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All-dielectric metamaterials
Saman Jahani1 and Zubin Jacob1,2*
The ideal material for nanophotonic applications will have a large refractive index at optical frequencies, respond to both the
electric and magnetic fields of light, support large optical chirality and anisotropy, confine and guide light at the nanoscale,
and be able to modify the phase and amplitude of incoming radiation in a fraction of a wavelength. Artificial electromagnetic
media, or metamaterials, based on metallic or polar dielectric nanostructures can provide many of these properties by coupling
light to free electrons (plasmons) or phonons (phonon polaritons), respectively, but at the inevitable cost of significant energy
dissipation and reduced device efficiency. Recently, however, there has been a shift in the approach to nanophotonics. Lowloss electromagnetic responses covering all four quadrants of possible permittivities and permeabilities have been achieved
using completely transparent and high-refractive-index dielectric building blocks. Moreover, an emerging class of all-dielectric
metamaterials consisting of anisotropic crystals has been shown to support large refractive index contrast between orthogonal
polarizations of light. These advances have revived the exciting prospect of integrating exotic electromagnetic effects in practical photonic devices, to achieve, for example, ultrathin and efficient optical elements, and realize the long-standing goal of
subdiffraction confinement and guiding of light without metals. In this Review, we present a broad outline of the whole range
of electromagnetic effects observed using all-dielectric metamaterials: high-refractive-index nanoresonators, metasurfaces,
zero-index metamaterials and anisotropic metamaterials. Finally, we discuss current challenges and future goals for the field at
the intersection with quantum, thermal and silicon photonics, as well as biomimetic metasurfaces.

I

t has been a long-held belief that strong light–matter interaction
at the nanoscale necessarily requires light to couple to additional
degrees of freedom in matter 1. These degrees of freedom are available through the collective oscillation of free electrons in a metal
(plasmons2) or the vibration of phonons in a polar dielectric material (phonon polaritons2). To harness these couplings, artificial electromagnetic media (or metamaterials) consisting of such plasmonic3
(mainly Ag and Au) or phonon-polaritonic (mainly SiC) building
blocks4 have been designed. Nanostructures have been optimized
to achieve a range of exotic electromagnetic responses, including
negative magnetic permeability 5 (magnetic metal, μ < 0), negative
refractive index 6 (n < 0), zero refractive index 7 (n ≈ 0), optical chirality 8,9 and hyperbolicity 10. However, the cost of such an approach is
the inevitable increase of light absorption in matter and the subsequent conversion of light into heat — an irreversible process that has
impeded many practical device applications.
Recently, however, a different approach to nanophotonics has
emerged. Metamaterials composed of all-dielectric, completely
transparent building blocks in which light does not couple to plasmons or optical phonons have been shown to achieve all four quadrants of electromagnetic responses: ε > 0, μ > 0; ε < 0, μ > 0; ε > 0,
μ < 0; ε < 0, μ < 0, where ε is electric permittivity11 (Fig. 1a). This
approach overcomes the critical issue of heat dissipation and could
bridge the gap between fundamental nanoscience and devices12. We
stress the fundamental difference of dielectric metamaterials, which
employ near-field coupling between subwavelength building blocks,
from dielectric photonic crystals13, where wavelength-scale periodicity creates bandgap effects for light confinement.
In Fig. 1a, we summarize the first applications arising from the
recent field of all-dielectric metamaterials. Inspired by the pioneering
ideas of Leonard Lewin14, researchers have shown that nanoresonators made of completely transparent building blocks of high refractive index, such as silicon, germanium and tellurium, can achieve
optical magnetism15–17 (μ ≠ 1), negative-index (ε < 0, μ < 0) and zeroindex 18,19 (ε ≈ 0, μ ≈ 0) response. A host of applications have consequently been demonstrated, including magnetic mirrors20 (μ < 0),
reflectionless ultrathin sheets mimicking highly directional Huygens

sources21,22 and control of spontaneous emission in zero-index
media19,23. Coupled nanoscale resonators have led to spectrally selective electric field hotspots at the nanoscale24,25 for biosensing and
energy applications26,27. A fundamental difference from the traditional field enhancement seen in plasmonic structures is the achievement of not only electric field hotspots but also nanoscale magnetic
hotspots exploiting magnetic Mie resonances in coupled dimers28.
Another unique aspect of all-dielectric metamaterials lies in the
large amount of possibilities for engineering the anisotropy of the
media. Unlike natural materials, where the principal refractive indices for the two possible polarizations (extraordinary and ordinary)
rarely exceed 10%, all-dielectric metamaterials can be engineered
to have much higher index contrast. Once this index contrast is
increased, it is possible to make all-dielectric metasurfaces29–31 that
can function to spectrally mould the optical wavefront 32 and control
light polarization far beyond the capabilities of traditional diffractive or refractive optical elements. These anisotropic media can also
guide and steer Dyakonov surface waves33–35 for information processing and confine light to the nanoscale36,37 without using metallic
components36 (Fig. 1b).

High-index nanoresonators

In an electric metal, the real component of the dielectric permittivity
at optical frequencies is negative (ε < 0). Analogously, in a magnetic
metal, the real component of the magnetic permeability is negative
(μ < 0). Though metallic building blocks seem essential for negative
permeability or negative permittivity media11, they suffer from high
energy dissipation. This fundamental challenge can be overcome
using all-dielectric nanoparticles made of high-index semiconducting materials, such as silicon, germanium or tellurium (Fig. 2a).
When light with frequency below or near the bandgap frequency of
the material hits a high-index nanosphere, both the magnetic and
electric dipole resonances are excited, making the particle behave
like a magnetic dipole (first Mie resonance) and an electric dipole
(second Mie resonance)38. The magnetic Mie resonance possesses
unique circular displacement currents39–42 that enhance the magnetic
field at the particle’s centre at optical frequencies (Fig. 2b). A similar
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Figure 1 | Overview of isotropic and anisotropic all-dielectric
metamaterials. a, Electric permittivity (ε) and magnetic permeability
(μ) form four quadrants that represent the entire range of the isotropic
electromagnetic response. All four quadrants can be covered by
designing specific all-dielectric metamaterials. ZIM, zero-index material.


b, Extraordinary (e) and ordinary (o) permittivities (ne = √ εe and no = √ εo ,
where n is the refractive index) of natural anisotropic materials (blue
squares) lie close to the line εo = εe that represents isotropic materials.
All-dielectric metamaterials with large anisotropy can be made using highcontrast gratings, high-index nanoresonators or multilayer superlattices
with subwavelength thicknesses (red squares). Applications include
metasurfaces to control the wavefront and polarization of light, waveguides
for Dyakonov surface waves and evanescent wave skin-depth engineering
for subdiffraction confinement without metals.

