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Flat optics with designer metasurfaces

Nanfang Yu™ and Federico Capasso®*

Conventional optical components such as lenses, waveplates and holograms rely on light propagation over distances much
larger than the wavelength to shape wavefronts. In this way substantial changes of the amplitude, phase or polarization of
light waves are gradually accumulated along the optical path. This Review focuses on recent developments on flat, ultrathin
optical components dubbed ‘metasurfaces’ that produce abrupt changes over the scale of the free-space wavelength in the
phase, amplitude and/or polarization of a light beam. Metasurfaces are generally created by assembling arrays of miniature,
anisotropic light scatterers (that is, resonators such as optical antennas). The spacing between antennas and their dimensions
are much smaller than the wavelength. As a result the metasurfaces, on account of Huygens principle, are able to mould opti-
cal wavefronts into arbitrary shapes with subwavelength resolution by introducing spatial variations in the optical response
of the light scatterers. Such gradient metasurfaces go beyond the well-established technology of frequency selective sur-
faces made of periodic structures and are extending to new spectral regions the functionalities of conventional microwave and
millimetre-wave transmit-arrays and reflect-arrays. Metasurfaces can also be created by using ultrathin films of materials with
large optical losses. By using the controllable abrupt phase shifts associated with reflection or transmission of light waves
at the interface between lossy materials, such metasurfaces operate like optically thin cavities that strongly modify the light
spectrum. Technology opportunities in various spectral regions and their potential advantages in replacing existing optical

components are discussed.

phase, amplitude and polarization in a desired manner.
Conventional optical components are based on refraction,
reflection or diffraction of light and wavefront shaping is achieved
via propagation through media of given refractive indices that can
be engineered to control the optical path of light beams. In this way
phase and polarization changes are accumulated through propaga-
tion in refractive optical components such as lenses and waveplates.
Secondary waves created by diffractive optical components such as
holograms propagate in air and interfere in the far-field to form com-
plex patterns. The propagation effect is also used in transformation
optics"?, which utilizes optical materials structured on a subwave-
length scale (metamaterials®*) to produce spatially varying refrac-
tive indices that can range from positive to negative. In this way
light can be steered in unusual ways, achieving novel phenomena
such as negative refraction, perfect lenses and optical cloaking®”’.
Metasurfaces break our dependence on the propagation effect
by introducing abrupt changes of optical properties®'2. They can
be made of arrays of scatterers or optically thin films. In the for-
mer case abrupt and controllable changes of optical properties are
achieved by engineering the interaction between light and optical
scatterers (‘optical antennas™*'*), which can take a variety of forms
such as metallic or dielectric micro/nanoparticles''® and apertures
opened in metallic films'*. The essence of such metasurfaces is
to use arrays of antennas with subwavelength separation and with
spatially varying geometric parameters (for example, antenna
shape, size, orientation) to form a spatially varying optical response,
which moulds optical wavefronts into shapes that can be designed
at will. This is the main difference between such metasurfaces and
frequency selective surfaces'*?, which typically do not have spa-
tial variations of the electromagnetic response. Metasurfaces based
on arrays of optical scatterers are conceptually related to reflect-
arrays and transmit-arrays demonstrated in the microwave and
millimetre-wave frequency range*"*.

O ptical devices modify the wavefront of light by altering its

Metasurfaces of a different nature can be created by using opti-
cally thin films made of lossy materials (that is, imaginary part
of the complex refractive index comparable to the real part). The
phase changes on reflection or transmission of light at the bound-
ary between lossy media can be substantially different from 0 or n
(refs 10,23). These nontrivial interfacial phase changes enable nano-
metre-thin films to substantially modify the light spectrum.

Three features distinguish metasurfaces from conventional opti-
cal components. First, wavefront shaping is accomplished within
a distance much less than the wavelength from the interface after
the incident light beam traverses or is reflected by the optically thin
metasurface. Large and controllable changes of the optical proper-
ties are achieved through scattering by optical antennas arranged in
arrays or through reflection/transmission at interfaces between lossy
media. Second, metasurfaces based on optical scatterers enable us to
engineer the spatial distribution of amplitude, phase and polariza-
tion response with subwavelength resolution. Subwavelength reso-
lution of optical wavefronts makes it possible to funnel all incident
optical power into a single useful beam while eliminating other dif-
fraction orders (for example, reflect-array metasurfaces in Fig. le,g).
This circumvents the fundamental limitation of diffractive optical
components, which typically produce multiple diffraction orders.
For example, Fresnel zone plates have multiple real and virtual focal
points, and holograms generate real images in addition to virtual
ones*. Furthermore the wide range of spatial frequency components
provided by metasurfaces with subwavelength resolution enables
the control of the optical near-field and meso-field*%, a functional-
ity that has not been systematically explored in conventional optical
components. Third, metasurfaces allow one to engineer the interac-
tion of nanostructures with not only the electric field but also the
magnetic field component of the light waves?~?. This makes it pos-
sible to control the optical impedance of planar devices: by matching
the impedance with that of free space, one can create high-efficiency
transmit-arrays with minimum reflection (Fig. 2c-f).
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This Review concentrates on recent developments in the
concept and applications of metasurfaces. We start by introducing
phase jumps and discuss their implication for light propagation
(Fig. 1a,b). Our focus is to illustrate a set of distinctive approaches
to create metasurfaces. Metasurfaces made of optical scatterers that
control propagating waves are presented in Figs 1-4. Metasurfaces
based on holograms in the form of structured metallic surfaces
that control surface plasmons® are presented in Fig. 5. A holo-
gram can be regarded as a continuous pattern of optical scatterers.
Metasurfaces based on optically thin films of lossy materials are
presented in Fig. 6.
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Richard Feynman used the drowning mans dilemma in his
Lectures on Physics to explain the refraction of light at the inter-
face between two media®. Here we use the dilemma to illustrate
the implication of phase jumps for the propagation of light. The
drowning man’s dilemma asks the following question: what is the
best route for a lifeguard to reach a drowning man at sea? Because
the lifeguard runs faster than he swims (v,,,4 > v,.,), he should head
for a point on the seashore that extends the running distance in
exchange for a shortened swimming distance. The optimal route
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Figure 1| Generalized laws of refraction and reflection. a, Drowning man’s dilemma. A wall with varying height along the seashore will change the optimal
route for a lifeguard to reach a drowning man in the sea. Likewise, a gradient of phase jump on the interface between two optical media will change the
path of stationary phase according to Fermat's principle, leading to a generalized Snell's law. b, A gradient of interfacial phase jump d®/dr provides an
effective wavevector along the interface that can bend transmitted and reflected light into arbitrary directions. In particular, the component d®/dy normal
to the plane of incidence leads to out-of-plane refraction and reflection. ¢, Scanning electron microscopy (SEM) image of a metasurface consisting of an
array of V-shaped gold optical antennas fabricated on a silicon wafer. The metasurface introduces a constant gradient of phase jump along the interface.
The unit cell of the metasurface is highlighted and I' =11 um. d, Experimental far-field intensity profiles showing the ordinary and anomalous refraction
generated by metasurfaces like the one shown in ¢ and with different interfacial phase gradients. The upper, middle and lower panels correspond to I'=13,
15 and 17 um, respectively. The incident beam impinges normal to the metasurfaces. The far-field profiles are normalized with respect to the intensity

