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BACKGROUND: Nanoscale optics is usually
associated with plasmonic structures made of
metals such as gold or silver. However, plasmonics suffers from high losses of metals, heating, and incompatibility with complementary
metal oxide semiconductor fabrication processes. Recent developments in nanoscale optical
physics have led to a new branch of nanophotonics aiming at the manipulation of optically induced Mie resonances in dielectric and
semiconductor nanoparticles with high refractive indices. Such particles offer unique opportunities for reduced dissipative losses and large
resonant enhancement of both electric and magnetic near-fields. Semiconductor nanostructures
also offer longer excited-carrier lifetimes and
can be electrically doped and gated to realize
subwavelength active devices. These recent developments revolve closely around the nature

of the optical resonances of the structures and
how they can be manipulated in individual entities and in complex particle arrangements
such as metasurfaces. Resonant high-index
dielectric nanostructures form new building
blocks to realize unique functionalities and
novel photonic devices.
ADVANCES: We discuss the key advantages

of resonant high-index nanostructures, associated new physical effects, and applications for
nanoantennas, optical sensors, nonlinear devices, and flat optics. For a subwavelength
high-index dielectric particle illuminated by a
plane wave, electric and magnetic dipole resonances have comparable strengths. The resonant magnetic response results from a coupling
of incoming light to the circular displacement
currents of the electric field, when the wave-

length inside the particle becomes comparable
to its diameter d = 2R ≈ l/n, where R is the
nanoparticle radius, n is its refractive index,
and l is the wavelength of light. At the wavelength of a magnetic resonance, the excited
magnetic dipole mode of a high-index dielectric
sphere may provide a dominant contribution to
the scattering efficiency exceeding the contribution of other multipoles by orders of magnitude.
Nanophotonic structures composed of dielectric resonators can exhibit many of the same
features as plasmonic nanostructures, including
enhanced scattering, high-frequency magnetism, and negative refractive index. The specific
design and parameter en◥
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Spectral signatures of the Mie-type resonances
of these structures are revealed by using farfield spectroscopy while tuning geometrically
their resonance properties. A special case is
realized when the electric and magnetic resonances spectrally overlap; the impedance
matching eliminates the backward scattering,
leading to unidirectional scattering and Huygens
metasurfaces. A variety of nanoparticle structures have been studied, including dielectric
oligomers as well as metasurfaces and metadevices. The magnetic resonances lead to
enhanced nonlinear response, Raman scattering, a novel Brewster effect, sharp Fano
resonances, and highly efficient sensing and
photodetection.
OUTLOOK: The study of resonant dielectric
nanostructures has been established as a new
research direction in modern nanophotonics.
Because of their unique optically induced electric and magnetic resonances, high-index
nanophotonic structures are expected to complement or even replace different plasmonic
components in a range of potential applications. The unique low-loss resonant behavior
allows reproduction of many subwavelength
resonant effects demonstrated in nanophotonics without much energy dissipation into
heat. In addition, the coexistence of strong
electric and magnetic resonances, their interference, and resonant enhancement of the
magnetic field in dielectric nanoparticles bring
entirely novel functionalities to simple geometries largely unexplored in plasmonic structures, especially in the nonlinear regime or in
optoelectronic device applications.

Manifestations of all-dielectric resonant nanophotonics. (A) Structure of the fields near the
magnetic dipole resonance. (B) Experimental demonstration of optical magnetic response shown
through optical dark-field and scanning electron microscope images (top and bottom, respectively).
(C) Unidirectional light scattering by a single dielectric nanoparticle for overlapping electric and
magnetic dipole resonances, where k is the wave vector of the incident white light. (D) Light
manipulation with highly transparent Huygens metasurfaces.
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Rapid progress in nanophotonics is driven by the ability of optically resonant
nanostructures to enhance near-field effects controlling far-field scattering through
intermodal interference. A majority of such effects are usually associated with plasmonic
nanostructures. Recently, a new branch of nanophotonics has emerged that seeks to
manipulate the strong, optically induced electric and magnetic Mie resonances in dielectric
nanoparticles with high refractive index. In the design of optical nanoantennas and
metasurfaces, dielectric nanoparticles offer the opportunity for reducing dissipative losses
and achieving large resonant enhancement of both electric and magnetic fields. We review
this rapidly developing field and demonstrate that the magnetic response of dielectric
nanostructures can lead to novel physical effects and applications.

E

ver since Lord Rayleigh clarified why our
sky is blue, the study of light scattering
by nanoparticles has been an important
part of optical science. Later, Gustav Mie
explained a variation in colors of colloidal solutions of gold nanoparticles in terms of
their size distribution, thereby opening up the
possibility of using resonant nanoscale scatterers to control an optical response. Recent decades
have witnessed a growing interest in the study of
plasmonic nanoparticles made of gold or silver
(1). The resonant optical modes supported by
such structures endow them with an ability to
manipulate light at the nanoscale. This notion
has stimulated the development of a diverse set
of applications including biosensors, thermotherapy, solar cells, and information storage.
However, up to now only a small fraction of
plasmonics applications have been realized in
practice, mainly due to high losses of metals
at visible frequencies and their incompatibility
with complementary metal oxide semiconductor
(CMOS) fabrication processes. Whereas new materials with improved plasmonic properties have
been proposed (2), there has been a growing
understanding that the optical resonances of
high-index dielectric and semiconductor nanostructures can also facilitate light manipulation
below the free-space diffraction limit. These structures offer very low optical losses, a wealth of

