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Silicon, like no other material, forms the backbone of mod-
ern technology. In addition to its indisputable prevalence in 
electronic technologies, the field of silicon photonics is also 

constantly gaining in significance1,2. Recent developments in the 
area of optical metamaterials — artificial materials consisting of 
designed building blocks arranged on a subwavelength scale — are 
now offering a new perspective to silicon photonics that reaches 
beyond classical waveguide-based architectures. For more than a 
decade, optical metamaterials were almost inevitably associated 
with plasmonic nanostructures3–5. Various metallic nanostruc-
ture designs, including split-ring resonators, cut wire antennas 
and fishnet structures, were employed to create metamaterials 
and metasurfaces with optical properties that go beyond those of 
natural materials and their interfaces4–6. However, while offering 
unbeaten performance in subwavelength concentration of light, 
metallic nanostructures suffer from intrinsic absorption losses at 
optical frequencies, severely limiting their efficiency.

A way to overcome this problem is offered by all-dielectric 
nanostructures. Recent research suggests that designed dielectric 
building blocks provide similar opportunities to their metallic 
counterparts regarding the design of resonant nanostructures with 
an optical response tailored by geometry7,8. Similar to plasmonic 
split-ring resonators or related geometries, high-permittivity die-
lectric nanoparticles provide a strong magnetic response based on 
the excitation of circular displacement currents inside the dielec-
tric material. In contrast to plasmonic nanoresonators, however, 
dielectric nanoresonators can exhibit very low absorption losses 
at near-infrared and visible frequencies. For the implementation 
of designed dielectric nanostructures, silicon has emerged as the 
most widely employed material platform to date. At photon ener-
gies below its fundamental electronic bandgap at 1.1 μm wave-
length, crystalline silicon exhibits a high refractive index and 
negligible absorption losses. While absorption losses become 
notable for shorter wavelengths, thus affecting the visible spectral 
range, their increase is moderate due to the indirect nature of the 
electronic bandgap. Furthermore, hydrogenated amorphous sili-
con extends the low-loss regime towards near-visible frequencies 
due to its blue-shifted bandgap energy. The relevance of silicon for 
resonant photonic nanostructures is based not only on its linear 
and nonlinear9 optical material properties, low cost and mature 
(nano)fabrication technology, but also on the unique prospects 
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that silicon-based nanostructures offer in terms of complementary 
metal-oxide–semiconductor (CMOS) compatibility and for link-
ing to existing integrated photonic architectures.

Here, we review the different concepts of metamaterial-inspired 
silicon nanostructures. We summarize the main physical effects 
applied to achieve the desired photonic functionalities and discuss 
the limitations of silicon metamaterials. As illustrated in Fig. 1, we 
start the discussion from the subwavelength-sized building blocks 
(Fig. 1a–c). We then briefly touch on nanoparticle clusters consist-
ing of two or more coupled silicon nanoresonators (Fig. 1d–f) before 
moving on to metasurfaces, namely two-dimensional arrangements 
of designed nanoscale silicon building blocks (Fig. 1g,h). Finally, we 
discuss silicon metamaterials, covering both bulk and waveguide 
geometries (Fig. 1i–l).

Individual silicon nanoresonators
The recent renaissance of dielectric metamaterials was triggered by 
the experimental observation of electric and magnetic multipolar Mie 
resonances10 in high-refractive-index dielectric nanoparticles at opti-
cal frequencies11,12. Mie theory, formulated in 1908  by Gustav Mie, 
addresses the classical electromagnetic diffraction problem of light 
scattering by spherical particles10. The field scattered by a single iso-
lated dielectric sphere situated in homogeneous surroundings can be 
expanded into an infinite series of the vector spherical harmonics and 
fully described by the electric and magnetic Mie coefficients am and bm 
of the expansion. One finds that for high-refractive-index dielectric 
nanoparticles, the scattering cross-section, which is approximately 
equal to the extinction cross-section in the case of negligible absorp-
tion losses, features a series of peaks corresponding to enhanced scat-
tering at resonance for the different electric and magnetic multipoles. 
For spherical particles with radius r and refractive index n in vacuum, 
the lowest-order peak corresponds to the magnetic dipole mode 
(coefficient b1) of the nanosphere and appears at a wavelength of 
approximately λ  =  2nr. The next higher-order mode is the electric 
dipole mode with coefficient a1 (Fig.  2a). The initial experimental 
observations of the scattering signatures of these modes at optical fre-
quencies11,12 were made for silicon nanospheres (Fig. 2b,c), facilitated 
by the high refractive index and low absorption losses of silicon in 
this spectral region. An increase of material absorption, for example, 
through impurities, flattens and broadens the extinction peaks and 
changes the scattering properties of a silicon nanoparticle13.
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The strong electric and magnetic multipolar response of silicon 
nanoparticles makes them interesting candidates for building blocks 
of magnetic metamaterials. While Mie theory in its original formula-
tion is strictly valid for spherical nanoparticles only, Mie-type reso-
nances can be observed for many different nanoparticle geometries. 
For instance, Fig.  2d shows the mode profiles of the electric and 
magnetic dipole modes of arrayed silicon nanodisks in a homogene-
ous medium14. Importantly, control over the nanoparticle geometry 
allows for tailoring of the resonances, which was extensively studied, 
for example, for ellipsoidal, block-shaped and disk-shaped nanoreso-
nators15–18, enabling the implementation of desired resonance proper-
ties and scattering characteristics of the nanoparticle. One important 
aspect is the controlled superposition of different multipolar scatter-
ing contributions to fulfil the Kerker16,19 and generalized Kerker20,21 
conditions for zero-backward or almost-zero forward scattering.

