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Metasurfaces, whose electromagnetic (EM) responses can be artificially designed, are two-dimensional arrays 

composed of subwavelength nanostructures. Accompanied by various fascinating developments in the past 

decade, metasurfaces have been proved as a powerful platform for the implementation of EM wave manipula- 

tion. However, the planar monoatomic metasurfaces widely used in previous works have limited design freedoms, 

resulting in some disadvantages for the realization of high-performance and new functional EM wave control. 

The latest developments show that few-layer metasurfaces and polyatomic metasurfaces are good alternatives to 

overcome the drawbacks of planar monoatomic metasurfaces and realize high-efficient, multi-band and broad- 

band EM functionalities. They provide additional degrees of design freedom via introducing multilayer layouts or 

combining multiple meta-atoms into a unit cell respectively. Here, recent advances of few-layer and polyatomic 

metasurfaces are reviewed. The design strategies, EM properties and main advantages of few-layer metasurfaces 

and polyatomic metasurfaces are overviewed firstly. Then, few-layer metasurfaces and polyatomic metasurfaces 

in recent progress for EM wave manipulation are classified and discussed from the viewpoint of their design 

strategy. At last, an outlook on future development trends and potential applications in these fast-developing 

research areas is presented. 
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. Introduction 

Arbitrary manipulation of EM waves is one of the most impor-

ant tasks in modern optics and photonics, which enables optoelec-

ronic devices with on-demand functionalities [1] . Conventional mate-

ials mainly rely on the light propagation and refraction to manipulate

M waves, so their control capabilities are usually limited. Metasur-

aces, which consist of subwavelength spaced artificial structures (meta-

toms), emerged as good alternatives to arbitrarily control EM waves

2–7] . By varying the constituent materials, structural parameters and

tructural symmetry of the meta-atoms in a metasurface, the amplitude,

hase, and polarization of EM waves can be freely modified, which

ead to single-dimensional and multidimensional manipulations of EM

aves [8–13] . Thanks to their prominent wave-manipulation capabili-

ies, metasurfaces with multiple information channels or functionalities

re further proposed to realize concurrent tasks [14–17] . So far, meta-

urfaces for EM wave manipulation are mainly single-layer monoatomic
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esigns. In these designs, the meta-atoms are designed on the surface of

 substrate, while every unit cell is composed of one meta-atom. As a

imple and fundamental design, planar monoatomic metasurfaces have

ewer degrees of design freedom, inducing their limited functionality

nd controllability [18] . For the purpose of improving the device per-

ormance and obtaining kaleidoscopic designs, it is necessary to search

or new approaches to increase the design freedoms of metasurfaces. 

In chemistry, the polyatomic molecules synthesized by several atoms

an have different molecular formulas and spatial configurations, lead-

ng to different physical and chemical properties. Predictably, involving

ultiple meta-atoms into a unit cell will significantly increase the de-

ign freedoms of metasurface, which is now attracting more and more

ttentions from the researchers. Metasurfaces with more than one meta-

tom in a unit cell can be classified into two categories, the few-layer

etasurfaces and the polyatomic metasurfaces, as shown in Fig. 1 . In the

nit cell of the former, the multiple meta-atoms are introduced in the

irection perpendicular to the surface, while the multiple meta-atoms in
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Fig. 1. Conceptions of few-layer metasurfaces 

and polyatomic metasurfaces and an overview 

of the EM waves manipulation based on them. 

Both the few-layer metasurfaces and the poly- 

atomic metasurfaces can be classified into two 

categories from the viewpoint of their design 

strategies: the direct superposition strategy and 

the collective interference strategy. For few- 

layer metasurfaces and polyatomic metasur- 

faces designed based on the direct superpo- 

sition strategy, the resonances of meta-atoms 

in the unit cell are independently designed 

and the couplings between the meta-atoms in 

a unit cell is negligible. On the contrary, for 

few-layer metasurfaces and polyatomic meta- 

surfaces designed based on the collective inter- 

ference strategy, the neighbor interaction be- 

tween the meta-atoms in a unit cell play a de- 

cisive role in the EM responses of metasurfaces. 
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areas. 
he unit cell of the latter are introduced in the direction parallel to the

urface. Therefore, the polyatomic metasurfaces are planar arrays based

n super unit cells composed of multiple meta-atoms, which can be fab-

icated by techniques commonly used for planar monoatomic metasur-

aces, such as electron beam lithography and focused ion beam lithogra-

hy [19] . Few-layer metasurfaces cannot be simply treated as one kind

f polyatomic metasurfaces, since the light-matter interaction mecha-

isms in few-layer metasurfaces are different from the ones in planar

etasurface, part of which is inexistent in planar metasurfaces (such as

he Fabry-Perot interference and the waveguide effect) [20] . Few-layer

etasurfaces are always composed of several layers of meta-atoms em-

edded into a transparent substrate (for example, SU-8 photoresist and

used silica are widely used as substrate in the visible and near-infrared

egime), which can be fabricated by well-established top-down nano

abrication techniques, such as the top-down electron beam lithography

 21 , 22 ]. Since the fabrication techniques of few-layer and polyatomic

etasurfaces are similar to those of the planar monoatomic ones, op-

ical materials widely used as the constituent materials of the planar

onoatomic metasurfaces can also be used in the design of few-layer

nd polyatomic metasurfaces. Since every meta-atom in the unit cell

an be independently designed, few-layer and polyatomic metasurfaces

ffer more design freedoms compared with single-layer monoatomic

etasurfaces, such as the number of meta-atoms in a unit cell, the dis-

ance between the meta-atoms, the constituent materials and structural

arameters of every meta-atom, and the structural symmetry of every

eta-atom and the whole unit cell. A lot of related works have been

ublished in the past several years, which validates the great advan-

ages of few-layer metasurfaces and polyatomic metasurfaces for high-

fficient, multi-band and broadband wave control [ 20 , 23–26 ]. Mean-

hile, novel EM functionalities that cannot be realized or are difficult

o be achieved in single-layer monoatomic metasurfaces, such as the gi-
7 
nt three-dimensional chirality, the asymmetric transmission of linear-

olarized waves and the full-space manipulation of EM waves, have also

een well demonstrated in few-layer metasurfaces and polyatomic meta-

urfaces [27–34] . 

