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Abstract: One of the most promising and vibrant research

areas in nanotechnology has been the field of metasur-

faces. These are two dimensional representations of meta-

atoms, or artificial interfaces designed to possess special-

ized electromagnetic properties which do not occur in na-

ture, for specific applications. In this article, we present a

brief review of metasurfaces from a materials perspective,

and examine how the choice of different materials impact

functionalities ranging from operating bandwidth to effi-

ciencies. We place particular emphasis on emerging and

non-traditionalmaterials formetasurfaces suchashigh in-

dex dielectrics, topological insulators and digitalmetama-

terials, and the potentially transformative role they could

play in shaping further advances in the field.

1 General Introduction to optical
metasurfaces

Unexpected and unusual effects have been recently re-

ported in various fields of research, such as but not limited

to acoustics, seismology, thermal physics, and electromag-

netism. At the heart of these developments is a progres-
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sive understanding of the wave-matter interaction and our

ability to artificially manipulate it, particularly at small

length scales. This has in turn been largely driven by the

discovery and engineering of materials at extreme limit.

These “metamaterials” possess exotic properties that go

beyond conventional or naturally occurring materials. En-

compassing many new research directions, the field of

metamaterials is rapidly expanding, and therefore, writ-

ing a complete review on this subject is a formidable task;

here instead, we present a comprehensive review in which

we discuss the progress and the emerging materials for

metasurfaces, i.e. artificially designed ultrathin two di-

mensional optical metamaterials with customizable func-

tionalities to produce designer outputs.

Metasurfaces are often considered as the two di-

mensional versions of 3D metamaterials. The former,

also known as frequency selective surfaces, or reflect-

and transmit-arrays in the microwave community [1–6],

which has been recently shown to produce a variety of

spectacular optical effects ranging from negative refrac-

tion [7], super/hyper-lensing [8–10], optical mirages to

cloaking [11–19], are comprised of artificial materials en-

gineered at the subwavelength scale to guide light along

any arbitrary direction. The functionalities of individual

optical components, whichwere previously essentially de-

termined by the optical properties of materials, can now

be specified at will. Effective material optical parameters

can be rigorously derived via homogenization techniques

by averaging the electromagnetic fields over a subwave-

length volume encompassing each individual element of

the periodic ensemble of resonant inclusions, with arbi-

trary geometry [12, 15–19]. Thus although metamaterials

canbe tailored for exotic optical functions, thebasicmech-

anism responsible for shaping the optical wavefronts re-

mains the same as that in conventional refractive optics: it

is based on the propagation of light in the compositemate-

rials. Nevertheless the idea ofmanipulating light deep into

the subwavelength regime can be further exploited to the

extreme case where metamaterials become infinitely – or

at least sufficiently- thin with respect to the wavelength of

light to create metasurfaces (Fig. 1a).
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Figure 1: Figure 1 (a) schematic of a metasurface. It consists of an
ensemble of subwavelength optical resonators which have been
disposed along 2-dimensional planes to scatter light in a controlled
manner. Metasurfaces can be designed to control almost any light
characteristics including phase, amplitude, polarization and dis-
persion. (b) Generalized reflection and refraction of light. (c, d)
Substituting the individual scatterers by their effective electric and
magnetic surface susceptibilities, the generalized sheet boundary
conditions are powerful theoretical tools to predict and model the
rapid changes in the electromagnetic fields across a metasurface.

Breaking away from our reliance on gradual phase

accumulation, one can instead consider functional inter-

faces covered with a collection of subwavelength nanos-

tructures/slits or structured optical thin-films (i.e. almost

2D) to introduce abrupt modifications on the wavefront of

light over the scale of the wavelength. For example by im-

posing gradients of optical phase discontinuities at inter-

faces [20–29], it became possible to bend light propaga-

tion in anydesireddirections inperfect agreementwith the

generalized laws of reflection and refraction (Fig. 1b) [24]:

nt sin θt − ni sin θi =
λ
0

2π
∂ϕ
∂x (1)

where θi and θt denote respectively the incident and the

transmitted angles, ni , nt are the refractive indices of the
incident and the transmitted medium and λ

0
is the vac-

uumwavelength. Equation 1 assumes that thephase gradi-

ent

∂ϕ
∂x is a continuous function of position; however in re-

ality, the interface is comprisedof discrete resonators. Sim-

ilarly, although the basic mechanism for controlling light

with an array of subwavelength scatterers can be intuited

by considering a subwavelength distribution of discrete

phase delayed light sources, its theoretical description is

rather more complex. The effective medium theory, which

is well suited to derive the bulk-parameters of 3Dmetama-

terials, may not always apply for media with reduced di-

mensionality such as interfaces. This point has been dis-

cussed in detail by C.L. Holloway et al. [3–6]. In these pa-

pers, it is shown that the scattering of light by nanostruc-

tures of sub-wavelength thickness is best characterized by

a generalized version of the boundary conditions, known

as generalized sheet transition conditions (GSTCs) [3]:

ẑ × ∆H = j ω P|| − ẑ ×∇||Mz

∆E × ẑ = j ω µM|| − ∇||

(︂
Pz
ϵ

)︂
× ẑ (2)

ẑ · ∆D = −∇ · P||

ẑ · ∆B = −µ∇ · M||

where ∆ represents the difference between the fields in the
two side of the interface, and P andM are the surface elec-

tric and magnetic polarization densities derived from the

local electric andmagnetic induced dipolemoments in the

plane z=0. Considerable efforts have beenmade to express

the GSTCs using macroscopic quantities and we can now

rewrite the GSTCs using the equivalent six-by-six surface

susceptibility tensor¹ to relate the fields and the induced

currents on the metasurfaces by using the relation [30]:

P = ϵχeeEav + χem
√µϵHav

M = χmmHav + χme
√︂
ϵ
µEav (3)

where the average fields are defined by: Eu,av =

Etu+(Eiu+Eru)
2

, u = xyz
Unlike 3D metamaterials where both permittivity

and/or permeability are engineered for the bulk, meta-

surfaces act directly upon the boundary conditions of

Maxwell’s equations, and for this reason the surface sus-

ceptibility (or equivalently the admittance) becomes the

most appropriate quantity characterizing the optical re-

sponse [4–6]. The large number of degrees of freedom in

choosing the components of the tensor in Eq. (3) is such

that solving the system in Eq. (2) poses a complex theoret-

ical challenge, particularly in terms of design. The charac-

terization of a metasurface at the microscopic level given

arbitrary electromagnetic fields at either side represents a

tremendous task, andwe believe that thismay provide po-

tentials for even greater theoretical progress in this direc-

tion.

