.”160161 The details about the phase gra-
dient metasurfaces can be found in several previous review
articles, which have reviewed the efficiency issue of metasur-
faces,*dl the physics and applications of metasurfaces,*% and
the gradient metasurfaces proposed in recent years.!'*!] How-
ever, with the rapid progress of modern optics and photonics,
single-layer metasurfaces can no longer satisfy the growing
demand in controlling the phase of electromagnetic waves. Due
to the lack of magnetic resonance and the equal forward and
backward scattering of the surface electric current, the phase
modulation range of the copolarized transmitted light and the
transmission efficiency of the cross-polarized light are funda-
mentally limited for single-layer ultrathin transmissive meta-
surfaces.'”! Although these limits can be partially resolved by
using thicker dielectric structures, these structures always need
relatively larger size compared with plasmonic structures and
have limited degrees of freedom to control the phase. How-
ever, few-layer metasurfaces can easily realize high-efficiency
transmission and cover the full 27 phase range.2%162-164 n
addition, the few-layer metasurfaces can provide more degrees
of freedom to manipulate the phase. Below are some typical
applications in phase manipulation with the use of few-layer
metasurfaces.

3.3.1. Beam Deflector

According to Fermat's principle, if a metasurface can provide
a lateral phase gradient with a subwavelength resolution along
the interface, the directions of the reflection and transmission
lights can be controlled at will, which are governed by the gen-
eralized Snell's laws.['% One way to realize high-efficiency beam
deflectors in transmission geometry is to use few-layer Huy-
gens’ metasurfaces, which can provide both electric and mag-
netic polarization currents.**#1195 Figure 6a shows a unit cell of
the Huygens’ surface that can realize reflectionless anomalous
refraction at microwave frequencies.l*’! The copper patterns on
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the top layer provide the electric polarization currents and the
split-ring resonators on the bottom layer provide the magnetic
polarization currents. The needed phase gradients are obtained
by changing the geometrical parameters of the structures. It
can be seen from Figure 6b that a clear anomalous refraction
is realized under normally incident waves. The broadband and
high-efficiency performance of this metasurface is also demon-
strated in Figure 6c. This method was later applied to realize the
first experimental Huygens’ metasurface at optical frequencies
based on cascaded metallic sheets.*!] Another kind of high-
efficiency few-layer metasurface that can fully control the phase
of transmitted lights is the metatransmit-array.*?! As shown
in Figure 6d, the metatransmit-array consists of three stacked
metasurfaces made of plasmonic and dielectric composite mate-
rials. The reactance of the building blocks can be tuned by the
width of the plasmonic portion. The amplitude and phase of
the transmission coefficient can be tuned by the width of the
plasmonic portion in the external and internal metasurfaces,
as shown in Figure 6ef. From Figure 6g, we can see that the
anomalous refraction can be realized by properly choosing and
arranging eight different elements. In addition, different from
some other phase manipulation methods that work on the
cross-polarized light, this method operates on the same polari-
zation of the incident light. For a reflective type metasurface,
one way to realize high-efficiency phase manipulation is to uti-
lize the gap-plasmon resonance,®!%! which can be generated
by the MIM structure. Based on this configuration, Sun et al.
proposed a high-efficiency broadband anomalous reflector that
can realize anomalous reflection with an efficiency up to 80%
at =850 nm.** In addition, the polarization of the anomalous
reflection beam can be same as the polarization of the incident
beam. Recently, an ultrabroadband and highly angle-resolved
anomalous reflection has been demonstrated based on this
method.l'l The metasurface consists of two vertically integrated
aluminum (Al) trapezoid-shaped antennae and an optically thick
Al substrate. The reflected light is efficiently angle-resolved to
a single diffraction order over a broad bandwidth from the vis-
ible range to the NIR range. Both the near-field coupling effects
and the weak interaction effect contribute to the ultrabroad-
band anomalous reflection. The coupling between the lower
antenna and the Al substrate dominates the gap-plasmon reso-
nance in the NIR regime, while the coupling between the upper
antenna and the lower antenna dominates the optical response
in the visible regime. At the same time, the unwanted interac-
tion between the vertically cascaded antenna arrays should be
weakened to alleviate the disturbance in the same waveband.
It should be noticed that although most of the few-layer meta-
surfaces are more thicker and more difficult to manufacture
compared with single-layer metasurfaces, it is possible to realize
ultrathin few-layer metasurfaces with one-step nanofabrication
process that is easier than the fabrication of single-layer meta-
surfaces. Recently, Qin et al. proposed a hybrid bilayer metas-
urface that has a total thickness of only 130 nm and does not
need the lift-off process.'®”] As shown in Figure 6h, the metas-
urface is composed of a gold V-shaped nanoantenna layer and a
V-shaped Babinet-inverted aperture layer, which are separated by
conformal hydrogen silsesquioxane pillars. By changing the geo-
metrical parameters and the orientation angle of the V-shaped
structures, the phase of the cross-polarized transmitted light

