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  1.     Introduction 

 The electromagnetic (EM) phenomenon—existing in various 
systems ranging from the universe to atoms, from organics 
to inorganics—forms one of the fundamental bases of nature. 
It attracts great interest, being dated back to thousands years 
ago. From classic picture to quantum picture, the wave–par-
ticle duality is attributed to the origin of various properties of 
EM phenomena, including amplitude, phase, polarization, and 
linear/angular momentum. Based on a continuously enriched 
understanding of EM phenomena, a myriad of EM-related 
devices become an indivisible part of our daily life. Comple-
mentarily, advances in current techniques in turn extend our 
understanding of EM phenomena in both breadth and depth. 

 Metasurfaces, two-dimensional versions of metamaterials, retain the great 
capabilities of three-dimensional counterparts in manipulating electromagnetic 
wave behaviors, while reducing the challenges in fabrication. By judiciously 
engineering parameters of individual building blocks (such as geometry, size, 
and material) and selecting specifi c design algorithms, metasurfaces are promi-
sing to replace conventional electromagnetic elements in nanoplasmonic/
photonic devices. Signifi cantly, such concept can be readily promoted to other 
disciplines, such as acoustics, thermal physics, and seismology. In this article, 
the latest advances in full control of electromagnetic waves with metasurfaces 
are briefl y reviewed from a functionality perspective. A broad avenue towards 
real-life applications of metamaterials has been opened up, although they are 
still at their infant stage. At the end, several promising approaches are sug-
gested to extend the applications of metasurfaces. 
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 Regardless of the underlying mecha-
nism of each application, all different 
functionalities are achieved on the basis 
of manipulating fundamental properties 
of EM phenomena during their propaga-
tion. [ 1 ]  According to Fermat’s principle, 
the transition of EM state from one to the 
other is an accumulation effect during 
wave propagation. In order to control the 
wavefront, conventional elements shape 
the phase distribution via a structural 
either geometry or refractive index of 
interfacial boundaries of two materials. 
However, due to the limited permittivity 
and permeability of natural materials, the 
existing EM elements are usually bulk, of 
multiwavelength thickness, and therefore 
hard to be integrated into nanophotonic 

and nanoplasmonic devices. 
 On the other hand, portable devices with highly integrated 

functions become one of the most preferable trends of cur-
rent techniques. Their extremely suppressed volume leaves 
less room in integrating multiple functionalities within one 
design. Therefore, deep subwavelength structures being able to 
effi ciently control EM phenomenon are continuously pursued. 
As a highly signifi cant breakthrough, metamaterials provide 
more freedom in controlling light since they can be designed 
with arbitrary permittivity and permeability. Through tailoring 
the geometry or materials of components, many exceptional 
phenomena have been demonstrated, such as subwavelength 
imaging, [ 2 ]  beam rotator, [ 3 ]  invisibility cloaks, [ 4,5 ]  etc. However, 
due to the bulk properties of 3D metamaterials, current nano-
fabrication techniques, such as electron-beam lithography 
(EBL), focused-ion beam (FIB), impose great challenges in their 
widespread applications especially at the visible range. There-
fore, novel approaches with capability of effi ciently manipu-
lating EM wave propagation with ultrathin designs attract 
growing interests. 

 Frequency-selective surfaces (FSSs), usually consisting of 
periodically arranged metal gizmos with macro sizes, have 
been successfully applied to control EM wave at radio frequen-
cies half century ago. [ 6 ]  Whereas, in the past few years, we wit-
ness the rapid development in 2D metamaterial, dubbed as 
metasurface, due to its subwavelength dimension along wave 
propagation direction, which extremely simplifi es the require-
ments in sample fabrication, meanwhile, retains powerful 
functionalities in controlling the propagating properties of EM 
waves at visible and infrared (IR) frequencies. By introducing 
an abrupt phase discontinuities at surface of metal/dielectric 

Adv. Optical Mater. 2016, 4, 818–833

www.MaterialsViews.com
www.advopticalmat.de

http://doi.wiley.com/10.1002/adom.201500690


819wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

structures, metasurfaces are able to realize extraordinary light 
manipulations, such as light bending, [ 7–11 ]  focusing, [ 12,13 ]  wave 
plate, [ 14–16 ]  vortex beam generation [ 7,9,16,17 ]  and hologram. [ 18–20 ]  
Signifi cant achievements lead to more fl exibility in designing 
nanophotonic and nanoplasmonic devices. Furthermore, with 
the ultrathin design and isolated control unit, it is promising to 
integrate multiple functionalities into one system. 

 From a more general perspective, plasmonic/photonic nano-
structures could also be termed as metasurfaces due to their 
extraoridnary capbilities in engineering various linear/non-
linear light-matter interactions, which go beyond natural mate-
rials. [ 21–23 ]  However, they are mainly employed to engieering 
near fi eld with a uniform array assembled by identical unit 
cells. In contrast, applications of the emerging metasurfaces 
concentrate to manipulate EM wave propagations with spatially 
varying unit cells. One may fi nd a more general discussion on 
metasurfaces including both identical and varying building 
blocks in other reviews. [ 24–26 ]  

 Here, we focus on the recent achievements in metasurfaces 
with a narrower defi nition, being able to fully manipulate the 
propagation behavior of EM waves, including amplitude, phase, 
polarization, and linear/angular momentum. The underlying 
mechanisms for metasurface design will be discussed by intro-
ducing several illustrative structures in the second part. Then, 
applications of metasurfaces with various functionalities will be 
discussed in the third part. At last, a brief conclusion and out-
look of the ultrathin metamaterials is given.  

  2.     Types of Phase Discontinuities Generated 
within Subwavelength Space 

 In comparison with accumulation-type phase and amplitude 
modulation, wave-matter interaction affords a substantial 
approach to control both quantities in an abrupt manner, which 
can be engineered with a variety of parameters, such as shape, 
geometric dimension, confi guration and material of the consti-
tute structures, as well as the complex surrounding environment. 
For example, localized surface plasmon resonances (LSPRs) 
have been extensively investigated as an effi cient light–matter 
interaction process, which is formed by a dipole-like collective 
oscillation of electrons at the surface of metallic nanoparticles. 
Its resonant wavelength can be well predicted with  λ  eff   = 2 L / n  eff , 
where L is the lateral length along electric fi eld direction and  n  eff  
is the effective refractive index of environment. [ 27,28 ]  Determined 
by the length and material, the impedance of this oscillator is 
able to transit from capacitive, to resistive, and to inductance 
across a resonance, which leads to a 0-to- π  phase shift. [ 29 ]  How-
ever, full control of EM wave requires a 2 π  phase variation. Fortu-
nately, many fascinating candidates can meet the requirements. 
The relationship between individual building blocks and its cor-
responding phase or amplitude response can be well-defi ned via 
numerical simulations or theoretical predictions. Several repre-
sentative examples are shown in  Figure    1  .  