In general, there are two main strategies to design few-layer meta-

urfaces and polyatomic metasurfaces ( Fig. 1 ): the direct superposition

trategy and the collective interference strategy. For few-layer metasur-

aces and polyatomic metasurfaces designed based on the direct super-

osition strategy, the resonances of meta-atoms in the unit cell can be

ndependently designed to be at different operation wavelengths or for

rthogonal polarization states. Thus, the couplings between the meta-

toms in a unit cell is negligible. On the contrary, for few-layer meta-

urfaces and polyatomic metasurfaces designed based on the collective

nterference strategy, the neighbor interactions between the meta-atoms

n a unit cell play a decisive role in the EM responses of metasurfaces.

he above-mentioned two design strategies have been widely utilized

n the design of few-layer metasurfaces and polyatomic metasurfaces.

he direct superposition strategy is usually used for the realization of

requency- and polarization-selective multifunction integration, while

he collective interference strategy is widely used to enhance the light-

atter interactions and realize novel EM responses with high efficiency

nd broad operational bandwidth. 

Here, we review the recent advances of few-layer metasurfaces and

olyatomic metasurfaces from the viewpoint of their design strategies.

n Sections 2 and 3 , we present some representative works of few-

ayer metasurfaces and polyatomic metasurfaces respectively and dis-

uss their advantages for EM wave manipulation. The applicability

f the two design strategies is also validated in these two sections.

n the last section, we offer an outlook on future possible develop-

ent trends and potential applications in these fast-developing research
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Fig. 2. Few-layer metasurfaces designed based 

on the direct superposition strategy. (a) 

Schematic of a multispectral achromatic lens 

based on a tri-layer composite plasmonic de- 

sign. (b) Schematic of the tri-layer composite 

structure, each layer consists of different ma- 

terials (gold, silver and aluminum) and works 

as a narrow-band Fresnel lens at a certain 

wavelength with a given focal point. (c) Ex- 

perimentally measured intensity profiles for 

the achromatic lens under different illumi- 

nated wavelengths: 450 nm, 550 nm and 650 

nm (from top to bottom). (d) Illustration of 

a dual-wavelength holography based on a bi- 

layer metasurface. (e) Illustration of a dual- 

wavelength waveplate based on a bilayer meta- 

surface, which acts as a half-wave plate at 𝜆1 

and a quarter-wave plate at 𝜆2 respectively. 

(f) Schematic of the bilayer metasurface for 

multispectral holography. The two insets show 

the unit cells in the two layers, which are 

composed of meta-atoms with different shapes 

and materials. (g) Numerically calculated dual- 

wavelength out-plane holography image in the 

thermal infrared (37 THz) and visible (531 

THz) spectra range respectively. (h) Illustration 

of the design principle of the all-dielectric two- 

layer multifunctional metasurface. (i) Schematic of the polarization-selective multifunctional beam control based on the bilayer metasurface. (a)–(c) Reproduced 

with permission from ref. [36] , under the terms of the CC-BY Creative Commons Attribution 4.0 International License, copyright 2017, The Authors, published by 

Springer Nature. (d), (e) Reproduced with permission from ref. [37] , copyright 2019, Spring Nature. (f), (g) Reproduced with permission from ref. [39] , copyright 

2018, American Chemical Society. (h), (i) Reproduced with permission from ref. [41] , copyright 2020, Wiley-VCH (For interpretation of the references to color in 

this figure, the reader is referred to the web version of this article.). 
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. Manipulating EM waves with few-layer metasurfaces 

Thanks to the diverse interlayer couplings mechanisms, few-layer

etasurfaces composed of more than one functional layer emerged as a

ersatile platform for the realization of EM functionalities with high ef-

ciency and broad operation bandwidth. Moreover, the structural sym-

etries of few-layer metasurfaces can be arbitrarily designed. Novel EM

unctionalities that cannot be implemented by the planar metasurfaces

an be realized in few-layer metasurfaces. Meanwhile, for few-layer

etasurfaces in which the interlayer interactions are negligible, differ-

nt EM functionalities can be independently engineered in each layer,

esulting in the integration of multiple functionalities. In this section,

e discuss the recent progress of few-layer metasurfaces for EM wave

anipulation from the viewpoint of their design strategies. 

.1. Few-layer metasurfaces designed based on the direct superposition 

trategy 

In few-layer metasurfaces, the interactions between the layers can

e neglected when the resonances of the meta-atoms in each layer are

esigned to be at different operation wavelengths or for two orthogo-

al polarization states, or when the distances between the layers are

ar enough. By individually designing the particular EM functionality of

ach layer in a few-layer metasurface, wavelength-selective and multi-

unctional meta-devices with low cross-work and high performance can

e accomplished [35–46] . For example, Avayu et al. achieved a triplet

red, green and blue) achromatic metalens by utilizing a tri-layer com-

osite plasmonic metasurface, as shown in Fig. 2 a,b [36] . In this design,

he constituent material of meta-atoms in each layer is different and ev-

ry layer can be viewed as a narrow-band binary Fresnel lens designed at

 specific operation wavelength. Thus, this design can focus the incident

ight at three different wavelengths to the same focal position by adjust-

ng the focus length of each layer independently. As shown in Fig. 2 c,

xperimentally measured intensity profiles under different illuminated
8 
avelengths of 450, 550 and 650 nm indicate the clear aberration cor-

ection. 

Compared with planar monatomic achromatic metasurfaces in which

he optical response of each meta-atom should be carefully designed in

 broad bandwidth, few-layer metasurfaces provide a new pathway to

ealize achromatic applications. The direct superposition strategy uti-

ized in the design of few-layer metasurfaces also provides an effective

pproach for the realization of wavelength-selective multifunction in-

egration. As illustrated in Fig. 2 d, a bilayer metasurface composed of

wo layers of amorphous silicon nanoposts can generate two different

olography images at two different wavelengths ( 𝜆1 = 1180 and 𝜆2 

 1680 nm). Each layer of this bilayer metasurface were utilized to in-

ependently control the phase profiles of the transmission waves at a

ertain wavelength, resulting in the wavelength-selective optical holog-

aphy [37] . By using the same design principle, a bilayer metasurface

hat acts as a half-wave plate at 𝜆1 = 1200 nm and a quarter-wave plate

t 𝜆2 = 1600 nm was designed and demonstrated, as shown in Fig. 2 e.

bviously, tightly spaced few-layer noninteracting dielectric metasur-

aces show unprecedented application possibilities in multiwavelength

etaoptics [38] . 

