INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Physique

Xiaomeng Zhang, Benfeng Bai and Hong-Bo Sun
Dispersion and efficiency engineering of metasurfaces
Volume 21, issue 7-8 (2020), p. 641-657

Published online: 3 November 2020
Issue date: 19 January 2021

https://doi.org/10.5802/crphys.18

Part of Special Issue: Metamaterials 2

Guest editors: Boris Gralak (CNRS, Institut Fresnel, Marseille, France)
and Sébastien Guenneau (UMI2004 Abraham de Moivre, CNRS-Imperial College,
London, UK)

This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

"I.<1
>
MERSENNE

Les Comptes Rendus. Physique sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN : 1878-1535


https://doi.org/10.5802/crphys.18
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Physique

2020, 21, n° 7-8, p. 641-657
https://doi.org/10.5802/crphys.18

Metamaterials 2 / Métamatériaux 2

Dispersion and efficiency engineering of
metasurfaces

Ingénierie de la dispersion et de Uefficacité des
meéta-surfaces

Xiaomeng Zhang“, Benfeng Bai*' * and Hong-Bo Sun“

“ State Key Laboratory of Precision Measurement Technology and Instruments,
Department of Precision Instrument, Tsinghua University, Beijing, China

E-mails: zhangxm16@mails.tsinghua.edu.cn (X. Zhang),
baibenfeng@mail.tsinghua.edu.cn (B. Bai), hbsun@mail.tsinghua.edu.cn (H.-B. Sun)

Abstract. Metasurfaces, ultrathin two-dimensional arrays of artificially engineered meta-atoms, can impart
spatially varying changes towards the incident electromagnetic wave and provide versatile functionalities
once unprecedented in sub-wavelength thick natural materials. The wavefront manipulation by metasur-
faces usually arises from the strong resonant behaviors of varied meta-atoms in subwavelength lattice, which
also brings some drawbacks like the unexpected dispersion due to separate resonances of the meta-atoms
and the long concerned low efficiency problem. This paper reviews the recent surge of fruitful works on dis-
persion and efficiency engineering of metasurfaces and provides an overview of several effective methods to
acquire metasurfaces with these distinctive features.

Résumé. Les méta-surfaces, des réseaux bi-dimensionnels ultra-fins de méta-atomes artificiels, peuvent
transférer les variations spatiales de leur structure au champ électromagnétique et conférer ainsi des fonc-
tionnalités jusqu’alors inégalées dans les matériaux naturels d’épaisseur sous-longueur d’onde. La manipu-
lation du front d’'onde par les méta-surfaces est généralement obtenue en exploitant le caractére fortement
résonant des méta-atomes dans le réseau sous-longueur d’onde, qui conduit par ailleurs a des inconvénients
tels qu'une dispersion inattendue en raison des résonances distinctes des méta-atomes et un probléme d’ef-
ficacité qui a fait 'objet d’'une attention de longue date. Cet article passe en revue les percées récentes des
travaux sur ces problématiques de la dispersion et de I'efficacité des méta-surfaces et il donne un apergu de
plusieurs méthodes permettant d’obtenir des méta-surfaces avec des propriétés remarquables.
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1. Introduction

Manipulating electromagnetic waves at will has long been a pursued goal since the establishment
of electromagnetism. Numerous efforts have been made in this field and have brought abundant
achievements in many areas, such as communication, energy, and entertainments. By applying
electromagnetic field to a material, electric and magnetic responses are induced by the properties
of the material, i.e. permittivity and permeability, which incur specific manipulation to the
incident field. For natural materials, these properties have limited range in different frequency
domains, which naturally set a limitation to the capability of engineering the field [1].

Metamaterials are a kind of artificial materials that can overcome the aforementioned imped-
iment. This feature comes from its subwavelength artificial compositions, called meta-atoms.
Permittivity and permeability describe the averaging polarized fields over a domain that oc-
cupies an area much larger than atom but smaller than wavelength. For natural materials, the
composition over this domain is homogeneous. While metamaterials enable different geometries
of meta-atoms in this domain, which may generate various artificial effective permittivity and
permeability related not only to material but also to the geometry [2]. By means of this new
paradigm, a lot of new phenomena have emerged, such as negative index [3], hyperbolic disper-
sion [4] and invisibility cloak [5]. However, the fabrication of three-dimensional subwavelength
structures is quite challenging and the high loss due to the propagation in the material also
hinders its potential applications.