From the above discussion, it is clear that the manip-

ulation of light with metasurfaces goes beyond the phase;

1 for co- and cross-polarization coupling between electric and mag-

netic induced currents
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it is possible to achieve simultaneous control of the am-

plitude, phase (full 2π coverage), as well as polarization

and the dispersion of light at interfaces. These techniques

have already been exploited to create numerous new and

intrinsically flat devices such as phase plates [31], colli-

mators [32], waveplates [33] and flat lenses [34, 35] for di-

verse applications ranging from holography [36–38], sub-

diffraction imaging [39–41] and nano-circuitry [42–44] to

cloaking [13, 45–48].

In addition, from the manufacturing point of view

metasurfaces possess a number of advantages compared

to traditional metamaterials. Since light is not propa-

gating in the bulk, metasurfaces are less absorbing and

are particularly easier to fabricate than their 3D counter-

parts. While metasurfaces are created using planar mi-

cro/nanofabrication technologies, 3D metamaterials are

fabricated using mature but still expensive processes that

involve carving, polishing and surface coating of differ-

ent sort of bulk materials. Traditional manufacturing op-

tics technology requires a large amount of raw materials

and qualified engineers that have to deal with difficult and

precise tasks. Fabrication of refractive devices consumes a

lot of materials, coating the surfaces is performed by de-

positing multilayers of various dielectrics, and, the char-

acterization of the end products is generally performed

manually one-by-one, device after device. Instead, 2D pla-

nar metasurfaces can be created using advanced manu-

facturing processes that are now already well-established

in the semiconductor integrated circuit industry. Thus one

could in principle arbitrarily engineer the phase, polar-

ization and amplitude profile with a single device fabri-

cated using in a single lithographic step, subject to the

complexities introduced by near-field coupling between

individual elements. In the following,wehighlight various

materials and design techniques developed in the recent

years and comment on the progress in utilizing them for

novel metasurface applications, with particular emphasis

on non-traditional and emerging materials.

2 Loss
One key concern in almost any device application is loss.

Despite significantly mitigating propagation losses due to

their reduced spatial footprint compared to bulk meta-

materials, metasurfaces can have considerable intrinsic

absorption. To fully understand the origin of the prob-

lem, one should bear in mind that the individual building

blocks of metasurfaces may in principle be optically res-

onant elements. Traditional optical resonators have con-

sisted of Fabry-Perot cavities, whispering gallery struc-

tures, or photonic crystals and various forms of dielectric

waveguides [49, 50]. While these generally low loss struc-

tures have proved to be incredibly useful for applications

ranging from lasers to sensitive biochemical sensors and

even frequency generation devices [51–56], they present

an overly large physical footprint. Rigorously the electro-

magnetic mode volume either exceeds or is on the order of(︀
λ/n

)︀
3

, where n is the refractive index of the material. It

was only with the development of plasmonics [57, 58] that

deeply subwavelength confinement, or manipulation of

light beyond the Rayleigh diffraction limit, became a real

and enticing possibility. Plasmonics involves the study of

electromagnetic surface waves (plasmons) which exist at

the interface between media whose dielectric permittivi-

ties have opposite signs; in turn, electromagnetic energy

is confined to mode volumes significantly smaller than λ3
at resonance [56]. This combination of possessing a strong

resonance at a deeply subwavelength size scale lends it-

self readily to metasurface applications, and for enhanced

light-matter interactions in general [59, 60]. As a result, the

discussion of traditional metasurface materials has been

until recently the discussion of plasmonic materials.

Figure 2 illustrates various plasmonic materials, both

traditional and emerging, consolidated on a common plot

of quality factor (Q) of their localized surface plasmon

resonance (within scaling constants) against wavelength.

The Q factor is rigorously defined as the ratio of stored

electromagnetic energy to the energy dissipated (or ab-

sorbed) per cycle in a resonator; it is an indication of pho-

ton lifetime in a cavity and thus loosely corresponds to

how “good” a resonance is. This is a meaningful metric

to assess the relative strengths of plasmonic materials be-

yond simply ensuring that they satisfy the plasmon dis-

persion condition (negative real permittivity or that they

haveminimal imaginary permittivity), althoughnumerous

other figures-of-merit exist and might be more useful de-

pending on the area of application, such as normalized

surface plasmon propagation lengths [61]. Here we con-

sider only the contributions arising from material proper-

ties, i.e. neglecting the influence of shape, size and struc-

ture in influencing resonance behaviour. Although impor-

tant for the practical implementations of efficient meta-

surfaces, we do not include scattering losses of the res-

onators in order to make a fair comparison based on in-

trinsic material properties alone. This intrinsic Q factor

can be shown [62, 63] to scale as the ratio of the real

and imaginary permittivities −ε′ /ε′′ (its propagating sur-
face plasmon counterpart scales as ε′2/ε′′ ) in the quasi-

static limit, and with low losses (e.g. finite ε′′ ). In terms

of the standard Drude model the former expression be-
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comes Qmax−LSP ∼
(︀
ω2

p − 𝛾
2

)︀
3/2

/ω2

p𝛾 (correspondingly

Qmax−SPP ∼ ω2

p/𝛾
2

) [62]: intuitivelywe seekmaterials with

a large ratio of plasma frequency to damping, as well as in-

trinsically small damping. It would be inadequate to base

the discussion on either one of these quantities alone.

Figure 2: Figure 2 Localized surface plasmon resonance quality fac-
tors determined from material properties alone, plotted as a func-
tion of wavelength. In each case experimental data of permittivities
were directly obtained or derived from fitting based on experimental
results (data from Ref [64], Ag data from Ref [65]) with the excep-
tion of graphene (abbreviated Gr), whose dielectric function was
computed using the Kubo formula in the local random phase ap-
proximation (RPA) limit, and assuming a relatively modest carrier
lifetime of 0.4ps [67]. Backscattering due to extrinsic impurities or
substrate induced effects are not included. Voltage values for ITO
corresponds to the gating geometry shown in Ref [66], and trans-
lates to carrier densities of 1 x 1011/cm3, 1.65 x 1022/cm3, and 2.77
x 1022/cm3 respectively. The figure is meant as a general guide for
fair comparison of quality of resonances in plasmonic materials,
and their effective spectral ranges.