effect is observed in plasmonic split-ring resonators, which, however,
only work at lower frequencies43. These Mie resonances are accompanied by a characteristic resonant dispersion in the linear response
regime14 (Fig. 2c), so an ensemble of spheres or an array of discs or
cubes (metasurface) can be described by an effective negative dielectric permittivity at the electric resonance and by an effective negative magnetic permeability at the magnetic resonance44 (Fig. 2c).
Figure 2d shows the reflection and transmission spectrum from an
array of cubic tellurium resonators with the two separate peaks and
dips corresponding to the electric and magnetic resonances in the
mid-infrared spectral range45.
Immediate applications of Mie resonances in all-dielectric
resonators include perfect reflectors46,47 and magnetic mirrors20,48–50.
The working principle of these optical devices is fundamentally
different from conventional reflectors and mirrors. Silver and aluminium mirrors reflect most of the incoming light, but about 2% of
24

it is dissipated as heat. Bragg reflectors also function as good mirrors,
but are hard to miniaturize and multilayer fabrication can be expensive. All-dielectric metasurfaces consisting of nanoscale high-index
resonators achieve 100% reflection with subwavelength thickness at
the resonant frequency, as demonstrated in the near-infrared spectral range using silicon nanoresonators46,47.
It should also be noted that conventional electric mirrors not only
reflect light but also impart a 180° phase reversal, causing destructive
interference and an electric field minimum (node) right on the surface50. This effect causes a strong suppression of light–matter interaction for emitters and absorbers placed in close proximity to the
mirror surface. In contrast, magnetic mirrors exploiting magnetic
resonances for reflections can sustain an electric field maximum
on the surface (Fig. 2e). This arises because the electric field undergoes a zero phase change and the 180° phase reversal occurs only
for the magnetic field. The zero phase reversal of an all-dielectric
magnetic mirror made of high-index tellurium resonators (n = 5.3 at
wavelength (λ) = 10 μm) was recently contrasted with the reflection
phase of an electric mirror 20. This contrasting behaviour has been
used at microwave frequencies to enhance antenna radiation efficiency near high-impedance surfaces51 and can have an important
impact at optical frequencies for increasing light–matter interaction.
Furthermore, magnetic mirrors are surprisingly tolerant to the disorder of nanoresonators on the metasurface due to the strong confinement of the photonic mode at the magnetic Mie resonance47.
The rapid progress of all-dielectric metamaterials has been fuelled
by the introduction of fabrication approaches beyond the conventional electron beam lithography and photolithography techniques.
Spherical particles (Fig. 2f,g) cannot be fabricated using standard
lithography techniques, while chemical methods lead to a broad distribution of particle sizes without precision in deposition52. In contrast, femtosecond laser ablation of a silicon wafer produces silicon
nanoparticles and simultaneously induces a transfer process of these
nanoparticles to a nearby glass substrate16. Interestingly, thin oxide
layers or substrate effects do not change the spectral location of the
sphere’s Mie resonances. The size of such laser-ablated silicon nanoparticles is in the range of 100–200 nm, which produces Mie resonances in the visible frequency spectrum (Fig. 2f,g). Recent progress
has been made on controlling the sizes, positions as well as crystallographic phase of the nanoparticles using an ultrafast laser-based
melting and printing technique53. A recent significant advance is the
large-area fabrication (centimetre-size samples), in which over half
a billion cylindrical silicon resonators were obtained using lithography with self-assembled polystyrene nanospheres46.
Another application of high-index nanoresonators is in the
emerging field of flat photonics29,30. Metasurfaces made of plasmonic nanoantennas suffer from low transmission efficiency due
to reflections and absorption54. This fundamental drawback can be
circumvented using all-dielectric metasurfaces. One important class
of all-dielectric metasurfaces are reflectionless sheets, also known as
Huygens metasurfaces21,22 (Fig. 2i). Christiaan Huygens explained
the wave nature of light by assuming that radiation incident on an
object produces tiny secondary sources of waves. However, the critical assumption was that these sources radiate only in the forward
direction. Neither electrical nor magnetic dipoles possess this property. Interestingly, a source consisting of both electrical and magnetic dipole moments oriented perpendicular to each other radiates
unidirectionally 55. This high directionality can be observed in alldielectric single nanoparticles56 or nanodiscs consisting of spectrally
overlapping electric and magnetic Mie resonances17 (Fig. 2j). An
array of such resonators (Fig. 2i) behaves like an array of Huygens
sources with highly suppressed backward scattering (reflectionless
sheets). Figure 2h shows the forward-to-backward scattering ratio
measured using dark-field spectroscopy and the large suppression
of the backward scattering for individual silicon spheres52. These
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Figure 2 | High-index resonators. a, Cubic, spherical or disc-shaped resonators composed of a high-index dielectric show strong electric and magnetic
resonances, which behave like electric (αe) and magnetic (αm) dipoles oriented perpendicular to each other. b, The electric and magnetic field distribution of
the first and second Mie resonances of a spherical dielectric resonator. ε = 40 and radius, r = 0.5 cm. The magnetic (H) and electric (E) resonances occur at
frequencies f = 4.73 GHz and f = 6.55 GHz, respectively. The circular displacement current in the x–z plane is indicative of a magnetic dipole moment along
the y direction. These resonances can be moved to the visible using 200 nm silicon nanospheres44. c, The effective permittivity (εeff) and permeability (μeff)
of a 3D array of spherical dielectric resonators (inset) with ε = 12, r = 150 nm and a sphere volume fraction of vf = 0.3. The magnetic and electric resonances
correspond to an effective negative magnetic permeability and an effective negative dielectric permittivity. d, In the vicinity of electric or magnetic
resonances, a 2D array of high-index tellurium resonators (inset; cube dimension = 1.45 μm) behaves like an electric or magnetic mirror, respectively. Silicon
disc resonators can increase the efficiency of reflection on resonance to 100%45. e, Contrasting electric field profiles of electric and magnetic mirrors.
There is an electric field maximum at the surface of the magnetic mirror causing an enhancement in light–matter interaction since the reflection phase is
zero46. f, Experimental observation of magnetic resonances at visible frequencies for silicon nanospheres. The fabrication method is based on laser-induced
transfer of nanoparticles melted by tightly focused laser pulses16. g, Laser ablation technique to produce silicon nanospheres. In both f and g, the scattering
spectra have been measured using dark-field spectroscopy. The size of the nanoparticles is in the range of 100–200 nm (ref. 53). h, Interfering electric
and magnetic Mie resonances leads to directional scattering from nanospheres and strong suppression of backward scattering. F/B, forward-to-backward
scattering ratio. Insets: Images of the forward (F) and backward (B) scattered light and scanning electron microscope image of a nanosphere. Scale bar,
500 nm. The peak of scattered intensity occurs at different wavelengths for forward and backward scattered light manifested in the different colours of
the images52. i, Huygens metasurfaces. Independent electromagnetic field distribution in different regions (E1,2, H1,2) can be achieved if electric (Js) and
magnetic (Ms) current sources at the surface S between the two regions are used to satisfy the boundary conditions. n is the normal vector to the surface.
Overlapping electric and magnetic resonances of equal strength can lead to current sources with directional radiation patterns known as Huygens sources21.
j, The diameter (d) of silicon disc resonators can be tuned to exhibit the electric and magnetic resonances at the same frequency and achieve Huygens
metasurfaces. The height (h) is 220 nm and the disc is embedded in a low-index dielectric (n = 1.5). Strong front-to-back ratio scattering is observed at
resonance17. k, Calculated transmission intensity and phase response for silicon nanodiscs embedded in a medium with refractive index n = 1.66 (inset).
Electric and magnetic resonances overlap at λ = 1,340 nm. More than 99% transmission and full phase coverage of 2π is achievable for arbitrary wavefront
shaping22. Figure reproduced with permission from: b, ref. 44, APS; d, ref. 45, APS; e, ref. 46, American Chemical Society; f, ref. 16, Nature Publishing Group;
g, ref. 53, Nature Publishing Group; h, ref. 52, Nature Publishing Group; i, ref. 21, APS; j, ref. 17, American Chemical Society; k, ref. 22, Wiley.
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Figure 3 | Coupled all-dielectric resonators. a, Electric and magnetic hotspots using nanodimers. In coupled plasmonic nanoparticles, there is an electric
field (E) hotspot inside the gap when the incident light is polarized parallel to the dimer axis. In dielectric resonators, this electric hotspot exists, but another
magnetic hotspot can also exist for normal polarizations28. p and m represent electric and magnetic dipole moments, respectively. b, Near-field scanning
optical microscopy images revealing the electric and magnetic (H) intensity hotspots28. The dashed circles represent the nanodimers. c, Scanning electron
microscopy image of all-dielectric nanodimers composed of silicon nanodiscs with a radius of 140 nm and height of 150 nm. The gap size is 30 nm (ref. 28).
d, Schematic representation of Fano interference between the electric dipolar and quadrapolar modes of pairs of silicon rods due to symmetry breaking25. Red
wavy arrows denote coupling to free-space radiation for the dipolar mode. The red curved arrow represents the interaction between the dipole and quadrupole.
e, A 2D array of Fano resonant elements acting as a chiral metasurface can manipulate the polarization of light25. ϕ, polarization rotation angle. f, Physical
dimensions: P = 2.4 μm, w = 500 nm, d = 700 nm, g = 200 nm, R = 2 µm and 1.6 µm < L < 2 µm (ref. 25). g, Schematic representation of the interference between
the dark and bright Fano resonant modes of silicon rods and rings24. h, This interaction causes electromagnetic-induced transparency and sharp spectral
features in the transmission (T), reflection (R) and absorption (A) spectra24. i, Scanning electron microscopy image of silicon rods and rings24. Figure adapted
with permission from: a–c, ref. 28, American Chemical Society; d–f, ref. 25, Nature Publishing Group; g–i, ref. 24, Nature Publishing Group.