(13 of 22) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

y

390mmu >

I ‘> II 54 h1rn

35‘%‘
Sy

(d)

<\/‘

—

y
W z x

N AZO W Si 5 1q
0 50 100

150 200230 100

www.advopticalmat.de

....... - i |=—Measured
80} == =Simulated

....... Direction

Efficiency (%)

9 9.5 10 10.5 11
Frequency (GHz)

@ .

Phase of 7 (degrees)

350
300
250
200
150
100
50

150 200230 0

w. (nm
o T w, (am)
h i 1)
(h) @ .. .
~=— Conversion efficiency 80 017
~=— Extinction ratio >
P s 70
2 0as| Jo @ = 0.14
2 s S
E 2 S 60
-~ 3 2 0.10
S o0 -10 = g0 )
% &
s 1 E A=720 nm par
> = = 40 -~
2 0o0s 20 % H
o o= _E 0.03
20 E ;
g Ey l.‘\‘
<

R . L L -30
500 550 600 650 700 750 800 850 900
Wavelength (nm)

20
450 500 660 600 660 700 7650 800 850 900
Wavelength (nm)

Figure 6. Beam deflector. a) Unit cell of the Huygens’ surface that can realize reflectionless anomalous refraction at microwave frequencies. b) Simu-

lated magnetic field (H

,) of the Huygens’ surface for normally incident y-polarized plane wave. c¢) Measured and simulated efficiency of the Huygens’

surface. (a)—(c) Reproduced with permission.[*)l Copyright 2013, APS. d) Schematic of the metatransmitarray that can realize high efficiency anomalous
refraction in the mid-infrared range. e) Amplitude and f) phase of the transmission coefficient as a function of the width of the plasmonic portion in
the external and internal metasurfaces. g) Simulated time snapshot of the total electric field for different structures. (d)—(g) Reproduced with permis-
sion.[*2 Copyright 2013, APS. h) Schematic of the high-efficiency anomalous refraction of visible light with a complementary few-layer metasurface.
i) Experimental results of the conversion efficiency and extinction ratio. j) Measured transmission of anomalous light as a function of wavelength and
anomalous refraction angle. (h)—(j) Reproduced with permission.l'®”l Copyright 2016, AAAS.

can be changed from 0 to 27. The experimental results of the
conversion efficiency, extinction ratio, and transmission of
anomalous light are shown in Figure 6i,j, respectively. The near-
field coupling between electric resonance on the top layer and
magnetic resonance at the bottom aperture structure breaks the
25% efficiency limitation of ultrathin single-layer metasurfaces.
A measured cross-polarization conversion efficiency of 17%
and a simulated efficiency of 36.5% are achieved in the visible
range, which are better than most of the presented single-layer
plasmonic metasurfaces. Therefore, few-layer metasurfaces
have the potentials to surpass the single-layer metasurfaces in
beam deflectors and other applications.