 Besides the ultrathin thickness, another remarkable feature 
of metasurfaces is that all the controllabilities are mainly deter-
mined by isolated subwavelength structures. Through arranging 
those structures following specifi c target amplitude and phase 
distributions, one novel avenue towards to ultra-compact 

devices relying on wave control have been opened up. In the fol-
lowing, some representative examples of recent advances in full 
control of EM wave with metasurfaces are introduced. 
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  2.1.     Phase Discontinuity Arising from Hybrid Mode 

 In the pioneering works of metasurfaces, V-shaped 
nanoantennas were fi rst proposed and experimentally dem-
onstrated to control the propagation of linearly polarized light 
at mid-infrared (MIR) range. [ 7,14 ]  Soon after, it was extended 
to the near-infrared (NIR) range. [ 8 ]  Interestingly, it should be 
emphasized that only the cross-polarized light is engineered 
with an anomalous behavior while the co-polarized counterpart 
propagates normally. The peculiar control over light propaga-
tion arises from fi eld cross-projection via two closely packed 
arms. A V-shaped antenna supports a symmetric mode when 
the electric fi eld is polarized along its diagonal axis and an 
anti-symmetric mode when the electric fi eld is polarized along 
the orthogonal direction. Under the proper polarized illumina-
tion, the weight of two modes in the total resonance could be 
modifi ed at will. The amplitude and phase of the out-coupling 
radiation with cross-polarization can thus be readily tailored 
through tuning the arm length and angle between two arms, 
as well as orientation of V-shaped antennas (Figure  1 a). Impor-
tantly, due to the involvement of two strongly coupled arms, 
the V-shaped antennas could offer larger scattering amplitudes 
in comparison with simple rectangular rod. [ 30,31 ]  By spatially 
positioning these particles, various functionalities have been 
achieved. [ 7,8,12,14,18 ]  Similar functionalities were accomplished 

via Babinet-inverted V-shaped nanoapertures perforated in gold 
fi lms, which have even better signal-to-noise ratio (SNR) by 
blocking the copolarized component. [ 32,33 ]   

  2.2.     Pancharatnam–Berry Phase 

 Later, gold nanorods were proposed to manipulate the phase 
profi le of circularly polarized (CP) light by employing Pan-
charatnam–Berry (PB) phase (Figure  1 b). [ 9,34,35 ]  As the pioneer, 
Hasman et al. have demonstrated conversion of polarization 
state and beam splitting with space-variant metal or dielectric 
gratings at wavelength 10.6 µm. [ 36,37 ]  Fainman et al. have also 
realized computer-generated holograms (CGHs) with similar 
structures at NIR range. [ 38 ]  The beauty of this approach lies in 
the linear dependence of phase delay φ on the orientation angle 
 θ  of each nanorod, i.e.,  φ   = ± 2 θ , with the sign determined 
by the polarity of incident light. Moreover, the scattering ampli-
tude remains the same due to the unchanged geometry size 
of each unit. Thereafter, more sophisticated designs were pro-
posed to improve the manipulation effi ciency and enable more 
exceptional manipulations. [ 39,40 ]  Because of the geometrical 
nature of the PB phase, such concept can be easily extended 
to other frequency. [ 41–43 ]  It is noted that the PB phase can only 
be imparted to CP light. Signifi cantly, when a linearly polarized 
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 Figure 1.    Different types of building blocks for metasurface design. a) V-shaped nanoantennas used to control the propagation of linearly polarized 
EM waves, which have been utilized to demonstrate wave bending, lens, QWP, vertex beam generation, etc. Reproduced with permission. [ 7 ]  Copyright 
2011, American Association for the Advancement of Science (AAAS). b) PB phase based metasurface realized with rotated nanorods. Reproduced with 
permission. [ 9 ]  Copyright 2012, American Chemical Society (ACS). c) MIM metasurfaces consisting of nanorods atop with varying lengths can manipu-
late refl ected wave with high effi ciency. Reproduced with permission. [ 10 ]  Copyright 2012, ACS. d) Wave manipulation with Huygens’ metasurface. Repro-
duced with permission. [ 56 ]  Copyright 2013, American Physical Society (APS). e) Full wave control realized with MTA. Reproduced with permission. [ 48 ]  
Copyright 2013, APS. f) Schematic of bilayer plasmonic metasurface. g) Achromatic metasurface with each unit cell consisting of two Si nanowires. 
Reproduced with permission. [ 66 ]  Copyright 2015, ACS.
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light is incident, two types of CP lights will have opposite phase 
delay. By utilizing the polarization-dependent phase response, 
devices based on the PB phase have the capability of controlling 
two waves with opposite polarities in different manners, such 
as dual-polarity meta-lenses [ 44,45 ]  and polarization switchable 
holograms. [ 46,47 ]  

 However, the manipulation effi ciency of such single non-
magnetic metasurfaces made of passive materials, either 
V-shaped nanostructures or PB phase metasurfaces, suffers 
from a theoretical upper limit 25%, which thus restricts their 
practical applications. [ 48 ]   

  2.3.     Phase Discontinuity Arising from Gap Mode 

 In order to boost up the manipulation effi ciency, complex mech-
anisms such as mode coupling and magnetic resonance, have 
to be involved. As shown in Figure  1 c, high effi ciency refl ected 
wave control was demonstrated with metal–insulator–metal 
(MIM) nanostructures. From the point view of mode coupling, 
this MIM design can be understood as strong coupling between 
dipole-like LSPR atop and its image. [ 1,49 ]  A magnetic resonance 
will be created with strong magnetic fi eld confi ned inside the 
dielectric layer, which is usually termed as a gap mode. Phase 
delay can be fl exibly controlled through varying the dimension 
or orientation of nanoparticles atop. [ 10,13,20,50 ]  By blocking trans-
mission with an optically thick metal substrate, such design is 
able to manipulate refl ected light with an effi ciency as high as 
80% over a broad bandwidth. If anisotropic nanoparticles are 
employed as building units, polarization-dependent phase delay 
can also be encoded within one design. [ 51 ]  Instead of geometric 
size variation, recently, it was shown that by rotating the orien-
tation of nanorods atop, the PB type phase control can also be 
attained with an effi ciency larger than 80% by combining with 
MIM design. [ 20 ]  

 Besides the high effi ciency refl ection control, by reducing 
the thickness of metallic substrate less than its skin depth 
and adhering two same structures back-to-back together, a 
high transmission has been achieved within a broadband fre-
quency. [ 52 ]  It was also used to demonstrate anomalous light 
propagation covering almost the entire visible band with effi -
ciency beyond the theoretical limit of single non-magnetic 
metasurfaces. [ 53 ]   

  2.4.     Huygens’ Metasurface 

 Based on Huygens’ Principle, the new wavefront is deter-
mined by the sum of secondary wavelets generated by the all 
the points on a previous wavefront. Recently, inspired by the 
Huygens’ principle, another type of metasurface was proposed 
by employing both fi ctitious electric and magnetic polarization 
currents as the secondary sources. [ 54,55 ]  To realize such control, 
polarizable particles with surface electric and magnetic polariz-
abilities ,ae m

eff  will be spatially arranged across a 2D surface. The 
relation between surface polarizability and equivalent electric 
and magnetic surface currents can be expressed as: [ 56 ] 

 
, ,, ,J jwa E s M jwa

eff

m
H ss e

eff
t av s t vs

� � � �
= = = ⋅=

 
   ( 1)  

 where |,E st vs

�
 and |,H st vs

�
 represent the average electric and mag-

netic fi elds tangential to the surface  S . As shown in Figure  1 d, 
by stacking multiple boards consisting of two types of polari-
zation currents, refl ectionless sheets were experimentally dem-
onstrated at microwave and NIR ranges. [ 56,57 ]  Moreover, by 
distributing bianisotropic polarizable particles in a nonperiodic 
manner, polarization control could be performed with beam 
shaping. [ 58 ]   

  2.5.     Metatransmit-Array 

 In a parallel effort, based on nano-circuit model, a 
metatransmit-array (MTA) was proposed to full control of the 
transmitted wave by stacking three closely spaced inhomoge-
neous metasurfaces (Figure  1 e). [ 48 ]  Each layer was composed of 
a plasmonic portion and a dielectric portion, connected in shut 
alternatively. The phase control and amplitude can be engi-
neered independently through adjusting the fi lling ratio and 
the associated reactance once the impedance matches with the 
host environment. An ideal effi ciency can be expected if low-
loss materials are employed. By locally tailoring the parameters, 
MTA is potentially promising to be applied to achieve other EM 
wave functionalities.  