all-dielectric metasurfaces can also accumulate position-dependent
phase delay to shape the emerging wavefront 22. A striking range of
0 to 2π phase shift with 100% transmission is achievable for highefficiency arbitrary beam shaping (Fig. 2k). Spectrally overlapping
electric and magnetic Mie resonances also offer a route57 to create
low-loss negative-refractive-index media3.
Coupling between all-dielectric nanoresonators can lead to interesting phenomena similar to their metallic counterparts, but with
significantly enhanced efficiency and unique functionalities (Fig. 3).
Plasmonic dimers58 consisting of coupled metallic nanoantennas
support electric field hotspots and have been researched extensively for surface-enhanced Raman sensing of molecules59–62, nonlinear optics63 and quantum effects64. However, the predominantly
electric dipole nature of plasmonic resonances makes it difficult to
achieve any enhancement of the magnetic field28. Arrays of silicon
dimers can lead to magnetic hotspots in which the magnetic field
is enhanced by a factor of six for gap sizes of 30 nm due to interaction of the magnetic Mie resonances (Fig. 3a), as demonstrated using
near-field scanning optical microscopy 28 (Fig. 3b).
Coupled all-dielectric nanoresonators can lead to metasurfaces
with significant spectral selectivity and control over the quality
factor (Q-factor) of resonances. Microcavities can support high-Q
resonances but suffer from poor far-field coupling 25. On the other
hand, photonic crystal resonances arising from guided modes that
rely on interference between multiple periods of the crystal cannot be miniaturized25 and are also sensitive to the orientation of the
incoming radiation65. All-dielectric metasurfaces can overcome a
number of difficulties in this regard by exploiting Fano resonances66.
A Fano resonance is a characteristic sharp feature in the absorption
26

or transmission spectrum of a nanophotonic structure when bright
and dark modes interact 67 (Fig. 3d,g). The best candidate for a bright
mode is a spectrally broad dipolar resonance, as it can be excited
from free space, whereas quadrupolar resonances are good examples of dark modes: they are spectrally sharp and because they couple weakly to the far field, radiative losses are negligible. Examples
of structures that support such bright modes are silicon nanorods,
which behave like a dipole antenna24, while silicon rings or pairs25 of
silicon rods support dark quadrupolar modes (Fig. 3f,i). Breaking the
symmetry of coupled nanoresonators using a bent rod25 or unequal
spacing 24 between adjacent elements leads to interference between
the dipolar and quadrupolar modes, producing a Fano feature24,68,69.
The standard three-level model describing this interaction is shown
in Fig. 3d,g: it consists of a ground state with no excitation (|0) and
a bright dipolar mode (|1) radiatively coupled to a dark quadrupolar
mode (|2). This three-level system is also a way to in-couple radiation to the otherwise dark mode through the excitation of the bright
mode. These Fano resonant metasurfaces can generate nanoscale
hotspots70 from strong field concentration, as they are governed by
near-field interaction25, unlike photonic crystal guided resonances
that rely on long-range interference effects71. All-dielectric metasurfaces with broken inversion symmetry 25 can also act as chiral media8
to form ultrathin circular polarizers in the mid-infrared frequency
range for polarization-sensitive spectroscopy or infrared identification devices (Fig. 3e).
The field enhancement is lower than in plasmonic structures, but
a significant advantage is the lack of dissipation. Furthermore, the
electric field hotspot can be controlled to lie either inside or outside
the resonator in the near-field environment 24. Owing to the strong
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Figure 4 | All-dielectric metasurfaces. a, Using high-refractive-index contrast grating metasurfaces, it is possible to enhance the transmission or reflection
(R) of one diffractive order (m = −1) while eliminating the rest to achieve vivid colours under white light illumination. The reflectivity dependence on the
incident angle (θi) has been measured at 532 nm showing the stark contrast between R−1 and R0. These metasurfaces are composed of silicon nanorods with
a thickness of 180–220 nm, period of 500–622 nm and duty cycle of 0.5, and are built on a stretchable substrate82. b, Scanning electron microscopy image
of the high-contrast gratings. The inset shows the cross-section82. c, Stretching the substrate changes the structural colour on flower patterned gratings82.
d, Achromatic metasurfaces are used to impart a constant phase gradient on a transmitted wave at multiple wavelengths. The metasurface is composed
of coupled silicon rectangular resonators with a gap between them (inset). The height of the resonators and the period, S, of the grating are fixed while the
resonator widths and slots sizes can be tuned. The transmitted light at 1,300, 1,550 and 1,800 nm is refracted by the same angle (−17°) (ref. 32). e, Schematic
representation (left) and measured diffraction patterns (right) for an all-dielectric blazed grating with constant phase gradient. The metasurface is illuminated
by right circular (R), linear, and left circular (L) polarization at λ = 550 nm. The blazed grating diffracts the incident light to the right or left depending on the
incident polarization as shown in the images31. f, A fabricated flat lens using space-variant dielectric gradient metasurfaces. The focal point is 100 μm with
numerical aperture of 0.43 at λ = 550 nm. The phase can be controlled by rotating the fast axis of the gratings. The lens is composed of eight discrete layers
to approximate a hyperboloidal phase profile. This lens is illuminated by right circular polarized light and transforms it to left circular polarized light at the
focal point. The spot size is 670 nm (full-width at half-maximum), which is close to the diffraction limit (inset)31. g, Metamaterial polarizer fabricated using an
inverse-design computational approach. It transmits the desired polarization (Ex) unchanged and transforms the orthogonal polarization (Ey) to the desired
polarization. Thus, the polarization conversion efficiency can reach 100%. Each unit cell is composed of 20 × 20 pixels with a size of 200 × 200 nm2. A directbinary-search optimization algorithm is used to find the proper etching depth for each silicon pixel94. h, This method can be also used to design a polarization
beamsplitter (PBS) as small as 2.4 × 2.4 μm2 on a silicon-on-insulator platform that can separate transverse electric (TE) and transverse magnetic (TM)
modes with the measured transmission efficiency of more than 70% and an extinction ratio of more than 11 dB (ref. 93). i, Another inverse-design approach
has been used to yield a compact wavelength demultiplexer (WDM) on the silicon-on-insulator platform. The measured scattering parameters show relatively
low insertion loss (2–4 dB) and a high extinction ratio (12–17 dB)92. Figure adapted with permission from: a–c, ref. 82, OSA; d, ref. 32, AAAS; e,f, ref. 31, AAAS;
g, ref. 94, OSA; h, ref. 93, Nature Publishing Group; i, ref. 92, Nature Publishing Group.
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Box 1 | Gratings with nanostructured unit cells for spectral and polarization control.

