ILLUSTRATIONS: RYAN ALLEN/SECOND BAY STUDIOS

RESEARCH

REVIEW SUMMARY

PLANAR OPTICS

Metalenses: Versatile multifunctional
photonic components

Mohammadreza Khorasaninejad and Federico Capasso®

BACKGROUND: Future high-performance por-
table and wearable optical devices and systems
with small footprints and low weights will re-
quire components with small form factors and
enhanced functionality. Planar components
based on diffractive optics (e.g., gratings, Fresnel
lenses) and thin-film optics (e.g., dielectric
filters, Bragg reflectors) have been around for
decades; however, their limited functionality
and difficulty of integration have been key in-
centives to search for better alternatives. Owing
to its potential for vertical integration and
marked design flexibility, metasurface-based
flat optics provides a rare opportunity to over-
come these challenges. The building blocks
(BBs) of metasurfaces are subwavelength-spaced
scatterers. By suitably adjusting their shape, size,
position, and orientation with high spatial res-
olution, one can control the basic properties of
light (phase, amplitude, polarization) and thus
engineer its wavefront at will. This possibility
greatly expands the frontiers of optical design by
enabling multifunctional components with attend-
ant reduction of thickness, size, and complexity.

All-dielectric metalenses. (A) Sche-
matic of a dielectric pillar acting as a
truncated waveguide for phase-shifting
the incident light. (B) Top-view scanning
electron microscopy image of a meta-
lens based on titanium dioxide, with
dielectric pillars as BBs. (C) Schematic
of an achromatic metalens realized by
engineering the dispersive response of
its BBs. (D) Schematic of a chiral
metalens that spatially separates and
focuses light with different helicities.
(E) Schematic of a metalens that
simultaneously focuses and disperses
the incident light. (F) lllustration of

the concept of vertically stacking meta-
surfaces to build miniaturized multi-
functional systems.
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ADVANCES: Recent progress in fabrication
techniques and in the theory and design of
metasurfaces holds promise for this new op-
tical platform (metaoptics) to replace or com-
plement conventional components in many
applications. One major advance has been the
migration to all-dielectric metasurfaces. Here,
we discuss the key advantages of using di-
electric phase-shifting elements with low op-
tical loss and strong light confinement in the
visible and near-infrared regions as BBs of flat
lenses (metalenses). High-numerical aperture
metalenses that are free of spherical aberrations
have been implemented to achieve diffraction-
limited focusing with subwavelength resolu-
tion, without requiring the complex shapes of
aspherical lenses. Achromatic metalenses at
discrete wavelengths and over a bandwidth
have been realized by dispersion engineering
of the phase shifters. By suitably adjusting the
geometrical parameters of the latter, one can
impart polarization- and wavelength-dependent
phases to realize multifunctional metalenses
with only one ultrathin layer. For example,
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polarization-sensitive flat lenses for chiral imag-
ing and circular dichroism spectroscopy with
high resolution have been realized, and off-
axis metalenses with large engineered angular
dispersion have been used to demonstrate mini-
ature spectrometers. The fabrication of metal-
enses is straightforward and often requires
one-step lithography, which can be based on
high-throughput techniques such as deep-
ultraviolet and nanoimprint lithography.

OUTLOOK: In the near future, the ability to fab-
ricate metalenses and other metaoptical com-
ponents with a planar process using the same
lithographic tools for manufacturing integrated
circuits (ICs) will have far-reaching implica-
tions. We envision that camera modules widely

employed in cell phones,
laptops, and myriad ap-
Read the full article plications will become
at http://dx.doi. thinner and easier to op-
org/10.1126/ tically align and package,
science.aam8100 with metalenses and the
complementary metal-oxide
semiconductor-compatible sensor manufac-
tured by the same foundries. The unprece-
dented design freedom of metalenses and
other metasurface optical components will
greatly expand the range of applications of
micro-optics and integrated optics. We foresee
a rapidly increasing density of nanoscale op-
tical elements on metasurface-based chips,
with attendant marked increases in perform-
ance and number of functionalities. Such
digital optics will probably follow a Moore-
like law, similar to that governing the scaling
of ICs, leading to a wide range of high-volume
applications.
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Recent progress in metasurface designs fueled by advanced-fabrication techniques has led to
the realization of ultrathin, lightweight, and flat lenses (metalenses) with unprecedented
functionalities. Owing to straightforward fabrication, generally requiring a single-step
lithography, and the possibility of vertical integration, these planar lenses can potentially
replace or complement their conventional refractive and diffractive counterparts, leading

to further miniaturization of high-performance optical devices and systems. Here we provide a
brief overview of the evolution of metalenses, with an emphasis on the visible and near-infrared
spectrum, and summarize their important features: diffraction-limited focusing, high-quality
imaging, and multifunctionalities. We discuss impending challenges, including aberration
correction, and also examine current issues and solutions. We conclude by providing an
outlook of this technology platform and identifying promising directions for future research.