From Fig. 2, it is clear that while there are an abun-

dance of plasmonic materials in general, ranging from no-

ble metals like gold and silver which perform well at op-

tical to near-infrared wavelengths [64, 65], to transpar-

ent conducting oxides (ITO) [66], as well as silicides [67],

graphene [68, 69] and refractory plasmonic materials like

titanium nitride [70, 71] whose resonances span the near

to mid-infrared region, their material quality factors are

generally in the same order of magnitude (between 10 to

100). This value is low, particularly in comparison to, for

example, values approaching 10

8

that can now be rou-

tinely achieved in whispering gallery mode dielectric res-

onators [72, 73]. This implies that traditional plasmonic

materials discovered so far are unavoidably lossy at opti-

cal and infrared wavelengths, due to the finite skin depth

of the mode in a lossy medium. In turn, metasurface ef-

ficiencies have been significantly affected by these losses

alone [74]. This stronglymotivates the search for betterma-

terials (not necessarily plasmonic) that still satisfy the cri-

teria of supportingoptical resonanceswith subwavelength

confinement [75–77], aswell as alternative design schemes

and strategies that can mitigate all sources of loss (e.g.

both absorption and reflection) and achieve high efficien-

cies via interplay between multiple resonant channels.

One such method to fully and efficiently engineer the

phase of a light beam consists of utilizing an anisotropic

nanostructure designed to have two orthogonal polariza-

tion states with a π phase difference [78]. This element can

be intuitively visualized as a tiny half wave plate whose

principal axis is determined by its orientation with re-

spect to the incident polarization. By employing a series

of the same anisotropic scatterers that are geometrically

rotated with respect one to another, resulting in the ac-

quisition of a geometric Pancharatnam-Berry phase [79–

82], one can achieve holographic projection of an image

with a record reflection efficiencies close to unity [78, 83].

A recent example is illustrated in Fig. 3a. Instead of us-

ing two distinct modes of resonance whose transmission

is largely fixed by the desired phase profile, these meta-

surfaces have an additional degree of freedom: the final

imparted phase originates only from the geometric phase

acquired as a circularly polarized light beam is taken along

a closed cycle in the polarization space due to interacting

with geometrically rotated scatterers. This leaves room to

separately design the transmission amplitude of themeta-

surface by varying geometrical parameters (besides orien-

tation, which is fixed). This is in contrast to regular dy-

namic phase acquired via propagation or from resonator

response. In this way, the basic structure of each individ-

ual scatterer can be optimized to provide results with bet-

ter efficiency, for example, by suppressing transmission

channel and improving reflection via constructive interfer-

ence with cavity resonances (Fig. 3a), although it does not

overcome intrinsic losses and operates with the caveat of

being in cross polarization.

We also note here an added subtlety that while this

technique applies to incident light beams, the same is gen-

erally not true for bound electromagnetic waves such as

surface plasmons, particularly in planar geometries such

as interfaces. The reason is the lack of helicity (σ) in the

latter which limits overall phase acquired to π, instead of
the whole range of 2π. This situation is illustrated in the

panels on the right in Fig. 3a and 3b [84]. For the same ro-

tation angle of 90

∘
in the rectangular resonator element, it

is seen that the accompanying phase changes for the cross

polarized and surface plasmon beams are π and π/2 re-

spectively (Fig. 3b), in contrast to circularly polarized free

space light beams that possess helicities ±1 (Fig. 3a). It is

only in certain geometries (e.g. cylindrical) wheremultiple

surface plasmon modes can be superposed with a defined
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Figure 3: Left-to-right: (a) From [78]: Unit cell of a nanorod supporting two resonances under orthogonal polarizations with π phase sepa-
ration. By introducing a space variant change in orientation, a geometric phase ranging from 0 to 2π can be imparted to incident light. This
frees up the design of the antenna resonances to maximize reflection. The current scheme utilizes a mirror to achieve ~90% reflection efl-
ciency in the visible. (b) From [84]: A similar application of the Berry phase principle for the manipulation and focusing of surface plasmon
beams via rectangular nano-slits. However due to lack of helicity of the plasmons, the phase change that can be achieved with orienta-
tion changes is only π. Reprinted with permission from Refs [78] and [84]. Copyright 2015 Nature Publishing Group, 2015 Optical Society of
America.

phase relationship, that surface plasmons can possess he-

licity and chirality [85].

An alternative approach to achieving high perfor-

mance efficiencies is via engineered interfaces (without

the use of geometric phase), particularly in a cavity con-

figuration utilizing regular reflectors or multiple metasur-

face layers. This has been employed in the design of highly

efficient reflectors and absorbers by overlaying patterned

metallic structures over opaque metal ground plates sep-

arated by a dielectric spacer [86–88]. By considering the

interplay between the radiated fields of the induced im-

age dipole in the ground plane upon resonant excitation

of the top metasurface [86], or equivalently the formation

of “gap surface plasmon” (GSP) modes in the entire com-

posite structure [88, 89], any incident power in a spectrally

broad range can be almost entirely absorbed or reflected.

Importantly such designs utilize an optically thin spacer,

such that the overall device is compact and subwavelength

in all dimensions. For transmission mode devices, a sim-

ilar principle applies, although neither reflection nor ab-

sorption can be trivially suppressed. Intuitively a single in-

terface can only support tangential electric currents that

radiate equally on both sides, thereby giving rise to un-

avoidable reflection loss. By utilizing the notion of optical

metatronics [42, 90] and employing a series of cascaded

metasurfaces with prescribed transverse inhomogeneity,

one can realize sufficient degrees of freedom to achieve full

control of the transmission phase, while at the same time

tominimize reflection via impedancematching [91]. A pro-

posed design from [91] is illustrated in Figure 4a. It utilizes

a basic building block of fixed geometry with varying frac-

tions of a plasmonicmaterial anddielectric. By varying the

fill factor, both inductive and capacitive reactances are ob-

tained which span a broad range of values [91].

A variant of this technique utilizes magnetic re-

sponses in addition to electrical ones in traditional meta-

surfaces, also via a cascaded metasurface geometry [92–

94]. A representative example of such schemes is shown in

Fig. 4b. The overlay ofmultiple interfaces generates amag-

netic response due to longitudinal circulating electrical

currents, so that ideally (absent material losses) each unit

cell radiates unidirectionally due to interference. By opti-

mizing the net anisotropic sheet admittance of the layers,

it is shown that aminimumof three surfaces is sufficient to

achievemaximum transmission. It is worth noting that de-

spite requiring proper design of interlayer spacing in order

to tailor the magnetic response, these cascaded sheets are

still subwavelength in thickness and can be modelled as

a single, bianisotropic metasurface capable of exhibiting

electric, magnetic and chiral responses [93].