In the above-mentioned few-layer metasurfaces for wavelength-

elective multifunction integration, the operation wavelengths are close

o each other. Actually, the wavelength ratio of different operating chan-

els can be freely modified. For example, Forouzmand et al. proposed a

ilayer indium tin oxide (ITO)-dielectric composite structure which con-

ists of the silicon nanorods in the top layer and the ITO cross-shaped

ano-antennas in the bottom layer, as shown in Fig. 2 f [39] . Owing to

he diverse optical properties of the highly doped ITO in different fre-

uency ranges, the meta-atoms in the two layers can be individually

esigned to realize different optical functionalities at two wavelengths

hat are far apart. Calculated results in Fig. 2 g showcase that the pro-

osed design can realize a dual-wavelength optical holography with op-

ration wavelengths in the thermal infrared (37 THz) and visible (531

Hz) spectral region respectively. 



S. Yu, J. Cheng, Z. Li et al. ChemPhysMater 1 (2022) 6–16 

 

s  

f  

a  

l  

d  

t  

s  

t  

a  

e  

f  

i  

d  

t  

b  

m  

a  

F  

p  

f  

t  

a  

s  

r  

a  

s  

t  

f  

c  

q

 

t  

w  

f

2

s

 

l  

fi  

e  

t  

n  

e  

s

 

m  

b  

o  

m  

w  

fl  

m  

a  

e  

m  

o  

i  

i  

t  

g  

t  

t

 

i  

t  

p  

p  

[  

m  

i  

t  

i  

a  

t  

s  

b  

t  

T  

p  

a

 

a  

o  

f  

s  

o  

l  

p  

t  

d  

n  

t  

t  

S  

b  

l  

w  

s  

t  

l  

i  

c  

r  

l  

e  

p

 

b  

a  

R  

t  

d  

i  

d  

fi  

r  

f  

a  

H  

s  

l  

t  

t  

l  

s  

i  

l  

i  
Few-layer metasurfaces designed based on the direct superposition

trategy can not only be utilized to implement the combination of EM

unctionalities with different operation wavelengths, but also be good

lternatives to combine different EM functionalities at a certain wave-

ength. For example, Basiri et al. proposed a bilayer chiral metasurfaces

esigned based on Jones matrix method to realize the spin-selective

ransmission of circular-polarized waves [40] . The unit cell of the de-

igned bilayer metasurfaces is composed of an anisotropic nanostruc-

ure acting as a quarter waveplate, a linear polarizing nanograting, and

 dielectric spacer layer between these components. Recently, Zhou

t al. proposed a bilayer all-dielectric metasurface doublet for multi-

unctional beam control at telecommunication wavelengths, as shown

n Fig. 2 h,i [41] . The meta-atom in each layer is subwavelength hy-

rogenated amorphous silicon (a-Si:H) gratings that are corresponding

o the predefined phase profiles. Analogous to the conventional dou-

let lens, the optical functionality of each layer in the proposed bilayer

etasurface can be treated as a convex lens with a focal length f and

 concave lens with a focal length of f / M respectively, as illustrated in

ig. 2 h. Owing to the polarization-dependent phase profiles design, the

roposed bilayer metasurface can travel the TE-polarized light straightly

ollowing the angle of incidence and deflect the TM-polarized light at

hree times the incident angle with the reduced beam width by half,

s shown in Fig. 2 i. Different from above-mentioned few-layer meta-

urfaces which are closely spaced in order to basically meet the design

equirements of eliminating interlayer coupling, here two arrays of rect-

ngular nano-resonators were manufactured on either side of a quartz

ubstrate. In this way, multiple metasurfaces can be vertically integrated

o form metasystems. Several miniature optical systems with high per-

ormance and low loss have been proposed, including an aberration-

orrected planar camera, a metasurface retroreflector and a single-shot

uantitative phase gradient microscopy [47–50] . 

Few-layer metasurfaces designed based on the direct superposi-

ion strategy show great advantages on EM multifunctional integration,

hich significantly improve the wave-control capabilities of metasur-

aces. 

.2. Few-layer metasurfaces designed based on the collective interference 

trategy 

In addition to designing each functional layer independently, few-

ayer metasurfaces with abundant interlayer interactions (such as near-

eld coupling effect, multiple wave interference effect and waveguide

ffect) provide an extra design freedom to enhance the interactions be-

ween EM waves and metasurfaces. For example, by utilizing the strong

ear-field coupling effect between the meta-atoms in the two layers,

nhanced chiroptical responses can be realized in chiral bilayer meta-

urfaces [51–54] . 

Thanks to the existence of the rich interlayer interactions, few-layer

etasurfaces that enable flexible manipulation of EM waves, largely

oost the achievements of new functional metasurfaces for a variety

f applications [55–63] . Fig. 3 a shows a unit cell of a Huygens’ bilayer

etasurface which can realize a full-phase control of the transmitted

ave at the microwave frequencies by varying the impedance of the re-

ectionless sheets in the two layers [55] . The unit cell of this Huygens’

etasurface is composed of a pair of copper patterns on the top layer and

 split-ring resonator on the bottom layer, which provide the required

lectric and magnetic polarization currents respectively. The simulated

agnetic field distribution in Fig. 3 b shows a clear anomalous refraction

f EM waves for the proposed metasurface under y -polarization normal

ncidence, and Fig. 3 c shows the experimentally measured and numer-

cally simulated anomalous refraction efficiency. These results validate

he high-efficiency and broadband performance of the proposed Huy-

ens’ bilayer metasurface. By utilizing the similar structural configura-

ions, high-efficient wavefront control has further been implemented in

he near-infrared and mid-infrared regions [ 64 , 65 ]. 
9 
Not only the near-field coupling effect, but also the multiple wave

nterference effect can be utilized to enhance the couplings between

he EM waves and the meta-atoms. As shown in Fig. 3 d, Li et al. pro-

osed a bilayer aluminum metasurface to realize a broadband and near-

erfect linear polarizer by utilizing the multiple wave interference effect

56] . The experimentally measured transmittance spectra of the bilayer

etasurface under linear-polarized illuminations with different polar-

zed angles 𝛼 and incident wavelengths show a good agreement with

he theoretically calculated result based on the Malus’ law, as shown

n Fig. 3 e. Compared with the single-layer metasurface composed of

luminum nanorods, the bilayer metasurface presents a broader opera-

ional bandwidth and a higher polarization-selective extinction ratio, as

hown in Fig. 3 f. Specifically, for few-layer metasurfaces that designed

y utilizing the wave interference effect, the degree of misalignment be-

ween the layers always has a negligible effect on the optical response.