  2.6.     Bilayer Metasurfaces 

 For single-layer metasurfaces with infi nitesimally thin thick-
ness, only transverse electric (magnetic) currents could be 
induced on nanoparticles (nanoapertures). The radiation 
symmetry results in a theoretical upper limit to the anoma-
lous transmission. Therefore, a single ultrathin metasurface 
is incapable of improving manipulation effi ciency of trans-
mitted light. [ 48 ]  However, such limit tends to be transcended 
by breaking the radiation symmetry with a fi nite-thickness 
(yet subwavelength) metasurface, for instance, a bilayer design 
consisting of V-shaped particles and their Babinet-inverted 
apertures (Figure  1 f), where a transverse electric current and 
a transverse magnetic current are supported on the top and 
bottom layers consisting of structures with subwavelength lat-
eral sizes, respectively. [ 59 ]  The bilayer metasurface thus results 
in discontinuities on both transverse magnetic fi eld and trans-
verse electric fi eld, respectively. By breaking the radiation sym-
metry with structural asymmetry, a full control of transmitted 
light with higher effi ciency becomes possible. 

 In previous designs as listed above, couplings among adja-
cent unit cells are usually negligible and each unit cell could 
be designed individually. On the contrary, in the bilayer metas-
urfaces, strong intra-layer couplings among adjacent unit cells 
should be taken into account due to their extremely small lat-
eral distance. Furthermore, different from previous multilayer 
designs, such as Huygens’ metasurfaces and metatransmit-
array, the separation between two layers is at deep subwave-
length scale (one tenth of the operation wavelength), which 
also gives rise to strong inter-layer couplings. Because of the 
strong intra- and interlayer couplings, all the subunit cells 
of the bilayer metasurface are needed to be optimized as a 
whole. Herein, higher manipulation effi ciency of anomalous 
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attributed to the coupling effects.  

  2.7.     Achromatic Metasurfaces 

 Chromatic dispersion is another vital issue but inevitable chal-
lenge of existing designs, which also happens to both refrac-
tive optics and diffractive optics. Even though broad operation 
bandwidth has been achieved with metasurfaces, chromatic 
aberration still occurs due to the intrinsic dispersive behavior of 
resonance-induced phase change. To eliminate such aberration, 
a wavelength-independent phase delay is required to compen-
sate the counterpart during wave propagation. Previously, in 
order to obtain a broad band response, multiple modes reso-
nant at difference wavelengths are combined either transversely 
or longitudinally to form a super unit cell. [ 60–64 ]  Similarly, by 
composing two coupled rectangular dielectric resonator within 
one unit cell (Figure  1 g), silicon metasurface has been demon-
strated to enable defl ecting or focusing multiply wavelengths 
achromatically. [ 65,66 ]  It further broadens the capabilities of meta-
surfaces and suggests an unparalleled approach to circumvent 
the stubborn limitation of existing optical elements.  

  2.8.     Material Concerns 

 Even though great achievements in wave control have been 
realized with the aforementioned metasurfaces, inclusion of 
metallic component inevitably introduces signifi cant ohmic 
loss especially at visible and NIR frequencies. Alternatively, the 
well-established Mie theory predicts that high-refractive-index 
materials, such as silicon (Si), titanium dioxide (TiO 2 ) and ger-
manium (Ge), could provide one appealing solution to the issue 
of loss by supporting both electric and magnetic resonances, [ 67 ]  
which were not realized until recently in NIR and visible 
light. [ 68,69 ]  Such capabilities were also extended to full control 
of both refl ection and transmission. [ 16,70 ]  By replacing high-loss 
metal parts with silicon counterparts, broadband linear polari-
zation conversion and optical vortex generation have been dem-
onstrated experimentally. [ 17,71,72 ]  

 The emerging 2D materials could also be excellent candi-
dates to be patterned as metasurfaces. For instance, graphene 
has been employed to generate plasmonic resonance with lower 
loss than metal counterpart. [ 73–76 ]  By tailoring the geometric 
size of each unit, along with the controllable dielectric proper-
ties, 2D material metasurfaces are capable of realizing active 
resonance behaviors within a broad bandwidth.   

  3.     Properties of EM Wave Control with 
Metasurfaces 

  3.1.     Beam Defl ector and Meta-Lens 

 Convectional beam control elements, such as prisms and 
lenses, based on the phase accumulation along the optical path, 
suffer from bulky size, larger than operation wavelengths. In 
contrast, by introducing localized resonances, arbitrary phase 

delay can be gained by tailoring the lateral dimension of 
structures while the thickness is at the sub- or even deep-sub-
wavelength scale. As such, the material properties drop to the 
second place.  Figure    2   shows several typical examples of beam 
defl ectors and meta-lenses.  

 In order to defl ect an incident plane wave into a desired 
direction, a linear phase variation is necessary to modify the 
incoming wavefront. V-shaped nanostructures and nanobars 
were fi rst proposed to realize the transmitted wavefront control 
of linearly and CP light, respectively. [ 7–9 ]  However, their mani-
pulation effi ciencies were hard to meet practical applications. 
By using the bilayer structure, the manipulation effi ciency 
of anomalous transmitted light with cross polarization was 
improved to 17% (36%) in experiment (simulation) covering the 
long end of visible light, which resulted from the strong intra- 
and interlayer coupling among adjacent unit cells. [ 59 ]  To further 
improve the manipulation effi ciency, based on MTA structures, 
refl ected light was completely suppressed (Figure  2 a), by judi-
ciously selecting the fi lling ratio and reactance of building 
blocks, in the meantime, ensuring impedance matching to 
the environment. The achieved anomalous transmission effi -
ciency was as high as 70% at a wavelength of 3 µm in simula-
tions when the ohmic loss was minimized. [ 48 ]  Comparable light 
bending were also demonstrated with Huygens’s metasurface 
experimentally, with which the manipulation effi ciencies were 
as high as 90% and 30% at microwave and NIR range, respec-
tively. [ 56,57 ]  However, the inherent high ohmic loss of metals still 
confi nes metal-based designs, especially at the visible range. In 
contrast, high-index dielectrics become appealing due to their 
low loss. More signifi cantly, coexisting of electric and magnetic 
resonances within one structure facilitates almost completely 
suppressing the resonant refl ection via their destructive inter-
ference and then results in an improved transmission. Lately, 
such effi ciency was increased to 45% at a wavelength of 715 nm 
for copolarized wave control, [ 11 ]  while to 72% at a wavelength of 
915 nm for cross-polarized wave control. [ 17 ]  On the contrary, the 
effi ciency limit in the anomalous refl ection was well overcome, 
for instance, 80% with a bandwidth 750–900 nm by using MIM 
structures, where transmission was blocked by the metal sub-
strate with thickness much larger than skin depth. [ 10 ]  