of the ordinary beams located at 6, = 0°. The arrows indicate the calculated angular positions of the anomalous refraction according to 6, = -arcsin(A/T).
e, Photograph of a fabricated microwave reflect-array consisting of H-antennas separated from a metallic back plane by a dielectric spacer. The reflect-

array introduces an interfacial phase gradient & =114k, where k, is the wavevector of the incident beam corresponding to a 2-cm wavelength. f, Measured
and simulated far-field intensity profiles for a microwave reflect-array corresponding to £ = 0.4k, and 0.8k,. The solid blue lines represent calculations by
finite-difference time-domain (FDTD) simulations. g, Anomalous reflections at different incident angles for a near-infrared reflect-array consisting of Au
patch antennas separated from a gold back plane by a MgF, spacer with subwavelength thickness. Note the existence of critical angle of incidence above
which there is no reflected wave, consistent with the generalized law of reflection, equation (1). The grey box corresponds to negative reflection. Inset is
an SEM image of part of the reflect-array. h, Simulated optical fields at different incident angles indicated by the arrows in g. The red and black arrows
represent the direction of the incident and reflected light, respectively. Figures reproduced with permission from: b-d, ref. 12, © 2013 |IEEE; e f, ref. 38,

© 2012 NPG; g/h, ref. 37, © 2012 ACS.
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dashed curve in Fig. 1a). The equation has the same form of Snell’s
law sin6,/v, - sin/v, = 0, where v, and v, are, respectively, the phase
velocity of light in the media before and after the light beam trav-
erses the interface.

A constant gradient of phase jump on an optical interface is
analogous to a wall of linearly varying height along the seashore
(Fig. 1a). In planning the optimal route, the lifeguard has to con-
sider the time to climb up and down the wall and decide the best
spot to do it. This will necessarily result in an optimal route (yel-
low solid curve in Fig. 1a) different from the one in the absence
of the wall. The optimal route for the lifeguard corresponds to
the minimum travelling time, or more rigorously stated is sta-
tionary in travelling time with respect to small variations of the
route. Similarly, the actual optical path in the presence of phase
jumps should be stationary in the total accumulated optical phase.
This law of stationary phase has been used to derive the following
generalized laws governing the propagation of light®**:

n, sin(6,) - n; sin(6,) = kl(jl_(f
° Generalized law of refraction
cos(6)sin(¢,) = _1 do
! Y nk, dy
. . _ 1 do
sin(6,) - sin(6,) = _niko ax
Generalized law of reflection (1)
cos(8)sin(g,) = 1 _do
r r nrko dy

where the definition of angles are shown in Fig. 1b, d®/dx and
d®/dy are, respectively, the components of the phase gradient
parallel and perpendicular to the plane of incidence, n; and n, are
the refractive indices of media on the incident and on the transmis-
sion side of the metasurface, respectively and k, is the magnitude
of the free space wavevector. The interfacial phase gradient pro-
vides an effective wavevector along the interface that is imparted
to the transmitted and reflected photons and the generalized laws
can also be derived by considering the conservation of wavevec-
tor along the interface. These generalized laws indicate that the
transmitted and reflected light beams can be bent into arbitrary
directions in their respective half space, depending on the direc-
tion and magnitude of the interfacial phase gradient, as well as the
refractive indices of the surrounding optical media.

To experimentally demonstrate the generalized laws, one
has to devise miniature scatterers that are able to controllably
change the phase of the scattered waves and to place such scat-
terers into an array, forming an artificial interface. The scattering
amplitudes should be the same for all scatterers and the spacing
between neighbouring scatterers in the array should be much less
than the wavelength. These conditions ensure that the superposi-
tion of spherical waves emanating from the scatterers gives rise
to refracted and reflected waves with planar wavefronts, following
Huygens’s principle.