More complex geometries allow for targeted resonance shifts 
by selectively removing material at the locations where a particular 
mode concentrates its energy22. In experiments, the choice of the 
building block geometry is often determined by the constraints of the 
respective employed fabrication strategy. Extruded two-dimensional 
geometries are favoured by standard lithographic approaches, such 
as electron-beam lithography on silicon thin films, in combination 
with dry etching. The fabrication of silicon nanoresonators with other 
shapes requires specialized approaches. For example, silicon nano-
spheres can be realized by laser printing23 or via the decomposition of 
Si3H8 in supercritical n-hexane at high temperature24.

While nanostructures featuring Mie-type resonances have clearly 
been fuelling the recent increase in research attention towards 

metamaterial-inspired silicon nanostructures, a resonant response is 
not always required. In fact, silicon nanostructures operating in the 
off-resonant regime offer the advantage of broadband response and 
can also be employed efficiently in various ways to manipulate light 
fields at will. In this Review, we attempt to provide a balanced over-
view of both resonant and off-resonant silicon metamaterial-inspired 
photonic nanostructures.

Silicon nanoparticle clusters
By combining two or several silicon nanoparticles to form clusters25–29 

(Fig. 1d–f), one can access additional degrees of freedom in the optical 
response that originate from their mutual interaction. Most promi-
nently, dimers of Mie-resonant silicon nanoresonators were investi-
gated by several groups, mainly with respect to mode hybridization26 
and electric and magnetic field enhancement in the gap between the 
nanoresonators27–29 (Fig.  2e). Chains of silicon nanoresonators can 
create a directional radiation pattern when driven from a localized 
source, as numerically demonstrated for all-dielectric Yagi–Uda-type 
nanoantennas30 (Fig. 2f). Another popular model system for silicon 
nanoparticle clusters are oligomers (Fig. 2g), which can exhibit Fano 
resonances originating from the interplay of two or more collective 
modes25,31. Recently, it was furthermore demonstrated that zigzag 
chains of silicon nanoparticles support topologically protected edge 
states, which can be selectively excited via control of the handedness 
of the incident light32.

While the study of silicon nanoparticle clusters provides valu-
able insights into the fundamental mechanisms governing the opti-
cal response of silicon nanoparticle ensembles, their use as building 
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Figure 1 | From single silicon nanoresonators to functional photonic nanostructures. a–c, Typical silicon nanoresonator geometries providing electric 
and magnetic dipolar response at optical frequencies. d–f, Arranging several silicon nanoresonators in close proximity to form dimers (d), chains (e) 
or oligomers (f) allows collective and interaction effects to be harnessed. g,h, Silicon metasurfaces, typically probed under (near-)normal incidence 
(wavevector kinc), are obtained by arranging many silicon nanoresonators in a planar fashion. In addition to the functionalities provided by spatially 
homogeneous silicon metasurfaces (g), spatially inhomogeneous metasurfaces (h) provide control over the wavefront of a light field. i–l, In silicon 
metamaterials, the light field has a propagating component along the direction in which the individual building blocks are arranged. Typical settings include 
two-dimensional metamaterials, which are either extended in the third spatial dimension (i) or can be realized in a waveguide geometry (j), metamaterial 
strip waveguides (k), as well as fully three-dimensional structures (l).
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blocks of metamaterials can be problematic, as their large size ham-
pers a subwavelength arrangement.

Silicon metasurfaces
Metamaterials require the arrangement of their designed functional 
building blocks on a subwavelength scale, such that the collective 
response of the system is dominated by the local optical properties of 
the individual building blocks instead of by the diffractive modes of 
the (often periodic) array as in a photonic crystal. While this is diffi-
cult to achieve for Mie-resonant silicon metamaterials (see below), the 
requirements are relaxed for metasurfaces6, where the silicon nanores-
onators are arranged in a plane and the propagation direction of the 
light is chosen normal or close to normal to this plane (Fig. 1g,h). For 
this situation, one can reach a regime where the fundamental Mie-
type resonances of a two-dimensional periodic arrangement of silicon 
building blocks occur at wavelengths beyond the onset of diffraction.