In recent years, a type of ultra-thin planar metamaterials, called metasurfaces [6], are pro-
posed to overcome these problems. Metasurfaces can exploit the well-developed standard semi-
conductor fabrication process and is easy to integrate due to its ultra-thin trait. Although meta-
surfaces are lack of field transformation in the direction along propagation, they can impart var-
ious manipulations to the incident field [7] and have been utilized to achieve control of many
properties of light including the amplitude [8], frequency [9], phase [10], polarization [11] and
momentum [12]. Despite the similar constructions of metamaterials and metasurfaces, they have
essential differences [13]. The manipulation of field in metamaterials still relies on the optical
path accumulation during propagation; while for metasurfaces, as its interactive length with field
is extremely thin, the changes it imparts to the field can be seen as abrupt ones. Therefore, in-
stead of concerning the bulk properties of metasurfaces, we can regard the metasurfaces as zero-
thickness interfaces [14], whose surface susceptibilities or impedances are of great importance.
By deliberately choosing the materials and geometries of the meta-atoms, metasurfaces may en-
able spatial-variant and multimode interactions [15], serving as efficient platforms for manipu-
lating electromagnetic waves.

In order to obtain useful functionalities with metasurfaces, the meta-atoms need to interact
strongly with the incident field, imparting a scattering field with a large difference from the in-
cident one. This resonant state of meta-atom, however, often brings some drawbacks. The scat-
tering spectrum of a single resonator is often represented by a Lorentzian curve [16] in the fre-
quency domain, with the phase delay changing from 0 to 7t near the resonance. The width of the
curve is related to the losses both from absorption and radiation. For an opening resonator and
a continuum mode, this resonance width often lays in a certain range, so that the working wave-
length of a metasurface can be neither too broad nor too narrow and the dispersion of a meta-
surface is also limited. This trait needs to be engineered for specific applications. For example,
sharper resonances are preferred in ultra-highly sensitive sensing [16], field modulation [17] and
nonlinear interactions [18]; while smoothly varied resonances are preferred in full-color imag-
ing [19], holographic display [20] and other broadband applications. Hence, the dispersion of
metasurfaces should be carefully engineered concerning specific applications in the interested
frequency ranges. Besides, the power utilization efficiency of metasurfaces is also of great im-
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portance. From the earlier plasmonic structures working under cross-polarized condition with a
maximal efficiency under 25% [21], the exploration in this field ranges from optimization of the
materials [22] and the interference of different multipoles to match the impedance utterly, aim-
ing to achieve 100% efficiency that is highly desired in many realistic applications. This require-
ment gets harsh when it comes to the gradient metasurfaces [23] to reroute all the power into
the desired direction, where the impedance boundary condition has to be carefully satisfied to
obtain perfect wave manipulation with unitary efficiency.

In this review, we have an overview on recent endeavors in solving the aforementioned lim-
itations of metasurfaces. First, we review the ways of engineering the dispersion of metasur-
faces, achieving either sharp resonances with high quality factors or smooth resonances work-
ing under broadband wavelength range. Then, the works exploring high efficiency metasurfaces
are reviewed from both material and structural perspectives, by discussing the features of the
structures that can achieve nearly unitary efficiency in both periodic and gradient quasi-periodic
arrangements.

2. Dispersion engineering of metasurfaces
2.1. Highly dispersive metasurfaces

Highly dispersive metasurfaces, with strong resonances of high quality factors, have great impor-
tance in applications such as sensors, modulators like optical switches, slow-light devices [24]
and nonlinear devices. To obtain such resonances, Fano resonance [25] with steep dispersion is
usually exploited, which originates from the coupling between a discrete localized state and a
continuum state.

Since the observation of an unusual sharp asymmetric line in the absorption spectra of noble
gas, this resonance, bearing its explainer’s name Fano, has attracted a lot of attentions due to its
distinctive difference from the conventional Lorentzian resonance curve. This phenomenon was
first discovered and explained in a quantum mechanical study of photoionization of atom [26].
The photoionization can go along two channels [27], direct ionization and autoionization, where
the atom transits from the ground state to a continuum state directly or with an intermediate
autoionization state, respectively. Fano resonance profile appears because of the interference
between these two different paths. Among these two paths, intermediate autoionization state
is of great importance. The autoionization state is a quasi-bound state and corresponds to a
resonance with finite lifetime in scattering. This quasi-bound state can be regarded as the result
of coupling between the bound state from one channel and the continuum state from the other
channel. Hence, the coupling between a bound state and a continuum state is essential to obtain
the so-called Fano resonance.

The formula for the scattering cross-section curve of Fano resonance with no absorption loss
is expressed as [28]

2 (Q+g)?

YTEArgd) 12

where E is the energy, Q is defined by 2(E — EF)/T, q is the so-called Fano parameter (which
is the ratio of the transition probabilities to the continuum state intermediately and directly),
and Er and T are the resonant energy and the width of the autoionization state, respectively.
Equation (1) is applicable when the width of the resonance corresponding to this quasi-bound
state is narrower enough than those of other resonances. According to (1), the curve has a
minimum at E = Er —I'q/2 and a maximum at E = Er +I'/(2g) and owns an asymmetric
feature when g is neither 0 or infinity. This phenomenon appears when the scattering field
corresponding to the autoionization undergoes a sharp phase change of 7t at the resonance, so

@
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that there will be constructive and destructive interferences between the two different paths,
which can be located extremely close with an interval as (g + 1/¢)T'/2. This sharp variation
from maximum to minimum in the profile could happen in a width nearly equal to that of the
quasi-bound state, when the transition of the two paths are of the same strength, as shown in
Figure 1(a).

