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This article reviews recent progress leading to the realization of planar optical components made of a single layer of
phase shifting nanostructures. After introducing the principles of planar optics and discussing earlier works on sub-
wavelength diffractive optics, we introduce a classification of metasurfaces based on their different phase mechanisms
and profiles and a comparison between plasmonic and dielectric metasurfaces. We place particular emphasis on the
recent developments on electric and magnetic field control of light with dielectric nanostructures and highlight the
physical mechanisms and designs required for efficient all-dielectric metasurfaces. Practical devices of general interest
such as metalenses, beam deflectors, holograms, and polarizing interfaces are discussed, including high-performance
metalenses at visible wavelengths. Successful strategies to achieve achromatic response at selected wavelengths and near
unity transmission/reflection efficiency are discussed. Dielectric metasurfaces and dispersion management at interfaces
open up technology opportunities for applications including wavefront control, lightweight imaging systems, displays,

electronic consumer products, and conformable and wearable optics. ~© 2017 Optical Society of America
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1. METASURFACES

Conventional optical components control light using gradual
phase accumulation through propagation in refractive materials
[1,2]. Diffracting devices rely, to control light, on either gradual
phase accumulation or on local phase shifts induced by optical
antennas with designed properties or, more generally, by subwave-
length scale optical components. Starting from a seminal proposal
by Kock to locally reduce the phase velocity of light using sub-
wavelength metallic patches [3], followed by Stork ez al. and Farn
to realize grating structures with a period small compared with the
wavelength of light [4,5], the concept of high-contrast subwave-
length (HCG) dielectric structures has led to the development of
ultrathin optical components. By varying the material composi-
tion, i.e., by variation of the duty cycle of the grating, one can
create artificial materials with unconventional properties.
Designing the diffracting properties at the subwavelength scale
using spatially varying nanostructures, Lalanne e al. reported
blazed gratings at red wavelengths with efficiencies greater than
80% at relatively large diffraction angles and preliminary results
on lenses in the near IR [6-8].

In parallel to the advances in subwavelength dielectric arrays
for visible applications, important progress was made in the
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microwave with metallic subwavelength reflectarrays or transmi-
tarrays. These are made of metallic resonant patches or antennas
[9—12] that can alter the characteristic of microwave radiation.

Recently, ultrathin optical interfaces have been proposed for
mid-IR and optical wavelengths [13-24]. These devices, called
metasurfaces, rely on the scattering properties of ultrathin sub-
wavelength scale optical resonators patterned at interfaces to con-
trol the polarization, phase, amplitude, and dispersion of light.
The design was influenced by the ability to control scattering
of light from wavelength scale dielectric or metallic nanoparticles
in the resonant scattering regime or in the non-resonant one
using the geometric phase (see early works from Berry [25],
Pancharatnam [26], and Hasman’s group [27-29]).

Composed of nanostructures designed and arranged in specific
patterns at the interface between two media, these ultrathin op-
tical metasurfaces are able to alter every single aspect of transmit-
ting or reflecting light beams. Their basic operation principle is
essentially related to the collective scattering of light by an ensem-
ble of subwavelength optical elements (such as optical antennas,
resonators, etc.) with different spectral and polarization responses.
Based on this concept, various metasurfaces with interesting op-
tical functionalities have already been realized. Some of the most
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significant examples in the literature are metasurfaces to achieve
arbitrary reflection and refraction [13,30,31], to focus light and/
or control its polarization [27,32-34], to exhibit strong
photonic spin Hall effect [35-38], or, for example, to project
holographic images [39—41]. Any planar and ultrathin array of
optical components made of optical elements that possesses spe-
cific electromagnetic response, such as bandpass and stop band
frequency selective surfaces, frequency selective perfect absorbers,
or perfect magnetic conductors, can also be considered a metasur-
face [42—47]. Therefore, the field of metasurfaces has rapidly and
considerably expanded during the past few years to a point that
making a complete review would be beyond the scope of this pa-
per (interested readers could refer to the reviews in [48-50]). Our
focus is primarily on the recent progress on metasurfaces given
their relevance for practical applications. Metasurface compo-
nents, which were initially limited in terms of throughput effi-
ciencies, have progressed to the point that it is now possible to
design efficient wavefront shaping metasurfaces with performance
comparable to state-of-the-art commercial optical components.

The classical Huygens” construction presented in Fig. 1(a)
states that every point on a wavefront is a source of secondary
wavelets that spread out in the forward direction. The new wave-
front is found by constructing the surface tangent to the secon-
dary wavelets. On a metasurface, secondary waves interfere in
such a way that their envelopes can now create any arbitrary
user-defined wavefront.

The schematic in Fig. 1(b) illustrates the response of a meta-
surface that refracts light at a controllable angle in the plane of
incidence. Here the phase gradient along the intersection between
the plane of incidence and the metasurface is designed to be a
constant. It can be shown that phase gradient metasurfaces refract
light in accordance with the generalized laws of refraction, which
can be obtained from an application of Fermat’s principle [16]:

{
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Fig. 1. (a) According to Huygens' construction, each element of a
wavefront may be regarded as the center of a secondary disturbance that
gives rise to spherical wavelets; the position of the wavefront at any later
time is given by the envelope of all such wavelets [51]. (b) Through the
introduction of phase shifts for each spherical wavelet by means of sub-
wavelength spaced and thick optical elements, the wavefront at any time
later can be designed to have any desired profile. In our schematic, the
retardations vary in a form of a linear gradient along the plane of inci-
dence in the z direction (meaning that % = 0) to refract light at user-
defined angles in the plane of incidence. Note that in this schematic, we
have assumed that there is no reflected light. This is correct if the meta-
surface is impedance matched. Such interfaces are dubbed Huygens
metasurfaces and have been proposed and realized in [52].
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and similarly reflect light according to the generalized laws of
reflection [16]:
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where 7;, n, are the refractive indices of the medium where light is
incident and transmitted, respectively, and g is the vacuum wave-
length. In these equations, the directions of the reflected and re-
fracted wavevectors are characterized by the angles 0, , (the angle
between the reflected/refracted wavevector and its projection on
the x—y plane) and ¢,,, (the angle formed by the projection of the
reflected/refracted wavevector on the x—y plane and the y axis) as
discussed in detail in [16]. Physically, one can interpret the phase
gradient as an effective wavevector, leading to a generalization of
the conservation of the wavevector parallel to the surface. This is

easily seen from Eq. (1): when the phase gradient lies along the

®=0
dz ~
Note that when the phase gradient does not lie in the plane of

incidence, i.e., % #0; % # 0, then the reflected and refracted
beams are non-coplanar with the incident beam.