Conventional gratings are diffractive optical elements that exploit
the constructive interference of specific wavelengths of incident
radiation along fixed directions (panel a). Depending on the
periodicity of the grating, the reflected (R) and transmitted (T)
light are broken into multiple diffraction orders. Each diffraction
order consists of a spectrum of wavelengths that have an angular
spread (except the zeroth-order diffraction, which follows Snell’s
law). They are routinely used in optical elements to focus light or
disperse the constituent colours of incident radiation.
Significant spectral control over the diffraction orders can be
gained by carefully engineering the unit cell of the periodic diffracting structure (b). An array of two alternating media with very
different refractive indices can enhance or suppress specific diffraction orders. In particular, when the periodicity is comparable
to the wavelength of the incident light, only two diffraction orders
are allowed in transmission and reflection: m = 0 and m = −1. The
light passing through such gratings82 excites a series of waveguide
modes in the nanobeams that couple to each other. Tuning the
thickness and width of the grating results in an arbitrary control
over the phase of the reflected and transmitted light. In particular,
it is possible to suppress all diffraction orders other than R−1 resulting in anomalous reflection82.
Coupled rectangular dielectric resonators form the unit cell of
gratings constituting achromatic metasurfaces32 (c). They consist
of two silicon nanobeams separated by a slot with tunable widths
and slot size. Light scattered from the coupled resonators and the
field diffracted from the slot interfere in the far-field, and full 2π
phase control can be achieved due to the resonant nature of the
interaction32. This can lead to flat phase-shift profiles lacking any
chromatic aberration over a broad range of wavelengths.
a

b
R–1

R0

R1

R–2

T–2

T–1

T0

T1

R2

c

d
TM

|L

φTE − φTM = π
Anomalous reflection

Achromatic metasurface

spectral selectivity of Fano features, all-dielectric resonators open
multiple possibilities for biosensing of proteins72 and light-absorption enhancement in ultrathin materials, such as graphene25,71,
placed in the vicinity of the metasurface.

All-dielectric metasurfaces

e
TE

R–1

T2

Conventional grating

Even though metamaterials research started with the quest for
negative-index 6, zero-index 7, chiral73 and hyperbolic74 media, the
goal of the field has grown into arbitrary control of the amplitude,
phase and polarization of light waves at the subwavelength (nano)
scale29,30. The most promising route to achieve this goal consists of
all-dielectric metasurfaces made of a thin layer of engineered silicon nanostructures (Fig. 4 and Box 1). These 2D surfaces can alter
the wavefront of incident light for applications such as flat lenses75–77,
polarizers78 and beam shaping 54,79,80. Their all-dielectric nature
ensures higher transmission and diffraction efficiencies compared
with plasmonic nanostructures.
Structural colour from metasurfaces can have a major impact on
industrial applications as this approach sidesteps several drawbacks
28

Deep-subwavelength silicon gratings are effectively anisotropic
structures producing different phase shifts, φ, for transverse electric (TE) and transverse magnetic (TM) polarized light 31,86,88,89 (d).
This is similar to a standard birefringent calcite crystal with one
important difference: the accumulated phase shift between the
two field components over the same thickness can be two orders
of magnitude higher due to the large index contrast between
silicon and vacuum. The depth of the grating can be adjusted to
accumulate a phase shift of π between the two electric field components, leading to an ultrathin half-wave plate86. (The fundamental function of a half-wave plate is to rotate the incident linear
polarization, whereas quarter-wave plates convert linear to circularly polarized light.)
The ultrathin half-wave plates described in d are anisotropic
metacrystals with a slow optic axis along the nanobeams and a
fast optic axis perpendicular to it. The grating vector is perpendicular to the parallel nanobeams. By spatially varying the grating
vector, it is possible to change the local crystal axis in the plane
of the grating 31 (e). Thus, rotating the grating vector can imprint
arbitrary rotations of the incident polarization. A subtle observation is that the thickness of the grating is constant while only the
optic axis is changing. Thus, the dynamic phase accumulated for
each point on the incident phase front due to propagation through
the grating is exactly the same. However, an additional geometric phase (Pancharatnam–Berry phase) is imprinted at each point
of the phase front depending solely on the local orientation of
the optic axis89. Therefore, a non-trivial phase modification is
imparted to the transmitted light beam. Left circularly polarized
incident beam (|L) generates an azimuthally polarized transmitted beam (e).