There is another interesting discovery called bound state in the continuum (BIC) [29] in
quantum system that also concerns the extremely high quality factor of the resonance. BIC is an
exact bound state inside the continuum state and remains perfectly confined, which completely
decouples with the radiating waves. It is quite different from the autoionization state in Fano
resonance. In this sense, BIC can be regarded as a resonance with zero linewidth and infinitely
high quality factor, which can only exist in structures with uniformity or periodicity in at least one
dimensions to ensure the utter localization of the bound state. By considering the limited sample
size and fabrication imperfections, the rigorous criteria on BIC make its practical realization
impossible. But inspired by the requirements on BIC, a quasi-BIC with finite but quite high
quality factor can be achieved, which can often be fulfilled by imparting a little perturbation
to the ideal BIC system to turn the bound state in continuum into a leaky resonance. Recently,
there is rigorous demonstration linking the transmission/reflection profile of quasi-BIC to the
exact Fano formula [30], where the Fano parameter becomes ill-defined and the profile loses the
features of Fano asymmetry. Thus, Fano resonance can be seen as a harbinger of BIC. Suppression
of coupling between the bound state and the continuum state by tuning the parameter of
structures or excitation conditions can transform them from one to the other.

Having the inspirations from Fano resonance and BIC in quantum systems, we focus on these
phenomena in metasurfaces interacting with electromagnetic waves where interference is also
ubiquitous. Metasurfaces provide particular platforms to obtain these phenomena, as they may
support resonances of large diversity and favor experimental feasibility. Generally, the realization
of BIC in mertasurfaces can be divided into three classes: symmetry protecting, total destructive
interference of two resonances in the same cavity, and total destructive interference among
different radiation channels. By introducing perturbations in these situations, quasi-BIC with
Fano profile and high quality factor can be obtained.

The most prevalent method is through symmetry protecting. The complete prohibition of the
outcoupling of the bound state can be realized by building different symmetry classes between
the bound state and the continuum state. As the modes of different symmetry classes can be
completely decoupled, this kind of symmetry-protected BIC can be quite robust even with var-
ied structural parameters as long as the symmetry is not broken. Quasi-BIC originating from this
symmetry-protected BIC comes from the slight breaking of the symmetry of the bound state,
which directly results in its coupling with the continuum state. A resonance featured with Fano
profile emerges, and moreover, its quality factor is directly related to the extent of symmetry
breaking [30, 34]. Symmetry breaking relies on either the structures [35] or excitation condi-
tions [36]. Considering different symmetry traits of different bound states, both in-plane [37-39]
and out-of-plane symmetry [40] breaking have been explored. With the appropriate parameter
tuning towards the critical point of symmetry, the change of quality factor from finity to infin-
ity can be observed. In this way, quasi-BIC with extremely high quality factor can be acquired.
Recently, with the help of a metasurface with subwavelength period of rod dimers varied from
detuned to tuned, a transition from quasi-BIC to BIC was clearly exhibited [31], as shown in Fig-
ure 1(b). A coupled dipole analysis shows that the dimers support both symmetric and asymmet-
ric modes. When the rod dimers are identical, the asymmetric mode is completely suppressed,
which leads to symmetry-protected BIC with infinite quality factor. When the dimers are detuned,
i.e. the dimers are different in geometry, the asymmetric mode turns into a leaky mode and the
interference between symmetric and asymmetric mode contributes to the typical Fano profile in
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Figure 1. (a) The Fano profiles of different q. g = 0 corresponds to anti-resonance, g = co
corresponds to normal Lorentz resonance and g = 1 corresponds to the largest dispersion.
(b) Symmetry-protected BIC. With the dimers varing from detuned to tuned status, a
transition from Fano resonance to BIC is clearly exhibited from the reflectance diagrams.
Reprinted with permission from [31] © The Optical Society. (c) Symmetry protected and
unprotected toroidal dipole BIC. BIC originated from total destructive interference of
toriodal and electronic dipoles are symmetry unprotected and can maintain relatively high
quality factors when the symmetry is broken. Adapt with permission from [32] © The
American Physical Society. (d) Quasi-BIC originated from a little deviation from destructive
interference of Rayleigh and resonance anomalies. With a slight variation in the incident
angle, the field intensity distribution changes utterly, indicating a high quality factor of the
resonance anomaly. Adapt with permission from [33] © The Institute of Physics.

the transmission spectrum. Zigzag arrays [41] can also fulfill quasi-BIC with high quality factor
under the same formalism. By making the resonant frequency of the coupled continuum mode
far away from that of the bound state, there is no resonant background for quasi-BIC, which has
been desired in applications like filtering.