 Usually, refl ection and refraction occurs in the incident 
plane, defi ned by the incident and normal direction of interfa-
cial boundaries. However, out-of-plane refl ection and refraction 
is also desirable for 3D beaming applications. Besides using 
bulk anisotropic materials, it was proposed that either an inho-
mogeneous source or 3D photonic crystals with anisotropic 
band structures can realize out-of-plane refraction. [ 77,78 ]  In fact, 
according to the generalized Snell’s law, by imparting a tangen-
tial wave vector to the incident light, anomalous refl ection and 
refraction can be realized in a non-coplanar plane, where the 
incidence plane was at an arbitrary angle respect to the phase 
gradient (Figure  2 b). [ 79 ]  

 Since the phase control is only dependent on the isolated 
subwavelength antennas, metasurfaces are also fl exible to 
be spatially arranged for even advanced functionalities, for 

example, fl at lenses shown in Figures  2 c–e. [ 12,44,45 ]  To converge 
a planar wavefront into a spherical one at a distance  f  from the 

lens, a phase profi le ( , ) 2 / 2 2 2x y X y f fLϕ π λ ( )= + + −  should 
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be imparted to the incident wavefront. The focusing ability 
depends on the numerical aperture NA = sin[tan –1 ( D /2 f  )], 
where  D  is the diameter of the lens. Therefore, it is straightfor-
ward to achieve good focusing performance by covering more 
2π periods. [ 13 ]  

 It also shows that the metasurface-based fl at lens could be 
designed to be immune from monochromatic aberrations 
which need to be circumvented with quite complex optimiza-
tion techniques during the fabrication of conventional refrac-
tive optical elements. It facilitates design of a high NA fl at lens 
without aberrations even under nonparaxial conditions. In the 
fi elds of microscopy and other imaging systems such ultrathin 
fl at lens can fi nd relevant applications. Moreover, metasur-
faces are also used to design axicons, a specialized type of 

lenses, being able to perform as a hollow beam generator or 
a Gaussian-to-Bessel beam transformer, which can be applied 
in eye surgery, optical trapping, microscopes, and telescopes. 
For an axicon with angle  β , a conical phase delay is required 
to imposed to the incident wave, which can be expressed as 

x y X yA( , ) 2 / sin2 2ϕ π λ β )(= +  [ 12 ]  Figure  2 c presents an axicon 
realization with V-shaped antennas based on cross-polarization 
effect at MIR frequencies. [ 12 ]  Similar functionality has also been 
realized with Huygens’ surface, where an incident Gaussian 
beam was transformed into a Bessel beam while maintaining 
the polarization with a transmittance beyond 99%. [ 44 ]  

 In addition to the functionality of conventional lenses, a 
counter-intuitive dual-polarity fl at lens by using PB phase 
units can produce handedness-controllable magnifi ed and 
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 Figure 2.    Beam defl ector and meta-lens realized with metasurfaces. a) In-plane wave bending realized with three-layer design by MTA. Reproduced with 
permission. [ 48 ]  Copyright 2013, APS. b) Out-of-plane wave bending realized with V-shaped nanoantennas. Reproduced with permission. [ 79 ]  Copyright 
2013, ACS. c) Flat focusing lens with consisting of V-shaped nanoantenna array. Reproduced with permission. [ 12 ]  Copyright 2012, ACS. d) Dual-polarity 
metalens for visible light realized with PB phase metasurface. Reproduced with permission. [ 44 ]  Copyright 2013, Nature Publishing Group (NPG). 
e) A meta-lens with high NA and large effi ciency based on Si transmit-arrays (inset: side-view of the sample) and f) the tailorable focusing performance. 
e,f) Reproduced with permission. [ 71 ]  Copyright 2015, NPG.
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focusing and defocusing functionalities can be integrated into 
the same fl at lens which responses to right CP light and left CP 
light, respectively. One drawback of these fl at lenses is that the 
focusing light always mixed with the incident background light, 
which needs to be fi ltered out by additional polarizer/wave 
plate. Later, Babinet-inverted nanoapertures were developed to 
overcome such drawback, where a high SNR was achieved by 
blocking the copolarized light with opaque metal fi lm. [ 32,33 ]  

 The manipulation effi ciency of plasmon-based metasurfaces, 
either beam defl ectors or meta-lenses, is far from being applied 
practically. [ 80,81 ]  However, such issue is gradually being solved 
with semiconductors or high-index dielectrics. [ 11,16,17,72,82 ]  A 
subwavelength-thick lens with high NA was reported based 
on high-contrast transmitarrays (Figure  2 e). [ 71 ]  The meas-
ured performance was summarized in Figure  2 f, where the 
focusing effi ciency was up to 42% with a spot size 0.57  λ  0  at 
an operation wavelength  λ  0  of 1550 nm. In addition, the design 
is polarization-insensitive due to isotropically local scattering 
effect of each silicon post. It is believed that this manipulation 
mechanism can be easily executed with polarization-sensitive 
responses by using anisotropic structures such as ellipses and 
rectangles.  

  3.2.     Polarization Control 

 Polarization is another essential characteristic of EM waves 
with a wealth of applications in display, industry test and life 
science microscopy. In particular, besides the reduction of geo-
metric dimension of each pixel, polarization states provide an 
alternative approach to multiply the optical information storage. 
Control of polarization states has thus long been pursued by 
different disciplines. Conventional polarization controllers, 
such as quarter wave plate (QWP), half wave plate (HWP) and 
polarization rotator (PR), are hard to meet the requirements 
in lab-on-chip systems due to the involvement of bulk mate-
rials, such as birefringence crystals. Its dispersive nature also 
makes it inherently narrow band operation. Benefi ting from the 
extremely reduced thickness and fl exible phase control, metas-
urfaces become appealing to supersede the conventional polari-
zation controllers to be applied to miniaturized devices. 

 Over the past few years, diverse designs have been proposed 
to achieve effi cient polarization alteration ranging from visible 
light to microwave. [ 14,15,83–89 ]  Anisotropic structures, such as T-, 
C- and L-shaped structures and split rings, are widely used to 
tailor the phase difference of two orthogonal electric fi eld com-
ponents. [ 15,40,90–92 ]  For instance, a QWP based on a metasurface 
consisting of phased antenna arrays is shown in  Figure    3  a. 
The unit cell contains two sub-units, which support two co-
propagating waves with equal amplitude but orthogonal linear 
polarizations. An offset-dependent phase difference facilitates 
to generate controllable polarization states. The required π/2 
phase difference is added to two co-propagating waves by offset-
ting a Γ/4 between two sub-units, where Γ is the length of the 
subunit. In addition, due to a phase gradient introduced along 
period direction, the produced CP light propagates at a defl ec-
tion angle arcsin( / )Lθ λ= Γ  which generates a background-free 
QWP. A high degree of circular polarization (>0.97) is generated 

within a broad bandwidth 5–12 µm. [ 14 ]  However, it should be 
noted that such wavelength-dependent defl ection angle of CP 
light may have limitations to its practical applicability. Further-
more, since the phase difference is only imparted to the cross 
polarized electric fi eld component with this ultrathin design, 
the overall conversion effi ciency is capped at a maximum of 
25%. [ 48 ]  To overcome the effi ciency limit, a T-shaped nanostruc-
ture consisting of two closely spaced nanorods was proposed 
(Figure  3 b). [ 15 ]  Distinctly, the achieved effi ciency of QWP was 
as high as 50% covering a broad bandwidth 615–835 nm, 
where the additional phase delay results from the detuned 
resonances of two nanorods by tailoring their lengths. The 
measured degree of linear polarization (DoLP) and angle of 
linear polarization (AoLP) are remarkably large under CP illu-
mination (Figure  3 c). Recently, through introducing coupling 
between two layers with orthogonal punched apertures, acting 
as two linear polarizers, a HWP was demonstrated in both NIR 
frequency (conversion effi ciency 40%, relative bandwidth 8%) 
and microwave band (conversion effi ciency ≈100% and relative 
bandwidth 15%). [ 88 ]  Nevertheless, transmission-type HWP with 
high effi ciency is still absent at visible frequencies.  