Half-wave plate

Azimuthal polarizer

of chemical dyes81 (Fig. 4a–c). By employing high-refractive-index
contrast gratings made of silicon nanobeams, it was recently shown
that the reflected light from a grating at specific wavelengths can
propagate entirely towards the side of the incident beam82. This
m = −1 diffraction order affects the perception of colour and its diffraction efficiency is strongly enhanced in the design. The periodicity, thickness and width of the nanobeams are chosen to suppress
both the higher-order and the zeroth-order diffracted modes. This
is evident in Fig. 4a, which shows the large reflection of the m = −1
order mode at 532 nm wavelength compared with the zeroth-order
mode. Colour tuning can be achieved if the metasurface is fabricated
on a stretchable membrane allowing the variation of the grating
period (Fig. 4c and panels a,b in Box 1). Such high-contrast gratings can also form the basis for hollow-core waveguides83 and ultrabroadband high-reflectivity mirrors84.
Recent demonstrations have also shown the ability of metasurfaces to overcome chromatic aberration32,77 (Fig. 4d). Refractive
optics, such as simple lenses, which bend light due to refractiveindex changes, suffer from material dispersion and consequently,
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Figure 5 | All-dielectric zero-index metamaterials (ZIMs). a, Dispersion diagram of waves in an ideal dispersive plasma with electric and magnetic
response. If the permittivity and permeability pass zero simultaneously, the dispersion is linear and cone-like near that frequency (ω). The blue regions
denote propagating waves in the plasma and the white regions are beyond the light line of the plasma where no propagating waves are allowed. The
permittivity and permeability have Drude dispersion with plasma frequency fD = ωD/2π = 10 GHz and loss rate γ = 10−5 GHz (ref. 101). b, Band diagram of an
all-dielectric photonic crystal made of high-index rods. The Dirac cone at the Γ point can be induced by an accidental degeneracy mimicking the behaviour of
zero-index media. The flat branch passing through the Dirac point (black arrow) is a longitudinal (bulk plasmon-like) magnetic mode. The photonic crystal is
constructed from dielectric cylinders with ε = 12.5 and radius R = 0.2a, where a is the periodicity. The critical difference from plasmonic realizations of ZIMs
is that the group velocity does not go to zero when zero index is achieved18. c, Cloaking a metallic obstacle (blue rectangle) in ZIMs. The ZIM is composed of
dielectric cylinders (yellow circles) with ε = 12.5 inside a microwave parallel plate waveguide. The incident light frequency is set to be at the Dirac point with
frequency f = 0.541c/a, where c is the speed of light in vacuum18. d,e, Simulations18 (d) and microwave experiments (e) depicting field distribution due to a
concave-shaped surface on the zero-index photonic crystal. The focusing effect for incident plane waves confirms the zero phase change in transmission
through a ZIM structure18. f, Experimental realization of ZIMs at optical frequencies. The structure is composed of vertically stacked silicon rods separated
by SiO2 layers. The rods have been fabricated from Si–SiO2 multilayers and then patterned using reactive ion etching. The resulting air gaps have been
filled by polymethylmethacrylate (PMMA) (inset). The isofrequency curve of a ZIM (inner red circular sector) has a much smaller radius than the vacuum
curve (black). The vertical dashed line is the largest possible projection of the ZIM isofrequency curve onto the vacuum isofrequency curve. This shows
that only waves with parallel wavevectors (θmax) within the shaded region can be coupled into ZIMs from free space making them very angularly selective19.
g, Experimental Fourier-plane images of a beam passing through the fabricated ZIM at the Dirac point condition (left) and away from it (right) confirm the
angular selectivity of the structure19. h, Schematic of experiment showing laser excitation of PbS quantum dots placed inside the ZIM19. i, Experimentally
obtained highly directive spontaneous emission pattern of the PbS quantum dots (angular spread of 10°)19. CCD, charge-coupled device. Figure adapted with
permission from: a, ref. 101, OSA; b–e, ref. 18, Nature Publishing Group; f–i, ref. 19, Nature Publishing Group.

different wavelengths focus at different spots. Diffractive optical
elements, such as Fresnel lenses, which work based on the concept of
interference of diffraction orders, have low efficiencies and are bulky.
Optical metasurfaces, composed of an array of nanoresonators a
fraction of a wavelength in thickness, can overcome these limitations
by imparting strong phase changes that can be relatively constant
over a broad spectral wavelength range. Initial designs of achromatic
metasurfaces32 have shown that 240-μm-long silicon rectangular
dielectric resonators can deflect normally incident light of various
wavelengths in the same direction (Fig. 4d and panel c in Box 1).
Future applications include achromatic lenses that can possibly
replace flat Fresnel lenses, which are currently used in a multitude
of applications, such as solar concentrators85 and imaging systems54.
Along with enhanced spectral control, metasurfaces can also
affect the polarization and spatial profile of beams. This requires
careful engineering of the orientation of the local grating vector 86–88.
The basic building block to achieve this is the half-wave plate (panel d

in Box 1), which is the nanoscale adaptation of the textbook way of
rotating linearly polarized light 86. If the optic axis of this nanophotonic half-wave plate is made to vary spatially, complex rotations of
the incident waveform can be achieved (panel e in Box 1). Axicons
(lenses that turn Gaussian beams into Bessel beams), blazed gratings, polarizers and waveplates were demonstrated recently on an
all-dielectric silicon platform31 (Box 1). Similarly, unconventional
optical elements that generate radial and azimuthally polarized
beams from simple linearly polarized light have also been achieved
(panel e in Box 1). Blazed gratings with phase that varies linearly
across one grating period can be obtained solely from local polarization rotations on the metasurface. These polarization rotations are
necessarily accompanied by accumulation of Pancharatnam–Berry
phase, which are of geometric origin on the Poincaré sphere and
unrelated to dynamic (propagation) phase89,90. Figure 4e shows control over the diffracted polarization state of light with high efficiency
using a linear phase gradient on the metasurface. Figure 4f shows the
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Figure 6 | Surface waves on all-dielectric media. a, Historical development of surface waves from the Zenneck106 wave to the transverse electric surface
mode on graphene110. A host of different media (metals149, graphene110, nonlinear media108,109, photonic crystals150, anisotropic crystals33) support surface
waves. b, Schematic representation of Dyakonov surface waves along the interface between isotropic and anisotropic dielectrics. The optical axis of
the anisotropic dielectric (C) is parallel to the interface and the surface wave propagates within a very narrow angular range (Δθ = 0.2°) for naturally
anisotropic media. c, Guided modes enabled by Dyakonov surface waves (GEDS). If the two dielectrics are separated by a nanosheet, the widths of the
angular existence domains increase to 1.48° and 3.88°, respectively. The structure is composed of a lithium triborate y-cut biaxial birefringent crystal
(nx = 1.5743, ny = 1.6015, nz = 1.6160 at λ = 632.8 nm), an Al2O3 nanosheet (n = 1.7) and liquid as a cladding. The propagation angle with respect to the optic
axis changes from 56° to 62° when the cladding index changes from 1.601 to 1.607 (ref. 35). d, Image of the excitation beam coupled to the Dyakonov
surface waves using a grating coupler35. e, Dyakonov–Tamm wave. This surface wave can propagate along the interface between an anisotropic periodically
inhomogeneous dielectric composed of chiral sculptured thin film (CSTF) with a structural period of Ω and an isotropic dielectric with a thickness of Ld.
Unlike the Dyakonov waves, it can propagate in the entire 360° range. The existence of the wave was concluded through total internal reflection studies in
a Kretschmann set-up using a prism (refractive index, nprism = 1.779)114. f, Image of the periodic structure composed of upright parallel ZnSe nanohelices on
a thin MgF2 layer114. Figure adapted with permission from: c,d, ref. 35, Nature Publishing Group; e,f, ref. 114, APS.

scanning electron microscope image of nanobeams with differing
orientations, which causes centrally symmetric polarization rotations of the incident beam. The accompanying centrally symmetric
Pancharatnam–Berry phase accumulation causes a focal spot for
incident light (inset). The all-dielectric Pancharatnam–Berry phase
metasurface opens a multitude of future possibilities, including alldielectric holographic plates91 with high efficiency and subwavelength thickness.
By envisioning metamaterials and metasurfaces as free-form
structures with nanoscale pixels, it is possible to create any desired
optical component 92–95. One device that is made possible by freeform all-dielectric metasurfaces is a highly efficient polarizer.
Conventional polarizers reject the undesired polarization so their
maximum efficiency is 50% when illuminated by unpolarized light.
However, it was demonstrated that metamaterial polarizers can
rotate the unpolarized light into the desired direction while simultaneously passing the desired polarization unchanged to achieve up
to 74% efficiency 94 (Fig. 4g). Complex device design with desired
functionalities can be first achieved computationally and then fabricated in silicon using focused ion beam milling. Remarkably, an alldielectric metamaterial polarization beamsplitter was reported with
a footprint as small as 2.4 μm by 2.4 μm (ref. 93, Fig. 4h) composed
of 20 by 20 square pixels with sides of 120 nm. Each pixel can occupy
two states: silicon or air. The photonic design methodology proceeds
by a direct binary search algorithm with figures of merit defined
to optimize the performance of the polarization beamsplitter. A
30

parallel development using inverse design was the demonstration of
a compact all-dielectric wavelength splitter (Fig. 4i). The device has
a footprint of 2.8 μm by 2.8 μm and splits light at λ = 1,300 nm and
λ = 1,550 nm from a single input waveguide to two output waveguides92. Using this computational approach, all-dielectric metamaterials can be designed to meet the criteria for practical metadevices.