The second method is the total destructive interference between two resonances in the
same cavity and radiating into the same radiation channel, which is also called the Friedrich—
Wintgen BIC [42]. In temporal coupled-mode theory [43], with these two resonances tuned, the
eigenvalues of the resonator, as a function of its certain geometrical parameter, come near to
crossing but then repel each other in the complex plane. When there is an avoided resonance
crossing [44], either for real or imaginative part of eigenvalue, an important feature is generated,
i.e., a state with a considerably increased lifetime and a simultaneous state with short lifetime.
In order to turn the state with increased lifetime into a BIC, the two tuned resonances need to
be coupled predominately in the far field with vanishing near-field coupling [32, 45], as shown
in Figure 1(c), or own almost the same radiation rates [46]. Metasurfaces supporting this kind
of BIC own some advantages compared to symmetry-protected BIC. As the divergence of the
incident angle cannot be prevented in practical scene, the symmetry class of metasurface and its
excitation condition cannot be pure. Thus, for a given quality factor, metasurfaces with Friedich—
Wintgen BIC can achieve a smaller footprint than that of symmetry-protected BIC.

The third method for obtaining BIC needs only one resonance and the complete radiation
vanishing comes from the destructive interference from two or more different radiation channels.
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Figure 2. (a) A metalens without chromatic dispersion requires additional engineering of
group delay, in order to maintain the identical shape of the incident pulse. (b) Achromatic
focusing requires the phase delay profiles to change with the incident frequency. Adapted
with permission from [47] © Springer Nature. (c) A stacked multilayer metasurface and an
interleaved metasurface. Adapted with permission from [48] and [49] © Springer Nature.
(d) The engineered dispersion of the resonator, which can offer the desired group delay
with high efficiency. Reprinted with permission from [50] © Springer Nature.

A reflective grating with an extreme form of Wood’s anomalies can support resonances with
diverging quality factor [33]. This extreme form exists when two kinds of Wood’s anomalies, i.e.
Rayleigh anomaly and resonance anomaly, merge. Rayleigh anomaly occurs when a diffraction
order emerges or vanishes, while resonance anomaly occurs when a diffraction order exciting the
guided mode that the grating supports. The merge of these anomalies can be obtained by tuning
the incident angle together and the period. This kind of BIC can be understood in the framework
of leaky wave theory and can obtain quasi-BIC with relatively high quality factor in the vicinity of
the critical tuning, as shown in Figure 1(d).

2.2. Smoothly dispersive metasurface

Metasurfaces with ordinary Lorentzian resonances often exhibit a dispersion changing too swiftly
for broadband applications, due to the periodic lattice as diffractive device and the composed
resonant meta-atoms. For a resonant meta-atom, its scattering field (both amplitude and phase)
may undergo a large dynamic range near its resonance frequency. Although for some metasur-
faces, whose phase profile is enabled by Pancharatnam-Berry (PB) phase [51], can provide ex-
actly the same phase transformation to the incident field of different frequency, the amplitude
cannot be held and the chromatic dispersion due to phase accumulation during the propagation
of light cannot be eliminated. For this reason, most metasurfaces are designed under a particular
working wavelength and usually exhibit negative chromatic dispersion [52] in the limited adja-
cent spectral range. Metasurfaces with smooth dispersion are especially desired for various ap-
plications in color imaging and display, such as the elimination of chromatic dispersion, where
meta-atoms should impart smoothly varied phase delay at different frequencies to compensate
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the phase difference arising from propagation. Taking broadband metalens as an example, the
phase delay should be engineered as [53]

_Y(_ [z, )
@(r,w) c( r+fe+fral+p, 2

where w is the angular frequency, r is the location on the metasurface, c is the light velocity,
f is the focal length of the meta-lens, a is the spatial phase reference and g is the spectral
phase reference. This equation can be directly get considering the Fermat principle in the scene
depicted in Figure 2(a). When the angular frequency changes, the phase delay profile changes
accordingly, as shown in Figure 2(b). Meta-atoms, which can accomplish the local phase delay
defined by (3), impart different phase delays towards the impinging field of different frequency
and can be immune from chromatic dispersion.

Eliminating chromatic dispersion at several discrete wavelengths were first addressed using
metasurfaces, as shown in Figure 2(c). Stacked multilayer metasurfaces [48] are kind of approach
conceptually simple yet powerful. Each layer is designed for one particular wavelength and the
spectral crosstalk between each layer are set to be minimal. Interleaved metasurfaces [49] as an-
other approach take a similar strategy. This aperture-shared method allows several metasurfaces
designed for discrete wavelengths to assemble a hybrid single-layer metasurface. Comparing
these two methods, the stacked metasurfaces allow meta-atoms of different materials for each
layer, so that they can have lower crosstalk and higher efficiency. Instead of composing several
ordinary metasurfaces together, there are also some endeavors of trying to engineer the disper-
sion at discrete frequencies of meta-atoms [54-56], so that they can naturally compensate the
phase due to chromatic dispersion.

