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Planar Photonics with Metasurfaces

Alexander V. Kildishev, Alexandra Boltasseva, Vladimir M. Shalaev*

Background: Metamaterials (MMs) are smartly engineered structures with rationally designed, 
nanostructured building blocks that allow us to build devices with distinct responses to light, 
acoustic waves, and heat fl ows that are not attainable with naturally available materials.

Advances: The latest developments have shown that optical metasurfaces comprising a class of 
optical MMs with a reduced dimensionality can exhibit exceptional abilities for controlling the fl ow 
of light; achieve the anomalously large photonic density of states; and, similar to their bulk analog, 

provide superresolution imaging. 
Such a planar photonics technol-
ogy is expected to facilitate new 
physics and enhanced functional-
ity for devices that are distinctly 
different from those observed in 
their three-dimensional MM coun-
terparts. As a result, this technol-
ogy will enable new applications 
in imaging, sensing, data storage, 
quantum information processing, 
and light harvesting.

Outlook: The recent progress in 
optical metasurfaces can address 
the major issues hampering the 
full-scale development of MM 
technology, such as high loss, cost-
ineffective fabrication, and chal-
lenging integration. The studies of 
new, low-loss, tunable plasmonic 
materials—such as transparent 
conducting oxides and intermetal-
lics—that can be used as building 
blocks for metasurfaces will com-
plement the exploration of smart 
designs and advanced switching 
capabilities. This progress in meta-
surface design and realization will 
lead to novel functionalities and 
improved performance and may 

result in the development of new types of ultrathin metasurface designs with unparalleled proper-
ties, including increased operational bandwidths and reduced losses. These new designs would also 
be compatible with planar, low-cost manufacturing. In turn, these advances will lead to ultrathin 
devices with unprecedented functionalities, ranging from dynamic spatial light modulation to pulse 
shaping and from subwavelength imaging or sensing to novel quantum optics devices.

1289

Plasmonic metasurfaces at work. (A) A nanoantenna-array plas-
monic metasurface used to experimentally demonstrate negative 
refraction (inset) and refl ection angles. The unit cell of a representative 
metasurface (blue) consists of eight gold V-shaped antennas repeated 
periodically. (B) A hyperbolic metasurface enhancing the radiation rate 
of quantum emitters. The metasurface is arranged of a thin subwave-
length metallic grating deposited on a dielectric substrate.
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Planar Photonics with Metasurfaces

Alexander V. Kildishev, Alexandra Boltasseva, Vladimir M. Shalaev*

Metamaterials, or engineered materials with rationally designed, subwavelength-scale building
blocks, allow us to control the behavior of physical fields in optical, microwave, radio, acoustic,
heat transfer, and other applications with flexibility and performance that are unattainable with
naturally available materials. In turn, metasurfaces—planar, ultrathin metamaterials—extend
these capabilities even further. Optical metasurfaces offer the fascinating possibility of controlling
light with surface-confined, flat components. In the planar photonics concept, it is the reduced
dimensionality of the optical metasurfaces that enables new physics and, therefore, leads to
functionalities and applications that are distinctly different from those achievable with bulk,
multilayer metamaterials. Here, we review the progress in developing optical metasurfaces that has
occurred over the past few years with an eye toward the promising future directions in the field.

W
ith the recent advances in micro- and

nanofabrication methods, one can now

control the flow of light in a way that

was not possible before. Metamaterials (MMs)

are engineered structures with rationally designed,

nanostructured building blocks (“meta-atoms”).

MMs allow us to build devices with responses

to light, acoustic waves, and heat flows that are

unattainable with naturally available materials

(1–3). In the artificial patterns of meta-atoms,

the propagation of electromagnetic energy can

be defined by the spatial and spectral dispersions

of the effective dielectric and magnetic proper-

ties. These synthetic structures offer the distinct

potential to guide and control the flow of electro-

magnetic energy in an engineered optical space

(2) and open the door to a number of applica-

tions that were previously considered impossible

(4). We are no longer constrained by the electro-

magnetic response of natural materials and their

chemical compounds. Instead, we can tailor the

shape and size of the structural units of a MM,

tune the composition and morphology of the

nanostructure, and achieve new, desired function-

alities. The extraordinary properties of optical

MMs and transformation optics (TO) devices (2),

which were conceived by MMs, enable a nega-

tive refractive index, imaging with the nanometer-

scale resolution, invisibility cloaks, efficient light

concentrators, nano-optics and quantum informa-

tion applications (1–4).