Metasurfaces based on optical scatterers

One approach to design the phase response of scatterers is to use
antenna dispersion. When a beam of light impinges on a metallic
optical antenna, the optical energy is coupled into surface electro-
magnetic waves propagating back and forth along its surface. These
are accompanied by charge oscillations inside the antenna. These
coupled surface wave and charge oscillations are known as surface
plasmons. Abrupt phase changes over the scale of the free-space
wavelength (phase ‘jumps’) in the direction of the incident light
are the result of the strong interaction between light and the local-
ized surface plasmons. For a fixed incident wavelength, antenna
resonance occurs when the antenna length L. = /2, where A is
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the surface plasmon wavelength that accounts for dispersion in
the metal; under this condition the incident optical field is in
phase with the excited antenna current. When the antenna length
is smaller or larger than L, the current leads or lags the driv-
ing field. Therefore, by choosing different antenna lengths one is
able to control the phase of the antenna current and thereby the
phase of the scattered waves because the scattered light originates
from the radiation of the oscillating antenna current. The tuning
range of phase is up to 7 if a single antenna resonance is involved.
Multiple independent resonances, coupled antenna resonances
or geometric effects (see discussion of the Pancharatnam-Berry
phase associated with Fig. 4) are able to extend the phase response
to cover the entire 2n range, which is necessary for a complete
control of the wavefront. For example, in Fig. 1c the unit cell of the
metasurface consisting of eight antennas produces a phase shift
of the scattered light that increases from 0 to 7m/4 in steps of n/4
from one end to the other of the unit cell.

Generalized optical laws were first demonstrated by using
V-shaped optical antennas in the mid-infrared spectral range®
(Fig. 1c,d) and later confirmed in the near-infrared®. Such opti-
cally anisotropic antennas support two plasmonic eigenmodes
with different resonant properties. The geometry and orienta-
tion of antennas in the array are properly chosen so that for a
normally incident field polarized along a direction oriented at
an angle « from the x axis (Fig. 1c), the component of the scat-
tered field polarized along the 90°-« direction has an incremental
phase of 1/4 between neighbouring V-antennas?. The amplitude
of the 90°-a-polarized component is by design uniform across the
antenna array and the antenna spacing is between one tenth and
one fifth of the free space wavelength. As a result the metasurface
in Fig. 1c creates anomalously refracted and reflected beams satis-
fying the generalized optical laws. The metasurface is broadband:
anomalous refraction and reflection are observed and negligible
spurious beams and optical background are detected over a wide
wavelength range (Fig. 1d). The reasons behind the broadband
performance are the following: First, antenna resonances in gen-
eral have a low quality factor due to high radiation losses; second,
the two eigenmodes supported by the V-antennas form a broad
effective resonance over which the scattering efficiency is nearly
constant and the phase response is approximately linear®**. It is
worth noting that the suppression of certain diffraction orders
is a characteristic of blazed gratings. Our gradient phased meta-
surfaces can be regarded functionally as novel blazed gratings®
but with new important features: the use of phase jumps means
easier fabrication and leads to the broadband performance of flat
optical components.

The generalized law of reflection has also been demonstrated
by using reflect-arrays**, which consist of metallic antennas
separated from a back metallic plane by a thin layer of insulator
(Fig. 1e-h). The design in Fig. le is based on H-shaped anten-
nas for microwaves and the design in Fig. 1g is based on patch
antennas working in the near-infrared. Birefringent reflect-array
metasurfaces that steer incident light into different directions
according to its polarization state have been demonstrated in
simulations®. The essence of reflect-arrays is to use antennas cou-
pled with their dipolar images in the back plane to achieve a phase
coverage of 2. This approach has the advantage that the antenna
scattering efficiency is significantly higher than that of the single-
layered design in Fig. 1c (for example, 80% versus 20% in reflec-
tivity) because transmission is suppressed by the back plane. An
additional advantage is that the polarization of the reflected light
is the same as that of the incident light. Figure 1h shows three
regimes of operation for the reflect-array metasurface: negative
angle of reflection (upper panel), angle of incidence and angle
of reflection both positive but not equal to each other (middle
panel), and coupling of incident light directly into evanescent
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Figure 2 | Planar devices based on metasurfaces. a, Left: SEM image of a fabricated planar lens with 3-cm focal length consists of an array of V-antennas.
Right: Phase profile of the lens discretized according to the phase responses of eight constituent antennas. Inset: Zoom-in view of fabricated antennas.
The antenna array has a square lattice with a lattice constant of 750 nm. b, Measured intensity distribution of the lens in panel a on the focal plane.

¢, Top: Photograph of a fabricated microwave metasurface that can redirect an incident beam with nearly 100% efficiency into a refracted beam. It is made
of a stack of identical circuit board stripes, the top and bottom sides of which are printed with copper traces. Bottom: One unit cell of the metasurface
consists of capacitively and inductively loaded traces to realize desired electric sheet reactance (on the top side of each stripe) and capacitively loaded
loops to realize desired magnetic sheet reactance (on the bottom side of each stripe). d, Simulation of the electric field magnitude distribution around

a Gaussian-to-Bessel beam transformer (located at x = 0), which can be realized by the microwave metasurface. e, SEM image of a portion of the
freestanding nanofabricated fishnet metasurface that functions as a broadband band pass filter. The inset shows a schematic of the unit cell of the
metasurface. f, Simulated (solid lines) and measured (dashed lines) transmission (upper panel) and reflection (lower panel) spectra of the fishnet
metasurface with normally incident excitation showing broadband, close-to-unity transmission from 3.0 pm to 3.5 um. g, Schematic showing a broadband,
background-free metasurface quarter-wave plate. The unit cell consists of two subunits (pink and green) each containing eight gold V-antennas. On
excitation by linearly polarized incident light, the subunits generate two co-propagating waves with equal amplitudes, orthogonal linear polarizations,

and a /2 phase difference (when offset d = I'/4), which produce a circularly polarized extraordinary beam that bends away from the surface normal.

h, State-of-polarization analysis for the extraordinary beam showing a high degree of circular polarization at A = 5.2, 8 and 9.9 um. The measurements are
performed by rotating a linear polarizer in front of a detector and measuring the transmitted power. Figures reproduced with permission from: a,b, ref. 42,
© 2012 ACS; ¢ d, ref. 29, © 2013 APS; e f, ref. 27, © 2013 NPG; g,h, ref. 34, © 2012 ACS.