When it comes to continuous wavelength, wave manipulation enabled by metasurfaces with-
out chromatic dispersion calls for more characteristics. Here we consider (3) again and get the
derivative of ¢ with respected to w,

d(p(r,w)_l_ > o )
o _C(\/r +fe+f+al, 3)

which indicates that the structures we need in the metalens without chromatic dispersion should
have certain group delay in their working wavelength range. And the absolute value of the group
delay becomes larger with the positions of structures becoming farther from the center, which
definitely sets limitations to the metalens on its working wavelength range and aperture. The
device satisfying these requirements has shown exciting results especially on color imaging.
Among them, achromatic metalens in the visible region from 400 nm to 660 nm with a numerical
aperture (NA) of 0.106 in transmission mode was realized [57]. For plasmonic meta-atoms, large
phase compensation can be achieved by adding more resonators in one unit cell [47]. With
achromatic PB phase as the basic phase, the meta-atoms are deliberately designed, so that
their own resonances compensate the phase differences arising from achromatic aberration and
satisfy the group delay requirements. For dielectric meta-atoms, this method also works. While
the field is usually localized inside the dielectric resonators, using field coupling among the
dielectric resonators may not be as efficient as their plasmonic counterparts when compensating
this phase difference. Therefore, resonators supporting higher multipoles [58] can be employed
to achieve this goal. Using pillars with holes as the basic structures, 400 nm-thick silicon nitride
structures can have outstanding dispersion properties [50], as shown in Figure 2(d). No matter
what kind of meta-atoms are used, the selection of meta-atoms is a nontrivial job to assure
the meta-atoms to offer the exact phase delays over the certain spectral range and suitable
field intensity. Besides, when the working spectral range and the NA of the lens get larger, the
requirement on the phase compensation becomes harsher and there would eventually be a
tradeoff.
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Generally, in order to have a smooth dispersion, meta-atoms are usually designed to support
several modes. By tuning the parameters deliberately, these modes can work together to provide
the required phase-frequency curves for different broadband applications.

3. Metasurfaces with high efficiency

Efficiency of metasurfaces has long been concerned for its importance in various device ap-
plications. Endeavors in this area ranges from the material choice to structural design, among
which several methods, utilizing gap plasma resonance [59], Kerker effect [60] and waveguide-like
resonance [61], have achieved great progress on metasurfaces with periodic meta-atoms. When
metasurfaces come to a spatial-variant form, it calls for more delicate method to realize unitary
efficiency, which is different from the common process of designing metasurfaces guided by the
generalized Snell’s Law [62]. Meta-gratings [63] and metasurfaces with spatial dispersion engi-
neering [64] have been proposed to gain a higher efficiency for this kind of spatial-variant meta-
surfaces.

3.1. Material choice of metasurfaces

Meta-atoms made of noble metals, such as gold and silver, were first applied in metasurfaces
due to its high conductivity and relatively low ohmic loss. The high conductivity makes the
free electrons in meta-atoms strongly couple to the incident light and form the so-called local
surface plasmon resonances [65]. This kind of resonances can increase the field density near
the metal surfaces by orders of magnitude and localize the field into a sub-diffraction scale.
But when the working wavelength comes to the near-infrared or visible range, the ohmic loss in
metasurfaces severely increases because of the electron scattering and interband transitions [66].
Besides, noble metals are not compatible with the standard CMOS fabrication process (either
chemical unstable or easily diffused) and cannot withstand high incident power or temperature.
Considering these inherent drawbacks of noble metals, different materials have been explored to
find the best substitution in near-infrared and visible frequency domain.

Materials, with comparatively large negative real part and relatively small imaginary part of
permittivity compared to noble metals, are the best candidates to replace noble metals in plas-
monic metasurfaces. However, nowadays alternatives of noble metals, like transparent conduct-
ing oxides (TCOs) and nitrides for near- or mid-infrared and visible spectral range [22, 67], can
only obtain a tradeoff between these two requirements. TCOs can be heavily doped with a car-
rier concentration more than 10?! cm™3, which is not possible for many semiconductors due to
the solid-solubility limit. This carrier concentration guarantees the metallic feature of TCOs and
a weaker electron scattering, together with a wide bandwidth that results in no inter-band loss.
Hence, TCOs have much lower loss than noble metals at infrared frequency. However, the ab-
solute value of the real part of their permittivity is much smaller than those of noble metals, as
shown in Figure 3(a), indicating that noble metals still outperform TCOs for plasmonics [68]. The
carrier concentration of typical metals can reach 1023 cm™3, which results in a high plasma fre-
quency and a high damping rate. Generally, TCOs can exhibit loss five times smaller than Ag in
near-infrared frequency. Transition metal nitrides can be doped to an even higher carrier con-
centration as high as 10?2 cm™3, with the plasma frequency locating in the visible range similar
to Au [69]. Transition metal nitrides are a kind of refractory materials with high chemical stabil-
ity [70] and high damage threshold [71]. The loss in nitrides, however, are actually larger than
that in bulk noble metals, due to both inter-band transition and Drude damping. For noble met-
als acquired upon evaporation, which are commonly used in plasmonic metasurfaces, the grain
boundaries and roughness in metals cause additional scattering and result in higher loss. While
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Figure 3. (a) Permittivity figures of noble metals, TCOs and transparent metal nitrides.
Reprinted with permission from [67] © The Optical Society. (b) Gap-plasmon resonance
calls for particular relationship between the absorption and radiation loss rates, in order to
acquire unitary efficiency. Reprinted with permission from [76] © The American Physical
Society. (c) Huygens’ metasurface supports in-phase electric and magnetic dipoles of the
same strength, which results in a unitary transmission and can be directly observed from
Smith curves. Reprinted with permission from [77] © John Wiley and Sons. (d) Waveguide-
like resonance, enabled by much thicker resonators than those in Huygens’ metasurface,
can also acquire high transmission at the resonant frequency by carefully engineering the
resonant states in it. Reprinted with permission from [78] © Springer Nature.