The aforementioned techniques demonstrate how

overall losses in a metasurface can be minimized by ex-
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Figure 4: Left-to-right: (a) From [91]: Schematic showing a basic building block of a multilayer, impedance matched metasurface consisting
of two materials with real permittivities of opposite sign (i.e. plasmonic and dielectric). As an example aluminium doped zinc oxide (AZO)
and silicon were chosen respectively at a working wavelength of 3 µm. Here l=250 nm and h=250 nm. By varying the width of the block a
wide range of reactance (per unit length) can be obtained. Color maps demonstrate the transmission amplitude and phase as a function of
width of the block. High transmission eflciencies (>−3 dB) and full control of the phase can be seen (enclosed by white contour lines). (b)
From [93]: Schematic and SEM images showing a cascaded series of Ti/Au metasurfaces that together function as an asymmetric circular
polarizer, due to magnetic response generated via interactions between the sheets, in addition to each individual tangential electric field
response. Note that overall device thickness is still subwavelength and can be modelled as a single bianisotropic metasurface. Adapted
with permission from Refs [91, 93]. Copyright 2013, 2014, American Physical Society.

ploiting device architecture; however net efficiencies are

still constrained by intrinsic material parameters (which

in the language of the previous examples, manifest as

shunt resistances and complex sheet admittances with

non-zero real components). From a materials perspec-

tive, the recent investigation of strong resonances in sub-

wavelength high index dielectric particles thus opens up

tremendous opportunities for the further development of

nanoscale optics in general. In particular, the observation

that the strong electrical displacement currents in such

particles support an orthogonal magnetic dipole, in ad-

dition to the electric dipole caused by the driving field of

incident light, makes these structures especially relevant

for metasurfaces [95–98]: the aforementioned criteria of

strong resonances at subwavelength scales while main-

taining full phase control has been satisfied.

3 Metasurfaces based on resonant
dielectric elements

Due to their low intrinsic absorption at visible wave-

lengths, transparent dielectrics have always been consid-

ered as major materials of choice for constructing optical

components. Apart from conventional bulk optics various

quasi-flat devices, such as binary optics, have been ex-

tensively developed [99]. Flat elements have obvious ad-

vantage of compactness, which now becomes more and

more important in the context of wearable and mobile

photonic devices. Some of the earlier approaches, such

as binary blazed gratings [100], directly relied on sub-

wavelength patterning of the dielectric surface to achieve

variations of effective refractive index profile in 2D, which

allows for transmitted or reflected phase engineering. This

approach typically requires densely-packed micrometer-

tall nanostructures, which are challenging to fabricate

and implement into a robust device. High refractive in-

dexmaterials such as silicon allows reduction of the thick-

ness while still keeping it on the order of half micron

or above and maintaining a high aspect ratio (typically

>1) [101, 102]. Another approach for phase control with

structured dielectric surfaces relies on rotating grating ele-

ments and Pancharatnam-Berry (PB) phase, as previously

introduced. Initially proposed for metallic gratings [20] it

was quickly adapted to dielectric materials [80], result-

ing in e.g. demonstration of metasurface-based hologra-

phy [103]. In recent studies a similar approachwas applied

to realize silicon gratings, lenses and axicons with only

100nm thickness on quartz substrate [28]. Figure 5a shows

an example of an axicon constructed from sub-diffractive

arrays of silicon nanorods [28].

The studies mentioned above considered dielectric

structures, which rely on additional mechanisms to

achieve the full phase control (e.g. PB phase). Recently the

field of resonant dielectric nanophotonics has witnessed
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Figure 5: (a) From [28]: SEM image of an axicon lens constructed from silicon nanorods based on nanorod resonances and Pancharatnam-
Berry phase concept. (b) From [118]: Huygens gradient metasurface for beam deflection constructed from silicon nanodisks with interfering
electric and magnetic dipoles. Right: SEM image; left: back focal plane image of transmitted beam, demonstrating deflection of beam at
715 nm. (c) From [121]: Dielectric metasurface comprised of elliptical cylindrical posts, demonstrating complex polarization and phase con-
trol. Radially and azimuthally polarized light beams are simultaneously generated and focused, from incident x (blue arrow) and y (green
arrow) polarized light respectively. Right: SEM and optical image of the device; left: simulations and experimental measurements of the
generated beams. (d) From [126]: Generalized electro-magnetic Brewster effect demonstrated at a metasurface constructed of resonant sili-
con nanodisks. Left: (top) schematic of suppression of angular reflection from a sub-diffractive array of nanoparticles with both electric and
magnetic dipoles excited, and (bottom) SEM image of the fabricated silicon nanoparticles. Right: experimental (dots) and theoretical (solid
lines) demonstration of wavelength-dependent generalized Brewster effect. Scale bar: 500 nm. Reprinted with permissions from Refs [28],
[118], [121] and [126] respectively. Copyright 2014 American Association for the Advancement of Science, 2015 Wiley.

a rapid development, providing completely new solutions

for both isolated dielectric nanoantennas as well as meta-

surfaces. Although resonances in small dielectric spheri-

cal particles with high refractive index have attracted the

attention of numerous theorists over the last century –

a case completely solved by the Mie theory [104] — it is

only very recently these resonances were experimentally

realized in the visible and near-IR spectrum. We also in-

vite the reader to consider several major examples treated

in references [105–107]. Coming back to recent work, the

first example of controlled first-order resonance at visi-

ble frequencies was performed with germanium [108] and

silicon [109] nanorods and later with silicon [97, 98] and

gallium arsenide [110] nanoparticles. It was shown [97,

98, 111] that such nanoparticles may have strong electric

andmagnetic dipole resonances at visible and IR frequen-

cies. Both types of dipoles can be excited simultaneously

within simple nanoparticle geometries (such as spheres

or disks) which provide numerous possibilities for direc-

tivity control of scattering. In particular, as was first pre-

dicted by Kerker [106] and recently demonstrated at mi-

crowaves [112] and in the visible spectrum [110, 113], the

two dipoles may interfere and strongly suppress the par-

ticle radiation pattern in backward direction, making it

analogous to Huygens’ source with only forward scatter-

ing. Tuning the particle shape (e.g. by changing aspect ra-

tio of disks [114, 115] or spheroids [116]) enables one to con-

trol spectral position of the electric and magnetic dipole

resonances maxima and have them coincide in amplitude

and in phase at a single wavelength, which makes the ef-

fect of directional forward scattering broadband.

Combining these directional dielectric scatterers with

only forward scattering into an array allows constructing a

Huygens’ metasurface with enhanced transmission at res-

onant wavelengths [92–94, 115]. This allows for the pos-

sibility of full 2π control of transmission phase (π phase

shift for each of the electric and magnetic dipole reso-

nances) [117]. The operation principle of such a metasur-

face is similar to multi-layer plasmonic Huygens’ meta-

surfaces described above [93]. The obvious advantages
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compared to metals are lower intrinsic losses, and com-

patibility with CMOS processes, which makes them more

likely to have an impact in real-world applications. Very

recently high efficiency resonant transmission (>85%) and

transmitted beam deflection (efficiency >45%) with these

dielectric metasurfaces with only 130 nm thickness has

been experimentally demonstrated [118] (Fig. 5b). A sim-

ilar principle has also been applied to vortex beam gener-

ation [119, 120]. Additionally, efficiencies exceeding 80%

for beam focusing and forming has been achieved with

high-aspect ratio pillars (see example of vortex beam gen-

eration in Fig. 5c) [121, 122]. In this case however, due to

the high-aspect ratio of the nanostructures fabrication and

handling of such a device can become more challenging.