Optical metasurfaces comprise a class of

optical MMs with a reduced dimensionality that

demonstrate exceptional abilities for controlling

the flow of light beyond that offered by conven-

tional, planar interfaces between two natural

materials (5). Such two-dimensional (2D) and

quasi-2D MMs provide us with the distinct possi-

bility to fully control light with planar (or nearly

planar) MM elements and, thus, to realize “planar

photonics.” Metasurfaces enable new physics

and phenomena that are distinctly different from

those observed in their 3D counterparts. More-

over, they are compatible with on-chip nano-

photonic devices, which is of critical importance

for future applications in opto-electronics, ultra-

fast information technologies, microscopy, im-

aging, and sensing.

A metasurface structured on the subwave-

length scale in the lateral directions can be de-

terministic (i.e., periodic and aperiodic) or

random. In practice, such a metasurface is rep-

resented by a patterned metal-dielectric layer

that is very thin compared with the wavelength

of the incident light and is typically deposited

on a supporting substrate. The functionality of a

device based on such a metasurface depends di-

rectly on the effective, surface-confined, optical

dispersion. Effective optical properties, along with

nonconventional far-field responses of ultrathin

metasurfaces, for example, have been found to

deviate from classical reflection and refraction

laws (5, 6). Hence, the responses of metasur-

faces cannot be inferred from the experimental

responses for bulk materials. To design reliable

flat photonic devices, a fundamental understand-

ing of the extraordinary properties, as a function

of the lateral dimensional features and the struc-

tural ordering, is required. There is a critical need

to develop innovative theoretical, experimental,

and fabrication approaches to unleash the power

of functional optical metasurfaces.

In a long-wavelength regime (from radio

to terahertz waves), surface-confined metallic

antenna arrays, or “metafilms” (7–9), containing

multiple antenna elements have already been

successfully used for communication applications

(10–12) or as highly confined cavity resonators

(13, 14). Similar to optical metasurfaces, the an-

tenna elements in such “reflectarrays” (10) and

“transmitarrays” (12) also act as phase-controlling

resonators for manipulating the direction in which

radio ormicrowave signals are received or broad-

cast. Nevertheless, the desired phase shifts in

the reflect- and transmitarrays are obtainedwith

the dimensions of resonant elements and array

periods of a magnitude comparable in size to

the incident or transmitted free-space wave-

length (15).

The importance and power of planar pho-

tonics was demonstrated earlier for the specially

designed case of planar chiral elements (16–19).

The recently discovered generalized Snell’s law

suggests a way toward ultimate control of light

propagation (5). As demonstrated by Yu et al.

(5), special nanoantenna-array metasurfaces cre-

ate phase discontinuities for light propagating

through the interfaces and drastically change the

flow of reflected and refracted light, as initially

demonstrated for the mid-infrared (mid-IR) wave-

length of 8 mm (5). This phenomenon has recently

been extended to the near-IR wavelength region

(6), where it was also shown that the effect is

robust and broadband. With these new approaches,

metasurfaces could be used to fully control all

light parameters, including frequency, phase, po-

larization, momentum, and angular momentum

(20–23). Metasurface-based optical vortex plates

(21), aberration-free and ultrathin flat lenses, and

axicons at telecommunication wavelengths (24)

have recently been demonstrated. Ni et al. also

reported that extremely thin (30 nm) and very

small (2 mm in radius) metalenses based on Babinet

complementary nanoantennas (V-shaped slots

in a metal sheet) can be used for the extra-strong

focusing of light (with a focal length as short as

2.5 mm) in the visible wavelength range (25). In

addition, ultrathin terahertz planar lenses have

also been proposed (26).

Another recent demonstration showed that

3D effects on light propagation can be obtained

without the need for complex inclusions in bulk

MMs. Instead, planarized, broadband, bianiso-

tropic MMs consisting of stacked nanorod arrays

can be used (27). These nanorod arrays contain

a tailored rotational twist and were shown to

constitute an ultrathin, broadband circular polar-

izer that can be directly integrated within nano-

photonic systems (27). Plasmonic metasurfaces

have also been proposed and realized as quarter-

wave plates (28, 29). Metasurfaces can be used

to effectively couple propagating waves to sur-

face waves (30), which could be of great impor-

tance for on-chip nanophotonic applications.