 In contrast to the general predicament of low conversion 
effi ciencies occurring to transmission-type wave plates, refl ec-
tion-type counterparts could be readily realized with high effi -
ciencies. Such polarization control capability has been accom-
plished by employing particle-insulator-metal confi guration, 
which was initially proposed as a perfect absorber working at 
different frequency ranges. [ 93,94 ]  Here, no transmission hap-
pened due to the optically thick metal substrate. Electromag-
netic wave can be multiply refl ected within the dielectric spacer, 
and suffi cient phase delay accumulates to fulfi ll the phase 
requirement of either QWP or HWP. [ 16,83,90,95 ]  Meanwhile, the 
inherent dispersion of resonant mode originating from top 
particles could be well neutralized by the thickness-dependent 
dispersion of dielectric spacer. A dispersion-less polarization 
control can thus be expected. [ 90 ]  This structure was used to 
realize a HWP with polarization conversion effi ciency close to 
100% at the NIR range within a broad bandwidth, where the 
top material was silicon and the bottom substrate was silver 
(Figure  3 d). [ 16 ]  Because of the relatively low index contrast of 
the dielectric unit cell (compared with metal resonators), the 
thickness of the Si resonator is relatively large which may chal-
lenge to fabricate. Additionally, high effi ciency is a result of 
sacrifi cing transmission property which causes limitations in 
many applications. So far, refl ection-type designs with dielectric 
layer have been experimentally demonstrated to be the best way 
of enhancing the manipulation effi ciency. Similar mechanism 
is also applicable to replace dielectric particles with metal coun-
terparts. [ 83,89,90 ]  For example, both QWP and HWP have been 
demonstrated with a high effi ciency (>80%) covering a very 
broad band from 640 to 1300 nm, where both top and bottom 
materials were gold. [ 96 ]  

 Besides the polarization state conversion, it is also desired 
to arbitrarily rotate the polarization angle of linearly polari-
 zed light, which is usually required in types of situations, 
for instance, optical isolator, total internal refl ection, and any 
other polarization dependent phenomena and devices. To 
overcome the bulk size of conventional polarization rotator 
based on either anisotropic or chiral materials, many artifi cial 
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planar designs have been widely investigated. [ 91,97–99 ]  However, 
either small rotation angle or moderate rotation effi ciency has 
long awaited practical solutions. Figure  3 e shows one type of 
polarization rotator based on coupling of waveguide mode and 
plasmonic mode. [ 100 ]  By combining the contribution of both 
the LSPR and surface plasmons polaritons (SPPs), arbitrary 
rotation angle has been accomplished by simply modulating the 
thickness of the S-shaped through apertures in silver fi lm. Par-
ticularly, a near-complete rotation (90°) at wavelength 1089 nm 
was obtained at a 245-nm-thickness silver fi lm (Figure  3 f). 
Nevertheless, due to the resonance origin, the operation band-
width is usually very narrow. On the other hand, polarization 
control at terahertz frequencies is particularly fascinating due 
to the lack of suitable natural materials. As shown in Figure  3 g, 

a three-layer confi gurations was employed to achieve the polari-
zation rotation with effi ciency larger than 50% over a rela-
tive bandwidth 40%. [ 101 ]  Especially, due to the introduction of 
a phase gradient at the middle layer, the rotated wave propa-
gates at a defl ected angle, similar to the achievement shown in 
Figure  3 a. Recently, by cascading Huygens’ anisotropic metas-
urfaces with judiciously selected admittances, exotic polariza-
tion conversions have also been accomplished (Figure  3 i). [ 58 ]  

 Apart from polarization control, determination of polariza-
tion state is also signifi cant for many applications. However, 
multiple measurements are usually needed to determine the 
Stokes parameters, which describe the polarization state with 
four parameters. [ 1,102,103 ]  The setup is complex requiring seve-
 ral polarizers and wave plates since the four parameters are 
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 Figure 3.    Polarizations control with metasurfaces. a) A broadband, background-free QWP realized with V-shaped nanoantenna array. Reproduced with 
permission. [ 14 ]  Copyright 2012, ACS. b) Broadband polarization tailoring for visible light and c) experimentally measured degree of linear polariza-
tion (DoLP) and angle linear polarization (AoLP) for CP excitation. Reproduced with permission. [ 15 ]  Copyright 2013, ACS. d) Half-wave plate realized 
with dielectric refl ectarray. Reproduced with permission. [ 16 ]  Copyright 2014, ACS. e) Polarization rotator based on coupling of waveguide mode and 
plasmonic mode and f) its performance. Reproduced with permission. [ 100 ]  Copyright 2013, APS. g) Linear polarization conversion and anomalous 
refraction at terahertz frequencies and h) its experimental conversion effi ciency as a function of frequency and angle. Reproduced with permission. [ 101 ]  
Copyright 2013, AAAS. i) Schematic of polarization control (rotator, polarizer, etc.) based on Huygens’ metasurfaces. Reproduced with permission. [ 58 ]  
Copyright 2014, APS.
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different bases: the standard Cartesian base ( ˆ , ˆx y), a Cartesian 
base rotated by 45 o  ( ˆ, ˆa b) and a circular base (ˆ, ˆr i ). Metasurfaces 
provide an effective way to reduce the complexity of detection 
process. [ 104–106 ]  Through calculating the relative intensities, the 
ellipticity and handedness of a completely polarized incidence 
can be deduced based on PB-phase-enabled metasurface. [ 104 ]  
Furthermore, by judiciously integrate three sub-metasurfaces 
into one meta-grating, with which the power of an incident 
light with arbitrary polarization state will be diffracts six dif-
ferent directions. The Stokes parameters will then be calculated 
after one-step measurement. [ 105 ]  As such, metasurfaces could 
also be employed to detect other parameters of EM waves, for 
example, the orbital angular momentum (OAM). [ 107,108 ]   

  3.3.     Metahologram 

 Holography was fi rst proposed in 1948 by Gabor to reconstruct 
the 3D imaging of an object by scattering an incident laser 
beam from the hologram, an optically recorded interference 
pattern. [ 109 ]  Since then, it got a rapid development in many 
applications such as wavefront shaping and optical manipula-
tion with the help of the CGHs, [ 110 ]  which have been realized 
by the representative relief elements with propagation-accu-
mulated phase, [ 111 ]  and spatial light modulators (SLMs) [ 112 ]  
with reconfi gurable and tunable functionalities. However, the 
relief elements seem incapable of tackling color holography 
well. [ 111 ]  Worse still, with the limitations on fabrication tech-
nologies, their smallest achievable pixel size is as large as seve-
 ral micrometers (tens of wavelengths for visible light), which 
makes them not only suffer from high-order diffraction and 
twin-image issues, but also be incompetent at manipulating the 
polarization of visible light. Therefore, although metasurfaces 
allow the full manipulation of light, their most signifi cant con-
tribution to holography community is tailoring the polarization 
of light. To emphasize their signifi cances, metasurface-based 
holograms are here classifi ed in terms of polarization response: 
linear polarization and circular polarization metaholograms. 