Apart from transmitted phase engineering, resonant

dielectric metasurfaces may provide multiple other func-

tionalities related to the interplay between electric and

magnetic resonances of their constituent elements. Some

examples are extra-high reflectivity at a single metasur-

face layer [123], which can also be combined with wave-

front engineering [83], or ultra-narrow electromagneti-

cally induced transparency window obtained with dielec-

tric nanoantennaarray [124]. Recently analogy tomagnetic

mirror behavior [125] and demonstration of generalized

electro-magnetic Brewster effect [126]with dielectricmeta-

surfaces have been reported. The latter case is depicted in

Fig. 5d and shows that a single-layer dielectric metasur-

face can produces an equivalent effect of a conventional

bulk material with both electric and magnetic properties

at visible wavelengths (ε ≠ 1, µ ≠ 1).
These effects which have been demonstrated in the

visible and near infrared spectral region are not restricted

to a particular material or a specific spectral range. Simi-

lar exciting optical properties can be observed at any fre-

quency by scaling the size of the nanostructures (e.g. for

mid-IR frequencies [111, 127]), providing that the dielectric

material possesses a relatively high refractive index (>2)

and low losses in the required frequency range. In gen-

eral, strong electric and magnetic resonant behavior, low

losses, advanced scattering directivity control, high melt-

ing temperature and CMOS compatibility make resonant

dielectric nanoantennas andmetasurfaces very promising

for real-world applications.

4 Active/2D materials
A cornerstone of device operation is active behaviour

where output changes in response to a control signal.

For example, spatial light modulators comprising of liq-

uid crystal displays are capable of modulating amplitude,

phase andpolarization of light in both space and time, and

are integral components of many systems such as imaging

and projection devices in consumer electronics as well as

advanced microscopy (optical tweezing, stimulated emis-

sion depletion (STED) microscopy) setups. It is thus ap-

parent that in order for the concept of photonics, and by

extension metasurfaces, to truly realize the vision of su-

perseding traditional optical components and even opto-

electronics, a robust system that enables active behaviour

and preserves key advantages of these structures must be

established. To this end, significant work has been done

in the research and synthesis of new functional materials,

and their integration with traditional metamaterial build-

ing blocks [128]. Examples include the use of microelec-

tromechanical (MEMs) systems [129–131], charge carrier

injection [132–136], phase change materials [137–145] and

liquid crystals [146–148] for dynamic reconfigurability.

Here we highlight in particular the emerging and

rapidly developing field of two dimensional (2D) materi-

als, as exemplified by the earliest isolated carbon mono-

layer graphene. While it is now well-known that graphene

for example has significant potential in various electronic

applications due to its 2D nature that results in effec-

tively massless electrons capable of ballistic transport at

room temperature [149–151], significantly less attention

has been paid to its use in various photonic applica-

tions. The latter is capable of leveraging upon most of

graphene’s advantages for electronic devices, but with-

out the corresponding drawbacks (most notably, the lack

of a bandgap which severely hinders electrical switch-

ing devices). Intuitively and as a starting point, we con-

sider its use as a functional, passivation layer whose di-

electric permittivity can be dynamically altered by a wide

range. The low intrinsic carrier concentration of graphene

and its unique band structure implies that the former

can be tuned by a much larger percentage than tradi-

tional bulk materials via external doping, and is typi-

cally only limited by gate breakdown voltages. This is

the basic principle behind graphene’s use as an electri-

cal transducer, due to its gate-tunable Fermi energy level

and hence conductivity [152–154]. Optically, this directly

translates to a highly tunable dielectric permittivity [155–

162]. Examples of planar photonic devices that make use

of this principle abound (Fig. 6), ranging from standard

plasmonic nanoantenna [163, 164], to exotic Fano reso-

nant asymmetric structures [165] and even various biosen-

sors [166]. The key principle underlying the performance

is the mode overlap and the interaction volume of the

graphene monolayer with the resonantly enhanced elec-

tromagnetic fields: for waveguide-like structures where
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Figure 6: Left-to-right: (a) From [157]: Nanoribbons in graphene,
demonstrating the observation of graphene localized surface plas-
mon resonances in the THz regime. Resonances peaks (normal-
ized to transmission through an ungated graphene layer at charge-
neutrality point) are seen to tune with gate voltage. (b) From [164]:
SEM image of gold waveguide antennae, with a slot size of 30 nm.
Electromagnetic fields on resonance are strongly confined within
the gaps, and the geometry allows for relatively significant tuning
of antenna resonances (approximately 20% of center resonance
frequency) using a back-gated graphene layer introduced over the
antennae. (c) From [170]: Extinction spectra of nanoslit arrays in a
graphene monolayer at small size scales, enabling scaling of the
plasmonic response into the mid-infrared (inset: SEM image). Rel-
atively high quality factor resonances are observed, which tune by
several times their FWHM under gating. Additional resonance peaks
due to plasmon-phonon coupling with surface optical phonons in
the substrate are also observed, as evidence of strong light-matter
interactions in the graphene system due to the very small mode
volumes of its plasmonic response. Reprinted with permissions
from Refs [157], [164] and [170] respectively. Copyright 2011 Nature
Publishing Group, 2013 American Chemical Society.

the fields are concentrated in very small gaps for extended

distances (30 nmand approximately 500 nm respectively),

a tuning range of 20% of the central resonant frequency

can be achieved [164] (Fig. 6).

Thus far the physical mechanisms involved in the ac-

tive control of metasurfaces are similar to the charge in-

jection or phase change materials. Graphene truly comes

into its own when we consider it to be the active photonic

element, since it is capable of supporting plasmonic reso-

nances at mid-infrared frequencies and beyond with rela-

tively high quality factors comparable to noblemetals [157,

167, 168] (with variations dependent on doping, see curves

denoted by Gr on Fig. 2). Graphene plasmons possess

an extremely small mode volume, and consequently ex-

hibit very high field confinement and light matter inter-

action strengths [168–173]. Intuitively the mode volume

of localized plasmonic resonances scales proportionally

to the particle size; as a result, graphene represents the

ultimate limit in scaling, and patterned graphene struc-

tures are in many ways the ideal planar metasurface; e.g.

in terms of transverse spatial localization, overall device

footprint and field enhancement strengths. These struc-

tures, ranging from nanorods, to disks and inverse hole

arrays [157, 170, 174] (Fig. 6) have been shown to exhibit

resonances that are in some cases tunable by several times

of their FWHM, enabling broadband functional behavior,

which is in turnmade possible because of the linear band-

structure around their Dirac point.