etasurfaces (I-5) are arrays of subwave-

length-spaced optical scatterers (metallic

or dielectric) at an interface whose pri-

mary function is to locally shift the phase

of incident light, thus shaping its wave-
front in accordance with the spatial distribu-
tion of the scatterers. By spatially adjusting the
metasurface building block (MBB) geometrical
parameters (such as size, shape, and orientation
across a surface), one can control the reflected or
transmitted wavefront at will. Metasurfaces are
conceptually related to the reflect and transmit
arrays demonstrated in the millimeter-wave and
microwave ranges (6, 7) but with a very distinct
difference: subwavelength arrangements of the
MBBs. This enables control over the basic prop-
erties of light (phase, amplitude, and polariza-
tion) with high spatial resolution. In addition,
the subwavelength arrangement circumvents the
formation of spurious diffraction orders, which
generally prevail in conventional diffractive com-
ponents such as gratings, where the constitutive
elements are spaced on a wavelength scale. These
spurious orders not only degrade the efficiency
of diffractive components but also give rise to
undesired effects such as virtual focal spots,
halos, and ghost images. It is notable that there
are some diffractive components (e.g., blazed grat-
ings) in which subwavelength arrangement has
been used. However, what differentiates meta-
surfaces from these components is their wide
range of possible designs, leading to unprece-
dented functionalities. For instance, one can in-
dependently engineer the interaction of MBBs
with the electric as well as the magnetic field
components of light, leading to complete control
of not only the phase, amplitude, and polariza-
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tion response but also of the local impedance
(8-11). The latter has been used to suppress re-
flections by impedance matching. This control
is not limited to a single wavelength and can be
broadband through suitable dispersion engi-
neering of MBBs. Owing to its design flexibility
and versatility, metasurface-based optics (meta-
optics) provides opportunities to go beyond what
is achievable by conventional diffractive optics.
In this Review, we concentrate on recent de-
velopments of metasurface-based lenses, here-
after interchangeably dubbed “flat lenses” and
“metalenses.”

Refractive lenses, such as those used in ob-
jectives and telescopes, have useful properties
but are often bulky, heavy, and costly. Addition-
ally, for their fabrication, these lenses rely on a
relatively old technology, molding, based on re-
alizing in an “analog” way the phase profile re-
quired for focusing by suitably shaping the lens.
Metasurfaces offer an opportunity to overcome
these limitations. In particular, with the use of
appropriate sampling methods, the lens phase
profile can be accurately digitized using MBBs
and then implemented with standard lithograph-
ic techniques employed in the manufacturing of
integrated circuits. The phase profile ¢ (r) of a flat
lens for normally incident light of wavelength A
is hyperbolic, which ensures a diffraction-limited
spot (2)

o) =-2(VErr-f)

where fis the focal length and r is the radial
position. Equation 1 represents the requirement
that all rays must arrive in phase at the focus.
In this Review, we begin with a brief historical
perspective of wavefront shaping. Starting with
the pioneering works in the microwave range, we
trace the progress of this effort into the optical
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domain through diffractive optics. Rapid progress
has since been made by using metasurfaces.
By introducing a new approach to wavefront
shaping, metasurfaces changed the prospects
of what is feasible in a compact and planar
platform: flat or planar optics. First, we discuss
plasmonic flat lenses, in which the MBBs are
deep-subwavelength-spaced metallic elements.
The low efficiency of these lenses, associated
with the high dissipative loss of metals in the
visible and near-infrared (NIR) spectra, poses a
major hurdle for applications. Overcoming these
deficiencies has been the major incentive for the
development of all-dielectric metasurfaces. Next,
we discuss recent developments in all-dielectric
flat lenses: high efficiency, high numerical aper-
tures (NAs), and multifunctional lenses and their
applications in miniaturized systems, along with
correction of monochromatic and chromatic
aberrations. We conclude by gauging the impact
of this platform on the field of optics and by
identifying future opportunities for science and
technology.

In 1948, Kock (12) experimentally demon-
strated an artificial material composed of metal-
lic antennas embedded in a polystyrene foam
host to build lightweight lenses in the microwave
range. This concept was later applied to diffrac-
tive optics, where a spatially varying effective
permittivity was realized by surface patterning
(13-18). Initially, this was accomplished by thick-
ness modulation across a surface [e.g., the use of
sawtooth or staircase surface profiles (13-16)],
where the maximum thickness modulation cor-
responds to a phase delay of 2r—one of the basic
principles of diffractive optics. Aside from their
fabrication complexity [that is, the requirement
of multilayer masking (14, 15)], these diffractive
components inherently suffer from low efficiency
arising from the shadowing effect (16). This effect
becomes more severe when light needs to be
diffracted into large angles, as in the case of high-
NA lenses. Eventually, a more practical approach
was developed, in which the effective refractive
index is modulated across the surface by adjust-
ing the lateral size of structures (17, 18) instead
of their height. Not only does this approach con-
siderably simplify the fabrication process (single-
step lithography), it also eliminates the shadowing
effect. For instance, we consider the building block
(BB) to be a square-shaped dielectric pillar with
width W and height H, arranged in a square lat-
tice with the unit cell size U x U. Each unit cell
operates as an element where its effective refrac-
tive index, n.(77), can be modified by adjusting
the pillar width W, which controls the confine-
ment of light. The minimum achievable effective
refractive index is that of the surrounding medi-
um, generally air (n = 1), when there is no pillar.
When a pillar fills the entire unit cell (W = U),
the effective refractive index attains its maximum
value equal to n, the bulk index of material. Light
traveling through a unit cell (neglecting Fabry-Perot
effects) accumulates a phase shift ¢