1

Data Storage Institute, A*STAR (Agency for Science,
Technology and Research), 138634 Singapore. 2Nonlinear
Physics Centre, Research School of Physics and Engineering,
Australian National University, Canberra, ACT 2601, Australia.
3
Geballe Laboratory for Advanced Materials, Stanford
University, Stanford CA 94305, USA. 4Division of Physics and
Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, 637371
Singapore.
*Corresponding author. Email: ysk@internode.on.net (Y.S.K.);
boris_l@dsi.a-star.edu.sg (B.L.); brongersma@stanford.edu (M.L.B.)

SCIENCE sciencemag.org

distinct optical resonances, and an opportunity
to manipulate the resonances by electrical doping and gating of the mobile carrier density. Many
dielectrics and semiconductors are also materials
that are compatible with semiconductor device
technologies.
For these reasons, it is of great value to analyze how such high-index dielectric structures
can be used as building blocks with unique optical functionalities for real metadevices and
novel structures. It remains to be determined
where exactly they can add much value to their
metallic counterparts. Studies currently in progress derive inspiration from century-old studies
on light scattering while also advancing our
knowledge of photonic crystals and metamaterials. Logically, these studies revolve closely
around the nature of the optical resonances of
the nanostructures and how they can be manipulated in individual entities as well as complex particle arrangements. We review the basic
optical properties of nanostructures composed
of resonant high-index nanoparticles, analyze recent advances in this area, and provide a perspective that will help to direct future research.
Mie resonances in
subwavelength particles
To illustrate the fundamental properties of
light scattering by nanoparticles, we consider
the case of a spherical particle illuminated by
a plane wave, for which an exact analytical solution of Maxwell’s equations exists. According
to Mie theory (3), both metallic and dielectric
spherical particles can possess strong scattering
resonances (Fig. 1A). In the case of lossless and
nonmagnetic materials, their scattering properties depend only on two parameters: the dielectric permittivity e and a size parameter q that
is proportional to the ratio between the nanoparticle radius R and the wavelength of light l

(q = 2pR/l). For a fixed size parameter, the difference between metallic and dielectric particles
is in the sign of the dielectric permittivity, which
is negative for metals and positive for dielectrics.
Small metallic spheres (q < 1) produce only localized surface plasmon resonances of an electric
type—dipole, quadrupole, etc.—while their magnetic response remains almost negligible because
of a vanishing field inside the sphere (Fig. 1A).
To generate a magnetic response from metallic
structures, the particle’s geometry should be
changed. For example, a split-ring resonator (4)
works similarly to an effective LC circuit (i.e.,
inductor-capacitor circuit) with the enhancement
of the magnetic field in the center. For dielectric
particles, we can observe both electric- and
magnetic-type responses of comparable strengths
(Fig. 1A). The resonant magnetic dipole response
results from a coupling of incoming light to the
circular displacement currents of the electric
field, owing to the field penetration and phase
retardation inside the particle. This occurs when
the wavelength inside the particle becomes comparable to the particle’s diameter 2R ≈ l/n (Fig.
1B). The field structure of the four major resonant
modes in high-index dielectric particles—magnetic
dipole, electric dipole, magnetic quadrupole, and
electric quadrupole—is shown in Fig. 1C. At the
wavelength of a magnetic resonance, the excited
magnetic dipole mode of a high-index dielectric
sphere may provide a major contribution to
the scattering efficiency, exceeding that of other
multipoles by orders of magnitude.
From Mie theory, it follows that the maximum achievable scattering efficiency for a specific multipolar excitation of a subwavelength
particle depends only on the resonance frequency
and not the type of material (5). This suggests
that many plasmonic effects observed for the
scattering of light by metallic nanoparticles can
be realized with high-index dielectric nanoparticles. Figure 1B shows the scaling of different
resonances with respect to the refractive index n.
For n > 2, all main multipoles are well defined,
and their spectral positions correspond to a fixed
ratio of the wavelength inside the particle, l/n, to
its diameter, 2R. The scattering efficiency of all
multipoles also increases with increasing n (6–9).
Strong, optically induced magnetic dipole resonances in high-index dielectric nanoparticles
can be achieved not only for spheres but also
for spheroids (10, 11), disks and cylinders (12),
rings (13), and many other geometries (14). This
provides important opportunities for designing
a variety of all-dielectric nanostructures with
desirable spectral positions of the resonances.
By changing the geometrical parameters of the
particles, the spectral positions of both electric
and magnetic dipole resonances can be tuned
independently, interchanging or overlapping spectrally at a single frequency for simple geometries
(11, 12, 15).
Observation of optical magnetic
resonances in dielectric nanoparticles
Experimental observation of magnetic resonances in dielectric particles at optical frequencies
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Fig. 1. Mie resonances of a spherical particle. (A) Scattering efficiency (dimensionless ratio of scattering cross section to geometrical cross section of the particle) versus dielectric permittivity e (lossless
particle, q = 0.5) for plasmonic (e < 0) and dielectric (e > 0) materials. Abbreviations for resonances:
ed, electric dipole; eq, electric quadrupole; md, magnetic dipole; mq, magnetic quadrupole. Higher-order
multipole modes are not shown for the sake of simplicity. (B) Scattering efficiency of a lossless dielectric
particle (color scale at right) as a function of refractive index n and size parameter. (C) Illustration of
electric and magnetic field structures for different electric and magnetic resonances supported by a
spherical dielectric particle.