waves on the metasurface (bottom panel). Note that microwave
active phased-array antenna is a well-established technology but
has substantial differences. The phase of the antennas is typically
controlled by phase delay circuits and antenna spacings are usu-
ally not subwavelength**#!.
Figure 2 shows a few planar devices based on metasurfaces. To
realize flat lenses, a metasurface should impose a phase profile
Pulxy) = ZT” Va2 +y2 + f2-f) )
to mould incident planar wavefronts into spherical ones, which
converge at a distance f from the lenses. The optical wavefronts
in transmission or reflection remain spherical as long as the inci-
dent plane wave impinges normal to the flat lenses. It is therefore
straightforward to achieve high numerical-aperture (NA) focus-
ing without spherical aberration. Flat lenses at telecom wavelength
have been experimentally demonstrated using V-shaped antennas
(Fig. 2a,b)*>. V-shaped aperture antennas have a similar optical
response to their complementary structures of V-antennas accord-
ing to Babinet’s principle; they have been used to create flat lens to
focus visible light*. The efficiency of the flat lens reported in ref. 42
is small (that is, ~1% of the incident optical power is focused)
because only a single layer of scatterers was used, the surface filling
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factor is small, and only the cross-polarized component of the
scattered light is focused. A flat lens design at telecom wavelength
with potentially much higher efficiency has been demonstrated in
simulations*. The design uses concentric loop antennas placed
on both sides of a substrate to enhance scattering efficiency and
to increase the range of phase coverage. Flat lenses working in
the near-infrared with high efficiency have been demonstrated
experimentally by using reflect-arrays of patch antennas®. Note
that except for spherical aberration, monochromatic aberrations
are still present in the above demonstrated flat lenses. For example,
when incident light is not perpendicular to the lenses, the trans-
mitted or reflected wavefront is no longer spherical because its
phase distribution is that as described by equation (2) plus a linear
phase distribution introduced by the non-normal incidence angle.
Theoretical analysis shows that this aberration, known as coma,
can be greatly reduced compared with conventional bulk spheri-
cal lenses by building the flat lens on a curved substrate (E Aieta,
personal communication). Flat lenses also have chromatic aber-
ration and one can design antennas with multiple resonances to
eliminate it by engineering their dispersion.

To boost the efficiency of metasurfaces in controlling the trans-
mitted light, one has to match its impedance with that of free space.
Complete elimination of reflection can be realized by controlling
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the surface electric and magnetic polarizabilities, &, and «,,, of the
metasurfaces so that

Vo, [ a,=1, (3)

where 7, is the free space impedance. The effective electric and
magnetic surface currents, which are proportional to «, and «,,
respectively, change the boundary conditions at the metasurface
and lead to the new scattered wavefronts. The complex transmis-
sion coefficient of the metasurface is*

2 -iway
T 2+ iway

where w is the angular frequency. So as long as «a, is real, one
can change its value (and correspondingly «,, according to equa-
tion (3)) to provide complete phase coverage from - to +m. The
above design concept has been implemented in the microwave
spectral region by using spatially varying copper traces support-
ing both electric and magnetic polarization currents® (Fig. 2c).
Transmission efficiency of 86% was demonstrated in a beam
deflector and simulations show that complex flat components
such as a Gaussian-to-Bessel beam transformer with high effi-
ciency can be realized (Fig. 2d). Although the demonstrations are
in the microwave regime, the concepts can be adapted to optics.
Another metasurface impedance matched to free space and able
to fully control the phase of the transmitted light was proposed
in a recent paper®. It is designed based on optical nanocircuit
concepts and comprises three planarized arrays stacked together.
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The building blocks of the array are subwavelength components
made of metallic and dielectric materials with different filling
ratios and function as inductors and capacitors at optical fre-
quencies. A beam deflector and a flat lens with high transmission
efficiency were demonstrated in simulations by engineering the
effective surface impedance of the metasurface via tuning of the
filling ratios.

The flexibility in engineering the dispersion of metasur-
faces was also demonstrated in a mid-infrared band-pass filter?
(Fig. 2e,f). In this case the effective permittivity and permeability,
& and p.q, of the thin metamaterials (thickness ~1/6 free space
wavelength) are designed to balance each other so that over a wide
spectral range the effective impedance 7,4 = Vi g/e is matched
to that of free space, leading to a transmission coefficient close to
unity. Outside of this pass-band, .4 and pq are imbalanced to pro-
duce an effective impedance that blocks the transmission of waves.
Control of the dispersion of the thin metamaterial is achieved by
engineering the plasma frequency, the electric/magnetic resonance
frequencies and the damping factors of its constituent elements.

Figure 2gh shows a broadband metasurface quarter-wave
plate®. Here a combination of antenna dispersion and rotation of
the antenna axes are used to control both the phase and polariza-
tion response of the metasurface, so that when a linearly polarized
beam normally impinges on the metasurface, it creates a circularly
polarized beam propagating away from the surface normal. The
metasurface quarter-wave plate has been demonstrated experi-
mentally to generate a high degree of circular polarization (>0.97)
from A = 5 to 10 um. The key underlying this broadband perfor-
mance is that the anisotropic antennas used in this case support
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Figure 3 | Complex wavefront shaping based on metasurfaces. a, SEM image of part of a metasurface hologram made of aperture antennas. Different
colours represent pixels with distinctive transmission coefficients. Size of image, 9 um x 9 um. b, Transmitted light intensity of the metasurface in panela
recorded in the far-field. Incident wavelength is 905 nm. ¢, SEM image of the central region of a mid-infrared metasurface phase plate that is able to
generate optical vortex beams. The plate comprises eight regions, each occupied by one V-antenna type. The antennas are arranged to create a phase
shift that varies azimuthally from O to 27, thus producing a helicoidal scattered wavefront corresponding to an orbital angular momentum L =1. d, Spiral
interferogram created by the interference between a vortex beam created by the plate in panel € and a co-propagating Gaussian beam. The size of the
interferogram is about 30 mm x 30 mm. e, SEM image of a spiral pillar array fabricated in Er-doped Si-rich silicon nitride. The structure functions as a
binary hologram. The inset is an SEM image of a single pillar. f, Calculation showing that Er photoluminescence from the structure in panel e contains
several discrete vortex beams with L corresponding to 5 consecutive Fibonacci numbers (that is, 21, 34, 55, 89 and 144). Figures reproduced with

permission from: a,b, ref. 17, © 2012 Wiley; e f, ref. 49, © 2012 AIP.