Kang et al. have also shown that thin, U-shaped

aperture antennas can be used to completely con-

vert circularly polarized light into its cross-polarized

counterpart (31). As shown by Shu et al. (32),

transformation media can generate optical beams

with desirable orbital angular momenta (OAM)

[see also (33)]. Simon et al. have reported that

specially engineered metasurface-based OAM

states can be used also for high-efficiency quan-

tum cryptography and a new quantum-key dis-

tribution protocol, exploiting, for example, the

recursive properties of the Fibonacci sequence (34).

Finally, it has been shown that so called fishnet

and multilayer MM structures can be used for
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computer-generated holograms (35, 36). Conven-

tionally, phase holograms are made by changing

either the thickness or the refractive index of a

material. In contrast, metasurfaces can create ultra-

thin holograms that rely on subwavelength-sized

antennas to modulate the phase appropriately and

create the hologram image.

We note that the control of the phase with

metasurfaces can be related, in some cases, to

the fundamental physics associated with the

Pancharatnam-Berry phase. This geometrical phase

appears when the light polarization follows a

geodesic triangle on the Poincaré sphere (37, 38).

The phase difference between the initial and final

states differs in this case by an amount represent-

ing half of the solid angle encompassing by the

triangle. It has been demonstrated that contin-

uous, space-variant, subwavelength gratings can

result in this phase change, which is not due to

optical path differences but rather stems from

local changes in polarization, representing the geo-

metrical space-domain Pancharatnam-Berry phase

[see, for example, (39)]. The subwavelength, pe-

riodic structure in this case behaves as a uniaxial

crystal. By controlling the local orientation of

such a grating, one can form space-variant wave

plates. Based on these computer-generated, space-

variant, subwavelength dielectric gratings, a fam-

ily of Pancharatnam-Berry phase optical elements

has been demonstrated; this family includes blazed

diffraction gratings and polarization-dependent fo-

cusing lenses (39), image-encrypting devices (40),

vectorial vortices, and spiral phase elements pro-

ducing helical beams with different topological

charges (41, 42), as well as near- and mid-IR

holograms employing circularly polarized illu-

mination (43). For example, in the design of the

experiments by Hasman et al. and Niv et al.

(39, 42), for incident light with a wavelength of

10.6 mm, the typical depth and period of a de-

signed GaAs dielectric grating structure were

~2 mm each. It was also shown that when plas-

mons are involved, one can develop an impor-

tant quantum weak measurement tool (44) and

observe various fundamental phenomena, such

as the plasmonic Aharonov-Bohm effect and the

optical spin Hall effect (45, 46).

To advance the emerging metasurface tech-

nology further and enable real-life applications

for metasurfaces, there is a critical need to de-

velop a new material platform that provides per-

formance enhancements and new functionalities

combined with manufacturing and integration ca-

pabilities. To enable the large-scale fabrication and

chip integration of metasurfaces, customizable,

cost-effective, and semiconductor-compatible ma-

terials are required (47). Metasurfaces that incor-

porate such materials can contribute to a new

class of hybrid, chip-scale devices (48) that are

expected to revolutionize nanophotonic and opto-

electronic circuitry through smart integration of

multiple functions in the metallic, dielectric, and

semiconductor building blocks. Due to their 2D

nature that is advantageous for wafer-scale pro-

cessing and complex integration, metasurfaces

hold great promise to win the race for the most

technologically important research among ar-

tificially structured materials. We will focus on

three areas that we believe are important for the

current and future developments of the field: (i)

nanoantenna-based metasurfaces, (ii) hyperbolic

metasurfaces (HMSs), and (iii) the use of new

material platforms for metasurfaces, enabling a

generation of switchable devices that could be

integrated with the existing semiconductor tech-

nology into complex, multifunctional systems.