3.3.2. Other Applications in Phase Manipulation

Few-layer metasurfaces can not only realize the beam deflec-
tors, but also realize the metalenses,/63+168-172] yortex beam
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generators,['”3] Bessel-beam generators,'7#17°] coding metasur-
faces,'7® phase holograms,/'””l virtual shaping,'7®l and some
other phase manipulation devices. Metalenses can be designed
by imposing a hyperboloidal transmission/reflection phase pro-
file on the metasurfaces to convert incident planar wavefronts
into spherical ones.®12l Compared with conventional refractive
lenses, metalenses have many outstanding merits, such as the
ultrathin and planar geometric features, the simplicity of fabri-
cation, and the diversity of functions. These features facilitate
the integration of metalenses and the miniaturization of optical
imaging systems. For example, Arbabi et al. proposed a min-
iature optical planar camera by using a wide-angle metalens
doublet.¥l Although the single-layer metasurfaces can easily
realize the spherical-aberration-free focusing under normally
incidence, the correcting of other monochromatic aberrations
(i.e., coma and astigmatism) is still a difficult problem. How-
ever, by cascading two metasurfaces and forming a metalens
doublet, the monochromatic aberrations can be well corrected.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

() (b)

www.advopticalmat.de

Side view Amorphous A\ /’
SU-8 [ mimmamimiamens— silicon oo ¥ooool.. 1
Fused silica irRici / \ s
Lt 11\ 0=0° 10° 20° 30° 2
Top view / e £ Ly 8
7]
g
s a i - =
NN )
, 111 0
(d) (e)
f fy
o aammmay
850 nm 3
LED BS ‘ \
A g | . 1
B _ Metasurface | l) T B
VAR 3
g f I L \ g
o Glass substrate —_—n &
o T ®
) &
B e R | Metasurfacell
0
400 um

Y position (mm)

X position (mm)
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rected for monochromatic aberrations. c) Simulated focal plane intensity for different incident angles. (a)—(c) Reproduced with permission.[53 Copyright
2016, NPGC. d) Schematics of the building block of the planar retroreflector. ) Left panel: measurement set-up. Right panels: measured reflectance

profiles of the retroreflector as a function of incident angles. (d,e) Reproduc
surface plasmon metacouplers and the monopole antenna used to probe
the “plasmonic metal” when the metacoupler is illuminated by an input wa

ed with permission.['”?l Copyright 2017, NPG. f) Image of the high-efficiency
the SPP field distribution. g) Measured Re(E,) field distribution on part of
ve at an incident angle of 6; =8". h) Simulated (H,) field distribution for the

device illuminated by an incident Gaussian beam at 8; =8". (f)—(h) Reproduced with permission.['3% Copyright 2016, NPG.

Figure 7a shows the dielectric metasurface used to implement
the metalens doublet. Arrays of amorphous silicon nanoposts
arranged in hexagonal lattices are patterned on both sides of
a fused silica substrate. The first layer and the second layer
operate as a corrector plate and a focusing metasurface, respec-
tively. Nearly diffraction limited focusing can be achieved for a
wide range of angles of incidence in the NIR range, as shown in
Figure 7b,c. By placing the metalens doublet on top of an image
sensor, an ultraslim, low fnumber camera that exhibits nearly
diffraction limited performance over a large field of view can
be realized. Soon after this work, a metalens doublet that works
in the visible range was proposed.[®Yl This metalens is based on
the principle of the Chevalier Landscape lens, and can correct
the monochromatic aberrations at a wavelength of 532 nm. Few-
layer metasurfaces are also suitable for designing multiwave-
length or achromatic metalenses.l®172 Recently, Zhou et al.
proposed a few-layer noninteracting dielectric metasurface that
can realize multiwavelength focusing at NIR wavelengths.[7%]
The few-layer design strategy can independently manipulate the
phase at different wavelengths and provide more design space
for realizing multiwavelength operation, making the design
of multiwavelength metadevices more easily. By cascading dif-
ferent metasurfaces, many new functionalities can be achieved.
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Recently, Arbabi et al. proposed a planar retroreflector that can
reflect light along its incident direction at different angles of
incidence based on the cascaded metasurfaces,['”” as shown
in Figure 7d. The retroreflector consists of two vertically inte-
grated metasurfaces, each of which are composed of arrays of
amorphous silicon nanoposts with different diameters. Dif-
ferent from the anomalous reflection discussed above, which
needs to add a constant in-plane momentum to the incident
light, the retroreflector needs to change the sign and simulta-
neously maintains the magnitude of the in-plane momentum
for different incident angles. These requirements are fulfilled
by carefully designing the phase profiles of the two metasur-
face layers. The first layer operates as a metalens that can focus
lights with different incident angles to different points on the
second metasurface. Then the second metasurface provides a
spatially varying momentum to change the sign of the of the
in-plane momentum for different incident angles. The meas-
urement set-up and the measured reflectance profiles of the
retroreflector are shown in Figure 7e. The measured results
show that the combination of the two metasurfaces can reflect
light along its incident direction with a large half power field of
view of 60°. These cascaded optical systems are usually based
on the weak interaction between layers, which need to quench
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unwanted interaction between different functional layers. Few-
layer metasurfaces can also act as metacouplers that convert
free space propagating waves into surface waves.3*18% Sun et al.
demonstrated that a phase gradient metasurface with MIM
structure can convert a free space propagating wave to a surface
wave with nearly 100% efficiency.?3] By placing a transparent
metasurface above a mushroom structure at a certain dis-
tance, a high-efficiency surface plasmon metacoupler has been
achieved in the microwave regime, as shown in Figure 7f,g. The
unit cell is ABA sandwich structure that can support perfect
transmission under normal incidence. The measured coupling
efficiency can reach about 73% due to the suppression of both
decoupling and surface reflections, which is quite close to the
simulated efficiency shown in Figure 7h. These designs show
that, by using lithographically stacked few-layer metasurfaces,
many novel and sophisticated planar optical systems that do not
need postfabrication alignments are foreseeable in the future.