for transition metal nitrides, a crystalline layer can be grown, so that in spectral range where
inter-band loss can be neglected, transition metal nitrides can well replace noble metals. Fur-
thermore, TCOs and nitrides also possess advantages such as property controlling via fabrica-
tion [72], CMOS fabrication compatibility, and high stability and tunability [73, 74], which make
them popular replacements of noble metals in plasmonics applications. By tuning certain pa-
rameters in fabrication process, their plasma frequency can also be changed, which is not possi-
ble for noble metals. TCOs can also work as good epsilon-near-zero materials [75], with the real
part of its permittivity crossing zero with fairly low loss. Besides, epitaxial silver, owning matched
lattice with substrates such as alumina or mica can also refine the grain boundary defects.

In addition to the alternative plasmonic materials, dielectric materials with high refractive in-
dices that support Mie-resonance [79] can also serve as good material candidates for metasur-
faces. Dielectric materials have low optical loss and the induced displacement current inside the
dielectric nanoparticles can support not only electric multipoles but also magnetic multipoles,
which are featured by the circular displacement currents inside the particles [80]. While for plas-
monic nanoparticles, magnetic multipoles can only appear with specific structural design, such
as split-ring [81] and metal-insulator-metal (MIM) structures [82], due to the vanishing field in-
side the particles. Besides, Mie resonances can induce a local field enhancement inside the meta-
atoms, compared to plasmonic resonance with near surface localization. For the aforementioned
reasons, dielectric metasurfaces can exceed plasmonic metasurfaces in several applications, such
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as nonlinear devices [18] and directional scattering [83]. Despite all the advantages dielectric ma-
terials own compared with plasmonic materials, the size of the meta-atoms and the localized hot
spot of the field are much larger due to the considerably smaller permittivity. Silicon [84] and ti-
tanium dioxide [85] are prevalently used in near-infrared and visible spectral domain with high
and nearly pure real refractive index, which ensure the sufficient enhancement and localization
of the field inside the meta-atoms to boost a resonance. Apart from these popular materials, some
group IV and group III-V semiconductors, like Ge [86] or GaAs [87], also have the similar response
under the incident field.

3.2. Highly efficient metasurfaces with periodic arrangement

Besides the inherent material properties, the structure of meta-atoms also plays an important
role in efficiency. For metasurfaces with periodic arrangement, several special structures can
obtain near unity efficiency at its resonant frequency. For example, metasurfaces supporting
gap-plasmon resonance [88] can achieve near unity efficiency in reflection at the resonance fre-
quency. This kind of metasurfaces consist of a thin dielectric spacer sandwiched between a thick
metal film and an array of subwavelength metallic meta-atoms, which is also called the metal-
insulator-metal structures [89]. This configuration has once attracted a lot of attention due to its
simple fabrication yet huge capability of field transformation. This distinctive configuration sup-
ports asymmetrically induced conductive current in the upper metallic resonator and the metal-
lic substrate, which can be seen as a transverse magnetic dipole. Different works concerning gap-
plasmon resonances exhibited quite different functionalities, ranging from perfect absorber [90]
to phase modulation with high reflection [91]. This difference has been clearly explained [76] us-
ing coupled-mode theory. When there is only one mode inside the interested spectral range, the
periodic gap-plasmon metasurface can be regarded as a one-port single mode resonator. Unity
transmission together with a 27t phase delay around resonance occurs as long as the absorptive
quality factor is much larger than the radiative quality factor. Different geometrical parameters of
MIM structures give different relationships between the absorption loss and radiation loss, which
incur the aforementioned various performances from similar MIM structures. For a transmissive
platform with two ports, a single mode resonator is not sufficient any more to achieve unitary
efficiency at resonant frequency.