his feature lower the high alignment requirement on the fabrication

rocess, which enable the realization of the alignment-free high-efficient

symmetric transmission and bidirectional perfect absorption [ 66 , 67 ]. 

Different from the above-mentioned two interlayer interactions that

re mainly utilized to improve the efficiency and operation bandwidth

f few-layer metasurfaces, the waveguide effect in few-layer metasur-

aces provide a direct way for the phase manipulation of EM waves. As

hown in Fig. 3 g, a bilayer plasmonic metasurface composed of a pair

f nano-apertures was proposed to achieve simultaneous control of po-

arization and phase of the transmitted light [57] . For this design, the

olarization state of the transmitted light can be controlled by adjusting

he oriented angle of the nano-aperture since only linear-polarized inci-

ent light with polarization direction perpendicular to the major axis of

anoaperture is allowed to pass through. Meanwhile, the phase of the

ransmitted light is partly decided by the waveguide effect within the

wo layers, which can be designed by adjusting the alignment parameter

 between the two layers. The phase of the transmitted waves then can

e fully tuned by changing the length L of the nano-apertures and the

ateral translation S . Fig. 3 h shows sixty rectangular nanoaperture pairs

ith varied geometrical dimensions and orientations that can realize the

imultaneous control of light polarization and phase. With the combina-

ions of these nanoaperture pairs, a radially polarized beam under circu-

arly polarized incident light were experimentally generated, as shown

n Fig. 3 i. Actually, since polarization and phase of the transmitted light

an be fully manipulated, these nanoaperture pairs can be utilized to

ealize vector beams with arbitrary spatial distribution of phase and po-

arization [64] . A recent approach further validates that the waveguide

ffect in few-layer metasurfaces can be used to realize the bidirectional

erfect absorption of light waves [ 68 , 69 ]. 

Normally, the unit cells in a few-layer metasurface are designed one

y one to full fill the desired complex amplitude profile associated to

 certain EM functionality. Different from this generic design concepts,

aeker et al. proposed a modified phase-retrieval algorithm to realize

he independent design of the complex amplitude profile of two phase-

iscontinuous metasurfaces in a compound meta-optics layout [58] . As

llustrated in Fig. 3 j, the two metasurfaces separated a wavelength-scale

istance was proposed to freely reshape the amplitude and phase pro-

les of an incident beam on demand. The modified phase-retrieval algo-

ithm was used to produce the abrupt phase profiles of the two metasur-

aces by taking two complex-valued electric field profiles (E inc and E des )

s inputs. Then, the two metasurfaces can be realized by bianisotropic

uygens metasurfaces composed of a cascade of electric impedance

heets at microwave frequencies due to their reflectionless, passive and

ossless characteristics [70] . Based on this design approach, the ampli-

ude and phase profiles of the scattered field can be independently con-

rolled. This approach provides a new perspective to the design of few-

ayer metasurfaces. Likewise, compound meta-optics components con-

tructed by two lossless all-dielectric phase-only metasurfaces can real-

ze the high-efficient independent amplitude and phase manipulation of

ight waves [ 71 , 72 ]. Note that, with the rapid development of artificial

ntelligence assisted nano-photonics designs, few-layer metasurfaces in-



S. Yu, J. Cheng, Z. Li et al. ChemPhysMater 1 (2022) 6–16 

Fig. 3. Few-layer metasurfaces designed based 

on the collective interference strategy. (a) Unit 

cell of the Huygens’ dual-layer metasurface for 

achieving broadband anomalous refraction in 

the microwave region. (b) Simulated magnetic 

field (H z ) distribution of the Huygens’ meta- 

surface for y -polarization normal incidence. (c) 

Experimentally measured and numerically sim- 

ulated anomalous refraction efficiency of the 

Huygens’ metasurface. (d) Illustration of the 

polarization-selective transmission via the bi- 

layer aluminum metasurface. (e) Experimen- 

tally measured transmittance as a function of 

polarization angle 𝛼 under linear-polarized il- 

lumination at 1100 nm, 1200 nm and 1300 nm. 

The solid line represents the theoretically cal- 

culated result based on the Malus’ law. (f) Com- 

parison of the transmission ratio between the 

single layer metasurface composed of nanorods 

and the bilayer metasurface. (g) Schematic of 

the bilayer plasmonic metasurface composed 

of aligned nanoaperture pairs, in which the 

waveguide mode is excited. (h) Schematic illus- 

tration of the nanoaperture pairs with various 

dimensions and directions that can realize the 

simultaneous control of light polarization and 

phase distributions. (i) Experiment results of a 

generated vector beam for bilayer metasurfaces composed of units 1–6 in (h). The measured far-field intensity profiles representing a radially polarized beam without 

and with a polarizer (oriented at angle 𝜃) intercepted before the CCD camera. (j) Schematic illustration of the reflectionless bilayer metasurface for arbitrarily reshap- 

ing the amplitude and phase profiles of an incident beam. The insets show the amplitude and phase profiles of the electric field before and after each metasurface (E inc 

and E des ). Because the absorption, reflection and polarization losses are eliminated, local power flux through the boundaries of each metasurface remain conversed. 

(a)–(c) Reproduced with permission from ref. [55] , copyright 2013, American Physical Society. (d)–(f) Reproduced with permission from ref. [56] , copyright 2019, 

Wiley-VCH. (g)–(i) Reproduced with permission from ref. [57] , copyright 2015, Wiley-VCH. (j) Reproduced with permission from ref. [58] , copyright 2019, American 

Physical Society. 
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erse design based on deep-learning methods and various optimization

lgorithms provide another effective approach to implement complex

nd high-performance wave control [73–76] . 