[mid-infrared (IR)] was reported for silicon carbide microrods (16). Later, dielectric and semiconductor microrods and nanorods were observed
to exhibit scattering resonances in the visible and
near-IR spectral range [see, e.g., (17–19)]. It was
also pointed out (6, 7) that silicon (Si) nanospheres with sizes ranging from 100 to 300 nm
support strong magnetic and electric dipole
resonances in the visible and near-IR spectral
range. Although Si is not a completely loss-free
material, its absorption in the visible spectrum
is much lower than that of metals, making it a
good material for the study of Mie resonances.
An experimental demonstration of electric
and magnetic dipole resonances at visible wavelengths was first reported for spherical Si nanoparticles fabricated by femtosecond laser ablation
on silicon and glass substrates (8, 20). Different
colors observed in dark-field microscope images
(Fig. 2, A to C) correspond to magnetic dipole
resonances of almost perfect spherical Si nanoparticles with sizes ranging from 100 to 200 nm
(8). A recently developed laser-induced transfer
method allows the generation of arrays of resonant nanoparticles with almost perfect spherical shape (Fig. 2D) (21, 22). However, from the
viewpoint of practical applications, conventional
electron beam lithography and photolithography
provide much better reproducibility and control
over the structural parameters (Fig. 2E) (15, 17).
Soft-imprint lithography (23), nanosphere lithography (24), and chemical synthesis (Fig. 2F)
(25) were also used for generating silicon nanostructures with the required parameters to display strong scattering resonances in the visible
and near-IR spectrum. Apart from silicon, group
IV and group III-V semiconductors with refractive indices above 2 might have similar optical
properties depending on their absorption and
refractive index in a specific wavelength range.
For example, magnetic and electric dipole resonances were recently observed experimentally
in gallium arsenide (GaAs) nanodisks in the visible spectrum (26) and tellurium (Te) cubes in the
mid-IR spectrum (27).
Directional scattering of light

Fig. 2. Demonstration of optical magnetic response and examples of resonant silicon nanostructures. (A to C) Dark-field optical microscope images (top left), scanning electron microscope
(SEM) images (top right), and dark-field scattering spectra (bottom) of spherical Si nanoparticles with
approximate diameters of 100 nm (A), 140 nm (B), and 180 nm (C) (8). Abbreviations for resonances
are as in Fig. 1. (D) Dark-field microscope image of laser-printed Si nanoparticle arrays. Si is crystallized
inside the marked areas by additional laser irradiation, producing a change in color (22); scale bar, 10 mm.
(E) Lithographically fabricated Si nanodisk arrays with varied spectral positions of the electric and
magnetic resonances (15). (F) Monodispersed silicon nanoparticles resonant at near-IR frequencies
prepared by chemical synthesis (25).
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Any particle much smaller than the wavelength
of light (R << l) behaves as an electric dipole
that scatters light symmetrically in the plane
transverse to the dipole axis. To achieve an asymmetry in the light scattering, interference effects
of a few or several different modes can be exploited. For plasmonic particles, the asymmetric
scattering may be attributable to the Fano resonance resulting from interference of a broad
electrical dipole and narrow quadrupole (or
higher-order) modes (28, 29). However, losses
of typical plasmonic metals are too large and
preclude a clear observation of this effect in a
single spherical nanoparticle. In high-index dielectric nanospheres, strong directional scattering
of light results from the interference of magnetic
and electric dipole responses excited simultaneously in the nanoparticle with comparable
strength. Using Mie theory for a spherical dielectric nanoparticle, it can be shown that when
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electric (a1) and magnetic (b1) dipole coefficients
(3) coincide (a1 = b1) and other higher-order
modes are negligible, the backward scattering
vanishes (Fig. 3, A to C) (11, 30, 31). This is conceptually similar to the condition for the zerobackward scattering derived by Kerker et al. in
1983 (32) for a particle having similar electric
and magnetic properties, e = m, often called the
first Kerker condition. Although the total suppression of the forward scattering is forbidden
by the optical theorem (33), it is also possible to
find the other condition for a minimal ratio of the
forward and backward scattering, often called
the second Kerker condition (34).
Experimental verification of the Kerker-type
asymmetry in the scattering of electromagnetic
waves by high-index dielectric particles was reported in the microwave regime (35) for spherical ceramic particles with diameter of 18 mm
and refractive index of 4. Microwave experiments
allowed direct measurements of angular scattering
patterns (Fig. 3D). Asymmetric scattering by Si
nanoparticles at visible frequencies was demonstrated shortly thereafter (Fig. 3E) (10). This
strong scattering asymmetry results in different
colors of the same nanoparticles when observed
in the dark-field microscope in transmission or
reflection mode (insets in Fig. 3E) (10). Suppression of the backward scattering was also
observed for single GaAs nanodisks (26).
The interference effects between electric and
magnetic dipole resonances of dielectric nanoparticles may have multiple applications, including efficient nanoantenna structures, Huygens
metasurfaces, and unconventional Brewster angle
behavior.