  3.3.1.     Metaholograms for Linear Polarizations 

 Usually, either 2π-phase and quasi-uniform amplitude modula-
tion (Figure  3 a) or pure-amplitude modulation (Figure  3 b) [ 113,114 ]  
is required to reconstruct a holographic image through deli -
berately optimizing structure geometry for a linearly polarized 
light at one single wavelength. Due to the strong dispersion 
of plasmonic resonances, the response of phase and ampli-
tude of a single structure is dispersive. Particularly, when the 
building structures support broad bandwidth resonances, this 
type of meta-hologram is able to render one image with vari-
 ant colors. [ 51 ]  However, in order to achieve a real multicolor 
meta-hologram, i.e., each image rebuilt with one single color, 
the selected structures have to be resonant at separated wave-
lengths. One effective approach is to form a super unit cell by 
combining multiple structures, which are resonant at totally 
different wavelengths (Figures  3 c,d). [ 115,116 ]  Different holo-
graphic images are reconstructed by addressing the incident 

wavelengths, which works as a new metasurface-based wave-
length-multiplexing technique. However, it should be noted 
that, in order to circumvent cross-talk of different wavelengths 
by spectrally separating employed resonances, the trade-off 
between color and phase/amplitude control inevitably results 
in low energy utilization effi ciency for holographic images 
reconstruction. 

 Furthermore, by adopting the polarization response of biaxial 
two orthogonally orientated nanorods with large ratio of length 
to width to form a single pixel, polarization-dependent phase/
amplitude response enables anisotropic response, i.e., two 
images can be encoded within one design (Figures  3 e,f). [ 51,117 ]  
Alternatively, by using vectorial diffraction theory, [ 118,119 ]  the iso-
tropic refractive-index modulation structures have also shown 
polarization-multiplexed phase holograms (Figure  3 g). [ 120 ]  

 Nevertheless, both wavelength and polarization multiplexing 
meta-holograms have low effi ciency because of either low fi lling 
factor or small scattering cross section of nanostructures, as 
well as high ohmic loss of metals. [ 18,19,121 ]  The highest effi ciency 
for linear-polarization plasmonic meta-hologram is around 
50% which it has just been achieved in a refl ective operating 
mode at a NIR wavelength of 1550 nm. [ 122 ]  In comparison, the 
dielectric meta-hologram with much lower absorption than 
metal can enhance the effi ciency up to 91% at a wavelength of 
915 nm in a transmission mode with the help of Mie scattering 
(Figure  3 h). [ 17 ]  Unfortunately, the high-effi ciency (>80%) meta-
hologram for linear polarization is not yet reported at the vis-
ible range thus far.  

  3.3.2.     Metaholograms for Circular Polarizations 

 Different from meta-holograms for linear polarizations, which 
are mainly achieved with geometry-dependent resonance 
response, metaholograms for circular polarizations gain the 
required phase control via orientation-rotated structures, i.e., 
PB phase. Due to the linear dependence of phase delay on 
orientation angle of individual structures, the engineering 
realization of multilevel phase for 3D holography [ 19 ]  and holo-
graphic space-multiplexing (Figure  3 i) are greatly simplifi ed. [ 123 ]  
Remarkably, a refl ection-type hologram with high effi ciency 
beyond 80% has achieved based on this mechanism by using 
MIM structures. [ 20 ]  It has also been developed to show circular-
polarization dependent high-quality images effi ciently in a 
broad bandwidth ( Figure    4  k), [ 46 ]  making the metahologram 
more suitable for practical applications.  

 It is worthy to point out that the geometric phase based 
metasurface is dispersion free, which gives rise to a fail in 
wavelength multiplexing. In turn, the dispersion-less property 
makes these meta-holograms be able to operate at a broadband, 
i.e., displaying the same image with different colors. [ 19,20,46 ]  
All the reported meta-holograms designed for circular-
polarization have no high-order diffraction and twin-image 
issues, being suffered by some linear-polarization meta-holo-
grams, [ 51,113,115–117,122,124 ]  because their effective pitches com-
posed of arrayed nanostructures have the wavelength-scale (i.e., 
larger than one wavelength) size. Genevet et al. have a more 
detailed discussion on meta-hologram and applications based 
on holographic metasurfaces. [ 125 ]    
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  3.4.     Angular Momentum of EM Waves 

 The mechanical properties of light have intrigued a myriad of 
applications such as optical trapping, [ 126 ]  optical communica-
tion [ 127,128 ]  and microscopy. [ 129,130 ]  Besides linear momentum, 
light can also carry angular momentum, i.e., spin and orbital 
angular momenta. [ 131 ]  Spin angular momentum (SAM) of 
light was fi rst realized in 1909 by Poynting, which was asso-
ciated with the circular polarization. [ 132–134 ]  However, the OAM 
of light was recognized until 1992, which was carried by an 
azimuthal phase dependence of exp(– ilφ ) and independent of 
the polarization state. Here  l  is the topological charge, indi-
cating the number of twists of the wavefront within one wave-
length. [ 135,136 ]  Till now, various methods have been proposed to 
generate vortex beam with different topological charges, such 
as spiral phase plates, [ 137 ]  SLM, [ 138 ]  Q-plate, [ 139 ]  cylindrical mode 
converters. [ 140 ]  However, these bulk elements impose the great 
challenges on their integration with other optical devices, how-
ever, which can be feasibly overcome with the metasurfaces. 

 By arranging eight constitute antennas to form an azi-
muthal phase delay ranging from 0 to 2π ( Figure    5  a), a 
spiral-like phase delay will be imparted to the planar wave-
front of the incident wave (Figure  5 b). [ 7 ]  Here the topological 

charge is 1. Its feature can be identifi ed by interfering with 
a normal spherical wave or inclined plane wave. Such beam 
wavefront can also be achieved for CP light by using PB 
phase. [ 9 ]  Alternatively, hologram has been used as an effec-
tive approach to generate spiral phase. As an example, by 
fabricated structures with fork patterns (Figure  5 c), the cor-
responding spiral phase can be created by using Gaussian 
beam as an incidence. [ 141 ]  Meanwhile, the radially polarized 
beam (RPB), which is fi ltered out by subwavelength ring-
shaped radial polarizer, inevitably carries unwanted spatially 
varying phase distributions (e  jθ  ). As a result, the superposi-
tion of the radial polarizer and the fork diffraction hologram 
can generate phase compensated radially polarized light. To 
be more specifi c, the RPB is selected by the subwavelength 
apertures, and the deviated PB phase was compensated by 
spiral phase of the –1 order beam generated by the fork holo-
gram. As shown in Figure  5 d, it is obvious that different 
polarization states can be well selected by a linear polarizer. 
Notably, the working wavelength covers the long end of visi-
 ble range with a relative bandwidth 30%.  