All-dielectric zero-index metamaterials

Zero-index metamaterials7,96 (ZIMs) have emerged as an important
class of artificial media, because they show unique properties: cloaking 97, subwavelength waveguiding through bent channels98, directional radiation patterns23, infinite phase velocity and zero phase
accumulation99,100. They require epsilon-near-zero (ENZ; ε ≈ 0) and
mu-near-zero (MNZ; μ ≈ 0) behaviour in the same spectral band. A
fundamental advantage of ZIMs over ENZ or MNZ media is the wave
impedance matching to vacuum, which leads to efficient in-coupling
of light at normal incidence. While ENZ is routinely achieved at the
plasma frequency (ωp) of any metal (ε(ωp) ≈ 0) or longitudinal optical frequency (ωLO) of any polar dielectric (ε(ωLO) ≈ 0), MNZ is significantly more difficult to achieve at optical frequencies.
An ideal model of a plasma with Drude dispersion in both the
electric and magnetic response shows the intimate connection
between Dirac cones and zero-index media101 (Fig. 5a). Surprisingly,
the energy–momentum (E–k) dispersion of photonic waves in such
a plasma shows a double coned structure (Fig. 5a) at k = 0. The
passbands correspond to waves within the light line of the isotropic
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Box 2 | Relaxed total internal reflection and evanescent wave skin-depth engineering36.

When an optical ray traverses a flat interface between two different
isotropic dielectrics, light is partially reflected back to the first
medium and is partly refracted in the second medium. Snell’s law
governs the angle of reflection and refraction. If n1 > n2 (n1,2 is the
refractive index of the two dielectrics) and the incident angle is
greater than the critical angle (θc = sin−1 (n2/n1)), light is totally
reflected back to the first medium and evanescently decays in the
second medium (panel a). This phenomenon is known as total
internal reflection (TIR).
However, if the second medium is anisotropic (optical axis is
perpendicular to the interface) and the incident light is p-polarized (transverse magnetic mode), the TIR condition is reduced to
n1 > n2x, a condition called relaxed TIR because it leaves a degree of
freedom to choose the refractive index in the other direction36. By
increasing the refractive index in the parallel direction (n2z >> 1),
it is possible to control the momentum and skin depth of the evanescent waves in the second medium:
⊥
= n 2z
k2x
n 2x

a

b
n1 > n2

εx< n 21
(relaxed TIR)
εz >> 1
(strong confinement)

x
z

c

d
n1 > n2

εx< n 21
(relaxed TIR)
εz >> 1
(strong confinement)

(k0n2x )2 — (kz||)2

where k||z = n1k0sinθ is the tangential momentum of light and θ is
the incident angle. Increasing n2z/n2x gives rise to reduced skindepth in the second medium (b). Note that n2z can even be greater
than n1. Thus, extremely small skin-depth is achievable even if the
incident light is in a low-index dielectric.
TIR is the fundamental phenomenon for confining light in
conventional dielectric waveguides (c). However, when the core
size of a dielectric waveguide is decreased, the evanescent field
decays slowly in the claddings. At some point, the mode size
becomes limited by the diffraction limit of light. If we cover a
conventional dielectric waveguide with an anisotropic cladding,
plasma. The singular Dirac point at the intersection of the two conical
passband regions is related to the energy (frequency) that simultaneously achieves ENZ and MNZ. However, even if such an ideal
plasmonic realization of ZIMs was achieved, it would suffer from
high dissipation at the special Dirac point. This is because the group
velocity (υg) of such zero-index modes of plasmonic origin is low
(υg → 0) even when the phase velocity (υph) is large (υph = c/n → ∞),
where c is the speed of light in vacuum. Intriguingly, all-dielectric
non-plasmonic building blocks (ε > 1) can be in principle used to
achieve extreme parameters, including a vanishing refractive index.
One ingenious approach to achieve a ZIM without any plasmonic
medium consists of creating Dirac points in an all-dielectric photonic
crystal18. Dirac points are known to occur at Brillouin zone boundaries of photonic crystals102; however, they do not possess properties of infinite phase velocity and zero phase accumulation during
propagation — the hallmark of zero index. On the other hand, if a
Dirac point with linear dispersion is engineered around k = 0, the
photonic crystal starts exhibiting properties of ZIMs (Fig. 5b). The
striking linear dispersion near k = 0 lends itself to an effective ZIM
description far better than a similar effect at the zone boundary.
This is because the lattice momentum is smaller at the zone centre
so the effective wavelengths are larger allowing homogenization of
the photonic crystal. This was recently achieved using an accidental
degeneracy in the photonic band structure of a 2D crystal consisting of a square or triangular lattice of high-index dielectric rods18
(Fig. 5b, inset). This accidental degeneracy near k = 0 is different
from conventional degeneracy due to symmetry that occurs in photonic crystals as conventional degeneracy leads to quadratic bands
with zero group velocity, rather than linear Dirac-like dispersion.