It is worth noting that the suppression of certain diffraction
orders typical of gradient metasurfaces is also a characteristic of
blazed gratings. Their surface is corrugated in a sawtooth manner
to provide a constant propagation phase gradient to the diffracted
beam. Their diffractive behavior is described by the second of
Egs. (1) as discussed in [53]. Gradient phased metasurfaces
can therefore be regarded functionally as ultrathin blazed gratings
but with far greater functionality and design potential, because
the dispersion of the metasurface optical elements can be engi-
neered to achieve broadband response [22]. Earlier works on
metasurfaces have utilized various metallic nanostructures with
different shapes and orientations. In metallic nanostructures, res-
onant scattering of light by oscillating free electrons at the surface
occurs due to a resonant electronic—electromagnetic oscillation
known as localized plasmonic resonance (LPR). This LPR has
been extensively studied previously for creating high electromag-
netic field enhancement and has important applications for
chemical and biological sensing. It can be described as a radiating
metallic antenna. The rigorous treatment of time harmonic radi-
ation of thin-wire antennas involves the solution of the electric
field integral equation [54]. To the extent that the metallic nano-
structure and the corresponding LPR can be roughly described by
a single harmonic oscillator, the scattering phase shift cannot ex-
ceed 7. We are describing the LPR using a simple model in which
it is represented by charge 4 located at x(#) with mass 7 on a
spring with spring constant 4 driven by an harmonic incident
electric field with frequency @ [55]. This model accurately
describes the near- and far-field spectral features of plasmonic
resonance, including phase response. Because of the ohmic
losses, the charge experiences internal damping with damping

plane of incidence (% = 0), it reduces to Snell’s law when

coefficient y:
d*x ydx k q . 24> dx
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In addition to internal damping, which is proportional to the
velocity %, the charge experiences an additional damping force

due to radiation reaction that is proportional to the time deriva-
. . 3 . . .
tive of the acceleration % . This term describes the recoil that the

charge feels when it emits radiation, and is referred to as the
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Abraham—Lorentz force or simply the radiation reaction force [2].
By assuming harmonic motion (7) = xe’®’, we can write the
steady-state solution to Eq. (3) as

o) = AE,

ia)t’ 4
(@ - @) + i@l + &T,) @

where we replace the quantities ¢, 4, 7, and y with more general
oscillator parameters A =%, w,=+/k/m, T,=L, and
r,= 3 , where I', and I, describe the non-radiative and radi-
ative dampmg mechanisms, respectively. From Eq. (4) one then
sees that the amplitude of the oscillation is in phase with the in-
cident field for @ — 0 and is phase delayed by 7 for ® — oo,
acquiring all intermediate values as the frequency of the signal
is swept across the resonance and, in particular, a value of 7/2
when @ = @,. The inability to achieve a phase coverage of 27
varying only @y, plus the concomitant problems of poor forward
scattering amplitude, and high optical losses at wavelengths
shorter than the mid-IR lead to the conclusion that plasmonic
metasurfaces using only resonant scattering are not suitable for
full wavefront control with high scattering efficiency. Devices us-
ing plasmonic resonators are generally hybrid devices, in the sense
that they make use of Berry—Pancharatnam (BP) phase [25,26],
known also as geometric phase, and of resonant phase delays. In
Ref. [13], for example, four v-shaped plasmonic elements are de-
signed to produce a controllable phase retardation in cross polari-
zation over the 7-phase range. The design is completed by four
identical but 77 /2-rotated elements such that each of these scatters

light in cross polarization with an additional 7 retardation. The
array of 4 + 4 elements can therefore cover the entire 27 range.
The additional phase delay obtained by converting the polariza-
tion with a rotated anisotropic element can be understood by con-
sidering rigorous Jones matrix analysis [56]. Let us, for example,
consider the reflection from a generic metasurface, representing a
two-dimensional array of identical but anisotropic plasmonic res-
onators illuminated by an incident plane wave. The transmission
properties of the interface can then be characterized by the Jones

. t t
matrix T = (

umu uv

, where 7% and ? denote the principal
tvu tl/l/
axes of the shape-birefringent nanostructures. Suppose that light
is normally incident with a circular polarization with unit vectors
defined by 2. (0) = ”j%”; we can express the transmission matrix
in the new basis in terms of the Pauli matrices {61, 6, 63} and the

identity matrix / as

1 N i o A
T(O) = E (tuu + tvv)[ + E(tuv - tvu)dﬁ + E(tuu - tw)al

1
+ E (tuv + tvu)62' (5)

Now consider the case of a generic resonator rotated in the plane
of the metasurface by an angle ¢ with respect to the reference
direction (¢ = 0). The transmission matrix is then given
by T(¢p) = M'($)T(0)M(p), where M(p) = %, leading
to [56]
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Metasurfaces Contrast Transmitarray
= - (b) A z