Overall, the interlayer interaction within few-layer metasurfaces is a

seful design freedom for high-performance and multidimensional EM

ave manipulation. 

. Manipulating EM waves with polyatomic metasurfaces 

Compared to few-layer metasurfaces in which the multiple meta-

toms in a unit cell are introduced in the direction perpendicular to the

urface, planar polyatomic layout provides another effective approach to

xtend the design freedom of metasurfaces. In polyatomic metasurfaces,

he meta-atoms in a unit cell are introduced in the direction parallel to

he surface. The advantages of polyatomic metasurfaces for EM wave

anipulation can be divided into two parts: on the one hand, by judi-

iously interleaving the meta-atoms in which the resonances are inde-

endently designed to be at different wavelengths or for two orthogonal

olarization states, polyatomic metasurfaces are ideal candidates to inte-

rate diversified functionalities into single devices with subwavelength

hickness and high efficiency. On the other hand, the couplings between

he meta-atoms in a unit cell can significantly enhance the light-matter

nteractions, and the interference effect in the polyatomic metasurfaces

s a powerful tool to realize polarization-selective transmission. In this

ection, typical researches in the past decade for EM waves manipula-

ion with polyatomic metasurfaces are discussed from the viewpoint of

heir design strategies. 

.1. Polyatomic metasurfaces designed based on the direct superposition 

trategy 

Polyatomic metasurfaces designed based on the direct superposition

trategy, in which the interactions between the meta-atoms in a unit cell
10 
ave negligible effect on their EM responses, have been widely used

o realize versatile EM wave manipulation and multifunction integra-

ion. For instance, a diatomic metasurface composed of two meta-atoms

ith opposite chiral optical responses were proposed to realize the spin-

elective optical hologram [77] . An polyatomic metasurface composed

f four nanodisks in one unit cell were utilized to realize color mixing,

nd 260 mixed structural colors were produced by the combination of

ight basic nanodisks with different diameters [78] . 

Polyatomic metasurfaces was previously used for the implementa-

ion of multi-band and broadband wave absorption. Shen et al. proposed

 microwave triple-band absorber composed of three nested closed-ring

esonators in a unit cell, and every resonator is associated with an cer-

ain absorption peak [79] . Further, a broadband near perfect absorber

n the near infrared regime was numerically and experimentally demon-

trated based on a polyatomic metasurface [80] . As shown in Fig. 4 a,

he unit cell of the proposed absorber can be regarded as the combina-

ion of two kinds of meta-atoms: the outer layer cut wire and the inner

ayer cut wire (as shown in the insets of Fig. 4 b). According to the ab-

orption spectra and current distributions in Fig. 4 b and c, these two

inds of meta-atoms can be periodically arranged respectively to form

wo optical absorbers whose operation wavelengths are adjacent. When

ombing the two kinds of meta-atoms into a unit cell, the resonant peaks

re merged in the absorption spectrum as a result of the hybridization

f the electric dipoles, producing the broadband near perfect absorber. 

Nowadays, polyatomic metasurfaces designed based on the direct

uperposition strategy have emerged as a powerful platform for multi-

olor meta-hologram. To realize the multicolor meta-hologram utilizing

olyatomic metasurfaces, firstly, meta-atoms that can achieve the phase

anipulation of EM waves at different operation wavelengths were de-

igned. Then, meta-holograms with high resolution and low crosstalk

ere demonstrated by arranging these meta-atoms in a unit cell. For

xample, Wang et al. reported a polyatomic dielectric metasurface com-

osed of four nanorods in one unit cell to realize the simultaneous and



S. Yu, J. Cheng, Z. Li et al. ChemPhysMater 1 (2022) 6–16 

Fig. 4. Polyatomic metasurfaces designed 

based on the direct superposition strategy. (a) 

Schematic of a unit cell of the broadband near 

perfect absorber. (b) Experimental absorption 

spectra of the outer structure (red line), the 

inner structure (green line), and the whole 

structure (blue line). Inset: SEM images of 

the corresponding structures. (c) The surface 

current distribution and the electric field 

modulus on the surface of the metasurface. 

(d) Schematic of the unit cell of the poly- 

atomic metasurface, which consists of four 

Si nanoblocks. (e) Simulated spectra of the 

diffraction efficiency of the red, green, and 

blue nanoblocks respectively. (f) Schematic of 

the multiwavelength achromatic and highly 

dispersive meta-holograms based on poly- 

atomic metasurfaces. Inset: SEM images of the 

fabricated metasurfaces and the experimental 

result of the achromatic color hologram. (g) 

Comparison between the theories of control- 

lable optical activity. (h) Schematic of the 

optical activity in the non-chiral diatomic 

metasurface. (i) Normalized Stokes parameters 

S 3 in the near-field (5 nm from the exit surface 

of a unit cell composed of two cross-shaped 

nanostructures). (j) Experimental results of 

the transmittances and optical rotations of the 

output light for four diatomic metasurfaces 

with different structural parameters. Inset: the 

SEM images of sample 1 and sample 2. (k) 

Schematic of a supercell of the designed half-wave plate. The unit cell in each column is composed of two anisotropic metal antennas with different orientation 

angles 𝜑 1 and 𝜑 2 , the orange arrows show the constant optical axis in the direction ( 𝜑 1 + 𝜑 2 )/2. (l) Transmission amplitude of the unit cell in every column as a 

function of the position in the row. (m) Theoretical (orange line) and measured (orange symbols) polarization angle of the transmitted light for different incident 

polarization angles. The degrees of linear polarization are given by the blue symbols at the corresponding incident polarization angles. (a)–(c) Reproduced with 

permission from ref. [80] , copyright 2011, AIP Publishing. (d)–(f) Reproduced with permission from ref. [81] , copyright 2016, American Chemical Society. (g)–(j) 