Moreover, it ought to be emphasized these aforemen-

tioned properties are general features of two-dimensional

electron gas (2DEG) systems, of which graphene is the

most well-known example due to the relative ease of iso-

lation and room temperature operation. Detailed stud-

ies into alternative plasmonic 2DEG systems, such as

GaAs/AlGaAs at cryogenic temperatures indicate that their

properties are robust to standard industrial fabrication

processes [175]. As a result the entire spectrum of opto-

electronic components, ranging from gated plasmonic cir-

cuits operating at GHz frequencies to optical band filters,

interferometers, and negative-index screens in the optical

regime can be realized [175, 176]. Similar to their graphene

counterparts, the intrinsic low dimensionality of such de-

vices enables them to possess unprecedentedminiaturiza-

tion. Examples of such components are illustrated in Fig-

ure 7. As such the complete manipulation of amplitude,

phase and polarization of electromagneticwaves and their

associated charge carriers is shown to be possible at a truly

planar level at a wide range of operating frequencies.
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Figure 7: Examples of plasmonic components utilizing shaped 2DEG
in GaAs/AlGaAs heterostructures at cryogenic temepratures. (a)
From [175]: Optical image (top) and cross-section schematic (bot-
tom) of a GHz-regime plasmonic bandgap crystal comprising of
shaped 2D plasmon waveguides and a grounded metallic top gate
(labelled “G”). This creates localized input and output terminals
(labelled “S”). The plasmonic waveguide can be directly (non-
resonantly) excited over a continuous frequency range by alter-
ing the density and hence kinetic inductance of the 2DEG via the
gate contact. Effective wavelengths of plasmons were shown to
be approximately λ/660, corresponding to an effective area up
to 440 000 times smaller than typical electrical components. (b)
From [176]: Negative index metamaterial in AlGaAs strips on a GaAs
substrate operating at GHz frequencies. Incident light on a signal
port excites 2D plasmons propagating lengthwise along the strips.
This response capacitatively couples to neighbouring strips result-
ing in an effective wave propagating transversely to the structures;
due to the significant kinetic inductance in this 2DEG system this
transverse wave experiences a negative index as large as −700.
Similar dynamic control can be achieved by varying the carrier
properties of the 2DEG via external electrical bias. Reprinted with
permissions from Ref [175], [176]. Copyright 2012 Nature Publishing
Group, American Chemical Society.

5 Broadband and achromatic
operation

Beyondactive tunability of devices, thebandwidthof oper-

ation is also a key figure ofmerit inmany applications. Nu-

merous examples of broadband anomalous behavior [177]

based on metasurfaces have already been reported. For

example, a tunable metasurface comprised of graphene

nanostructures is termed broadband because the reso-

nances can be dynamically varied over a range equivalent

to several FWHM [170, 178]. Similar examples abound, e.g.

80% efficiency reflect-metasurface which has high trans-

mission over an approximate 300–500 nm range in the

visible – near infrared regime [78]. Alternatively, one can

make use of deeply subwavelength nanostructures which

interactwith broadbandwhite light to achievehighfidelity

colors at variousdesignwavelengths for applications rang-

ing from imaging to printing [179–181].

We highlight here an additional subtlety: broadband

does not equate to achromaticity. A standard example is

that of a metasurface lens: it cannot be truly broadband

if its functionality (e.g. 2π phase accumulation) is inher-

ently monochromatic. In other words, the spatial phase

profile, which is key to focusing light, is still dispersive,

even though the lens might possess high efficiency values

across a wide range of wavelengths (i.e. suffer from chro-

matic aberration). An ideal “broadband”metasurface lens

should retain an achromatic phase response for different

wavelengths within its operating bandwidth. Clearly this

is a significant challenge that fundamentally departs from

the design philosophy andmethodology of the vast major-

ity of current devices.

It was recently demonstrated [182, 183] (Fig. 8) that

such achromatic devices, where the spatial phase pro-

files are constant at various wavelengths, are indeed pos-

sible with only a single interface by designing the over-

all phase response to take into account both the disper-

sive phase accumulation in free space for several differ-

ent wavelengths and the intrinsic metasurface phase re-

sponse. In other words, the general design principle takes

the form φp + φm = φtot = constant, where φp,m refer

to phase accumulation from free space propagation and

metasurface respectively. This in turn implies that φm =

−

2π
λ l(r), where l (r) is the physical distance between the in-

terface at some position r, and contains information cor-

responding to the device function. By introducing multi-

ple coupled resonators [184], one can in principle obtain

sufficient degrees of freedom to design the desired phase

mask for an arbitrary number of discrete wavelengths.

This approach is completely generalizable to almost arbi-

trary wavelengths, and is limited only by intrinsic mate-

rial properties such as absorption losses;most importantly

this design strategy retains the single-step fabrication of

metasurfaces even for complex, multiple wavelength op-

eration.

6 Emerging Materials
The previous discussions share the underlying theme of

howmetasurface functionality can be improved, by a com-

bination of appropriate device level design together with

judicious choice of materials. At this juncture it is appro-

priate to highlight some emerging materials which push

the limits of the traditional optics paradigm and promise
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Figure 8: From [182]: An achromatic beam deflector preserves its functionality (i.e. focusing) for different wavelengths, i.e. multiple dis-
tinct wavelengths are anomalously refracted at the same angle. (a) Schematic and SEM of the achromatic metasurface design, comprising
of near-field coupled resonators of different thicknesses. Here s=1000 nm, t=400 nm, w

1
=300 nm, w

2
=100 nm and g=175 nm. (b) Mea-

sured far field intensities as a function of incidence angle (from normal) for light at three discrete wavelengths of 1300 nm, 1550 nm and
1800 nm (color coded blue-green-red respectively). The beams coincide at the desired order (here approximately -17 degrees). From [183]:
(c) False color SEM and (d) experimentally measured intensity profiles across the focal plane of an achromatic lens for three wavelengths of
1300, 1550, and 1800 nm. Scale bar: 400 nm. Reprinted with permission from Ref. [182], [183]. Copyright 2015 American Association for the
Advancement of Science, 2015 American Chemical Society.

to extend functionalities of metasurfaces into areas previ-

ously thought impossible.