Racoranis ) evasf-cocncptfff-ee
Hihing Maximum phase  NYIT| OOty | B0

delay annef)--oncensff-oe

LT | B
2plm

Pancharatnam-
Berry phase
Hybrid:
Pancharatnam-
Berry and

resonant tuning

sub-A Regime

Near-A Regime

Fig. 2. This table summarizes different solutions proposed to address wavefront control with metasurfaces. In the top panel from (a)—(c), the optical
response of the nanostructures is tailored by changing the geometry of each individual resonator forming the metasurface. Metasurfaces based on res-
onance tuning of dielectrics can achieve a phase coverage up to 27 using TE and TM modes, while resonant tuning metasurfaces based on thin plasmonic
rod antennas cannot cover the entire 27 phase range. From (d)—(g), metasurfaces based on the PB phase present very high scattering efficiencies, both in
reflection and in transmission. PB metasurfaces must, however, be addressed with circularly or elliptically polarized light. (h)—(k) Metasurfaces that work
by using both resonant tuning and PB phase tuning have also been demonstrated. (a) is adapted from [31], (b) is adapted from [57], (c) is adapted from
[58], (d) is adapted from [18], (e) is adapted from [59], (f) is adapted from [60], (g) is adapted from [27], (h) is adapted from [13], (i) is adapted from [19],

(j) is adapted from [61], and (k) is adapted from [33].
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after defining the spin—flip operators 6, = (6, £ i6,)/2. This
notation is very convenient. It helps understand the origin of
the so-called PB phase retardation. Spin—flip comes with an addi-
tional phase retardation equal to £2¢, which is in fact related to
the non-commutation between ¢/#% and 6.,.. This calculation can
be performed also in reflection mode and helps understand the
properties of reflectarray metasurfaces.

In Fig. 2 we classify the different mechanisms used to design
metasurfaces. Resonance tuning means that the response of the
nanostructures is controlled by the size, with the scattered light
polarized with the same polarization of the incident radiation. In
order to achieve a large scattering cross section, PB planar (i.e.,
much thinner than the wavelength) elements need to be reso-
nantly excited, but the phase tuning mechanism remains totally
decoupled from the spectral tuning of the resonators [25,26].
Non-resonant strategies have been proposed, in particular, using
subwavelength arrays of nanofins with high aspect ratio [Figs. 2(f)
and 2(g)]. As will be described later in greater detail, these sub-
wavelength long waveguides act as non-resonant phase shifting
elements due to their structural birefringence associated with
the anisotropic effective refractive index [14,60,62,63]. These de-
signs lead to high scattering efficiency. Concerning the first col-
umn of Fig. 2 on plasmonic metasurfaces, for anisotropic
plasmonic resonators in particular that combine resonant tuning
with PB, the excitation of plasmonic resonance induces an electric
current sheet that radiates on both sides of the interface. To control
independently reflection and transmission properties, one needs to
make use of several layers [64-68]. By introducing a physical
polarization current produced by an aperiodic distribution of
polarizable particles exhibiting both electric and magnetic
responses, it becomes possible to generate linear, circular, or ellip-
tical polarization from a given excitation without reflections [52].

2. DIELECTRIC METASURFACES AND HIGH
CONTRAST GRATINGS

Previously discussed limitations of plasmonic metasurfaces can be
overcome by replacing metals with all-dielectric resonators.
Dielectric metasurfaces consist of interfaces patterned with a dis-
tribution of high-index dielectric light scattering particles of size
comparable to the wavelength of light. Their scattering properties
were first studied by Faraday [69] and the effect is also known as
Faraday—Tyndall scattering. For spherical or cylindrical particles,
boundary conditions allow for the separation of the Helmholtz
equation, which therefore supports radially and angularly depen-
dent solutions. This separable boundary value problem was first
solved by Mie [70]. Exact Mie calculations, also valid for metallic
spherical nanoparticles, become very useful for dielectric particles.
By expanding the solution into spherical vector wave functions, it
is possible to calculate both the radiating and the internal fields.
Analytical expressions of the former are generally compared
to experimental data and can be fitted to extract contributions
of each mode, while the latter represents the field
distribution inside the dielectrics. This modal decomposition is
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particularly useful in revealing the physical mechanisms at the
origin of high metasurface transmissivity or reflectivity.
Interestingly, sufficiently small spherical dielectric nanopar-
ticles provide pronounced resonances associated with the excita-
tion of both magnetic and electric dipolar modes (Figs. 3 and 4).
Under certain conditions described by Mie, the first resonance
that roughly arises when the effective wavelength is of the order
of the particle diameter (19/n,, ~ D,,) is a magnetic dipole res-
onance [70]. It is worth pointing out that, unlike split ring res-
onator (SRR) magnetic resonances, dipolar magnetic resonances
in high index dielectric resonators are essentially excited by the
electric field and not by the magnetic contribution. Strong mag-
netic response has been reported, for example, in SiC at mid-IR
frequencies [76]. The existence of this condition is characterized
for spherical particles by an antiparallel electric field polarization
within the sphere, which induces circulating displacement cur-
rents and the appearance of a strong magnetic dipole at the center
of the particle. For high-refractive-index nanoparticles of diameter
around 100-200 nm, these resonances occur in the visible spec-
tral range. As it has been pointed out in [77,78], the magnetic
activity of dielectric nanoparticles is due to the curl of the dis-
placement current and, unlike in plasmonic materials, is not
associated with large non-radiative losses. It is worth noticing that
the polarization of the electric field in a metallic split-ring reso-
nator is antiparallel at each opposite side of the ring and can also
efficiently couple to circulating displacement currents [Fig. 3(a)].
These resonators, which have been proposed as building blocks
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Fig. 3. Schematic representations of the electric fields in (a, b) plas-
monic resonators and in (c) a dielectric sphere. Plasmonic rod antennas
support only electric resonances with negligible magnetic contribution.
Strong magnetic dipole resonance can be achieved in plasmonic particles
by shaping the metallic rod in the form of a split ring resonator [71].
(d) Rectangular dielectric nanoparticles also exhibit electric and magnetic
polarizabilities. Shown are the electric dipole (ED), magnetic dipole
(MD), and total scattering cross sections (arbitrary units) associated with
the corresponding modes shown in (e) and (f) [72].
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Fig. 4. (a) Schematic representations of forward and backward scattering properties of a submicrometer dielectric particle. (b) Scattering diagrams for a