NATURE MATERIALS | VOL 13 | FEBRUARY 2014 | www.nature.com/naturematerials

143

© 2014 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3839

REVIEW ARTICLE

NATURE MATERIALS bor:101038/NMAT3839

two resonances that effectively broaden the spectral range over
which the scattering efficiency is high and over which the phase
response is approximately linear as a function of wavelength.
Figure 3 shows complex wavefront shaping based on meta-
surfaces. Figure 3a shows a metasurface consisting of arrays of
aperture antennas that produce a spatially varying transmission
coeflicient"”. By utilizing the dispersion of aperture antennas, the
metasurface was designed to operate as two distinctive holograms
at two different wavelengths, A, = 905 nm, A, = 1,385 nm. It creates
a word ‘META in the far-field at A, = 905 nm (Fig. 3b). A differ-
ent pattern is created in the far-field at A, = 1,385 nm. Figure 3c,d
shows a metasurface that generates an optical vortex beam*, which
carries orbital angular momentum (OAM). The vortex beam has
cork-screw shaped wavefronts and the Poynting vector of the beam
follows a spiral trajectory around the beam axis, giving rise to the
OAM**, The order of orbital angular momentum L is the number
of twists of the spiral wavefront along a propagation distance equal
to one wavelength. The metasurface is created by assembling an
array of V-antennas so that in the azimuthal direction the phase
response increases linearly from 0 to 2n. The wavefront of the vor-
tex beam can be revealed by a spiral interferogram produced by
the interference between the beam and a co-propagating Gaussian
beam (Fig. 3d). Figure 3e shows a ‘sunflower’ pattern of silicon
nitride pillars. The pattern acts like a hologram that can generate
in the far-field a superposition of vortex beams with topological
charge corresponding to consecutive Fibonacci numbers (Fig. 3f)*.
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In the previous examples, variations in phase or amplitude
response are introduced by the dispersion of antenna resonance.
For example, a suitable phase distribution at a certain wavelength
is created by using an array of antennas with spatially varying
geometric parameters. A completely different approach to intro-
ducing abrupt phase changes, which are not subject to antenna
dispersion, is to use the Pancharatnam-Berry phase®®'. The lat-
ter is associated with polarization change and can be created by
using anisotropic, subwavelength scatterers with identical geomet-
ric parameters but with spatially varying orientations. The easiest
way to reveal the relation between polarization and phase is to use
Jones calculus. One example is shown in Fig. 4a, which demon-
strates that an azimuthally polarized optical vortex beam is created
when a circularly polarized beam traverses an array of identical
apertures oriented with radial symmetry*.

A slit aperture defined in a metallic film functions like a min-
iature polarizer: the transmitted light through the aperture has a
polarization primarily perpendicular to its long axis. Therefore,
one can use the Jones matrix of a polarizer™

cos’a sinacosa
N%d= . 2
sinacosa sin“a

to represent the aperture; here « is the orientation angle of the slit
aperture. The transmitted wave E}* through the aperture for right/
left circular incident polarization E}" is:
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Figure 4 | Variation of the polarization state of light is associated with a geometrical phase change (that is, the Pancharatnam-Berry phase). This
property is used to design planar optical components using metasurfaces with spatially varying polarization response. a, Geometry of a metasurface
composed of rectangular apertures defined in a metal film and arranged into an array with rotational symmetry. b, Simulated phase distribution of the
azimuthally polarized transmitted field. Incident light is circularly polarized. €, Upper panel: Schematic of a planar cylindrical lens consisting of arrays

of U-apertures with different orientations. Lower panel: Schematic and simulation showing that the lens focuses the right-handed circularly polarized
(RHCP) component of the transmission when the incident light is left-handed circularly polarized (LHCP). d, SEM image of a dipolar antenna array
designed for generating an optical vortex beam with L =1 (RHCP incidence/LHCP detection). The antennas have the same geometry but spatially varying
orientations. e, Measured intensity distribution of vortex beams generated by the metasurface in panel d at different wavelengths from 670 to 1,100 nm.
As the phase jump originates from polarization changes in the scattered light of the dipolar antennas (not the dispersion of the antennas, which is used
in metasurfaces in Figs 1-3) the metasurface can operate over a wide range of wavelengths. f, SEM image of an array of coupled coaxial nanoapertures,

which form a curved chain whose local orientation is varied linearly along the x axis with a period of a=9 pm, and a structure length of 135 um. The local
orientation of the curved chain induces local anisotropy in the scattered field, giving rise to a spatial distribution of Pancharatnam-Berry phase equivalent
to an interfacial wavevector of Ak, =-207m/a, where o= £1is the incident spin state (that is, RHCP or LHCP). g, Spin-dependent beam deflection observed
in experiments using the sample in f. Figures reproduced with permission from: a,b, ref. 52, © 2012 OSA,; ¢, ref. 54, © 2012 OSA,; d,e, ref. 56, © 2012 ACS;
f.g ref.57,© 2011 ACS.
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The result indicates that the transmission is linearly polarized
along the a-direction and carries an additional Pancharatnam-
Berry phase of Fa. Therefore the aperture array shown in Fig. 4a
with « ranging from 0 to 27t will imprint a spiral phase distribution
to the transmitted wavefront, creating a vortex beam with L = 1.