Reproduced with permission [87] , copyright 2016, Nature Publishing Group. (k)–(m) Reproduced with permission [88] , copyright 2017, American Chemical Society 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ndependent phase manipulation of the three-color light, as shown in

ig. 4 d [81] . The blue, green and red nanorods serve as half-wave plates

t three adjacent wavebands (the blue, green and red light). Based on

he concept of geometric phase, these nanorods can realize the phase

anipulation of the trichromatic circular-polarized light respectively by

etting their in-plane orientations. Two blue nanorods for the phase ma-

ipulation of blue light are utilized in a unit cell since the diffraction ef-

ciency of the blue nanorods are lower than the green and the red ones,

s shown in Fig. 4 e. The experiment results in Fig. 4 f validate the capa-

ilities of the proposed polyatomic dielectric metasurface for the realiza-

ion of multiwavelength achromatic color hologram and highly disper-

ive color hologram. With a similar design configuration, polarization-

ontrolled color-tunable optical holograms was further demonstrated,

n which the color of not only the entire holographic image but also

ts definite part can be modulated by changing the polarization of the

ncident light [82] . By utilizing the incident angle as a new design free-

om, the holographic images generated by polyatomic metasurfaces can

e further modulated by polarization, wavelength and the incident an-

le of optical waves at the same time, which significantly expand the

exibility of metasurface for multichannel optical hologram [83] . Be-

ides the multicolor meta-hologram, polyatomic metasurfaces designed

ased on the direct superposition strategy are also good alternatives to

mplement polarization-controlled color images [ 84 , 85 ]. 

With the combination of two meta-atoms in a unit cell, polyatomic

etasurfaces show great advantages to individually manipulate EM

aves with orthogonal polarization states. For example, Deng et al. re-

lized polarization-multiplexed metagrating holograms by perpendicu-

arly interleaving the aligned nanorod pair [86] . As another example,

u et al. proposed a non-chiral diatomic metasurface to realize control-
11 
able optical activity, as shown in Fig. 4 g to j [87] . The unit cell of the

roposed diatomic metasurface consists of two cross-shaped aluminum

anostructures with different structural parameters. The two nanostruc-

ures can convert the linear-polarized incident light into left-handed and

ight-handed circularly polarized transmitted light respectively in the

ear field ( Fig. 4 i), and the phase difference between the two differ-

nt polarizations of transmitted light can be modulated by varying the

tructural parameters of the cross-shaped nanostructures. As shown in

ig. 4 g, similar to natural chiral materials, optical activity can be ob-

erved in the proposed non-chiral diatomic metasurface. By adjusting

he phase difference between the left-handed and right-handed circu-

arly polarized transmitted light in the near field, the linear-polarized

ransmitted light whose polarization direction is different from the in-

ident one can be generated in the far field. The experimental results

n Fig. 4 j validate a continuously controllable optical activity from 3

egrees to 42 degrees. 

Recent approaches further prove that polyatomic metasurfaces can

e utilized to realize the wavefront and polarization manipulation of EM

aves simultaneously [88–93] . Liu et al. demonstrated a new strategy

or realizing broadband half-wave plate with polyatomic metasurface,

s shown in 4k to 4m [88] . The structural configuration of the pro-

osed polyatomic metasurface is shown in Fig. 4 k. Two nano-antennas

ith different orientation angles 𝜑 1 and 𝜑 2 in each column form a half-

ave plate, and the half-wave plate in each column has the same optical

xis. Therefore, for linear-polarized incident light with the polarization

ngle of 𝜑 , the linear-polarized transmitted light with the polarization

ngle of 𝜑 1 + 𝜑 2 – 𝜑 will be generated. As shown in Fig. 4 m, when

he optical axis of the half-wave plate is fixed, experimentally measured

nd theoretically predicted polarization angle of the transmitted light
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Fig. 5. Polyatomic metasurfaces designed 

based on the collective interference strategy. 

(a) Schematic of the multi-nanorod meta- 

surface for realizing abnormal refraction. 

Inset: the SEM images of the metasurface. 

(b) Calculated amplitude transmittance of the 

anomalous refracted light for metasurfaces 

with different numbers of nanorods. Inset: 

the SEM images of the unit cell containing 

different numbers of nanorods. (c) Electric 

field distribution in a resonant unit cell of the 

metasurface composed of four nanorods at 

the resonant frequency. (d) The normalized 

intensity of refraction light as a function of 

the observation angle at wavelength 900 nm. 

(e) Schematic illustrating the spin-selective 

transmission in a diatomic metasurface. 

Top: Schematic of the functionality for 

right-handed circular-polarized (blue) and 

left-handed circular-polarized (red) incident 

light. Bottom: Schematic of structural config- 

uration of the designed diatomic metasurface. 

(f) Normalized experimental values of co- 

polarized and cross-polarized transmission 

intensity for the diatomic metasurface. (g) 

Schematic of the spin-selective transmission 

and asymmetric transmission in a diatomic 

dielectric metasurface. (h) Simulated results 

of the module square of the four transmission 

coefficients of the diatomic metasurface and 

(i) the calculated results of the asymmetric 

transmission parameter. (j) Schematic of a unit cell of a diatomic metasurface for intensity and phase manipulation of the transmitted light, the unit cell consists of 

two identical c-silicon nanoblocks with rotation angles of 𝜑 1 and 𝜑 2 relative to the x -axis. (k) Simulated results of the intensity variation of the transmitted light 

as a function of angle 𝛿 in the diatomic metasurface and (l) schematic diagram of realizing HSB color tuning based on the intensity tuning. (m) Simulated results 

of the phase variation of the transmitted light as a function of angle 𝜑 1 in the diatomic metasurface. (n) Schematic of the RGB super unit cell composed of four 

double-nanoblock subunits. (o) Schematic of a polyatomic metasurface composed of four dielectric nanoblocks and (p) the corresponding conceptual schematic 

diagram for the realization of independent amplitude control of arbitrary orthogonal states of polarization. (q) Experimentally captured optical images of a designed 

metasurface nanoprinting illuminated with LCP and RCP light. (a)–(d) Reproduced with permission from ref. [97] , copyright 2015, Wiley-VCH. (e), (f) Reproduced 

with permission from ref. [100] , copyright 2016, John Wiley and Sons. (g)–(i) Reproduced with permission from ref. [102] , copyright 2019, OSA Publishing. (j)-(n) 