2
cp:%xneﬁxH (2)
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Fig. 1. Plasmonic flat lenses. (A) Simulated normalized Poynting vector
distribution at A = 650 nm for a metalens consisting of an array of 65 silver
slits with a fixed depth of 500 nm and widths ranging from 10 to 70 nm.
The lens functions as a cylindrical lens, focusing the incident light into a line.
[Reproduced from (29)] (B) Schematic of a cylindrical metalens made of
gold slits (left) with a depth of 400 nm and widths varying from 80 to 150 nm.
The inset shows a scanning electron microscopy (SEM) image of the
fabricated metalens. Measured (center) and simulated (right) intensity
distributions of focusing patterns at the design wavelength of 637 nm are
shown. [max, Mmaximum intensity. [Adapted from (30)] (C) Phase profile of a
near-infrared (NIR) (A = 1550 nm) metalens with eight V-antennas (33).
Shown at the bottom are the measured diffraction-limited irradiance in the
focal region (right) and an SEM image of a portion of the metalens (left). The
antennas’ thickness is deep subwavelength (2). (D) (Bottom) SEM image

(left) of a portion of a metalens and images formed by the cylindrical lens
(A =810 nm) under left (center) and right (right) circularly polarized
light. Magnification of the imaging system is controlled by the helicity of
illuminating light. (Top) Expected realized phase profile of one the
metalenses for right circularly polarized incident light. [Adapted from
(39)] (E) Measured intensity distribution near the focus of a cylindrical
metalens designed at a wavelength of 800 nm. The inset shows the unit
cell: a gold antenna on a gold mirror with a dielectric spacer. A, unit

cell period; L, lateral dimension of gold antenna; t, height of gold antenna;
t, thickness of dielectric spacer. [Adapted from (43)] (F) Measured
intensity distribution across the focal line of a reflective metalens
designed for A = 4.6 um (44). Focusing efficiency as high as 80% was
achieved close to theoretical prediction of 83%. The inset shows an SEM
image of a portion of the lens. a.u., arbitrary units.

This phase can be controlled by adjusting the
fill factor (FF). To achieve a phase difference
A@ = 2rn between unit cells with FF of unity and
zero, the height must then be

A
AN

(3)

where Aneg = n - 1. Assuming a dielectric with a
refractive index larger than 2 (n > 2, Aneg > 1),
the required height becomes comparable to the
wavelength. On the basis of this design rule, high-
ly efficient blazed gratings and diffractive lenses
have been reported (19-22).

Plasmonic flat lenses

One of the most commonly used MBBs is the
plasmonic antenna (23). Like their radio-wave
counterparts, these optical antennas concentrate
propagating light into regions much smaller than

Khorasaninejad et al., Science 358, eaam8100 (2017)

the wavelength, where charge oscillations known
as surface plasmons are set up. By designing the
antenna’s size, shape, and orientation, one can
alter the phase shift of the radiated light, thus
introducing an abrupt phase change over a dis-
tance much smaller than the wavelength. Because
of their deep-subwavelength thickness [low aspect
ratio (AR)], fabrication of plasmonic antennas is
very straightforward: a simple liftoff process is
adequate.

Stimulated by the discovery of extraordinary
optical transmission through subwavelength
metallic apertures (24), plasmonics has been the
subject of extensive experimental and theoretical
research. Plasmonic metalenses have attracted
considerable attention as proof-of-principle dem-
onstrations of the advantages of flat lens tech-
nology. For example, Yin et al. (25) showed that
surface plasmon polaritons excited by an array of
holes constructively interfere to generate an in-
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plane focal spot (near-field focusing). Liu et al.
(26) also reported in-plane focusing using cir-
cular and elliptical slit apertures. In addition,
far-field focusing of visible light using quasi-
periodic arrays of nanoholes was reported in
(27). In these previous works (25-27), focusing is
achieved via amplitude modulation and suitable
spatial distribution of apertures. A metalens is a
phase plate designed to focus light. Attaining a
diffraction-limited focus with low wavefront er-
ror requires 2r phase coverage with ideally the
same scattering amplitude for all phase shifters.
For a high-efficiency transmissive metalens, this
means having MBBs with negligible optical ab-
sorption loss and maximum forward scattering.
Sun et al. theoretically demonstrated that focus-
ing via phase modulation can be achieved by vary-
ing the depth (propagation length) of plasmonic
slits (28). They further suggested an alternative ap-
proach for spatial phase modulation by adjusting
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Fig. 2. Dielectric polarization-dependent flat lens. (A) (Bottom) Optical
microscope image of a reflective lens consisting of an array of amorphous
silicon (aSi) groves with spatially varying width. The insets show SEM
images of various locations of the lens. The lens is designed in the NIR region
and has a numerical aperture (NA) of ~0.01. (Top) Measured beam profile
in the focal plane of a reflective lens. The inset shows the measured
beam radius (1/e?) along the propagation direction. [Adapted from (57)]
(B) (Bottom) SEM image of the center portion of the fabricated lens. The
inset shows the measured focal spot intensity profile. (Top) Measured