In general, the Jones matrix of an anisotropic scatterer can
be written as

t, 0
Mani = R(—OC)< ° >R(0¢)
0t
where ¢, and t, are, respectively, the complex scattering coeflicients
for incident light linearly polarized along the two axes of the ani-
sotropic scatterer.

R() :< cosa sina >

—-sina cosa

is the rotation matrix. The scattered light from the anisotropic
scatterer in the forward direction can then be written as>*:
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EM'oM,, EM = % EM 4 % exp(Fi2a) B

The first term represents circularly polarized scattered waves
with the same handedness as the incident light and the second
term represents circularly polarized scattered waves with oppo-
site handedness and an additional Pancharatnam-Berry phase of
F2a. The second component can be selected in experiments by
using a quarter-wave plate and a polarizer. Its phase can cover the
entire 0-2m range if the anisotropic scatterer is rotated from 0 to
180°. Based on this principle, planar lenses were demonstrated
by using identical rod antennas or U-shaped apertures (Fig. 4c)
with different orientations®***, and a broadband phase plate gen-
erating optical vortex beams was demonstrated by using rod
antennas (Fig. 4d,e)**.

Optical anisotropy can also be created by coupled isotropic
nanoscatterers. One example is shown in Fig. 4f,g*". Here the axis
of anisotropy traces an array of coaxial nano-apertures: from one
end to the other end of the half-circle pattern (one period of the
array) the axis of anisotropy rotates by 180°, creating a constant
gradient of Pancharatnam-Berry phase along the x axis.

The metasurfaces in Fig. 4c,d,f work for circularly polarized
incident light and control the component of the circularly polar-
ized transmission with the opposite handedness. A major advan-
tage of the approach based on Pancharatnam-Berry phase is
ultra-broadband performance: there is no wavefront distortion

Intensity

o

270

Figure 5 | Hologram-based flat optics. a, SEM image of a plasmonic lens producing two beams and fabricated on the facet of a quantum cascade laser.
The lens consists of two sets of elliptical grooves, each creating one beam by scattering surface waves generated from an aperture located at the end

of the laser waveguide. b, Measured far-field intensity of the device shown in a. ¢, A holographic coupler consisting of curved, fork-shaped grooves
converts an incident vortex beam with L = -1into a focused surface wave, which is then funnelled into a detector underneath the metal film by an array
of subwavelength holes. d, Detected photocurrent as a function of the incident polarization for incident beams with different orbital angular momentum.
The inset shows the orientation with respect to the grooves of the polarization of the incident electric field, represented by the double headed arrow.

e, Holographic pattern with a cubic phase modulation g(x,y) =1+ sgn{cos(2nf,..x + 75y°/500°)3}, where 1/f.,.., = 0.98 um is the period of the pattern.

f, Cross section of an Airy beam generated by scattering surface waves from the cubic holographic pattern. Inset is the measured 2D intensity of the Airy
beam in the far-field. Figures reproduced with permission from: a,b, ref. 60, © 201110P; d, ref. 61, © 2012 NPG; e f, ref. 62, © 2012 APS.
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resulting from antenna dispersion. The operating bandwidth is
limited on the long-wavelength side by reduced scattering efhi-
ciency and on the short-wavelength side by the requirement that
the wavelength has to be at least several times larger than the spac-
ing between scatterers (that is, metasurface regime).

The metasurfaces shown in Figs 1-4 can be regarded as holo-
grams with subwavelength resolution that carry information of
the phase, amplitude and polarization of the desired wavefront.
A hologram is essentially the interference pattern between a ref-
erence beam and the desired beam. The latter is reconstructed
when the reference beam impinges on the hologram. One can
generalize this principle and create holograms that convert inci-
dent reference beams into desired surface waves or couple surface
waves back into waves in free space with desired properties™.
Figure 5a shows a plasmonic lens defined on the facet of a mid-
infrared quantum cascade laser®. The plasmonic lens progres-
sively scatters the optical power of surface plasmons generated
from a subwavelength aperture at the end of the laser waveguide
into free space, forming collimated beams in the far-field (Fig. 5b).
Elliptical plasmonic grooves were used because the interference
pattern between a surface wave with circular wavefronts and a
plane wave propagating in a direction not perpendicular to the
surface is elliptical. Figure 5¢ shows another binary hologram that
allows the detection of optical vortex beams with specific OAM®'.
It works by coupling an incident optical vortex beam with a cer-
tain OAM into focused surface plasmons, which are then detected
by a photodetector. The interference between a vortex beam per-
pendicular to a surface and a focused surface plasmon forms a
curved fork; therefore a binary curved-fork pattern is used as
the hologram. Figure 5e shows a holographic pattern with cubic
phase modulation. A metallic surface with grooves based on this
pattern was used to convert surface plasmons into Airy beams in
free space (Fig. 5f)®%. The holographic technique was also used at
microwave frequencies to create designer impedance surfaces that
convert surface currents into far-field radiation with desired prop-
erties®*®*. In particular, tensorial impedance surfaces are able to
control the polarization state of the radiation. For example, circu-
larly polarized radiation is generated from a radially distributed
surface current.