 Besides the generation of OAM, effi cient detection of vortex 
beam is also signifi cant for exploiting its potentials. However, 
different topological charges are hard to be selectively detected 
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 Figure 4.    Hologram realized with metasurfaces. a) Metasurface holography for linear polarization realized by V-shaped nanoapertures. Reproduced 
with permission. [ 18 ]  Copyright 2013, NPG. b) Nanosieve hologram. Reproduced with permission. [ 114 ]  Copyright 2015, NPG. c) Two-color metahologram 
realized by nanoparticle scatters. [ 115 ]  d) Color metahologram realized by rectangle nanorods. Reproduced with permission. [ 95 ]  Copyright 2015, ACS. e–g) 
Polarization-multiplexing metaholograms. Arrows represents the polarization of electric fi eld. e) Reproduced with permissions. [ 51 ]  Copyright 2013, ACS. 
f) Reproduced with permission. [ 117 ]  Copyright 2014, ACS. g) Reproduced with permission. [ 120 ]  Copyright 2015, NPG. h) High effi ciency silicon metaholo-
grams. Reproduced with permission. [ 17 ]  Copyright 2015, NPG. i) Metahologram based on PB phase. Reproduced with permission. Copyrights 2013, 
NPG. j) Metahologram based on hybrid of PB phase and MIM structures. Reproduced with permission. Copyright 2015, NPG. k) Helicity multiplexed 
metaholograms. i) Reproduced with permission. [ 19 ]  Copyright 2013, NPG. j) Reproduced with permission. [ 20 ]  Copyright 2015, NPG. k) Reproduced with 
permission. [ 46 ]  Copyright 2015, NPG.
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since such information is carried by the azimuthal phase, 
which is impossible to be recorded with conventional photo-
detectors. Inspired by the principle of hologram, effi cient 
OAM sorting techniques have been developed by using dif-
fractive optical elements to convert OAM states into transverse 
momentum states. [ 142,143 ]  In order to fulfi l the conservation of 
angular momentum, an opposite OAM is required to impart to 
the incident vortex beam. As shown in Figure  5 e, a hologram 
consisting of fork-like nanostructures was patterned on the 
metal fi lm being able to convert an incoming vortex beam with 
topological charge  l  = −1 to a focused SPPs without OAM. [ 107 ]  
The detected results of incident light with different OAM are 
presented in Figure  5 f. In the shown example, due to the on-
purpose design, the complex coupler can selectively couple 
vortex beam with given topological charge by compensating the 
phase via scattering. Detection of higher order OAM can also 
be achieved with good selectivity by modifying the holographic 
coupler. By using multiple plasmonic semi-ring slits, another 
simpler method was also able to sort OAM, which was based 
on the constructive interference of a phase-modulated SPPs at a 
wavelength 633 nm. [ 108 ]  

 Optical spin Hall effect (OSHE) has signifi cant potentials 
in optical communications and information processing. How-
ever, extremely small photon momentum and weak spin–orbit 
interaction make it hard to be observed. As light propagating in 
homogeneous media, both spin and orbital angular momenta 
are independent on each other. But, in a complex medium or 
inhomogeneous medium, they will interact with each other. [ 139 ]  
Momentum exchange leads to changes in polarization and 
propagation trajectory. Unlike previous designs with multiple 
refl ections or ultrasensitive quantum weak measurements with 
pre- and post-selections of spin state, plasmonic metasurfaces 
allows the direct observation of large transverse motion of 
CP light through breaking the axial symmetry of the system. 
As shown in Figure  5 g, by using V-shaped nanostructures, 
positions-dependent phase discontinuity breaks the axial sym-
metry of the system and allow strong spin-orbital coupling. [ 144 ]  
A relative transverse shift can be readily measured. Although 
the shift amount could be increased by introducing a larger 
in-plane phase gradient, it may be still too small to be used in 
practice (Figure  5 h). Metasurfaces based on PB phase provide 
another excellent strategy to realize helicity-dependent wave 
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 Figure 5.    Vortex beam generation, detection, and spin–orbital interaction enhancement based on metasurfaces. a) OAM generation with V-shaped 
nanoantennas and  b) far-fi eld intensity distribution of an optical vortex with topological charge 1 (left), spiral patterns (middle), and dislocated fringe 
(right) are created by the on-axis and off-axis interference of the vortex beam and a Gaussian beam, respectively. a,b) Reproduced with permission. [ 7 ]  
Copyright 2011, AAAS c) A plasmonic detour-phase hologram fi lled with nanoscale apertures is able to manipulate phase, amplitude and polariza-
tion simultaneously. d) A radially polarized beam is generated and far-fi led intensity distributions fi ltered by analyzer oriented along different angles. 
c,d) Reproduced with permission. [ 141 ]  Copyright 2013, ACS. e) A holographic interface consisting of curved, fork-shaped grooves couples an incident 
vortex beam with topological charge -1 into a focused surface wave and f) detected photocurrent as a function of the incident polarization and topological 
charge. The inset shows the orientation of the polarization of the incident electric fi eld with respect to the grooves. e,f) Reproduced with permission. [ 107 ]  
Copyright 2012, NPG. g) Observation of giant OSHE with incident light polarized along  x - (left) and  y - (right) axes, respectively. Red and blue represent 
the right and left CP lights, respectively. h) Relative transverse motion between anomalously refracted light beams with right CP and left CP lights. g,h) 
Reproduced with permission. [ 144 ]  Copyright 2013, AAAS. i) Spin selective unidirectional SPP wave based on PB phase metasurface. Working principle 
(left) and experimental demonstrations (middle and right). Reproduced with permission. [ 145 ]  Copyright 2013, NPG. j) Spin-dependent light control. 
Left: top-view SEM image of experiment sample. Right: arbitrary spin-dependent SPP profi les with more complicated pattern. Reproduced with permis-
sion. [ 149 ]  Copyright 2015, NPG.
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propagation. [ 145,146 ]  Because of the interfacial phase disconti-
nuity generated by PB phase metasurfaces, the incident beam 
will be added additional linear momentum with the sign deter-
mined by its helicity. As a result, incident beams with opposite 
helicities will be guided into different directions following the 
equation below: [ 145 ] 
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   ( 2)  

 where  n  t  and  θ  t  are the refractive index and angle for the 
transmitted light, respectively.  λ  0  is the incident wavelength 
in vacuum and  σ  represents the helicity of the incident beam, 
which takes the values of ±1.  m  is the diffraction order and  p  
is the periodicity of unit cells. More importantly, by matching 
Equation  ( 2)  , the emergent light could be either surface wave 
(Figure  5 i) or propagating wave. [ 145,146 ]  However, current prac-
tices are usually achieved with low effi ciency because of unde-
sired zeroth order refl ection and transmission. Relatively, such 
unwanted scattering could be easily eliminated in refl ection-
type designs by blocking the transmission with an optically 
thickness substrate, as in MIM systems. By further satisfying 
the condition  r uu   +  r vv   =  r uu   –  r vv   = 0, the OSHE was demonstrate 
with nearly 100% effi ciency, where  r ij   ( i  and  j  =  u  and  v ) are 
the refl ection coeffi cients defi ned in the Cartesian coordinate 
system with two axes û  and v̂ . [ 147 ]  

 Nonetheless, generic metasurfaces based on PB phase 
have a vital defect that the achieved functionalities in con-
trolling EM waves are usually symmetric for two opposite 
spins, such as focusing/defocusing, left/right and inward/
outward. [ 41,44,46,145–148 ]  In principle, each PB phase ele-
ment (for example, nanorod and nanoslot) acts as a dipole 
source. To reconstruct a target fi eld distribution, we need 
to ensure a constructive interference of radiations from dif-
ferent elements, whose spatial distributions are determined by 

( , ) ( ) arg( )/ 2 .x y f E E i E constz x z y zθ = = ± ∂ ± ∂ +± , where  E  z  is the 
target fi eld and ± is associated with two spins. Due to the oppo-
site signs of induced phases, the propagation behavior will be 
opposite as well for two spins. Consequently, the manipulation 
is far from arbitrary and independent. It is lately realized that 
such undesired symmetry could be removed when the target 
fi eld profi le within a specifi c region is replaced with a super-
position of two or multiple target fi elds. As shown in Figure  5 j, 
a ring consisting of nanoslots was used to demonstrate spin-
dependent SPP wave control in an arbitrary way. [ 149 ]   

  3.5.     Other Applications 

 Novel functionalities of metasurfaces continue to be explored 
benefi ting from their full capabilities in controlling EM waves. 
One of most important applications of metamaterials is cloaking 
devices, with which objects can be hidden from the incoming 
waves. It was numerically proved that, by compensating the 
local phases with graded metasurfaces, a unidirectional carpet 
cloak is achievable to mimic the refl ection from a fl at ground, 
with which an arbitrary object can been hided in the prescribed 
region. [ 150–153 ]  Freshly, an ultrathin invisibility skin cloak for 
visi ble light was realized experimentally by spatially distributing 

the MIM-type resonators ( Figure    6  a). [ 154 ]  In comparison of 
bulky cloaks realized via 3D metamaterials, the achieved meta-
surface cloak was only with thickness 80 nm (one ninth of 
the operation wavelength). Due to the scalable feature of EM 
response, it is thus expectable that metasurface-based cloak can 
be readily extended to macroscopic sizes. In addition, the meta-
surface-based cloaks are more straightforward and practicable 
since there is no complex materials parameter involved.  