the slits’ width, which substantially simplifies the
fabrication process. This idea was later theoret-
ically confirmed by Shi et al. (29) in their sim-
ulation of a flat lens consisting of an array of slits
with locally varying width (Fig. 1A). The nar-
rower the slit, the larger the phase shift (29): For
example, slits with 20- and 40-nm widths yield
phase shifts of 0.87r and 0.497, respectively, over
a propagation length (slit depth) of 300 nm. This
slit geometry translates to an AR of 15, which is
difficult to fabricate. Shi et al. also showed that
by increasing the AR to 50 (minimum width =
10 nm and depth = 500 nm), one can approach
the full-phase coverage. Later, Verslegers et al.
(30) experimentally demonstrated a lens based
on a phase modulation concept through array
of slits with varying width (Fig. 1B). Slits have a
depth of 400 nm and a minimum width of 80 nm.
Although this low AR (5) simplifies fabrication, it
limits the maximum phase shift to ~0.2x.

In the case of a single resonance antenna with
a subwavelength thickness, the phase coverage
of transmitted light is typically limited to r. Ex-
pansion of the phase coverage to 2r is one of the
essential steps toward realizing full control of the
wavefront. In their work on gradient metasur-
faces that diffract light according to the gener-
alized laws of reflection and refraction, Yu and

Khorasaninejad et al., Science 358, eaam8100 (2017)
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co-workers (31, 32) showed that an array of V-
antennas with suitable geometry and orienta-
tions provides not only 2 phase coverage but
also a large range of scattering amplitudes, both
of which are key factors for full control over the
wavefront. The thickness of these antennas is
much less than the wavelength, which consider-
ably simplifies the fabrication. Using V-antennas,
flat lenses free of spherical aberration (Fig. 1C)
and axicons were demonstrated in the NIR range
(33). The focusing efficiency was low as a result
of small scattering efficiency of single-layer an-
tennas; this can be improved by increasing the
number of layers (34). It was also shown that V-
apertures, complementary of V-antennas, can
be used to focus visible light (35) on the basis of
Babinet’s principle. Alternatively, 2r phase cover-
age may be achieved by using the Pancharatnam-
Berry (PB) phase (36, 37), also known as geometric
phase. In this approach, all MBBs have identical
sizes (and, therefore, uniform transmitted ampli-
tude), and the phase variation is achieved via
their rotation. Flat lenses based on the PB phase
were theoretically and experimentally (Fig. 1D)
reported using U-apertures (38) and rod anten-
nas (39), respectively. Simulations in (38) show
that a lens consisting of an array of identical U-
apertures with different orientations focuses left
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intensity distribution along the propagation direction, showing the evolution
of the beam before and after the focal spot. [Reproduced from (51)]

(C) (Bottom) SEM image of the fabricated lens. This monochromatic
metalens operates based on the Pancharatnam-Berry phase, using titanium
dioxide nanofins, and can be designed across the visible spectrum with
high efficiency. For instance, three lenses with NA = 0.8 and diffraction-
limited focusing at wavelengths of 405, 532, and 660 nm were reported with
corresponding efficiencies of 86, 73, and 66%, respectively. (Top) Measured
intensity distribution in decibels along the propagation direction (52).

circularly polarized light into a line, whereas the
lens diverges right circularly polarized light, an
intrinsic property of a PB-based lens (40). A PB-
based metasurface generates a wavefront with
polarization orthogonal to the incident light.
Sun et al. (41, 42) demonstrated 2r phase coverage
using reflect arrays of antennas separated from
a metallic mirror by a dielectric spacer, an ap-
proach that preserves the incident polarization.
This method was later used in flat reflective lenses
(Fig. 1E) in the NIR (43) and in the mid-infrared
region (44). In the latter work, the authors dem-
onstrated high efficiency and near diffraction-
limited focusing (Fig. 1F). Their use of single-step
photolithography allows fabrication of large di-
ameter lenses for applications such as Cassegrain
telescopes. Despite major progress in plasmonic
metasurfaces, fundamental limits of efficiency
(45) at visible and NIR wavelengths for trans-
mission operation pose a key obstacle for their
practical applications. These problems can be
solved by using dielectric metasurfaces (46, 47).

All-dielectric metalenses

Use of dielectric phase shifters (46) as MBBs
represents a key shift in the metaoptics design
approach, which can lead to numerous tech-
nological advances. These dielectric MBBs can

3of 8

0202 ‘Sz Aen uo /Blo Bewasualds aoualds//:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REVIEW

4
lo.s
0.6
-
@ o
2 500 nm 0.2
2 L 1,
] X
E — 1
~ y
g 0.8
) 0.6
K
90 0.4
1
< 25
@ os 3 500 nm 02
S os 5 6o 500 i)
[ J
g 01l s 2.0 X
g e = L 70
5 8 1.5 <y -
't 05} p g E/
o4 | ©° 60 06
% ™ " 2 1] i e 04
€ o2 g N = i / —e— FWHM spot size 50
= —o-Transmitted Phase/2n I % —=— Focusing efficiency
2 01 - Transmitted Power | u;. 054 [~ —a— Transmission 500 nm -
' 40 —_—
0

100 200 300 400

d (um)

3% 40 45 S0 55 60 65 70 0

Post Diameter/Pitch (%)