3.4. Multidimensional Manipulation of Electromagnetic Waves

With the development of few-layer metasurfaces, the dimensions
of electromagnetic waves that a metasurface can manipulate
have extended from single-dimension to multidimension. The
recent advances are reviewed by Chen et al. and classified from
the viewpoint of different dimensional manipulations of optical
waves.'8!l By simultaneously manipulating more than one
property of electromagnetic waves, numerous new functions
can be realized. For example, by simultaneously manipulating
the phase and polarization of electromagnetic waves, a linearly/
circularly polarized Gaussian beam can be converted into a
vector Bessel beam,!'8% as shown in Figure 8a. The unit cells of
the Bessel beam generators consist of three anisotropic sheet
admittances, which can act as a half-wave plate for the linear-to-
Bessel metasurface and a quarter-wave plate for the circular-to-
Bessel metasurface, respectively. This metasurface can convert
the circularly polarized Gaussian beam into a radially polarized
Bessel beam, as shown in Figure 8b. The measured profile of
the transmitted wave front shown in Figure 8c indicates that two
well shaped Bessel beams have been generated in the microwave
range. Indeed, by rational phase and polarization manipulation,
arbitrary vector optical fields can be achieved. Li et al. proposed
a two-layer plasmonic metasurface that can simultaneously con-
trol the polarization and phase distributions of the transmitted
light in the NIR range.[*’l The unit cell of the metasurface con-
sists of a pair of rectangular nanoapertures. The phase of the
transmitted light can be tuned by changing the lateral transla-
tion S (shown in Figure 8d) and the aperture length L due to
the waveguide mode effect. The polarization of the transmitted
light is perpendicular to the major axis of the nanoaperture
and can be tuned by the orientation of the rectangular nanoap-
erture. Due to the existence of the PB phase under circularly
polarized light incidence, the rotation of the nanoapertures will
introduce an additional phase. Therefore, to realize a radially
polarized beam without a helical phase profile, the additional
PB phase should be compensated by tuning the dimensions of
the nanoapertures. Figure 8e shows the nanoaperture pairs with
various dimensions and orientations that can simultaneously
control light polarization and phase distributions. Based on
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these structures, a standard radially polarized beam in absence
of helical phase has been realized. The measured far-field inten-
sity profiles in Figure 8f confirmed the generation of radially
polarized beam. Besides the simultaneous manipulation of
polarization and phase, few-layer metasurfaces are also suitable
for simultaneously manipulating the phase and amplitude of
electromagnetic waves.[®] By combining the asymmetric trans-
mission and the phase manipulation, Li et al. proposed a few-
layer anisotropic metasurface that can simultaneously realize
high-efficiency broadband asymmetric anomalous refraction
and reflection.l'®¥ The unit cell of the metasurface exhibits a
C, symmetry with respect to the z axis and a mirror symmetry
perpendicular to the z-axis, as shown in Figure 8g. This special
symmetry can realize the desired circular polarization conver-
sion and asymmetric transmission. The multiple wave interfer-
ence effect between three nanorod layers and SiO,/air interface
greatly enhanced the polarization conversion efficiency and the
asymmetric transmission efficiency. By utilizing the PB phase,
the metasurface can realize asymmetric anomalous reflec-
tion and refraction for circularly polarized light, as shown in
Figure 8h. Moreover, for linearly polarized light propagating
along forward/backward direction, it will be converted into two
anomalous LCP/RCP waves propagating in opposite directions.
These works indicate that few-layer metasurfaces may find
numerous opportunities in multidimensional manipulation of
electromagnetic waves. The polarization, amplitude, phase, and
even frequency of electromagnetic waves may be simultane-
ously manipulated in the future, which will bring out plenty of
novel applications.