In general, metasurfaces can be used to manipulate the proper-
ties of light fields reflected from them or transmitted through them, 
thereby providing countless possibilities to implement photonic func-
tionality6. At the same time, having just nanoscale thickness, they 
are lightweight and can be made very compact, adding to their high 
technical relevance. The use of silicon as a constituent material ena-
bles high-efficiency devices at frequencies above the electronic band-
gap frequency of silicon and may facilitate large-scale production of 
metasurfaces using existing CMOS technology.

Even when restricting the discussion to spatially homogeneous 
arrangements of silicon building blocks (Fig. 1g), the range of pos-
sible metasurface functionalities is vast. For example, broadband and 
highly reflective mirrors were realized based on the high reflectivity 
associated with the electric and magnetic dipole resonances of silicon 
metasurfaces33,34 (Fig. 2h). Interestingly, at the magnetic dipole reso-
nance, a dielectric metasurface behaves as a magnetic mirror, which 
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Figure 2 | Mie-resonant silicon nanostructures. a, Electric field lines (transverse components) of the electric (coefficient a1) and magnetic (coefficient b1) 
dipolar Mie modes of a spherical particle on an imaginary sphere surrounding the particle, taken from Gustav Mie’s original publication10. b, Real-colour 
dark-field microscope image of various silicon nanospheres of different size. c, Measured reflectance spectrum of an individual silicon nanosphere, 
with md, ed and mq indicating the magnetic dipole, electric dipole and magnetic quadrupole resonance, respectively11. d, Typical mode profiles of the 
dipolar modes of a silicon nanodisk14. |E| is the modulus of the electric field and |H|2 is the square modulus of the magnetic field. e, Scanning electron 
microscopy (SEM) image of a silicon nanodisk dimer (top) and corresponding calculated electric-field enhancement (E/E0; bottom). f, Schematic 
of a silicon Yagi–Uda nanoantenna for directional emission from a localized electric dipole source30. g, SEM image of a silicon heptamer supporting 
magnetic-type Fano resonances25. h, SEM image of a broadband highly reflective silicon metasurface mirror33. i, A Fano-resonant silicon metasurface 
showing strong enhancement of third-harmonic generation61. Figure reproduced from: a, ref. 10, Wiley; b,c, ref. 11, under a Creative Commons licence 
(https://creativecommons.org/licenses/by-nc-sa/3.0/); d, ref. 14, Wiley; e, ref. 28, Macmillan Publishers Ltd; f, ref. 30, OSA; g, ref. 25, Wiley;  
h, ref. 33; AIP Publishing LLC; i, ref. 62, American Chemical Society.
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does not flip the electric field vector35. The interplay between the elec-
tric and magnetic resonances in silicon metasurfaces was furthermore 
shown to lead to a large palette of vivid colour impressions spanning 
the entire visible spectrum36. Fano-resonant metasurfaces with sharp 
spectral features were suggested for high-sensitivity refractive-index 
and monolayer sensing37,38. Also, silicon metasurfaces offer a route 
towards comprehensive polarization21,39,40 and dispersion14 control. 
Furthermore, the dispersive nature of the optical response of resonant 
silicon metasurfaces facilitates active tuning of their optical response, 
paving the way for optical components that can be dynamically con-
trolled or reconfigured. Active tuning of silicon metasurfaces was 
demonstrated by integration of the metasurface into a liquid crystal 
cell41 and by mechanical stretching of the substrate42. 

The range of possible functionalities of silicon metasurfaces is 
further increased if inhomogeneous arrangements of designed sili-
con building blocks in the plane is also allowed for (Fig. 1h), thereby 
providing a way for tailoring the wavefront of an incident light field. 
In the past few years, we have witnessed in the literature an explo-
sion of demonstrations of wavefront-shaping silicon metasurface 
devices, including lenses43–46, axicons43, blazed gratings43, beam 
splitters40, beam deflectors47,48, beam shapers25,39,49,50, conformal 
metasurfaces51, single-50,52,53 and multicolour54 holograms, as well as 
phase masks for microscopy55.

In all these applications, the metasurface has to imprint a defined 
position-dependent phase shift onto the incident light field. Ideally, 
to implement an arbitrary phase mask, the range of attainable phase-
shift values should cover the entire range of 0–2π. There are various 
ways this can be accomplished using nanostructured silicon thin 
films. We will summarize the most common ones in the following, 
concentrating on the physical mechanisms employed to generate the 
desired phase shifts. It is worth noting that several of the presented 
concepts were first demonstrated with plasmonic nanostructures or 
using other dielectric materials before being implemented with sili-
con nanostructures.

A straightforward approach to position-dependent phase control 
is based on the acquisition of the propagation phase on transmittance 
through a dielectric layer with a space-variant refractive index. This 
can be achieved by nanostructuring a silicon film on a deep-sub-
wavelength scale, yielding effective refractive index values ranging 
between air and silicon, depending on the local silicon filling fraction 
and not relying on resonances. In contrast to conventional diffractive 
optical elements, which require control of the local film thickness, this 
concept allows for the realization of a range of phase values with a sin-
gle lithographic step. Various functional optical devices were realized 
along these lines, including focusing lenses for near-infrared (Fig. 3a) 
and terahertz radiation based on silicon posts or subwavelength hole 
arrays in silicon slabs with spatially varying density or radii44,56,57. 
We discuss more details about effective media in the section ‘Non-
resonant bulk silicon metamaterials’, an area where this concept was 
widely exploited.