and reasonable bandwidth. At optical frequencies, typical dielectrics may have low losses similar to those at microwave frequencies, but their
refractive indices are limited to smaller numbers (n ~ 4), which imposes limitations on the
size of the nanoantenna devices scaling proportionally to l/n.
For a single-particle nanoantenna excited by
a localized light source, the optimal conditions
for the directional scattering differ from planewave excitation. They depend not only on the
frequency but also on the relative distance between the source dipole and the nanoparticle
(38). Thus, a single dielectric nanoparticle can
either reflect or collect the light emitted by a
photon source (39). The directivity can be tuned
by controlling the distance between the emitter
and the nanoparticle at the scale of l/6n (38).
By using an array of nanoparticles, it is possible
to enhance the overall directivity of optical nanoantennas, including the emission maximum (38)
and direction (40), in more versatile ways. An alldielectric analog of the well-known Yagi-Uda
nanoantenna was shown to exhibit high directivity together with higher radiation efficiency
than that of its plasmonic counterpart (41). This
concept was verified experimentally in the microwave regime (42) by using spherical ceramic
particles with a refractive index close to that of
Si in the visible range.
Another important property of nanoantennas
is their ability to concentrate electromagnetic

energy at the nanoscale. Plasmonic nanoantennas may achieve high enhancement of the electric near-field while only weakly affecting the
magnetic near-field. In contrast, resonant dielectric nanostructures not only can enhance electric near-fields (43, 44) but can also behave like
magnetic near-field concentrators. It was predicted
theoretically (45) and demonstrated experimentally for microwaves (46) and visible wavelengths
(47) that a dimer composed of two high-index
dielectric nanoparticles with a subwavelength
gap can enhance the magnetic field intensity
by as much as two orders of magnitude. At the
same time, the electric near-field intensity can
also be enhanced (Fig. 4A). Magnetic hotspots,
in addition to the electric hotspots, result in an
increase of the local optical density of states,
and thus can modify the magnetic transition rates
of molecules or quantum emitters with an enhancement of the Purcell factor (39, 45, 48).
The mode structure of dielectric dimer nanoantennas has been further investigated using
spectroscopic (49) and cathodoluminescence (50)
techniques. Recently, silicon dimers have been
used for high surface-enhanced Raman scattering
and surface-enhanced fluorescence without generating heat; nanoantennas using such components are suitable for detection of heat-sensitive
biological species (51).
The overall scattering efficiency is also of
prime importance. It was recently demonstrated
that certain arrangements of nanoparticles, such

Dielectric nanoantennas
Light control at the nanoscale is important for
many emerging applications, including 3D optical interconnects in multilayer chips, enhancement of fluorescence signals in bioimaging,
high-resolution spatial light modulators, and
light energy concentration in heat-assisted magnetic recording. At the subwavelength scale, conventional optical elements are not applicable,
and nanoscale elements such as optical nanoantennas (36) offer a conceptually new approach
for the design of nanoscale photonic devices.
The study of nanoantennas is a rapidly growing area of research, and various geometries
have been demonstrated successfully for nonclassical light emission, fluorescence enhancement,
high-harmonic generation, nanoscale photodetectors, and single-molecule detection (36). Despite
this progress, plasmonic nanoantennas working
in optics are still far from attaining the same
good characteristics as conventional antennas at
radio frequencies, primarily because of losses in
metallic elements. Therefore, all-dielectric nanoantennas are viewed as a reasonable alternative
to plasmonic structures. At microwave frequencies, the so-called dielectric resonator antennas
(37), made of ceramic components of various
shapes, are commonly used. The use of dielectrics leads to many advantages such as low loss,
small size, light weight, high radiation efficiency,
SCIENCE sciencemag.org

Fig. 3. Directional scattering of light by a single dielectric nanoparticle. (A) Scattering efficiency
of a dielectric sphere calculated by Mie theory versus size parameter q for refractive index n = 4.
Abbreviations for resonances are as in Fig. 1. (B) Electric a1 and magnetic b1 dipole scattering coefficients
of the sphere (log scale). (C) Forward (FS) and backward (BS) scattering efficiencies of the sphere (log
scale). The dashed line in (A) to (C) marks the wavelength at which the first Kerker condition is realized.
(D) Experimental forward and backward scattering from a subwavelength spherical dielectric particle
with diameter of 18 mm, recorded using a 3D angular measurement setup in the microwave spectral
range at l = 84 mm (left) and 69 mm (right). Dots are experimental data points; solid curves are Mie theory
calculations (35). (E) Experimentally measured forward (green) and backward (blue) scattering spectra and
forward-to-backward ratio (orange) of a near-spherical Si nanoparticle with a diameter of about 150 nm
placed on a glass substrate (a.u., arbitrary units). Insets show transmission (F) and reflection (B) dark-field
microscope images and a SEM image of the nanoparticle (10); scale bar for SEM image, 500 nm.
18 NOVEMBER 2016 • VOL 354 ISSUE 6314
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as oligomers, can lead to resonant suppression
of the total scattering efficiency, a phenomenon
associated with Fano resonances (28, 29). A Fano
resonance typically arises from the interference of broad and narrow spectral lines. In the
case of plasmonic oligomers, most of the incident
excitation is absorbed by nanoparticles. A new
route for achieving Fano resonances in nanoparticle oligomers is now possible through the
use of electric and magnetic resonances in lossless high-index dielectric nanoparticles (Fig. 4B)
(52, 53). The origin of the observed Fano resonances is interference of the optically induced
magnetic dipole mode of the central particle with
the collective mode of the nanoparticle structure