240 nm germanium sphere; the refractive index 7y,

= 4 is constant and real in this wavelength range. Both polarizations, with the incident electric field

parallel (TM or p polarization) or normal (TE or s polarization) to the plane of incidence are considered. (c) The total extinction cross section Q.. (black
solid line) versus wavelength depends on the contribution of each term in the Mie expansion. The red line corresponds to the magnetic dipole con-
tribution, the blue curve to the electric dipole contribution, and the pink around 1.4 pm is attributed to the magnetic quadrupole. Forward/backward
scattering is obtained when the electric and magnetic dipole resonances overlap in-phase/phase-opposition as denoted by the pink/orange highlighted
region in the diagram around 1.8 pm/2.2 pm. The scattering diagrams presented in (b) correspond to these regions. (d) Amplitude and phase of the
scattered field as functions of the wavelength of an idealized subwavelength array of loss-less nanodisks with electric and magnetic dipole resonances of
equal strength and width under plane-wave illumination. (e) Numerically calculated transmittance intensity (red solid line) and phase (blue line) for an
array of silicon nanoposts (radius = 242 nm, height = 220 nm) embedded in a homogeneous medium with optimized refractive index (7 = 1.66).
Resonance occurs at a design wavelength of ~1340 nm. Note the 27 phase coverage. (f) Schematic illustration superimposed with the finite elements
simulation results of near-field distribution of light scattered by a single 715 nm tall circular amorphous silicon nanopost with a diameter of 150 nm in air.

(b, ) are adapted from [73]; (d, e) are adapted from [74]; and (f) is adapted from [75].

for 3D metamaterials [71], exhibit also a resonant oscillating
(dipolar) magnetic field in the middle of the ring [Fig. 3(a)].
Magnetic dipole modes also occur in dielectric particles with
non-spherical geometries.

Nano-structured materials, such as a single layer of cylindrical
silicon resonators on a silicon-on-insulator substrate, possess peak
reflectance over 99% in the short-wavelength IR region due to
strong separation between electric and magnetic dipole resonances
[79,80]. Strong magnetic activities have also been reported in
cubic resonator metamaterial in the mid-IR for application as
optical magnetic mirrors [81,82].

In rectangular resonators, for example, the resonant wave-
length can be easily tuned by changing either the geometry or
the size of the scatterer [see Fig. 3(d)]. The combination of
the scattering properties of both electric and magnetic resonances
are of great interest for the realization of efficient planar optical
metasurfaces. To fully appreciate the potential of “electromag-
netic” scatterers for metasurfaces, we review here the work of
Kerker ez al. [83]. In this seminal paper, the authors considered
a dielectric sphere with equal values of the relative dielectric

constant and relative magnetic permeability, € = p, and showed
that it exhibits zero backscattering and no depolarization. For
long considered a theoretical curiosity, particles with € = u fea-
ture equal electric (2,,) and magnetic (,) multipole coefficients
such that light is scattered to destructively interfere in the back-
ward direction. This effect is known as the first Kerker condition.
Considering nanoparticles with relatively small size, of the order
of the illuminating wavelength, Mies coefficients predicting the
scattered light are greatly simplified and only a few coefficients
remain to characterize the scattered field. This means that nano-
particles can be treated as dipolar particles in the sense that only
the dipolar terms contribute to the scattered field [73].

The first two coefficients of the Mie expansion can therefore
be wused to describe the electric and magnetic dipole
polarizabilities:

3ie 3i

a, = ﬁdl and a,, 2 k?’ b

where £ = nk,.
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Interference between the electric and magnetic dipoles leads to
a backscattering cross section given by

o(n) = 4nk*(le” | + |uat,|))[1 + cos(z - Ag,),  (7)

which has a minimum when dipoles are oscillating in phase
(A¢p, =0) with an overall pattern similar to that of a
Huygens’ source [84—86].

This first Kerker condition has been predicted and verified in
microwaves [87] and also at optical frequencies using germanium
[88], silicon [89-91], and gallium arsenide nanospheres [85].
lustrations of forward and backward radiation are presented
in Fig. 4(a). The scattering diagrams corresponding to forward
and backward radiation are also presented in Fig. 4(b).
Forward/backward scattering is obtained when the electric and
magnetic dipole resonances overlap in-phase/phase-opposition
as denoted by the pink/orange highlighted region in Fig. 4(c).
In the spectral domain, the shapes of electric and magnetic dipole
resonances are not necessarily identical and overlapping, and one
has to identify the position of the Kerker frequencies where de-
structive interference between the scattered fields by the induced
electric and magnetic dipoles in the particle results in minima in
the backward scattering directions. Considering an idealized sub-
wavelength array of loss-less nanodisks with electric and magnetic
dipole resonances of equal strength and width, unity transmission
can be achieved under plane-wave illumination [Fig. 4(c)]. This
condition is fulfilled with an array of Si nanodisks embedded
in a homogeneous medium with optimized refractive index
[Fig. 4(d)]. It has been pointed out that the interesting conse-
quences of this interference between the incoming field and
the scattered fields generated by the induced electric and magnetic
dipoles in dielectric particles should be the basis of sophisticated
antenna arrangements to achieve directionality and other interest-
ing scattering effects on demand [87]. One of the main applica-
tion of these “Huygens” sources” is the development of unity
transmission Huygens’ surfaces that can provide controllable
phase delay retardation over the entire 27 range [74,92].
Huygens’ metasurfaces are planar arrays of spatially varying nano-
particles with varying phase response and designed with balanced
electric and magnetic responses (meta Huygens’ sources) to min-
imize the backward radiated power and achieve impedance
matching,