Metasurfaces based on thin films
In the previous examples spatially inhomogeneous (quasi) two-
dimensional (2D) patterns with subwavelength resolution are used
to mould optical wavefronts. Figure 6 shows another dimension in
the manipulation of light waves by using optically thin, lossy films
on lossy substrates. As the amplitudes of partial waves reflected
from the thin films are complex quantities, we can plot them in
the complex plane as phasors (Fig. 6b). The amplitude and phase
of a partial reflected wave are represented by the length and direc-
tion of a phasor, respectively. The first phasor r, begins at the ori-
gin, r; begins at the end of r,, and so on. The total reflectivity is
the magnitude-squared of the final value of the phasor trajectory.
By properly choosing the materials of the film and the substrate,
we can control the phase that light experiences reflecting at the
interface between air and the film and at the interface between
the film and the substrate, making it possible to engineer the pha-
sor diagram or the reflection spectrum. Because the films have a
thickness much smaller than the wavelength of light, an equivalent
semi-infinite medium can be defined that has essentially the same
reflection spectra as the combined thin-film/substrate structure
for various angles of incidence'. In this sense, the thin-film/sub-
strate structure can be regarded as a metamaterial with control-
lable complex refractive indices.

Figure 6a is a schematic illustration of a mid-infrared perfect
absorber based on vanadium dioxide (VO,) thin films*. VO,
undergoes an insulator-to-metal transition around T. = 340 K
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(ref. 65). In the vicinity of the phase transition, the percolation of
metallic nanostructures in an insulating matrix (Fig. 6¢) leads to
a tunable complex effective refractive index n, + ik,. In this sense
VO, is a tunable metamaterial. The sapphire substrate is a lossy
material in the mid-infrared with n, + ik,. Perfect absorption is
reached for a 180-nm-thick VO, film on sapphire at T'= 343 K and
at A = 11.6 ym when n, + ik, ~ 4 + 3.5i and n, + ik, = 0.1 + 0.8i
(Fig. 6d). Under this condition the phase of the first partial wave
is close to m so 7, is pointing to the left (Fig. 6b). The phasor tra-
jectory makes a sharp turn after r, because of the near-zero phase
shift that light experiences reflecting from the VO,/sapphire inter-
face. As a result r, partially cancels r,. The net effect is that a film 65
times thinner than the wavelength of the incident light can create
perfect absorption (that is, 0.25% reflectivity) when light waves
bounce a few times inside the film (Fig. 6b). By tuning the sample
temperature, one can easily switch the film between its absorbent
and non-absorbent states, which implies possible applications in
tunable filters, bolometers and spectroscopy devices. Figure 6e
shows another example where tiny variations in the thickness
of germanium films (~10 layers of germanium atoms) on a gold
substrate lead to drastically different colours'. Physically, the
phase shift of light reflection from a germanium/gold interface
is substantially different from m, the value for reflection from an
ideal metal, so that much thinner germanium films are needed to
observe interference effects. Recently strong-to-perfect absorption
and selective thermal emission across a wide range of mid-infra-
red wavelengths (5-12 pum) using a two-layer system consisting of
heavily doped silicon and a thin germanium dielectric layer has
been realized®. Figure 6f shows a schematic of a water-splitting
cell based on thin films of a-Fe,0,. As much as 70% of the solar
photons of energy above the bandgap energy of a-Fe,O, (2.1 eV)
can be absorbed by the cell and high photon fluxes are concen-
trated close to the surface of the cell, which is critical for the water-
splitting reaction®. These studies confirm that interference effects
in optically thin and lossy films can be observed in a variety of
technologically important material systems and exploited in low-
cost device applications.

Applications and outlook

Wavefront shaping through local control of phase, amplitude and
polarization on an optically thin plane will lead to a new class of flat
optical components in the areas of integrated optics, flat displays,
energy harvesting and mid-infrared photonics, with increased
performance and functionality. In this respect it is important to
note that integrated circuits manufacturing are based on planar
technology that tremendously simplifies fabrication compared
with making 3D structures. A large body of research on photonic
crystals and metamaterials has concentrated on 3D structures that
although physically interesting in our opinion will only find niche
applications in technology®2 Flat optical components based
on metasurfaces are naturally better suited for large-scale appli-
cations because the fabrication complexity is greatly reduced. A
variety of lithographic techniques for large-scale patterning of pla-
nar structures are available ranging from deep UV lithography, to
nanoimprint lithography and soft lithography.

Metasurfaces are functionally similar to diffractive optical com-
ponents: both technologies shape light beams for different applica-
tions by using a planar architecture. However, metasurfaces rely
on a toolset of designer structures different from those used in dif-
fractive optics. These new structures provide such unprecedented
flexibility that one can engineer the interaction between metasur-
faces and the electric as well as the magnetic field components of
light independently”* (Fig. 2c-f), which leads to complete con-
trol of not only the phase, amplitude and polarization response
but also of the impedance response of the metasurfaces. This con-
trol is not limited to a single wavelength but can be extended to
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Figure 6 | Thin-film flat optics. a, Reflection process from a highly absorbing ultrathin film on a lossy substrate. b, Phasor diagram demonstrating

that a perfect absorption condition is achievable if the complex refractive indices of the film and the substrate are properly chosen so that the phasor
trajectory returns to the origin. ¢, Near-field scanning optical microscopy images showing the percolation process in a VO, film. The images were
obtained by recording scattered near-field amplitude at A =10.75 um in the vicinity of the insulator-to-metal phase transition temperature (~67 °C).
Metallic regions have large scattering amplitude. d, Experimental reflection spectra of a sample consisting of a sapphire substrate coated with 180 nm
of VO, at temperatures from 297 K to 359 K. Maximum absorption (reflectivity ~0.0025) is reached at A =11.6 um at 343 K. e, Photograph of colour
images generated using multistep patterning of ultrathin germanium films. Five steps of photolithography with alignment are used to selectively deposit
an optically thick layer of Au on a glass slide, followed by Ge layers of 7,11, 15 or 25 nm, yielding light pink, purple, dark blue and light blue colours,
respectively. f, Schematic illustration of a water-splitting cell comprising Ti-doped a-Fe,O; films, ultrathin SnO, layers, reflective layers (alloy with 90 at.%
silver and 10 at.% gold) and glass substrates. In one demonstrated device, the thickness of a-Fe,O; films, SnO, layers and reflective layers is ~20 nm,
~5nm and ~1.2 um, respectively. The SnO, layers serve as selective electron-transport layers that block the injection of holes from the a-Fe,O; films to
the substrates, so most of the photogenerated holes can reach the surface and oxidize water before recombination takes place. Figures reproduced with
permission from: a,b, ref. 23, © 2012 AIP; ¢, ref. 65, © 2007 AAAS; d, ref. 23, © 2012 AIP; e, ref. 10, © 2013 NPG; f, ref. 67, © 2013 NPG.