 Optical pulling force attracted a great deal of interest due 
to their fascinating feasibility for micromanipulation. [ 155–157 ]  
Propagation-invariant Bessel beam is one of the particular 
candidates to generate an ambient-independent pulling force. 
Lately, such force was theoretically gained via a dielectric meta-
surface (Figure  6 b). The proposed Si metasurface was able 
to convert a normally incident Gaussian beam into a tractor 
beam over a distance of 5 λ  0 , where  λ  0  is the operation wave-
length. [ 158 ]  The manipulation region can be further enlarged by 
increasing the diameter of metasurface and Gaussian beam. It 
opens a remarkable door to generate other structured beams 
to realize more sophisticated particle manipulations in diverse 
environments. [ 159–162 ]  

 Different achievements contribute immensely towards the 
growth of metasurfaces. Some fascinating stories continue to 
be put on the stage, such as 2D analogue of Cherenkov radia-
tion (Figure  6 c), [ 163 ]  mathematical operation (Figure  6 d), [ 164,165 ]  
nonlinear metasurface (Figure  6 e) [ 166 ]  and remote quantum 
interference (Figure  6 f). [ 167 ]  Beside the spatial gradient, a trans-
verse temporal gradient can also be taken into account to break 
the reciprocity symmetry, which shows important application 
in nonreciprocal devices, such as optical diode. [ 168 ]  More com-
prehensively, such concept of wave control has been applied to 
diverse disciplines for wave-matter interactions, such as acous-
tics, [ 169,170 ]  thermal physics, [ 171,172 ]  etc.    

  4.     Conclusions and Outlook 

 In this review, the recent advances—from the past few years—in 
metasurface-based applications have been presented from the 
perspective of achieved functionalities. Metasurfaces become 
one of the most promising candidates to replace conventional 
EM elements, being more applicable to miniaturized photoelec-
tric devices with high integrity. As one of the key performance 
factors, the manipulation effi ciencies of existing metasurfaces 
have to be improved further, especially for transmission-type 
manipulation at visible frequencies ( Table    1  ). The low effi ciency 
issues seem being solved by semiconductors or high-index 
dielectrics due to their smaller intrinsic losses at longer wave-
lengths. Especially silicon metasurfaces are more compatible 
with the established semiconductor processing technologies. At 
visible frequencies, there is still a long way to go. 

 Nevertheless, most of the existing metasurface-based dem-
onstrations show a lack of tunability. In order to achieve an 
active metasurface, the material properties of either building 
structures or the dielectric environment have to be tunable. 
Both approaches result from the material-dependent reso-
nance responses. The latter approach has been extensively used 
for sensing applications. Providentially, various of materials 
are lined up for active device designs, such as phase change 
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materials (PCMs), [ 173–178 ]  2D materials, [ 179,180 ]  liquid crys-
tals, [ 181 ]  microelectromechanical systems (MEMSs) [ 182,183 ]  and 
PIN diodes. [ 184 ]  The tunable performance can be accomplished 
via optical, electrical, or mechanical approaches by selecting 

appropriate active materials. For instance, an active polarizer 
was demonstrated at millimeter range. By switching on/off 
each PIN diode individually, the system can either covert the 
linearly polarized light into right CP or left CP light, while it 

Adv. Optical Mater. 2016, 4, 818–833
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 Figure 6.    Other applications of metasurfaces. a) Metasurface cloak for visible light. Reproduced with permission. [ 154 ]  Copyright 2015, AAAS. b) Gen-
erating stable tractor beams with dielectric metasurfaces. Reproduced with permission. [ 158 ]  Copyright 2015, APS. c) Cherenkov surface plasmon wakes 
with one-dimensional metamaterials. Reproduced with permission. [ 163 ]  Copyright 2015, NPG. d) Mathematical operation with metasurfaces. Repro-
duced with permission. [ 164 ]  Copyright 2014, AAAS. e) Anomalous light control with nonlinear metasurfaces. Reproduced with permission. [ 166 ]  Copyright 
2015, NPG. f) Metasurface-enabled remote quantum interference. Reproduced with permission. [ 167 ]  Copyright 2015, APS.

  Table 1.    Comparison of experimental manipulation effi ciencies at visible range.  

 Functionality  Type  Building block  Effi ciency a)   Wavelength  Material  b   )  

 Bending Refl ection Gap mode 80% 850 nm Gold [ 9 ] 

 Transmission PB phase 20% 550 nm Poly-Si [ 70 ] 

 Focusing Refl ection Gap mode 14–27% 750–950 nm Gold [ 80 ] 

 Transmission PB phase 15% 633 nm Ag [ 81 ] 

 Quarter wave plate Refl ection Gap mode 84% 640–1330 nm Gold [ 96 ] 

 Transmission Cross coupling c) 50% 615–835 nm Silver [ 15 ] 

 Half wave plate Refl ection Gap mode 85% 640–1400 nm Gold [ 96 ] 

 Transmission Cross coupling c) 10% 800 nm Gold [ 88 ] 

 Hologram Refl ection PB phase & gap mode 80% 600–1000 nm Gold [ 20 ] 

 Transmission Hybrid mode 10% 676 nm Gold [ 18 ] 

    a) Effi ciency: defi ned as the fraction of the incident energy that contributes to the part being manipulated;      b) Material refers to the main part in metasurface system which 
supports the resonance. Substrate and dielectric spacer are not listed;      c) Cross coupling indicates a strong polarization conversion based on two orthogonal nanorods or 
nanoslots.   
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can also be isotropic to retain the incident polarization at mil-
limeter wave. [ 184 ]  

 As one of the most important optical topics, nonlinear effects 
have been well developed after the invention of the laser tech-
nology. [ 185 ]  Lately, it has also been taken into account to design 
metasurface-based defl ectors. [ 166 ]  With the up- or downconver-
sion nonlinear effect, more exciting functionalities will be real-
ized the in the years to come. One can fi nd more discussion on 
nonlinear metasurfaces elsewhere. [ 23,26 ]  In addition, from the 
perspective of practical applications, metasurfaces fabricated on 
fl exible substrate possess broad application prospects. [ 186,187 ]  

 Although metasurfaces underwent a rapid development in 
the past few years, there is still a long way to go to fi nd a sat-
isfactory and complete solutions for several issues such as the 
high-effi ciency transmission type applications for visible and 
even ultraviolet light and tunability. In the expectable future, 
more efforts are going to be attracted to bring metasurfaces 
from laboratory scale to practical applications, which will con-
tribute towards more favorable optical elements with ultracom-
pact size, multiple functionalities, high integrity, etc.  
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