Arrays of wavelength-tall nanoposts in Fig. 4(f) or dielectric
ridge waveguides made of amorphous silicon have recently been
proposed as phase shifting elements in which the required phase
accumulation is achieved via propagation over a subwavelength
distance to create efficient transmitting metasurfaces in the
mid-IR [57] and at IR wavelengths [93]. These devices work
by engineering the dispersive response of nanoridges, an approach
closely related to the earlier work on high contrast gratings
[7,6,8,28,29,94-97]. High contrast gratings are composed of
nanostructured materials with an index of refraction larger than
the index of the substrate or of the material covering the nano-
structure. The structure’s height is sufficiently large to accommo-
date internal multimode propagation but remains sufficiently
narrow to prevent propagation of non-zero diffraction orders
in free space [95]. Near-perfect reflector lenses, artificial cavities,
and even vertical surface emitting lasers have been realized using

this approach [20,31,58,93,98-].
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3. METALENSES, META-HOLOGRAMS, AND
PHASE PLATES

Lenses are ubiquitous parts of any imaging system. High-numeri-
cal-aperture (NA) lenses are required to provide high-quality and
subwavelength imaging resolution. However, they are usually
expensive and bulky. This motivates the development of high-
efficiency planar lenses with high NA, particularly in the visible
spectrum because of widespread applications in imaging, spectros-
copy, and microscopy. The wavefront scattered by a planar lens
based on a metasurface is given by the envelope of the secondary
spherical waves originated from the optical elements with sub-
wavelength separation. For a very dense distribution of the latter,
the phase profile can be assumed continuous, resulting in a perfect
spherical wavefront for normally incident light of wavelength A
when @(x, y) is of the form (hyperboloid) [20,32,106]:

¢(x)y)=—2/1—”<\/x2+y2+f2-f>» @®)

where x, y are the coordinates of the phase-shifting elements of the
metasurface, and [ is the focal distance of the lens. Physically, as
one can see from Eq. (8), the phase shift imparted by the metasur-
face at (x, y) compensates for the difference in propagation phase
between the refracted ray originating at that point and the central
ray, so that all rays converge to the focal point at distance f.
Although highly efficient planar lenses have been reported
[57,58], their operational bandwidth is limited to the IR region.
Development of high-performance planar lenses in the visible
spectrum requires new material/fabrication processes. Recently,
planar lenses based on high-quality titanium dioxide (TiO,)
grown by atomic layer deposition (ALD) have been demonstrated
[60]. For a detailed study of the optical properties of TiO, ALD
films and metasurfaces, see [107]. TiO, has a high refractive in-
dex, and negligible absorption across the visible range; ALD films
made of this material have negligible surface roughness. These
features make it possible to closely pack the TiO, nanostructures
at subwavelength distances due to the large optical confinement.
As a result of these characteristics, planar lenses based on this tech-
nology have high efficiency and their design wavelength can be
tuned across the entire visible spectrum, with high NA.
Figures 5(a)-5(c) show the schematic of the transmissive
planar lens that utilizes, as building blocks, TiO, nanofins on
a glass substrate. A scanning electron micrograph of a portion
of a fabricated TiO, metasurface is shown in Fig. 2(f), revealing
the high quality of the fabrication. A maximum aspect ratio of 15
with very vertical sidewalls, close to 89°, is obtained using this
fabrication technique. In the metalens, the required phase map
[Eq. (8)] is implemented via the rotation of nanofins [62] based
on the PB phase [25,26]. These nanofins are designed as half-
wave plates using structural birefringence (the effective index is
different for two orthogonal polarizations normal to the propaga-
tion direction), so that they switch the handedness of incident
circularly polarized light and, in addition, introduce a geometric
phase equal to twice the rotation angle, as discussed in [59,62]. In
this way, the hyperboloidal phase map is realized for normal in-
cidence. Three planar lenses were designed at wavelengths of 405,
532, and 660 nm. All three planar lenses have diameters of
240 pm and focal lengths of 90 pm, giving a NA = 0.8.
Figure 5(d) shows the simulated efficiencies for these three design
wavelengths. The performance of these planar lenses was charac-
terized using a custom-built optical setup. The measured focusing
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Fig. 5. (a) Schematic diagram of a transmissive planar lens. (b) Side

view of TiO, nanofin on a glass substrate, showing its height.
(c) Top view of the lens building block with dimensions S x § depicting
nanofin width W and length Z. (d) Simulation results showing the nano-
fin conversion efficiency that peaks at three design wavelengths of 405,
532, and 660 nm. (¢) Measured focusing efficiency of the fabricated pla-
nar lenses designed at wavelengths of 660 and 532 nm. A scanning elec-
tron microscopy (SEM) image showing fabricated TiO, metasurfaces
based on array of nanofins of 60 x 170 nm dimensions is presented
in Fig 2(f). Figures are adapted from [60].

efficiencies of two planar lenses as a function of wavelength are
shown in Fig. 5(¢). For planar lenses designed at the wavelength
660 nm, the focusing efficiency peaks at 66% and remains above
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50% over most of the visible spectrum. Planar lenses designed at
wavelengths of 532 and 405 nm have measured peak efficiencies
of 73% and 86%, respectively.