Nanoantenna-Array Metasurfaces

By engineering a phase discontinuity along an in-

terface, one can fully steer light and accomplish

unparalleled control of anomalous reflection and re-

fraction described by the generalized Snell’s law (5)

sinðqtÞnt − sinðqiÞni ¼ l0∇F=2p ð1Þ

sinðqrÞ − sinðqiÞ ¼ n−1i l0∇F=2p ð2Þ

where qt, qi, and qr are the angles of refraction,

incidence, and reflection, respectively; nt and ni
are the refractive indices of the two media at the

transmission and incident side, respectively, and

l0 is the free-space wavelength. These expressions

indicate that a gradient in a phase discontinuity,∇F,

along an interface can modify the direction of the

rays refracted and reflected by the device, and

this can be achieved in a very thin layer. Note that

∇F is essentially an additional momentum con-

tribution that is introduced by coupling to the nano-

antennas (NAs) and breaking the symmetry at the

interface; hence, the light wave bends according-

ly to conserve the momentum.

The degree of light control is illustrated in

Fig. 1. Metasurface functionalities are com-

bined with low losses due to the fact that they

are ultrathin. This could lead to a variety of de-

vices enabling extraordinary light modulation

and control.

Metasurfaces with symmetry-breaking V-shaped

nanoantennas create abrupt phase shifts from 0

to 2p in cross-polarized light and, thus, can be

used for a number of planar optical elements.

For example, to achieve the lensing functional-

ity, the NAs can be arranged in concentric rings

(24, 25). Along with their different shapes, the

NAs can be distributed in such a way that the

abrupt phase shifts cause the wave propagating

through the interface to experience a fully con-

structive interference at a distance f. Therefore,

the outgoing cross-polarized light is focused at a

focal length f (24, 25). Such ultrathin metalenses

can be designed to generate, for example, non-

diffracting Bessel beams (24), which are extreme-

ly important for laser machining, high-precision

position alignment, and sensing. By using Babinet-

complementary NAs, one can significantly in-

crease the signal-to-noise ratio, which is the ratio

of the cross-polarized light that experiences the

anomalous refraction to the transmitted light with

the original polarization (25).

One of most interesting applications for meta-

surfaces could be related to ultrathin, deeply sub-

wavelength spatial light modulators (SLMs). It is

important to note that such SLMs can also pro-

vide ultrafast, dynamically controlled responses.

Metasurfaces can also be used as broadband

mid-IR chemical sensors. The mid-IR range is

an important part of the spectrum, especially for

Metasurface

Substrate Metasurface

Substrate
Negative refraction from 

Negative reflection from 

λ  = 1 µm to λ  = 1.9 µm 

λ  = 1 µm to λ  = 1.9 µm 

θ
i
= 30 deg θ

i
= 65 deg

A B

C D

1

2

3

4

1440

180
200 nm

1600

200

1760

220

1920
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θ
i

θ
i

θ
t

θ
r

Fig. 1. Nanoantenna-arraymetasurfaces. (A) Schematic view of a representative nanoantenna array.
The unit cell of the plasmonic interface (blue) consists of eight gold V-shaped antennas with 40-nm
arm width and 30-nm thickness, repeated with a periodicity of L in the x direction and L/8 in the y
direction. The phase delay for cross-polarized light increases along the x axis from right to left. (B)
Scanning electron microscope images of the unit cells of four antenna arrays with different periods
fabricated on a single silicon wafer. (C and D) Negative refraction (qt) (C) and reflection (qr) (D) angles
are obtained experimentally for incident cross-polarized light with 30° and 65° incidence angles (qi),
respectively, for the range of near-IR wavelengths (l) from 1.0 to 1.9 mm (6).

15 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org1232009-2

REVIEW



chemical sensing, because many chemicals ex-

hibit signature absorption spectra in the mid-IR.

It is well known that plasmonic structures with

their local-field enhancement can dramatically in-

crease sensitivity and, thus, can be used for effi-

cient sensing. With metasurfaces, one can further

increase the sensitivity. Unlike conventional plas-

monic structures, which translate the change in

the local environment into the intensity of the de-

tected light, metasurfaces can transform the local

environmental changes into a shift in the angle

of the anomalous reflection and refraction (Dqr,

and Dqt, respectively) as depicted in Fig. 2A.

The detection of angular shifts can be substan-

tially more sensitive than the detection of small

intensity changes. Thus, metasurfaces could be an

efficient way to produce ultrasensitive chemical

sensors in the mid-IR.

Because metasurfaces can precisely control

the phase of the incident light at the nanoscale,

they can also be used as building blocks for meta-

structures with extremely large values of refrac-

tive index in the optical range. Such materials

with an extra-large refractive index could find

very important applications in nanophotonics,

super-resolution imaging, and sensing devices.