One intriguing example is that of electronic topolog-

ical insulators, a new class of materials which exhibit

strong spin-orbit coupling in charge carriers, resulting in

an insulating bulk state and conducting surface states

that are protected under time-reversal symmetry [185,

186]. In particular, the charge carriers in these surface

states exhibit spin-momentum locking (the spin being al-

ways directed in the surface plane, but orthogonal to the

momentum) which makes it possible to support a new

class of collective charge carrier oscillations with well-

defined spin states (i.e. spinpolarization), knownas “spin-

plasmons” [173, 187–189]. It is instructive to note that by

definition of the spin-orbit interaction, these spin excita-

tions are separate from and always transverse to the usual

charge oscillations that comprise the plasmon response in

the form S⊥ ∝ k × n, which refer to the directions of the

spin, plasmon propagation and surface normal vectors re-

spectively. This does not equate to the surface plasmons or

charge excitations picking up non-zero angular momen-

tum (optical spin): their excitation and polarization con-

ditions remain the same as with traditional systems, and

they therefore retain a helicity of zero. However, due to dif-

ferent screening effects in the host material these charge

and spin excitations generally possess different ampli-

tudes and occur at slightly different frequencies. This gives

rise to the possibility of observing and manipulating their

response via helicity-dependent optical sources, open-

ing up an additional degree of freedom in the study of

nanoscale light-matter interactions [190–192]. This is not

unlike the rapidly evolving field of spintronics [193, 194],

and could serve to further increase the information/bit

density for optics-based communication purposes. In ad-

dition, due to topologically protected states, plasmon exci-

tations in such systems are immune to non-magnetic scat-

terers/defects, and hence possess even greater propaga-

tion lengths than their 2DEG counterparts [188].

Of more immediate interest, the family of bismuth

based topological insulator compounds have been studied

and shown to possess strong plasmonic responses in the

ultra-violet spectrum [195, 196], far beyond the generally

expected terahertz regime for such materials [197]. This

could potentially bridge a critical gap in the general func-

tionality of nanophotonic devices: most plasmonic mate-

rials, ranging from noble metals to transitionmetal oxides

and graphene, have their responses centered in the visi-

ble to IR spectral regime (Fig. 2). Interband transitions pre-

vent any plasmonic response in the noble metals at short

wavelengths, while plasmonic frequencies in the NIR rep-
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resent the limit of realistically achievable doping levels in

graphene and conducting oxides. Similarly, the require-

ment of a high refractive index in dielectrics at ultra-violet

wavelengths in order to sustain strong electric and mag-

netic resonances, as well as low losses, imposes strict con-

straints on the range of available materials. Currently the

only semi-viable choice is aluminium, which suffers from

persistent native oxidation.

Ref. [196] (Fig. 9) shows evidence in favour of

plasmonic resonances observed in nano-slit patterned

Bi
1.5

Sb
0.5

Te
1.8

Se
1.2

, which is known to be a stable topo-

logical insulator at room temperature. The data is found

to agree well with a theoretical model of the material

as a thin-film Drude metal overlaid on a bulk insulat-

ing substrate, analogous to the distribution of charge car-

rier states in a topological insulator. Similarly, Ref. [195]

presents evidence in favour of plasmonic enhancement of

photoluminescence in ZnO structures using a topological

insulator flake from the same family (Bi
2
Te

3
). These are

intriguing results and warrant significantly more research

into thesematerials.Of particular interest is how thenative

screening of the surface state excitations that usually re-

sult in plasmonic resonances occurring in the far-infrared

to terahertz regime could lead to responses for the demon-

strated structures in the ultraviolet.

Finally, we highlight the concept of artificial engi-

neered materials [198], which invites a re-think of the en-

tire paradigm of material choice to fit application require-

ments. Analogous to the concept of modern computing,

which can formulate and solve tasks to almost arbitrary

complexity despite working with only binary valued bits,

it is interesting to consider if one can make redundant the

entire previous portion of this article on material prop-

erties by considering some fundamental building blocks

of materials that, when appropriately combined, could

yield any desired, arbitrary permittivity at a specific wave-

length. This is frequently introducedas the concept of “dig-

ital metamaterials”. We also briefly highlight works that

extend the idea of “digital building blocks” tometasurface

design, by using only a few different unit cell elements in

various sequences to achieve tailored near and far-field ra-

diation patterns.

7 ‘Digital’ Materials Building
Blocks

One of the interesting features of the concept of meta-

materials and metasurfaces is the possibility to engineer

composite materials with desired values for material pa-

rameters, such as permittivity and permeability for bulk

three-dimensional (3D) volumetric metamaterials, or sur-

face impedance for two-dimensional (2D) cases of meta-

surfaces. Depending on different scenarios, sometimes

one is required to have access to a relatively wide range of

values for oneormore of thesematerial parameters. For ex-

ample, if onewants to design a converging lens that is geo-

metrically flat (and thin), the permittivity along the trans-

verse dimensions of the lens needs to be inhomogeneous

with higher value in the middle and lower values at points

away from the center. It would be hard, if not impossi-

ble, to make structures with varying values of permittivity

along such structures using different materials (or differ-

ent doping concentrations in semiconductors). However,

another way to achieve such a goal is to exploit the notion

of “digital metamaterials” [198], which is briefly outlined

here: First, for the case of binary structures one needs to

select two elemental materials, which we can call meta-

material ‘bits’ (Fig. 10a). From the electromagnetic point

of view, for such bits one needs to choose two materials

whose permittivity functions have oppositely-signed real

parts at the operating frequency of interest. Other con-

siderations, e.g., thermal properties, mechanical proper-

ties, etc., may be taken into accounts in selecting these

two building blocks. Then one needs to combine these

two bits, each of which is deeply subwavelength, in order

to construct another cell, bigger but still subwavelength,

which we can call metamaterial ‘byte’ (Fig. 10b). With a

suitable combination, the effective permittivity of the byte

as viewed by an outside observermay exhibit values vastly

different from the permittivity values of the bits. This is

consistent with the notion of ‘internal homogenization’.