Fig. 3. All-dielectric polarization-independent transmissive metalens.
(A) (Top) Measured intensity profile of a focal spot with its corresponding
horizontal cut. The lens consists of an array of silicon posts with
spatially varying diameter fabricated on a glass substrate. (Bottom)
Simulated transmitted phase and power for a hexagonal array of silicon
posts with different diameters. Posts have a height and pitch of 475
and 390 nm, respectively. [Adapted from (66)] (B) (Top left) Measured
intensity profile at the focal plane of a lens with NA ~ 0.97. Scale bar,

1 um. (Top right) SEM images of the fabricated lens. Silicon posts are

500

arranged in a hexagonal lattice. Scale bars, 1 um. (Bottom) Measurement
results show that there is a trade-off between achieving a higher NA
(smaller focal spot) and efficiency, which is a general feature of flat lenses
regardless of their design and material platform. FWHM, full width at

half maximum; d, distance. [Adapted from (58)] (C) (Left) SEM images
show top-in view (top) and side view (bottom) of the fabricated lens.
(Right) Measured focal spot profiles of three lenses (NA = 0.85) at their
design wavelengths of 660 nm (top), 532 nm (center), and 405 nm
(bottom). [Adapted from (63)]

confine light in a subwavelength region with
negligible absorption loss. Here, we primarily
focus on the regime where the phase shifters can
be treated as truncated waveguides: scatterers
with low-quality factor resonances. In other
words, the phase accumulation is achieved via
propagation, as seen from Eq. 2, but Fabry-Perot
effects are inevitable because of reflections at
the dielectric waveguide (DW) ends, which are
caused by refractive index mismatch. Often, a
portion of the incident light, typically a Gaussian
beam, is not coupled into the waveguide modes
and either propagates through the surrounding
medium or in the DW as radiation modes. There-
fore, the phase imparted into reflected or trans-
mitted light arises from the superposition of all
radiation and waveguide modes. Capturing all of
these effects is essential for metasurface design
and requires rigorous methods such as finite-
difference time-domain simulations.

By adjusting the effective index of DWs by
varying their geometrical parameters, the phase
coverage can span the required 0-to-2x range. If
the effective index modulation is larger than
unity (Anes > 1), full phase coverage can be ac-
complished via a propagation length (height
of DWs) comparable to the wavelength (Eqg. 3).
This phase implementation can also be polar-
ization dependent (48) for a DW with an asym-
metric cross section, an effect known as form
birefringence. Therefore, through appropriate

Khorasaninejad et al., Science 358, eaam8100 (2017)

choice of material and geometrical parameters,
a DW can act as a half-waveplate required for ef-
ficient PB-based metasurfaces (49-54). This ap-
proach was used by Hasman et al. (49); in their
study, birefringent subwavelength gratings served
as BBs of a flat lens in the mid-infrared range.
Considering the lens design parameters (NA =
0.02 and A = 10.6 um), the spatial discretization
of the phase profile [center to center distance
(U = ~50 um)] between adjacent MBBs satisfies
the required sampling criterion

A
U<m (4)

This was further confirmed by the observation of
a diffraction-limited focal spot. Satisfying this
criterion becomes more challenging for lenses
designed at shorter wavelengths or with higher
NAs. The smaller the value of U, the narrower
the DWs and, thus, the higher the required AR
must be to achieve full phase coverage, which
introduces stringent fabrication demands. This
limitation also brings new design challenges:
As the adjacent DWs become closer together,
their lateral size decreases, which leads to less
optical confinement and greater near-field cou-
pling between the DWs. Note that satisfying
the sampling criterion (Eq. 4) does not eliminate
the possibility of higher orders (for NA < 0.5, U
can be larger than the wavelength 1) but only
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guarantees that one can provide the required
phase gradient at each location on the metasur-
face. In other words, to design a flat lens that
focuses a normally incident collimated beam,
one needs to generate a spatially varying phase
gradient, which represents an effective wave
vector (32) locally imparted by the metasurface
so that at each position, the incident beam is
deflected toward the focal point. The maximum
deflection angle 6 [sin(6) = NA| occurs at the
edge of the lens. Therefore, the maximum re-
quired effective wave vector is 2%sin(6). From
the generalized Snell’s law (31)

A

Jesin(8) =

(5)

(k = 2m/)). Considering the finite size of the
MBBEs, the phase is always discretized and im-
plementable with a digital phase mask (55). To
deflect normally incident light s, one needs to
introduce a phase difference between adjacent
MBBs. The phase difference Ag can be as large
ast (A < n). Therefore, on the basis of Eq. 5, the
distance between adjacent MBBs (Ax = U') should
be equal to or smaller than 3% (Az < ;&) to
provide the required effective wave vector and
thus deflect light by an angle 6.