Figures 6(a)—6(c) show the measured focal spot profiles of pla-
nar lenses at their design wavelengths. Background-free and sym-
metric focal spots confirm the high quality of fabrication and the
effectiveness of the phase realization mechanism. This is evident
by comparing these focal spots with those of a state-of-the-art ob-
jective [60], which shows broader and non-symmetric intensity
distributions. The measured full width at half-maximums
(FWHMs) of the focal spots are 280, 375, and 450 nm for
the planar lenses at their design wavelengths of 405, 532, and
660 nm, respectively. It is notable that these FWHM values
are very close to the diffraction limit at the design wavelengths
(FWHM = 2?\1—111\)' Subwavelength resolution imaging was also
demonstrated in this work. These planar lenses are not corrected
for coma aberrations, so they have a limited field of view while
being used for subwavelength imaging. Recently high-efficiency,
high-NA (>0.85), diffraction-limited polarization insensitive
metalenses have been demonstrated at visible wavelengths with
performance comparable to lenses based on the geometric phase.
These metalenses are made of TiO, cylindrical nanopillars of the
same height but of varying diameter depending on their radial
position, which controls the local phase shift [108]. Previously,
polarization insensitive metalenses using SiN nanoposts were
published with comparable NA with transmission efficiency of
35% and focusing efficiency of 10% in the visible regime
[109]. HCG focusing plates with 0.7 NA have also been reported
in the near-IR [110]. Recently, diffraction-limited mid-IR reflec-
tarray lenses were demonstrated using metal—dielectric-metal
structures consisting of Au disks on glass. Focusing efficiencies
were near 80% [111]. High-efficiency transmissive dielectric
metalenses in the mid-IR with 80% transmittance have been
demonstrated [57] and 72% in the near-IR [93]. Diffraction-
limited focusing and high efficiencies of these planar lenses
together with their compact configuration make them widely
applicable in laser-based spectroscopy, microscopy, and imaging.
It is worth pointing out that recent components, such as Pendry
lenses [112] and super-oscillatory lenses [113], have shown that
one can obtain deep subwavelength focusing below the diffraction
limit. However, the former method has strong limitations
because any, even minimal, optical losses or/and very small
imbalances between positive and negative optical space bring
the lens back to the diffraction limit [114,115]. Concerning tech-
niques using super-oscillations instead, there is a major loss in
efficiency because of the high Fourier components used for
focusing.

(©)
0.8
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-
0.4
— 02
500 nm

Fig. 6. Measured focal spot profiles of the planar lenses designed at wavelengths of (a) 405 nm, (b) 532 nm, and (c) 660 nm. (d) Imaging with a
metalens designed at A = 532 nm with diameter D = 2 mm and focal length /" = 0.725 mm. Image of the 1951 USAF resolution test chart formed by
the metalens. The laser wavelength is set at 530 nm. Scale bar, 40 pm. Figures are adapted from [60].
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Fig. 7. (a) False color SEM image of four pixels of the chiral transmis-
sion dielectric hologram made of Si nanofins on glass. Each pixel consists
of two parts: in purple, a meta-grating that imparts the required phase
map for letter “L” and, in green, that for the phase map for letter “R.”
Nanofins have width W = 85 nm, length L = 350 nm, height
H = 1000 nm, and center-to-center distance of 500 nm. Scale bar is
1 pm. (b) Side-view SEM image of a portion of the chiral hologram.
Scale bar is 1 pm. (c)—(e) Holographic images formed in the first diffrac-
tion order (false colored) under different incident polarizations at
wavelength 4 = 1350 nm. The chiral hologram was illuminated by
(¢) right-circularly, (d) left-circularly, and (e) linearly polarized light,
which result in the appearance of the letters “R,” “L,” and “RL,” respec-
tively. (f) Schematic of the nanorod distribution for the merged metasur-
face reflective hologram made of silver nanorods on glass with a silver
back plane. The phase levels are denoted by the different colors of
the nanorods. The nanorods in the columns with odd numbers and even
numbers, starting from the left, contribute to the reconstruction of “bee”
and “flower,” respectively. (g) Experimentally obtained images for the in-
cident light with left-circular (top) and right-circular (bottom) polariza-
tion. The wavelength of the incident light is 524 nm. Figures (a)—(c) are
adapted from [116] and (f)-(h) from [105].

By engineering the response of phase shifting elements similar
to the nanofins, it is possible to realize broadband and efficient
meta-gratings [63]. These meta-gratings can serve as building
blocks of holographic devices to accomplish chiral holograms
[116]. In the fabricated device, each pixel is divided in two parts,
half of it coupled to one handedness of the incident light and the
other half to the opposite handedness [Figs. 7(a) and 7(b)]. These
rotated nanofins introduce a geometrical phase like that in the
case of planar lenses. In this way, the image displayed in the field
of view of the optical system depends on the light handedness.
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This device achieves broadband operation from the visible to
the near-IR, and distortion-free performance and high efficiency
in the near-IR. Figures 7(c)—7(e) show that a light intensity dis-
tribution corresponding to the letter “R” appears under right-
circularly polarized illumination while it changes into the letter
“L” for left-circular polarization. For linear polarization, both
letters appear. In addition, this device demonstrates high values
of absolute efficiency (up to 60%) and extinction ratio of up
to 15 dB. A similar chiral holographic device concept based
on the geometric phase was demonstrated in reflection using
two spatially multiplexed arrays of silver nanoantennas on glass
deposited on a silver film [Figs. 7(f)-7(h)] [105]. Form-birefrin-
gent computer-generated holograms have been fabricated previ-
ously using subwavelength binary gratings whose orientation
controls the desired phase profile at mid- and near-IR frequencies
[102]. A spatially varying transmittance phase, independent of the
polarization of the incident beam, has been achieved using silicon
metadevices at telecom wavelengths [117]. In this work, near-
unity transmission efficiency and close to 27z phase coverage, en-
abled by utilizing the localized electric and magnetic Mie-type
resonances of low-loss silicon nanoparticles, have been used to
generate optical vortex beams [117]. High-efficiency vortex beam
generation in reflection was reported also using the reflectarray
design [19]. Highly efficient, sub—wavelength-thick, transmissive
grating vortex plates to achieve polarization-independent opera-
tion have been demonstrated for the generation of high-order
orbital angular momentum [110].