Access to extreme refractive index values that

are unattainable with natural materials can be

achieved by using the large phase changes over

the deeply subwavelength scale provided by a

single layer of a NA-based metasurface. With two

or more layers of such metasurfaces, one can

slow down the light inside the layers by creating

additional phase shifts in the propagation direction.

Figure 2B illustrates how a multilayer of meta-

surfaces can operate as a MM with an extra-large

refractive index. The right panel of Fig. 2B illus-

trates the phase change accumulated by a beam

of light propagating through a normal homoge-

nous material (the green line) and through a MM

consisting of several metasurfaces (the red curve).

The slope of each curve indicates the effective

refractive index. Because of the abrupt phase

changes due to metasurfaces, the beam in the MM

can accumulate phase much faster than in normal

materials; hence, the MM provides a much larger

effective refractive index than in normal materials.

In addition to the control of incident light,

metasurfaces can also control and manipulate sur-

face electromagnetic waves. Applications can be

realized by designing metasurfaces that support

and transform surface waves. For example, cloak-

ing of 3D objects using bulk MMs can be ex-

tended to surface structures that cloak surface

discontinuities from detection via propagating sur-

face waves (e.g., surface plasmon polaritons). As

mentioned previously, metasurfaces allow one

to very effectively couple propagating waves to

surface waves (30). One can apply the transfor-

mation optics approach to control the propaga-

tion of surface-confined waves with metasurfaces.

This extends the previously proposed TO ap-

proach for the surface plasmon waves (49) to

the generalized TO concept for waves supported

by metasurfaces.

To advance the proposed functionalities further,

it is important to add switching and modulation

capabilities to metasurface devices. Switchable

metasurfaces could be extremely important for

applications involving dynamic beam steering.

One can employ phase-changing materials such as

chalcogenide glass, transition-metal oxides (e.g.,

vanadium oxide), and liquid crystals as possible

candidates for switching. By precisely control-

ling the phase change acquired by the beam pass-

ing through a metasurface, one can also develop

an approach for advanced pulse shaping. Dynam-

ically controlled pulse shaping can be enabled

by combining ultrathin metasurfaces with phase-

changing and nonlinear dielectrics.

Hyperbolic Metasurfaces

Highly anisotropic hyperbolic metamaterials

(HMMs), which are usually made of alternating

metal and dielectric layers or using metal wires

embedded in a dielectric host, are metallic in

one direction and dielectric in the other direc-

tions (Fig. 3) (50–57). In HMMs, light encoun-

ters extreme anisotropy, causing its dispersion

to become hyperbolic. This leads to dramatic

changes in the light’s behavior. For example,

HMMs enable many exotic applications for nano-

scale imaging and efficient light concentration

(50–52, 58, 59). Additionally, HMMs can en-

hance the density of states for photons within a

broad spectral range (53–55, 60, 61). The ra-

diative decay rate for light emitters is proportion-

al to the photonic density of states (PDOS); thus,

the radiative decay can be efficiently enhanced in

HMMs. This recent discovery of a broad-band

singularity in the PDOS for HMMs (61) could

revolutionize PDOS engineering, enabling light

sources with dramatically increased photon ex-

traction and, ultimately, leading to nonresonant

single-photon sources, which could be used, for

example, for quantum communication protocols

and other quantum information applications (60).

However, bulk HMMs usually exhibit high

loss. Moreover, it is difficult to place emitters in-

side 3D HMMs to efficiently use the high PDOS.

Thus, it is important to develop quasi-2D HMSs

that could offer important advantages over their

3D counterparts because such HMSs would be

chip-compatible and would typically have small

losses that are relatively easy to compensate. Planar

and ultrathin HMSs also offer straightforward de-

vice fabrication and integration. Complementing

the distinct properties of the NA-based metasur-

faces considered above, HMSs would also pro-

vide broadband control over the PDOS.

One of the interesting surface phenomena

that holds promise for developing efficient HMSs

with a number of applications in nano-optics and

imaging is a Dyakonov surface wave. Dyakonov

plasmon surface waves occur at the interface

between two media, at least one of which is
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Fig. 2. Example applications of optical metasurfaces. (A) A meta-
surface acting as a chemical sensor: The analyte molecules adsorb onto the
metasurface, causing a shift in the resonance of the constituent NAs. This
results in shifts in the angle of the anomalously reflected and transmitted
beams (Dqr and Dqt, respectively). (B) Illustration of an extra-large refractive-

index MM consisting of three metasurfaces (left panel). The right panel
shows the accumulated phase change for light propagating through a
normal homogenous material (green line) and through a MM consisting
of three metasurfaces (red curve). The slope of each curve indicates the
effective refractive index.
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anisotropic, and where one component of the

permittivity of either media has to be negative

(56). These surface waves can be observed in

two different geometries. The first is a layer of

metal covered with a uniaxial dielectric material.