In addition, the smaller the value of U, the bet-
ter the sampling and the lower the required phase
difference between two adjacent MBBs, resulting
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Fig. 4. Imaging with monochromatic all-dielectric metalenses. (A) Images formed by a metalens
of the 1951 U.S. Air Force resolution test chart (left) and of a customized target object (right) with
a minimum gap size of ~800 nm (right top) and ~450 nm (right bottom) (52). lllumination was
provided by a tunable laser with a 530-nm center wavelength and a bandwidth of 5 nm. (B) (Right)
Image taken with a doublet lens made of silicon posts operating at a wavelength of 850 nm. Scale
bar, 100 um. (Left) Zoomed-in views of the images at the regions indicated by the rectangles.
Scale bars, 10 um. The illumination source was an LED paired with a 10-nm bandpass filter centered
at 850 nm. [Reproduced from (67)] (C) Two images of a beetle, Chrysina gloriosa, formed by

a chiral lens in the same field of view of a camera (73). This chiral lens simultaneously forms two
spatially separated images (with opposite handedness) of the beetle, revealing its natural circular
dichroism. The chiral lens has diameter D = 3 mm and a focal length of ~3 cm at its 530-nm
design wavelength. Green LEDs paired with a 10-nm bandpass filter centered at 532 nm were used
as illumination sources. (D) (Top) Images of metallic stripes formed by confocal imaging with an
oil immersion lens used for illumination (69). (Bottom) Mean peak-to-peak values of 400 nm (left)
and 593 nm (right) with less than 10% SD. This metalens is made of titanium dioxide nanofins and

has NA = 1.1 at its 532-nm design wavelength.

in a quasi-adiabatic change in geometrical size of
MBBs across the interface. Plasmonic MBBs can
easily fulfill this criterion because they can be
closely packed, owing to the deep-subwavelength
confinement of plasmonic modes. High-index
dielectrics can also satisfy these conditions by
enhancing light confinement and reducing near-
field coupling, thus allowing a smaller U.

Due to their large refractive index and mature
fabrication technology, silicon-based metasurfa-
ces are a promising platform for realizing metal-
enses, particularly in the NIR region (51, 56-60),
the transparency window of silicon. Reflective di-
electric planar lenses were theoretically (56) and
experimentally (57) reported using one-dimensional
amorphous silicon (aSi) gratings for which the
period and the FF of the grating elements were
gradually altered from the center of the lens to-
ward the edge (Fig. 2A). Because of the asym-
metric cross section of the grating elements, the
performance of these lenses depends on polar-
ization. A transmissive lens was also demonstra-
ted in aSi using the PB phase (Fig. 2B). The lens is
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designed at A = 550 nm and has NA = 0.43 (51). In
the visible region, especially at shorter wave-
lengths, the optical loss of silicon substantially
degrades the lenses’ efficiency. This can be par-
tially overcome by changing the material to a
dielectric with transparency in the visible region;
examples include silicon nitride (67) and tita-
nium dioxide (2I). However, the refractive index
of these materials (n ~ 2) is lower than that of
silicon (n ~ 3.5). In general, to achieve full 0-to-
2n phase coverage using these materials, one
needs to compensate for the smaller index with
higher DW height (Eq. 2). As a result, high-AR
structures are required, which poses major chal-
lenges for conventional fabrication techniques
such as dry-etching (21, 61) and liftoff (62). The
latter substantially limits the maximum attain-
able height of DWs, and the former does not pro-
vide adequate control over the geometry of DWs.
One prevailing problem is the angled sidewall,
which introduces an error in the resultant phase
(63). A recently developed process based on atomic
layer deposition (ALD) of titanium dioxide (64)
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has successfully circumvented these issues. DWs
are defined only by the patterned resist in this
liftoff-like process, which can then be extended
to a wide range of dielectrics supported by the
ALD technique. With the use of this approach,
large NA = 0.8 lenses with efficiency as high 86%
were demonstrated (52, 65) across the visible
spectrum (Fig. 2C).

To realize polarization-independent lenses,
one can utilize the propagation phase using DWs
with circular or fourfold-symmetric cross sections.
By using arrays of circular silicon posts, Vo et al.
(66) demonstrated polarization-independent trans-
missive lenses with 70% efficiency. The lens focuses
the incident light (A = 850 nm) into a spot of ~10A
size. The lens’s BB was a hexagonal array of posts
(Fig. 3A). This BB configuration reduces the max-
imum achievable spatial phase gradient due to the
increased U and thus limits the maximum obtain-
able NA. Later, Arbabi et al. (58) showed that one
silicon post can serve as an efficient BB (Fig. 3B).
This BB provides full phase coverage with sub-
wavelength spatial resolution while maintaining
high transmission, thus enabling highly efficient
metalenses with large NAs. Lenses with efficien-
cies higher than 42% and focal spots as small as
0.57\ at A = 1550 nm were reported. Owing to
their high refractive indices, these posts are weakly
coupled to each other, which prevents deviation
from the designed phase due to near-field coupling.
High-performance metalenses in the visible spec-
trum were demonstrated by Khorasaninejad et al.
(63). These polarization-independent lenses were
fabricated by using ALD-prepared titanium di-
oxide circular posts and have NAs as high as 0.85.
At this NA, metalenses designed at wavelengths
of 532 and 660 nm provide diffraction-limited
focusing with efficiency larger than 60% (Fig. 3C).
For the metalenses designed at a shorter wave-
length (405 nm), the efficiency drops to 33% due
to stringent fabrication tolerances because the
posts’ radii scale proportionally with wavelength.
In addition, when the NA was reduced to 0.6,
focusing efficiency as high as 90% was achieved
at a design wavelength of 660 nm.