the fundamental transverse magnetic mode of the waveguide still
bounces off by relaxed TIR inside the core, but decays very fast
outside37. Thus, by increasing the anisotropy of the cladding, it is
possible to confine a considerable amount of total power inside the
subdiffraction core (d). Claddings with strong anisotropy can be
realized using lossless all-dielectric metamaterials. Figure adapted
with permission from ref. 36, OSA.
Figure 5b shows the band diagram consisting of two branches with
linear dispersion intersecting at a single point at k = 0.
Simulations of a scatterer placed inside a zero-index waveguide
with perfect magnetic conductor boundary conditions18 show that
the fields outside the zero-index medium are unaffected by the presence of the scatterer (Fig. 5c). Hence, it is cloaked97. This is similar
to the effect related to arbitrary-shaped channels filled with ENZ
media, which show field tunnelling with no phase change (infinite
phase velocity)98. Figure 5d,e shows the simulation and experiment
of a plane wave incident on a photonic crystal tuned to the frequency
of zero index. The lack of phase propagation in the bulk and no
phase variation along the edges of the photonic crystal implies that a
concave-shaped surface would focus light to a spot.
Recently, this design was extended to the optical frequency range,
where square cross-section silicon rods were embedded in a host
matrix consisting of SiO2 and polymethylmethacrylate, which have
similar refractive indices19 (Fig. 5f, inset). It achieves a Dirac cone
at the Γ point and zero-index behaviour at λ = 1,450 nm. Figure 5f
compares the circular isofrequency relation for vacuum and the
near-zero-index medium where the size of the circles are indicative
of the indices. The narrow shaded region shows the range of angles of
waves incident from vacuum, which are wavevector matched to the
near-zero-index medium66. Waves with off-normal incidence have a
large impedance mismatch and are completely reflected. Figure 5g
shows the experimental demonstration of this phenomenon using
transmission measurements of light incident on the ZIM from free
space. A narrow beam is observed in the Fourier plane at the zeroindex wavelength of λ = 1,450 nm, while a broad angular spread is
seen at wavelengths away from it. This effect can also be used to
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Figure 7 | Transparent subdiffraction photonics. a, Ideal 1D extreme skin-depth (e-skid) waveguide made of anisotropic claddings that behave like silicon
in one direction and a low-index polymer in the other: if n1 > n2x, relaxed total internal reflection guarantees the propagation of the guided mode inside the
core. If n2z >> 1, the momentum of evanescent waves in the cladding can be increased. Thus, the skin-depth decreases and the first transverse magnetic
mode is strongly confined37. b, Comparison of the calculated electric field of e-skid waveguides and slab waveguides. The core is glass with a size of 0.1λ.
εx = 1.2 in the cladding. Inset: Mode length versus dielectric constant in the direction perpendicular to the interfaces for various cladding sizes, where a and
b are core and the cladding sizes, respectively. When εz > 7, the mode length surpasses the diffraction limit of light36. c, 2D e-skid waveguide. Schematic
of the anisotropic cladding covering a waveguide with arbitrary cross-section37. hx, hy, hz correspond to coordinate expansions and compressions in the
cladding. d, The comparison of electric energy density for an e-skid waveguide and conventional waveguide (inset) with the same core size shows that
light is strongly confined inside the e-skid waveguide. The grey lines show the waveguide’s boundaries. For the anisotropic cladding εx = εy = 1.2 and εz = 15.
The mode area and power confinement for the waveguide without cladding is 80(λ/2ncore)2 and 1%, respectively, but the anisotropic cladding causes the
mode area to reduce to 0.7(λ/2ncore)2 and the power confinement increases to 36%36. e, Practical realization of e-skid waveguides at telecommunication
wavelength. Two coupled silicon waveguides (blue) with a size of 0.1λ and a centre-to-centre separation of 0.5λ. The cladding is composed of Ge–SiO2
multilayer stacks (alternating dark and light grey) with germanium filling fraction of 0.6 (ref. 36). f, The calculated coupling length normalized to λ for
e-skid waveguides (WGs) can be an order of magnitude larger than that in conventional slab waveguides with SiO2 claddings. The large coupling length is
indicative of low crosstalk and in slot waveguides, the crosstalk is larger than that in conventional waveguides36. Also, there is good agreement between
effective medium theory (EMT) and multilayer (ML) simulations. Figure adapted with permission from: a, ref. 37, OSA; b,d–f, ref. 36, OSA.

direct spontaneously emitted light from an ensemble of quantum
emitters into a narrow cone of angles (Fig. 5h). Quantum dots tuned
to emit in the spectral range of zero index produce a highly directional pattern (Fig. 5i). Even though zero index has been achieved at
optical frequencies, miniaturization of such materials to form nanodevices is not possible as they rely on photonic crystal effects103.
It thus remains an important open question whether a metamaterial made of an array of high-index nanospheres can achieve zeroindex properties.

Surface waves in anisotropic metamaterials

Surface photonic modes in all-dielectric media can be useful as
information carriers at the nanoscale. Miniaturized photonic interconnects can allow information processing and communication at
speeds beyond conventional electronics. However, the diffraction
limit of light is a fundamental hurdle to miniaturization of waveguides, resonators and modulators104. This has led to the emergence
of plasmonics105, where the surface wave consisting of electrons in a
metal coupled with light can lead to a nanoscale mode volume conducive to miniaturization of optical devices. However, the dissipation losses of plasmonic devices are prohibitively high, making the
on-chip power scaling with number of devices extremely inefficient.
32

It is therefore necessary to look for alternative surface waves that can
act as a compact information carrier at the nanoscale.
In Fig. 6a, we outline the choices of surface waves for this ongoing search, including Zenneck–Sommerfeld106,107 waves, waves on
the interface of a nonlinear medium108,109 and vacuum, and those
on 2D materials such as graphene110. One class of surface waves that
holds considerable promise for information processing due to their
lossless nature are Dyakonov surface waves33. These are waves at
the interface of an isotropic medium (n = niso) and an anisotropic
medium (n = {no, no, ne}) when the crystal axis lies on the interface
plane (Fig. 6b). The index along the crystal axis is denoted by ne
and the index in the plane perpendicular to it is no. Interestingly,
these waves have a hybrid nature comprising of both transverse
electric and transverse magnetic waves in the isotropic medium
and extraordinary (e) and ordinary (o) waves in the anisotropic
medium. In 1988, Mikhail Dyakonov came to the insightful conclusion that when ne > niso > no, surface waves should exist on such
an interface33. This condition implies that the surface wave travels due to a counterintuitive condition of total internal reflection
at both interfaces. However, one significant challenge is that the
angle of existence of Dyakonov surface waves is less than 1° on the
interface plane for naturally occurring anisotropic materials. This
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is because natural uniaxial crystals (for example, TiO2) have very
weak anisotropy.
All-dielectric metamaterials can increase material anisotropy and
in principle enable observation and control of Dyakonov waves34,35,111
in anisotropic waveguide structures. Dyakonov surface waves can
induce guided modes in such structures even when all conventional
bulk waveguide modes are cut-off. A thin nanosheet of alumina
deposited on one side of a biaxial medium leads to nanoengineered
Dyakonov surface waves that have a significantly enhanced angular range of existence on the interface plane. Liquids with different
refractive indices can serve as a cladding on top of this anisotropic
heterostructure for controlling the guided modes of Dyakonov surface waves35 (Fig. 6c). A convincing study of the delicate condition
of the existence of Dyakonov waves was performed by changing the
index of the liquids used. Grating excitation of Dyakonov waves
occurs with both transverse electric and transverse magnetic polarized input waves, consistent with the hybrid nature of the waves.
Furthermore, the propagation direction changes drastically as the
index of the liquid cladding layer is altered. This can be of vital importance in beam steering and photonic interconnect applications. The
image of the beam of Dyakonov surface waves, out-scattered by surface inhomogenieties, is shown in Fig. 6d, which is similar to the
beam-like behaviour observed for hybrid excitations of Dyakonov
waves and surface plasmon polaritons112,113. In principle, these
guided Dyakonov modes are lossless, but surface inhomogeneities
often reduce the propagation length. It is noteworthy that they offer
the same confinement as long-range surface plasmon polaritons.
Another approach utilizing all-dielectric metamaterials to
increase the angular range of Dyakonov-like waves was shown
recently 114. The approach uses two media, one isotropic and the
other a sculpted thin film consisting of arrays of helically coiled ZnSe
nanorods (Fig. 6e,f). This leads to a chiral anisotropic response and
surface waves that can propagate in the entire 360° angular range.
The deposition of the helical coiled nanorod arrays proceeds by a
technique similar to glancing angle deposition115. The signature of
these Dyakonov-like waves was observed in the reflection spectra
using a Kretchmann geometry (Fig. 6e). These waves also have features common with Tamm waves, which exist at the interface of a
truncated all-dielectric photonic crystal and an isotropic medium116.
Tamm waves (Bloch surface waves117) propagate due to the photonic
bandgap nature in one medium and total internal reflection in the
other. Such Bloch surface waves are lossless and have field intensity
maxima at the interface. They have been used as biosensors, because
they can exhibit higher sensitivity than biosensing devices based on
surface plasmon polaritons118.