3.5. Multifunctional Few-Layer Metasurfaces

Most of the few-layer metasurfaces we have discussed can only
achieve a single functionality. With the development of modern
photonics, optical devices capable of achieving multiple func-
tionalities are desired. Therefore, multifunctional metasurfaces
have become a new research hotspot in recent years.[!84186]
Compared with single-layer metasurfaces, few-layer metas-
urfaces can provide more degrees of freedom through strong
or weak interactions between layers. Therefore, it is easier to
implement polarization-dependent functionalities or multiple
functionalities at different wavelengths.

We will first discuss multifunctional few-layer metasurfaces
based on near-field coupling effects. Usually several layers of
nanostructure form a complete functional meta-atom in this
type of few-layer metasurfaces, which can easily realize polar-
ization-dependent multiple functionalities. The most intui-
tive idea to achieve polarization dependence is to introduce
anisotropic meta-atoms. By selecting the appropriate nanoan-
tennas and arranging them reasonably, different phase gra-
dients can be achieved independently for x- and y-polarized
waves. As an example, incident waves with x-polarization can
be converted into SPPs while the y-polarized waves can be
focused.l'®”] Besides, the SPP waves can be excited at desired
interfaces by tuning the wavelength of incidence due to the
satisfaction of different Kerker condition. Most metasurfaces
work only in reflection or transmission mode, leaving half of
the space unused. A specifically designed metasurface which
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Figure 8. Multidimensional joint manipulation of electromagnetic waves. a) Schematics of the anisotropic metasurface that can transform a circularly
polarized Gaussian beam into a vector Bessel beam. b) Measured transmitted magnetic field in the xy plane when a LCP Gaussian beams is incident on
the circular-to-Bessel metasurface. c) Measured profile of the transmitted wave front. Inset shows a unit cell of the metasurfaces. (a)—(c) Reproduced
with permission.'®2 Copyright 2014, APS. d) Simulated E, field distribution for the laterally translated nanoapertures in the y—z plane. e) Sche-
matics of the nanoaperture pairs with various dimensions and orientations that can simultaneously control light polarization and phase distributions.
f) Measured far-field intensity profiles of the generated radially polarized beam without and with a polarizer (oriented at angle 6) intercepted before the
CCD camera. (d)—(f) Reproduced with permission.*l Copyright 2015, Wiley-VCH. g) Schematics of the metasurface that can simultaneously generate
asymmetric anomalous refraction and reflection waves. h) Simulated electric field distributions for LCP (left) and RCP (right) normal incident waves

propagating along forward and backward directions, respectively. (g,h) Reproduced with permission.[33 Copyright 2016, NPG.