Imaging by metalenses

Theoretically, the imaging resolution of a lens
is set by the diffraction limit, but in practice,
various aberrations such as spherical and coma
reduce it. Spherical aberration is a common issue
in refractive lenses (particularly high-NA objec-
tives) and is typically corrected by cascading sev-
eral lenses, which not only increases the size of
imaging systems but also adds cost. Metalenses
can be free of spherical aberrations because their
phases can be tailored at the designer’s will.
Figure 4A shows images formed by a high-NA
(0.81) flat lens designed at A = 532 nm. This lens
resolves micrometer-size features over a large area
of 250 pm x 250 um. The same lens also resolves
the details of an object with subwavelength res-
olution; however, its field of view (FOV) is very
limited. The latter is a manifestation of other
remaining monochromatic aberrations, mainly
coma. These aberrations can be reduced by add-
ing a correcting layer (67, 68) to a flat lens

50f8

0202 ‘sz Ae\ uo /610’ Bewasusios aoualos//:diny wolj papeojumoqd


http://science.sciencemag.org/

RESEARCH | REVIEW

—— 1300 nm
<1560 nm =
308 -----1800 nm [x¢ 8 1
s | - © =915 nm s
2 ‘ > ) 2 F
@ o
g o8 100 400 80 | |2
£ Z(um) <
s
§ 04 B vy 8 £
2 ¢ L > Je1ss00m | o
E | 3 [,
292 Fmfe e e e -
Ay Y "' &
B I ol ‘ = =1550 nm g
A ‘ 2
%50 200 200 300 100 w00 500
z(um)

Fig. 5. Dispersion engineering. (A) (Top) False-color side-view SEM image
of a portion of a multiwavelength achromatic metalens (AML) (81). Each
unit cell (an aSi rectangular dielectric resonator) is depicted in a different
color. (Bottom) Measured intensity profiles at a fixed distance from the
metalens for three wavelengths: 1300, 1550, and 1800 nm. The measured
full widths at half maximum are 27.5, 29, and 25 um at A = 1300, 1550, and
1800 nm, respectively, which are close to the diffraction limit (17, 20, and
23 um). (B) (Top) Tilted-view SEM image of part of a multiwavelength AML
showing aSi posts. This lens has a NA = 0.46 and focuses two wavelengths
of 1550 and 915 nm at the same focal distance. (Bottom) Intensity
measured in the axial planes of the lens for wavelengths of 915 and 1550 nm.
[Adapted from (91)] (C) (Top) Side-view schematic of a broadband
achromatic metalens. The inset shows the unit cell: a metal-insulator-metal
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waveguide. ¢, phase shift; w, h, and p represent the width of dielectric, length
of the waveguide, and period of the unit cell, respectively. (Bottom)
Simulated focal lengths of the lens versus wavelength. The insets show the
calculated electric field intensity distributions at wavelengths » =1, 1.5,
and 2 um. [Adapted from (89)] (D) (Top) Top-view SEM image of an AML
operating over a continuous band (60 nm) in the visible spectrum (88).
The building block of the lens is a titanium dioxide pillar on a metallic mirror
with an intermediate silicon dioxide thin film. Scale bar, 500 nm. (Bottom)
Simulated and measured focal length of the AML as a function of
wavelength. The measured fractional changes of focal length across the
bandwidth (490 to 550 nm) are 1.5 and 1.2%, respectively. The measured
focal length of a lens [geometric-phase lens (GML)] with no chromatic
correction is also shown for comparison.

(doublet metalens) or avoided by scanning mi-
croscopy imaging (69). In (67), the doublet flat
lenses consist of two metasurface layers fabricated
on opposite sides of a glass substrate (Fig. 4B).
These lenses provide nearly diffraction-limited
imaging at the design NIR wavelength over an
FOV of 60° Recently, a similar design with a 50°
FOV was demonstrated in the green portion of
the visible region (68). In (69), Chen et al. inte-
grated an immersion flat lens with a commer-
cial confocal microscope and achieved imaging
resolution down to 200 nm over a large area
(Fig. 4D). A similar design principle can be used
to achieve diffraction-limited focusing in any
medium, including multiple layers of complex
media consisting of liquid and solids (e.g., bio-
logical tissue). In conventional state-of-the art
immersion objectives, the front lens often needs
to be polished by hand (70) to meet specifications.

Multifunctional metalenses and control
of chromatic dispersion

Generally, multifunctional imaging systems are
realized by cascading optical components. One
useful function of these systems is resolving po-
larization information (77) of a scene, which can
improve image quality in optically scattering
conditions such as hazy and foggy environments
and turbid media. Typical polarization imaging
systems consist of multiple optical components,
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including polarizers and waveplates, leading to
complex setups and limiting their integration into
miniaturized systems. Schonbrun et al. used el-
liptical silicon nanowires to encode a polarization-
dependent phase (72). Using this method, a flat
lens with focal length varying with incident po-
larization was achieved. Resolving chirality of
light becomes even more challenging due to the
required extra phase information. Using the PB
phase concept, Khorasaninejad et al. demonstrated
a metalens that can simultaneously form spec-
trally resolved images with opposite chirality of a
biological specimen in the same FOV of a camera
(Fig. 4C) (73). This result indicates that chirop-
tical properties such as circular dichroism can be
probed across the visible spectrum using only a
single lens and a camera, without the addition of
polarizers or dispersive optical components.
One can utilize the chromatic dispersion of
metalenses to resolve the wavelength with high
precision. In (74), Khorasaninejad et al. showed
that metalens chromaticity can be considerably
enhanced by operating in off-axis mode. These
off-axis lenses simultaneously focus and disperse
light of different wavelengths with unprecedented
spectral resolution down to 0.2 nm in the NIR
region (74). Later, this design was extended into
the visible wavelength by titanium dioxide-based
off-axis lenses (75). A compact spectrometer was
achieved in which the required beam propaga-
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tion distance is on the order of a few centimeters,
with spectral resolutions as small as 0.3 nm. Ad-
ditionally, this metaspectrometer can simulta-
neously resolve the chirality of light. The latter
was achieved via spatial multiplexing; more ef-
ficient performance can be achieved by combina-
tion of PB and propagation phase, as discussed in
(76, 77).