Reproduced with permission from ref. [107] , copyright 2019, Springer Nature. (o)–(q) Reproduced with permission from ref. [108] , copyright 2020, American 

Physical Society (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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hanges as a function of the polarization angle of the incident light, and

he changing rule represents the optical responses of a half-wave plate.

eanwhile, under the condition that the optical axis of each column

s unchanged, the wavefront (intensity distribution) of the transmitted

ross-polarized waves can be manipulated by continuously varying the

otation angle of the meta-atoms along the row ( Fig. 4 l), which further

nsures the degree of linear polarization of the transmitted light. More-

ver, full-polarization generation and control have also been realized in

olyatomic metasurfaces, which have been applied to realize the vec-

orial meta-hologram and the polarization-maintaining meta-hologram

89–91] . By judiciously designing positions and rotation angles of two

dentical meta-atoms, perfect vector vortex beams with arbitrary polar-

zation, independent amplitude and phase distributions were also suc-

essfully generated [93] . 

We can see from the above-mentioned works that polyatomic meta-

urfaces designed based on the direct superposition strategy show end-

ess possibilities for the implementation of multi-band and broadband

M wave manipulation, multicolor meta-hologram, color imaging, po-

arization manipulation of EM waves and polarization- and wavelength-

elective multifunction integration. 

.2. Polyatomic metasurfaces designed based on the collective interference 

trategy 

The couplings between the meta-atoms in a unit cell can significantly

nhance the light-matter interactions, which is a powerful design free-

om to improve the performance of meta-devices and achieve new EM
12 
unctionalities [94–108] . Generally, the collective interference within

olyatomic metasurfaces mainly affect the intensity of transmission and

eflection waves. For example, Liu et al. proposed a polyatomic metasur-

ace composed of four gold nanorods in one unit cell to realize abnormal

efraction with efficiency close to the theoretical limitation, as shown

n Fig. 5 a to d [97] . With the increasing of the number of the nanorods

n a unit cell, the amplitude of the cross-polarized transmission coeffi-

ient significantly increases ( Fig. 5 b), and the working waveband ex-

ands simultaneously. These can be attributed to the strong near-field

ouplings between the nanorods ( Fig. 5 c), which resulting in the strong

nhancement of the radiation damping and hybridization. The result in

ig. 5 d further validates that the efficiency of the abnormal refraction

an be significantly improved by increasing the number of nanorods in

he unit cell. Meanwhile, the near-field coupling effect in polyatomic

etasurfaces also provide a good alternative for the realization of the

uasi-bound states in the continuum [ 98 , 99 ]. 

Recently, polyatomic metasurfaces were widely used to realize

olarization-selective transmission/reflection of EM waves by utiliz-

ng the collective interference between meta-atoms [100–106] . As

hown in Fig. 5 e to f, a diatomic metasurface was proposed to real-

ze the spin-selective transmission of optical waves [100] . The pro-

osed diatomic metasurface is composed of two dielectric nanoblocks,

nd one nanoblock is elevated with a certain thickness relative to

he other to introduce the 𝜋/2 difference in propagating phase. The

wo nanoblocks, which form a 𝜋/8 angle with respect to the symme-

ry line, can be treated as two half-wave plates. Thus, the circular-

olarized beam can be completely converted to the opposite polar-
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zation state and a phase delay of ± 𝜋/2 (the sign + and − corre-

ponding to right-handed and left-handed circular-polarized incident

aves) can be added, when light passing through these two nanoblocks.

hus, for left-handed circular-polarized incident waves, the phase dif-

erence between the waves passing through the two nanoblocks equals

o zero, corresponding to constructive interference and high transmit-

ance. On the contrary, for right-handed circular-polarized incident

aves, the phase difference between the waves passing through the

wo nanoblocks equals to 𝜋, corresponding to destructive interference

nd low transmittance. Based on the same design principle, asymmetric

ransmission of circular-polarized waves and three spin-selective opti-

al functionalities (light beam deflection, vortex beam generation and

ptical hologram) were achieved based on a polyatomic metasurface

101] . 

Apart from utilizing the phase difference between the meta-atoms,

he excitation of overlapping multipolar resonances in the polyatomic

etasurface can also be used to realize the spin-selective transmis-

ion. Ma et al. demonstrated spin-selective transmission and asymmet-

ic transmission of circular-polarized waves in a diatomic dielectric

etasurface by modulating the excitation and overlapping of the mul-

ipole resonances, as illustrated in Fig. 5 g [102] . Giant spin-selective

symmetric transmission with efficiencies equal to − 0.83, − 0.68, and

.94 can be observed at 997 nm, 1042 nm, 1055 nm, respectively, as

hown in Fig. 5 h and i. Compared to previous works based on planar

etallic metasurface, the efficiency of asymmetric transmission in the

roposed diatomic metasurface is significantly improved. A recent ap-

roach further validates that polarization-selective transmission of ar-

itrary orthogonal polarized light with nearly 100% theoretical effi-

iency and over 90% experimental efficiency can be realized by us-

ng diatomic metasurfaces designed based on the collective interference

trategy [103] . 

Moreover, with the combination of the collective interference strat-

gy and the direct superposition strategy, polyatomic metasurfaces are

lso good alternatives for the realization of light intensity manipulation

t multiple wavelengths. Bao et al. proposed a diatomic metasurface

o realize continuous intensity tuning of the three primary colors red,

reen and blue, so brightness tuning of colour has been well addressed

107] . As shown in Fig. 5 j, the unit cell of the proposed metasurface

onsists of two silicon nanoblocks with the same structural configura-

ion but an orientation angle difference of 𝛿. Owing to the collective

nterference of light between the two nanoblocks, the intensity of the

ransmitted waves is proportional to cos 2 𝛿. Thus, the intensity control

f the individual colors can be achieved by altering the rotation angle

ifference 𝛿, leading to the extrusion of the color gamut from the two-

imensional CIE space to a complete three-dimensional HSB space, as

hown in Fig. 5 k and l. Besides the intensity manipulation, the phase

f the transmitted waves can also be controlled by changing the rota-

ion angle 𝜑 1 while keeping the rotation angle difference 𝛿 unchanged,

s illustrated in Fig. 5 m. By further utilizing the direct superposition

trategy ( Fig. 5 n), the integration of HSB color printing and full-colour

ologram can be well implemented. 