can manipulate polarization-dependent reflective and transmis-
sive wave fronts was proposed recently as shown in Figure 9a.
Therefore, the manipulation of electromagnetic waves has been
upgraded to the full space.l'®¥-1%1 For a mirror-symmetric meta-
atom, in order to achieve independent control of reflection and
transmission, it is necessary to make the meta-atom completely
reflect x-polarized waves and transmit y-polarized waves. The
meta-atom as shown in Figure 9a consists of four layers. The
bottom two continuous metallic strips serve as gratings to allow
only y-polarized waves passing while the upper two layers of
anisotropic metallic crosses can tune the phases of reflected
and transmitted waves. The reflection phase of the x-polarized
waves is tuned by the magnetic resonances generated by the
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coupling between the upper resonators and bottom stripes, and
the transmission phase of the y-polarized waves is manipulated
by adjusting the geometrical parameters of the y-orientated bars
in the four layers because Lorentz resonances of the short bars
are much higher than the working frequency of the few-layer
metasurface. Thus, the independent controls of both reflected
and transmitted waves are achieved as shown in Figure 9b, and
different bifunctional metadevices operating in full space have
been demonstrated latter. Based on this structure, optical vor-
tices with different topological charges have also been generated
at both reflection/transmission sides of the metasurface.'!
The bifunctional metasurfaces have been further extended to
trifunctional metasurfaces.'”” The main difference is that the
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Figure 9. Multifunctional few-layer metasurfaces. a) Top-view and bottom-view pictures of the fabricated full-space beam deflector. b) Simulated reflec-
tion and transmission amplitudes and phases of the meta-atom, compared with the theoretically requested lines. (a,b) Reproduced with permission.['®l
Copyright 2017, APS. c) Experimental results of the deflection effect, simulated and calculated results are plotted as pink pentagrams and yellow dots,
respectively. Inset: Schematic of a meta-atom for the dual-wavelength achromatic metasurface. Reproduced with permission.®% Copyright 2016, NPG.
d) Schematic of multifunctional few-layer metasurface and topological morphing route of the lower layer to achieve different phase retardance. e)
Experimental results of an obvious RCS reduction in the wide band and a deflection effect at 25 GHz. (d,e) Reproduced with permission.l*4l Copyright
2016, NPG. f) SEM images of the fabricated few-layer metasurface and different holographic images under vertically (upper panel) and horizontally
(lower panel) polarized illuminations. Reproduced with permission.l®”] Copyright 2016, NPG.

meta-atom of trifunctional metasurfaces consists of five layers.
The metallic grating is sandwiching between two sets of ani-
sotropic metallic nanoantennas, thus the reflection of forward
and backward x-polarized incident waves can be endowed with
different functionalities. In addition to the few-layer metasur-
faces discussed above, in which several layers of nanostructure
form a complete functional meta-atom, the working bandwidth
and freedoms to engineer the phase slope of single-layer metas-
urface can be further extended by adding another resonator due
to the split resonances.?]

When the coupling between layers is weak, few-layer meta-
surfaces can be designed to realize multiple functionalities
at different wavelengths. However, it is hard to achieve the
required amplitude and phase profiles for all working frequen-
cies by simply combining two meta-atoms into a new one
because the strong interaction still exists. Thus, the key step
is to degrade the properties of one resonator by another reso-
nator, as shown in Figure 9¢.[%%l The circular hole on the bottom
layer plays an important role that it can weaken the coupling
strength between the two layers, so that the upper and lower
layers can almost independently control the functionalities at
two wavelengths. A dual-wavelength achromatic deflector has
been demonstrated based on this structure. It can be seen from
the experimental results that the normal incidences at 0.4 and
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1.25 THz have been deflected to almost the same angle. This
design has been later extended to achieve two independent
functionalities at different frequencies at reflection and trans-
mission modes.l®!] The circular hole on the bottom layer is
replaced by an elliptical one, which can provide more degrees
of freedom to tune the phase and amplitude responses for both
frequencies. Weak interaction can also be realized when the
size difference between the nanostructures of upper and lower
layers is large. A meta-atom is shown in Figure 9d. The upper
structure is cross-line nanoantenna to generate 0 and 7 phases,
and the lower layer is a 4 x 4 array of I-type nanoantennas to
construct a phase gradient.'®! The parameter variation of the
upper cross-line nanoantennas has almost no influence on the
phase gradient of the lower layer I-type structures at 25 GHz,
and the upper cross-line structures have a stable phase differ-
ence of win a wide range (8-15 GHz). Therefore, at 25 GHz, the
incident wave is deflected by the lower structures to a specified
direction, while an obvious radar cross-section (RCS) reduction
is realized by the upper structures in the wide band as shown
in Figure 9e. The upper nanoantennas can also achieve a phase
gradient when more geometric parameters are considered, thus
the independent and complete manipulation of the electromag-
netic waves can be realized at two wavelengths. Based on this
few-layer metasurface, a dual-wavelength carpet cloak has been