Transparent subdiffraction photonics

Even though Dyakonov surface waves are promising for information processing, an important limitation is that their mode widths
are not significantly below the wavelength. Decreasing the mode size
is important for photonic interconnects86 and to enhance quantum119
and nonlinear optical120 responses. The diffraction limit is often
considered as a fundamental hurdle in all-dielectric media, limiting the size of waveguides and resonators to roughly a cubic wavelength. Modern dielectric photonics uses total internal reflection121
as the fundamental principle to guide and confine light in optical
fibres and resonators. For emerging nanoscale photonic devices,
one significant limitation of total internal reflection is that it does
not act on the evanescent waves that are inevitably generated at the
interface. These unchecked evanescent waves extend far outside the
core of a conventional optical fibre or a waveguide as the core size is
decreased, making it impossible to achieve mode sizes significantly
below the wavelength.
Recently, the principles of relaxed total internal reflection
and evanescent wave skin-depth engineering were introduced to

FOCUS | REVIEW ARTICLE

significantly decrease the decay length of evanescent waves outside
the core of a conventional waveguide36 (Box 2). This requires the
waveguide cladding to have a unique anisotropy that allows light to
be completely reflected and simultaneously decrease the skin depth
of the generated evanescent waves (Fig. 7a). The most significant
advantage over plasmonic waveguides is the lack of dissipation, as
the required indices in all directions are greater than one. This is a
unique way of waveguiding, as the average index of the cladding is
higher than that of the core, yet total internal reflection is preserved.
Figure 7b shows the comparison of the field profile between the lowest-order transverse magnetic mode that propagates without cut-off
in a 1D waveguide with and without the anisotropic cladding. A dramatic reduction in mode width to subdiffraction values is observed
as the field decays rapidly in the anisotropic cladding.
The fundamental hybrid mode (HE11) of an optical fibre or even
an arbitrary-shaped waveguide can be confined far below the diffraction limit once the cladding is made anisotropic37 (Fig. 7c). The
anisotropic cladding (εx = εy = 1.2, εz = 15) is far better than vacuum
for field confinement inside the silica core causing a reduction of
mode area by two orders of magnitude (Fig. 7d). Counterintuitively,
the anisotropic cladding can also confine light better than a waveguide formed by a silicon/vacuum interface37. This occurs as vacuum
cannot change the penetration depth of the evanescent field.
The most promising approach to achieve this unique transparent high-contrast anisotropic metamaterial for 1D waveguides consists of a superlattice122 of silicon or germanium and silica (Fig. 7e).
These interleaved multilayers with high and low index possess an
effective uniaxial anisotropy with a crystal axis perpendicular to
the layers (Box 2). This all-dielectric metamaterial can act as a cladding for the waveguide core made of silicon, leading to substantially
enhanced power in the core and decreased mode sizes. The feature
that distinguishes such extreme skin-depth (e-skid) waveguides
from photonic crystal waveguides is the size of the layers, which
are deeply subwavelength (λ/10). The mode is thus guided by total
internal reflection and not photonic bandgap effects, which require
the layer thicknesses to be tuned to λ/4. These e-skid waveguides are
also fundamentally different from slot waveguides, which function
on the basis of the field enhancement within slots surrounded by
high-index silicon cores123. The field outside slot waveguides decays
extremely slowly in stark contrast to e-skid waveguides. This feature
is detrimental and leads to crosstalk for closely spaced waveguides.
The fundamental technological advantage of e-skid waveguides,
compared with photonic crystal and slot waveguides, is the significant reduction in coupling between closely spaced waveguides
arising from the fast decay of evanescent waves outside the core
(Fig. 7f). Multilayer superlattices form the basis of multijunction
solar cells124, quantum cascade lasers125 and quantum well photodetectors126; therefore, engineering the evanescent field using alldielectric metamaterials is well placed for integration with existing
semiconductor optoelectronics.

Outlook

We envision several future directions in which the field of alldielectric metamaterials can have a profound impact.
Biomimetic metasurfaces. Borrowing functionality from existing
biomimetic structures127 and adapting it to single-layer surfaces can
be an important step to move towards applications. Recent demonstrations of nanophotonic structures that show reversal of colours in
diffracted light, inspired by butterfly wings128, can be implemented
through ultrathin all-dielectric metasurfaces. The efficient antireflection coatings129 important to solar cell and imaging technology have been previously designed130, inspired by moth eyes that
appear dark under white light illumination. An important goal
would be to achieve the same functionality 131 using a single layer
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through an all-dielectric metasurface. Control of the polarization
of light in reflection is a promising approach to camouflage inspired
by silvery fish in water 132. It has been demonstrated that scales of
silvery fish, such as sardines, are optically anisotropic, consisting of
layers with different crystal axes orientations. Subwavelength gratings are inherently anisotropic and the rotation of optic axes forms
the basis of Pancharatnam–Berry phase polarization gratings86,89. It
is thus, in principle, possible to implement biomimetic polarization
functionalities similar to fish scales through metasurfaces. A related
goal would be to design metasurfaces to control Brewster angles and
achieve broadband optical angular selectivity 133.

4.

Quantum photonics. Another important direction is related to
coupling of single emitters with all-dielectric nanoresonators and
metamaterials134,135. The electric field concentration in coupled
all-dielectric nanoantennas is ideal for enhancing and controlling
spontaneous emission from quantum dots. In addition, the directional nature of scattering when electric and magnetic resonances
overlap17 can significantly enhance the collection efficiency for single photon sources136. One main challenge here is integrating single
emitters, such as nitrogen–vacancy centres in diamond137, with alldielectric nanoantennas and simultaneously tuning the Mie resonance to the wavelength of spontaneous emission. The magnetic
field enhancement in silicon dimers could be used to increase the
emission from magnetic dipole transitions in emitters such as Eu3+
that have low intrinsic quantum efficiency compared with spontaneous emission from emitters with electric dipole character 138,139.

10.

Thermal photonics. An emerging theme in metamaterial research
is the control of heat radiation for coherent thermal sources140–144,
thermophotovoltaics145,146 and high-temperature plasmonic coatings147,148. Especially in the mid-infrared range, spectrally tailored
thermal sources can lead to biosensing applications25. All-dielectric
Fano resonant chiral metasurfaces could be an approach to imprint
polarization sensitivity and spectral selectivity to thermal emission,
which is otherwise incoherent and unpolarized. More exotic thermal sources consisting of circularly polarized emission would find
applications in infrared identification devices25.

18.

Silicon-on-insulator platforms. One significant advantage of alldielectric anisotropic metamaterials is the possibility to fabricate
them on-chip in a traditional, complementary metal-oxide–semiconductor (CMOS)-compatible silicon photonics platform to interface with existing photonic devices. Existing designs consisting of
deep-subwavelength silicon gratings or multilayer silicon–silica
superlattices cannot independently control the response to transverse electric and transverse magnetic polarized light. Consequently,
the index contrast between these two polarizations is low. An ideal
medium would have a response close to vacuum in one direction
and that of silicon in the orthogonal direction. Achieving such an
all-dielectric metacrystal would lead to practical devices, such as
subdiffraction waveguides, holographic plates, polarizers and halfwave plates. Precise 3D positioning of high-index nanoresonators
will be instrumental in achieving this objective.
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