Detour phase, another well-known design principle, is based on 
controlling the phase shift of light diffracted from two adjacent aper-
tures along a given direction via the distance between them. While 
the concept is inherently dispersive, replacing the conventional aper-
tures by designed silicon nanostructures that act as effective apertures 
with an engineered dispersion was recently demonstrated to enable 
more broadband holographic devices53 (Fig. 3b).

A popular concept for wavefront shaping with photonic meta-
surfaces relies on the acquisition of a Pancharatnam–Berry phase, 
a geometric phase originating from space-variant polarization 
manipulations43,53,58. This can be accomplished by tiling a surface 
with wave-plate elements for which the orientation of the fast axes, 
described by the in-plane angle θ, depends on the in-plane position. 
Such elements can be realized by silicon nanobeams43 or nanofins53 
with space-variant orientations (Fig.  3c). For example, an arrange-
ment of half-wave plates with their fast axes orientations following a 

function θ(x,y), will transform an incident circularly polarized light 
beam to a beam of opposite helicity, imprinted with a geometric phase 
equal to ϕg(x,y) = ±2θ(x,y) (ref. 43). Note that metasurfaces utilizing 
this concept require polarized input light fields.

A method related to the effective-refractive-index approach is 
transmission through planar arrangements of high-aspect-ratio sili-
con posts, as it also depends on the acquisition of a spatially varying 
propagation phase46. This concept was demonstrated in nanostruc-
tured TiO2 films as early as the 1990s59. For appropriately chosen 
feature sizes, such posts function as upright-standing silicon wave-
guides, with the lateral dimensions of the waveguides determining 
the propagation constant and the finite vertical dimensions introduc-
ing low-quality-factor Fabry–Perot resonator behaviour and allow-
ing for high transmittance efficiency. Alternatively, such posts can 
also be described as higher-order multipolar Mie-type resonators21. 
Elliptically shaped cross-sections allow for simultaneous control 
of both phase and polarization, thereby enabling the realization of 
polarization-sensitive devices and the generation of arbitrary vector 
beams50 (Fig. 3d).

Mie-resonant silicon metasurfaces exploit the phase shift of a 
charge oscillation and the connected scattering field with respect to 
the phase of the driving field, when the frequency of the exciting field 
sweeps across the Mie resonance of the building blocks. While for fre-
quencies well below the resonance the charge follows the excitation in 
phase, at resonance it lags π/2 behind and for frequencies well above 
the resonance it oscillates with π out of phase. An individual reso-
nance provides a phase coverage of only π. Thus, to cover the entire 
phase range, one needs to combine two or more resonant and/or off-
resonant scattering contributions. For example, silicon Mie resona-
tors on a metal back plate can be used39, or the scattering contribution 
from Mie resonators can be interfered with a second contribution of 
transmitted light45,48 (Fig. 3e).

A special case of Mie-resonant silicon metasurfaces are Huygens’ 
metasurfaces14,47,49,52,60, where full phase coverage and high transmit-
tance efficiency are achieved by superposition of an electric and a 
magnetic dipole resonance (Fig. 3f). Silicon Huygens’ metasurfaces 
can work for arbitrary input polarizations52,60.

Which mechanism is the most efficient depends on the specific 
application requirements. Clearly, when aiming for a broad opera-
tion bandwidth, off-resonant structures, dispersion-compensated 
structures or structures with a high spectral mode density are 
required. Resonant silicon metasurfaces with a low spectral mode 
density are strongly dispersive by nature, which makes them more 
suitable for narrowband devices and active tuning. Another aspect 
one may consider is the application requirements regarding input 
polarization, polarization selectivity and spatial dispersion, which 
can vary strongly among the different concepts. In reality, many 
demonstrated structures combine elements of two or more of the 
described approaches.

While all these mentioned functionalities are based on the linear-
optical response of the silicon metasurfaces, the high third-order 
nonlinear susceptibility of silicon also enables the observation of a 
range of nonlinear optical effects. Making use of the concentration 
of the electromagnetic fields inside the silicon nanoresonators when 
exciting a Mie-type resonance, enhancement61,62 and spectral tailor-
ing63 of third-harmonic generation was demonstrated in silicon meta-
surfaces (Fig.  2i). Also, ultrafast nonlinear-optical switching effects 
in Mie-resonant silicon nanostructures were observed, exploiting 
the intensity-dependent complex refractive index of silicon through 
third-order nonlinear effects as well as through free-carrier genera-
tion62,64,65. For terahertz metasurfaces, one can furthermore make use 
of the possibility to locally change the silicon material characteristics 
from dielectric to metallic in a transient fashion by free-carrier gen-
eration. For example, by illumination of a silicon wafer with a stripe 
pattern, a wire grid polarizer for terahertz radiation was demon-
strated66. Using such a transient metasurface as an external mirror for 
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a quantum cascade laser, the laser field amplitude and emission phase 
could be controlled indirectly by a dynamic change of the illumi
nation pattern67.