4. COMPENSATING WAVELENGTH-DEPENDENT
PROPAGATION PHASE WITH METASURFACES

Recent works have reported metasurfaces with relatively broad
reflectivity and transmission spectra [20,22,30,31,103-105] by
designing resonators with broadband response, in order to achieve
the high radiation losses necessary for high scattering efficiency.
Absorption losses give a significantly smaller contribution to the
spectral response. Because of this broadband response, the phase
function implemented by the metasurface is relatively constant
over a range of wavelengths. However, large chromatic aberrations
are induced due to the dispersion of the phase accumulated by
light during propagation, after the interaction with the metasur-
face [Fig. 8(a)]. This limitation can be overcome by compensating
for the dispersion of the propagation phase with the wavelength-
dependent phase shift imparted by the metasurface. In general,
when light interacts with a metasurface, the total accumulated
phase after the interface is the sum of two contributions:

P15 2) = (1, 2) + ¢,(1, A), ©)

where ¢,, is the phase shift imparted at point 7 by the metasurface
and ¢, is the phase accumulated via propagation through free
space. The first term is characterized by a large variation across
the resonance, as discussed in the previous paragraphs. The sec-
ond is given by ¢,(r, 1) = 27”1 (7), where /(7) is the physical dis-
tance between the interface at position 7 and the desired
wavefront [Fig. 8(a)]. If one is able to maintain the condition
of constructive interference at different wavelengths keeping
¢, constant, the metasurface will function as an achromatic de-
vice. To do so, the dispersion of light has to be considered and
compensated for the wavelengths of interest during the design of
the metasurfaces. This approach has recently been proposed and
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Fig. 8. (a) Refractive and diffractive optics are inherently dispersive, while metasurfaces can be designed to have an achromatic response. In the first two
cases, the angles of deflection change as a function of wavelength. The achromatic metasurface consisting of subwavelength spaced resonators is designed
to preserve its operation for multiple wavelengths. (b) Side view of the metasurface made of 240 unit cells, each consisting of a slot of the same width s,
comprising two coupled rectangular dielectric resonators of fixed height # and varying widths w, and w, (inset). The metasurface is designed to diffract
normally incident plane waves at three wavelengths (1; = 1300 nm, 4, = 1550 nm, and A3 = 1800 nm) by the same angle (0, = -17°) by imple-
menting a wavelength-dependent linear phase profile ¢,, that compensates the wavelength-dependent propagation phase in air. (c) and (d) Numerical
simulation and the experimental data of the far-field intensity distribution (normalized to the maximum value for each of the three wavelengths) as a
function of the angle € from the normal to the interface. (¢) SEM images of Si nanoparticle dimer structures on a glass substrate. (f) Energy-level diagram
describing the hybridization of electric (red arrows) and magnetic (green arrows) dipolar resonances of single scatterers. (g) Calculated scattering intensities
of dimer structures (solid red line) for separations of 4 = 320, 100, 50, and 5 nm (top to bottom) compared to the experimental results (black line). The
spectra are decomposed according to the hybridization scheme of electric and magnetic modes. Each single scatterer is an oblate ellipsoidal core(c-Si)—shell
(§i0,) structure with major and minor external radii of 95 and 78 nm, respectively, and a 4 nm oxide layer. Panels (a)—(d) are adapted from [72] and

panels (e)—(g) are adapted from [118].

experimentally demonstrated in [72] using coupled rectangular
dielectric resonators as multi-wavelength phase shifting building
blocks. By placing two rectangular dielectric resonators in close
proximity such that their near fields overlap, a system of coupled
resonators is created. Near-field coupling influences the modal
field distribution in the two neighboring resonators, which
changes the spectral positions and widths of the resonances.
The gap size and position can be utilized as additional degrees
of freedom to engineer the scattering amplitude and phase. In

recent work, the hybridization of electric and magnetic dipolar
modes has been studied, revealing that the contributions to
the scattering arises from pairs of dipolar electric—electric and
magnetic—magnetic modes (homogeneous modes), as well as from
the mixed contribution of electric-magnetic modes (hetero-
geneous modes), induced due to the overlap between the electric
and magnetic polarizabilities of single scatterers {Fig. 8(f) and
[118]}. In this hybridization scheme, the two homogeneous
modes denoted as B3u (so-called electric bonding mode,



Review Article

reminiscent of that observed in numerous plasmonic systems) and
B2g couple directly to the incident light, since they exhibit non-
vanishing electric and magnetic dipolar modes, respectively.
Similar to plasmonic dimers, the electric bonding mode redshifts
with increasing separation, while the magnetic mode B2g [dashed
orange line in Figs. 8(f) and 8(g)] blueshifts and deceases signifi-
cantly in intensity. Two modes, referred to in terms of two hetero-
geneous modes each comprising an electric and a magnetic dipole
mode, are excited indirectly by light coupling to the magnetic
mode, which in turn induces the electric dipole in the resonators
placed in close vicinity, blueshifting with decreasing separation.
Near-field coupling, especially with multimode dielectric resona-
tors, offers new degrees of freedom in controlling nanostructures’
scattering properties and can be utilized to design complex sys-
tems. The presence of far-field-coupled heterogeneous modes
and the low absorption losses in dielectrics are certainly advanta-
geous compared to lossy plasmonic dimers and clusters. An
example of an achromatic metasurface based on coupled resonant
dielectrics is presented in Fig. 8(b). The achromatic metasurface
works as a beam deflector based on dielectric resonators with a
wavelength-independent angle of deflection for three discrete tele-
communication wavelengths. The same approach has also been
utilized to demonstrate achromatic lenses [119,120]. Designs
of these achromatic devices based on coupled resonators or on
meta-molecules is performed for specific, discrete, and predefined
wavelengths. If light impinging on the device has a different wave-
length than the designed values, typically between two designed
wavelengths, the transmitted light generally exhibits a complex
response, which often is not exploitable for a specific application.
Broadband achromatic response can be achieved through com-
pensation between the structure dispersion in nanoslit waveguides
and the material dispersion [121]. It is clear from the introduction
that metasurfaces and subwavelength gratings are intimately re-
lated, and one can approach this problem from the subwavelength
grating concept, exploiting the inherent dispersion of propagation
by diffracting light on graded dielectric interfaces made of
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Fig. 9. (a) Photograph of four chromatic-aberration-corrected diffrac-
tive lenses (CACDLs) patterned on a glass substrate. (b) 1D CACDL is
comprised of linear grooves with a designed height, 4 by a single step
lithography on SC1827 photoresist. (c) SEM images of the cross sections
of two CACDLs (scale bars: 5 pm). (d) Simulated (black) and measured
(red) optical efficiency as a function of wavelength. Insets: photographs of
the focus on a white observation screen at various wavelengths. The
figure is adapted with permission from [122].
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grooves with spatially varying height. This idea has been
presented in [122,123] and is illustrated in Fig. 9.