The second possibility is to employ an HMM

layer covered with an isotropic dielectric layer.

Both of these configurations can support surfaces

waves exhibiting hyperbolic dispersion, which

causes highly directional propagation of the sur-

face waves with unboundedwave vectors (limited

in magnitude only by the inverse of the size of the

structural unit) in a broad wavelength range. It is

important to note that the PDOS in HMSs di-

verges similarly to PDOS in their 3D counterparts.

Naturally, the unbounded isofrequency curves of

HMSs immediately suggest a diverging, anoma-

lously large PDOS. Importantly, though, the hy-

perbolic dispersion can be achieved within a wide

spectral range; thus, the expected enhancement of

the emission rate onHMSs has a broad bandwidth

similar to that of their 3D counterparts.

We note that the anomalously large PDOS in

HMSs could open up the exciting possibility of

creating a new generation of active, on-chip light

sources with dramatically increased photon ex-

traction. Moreover, PDOS engineering achieva-

ble in HMS could lead to novel laser designs

with extraordinary properties such as wide-band

tunability and high directionality.

One of the interesting directions in this field

is exploring how to use HMSs for quantum op-

tical applications, such as the control of sponta-

neous emission and “single-photon guns,” which

could be very important for quantum information

applications (60). As follows from the consider-

ations above, one can expect emission enhance-

ment from quantum emitters onHMSs. In contrast

to bulk HMMs, quantum emitters can be placed

directly on the interfaces of HMSs. In addition, the

hyperbolic dispersion relation of the Dyakonov

surface waves implies that the emitted light on the

surface is highly directional, which will improve

the collection efficiency. The surface nature of

this approach makes it inherently compatible with

on-chip integration. Figure 4A illustrates an ex-

ample of a geometry involving quantum emitters

on a HMS.

Another important application for HMSs is a

surface hyperlens for superresolution imaging,

which was previously proposed and realized for

the 3D case (52, 58, 62). Figure 4, B and C, illus-

trates the hyperlensing effect for HMSs consisting

of metallic gratings on top of a dielectric substrate.

Figure 4B shows a surface hyperlens without the

magnification effect. Two scatterers on top of the

grating are separated by a subwavelength distance

and behave as sources. The surface waves are

confined in a preferred angular direction, along

which the wave vector of the Dyakonov plasmons

is perpendicular to the isofrequency curve. For

the hyperlensing condition (when the hyperbolas

of the isofrequency curves are flat), the waves

emerging from the two sources are parallel to

each other and will be resolvable at a distance

far away from the sources. The design can be

readily changed to produce a magnifying effect,
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Fig. 4. Hyperbolic metasurfaces. (A) Illustration of a HMS enhancing
the emission rate of quantum emitters on a metasurface consisting of
a metallic grating on a dielectric substrate. (B and C) Illustration of a

surface hyperlens without magnification (B) and with magnification (C).
The two scatterers are on the top of the grating and have a subwavelength
separation.
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as shown in Fig. 4C. A grating made of strips

that become wider with distance from the sources

will magnify the image of the sources. When the

light is directed in the opposite direction, the

same HMS designs can be employed as light

concentrators. Such HMSs could focus light to

a subwavelength-sized spot and could be used

for efficient, on-chip light harvesting.

The enhancement in the PDOS provided by

HMSs also enables the engineering of thermal

radiation and near-field heat transport. Engineering

the thermal radiation of emitters over a broad band

of mid-IR frequencies that is enabled by HMSs

also allows the efficient control over the flow of

heat, which is essential for many applications such

as surveillance, sensing, detection, and imaging.