Another mechanism for nonlinear response from silicon meta-
surfaces at near-infrared frequencies is offered by connecting the 
concepts of metasurfaces and silicon-based microelectromechanical 
systems, where optomechanical coupling can lead to a sizeable optical 
nonlinearity mediated by mechanical vibration68.

Besides the prospect of replacing bulky optical components with 
ultra-flat optical devices, one of the main driving factors for meta-
surfaces is the capability of combining several functionalities in a 
single structure. For instance, wavefront-shaping devices can at the 
same time control the polarization or be polarization selective, allow-
ing for the generation of any desired spatially varying polarization 
and phase profiles by a silicon metasurface50,53. In addition, as the 
dispersive properties of silicon metasurfaces can be tailored by the 

structure geometry, the concept allows for multiwavelength devices, 
which can overcome chromatic aberrations45,46,48,53. Furthermore, the 
demonstrated capabilities for resonance tuning in silicon metasur-
faces offer a route towards dynamic wavefront control. For exam-
ple, a silicon metasurface lens with tunable focal length was realized 
recently based on mechanical stretching of a flexible substrate69.

Silicon metamaterials
While for metasurfaces one typically considers light at normal or 
near-normal incidence to the nanostructured surface, in metamate-
rials one is interested in light propagation along the direction(s) in 
which the building blocks are arranged (Fig. 1i–l). Most commonly, 
metamaterials have a periodic lattice structure and light propagates 
along the direction(s) of periodicity. Following this definition, silicon 
metamaterials include not only fully three-dimensional structures, 
but also geometries that are nanostructured in one or two dimensions 
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and infinite (or large) in the remaining dimension(s) as well as nano-
structured slab and strip waveguides (Fig. 1i–l).

Non-resonant bulk silicon metamaterials. In non-resonant met-
amaterials, the structure sizes are considerably smaller than the 
wavelength of operation. Thus, the Mie resonances of these small 
scattering elements, such as rods, posts or pores, lie well below the 
wavelength of interest and the distance between the elements is 
also considerably smaller than half the wavelength, inhibiting any 
Bragg diffraction within the structure. In this limit, the structures 
can often be described as simple effective media whose effective 
refractive index is just a mixture of the refractive indices of its 
constituents. However, even for non-resonant dielectric structures 
with very small feature sizes compared with the wavelength, this 
effective index approximation cannot be taken for granted and 

should always be checked carefully, as revealed by a recent study 
of effective medium approximation breakdown in deeply subwave-
length all-dielectric photonic multilayers70.

As their main limitation, however, extreme optical properties, 
such as negative permeability or permittivity, cannot be realized 
based on this concept and the range of the attainable effective refrac-
tive indices is limited by the refractive indices of the parent materi-
als. Nevertheless, the structures have the advantage that they can be 
almost dispersionless across a large spectral range, allowing the con-
struction of devices that can operate at a wider range of wavelengths.

Porous silicon is an example of a silicon-based effective medium. 
Fabricated using a (photo)electrochemical etch process, the size of 
the pores and the overall porosity (air fill factor) depend on doping 
level and etch current71. While macropores with pore diameters on 
the order of hundreds of nanometres or a few micrometres can be 
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arranged in perfect periodic regular arrays using a prestructuring 
technique72, nano- and mesoporous silicon exhibits an inherently 
irregular structure. Considering these structure sizes, macroporous 
silicon only acts as an effective medium for wavelengths in the mid- 
and far-infrared73, while the small structure sizes of the nano- and 
mesoporous silicon allow for the realization of effective media in the 
near-infrared, whose effective refractive index neff can be calculated 
in good approximation using the well-known Bruggeman formula74.

Although silicon represents an optically isotropic material due to 
its high crystal symmetry, mesoporous silicon exhibits an anisotropic 
uniaxial effective permittivity tensor. This is caused by the preferen-
tial pore etching along the [100] direction causing a corresponding 
alignment of the optical axis and form birefringence for light inci-
dent on the effective medium75. With a difference of up to Δn = 0.2 
between the effective refractive index for ordinary and extraordinary 
waves, the strength of the effective anisotropy exceeds the values of 
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classic natural materials such as Iceland spar (Δn = 0.15). This refrac-
tive index difference was used to achieve phase matching for second-
harmonic generation in mesoporous silicon76.

Since the atomic crystal structure in mesoporous silicon is still the 
same as in bulk silicon, the absorption of the mesoporous films is neg-
ligible for wavelengths above the silicon electronic bandgap. However, 
the irregular structure of the porous network with pore sizes around 
30–50  nm already leads to considerable Rayleigh scattering, which 
causes an overall extinction of light beams propagating through the 
mesoporous network74.