Dielectric transmission metasurfaces with periodic arrangement can acquire unity efficiency
through two different methods, i.e. the directional scattering and the waveguide-like resonances.
The scattering field in meta-atoms can be divided into the superposition of various multi-
poles [92], so that each meta-atom can be replaced by its equivalent multipoles. When the meta-
atom can be regarded as a transverse electric dipole and a magnetic dipole with the same strength
and phase, there will be no reflection because of the destructive interference between the scat-
tering fields of these two dipoles. Meanwhile, if the material is lossless, all power will be transmit-
ted and a so-called Kerker effect emerges. This kind of metasurfaces are called Huygens’ meta-
surfaces [77]. The required relationships between the two dipoles are often achieved by embed-
ding cylindrical meta-atoms in a medium with about 1.45 refractive index, which results in a
stronger collective interaction in the periodic arrays. Therefore, with a slight change in period or
incident angle of the Huygens’ metasurface, a large difference in its performance may appear.
Different from Huygens’ metasurface, which only supports dipole resonances in its composing
meta-atoms, metasurfaces with thicker meta-atoms can support waveguide-like resonances [78].
This kind of meta-atoms are usually seen as truncated waveguides supporting Fabry—Perot reso-
nances, which interfere with each other and can lead to a high transmission. The multiple reso-
nant states make it possible to direct all power into the transmitted channel.
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3.3. Highly efficient metasurfaces with spatially-variant meta-atoms

One distinctive feature of metasurfaces is that they allow for spatial-variant transformation to-
wards incident electromagnetic field [51]. When meta-atoms are arranged in a subwavelength lat-
tice, deliberately design can impart abrupt transformation with subwavelength resolution. One
important application of the spatially-variant metasurfaces is beam steering, such as focusing,
deflecting, and imaging. The boost in this field occurs when the generalized Snell’s law is pro-
posed. Metasurface enables an unprecedented era of interface engineering. Its inhomogeneous
trait brings phase delay variations depending on location to compensate the phase difference
between incident and desired propagation phase profiles. Considering the conservation of mo-
mentum, the phase gradient incurred by the spatial-variant meta-atoms will endow extra terms
in conventional Snell’s law, which helps achieve extraordinary wave manipulation effects like
anomalous refraction [93]. The generalized Snell’s law implies the probability of arbitrary modu-
lating of the reflected/transmitted light, where its propagating direction does not have to be lo-
cated inside the incident-plane and can have nearly arbitrary angle. Enlightened by the general-
ized Snell’s law, numerous work ranging from meta-lens, spin-orbital interaction to holograms,
and polarizer have been exhibited. The common process of fulfilling a metasurface with spatially-
variant properties starts from finding a set of meta-atoms, which ideally can yield different phase
delays covering the full 27t range with unit efficiency in the concerned field (transmitted, reflected
or scattered field depending on the specific scene). A simple arrangement of this set of meta-
atoms satisfy the phase delay profile indicated by the generalized Snell’s Law. Based on these
methods, meta-lenses and holograms enabled by metasurfaces can all be obtained with efficien-
cies as high as 80% or so. However, when it comes to extreme wave manipulations like large an-
gle steering, metasurfaces designed by this strategy is limited in efficiency and may eventually
not exhibit the desired performance. This is because of the ignorance of impedance matching
between the impinging and desired wave fronts, which is inevitable in beam deflecting and is
expected to grow for steeper angles.

By considering the beam steering process, the required transformation imparted by a meta-
surface can be defined by the establishment of a transversely averaged yet inhomogeneous
impedance boundary connecting both the impinging field and the desired field. When the in-
duced currents in the metasurface form the exactimpedance, perfect wave manipulation appears
with unitary power efficiency. This ideal impedance boundary endowed by the metasurface is dif-
ferent from the phase compensation profile defined by the generalized Snell’s Law [23,64], which
only considers the locally linear momentum conservation with the spatially-variant phase delay
requirements. Impedance matching, however, provides a more comprehensive perspective and
sets the ideal local profile in both phase and amplitude of the scattering field radiated from the
metasurfaces. Furthermore, the difference of target profiles defined by these two methodologies
not onlylies in the absent amplitude profiles defined by the generalized Snell’s Law, but also in the
phase profiles. By taking reflected beam deflection performance as an example, the ideal phase
profile defined by impedance matching calls for nonlinear distribution along the metasurface,
while the generalized Snell’s Law indicates a linear phase gradient, as shown in Figure 4(a). The
difference of these two phase profiles becomes larger with the increase of the steering angle and
the nonlinear gradient defined by the boundary conditions becomes steeper. This quickly var-
ied nonlinear phase profile requires extremely small discretization and will eventually be limited
by the resolution coming from both the size of meta-atoms and the fabrication. Besides, perfect
impedance boundary conditions ask for an amplitude profile with both local power absorption
and gain oscillations, which may bring tremendous difficulties in involving active meta-atoms.
Luckily, these two barriers can be bypassed using merely passive lossless metasurfaces with de-
liberate consideration.
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Figure 4. (a) Thelocal reflectance deviation of the profiles defined by the generalized Snell’s
Law and the impedance boundary conditions in a reflective angle-deflecting metasurfaces,
indicated by the dashed and solid lines, respectively. The differences become larger for
steeper angle deflection and the unitary efficiency calls for local power absorption and
gain oscillations. Reprinted with permission from [23] © The American Physical Society.
(b) Concept of a meta-grating. The super lattice determines the diffraction angle, and the
inclusions inside the super lattice determines the power rerouting directions. When the
inclusions can reroute all the power into one diffraction order, a metasurface can acquire
unitary efficiency even in steep angle steering. Reprinted with permission from [94] © The
American Chemical Society.