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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demonstrated.'® The carpet cloak has the ability to mimic
scattering wave from a metallic flat plate to achieve the stealth
function. The coupling between the layers can also be sup-
pressed by properly selecting the different constituent materials
and the geometric parameters of the resonators on multiple
layers.'?l Besides, this strategy has been further generalized
to the nonlinear conversion process, as shown in Figure 9f.'7]
By embedding different holograms in each layer, desired holo-
graphic images can be excited under vertically or horizontally
polarized linear incidence. Different from the few-layer metas-
urfaces discussed above which mainly exist with strong or weak
interactions between layers, the two interactions can also exist
simultaneously to form a dual-band perfect absorber.°?l The
metasurface is composed of a Helmholtz resonance cavity and
an array of gold rings. The absorption peak at higher frequency
is generated by the localized surface plasmons resonance due
to the strong coupling between the Helmholtz resonance cavity
and gold rings, while the other absorption peak is mainly gov-
erned by the Helmholtz resonance cavity as the electric field
energy is confined around the slit of the cavity.

4, Conclusions and Outlook

To summarize, we have reviewed recent developments
regarding few-layer metasurfaces. Starting from the different
underlying layer effects, an overview of the manipulation of
electromagnetic waves with few-layer metasurfaces has been
discussed. Due to the fact that more degrees of freedom can
be provided within the few-layer system, novel functionalities
and phenomena have emerged compared with single-layer
metasurfaces. On the other hand, few-layer metasurfaces can
be fabricated in an easier way than metamaterials, thus they are
more practical to play a role in both improvement of traditional-
functional optical-device and development of novel-functional
integral-system. With the rapid development of this research
field, many novel applications and branches have appeared in
the past few years. Before concluding this review, we wish to
emphasize several promising research directions among the
new emerging branches, based on our own perspectives:

(1) Integrated few-layer metasurfaces: In spite of few-layer meta-
surfaces can perform a variety of novel functionalities, most
of the them at the present stage are more like separate optical
devices. Actually, the need of integrated and on-chip systems
is more urgent in practice.”®l Although integrated systems
are more likely to be implemented by few-layer metasurfaces
compared with single-layer metasurfaces, integrated design
is still challenging to overcome the barriers of component
compatibility and fabrication techniques. Encouraging pro-
gress has been made in integrated lenses recently. A mini-
mized camera with total size of 1.6 mm X 1.6 mm x 1.7 mm
has been achieved and can be extended as a tunable lens
based on microelectromechanical systems.[®*1%] With the
further development of integrated few-layer metasurfaces,
they can enter the practical stage like integrated circuits.

(2) Giant nonlinear few-layer metasurfaces: Although metasur-
faces can provide unprecedented manipulation over nonlinear
generation processes, including amplitude, polarization, and
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phase, the nonlinear signal generated by single-layer metasur-
faces is still very weak.[?9%291 The reason is that the interaction
length between light and nanostructures is too short due to
the ultrathin size of the single-layer metasurfaces. Few-layer
metasurfaces, on the other hand, can increase the interac-
tion length between light and nanostructures and indepen-
dently tune different optical modes at nanoscale, thus having
the ability to effectively improve the conversion efficiency of
nonlinear processes.[?922%1 Another method is to imitate the
conventional quasi-phase matching process, which greatly
enhances the nonlinear conversion efficiency by placing the
orientation of each layer of nanostructures reasonably.204]

(3) Biosensing based on few-layer metasurfaces: Optical sensing
technology has important application prospects in medical
research and pathological diagnostics, especially in detect-
ing small numbers of molecules in highly diluted solutions.
Plasmonic biosensors that can provide real-time detection
of biomolecules are more valuable in clinical diagnoses and
evaluations.[?>2%l [t has been demonstrated that ultralow-
molecular-weight biomolecules at ultralow concentration can
be detected by a novel plasmonic biosensor consisting of gold
diffraction gratings and a metal-dielectric stack-based hyper-
bolic metamaterial.?*”2%8] The extreme biosensing sensitivity
is accomplished by exciting the high-wavevector propagating
modes of hyperbolic metamaterials. This layered configura-
tion is also possible with few-layer metasurfaces for a more
compact biosensing metadevice.
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