The design of such a grating interface requires optimizing the
distribution of groove heights using a perturbation-based iterative
method using a modified direct-binary-search (DBS) algorithm
[122]. Interestingly, these diffractive devices can work on large
bandwidth with super-achromatic performance over the continu-
ous visible band with overall efficiency of around 10% [Fig. 9(d)].
The versatility in the choice of the wavelength-dependent phase
in a single device allows also for functionalities that are very differ-
ent (even opposite) from achromatic behavior. An optical device
with enhanced dispersion or wavelength-dependent functional-
ities will find interesting applications in particular for ultra-
compact spectrometry and nonlinear imaging technology.

5. CONCLUSIONS

During the past five years, metasurface technology has been de-
veloped at a frantic pace, going from inefficient chromatic devices
working at long wavelengths—typically at mid-IR and terahertz
frequencies—to high-NA components with subwavelength reso-
lution and record high transmissivity in the visible. Achromatic
devices and specific wavelength-dependent optical response can
now be designed on demand on a single subwavelength-thick in-
terface. Leveraging on various scattering mechanisms such as the
PB phase, chirality, Kerker diffusion, and zero-order diffraction in
a subwavelength grating, the concept of planar optics is currently
transforming and modernizing photonics, establishing new func-
tional devices for controlling, modulating, and steering light at
optical frequencies. Modifying the reflection of light at arbitrary
shaped metasurfaces leads to ultrathin cloaking sheets [124,125].
Whereas transformation optics determines bulk optical properties
by exploiting the relationship between a given coordinate system
and the coordinate system that conforms to the trajectory of light—
i.e., the coordinate system is deformed to follow the light path
[123,126-129], the concept of conformal boundary optics—a
design theory that determines the optical response for designer
input and output fields at arbitrarily shaped interfaces—discussed
in [130] determines the optical properties of a metasurface of
arbitrary geometry by exploiting the relationship between a given
ambient coordinate system (chosen to decompose the electromag-
netic field at each side of the boundary) and the coordinate system
that follows the geometry of the boundary. The interface coordi-
nate system is given by three components, two tangents, and one
normal to the surface (see Fig. 10). Conformal boundary optics
provides a wide range of new design opportunities, for example, to
hide objects behind an optical curtain, to create optical illusions
by reflecting virtual images, or to suppress the diffraction gener-
ally occurring during light scattering at corrugated interfaces.
Recent papers showed that it is in principle possible to exper-
imentally realize a carpet cloak metasurface to hide an arbitrarily
shaped object and to shape the wavefront of light at curved geom-
etries [131,132]. Given the height of a 3D object with respect to a
reference plane, the authors designed the interface phase response
point-by-point to address wavefronts using pure phase functions,
i.e., the amplitude is assumed uniform over the extent of the
wavefront. In a recent paper, it is shown that it is not possible
to funnel the incident wavefront into an arbitrary solution of
choice if we are limited to using passive metasurfaces. Wave trans-
formations over an ultrathin surface, even in their simplest form,
e.g., for beam steering, inherently require the presence of
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Fig. 10. (a) 2D planar metasurface of subwavelength thickness. For
planar interfaces, generalized sheet boundary conditions readily apply,
and the surface susceptibility tensors can be calculated. (b) The local co-
ordinate system of the surface follows its local curvature, changing with
the position along the interface. Boundary conditions of the fields are
obtained in the coordinate system of the interface and are therefore posi-
tion dependent. To produce an effect equivalent to that in (a), the surface
susceptibilities of the optical interface have to be engineered to account
for the effect of the physical distortion. The dashed blue lines denote the
equiphase fronts of the electromagnetic fields. The figure is adapted with
permission from [130].

balanced loss and gain to achieve unitary efficiency [132].
Addressing both problems of curvature and amplitude, the con-
cept of conformal boundary optics goes beyond the pure local
phase retardation. Interesting optical effects can be obtained using
metasurfaces at the boundaries of metamaterials with arbitrary
geometries [130]. For early works on coordinate transformation
at interfaces see, for example, the formalism for the study of dif-
fraction by a grating [133].

Though planar optics has the potential to displace conven-
tional refractive optics in many applications, several challenges
nevertheless remain, in particular in terms of theoretical model-
ing, design of building-block scattering elements, and large scale
fabrication. First, metasurfaces are formally described using sur-
face susceptibility/impedance/admittance tensors, where the latter
are related through the generalized sheet transition conditions
(GSTCs) to the incident, reflected, and transmitted fields on
either side of the interface [134,135]. To exploit the full potential
of these theoretical models, one needs additional tools that could
directly connect shape and material properties of nanostructures
to these complex macroscopic values.

Planar technology is the very essence of integrated circuit tech-
nology. To have a significant industrial impact, the manufacturing
process of metasurfaces has to be compatible and tailored to pro-
ficiently use existing foundry technology (deep-UV steppers).
This appears to be the case for metasurfaces based on ALD of
TiO,. New lithography techniques, in particular, nanoimprint-
ing, roll-to-roll nanoimprinting, and soft lithography, can also ad-
dress the problem of reproducible and large scale fabrication of
metasurfaces.

This disruptive technology holds promise for major impact in
many high-volume applications, such as novel camera modules
for cell phones and laptops, wearable displays for augmented real-
ity, metrology, 3D imaging, light concentration for solar cell pan-
els and lasers [136], white lighting, laser-based microscopy,
imaging, and spectroscopy. The new compact optical configura-
tion will enable various innovative portable/handheld instruments
for many applications.
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