Improved Plasmonic Materials

for Metasurfaces

The search for novel, low-loss, tunable materials

that can be used as building blocks for metasurfaces

will no doubt complement the exploration of

smart designs and lead to new functionalities and

improved performance. Similar to other plasmonic

systems, one of the largest obstacles to over-

come in metasurfaces is optical loss arising in

the metallic unit cells (47, 57). Metals such as

silver and gold have traditionally been selected as

the plasmonic materials of choice because they

have large free-electron concentrations and high

electrical conductivities. Although these metals

work well in the infrared and microwave spec-

tral regions, they suffer from high losses arising

in part from interband transitions as the incident

light approaches the technologically important

telecommunication and visible wavelengths (57).

One common approach to loss compensation is

the addition of a gain medium in or around the

plasmonic material. This approach can partially

or fully compensate the loss in metals, but the

incorporation of such active materials is very chal-

lenging (63). Often, the gain that can be provided

by usual materials is barely enough to compensate

the losses. Hence, an efficient alternative approach

is needed to realize extremely low-loss or loss-

less devices. Another related fact limiting optical

MM applications is the large plasma frequency

of noble metals (~2000 THz) that cannot be

adjusted (57). This is disadvantageous for a

number of applications such as hyperlenses, trans-

formation optics, and epsilon-near-zero materials

(materials where the real part of the effective di-

electric permittivity approaches zero) that enable

subwavelength-resolution imaging, cloaking, and

directional beaming, respectively. Ideally, for

many applications, metals should not be too me-

tallic (so that their permittivity would be com-

parable in magnitude to that of dielectrics but

opposite in sign) and should have an adjustable

or tunable plasma frequency to enable controlla-

ble or switchable devices. Moreover, noble metals

are not compatible with the established semi-

conductor processing technologies, restricting MM

and metasurface devices to the proof-of-concept

stage only.

Those issues can be addressed by developing

new material platforms that use low-loss, tunable

materials for metasurface devices with improved

performance, new functionalities, switchability, and

compatibility with existing semiconductor tech-

nologies. The recent search for new plasmonic

materials (47, 57, 64–66) defined new, interme-

diate carrier density materials as the best candi-

dates that exhibit low loss, extraordinary tuning,

and modulation capabilities and that are com-

patible with standard semiconductor fabrication

and integration procedures.

Recently, the most promising classes of new

plasmonic materials have been outlined and in-

clude materials such as inorganic ceramics [no-

tably transparent conducting oxides (TCOs)

(57, 64, 65) and transition metal nitrides (65, 66)],

and the merits of these materials for different

applications have been explored (57, 64–66).

Heavily doped (1021 cm−3) TCOs, such as indium

tin oxide and zinc oxide doped with aluminum or

gallium, have been shown to be promising plas-

monic materials in the near-IR range (57, 64–66).

In the visible range, intermetallics such as silicides,

germanides, borides, and nitrides could serve as

plasmonic materials (47). Naik et al. have dem-

onstrated that the optical performance of gold

can be at least matched by that of TiN (65, 66).

It is also important to study the possibility

of incorporating tunability and switching and/or

modulation capabilities into metasurface systems.

Along with phase-change materials like liquid

crystals, chalcogenide glasses, and transition-metal

oxides (e.g., vanadium oxide), the usage of TCOs

for electro-optical switching of metasurface devices

can be explored. The addition of electro-optical

capabilities to metasurface devices, particularly

in the infrared domain, can be optimized by ex-

ploiting the shift of the electromagnetic response

driven by an applied voltage. Feigenbaum and

Atwater have shown that heavily doped semi-

conductor oxides and TCOs support extraordinary

tuning and modulation of their complex refrac-

tive indices because their carrier concentrations

can be changed by orders of magnitude through

the application of an electric field (67). It is also

important to look into the possibility of using

the strong optical nonlinear responses that can

be exhibited by the intermediate carrier density

materials (68) proposed above to add new, use-

ful functionalities to metasurface devices.

The recent progress in optical metasurfaces

could address the major issues—such as high

loss, cost-ineffective fabrication, and challenging

integration—that are hampering the full-scale

development of MM technology. This progress

can result in the development of new types of

ultrathin metasurfaces with unparalleled proper-

ties, including increased operational bandwidths

and reduced losses; these metasurfaces would

also be compatible with planar, low-cost manu-

facturing. In turn, this development could lead to

novel, ultrathin devices that offer unprecedented

functionalities ranging from dynamic spatial light

modulation to pulse-shaping and beam-steering

and from nanoscale-resolution imaging and sensing

to novel quantum optics devices.
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