(52). Fano resonance can also be observed in
simpler geometries such as an individual silicon nanostripe (54).
Because of their low losses and strong magnetic response, resonant dielectric nanoparticles
offer a unique playground to demonstrate new
nanophotonic effects. One of them is the existence of a nonradiating anapole (i.e., poleless)
mode recently observed in silicon nanodisks. In
classical electrodynamics, the anapole mode is
strongly related to the existence of a toroidal dipole excitation. In general, the toroidal response
is produced by currents flowing on the surface of
a torus along its meridians (55). Despite a scale
factor, the polarization and angular distribution

of the radiated fields of the dynamic toroidal
dipoles are exactly the same as those of conventional electric dipoles. As a result, a particular
superposition of electric and toroidal dipole
moments can cause the complete destructive
interference of the corresponding far-field radiation contributions. Such a vanishing electromagnetic field produced by a nontrivial current
source is a classical analog of the radiationless
anapole initially introduced by Zel’dovich in nuclear physics. Interestingly, such peculiar induced
currents can be naturally excited inside dielectric
nanoparticles.
The anapole mode was recently demonstrated
within an individual dielectric nanoparticle in
the visible spectrum (56). In particular, a silicon
nanodisk with a height of 50 nm and diameter of
310 nm was observed to exhibit a pronounced
dip in the far-field scattering and a simultaneous
near-field enhancement inside and around the
disk (Fig. 4C) (56). These particles become nearly
invisible in the far-field at the wavelength of
anapole excitation. At the same time, the electric
field energy is maximized inside the particles
at the same wavelength; this was recently confirmed by third-harmonic generation experiments
(57). Although the anapole in the dielectric nanodisks originates from mere interference, it provides new perspective for investigations into
electromagnetic properties of various chargecurrent distributions.
Potential areas of application for low-loss
dielectric nanoantennas not yet explored in
the literature also include optoacoustics and
elastodynamics.
Nonlinear optics with resonant
dielectric nanostructures

Fig. 4. Dielectric nanoantennas. (A) Magnetic and electric near-field enhancement in a nanogap between
two silicon nanocylinders (height, 150 nm; diameter, 140 nm; gap, 30 nm). Top: Schematics of the measured system; p and m indicate electric and magnetic dipole moments, respectively. Bottom: Scanning
near-field optical microscopy images for the two orthogonal excitation polarizations (47). Arrows indicate
polarization direction for electric (E) and magnetic (H) fields. Color varies from minimal (blue) to maximal
(red) values. Dashed circles mark the positions of silicon nanocylinders. Inset shows a SEM image of the
studied dimer nanoantenna. (B) Magnetic Fano resonance in all-dielectric oligomers (53). Top: SEM images
of fabricated heptamer for different diameters (d) of the central Si disk. Bottom: Theoretical and
experimental demonstrations of the magnetic Fano resonances. Blue, green, red, and cyan curves correspond to different diameters of the central Si nanodisk: 400 nm, 380 nm, 350 nm, and 320 nm,
respectively. Arrows indicate the spectral positions of the Fano resonance. (C) Nonradiating anapole
mode in silicon nanodisks (56): Experimental dark-field scattering spectra of an amorphous Si nanodisk
(diameter, 310 nm; height, 50 nm) on a quartz substrate. A strong dip in the nanodisk scattering at the
wavelength of anapole excitation is clearly observed. Inset shows experimental near-field scanning
optical microscopy images of the anapole mode at three different wavelengths (640, 650, and 660 nm)
near the scattering minimum. White dashed circles indicate the nanodisks’ positions. (D) Nonlinear
spectroscopy of an array of Si nanodisks (58). Shown is the negative logarithm of the normalized
transmission spectrum of a sample marked by a gray area indicating a resonance at 1.24 mm. The thirdharmonic generation (THG) spectrum of the sample normalized over the spectrum of the substrate
(purple dots) is strongly enhanced within the spectral band of the resonance. The inset shows a
schematic of the THG at a single silicon nanodisk.
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Near-field enhancement of electric and magnetic
response in all-dielectric nanostructures may lead
to novel nonlinear effects. In particular, secondand third-harmonic generation (SHG and THG),
self-action of light, and Raman scattering are
affected by strong confinement resulting from
geometrical resonances. Plasmonic resonances
that enhance local electric fields in hotspots
are known to boost nonlinear optical effects in
metal nanostructures. In contrast to plasmonics,
resonances of high-index dielectric nanoparticles
provide a mode volume that is not limited to interfaces and thus may lead to higher conversion
efficiencies.
The enhanced THG from Si nanodisks exhibiting both electric and magnetic dipole resonances
was observed experimentally (58) through thirdharmonic microscopy and spectroscopy, with the
TH signal enhanced in the vicinity of the magnetic dipole resonance (Fig. 4D). The field localization at the magnetic resonance results in an
enhancement of the harmonic intensity by two
orders of magnitude with respect to unstructured
bulk Si, with the conversion efficiency limited
only by the two-photon absorption in the substrate (58). Strong THG has also been reported
from Si-based metasurfaces (59). Combining
the Kerr effect with a high–quality factor resonance in the metasurface linear transmittance
sciencemag.org SCIENCE
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spectrum, the authors demonstrated THG conversion efficiency of 1.18 × 10−6 at a peak pump
intensity of 3.2 GW/cm2. This corresponds to
1.5 × 105 enhancement of the THG signal relative to that from an unstructured Si film with the
same thickness. Recent demonstrations also include enhancement of SHG in resonant nanopillars
made of the high-index noncentrosymmetric III-V
semiconductors GaAs (60) and AlGaAs (61). An
enhancement factor of 104 relative to unstructured
GaAs films is shown with total conversion efficiency
of 2 × 10−5 at a pump intensity of 3.4 GW/cm2.
Strong quadratic nonlinear processes pave the
way for the enhanced generation of entangled
photon pairs through spontaneous parametric
downconversion (SPDC) with dielectric nanoresonators and experimental realization of nanoscale quantum-entangled light sources that use
optical nonlinearity.
Apart from the harmonic generation, efficient
tuning of optical properties of high-index nanoparticles near magnetic Mie-type resonances by
means of femtosecond laser irradiation has also
been demonstrated (62). The effect is based on
ultrafast (<100 fs) photoinjection of dense electronhole plasma within such nanoparticles, drastically
changing their transient dielectric permittivity. Reflectance changes up to 20% have been
achieved. In a similar experiment, ultrafast alloptical switching in subwavelength nonlinear
dielectric nanostructures exhibiting localized
magnetic resonances has been shown (63). Pumpprobe measurements have revealed that switching
in the nanodisks can be governed by pulse-limited
65-fs two-photon absorption, which is enhanced
by a factor of 80 with respect to the unstructured
silicon film (63).
These experimental demonstrations indicate great promise for the rapidly developing
field of nonlinear and quantum nanophotonics.
The main advantage of resonant dielectric nanostructures over plasmonics is the localization