Although the strong intrinsic dispersive re-
sponse of a metasurface is beneficial for some ap-
plications, it is a fundamental limiting factor for
others, such as imaging and microscopy. There-
fore, correcting chromatic aberration or, in gen-
eral, controlling the chromatic dispersion is of
great interest (78-90). Toward this goal, a dis-
persive phase-compensation approach by means
of coupled dielectric resonators was implemented
to correct the chromatic aberration at several
discrete wavelengths (80). A multiwavelength
achromatic metalens, functioning as a cylindrical
lens (Fig. 5A) in the NIR region, was demon-
strated via this approach (81). This concept was
later extended by Arbabi et al. (91) to demon-
strate a spherical lens (Fig. 5B). Other alter-
native approaches based on spatial multiplexing
(83-86) and stacking (92) were proposed; how-
ever, multiplexing-based designs generally limit
efficiency. Achieving achromatic focusing over a
large bandwidth has proven challenging. A broad-
band achromatic metalens was theoretically
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proposed using a metal-insulator-metal wave-
guide (Fig. 5C) through compensation of material
and structural dispersion (89). In addition, a
broadband achromatic metalens functioning as
a cylindrical lens in the visible region with NA =
0.013 was achieved using graded dielectric inter-
faces made of resist with spatially varying height
fabricated by grayscale lithography (93). Recently,
through the use of guided-mode resonances (94)
supported by titanium dioxide DWs spanning
many 2rn phase shifts, a new approach for dis-
persion engineering (88) was proposed, and an
achromatic reflective metalens with NA = 0.2 was
experimentally reported with a bandwidth of
60 nm in the visible region, close to the spectrum
of a green light-emitting diode (LED) (Fig. 5D).
In addition, a lens with reverse chromatic dis-
persion was proposed on the basis of this dis-
persion engineering approach (88), providing yet
another illustration that one can break away from
the constraints of conventional diffractive optics.

Conclusions and outlook

Flat lenses based on all-dielectric metasurfaces
have proven their potential to replace and com-
plement their traditional counterparts. Some
important features of this platform are its straight-
forward complementary metal-oxide semiconductor-
compatible fabrication method, attendant re-
duction in thickness, and easier optical alignment
and packaging in camera modules. Despite sub-
stantial progress in metalens performance, many
areas remain to be explored and improved. This
is especially true for dispersion engineering, in
which demonstration of achromatic transmissive
lenses with relatively large NAs and very high ef-
ficiency (>90%) across the visible spectrum would
be a game-changer for the camera industry. Fu-
ture high-volume applications include cell phone
camera modules, wearable displays for augmented
and virtual reality, machine vision, and automo-
tive and security cameras.

Multilayered metasurface geometries exhibit-
ing angular phase control, such as single-piece
nanophotonic metalenses that focus light into
the same focal spot regardless of the angle of
incidence (95), are the subject of much current
interest. Other presently relevant topics include
metalenses with voltage-controlled focal length,
magnification, and aberrations.

Owing to their small footprint and planar geo-
metry, metalenses can be mounted on the facet
of an optical fiber, opening up numerous applica-
tions such as bioimaging and endoscopy (96, 97).
Soft-lithography techniques are well suited for
metalens fabrications on optical fiber facets. In
designing such metalenses, one can easily account
for the complex imaging environment (specific
tissue or biological specimen composed of mul-
tiplex layers with different thickness and refrac-
tive index).

These are only a few examples of areas in which
this flat lens technology can have a substantial
impact. Our discussion here focused on lenses,
but this metasurface platform can be vertically
integrated to build a complex system composed
of various planar components (e.g., lenses, gratings,
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polarizers, and filters) to perform sophisticated
tasks with ease of fabrication. This capability can
fuel the continuous progress of wearable and por-
table consumer electronics and optics in which
low-cost and high-performance miniaturized sys-
tems are in high demand.
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Looking sharp with metalenses

High-end imaging lenses have tended to be based on bulk optical components. Advances in fabrication
technigues have enabled the development of ultrathin, lightweight, and planar lenses (metalenses) that have
unprecedented functionalities. These metalenses have the potential to replace or complement their conventional bulk
counterparts. Khorasaninejad and Capasso review the evolution of metalenses, summarizing achievements and
applications and identifying future challenges and opportunities. Metalenses can have numerous applications, ranging
from cellphone camera modules, to wearable displays for augmented and virtual reality and machine vision, to
bio-imaging and endoscopy.
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