Guided by the impedance boundary conditions, situations in reflection and refraction modes
naturally bear large difference. Ideal transmission manipulation can be achieved by passive loss-
less metasurface, although there are still certain requirements on, for example, bianisotropy [95].
The transmission type metasurface should be reciprocal and allows bianisotropic response with
the coupling between electric and magnetic polarizations in a unit cell. Moreover, the coupling
coefficient has to be constant depending only on the incident and desired fields, while the elec-
tric and magnetic polarizabilities have to be spatially variant and satisfy certain relationships.
For reflective metasurfaces, local power absorption and gain oscillations are required to achieve
unitary efficiency, where spatial dispersion must be applied for passive metasurfaces [96]. Spatial
dispersion makes the perfect reflection with unitary efficiency possible, by allowing periodic flow
of power to enter the metasurface and then to launch back. However, this calls for strong nonlocal
effect [64] to become locally absorptive and active yet overall passive and global lossless, which
is a nontrivial work. A more preferable alternative may be a reflective metasurface allowing the
discard of local active part at the cost of low power loss. People find that this part of energy loss
is smaller when it reroutes to undesired reflection angle than being absorbed [23]. Therefore, the
trade-off strategy is allowing suppressed reflection into undesired direction using lossless reflec-
tive metasurfaces. A much better efficiency is acquired in this circumstance than the passive lossy
scene with only one desired deflected angle. This strategy also calls for both electric and magnetic
polarization to obtain a higher efficiency.

In addition to the satisfactory local amplitude profile, the acquirement of the fast varying
phase profile is inherently limited by the pixelate feature of metasurface, which is usually com-
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posed of subwavelength lattice. Methods that can surmount the small pixel barrier are highly
desired. Meta-grating [63] is a new concept aiming at breaking the limited pixel resolution and
offering an utterly continuous phase profile in the super lattice. By using the concept of grating
to funnel power into specific channels, the super lattice is a fundamental periodic composition
of metasurface and offers continuous transformation by regarding the structure inclusions as a
whole. The super lattice selects the desired steering angle as a diffraction order and the com-
plex inclusions inside the super lattice are tailored to reroute the incident power to the desired
diffraction order and to suppress the other undesired diffraction orders. This strategy is distin-
guishable from discretization of the averaged continuous impedance profile, which is inherently
limited by the subwavelength fabrication resolution. With meta-gratings, unitary efficiency can
be achieved. Special attention should be paid to the complex inclusions in super lattice. For nor-
mal incidence, only one Floquet mode funneling power implies the asymmetric scattering by the
inclusions, which might be obtained by directional scattering antennas. Various applications ap-
ply the metagrating concepts and yield high efficiency and great performance in high NA focus-
ing [97], steep angle deflection [94, 98], etc.

4. Conclusion

Metasurfaces, featured with ultrathin thickness, subwavelength resolution transformation to the
wavefront, and diverse interactions with the incident field, serve as a class of unprecedented
compact and versatile platforms to modulate the incident electromagnetic waves. The reso-
nances of meta-atoms guarantee their strong interactions with the impinging field, which results
in desired transformation within a subwavelength scale. However, separate resonances may bring
some inherent limitations, which results in certain restrictions on the properties of temporal dis-
persion and efficiency of metasurfaces. During the past decade, fruitful works have been done
to break these limitations, which further broaden the capabilities of metasurfaces and endow
more practical potentials for metasurface applications. These breakthroughs and improvements
of metasurfaces come from the exploration and deeper comprehension of novel and multipli-
cate interactions between meta-atoms and the impinging field. The engineering and exploita-
tion of different kinds of resonances and the control of coupling between them still need fur-
ther exploration to acquire general guidelines for designing the inclusions and arrangements of
metasurfaces.

Besides passive metasurfaces, tunable metasurfaces [99] enabling real-time modulation of
both the transmittance/reflectance and phase are also worth being explored. Tunable metasur-
faces have great potential in many practical applications such as beam steering in light detection
and ranging (LIDAR) and holographic display, where the dispersion engineering and efficiency
management are also essential. With these efforts, the capabilities and applications of metasur-
faces may be further boosted.
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