Recently, mesoporous silicon etching was performed under addi-
tional, spatially controlled illumination creating a laterally varying 
porosity and effective index77, allowing the creation of gradient index 
(GRIN) devices.

The ability to control the refractive index locally over a larger 
range became especially important with the advent of transforma-
tion optics, which provides a mathematical technique to derive a suit-
able GRIN profile to achieve a desired arbitrary light path in the real 
world based on a coordinate transformation (mapping) of a simple 
light propagation in virtual space. Controlling the refractive index 
landscape in a GRIN material therefore allows the flow of light to be 
moulded at will. Although this method provides a universal tool to 
arrive at a permeability μ and permittivity ε landscape that would war-
rant the desired ray propagation, some of these theoretically derived 
μ and ε distributions are difficult or impossible to realize — especially 
when they involve extreme, complex or complicated anisotropic val-
ues of μ or ε. These complications are partially alleviated when only 
the propagation within a plane (two-dimensional) for a single polari-
zation is investigated, and several devices were realized employing 
locally isotropic GRIN structures in the silicon-on-insulator (SOI) 
waveguide layer geometry78–85 (Fig. 1j). To translate a desired refrac-
tive index map into a real locally varying effective index landscape, 
the controlled placement of designed individual subwavelength rods 
or pores by lithographic techniques represents an important alterna-
tive to the irregular mesoporous silicon structures discussed above.

For example, a dithering technique83 (Fig. 4a)was used to trans-
form a continuously varying (‘greyscale’) index map into a digitized 
density map of building blocks with equal size and shape. This leads 
to arrangements that are locally reminiscent of the structure of quick 
response (QR) codes (Fig. 4a). Light concentrators, Maxwell’s fish-eye 
lenses83 and invisibility cloaks82 were fabricated in this way (Fig. 4b). 
Similarly, a pore structure was used to realize a planar lens in silicon-
waveguide geometry85.

Scattering losses originating from the irregular placement of the 
building blocks can be reduced by placing them on a subwavelength 
periodic grid and adjusting the local silicon filling fraction by a 
local variation of their size. Using a hexagonal arrangement of rods 
or pores, the maximum range of effective refractive indices can be 
realized79. Periodic two-dimensional arrangements of silicon rods 
or pores were, for example, used to realize carpet cloaks84 (Fig. 4c) 
as well as an optical ‘Janus’ device, which supports different optical 
functionalities in two propagation directions perpendicular to each 
other81. Furthermore, a planar Lüneburg lens, which focuses a hori-
zontally propagating extended wave onto a spot at the opposite rim of 
the circular planar lens area, was demonstrated79. 

Although the characteristic structure sizes are small enough so 
that Mie or Bragg resonances do not play a role, dispersion is still 
observable in these planar SOI-based structures, as the finite height 
of the building blocks introduces horizontal waveguide dispersion to 
the structures. This becomes crucial when longer wavelengths (for 
example, λ > 1,550 nm) are considered, which lie beyond the cut-off 
of the horizontal waveguide mode and therefore lead to substantial 
radiation losses83. Alternatively, this waveguide dispersion can be 
used intentionally to create a smoothly varying effective refractive 
index within the plane by locally controlling the thickness (height) of 
the waveguide layer. Using a greyscale mask for etching, a Lüneburg 

lens was implemented by a continuously varying index profile77 and 
an optimized height profile for multimode strip waveguide bends was 
realized (Fig. 4d), minimizing the cross-talk between the modes in 
the bend and relaxing the requirements for single-mode transmission 
on-chip in this way80.

Besides the use of two-dimensional metamaterial slabs for full-
scale planar transformation optics devices, periodic subwavelength-
sized structures were also used in simpler geometries. A chain of 
300-nm-wide and 150-nm-thick silicon posts with a period of 
300  nm was prepared from SOI substrates and represents a sub-
wavelength grating waveguide (Fig. 4e). Since the period is below 
the distance required for the onset of Bragg diffraction, the wave-
guide exhibits an effective mode index in the near-infrared that 
depends on the duty cycle of the posts. A low 2.1 dB cm−1 loss of 
the waveguide is comparable to usual silicon-strip waveguides86. 
Furthermore, mode converters87 and waveguide crossings with low 
cross-talk and only minimal loss were created88. A recent review 
of the use of subwavelength grating structures for refractive-index 
engineering in silicon photonics, including fully etched, broadband 
grating couplers as well as directive and multimode interference 
couplers, can be found in ref. 89. 

Apart from these analytical-based strategies, different numerical 
algorithms were developed, which allow a computer to design and 
optimize free-form metamaterial structures to fulfil specific pur-
poses. These algorithms are based on an inverse-design strategy, 
where the desired functionality enters the algorithm as an input. In 
this way, compact, on-chip integrated mode converters90, waveguide 
splitters91, broadband wavelength demultiplexers92 and polarization 
beam-splitters93 were demonstrated (Fig. 4f).