Intuitively speaking, since the two bits have permittivity

values whose real parts have opposite signs, their combi-

nation into the formof a ‘byte’may lead to plasmonic reso-

nancewhosepolarizabilitymaybehigher than that of each

bit, and therefore, the effective permittivity of such a byte

can be outside the range between the two permittivity val-

ues of the original constituents. The reader is referred to

Ref. [198] for more detail. It is interesting to note that anal-

ogous to thenotionof binarynumbers,where thepositions

of “1’s” and “0’s” may affect the final value of the multi-

bit binary numbers, here also the location of bits within a

byte influences the value of the effective permittivity of the

byte. This is symbolically shown in Fig. 10b. Consider the

subwavelength sized spherical ‘byte’ comprised of 3 lay-

ers made of the two bits ϵ
1
and ϵ

2
(where Reϵ

1
and Reϵ

2

have opposite signs). Two examples are shown in the Fig-

ure, differing in the locations (i.e., the arrangement order)

of the bits in the spherical structure. One is symbolically

shown as ‘1 0 1” representing three layers of bits ϵ
2
, ϵ

1
and
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Figure 9: (a) From [197]: False color SEM and (b) corresponding measured extinction spectrum of patterned Bi
2
Se

3
nanoribbons of varying

widths. In (b) measured (circles) data are fitted with an analytical model (black lines), enabling the extraction of plasmon (red lines) and
phonon (green lines) contributions. The plasmonic resonances occur in the THz regime and are found to scale quadratically with ribbon
width, as expected for a 2DEG on the surface of a topological insulator. (c) From [196]: SEM image and measured spectrum of a patterned
Bi

1.5
Sb

0.5
Te

1.8
Se

1.2
material at significantly smaller size scales. Evidence pointing to plasmonic response in the UV (<400 nm) is observed.

(d) From [195]: SEM image of a Bi
2
Te

3
film on a ZnO substrate, which exhibits photoluminescence near the bandgap energy in the UV spec-

trum. The boxed are indicates the region where the photoluminescence measurements are collected. Enhanced intensities are observed in
the spatial region corresponding to the flake location. This is attributed to plasmonic excitations within the film as a result of being over-
laid on the rough substrate. Reprinted with permission from Refs [197], [196] respectively. Copyright 2013, 2014 Nature Publishing Group.
Material from Ref. [195] is reproduced under the Creative Commons License.

ϵ
2
. The other is formed by three layers of ϵ

1
, ϵ

2
and ϵ

1
, ef-

fectively “0 1 0”. The effective polarizability values of such

spherical blocks are different when they are illuminated

with electromagnetic waves, thus highlighting the anal-

ogy with the binary systems and the importance of spa-

tial orders of the elemental material blocks in construct-

ing structures with a range of values of effective permittiv-

ity. These bytes themselves can be used as new building

blocks to construct larger structures with the desired func-

tionalities such as the one shown in Fig. 10c, showing how

alternate layers of collections of such elements can lead to

macroscopic layers with alternating effective permittivity

values. This method can be exploited to construct a va-

riety of 3D metameterials and 2D metasurfaces using the

combinations of only two elemental materials judiciously

chosen in the wavelength of interest. It is also worth not-

ing that while here we discuss the case of binary digital

metamaterials, in which two materials can be used as the

“bits”, the concept can be generalized to ternary or N-ary

composites in which 3 or N different materials can be used

as the digital building blocks.

A related but conceptually distinct demonstration

of tailoring electromagnetic device functionality by

the use of binary valued building blocks is shown in

Fig. 11 [199]. By using periodic sequences comprised

of alternating bytes in arbitrarily sized lattices, e.g.

“010101. . . /101010. . . /. . .”, large scale metasurfaces that

alter the directivity of reflection and strongly modify scat-

tering properties can be realized [199]. In the example

illustrated in Fig. 11, the constituent bytes are comprised

of metallic structures with two different dimensions over-

laid on dielectric substrates, to realize a null or π phase

response (the “0” and “1” bytes respectively) at the tar-

geted wavelength. Note the subtle distinction between the

“digital metamaterial” concept introduced earlier, which

centers on the realization of any arbitrary (effective) per-

mittivity through the use of two fixed permittivities (of

opposite sign) and these current examples, where differ-

ent combinations and sequences of two basic metasur-

face elements are used to generate the farfield response.

In this case the phase and amplitude response of each

unit cell arises from geometric scales and structural de-

sign. This latter concept can be extended to comprise of

multi-resonance elements in order to achieve multi-bit

coding and to broaden the bandwidth of coding meta-

surfaces [200]. In addition, the concept of digital meta-

materials can be naturally extended to encompass active

behaviour, i.e. flipping between individual bytes in re-
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Figure 10: Sketch of notion of “digital’ metamaterials: (a) Selection
of two elemental building material blocks as ‘bits’ with the follow-
ing condition: Real parts of the permittivity values of the two bits,
ϵ
1
and ϵ

2
, should have opposite signs. (b) By combining the bits

one can construct different material ‘bytes’ with differing effective
permittivity values as viewed by an outside observer. (c) Material
‘bytes’ can be used to construct larger structures, e.g., layers of
core-shell bytes with different orders of ‘bits’, i.e., “1 0 1” bits and
“0 1 0” bits.

sponse to external stimuli, which paves the way for more

complicated operations that are in line with the general,

overarching concept of computational metasurfaces.

Figure 11: From [199]: (a) Simulated and (b) experimental metasur-
face with optimized 1 bit encoding for manipulating directivity of
reflection under normal incidence and lowering the electromagnetic
radar cross section (RCS). (c) Simulated and measured values of
RCS reduction over a wide frequency range of 7.5 to 13 GHZ. (d-f)
Simulated scattering patterns at 8, 10 and 11.5 GHz respectively.
The metasurface redirects incident light to a much broader range of
angles, resulting in significant reductions (more than 10 dB differ-
ence on average) to RCS. Reprinted with permission from Ref. [199].
Copyright 2014 Nature Publishing Group.

8 Outlook
A key reason for nanotechnology’s prominence in recent

research efforts lies in its twin promise of unprecedented

device miniaturization, which in turn leads to perfor-

mance enhancements by virtue of improved spatial resolu-

tion, as well as the development of completely new func-

tionalities. The field of optics is a prime example: driven

by the ability to create artificial materials with nearly arbi-

trary optical responses, it has undergone paradigm shifts

from traditional ray optics to metadevices, and more re-

cently to planar metasurfaces. With each step, novel func-

tionalities for a wide range of applications have emerged,

accounting for phenomena as diverse as cloaking, holo-

graphic imaging and even computing. In this article, we

have highlighted multiple areas of interest for further re-

search from a materials perspective. Nevertheless it can

be argued that in this era of rapid technological advance-

ment and rise of consumer-driven demand, merely being

“faster” or “smaller” is not enough. One needs to open

up to the possibility of “multi-physics” devices, which in-
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tegrate multiple diverse functionalities (such as electri-

cal, thermal, and acoustic) on a single platform synergis-

tically. Such devices could redefine the limits of what is

possible, and result in the creation of disruptive technolo-

gies. On the one hand, the efficient integration of (planar)

photonics and electronics could deliver on the long-held

vision of vastly improved telecommunications, and even

handheld consumer products, beyond the bulknano-scale

optical components and Si interconnects available today.

On the other hand, it could also offer a number of new

solutions that represent the first step towards conformal

and/or wearable photonic gadgets for diverse applications

ranging from beam shaping, smart materials, all the way

to the implementation of virtual andaugmented reality ap-

plications.
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