and strong enhancement of optical fields inside
the particles, which promotes strong volumetric
nonlinearities and allows for large conversion
efficiencies.
Metamaterials and metasurfaces based
on resonant dielectric nanostructures
Electromagnetic properties of media composed
of resonant dielectric scatterers were discussed
in many theoretical works starting from Lewin
(64). Magnetic response of purely dielectric particles with very high refractive index (close to 50)
was also studied theoretically (65). During the
previous decade, this problem was reconsidered
in connection to metamaterials (16, 66, 67). Some
earlier theoretical results, as well as the first experimental demonstrations of such composite
media at gigahertz frequencies, are reviewed in
(68). In the visible and near-IR spectral ranges,
practical materials such as Si and germanium
(Ge) have the highest refractive index, around 4,
which is substantially lower than the values available at microwave frequencies. Therefore, 3D
periodic structures composed of such nanoparticles should demonstrate the properties of
photonic crystals and are not suitable for the
homogenization of parameters (69), with the exception of zero-index materials (70).
Resonant dielectric nanoparticles can also be
used for creating planar single-layer arrays known
as metasurfaces (71). Metasurfaces offer the possibility of engineered resonant electric and magnetic optical response combined with low losses
of thin-layer structures, and hence they demonstrate many useful properties of metadevices.
One of the major functionalities of metasurfaces
is control of the phase of reflected and transmitted light. The idea of using dielectrics structured at the subwavelength scale for wavefront
control was actively discussed two decades ago in
the context of blazing gratings (72). Similar ideas
have also been pursued more recently (73–76) to

achieve the 2p phase accumulation. This approach does not directly rely on resonances of
single elements and requires relatively tall nanopillars (on the order of a free-space wavelength)
and a high aspect ratio, sometimes reaching 10:1.
At the same time, it provides the highest efficiencies to date for operation in the transmission
mode, in the range of 80 to 90%.
Another approach to achieving phase control
was proposed in the early 2000s, and it relies on
metallic or dielectric subwavelength gratings with
different orientations to control the circularly
polarized light through a geometric PancharatnamBerry (PB) phase (77, 78). A recent work based on
this principle demonstrated flat silicon lenses and
axicons operating at visible wavelengths (Fig. 5A)
(79). The structure is generated by patterning
120-nm-wide nanoantennas into a 100-nm-thick
Si film. It could be reduced in thickness relative
to previous PB-phase elements by exploiting resonances in the Si structures. This approach was
further extended to highly efficient operation at
visible wavelengths by using transparent titanium
dioxide (TiO2) as the metasurface material (80).
Beam focusing with efficiency of >66% at selected wavelengths in blue, red, and green regions
has been experimentally demonstrated. In contrast to the previous example, this design was
achieved with a relatively large height of TiO2
structures (600 nm), which imposes greater restrictions on the nanofabrication.
A novel approach to creating dielectric metasurfaces is to use electric and magnetic dipole
resonances of dielectric nanoparticles to control
the phase of incoming light (81). Each of the dipoles is capable of shifting the phase from 0 to p
near the resonance. Combining the response of
both dipoles at the same wavelength makes it
possible to achieve the whole 0 to 2p phase coverage (82). This overlap of resonances provides
not only the required phase shifts but also nearunity transmission of the metasurface, due to the