a certain spectral range by suitable dispersion engineering of the
constituent elements of the metasurfaces. These advantageous fea-
tures go well beyond the capabilities of conventional diffractive
optical components, which do not specifically consider surface
impedance engineering and typically have little control of chro-
matic dispersion. As such it is likely that new functionalities will
emerge from flat optics based on metasurfaces, not possible with
conventional diffractive optics.

From a strictly technological point of view many of the metas-
urfaces described in this Review represent a much simpler way to
implement diffractive optics than with conventional techniques.
From the examples discussed it is clear that with metasurfaces
one can create arbitrary analogue phase, amplitude and/or polari-
zation profiles using a single digital mask and a single lithogra-
phy process. In this case, the metasurface can be as thin as the
skin depth of light in a metal (for example, 25 nm for gold in the
mid-infrared). A multilayered architecture is in general needed
for metasurfaces that not only control phase, amplitude and/or
polarization of the wavefronts but are also impedance matched to
free space. The fabrication therefore will be more complex but still
should be feasible.

Flat lenses and other optical components based on a variety
of mechanisms have been demonstrated to shape the scattered
wavefront, including spatial light modulators, binary phase grat-
ings, microelectromechanical systems (MEMS), surface relief
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modulation and effective index modulation”. The complexity of
fabricating these planar structures varies by a large degree. Pure
phase modulation is typically realized by liquid-crystal spatial
light modulators”™, binary phase gratings” and MEMS micro-
mirror arrays’®”’. Complex phase-amplitude modulation can be
achieved by multilayered, metal-dielectric diffractive structures’.
Surface relief modulation is realized by several techniques includ-
ing variable-dose electron-beam lithography”, laser ablation®,
direct laser writing in photoresist®’ and photolithography based
on grey-scale masks*>*. Advanced techniques involving nonlinear
optical light-matter interactions such as two-photon polymeriza-
tion®® and metal-ion photoreduction® have the promise to cre-
ate sophisticated planar or 3D structures. Index modulation can
implement quasi-analogue phase profiles and has been demon-
strated using electron-beam irradiation®” and effective media with
subwavelength features®*-?2. Except for intensity modulation that is
based on diffractive masks made of alternating absorbing/reflec-
tive and transmissive areas, essentially all other diffractive com-
ponents still rely on propagation of light through structured thin
slabs to change the optical phase, which implies: (a) they cannot
be orders of magnitude thinner than the free space wavelength;
(b) they can hardly be broadband.

Although work on metalenses is in its infancy it offers in the
long run major opportunities if broadband, aberration-free,
high NA lenses can be realized. This would dramatically reduce
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the complexity of currently used objectives that employ multiple
lenses for aberration correction. Myriad of applications would
benefit, from ultrathin smart phones to photography and opti-
cal instrumentations. Flat optics technology is ideally suited for
the facet of optical fibres to which flat lenses could be transferred
using soft-lithography techniques®, which would open up many
opportunities in biomedical imaging.

Refractory optics in the mid-infrared is far less developed than
at shorter wavelengths due to limited availability of suitable mate-
rials and not sufficiently advanced fabrication technology. Our
calculations show that mid-infrared high NA focusing reflect-
arrays with high efficiency in excess of 90% at specific wavelengths
can be realized. In particular the realization of high NA lenses
free of chromatic aberrations in the 3-5 um and 8-13 pm spec-
tral regions would have major impact on imaging systems such
as infrared cameras. Important applications in the mid-infrared
that utilize metasurfaces based on designer scatterers are thermal
emitters with engineered emissivity that can be used as beacons
for identification and targeting®**. Metasurfaces based on nano-
metre-thick lossy films of the type discussed in this Review have
significant potential application in detectors and even solar cells.

The arrays of subwavelength-spaced optical scatterers used
to design many metasurfaces can be implemented using optical
antennas, dielectric resonators, nanocrystals, quantum dots and
so on. Relying on phase jumps in optically thin structures to shape
the wavefront of light beams allows one to transfer the function-
ality of transmit-arrays and reflect-arrays from the microwave to
the optical spectral region, opening up a large space for applica-
tions. Particularly exciting is the frontier of reconfigurable flat
optics. This can be done by building the arrays on materials where
the refractive index can be significantly changed using external
parameters such as the voltage®'%, temperature®¢>%3, light!010°
and magnetic field'®. Graphene, where electric field effects can
produce large variations in the optical conductivity®'%, is a good
candidate, along with phase-change materials such as vanadium
dioxide and others that undergo near room temperature the
insulator-to-metal transition®. Building metasurfaces on stretch-
able materials such as elastomers also offers fresh opportunities in
reconfigurable photonics'”. We ultimately envisage optical phased
arrays'® with fast (nanosecond timescale) wavefront tuning and
possibly beam steering, which will open a major space for mili-
tary and civilian applications. There is still room for optimizing
the performance of flat optics and exploring its new functionali-
ties. We see great potential for flat-optics-based components such
as reduction in system size and weight, elimination of difficult-
to-process refractory materials in spectral regions such as the
mid-infrared, increased design freedom in correcting aberrations,
achieving high scattering efficiency and broadband performance
by impedance matching, and reconfigurability.

Received 20 April 2013; accepted 14 November 2013; published
online 23 January 2014
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