Step further, Fan et al. demonstrated that arbitrary amplitude distri-

utions can be imparted on two orthogonal polarization states by uti-

izing the collective interference of light in polyatomic dielectric meta-

urfaces, as illustrated in Fig. 5 o to p [108] . As a typical application

xample, the lifelike bird images of a polyatomic metasurface nanoprint-

ng are presented under two orthogonal circular polarization waves

 Fig. 5 q). Recent advances further validate that the collective interfer-

nce of light in polyatomic dielectric metasurfaces can be utilized to

ealize the simultaneous and independent control of phase and ampli-

ude for orthogonal polarization states [ 109 , 110 ]. 

The above-mentioned works prove the unprecedented controllability

f polyatomic metasurfaces on the intensity manipulation of EM waves.

eanwhile, the couplings between the meta-atoms in the unit cell of

olyatomic metasurfaces provide an efficient method to improve the

erformance of metasurfaces for EM wave manipulation. 
13 
. Conclusions and outlook 

Few-layer metasurfaces and polyatomic metasurfaces have more

egrees of design freedom when compared with the single-layer

onatomic ones, thus greatly improve the capacity, flexibility and con-

rollability of metasurfaces for EM wave manipulation and produce new

unctional applications that were previously impossible to implement.

e summarized the recent developments of few-layer metasurfaces and

olyatomic designs from the viewpoint of their design strategy. These

dvances show the diversified wave-manipulation capabilities of few-

ayer metasurfaces and polyatomic metasurfaces, and exhibit a plethora

f novel applications. Here, we present several promising research di-

ections in these rapidly developing fields that may be foreseeable in

he future. 

By constructing few-layer metasurfaces in combination with poly-

tomic designs, the design freedoms of metasurfaces can be further ex-

anded, which is quite benefit for the implementation of arbitrary ma-

ipulation of EM waves. Since their structural symmetries can be arbi-

rarily designed, few-layer polyatomic metasurfaces have been used to

ealize the devisable and high-efficiency three-dimensional optical chi-

ality [ 111 , 112 ]. By cascading a pair of tightly spaced single-layer di-

tomic metasurface, chiral quasi-bound states in the continuum showing

ull circular dichroism at the resonance wavelength have been theoreti-

ally proposed [113] . Meanwhile, full-space and asymmetric control of

M waves has been designed and experimentally realized in few-layer

olyatomic metasurfaces [ 114 , 115 ]. Predictable, few-layer polyatomic

etasurfaces are playing an increasingly important role for EM wave

anipulation. 

Compared with the passive metasurfaces, active metasurfaces whose

M responses can be dynamically tuned in both spatial domain and time

omain, result in a number of emerging new physics and technologies

 116 , 117 ]. Correspondingly, active few-layer metasurfaces and poly-

tomic metasurfaces are good candidates to realize the dynamic control

f high-performance and new functional EM applications. For instance,

ynamic holograms for advanced optical information encryption have

een realized based on polyatomic metasurfaces [118] . Recently, an

lectronically tunable polarization rotator also has been demonstrated

ased on few-layer metasurfaces [119] . The tunable few-layer and poly-

tomic metasurfaces provide a viable platform to create novel multifunc-

ional and reconfigurable meta-devices. 

Recent advances in nonlinear metasurface reveal the extensive appli-

ation prospect of collective interference effect in the field of nonlinear

ptical filed manipulation. By utilizing nonlinear polyatomic metasur-

ace designs, multidimensional optical information encoding has been

chieved [ 120 , 121 ], which provides an effective pathway to realize non-

inear multifunctional applications. 

Nowadays, few-layer metasurfaces have been widely utilized to real-

ze the direct superposition of different functionalities, which is difficult

o be implemented in the planar polyatomic designs. In a recent ap-

roach, a diatomic metasurface were proposed to realize the full-Stokes

olarization perfect absorbers [122] . The unit cell of the proposed di-

tomic metasurface consists of two dissimilar meta-atoms that can con-

rol the perfect absorption and polarization of the outputting light re-

pectively. This work represents a new design strategy, which can stimu-

ate new functional applications based on polyatomic metasurfaces and

heir few-layer counterparts. 

Besides these promising research directions, the further investiga-

ion and application of few-layer and polyatomic metasurfaces also face

ome critical challenges. For example, since the unit cell of a polyatomic

etasurface consists of several meta-atoms, the period of the unit cell

ay be larger than the operation wavelength, resulting in the genera-

ion of additional diffraction orders and the reduction of efficiency. The

on-negligible background noise from the co-polarized component in

he polyatomic metasurfaces based on collective interference also low-

rs the performance of polyatomic metasurfaces, which can be elim-

nated by involving extra polarization detection condition during the
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xperimental measurement at the present stage. For few-layer meta-

urfaces with interlayer near-field interaction, the misalignment be-

ween the layers will significantly affect their optical responses, leading

o a high requirement on the fabrication technology. Since few-layer

nd polyatomic metasurfaces have multiple degrees of design freedom,

heir design and optimization are much more complex when compare

ith the planar monatomic ones. Moreover, for few-layer and poly-

tomic metasurfaces designed based on the collective interference strat-

gy, they usually have to be optimized as a whole, which inevitably

auses increased design difficulty. Meanwhile, the effective theoretical

ools that can reveal the underlying physics of these coupled system

re still lacked. Overall, overcoming all these critical challenges will

ignificantly put forward the development of few-layer and polyatomic

etasurfaces. For instance, a rigorous theory derived from Maxwell’s

quations has recently been put forward to predict the line shapes of

oupled plasmonic systems as required by manipulating the couplings

etween meta-atoms [123] . This work presents a formal theoretical

ramework for tailoring the optical responses of coupled photonic sys-

ems at will, and will contribute to the design of various new optical

evices. 

All in all, benefiting from the flexibly wave-manipulation capabili-

ies of few-layer metasurfaces and polyatomic metasurfaces, a variety

f high-performance and novel functional meta-devices have been pro-

osed continuously. Therefore, it can expect that few-layer metasurfaces

nd polyatomic metasurfaces will trigger more advanced achievements

n nano-photonics field. 
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