Fig. 5. Dielectric metasurfaces. (A) SEM image
of a dielectric metasurface constructed from >104
Si nanoantennas and serving as an optical axicon
(79). (B and C) Beam deflection with a Huygens
silicon metasurface (84): (B) SEM image of a 130nm-thick gradient resonant metasurface; (C) back
focal plane image of light transmitted through
the metasurface showing close to 50% total
deflection efficiency at 715 nm. “0” and “−1” labels
indicate the angular positions of the corresponding
diffraction orders. (D) Vortex beam generated by a
Huygens dielectric metasurface in transmission (85).
Left: Logarithmic intensity profile of the generated
vortex beam (top); interferogram showing the characteristic fork structure (bottom). Right: Reconstructed phase of the vortex beam imaged at 4 cm
beyond the sample. All scale bars are 200 mm.
(E) Demonstration of the generalized Brewster
effect with a silicon metasurface. Simulated reflection of p- and s-polarized light at a wavelength
of 710 nm from a square array of silicon spheres
with diameter of 180 nm and pitch of 300 nm shows Brewster angle behavior for s polarization. Inset at top illustrates how electric and magnetic dipoles
interfere to cancel the reflection of s-polarized incident light through scattering cancellation in the reflection direction (90). (F) SEM image of a unit cell of the
silicon metasurface, demonstrating electromagnetically induced transparency behavior in the near-IR spectral range (92).
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fect is magnetic mirror–like behavior, when the
dielectric metasurface acts as a perfect magnetic
conductor flipping the phase of an incident magnetic field with no effect on the phase of the
electric field (89). Another example is the generalized Brewster effect (90). In contrast to the
conventional Brewster effect, which is limited to
p-polarized incidence and angles above 45° (a
Brewster angle below 45° is always accompanied
by total internal reflection at higher angles), the
generalized Brewster effect can be achieved for
any polarization (both p and s) and any angle of
incidence (both below and above 45° without
having total internal reflection) (Fig. 5E). It appears as a result of interference of electric and
magnetic resonances in the array and cancellation of their scattering in the reflection direction.
Another approach to dielectric metasurfaces
is to use dielectrics for the plasmonic-inspired
designs with a substantial reduction of losses.
Examples are the spectrally selective Fano metasurfaces (91) and metasurface analogs of electromagnetically induced transparency (92) (Fig. 5F).
In the latter case, because of extremely low absorption loss and coherent interaction of neighboring nanoparticles, a resonance quality factor
of 483 is observed, leading to a refractive index
sensor with a figure of merit of 103. Furthermore,
it was shown that dielectric metasurfaces can be
engineered to confine the optical field in either
the Si resonator or the environment, allowing
one to tailor light-matter interaction at the nanoscale (92).
Dielectric metasurfaces hold promise for realworld applications to novel ultracompact optical
components and wearable photonic devices because of their high efficiency, ease of fabrication,
and CMOS compatibility. A key to their success
may lie in development of their broadband operation and active switching capabilities. Recent
experimental demonstrations of a silicon metasurface operating at three different wavelengths
(93), active tuning of the spectral position of
dielectric metasurface resonances by liquid crystals (94), and theoretical prediction of the retar-

dation phase tunability of InSb metasurfaces
by charge injection (95) are the first important
steps in this direction.
The field of dielectric metamaterials is developing very rapidly. Additional information related to zero-index and anisotropic all-dielectric
metamaterials can be found in (96).
Optoelectronic devices using resonant
semiconductor nanostructures
Advances in nanotechnology and semiconductor
electronics enable the realization of complex device architectures constructed from nanoscale
semiconductor elements. This progress has opened
up tremendous opportunities for nanophotonics
because at this size scale, the semiconductor structures naturally possess optical resonances that
can be used to manipulate light-material interactions for a wide range of applications. Although
the study of resonances in high-index nanostructures has a long history, only recently have researchers started to use these resonances to
enhance the performance of optoelectronic devices
such as photodetectors (97–99), optical sources
(100), and thermal emitters based on individual
nanostructures (101), as well as large-area nanostructured devices such as solar cells (23, 102–105)
and photoelectrochemical devices (106).
Figure 6A shows a single semiconductor nanowire photodetector that capitalizes on its optical
resonances to achieve an absorption cross section sabs that exceeds its geometric cross section
sgeom (97, 98). The high absorption efficiency
Qabs = sabs/sgeom enables more efficient, highspeed, low-noise photodetection schemes. Photocurrent spectra taken from single Ge nanowire
detectors with different radii show peaks that are
not visible in the intrinsic materials absorption
of Ge and are attributed to the excitation of optical resonances that enhance absorption (Fig.
6B). These spectra qualitatively agree well with
the predicted absorption features of Ge nanowires with the corresponding radii (Fig. 6C) in
terms of the number of absorption peaks and
their spectral location. Conversely, it has also been