The use of the SOI platform to test and realize GRIN devices has 
resulted in many successful experimental implementations and more 
theoretical proposals are still waiting to be realized94. In contrast, the 
realization of bulk silicon metamaterials with a custom-engineered 
graded refractive index in all three dimensions faces several funda-
mental challenges. Most importantly, in three dimensions, transfor-
mation optics frequently leads to extreme or anisotropic permittivity 
or permeability requirements, which cannot be fulfilled by the GRIN 
structures. For more complex permittivity and permeability land-
scapes, certain additional opportunities are offered by metamaterials 
composed of Mie-resonant building blocks.

Resonant bulk silicon nanostructures. Despite the successful 
deployment of silicon nanoresonators as building blocks of metasur-
faces, the creation of Mie-resonant bulk metamaterials faces several 
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fundamental limitations. While analytical expressions for the effec-
tive permittivity and permeability of composite materials consisting 
of Mie-resonant particles were derived soon after the publication 
of Mie’s original paper95,96 and later revisited97,98, they can only yield 
meaningful results if the wavelength of light is clearly larger than the 
typical distance between the Mie-resonant building blocks. Thus, to 
create a periodic metamaterial with homogenized properties, such as 
negative permittivity and/or permeability, zero permittivity or negli-
gible effective refractive index, the Mie resonances have to occur at 
frequencies below the first photonic bandgaps created by the Bragg 
resonances. This usually requires high-refractive-index nanoreso-
nators embedded in a low-refractive-index matrix. This interplay 
between the size of the nanoresonators, their dielectric constant and 
the lattice periodicity was recently investigated in detail for the case of 
square arrays of dielectric rods in air99 (Fig. 5a).

Starting from a relatively large periodicity and moderate dielectric 
constant of the rods, either the periodicity was reduced to push the 
Bragg resonance to shorter wavelengths λBr, or the dielectric constant 
of the rods was increased to shift the Mie resonance λMie to longer 
wavelengths to enter the metamaterial regime (λBr  <  λMie). For the 
opposite case (λBr  >  λMie), the Mie resonance will mix with higher 
Bragg resonances and the structure becomes a photonic crystal. The 
gap map shown in Fig. 5b for increasing ε shows the ‘phase transition’ 
between a metamaterial and a photonic crystal, when the gap con-
nected to the TE01 Mie resonance crosses below the first Bragg gap. 
In Fig. 5c, the phase diagram for varying ε and r/a values (rod radius/
period ratio) of the structure is given. From this diagram, it can be 
concluded that a square array of silicon rods will always represent a 
photonic crystal, since for all r/a values, the Bragg gap is positioned at 
longer wavelengths than the Mie resonance. Enlarging the rod diam-
eter to shift the Mie resonance to longer wavelengths is not sufficient 
to enter the metamaterial regime, as the Bragg gap also shifts to longer 
wavelengths due to the increasing overall effective index of the struc-
ture (λBr ≈ 2aneff, where a is the period and neff is the effective refractive 
index of the structure)99.

Although these results seem to impede the realization of bulk 
silicon-based Mie-resonant metamaterials, metamaterial proper-
ties can be supported by periodic silicon nanostructures owing, 
for example, to the formation of Dirac cones at the Γ point at finite 
frequencies100. This happens when two photonic bands exhibiting 
linear or nearly linear dispersion touch each other at the Γ  point 
forming a sharp cone with its apex directly at the Γ point. In this 
case, a quasi-effective refractive index can be defined for the Bloch 
wavevector. Such a structure was created by depositing several lay-
ers of silicon rods separated by low-refractive-index dielectric spac-
ers101 (Fig. 5d). The photonic band structure exhibits the Dirac cone 
for the TM4 band (Fig. 5e; red). Since the Bloch wavevector is small 
in the proximity of the Γ point, the angular range of outside waves 
that can be excited by these near-Γ Bloch waves is small (Fig. 5f). 
This results in a narrow emission cone for luminescent quantum 
dots, which are incorporated inside the three-dimensional struc-
ture (Fig. 5g). More recently, a two-dimensional periodic structure 
exhibiting a Dirac cone for in-plane propagating light was devel-
oped and radiation emerging perpendicular from the facets of a 
prism was observed, indicating that the structure supports a zero 
quasi-effective refractive index102. In general, the approximation of 
the band structure dispersion by a quasi-effective refractive index 
is only valid over a relatively narrow spectral range, where only a 
single band forms the Dirac cone.

As another fundamental limitation of Mie-resonant bulk metama-
terials, it is important to note that when Mie-resonant elements are 
arranged in a disordered array, diffuse resonant scattering becomes 
crucial and dominates the overall light propagation through the 
structure. Scattering losses and the corresponding extinction are then 
considerable and the description of the structure by simple homog-
enized effective optical constants becomes impossible103.

Outlook
Despite intense research efforts into metamaterial-inspired silicon 
nanophotonics in the past few years, many aspects remain to be 
explored in detail. In Fig. 6, we illustrate which research topics we 
expect to develop rapidly in the not-too-distant future. Mie reso-
nances will be an essential element in this development since they 
allow phase and dispersion control with negligible Ohmic losses as 
well as the local resonant enhancement of the light field.