Fig. 6. Nanophotonic devices based on semiconductor nanoantennas. (A) SEM image of a photodetector using an optically resonant Ge nanowire
with asymmetric metallic contacts [one side ohmic
(Al), the other side Schottky (Pt)] (98). (B) Photocurrent spectra of individual Ge nanowires with
radii of 10 nm (black), 25 nm (blue), and 110 nm (red)
(97). (C) Two-dimensional plot of the calculated
absorption efficiency Qabs as a function of wavelength and radius of the nanowire. The dashed gray
lines indicate the radii for which the spectral photocurrent is shown in (B) (97). (D) SEM image of an
array of Si Mie resonators that serves as an antireflection coating on a Si substrate (23). Scale bar,
1 mm. (E) Measurement of the specular reflectance
at 632 nm as a function of the angle of incidence
for a bare Si wafer (black), a 60-nm-thick Si3N4
antireflection coating (red), and an array of Mie
resonators as shown in (D) coated with a 60-nmthick Si3N4 layer (blue) (23).
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enhanced forward scattering by each of the nanoparticles, and suppression of backward scattering,
due to the first Kerker condition. Such designs are
conceptually similar to Huygens metasurfaces
proposed in plasmonics (83), but they have much
higher transmission efficiencies due to lower
losses in transparent dielectric materials. Recently, silicon-based visible-range metasurfaces
with resonant transmission greater than 85%
have been experimentally demonstrated (84). These
devices are only 130 nm thick, corresponding to
less than one-fifth of the free-space wavelength,
and are capable of controlling the wavefront of
light and performing beam deflection with close
to 50% efficiency in transmission (Fig. 5, B and C).
Similar concepts were also used to achieve efficient vortex beam generation (85, 86) (Fig. 5D).
Because of the low thickness and low aspect ratio
of the nanodisks (around 1:2), this approach,
despite slightly lower efficiency, might be promising for practical applications relying on large-scale
nanofabrication techniques such as nanoimprinting.
Apart from transmission phase manipulation,
dielectric metasurfaces can also be used as almost
perfect reflectors exceeding the performance of conventional metallic and dielectric mirrors (6, 24, 87).
In contrast to high-transmissivity arrays, which
are based on disks with an aspect ratio of approximately 1:2 and have overlapped electric and
magnetic dipole resonances, high reflectance can
be achieved with spheres or cylinders with an
aspect ratio close to 1:1, whose electric and magnetic dipole resonances are spectrally separated.
This effect arises from the coherent interaction
of magnetic or electric dipoles excited by an external radiation in each nanoparticle. A recent
experiment demonstrated very high reflectance
(up to 99.7%) in the near-IR spectral range from
a dense array of Si nanoparticles (24). This highreflectance behavior is conceptually similar to
that observed earlier in high-contrast subwavelength gratings [see (88) and references therein].
Interfering electric and magnetic dipoles may
lead to phenomena that cannot be observed with
conventional dielectrics or metals. One such ef-

demonstrated that subwavelength structures can
emit via their size-tunable resonances, affording
new levels of control over the spectral emission
(100, 101).
Large arrays of Mie resonators can also be
realized on top of devices—for example, as a
high-performance antireflection coating (Fig. 6,
D and E) (23). Here, the Mie resonators can
assist in increasing the flow of light into a highindex solar cell. Alternatively, a layer of judiciously shaped Mie resonators can be used to
create ultrathin metafilms with designer absorption spectra (107). From a device perspective,
some key advantages of resonant semiconductors
over metals are the natural materials compatibility with semiconductor device technology,
the longer lifetimes of excited carriers, an ability
to electrically gate carrier densities, and the possibility of defining device functions (such as p-n
junctions) inside the resonant structures.
Further developments and outlook
Because of their unique optically induced electric
and magnetic resonances, high-index dielectric
nanostructures are expected to complement or
even replace plasmonic components in a range of
potential applications. The unique low-loss resonant behavior makes it possible to realize many
subwavelength resonant effects demonstrated
in nanophotonics without much energy dissipation into heat. In addition, the coexistence of
strong electric and magnetic resonances, their
interference, and the resonant enhancement of
the magnetic field in dielectric nanoparticles
bring entirely new functionalities to simple geometries largely unexplored in plasmonic structures,
especially in the nonlinear and quantum regimes.
In the visible range, the main materials of choice
are silicon, germanium, TiO2, GaAs, and other
semiconductors with high values of the optical
refractive index. These materials are extensively
used in current device technologies, enabling
many novel functionalities offered by the subwavelength physics of high-index resonant dielectric nanostructures to be transferred directly into
existing industrial production lines.
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Editor's Summary
A clear approach to nanophotonics
The resonant modes of plasmonic nanoparticle structures made of gold or silver endow them with
an ability to manipulate light at the nanoscale. However, owing to the high light losses caused by metals
at optical wavelengths, only a small fraction of plasmonics applications have been realized. Kuznetsov
et al. review how high-index dielectric nanoparticles can offer a substitute for these metals, providing a
highly flexible and low-loss route to the manipulation of light at the nanoscale.
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