Metasurfaces will continue to be a hot topic both for future 
beam-shaping devices, as well as a test platform for new concepts, 
such as multifunctional metasurfaces combining wavefront control 
with other metasurface functionalities, for example, local control of 
polarization50 or nonlinear optical response. Also, a rapid develop-
ment of actively tunable devices can be expected. In general, realiza-
tions of dynamic wavefront control with silicon metasurfaces are still 
sparse69, and it will be up to future research to explore how the previ-
ously investigated resonance tuning mechanisms41,69 can be employed 
to this end. In this respect, the combination of the silicon building 
blocks with electro-optic or thermo-optic materials in hybrid devices 
also represents a viable strategy.

Another important task will be to investigate and exploit the 
Mie-resonant enhancement of light–matter interactions. Due to the 
field concentration inside the Mie-resonant building blocks, absorp-
tion in the silicon can be considerably enhanced, which could be 
exploited for boosting the efficiency of silicon-based optoelectronic 
devices, such as solar cells and photodetectors. This strategy may 
furthermore provide additional functionalities for silicon detec-
tors, such as a polarization-sensitive or spectrally selective response. 
Similarly, the manipulation of spontaneous emission from lumines-
cence centres by silicon Mie resonators will be of interest. Active 
metasurfaces could then be employed to create novel light sources 
capable of generating light fields with precisely tailored polarization 
as well as spectrally and directionally controlled emission proper-
ties. Interestingly, this possibility is not limited to common elec-
tric-dipole emitters, but may also enhance spontaneous emission 
through magnetic dipolar transitions104.

Furthermore, the capability to tailor the dispersion of a Mie-
resonant silicon nanostructure could be exploited for manipulating 
the temporal properties of laser pulses. Controlling dispersion as 
a function of in-plane position on a silicon metasurface may even 
allow its spatiotemporal optical response to be engineered. Due 
to the high transmission that can be achieved in the near-infrared 
spectral range, the stacking of several metasurfaces for a stronger 
accumulated effect is possible14. The opportunity to combine two or 
more layers to form multilayer metasurfaces widens the engineering 
options for more complex and aberration-controlled optical systems. 
For example, very recently, a planar camera was realized using two 
silicon metasurfaces105.

Besides the development of metasurfaces, the incorporation of met-
amaterial concepts into a planar waveguide geometry is expected to 
continue. Starting from the subwavelength grating waveguides86,88,106, 
the application of further successful concepts, such as directional scat-
tering, sharp Fano resonances and active tuning of resonant photonic 
properties, which so far have been mainly studied in silicon metasur-
faces, could enable a new class of very compact low-loss devices for all-
silicon on-chip photonic circuitry — such as compact sensors, switches 
and modulators. The alignment of Mie-resonant building blocks in 
chains may also lead to ultimate flexibility in waveguide dispersion 
engineering. Combined with the field enhancement in Mie-resonant 
structures, this also offers favourable conditions for the enhancement 
of nonlinear optical processes. Exploiting the large third-order non-
linear susceptibility, χ(3), of silicon, efficient opto-optical switching, 
frequency conversion via four-wave mixing, as well as spectral broad-
ening based on self- and cross-phase modulation might be envisaged. 
Even χ(2) processes, such as second-harmonic generation, could be 
enhanced in silicon Mie resonators when the inversion symmetry 
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of the crystal lattice of silicon is broken, for example, by an applied 
inhomogeneous strain107. The use of metamaterial-inspired silicon 
nanostructures for nonlinear processes will be especially effective in 
the mid-infrared spectral region for λ > 2.3 μm as then the nonlinear 
two-photon absorption of silicon is absent. 

Beyond the planar extended waveguide geometry, the future of 
truly three-dimensional bulk silicon metamaterials is more uncertain. 
In addition to the discussed fundamental obstacles in obtaining meta-
material behaviour in Mie-resonant bulk silicon nanostructures99,103, 
arbitrary three-dimensional silicon nanostructures are also extremely 
difficult to fabricate. Nevertheless, the study of three-dimensional 
metamaterial-inspired arrangements of silicon nanoparticles exhib-
iting electric and magnetic Mie-type resonances is interesting from 
a fundamental perspective. It could stimulate advances in various 
fields ranging from three-dimensional nanofabrication technology to 
chiral or bianisotropic silicon nanostructures and even silicon-based 
topological nanophotonics108. Also, media or suspensions24 consisting 
of silicon nanoparticles exhibiting, for example, unusual directional 
scattering properties in a solid or liquid matrix are of interest.

It is worth noting that other materials, in particular III–V semi-
conductors, offer similar opportunities to silicon for Mie-resonant 
devices while providing stronger light–matter interactions and non-
linear response due to their direct electronic bandgap and non-cen-
trosymmetric lattice109. However, the advantage of silicon lies in the 
key role that it already plays both in electronics and on-chip photon-
ics, making silicon metamaterial-inspired solutions highly relevant 
for applications.
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