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ABSTRACT: Nanostructured surfaces with designed optical functionalities, such as metasurfaces, allow
efficient harvesting of light at the nanoscale, enhancing light−matter interactions for a wide variety of
material combinations. Exploiting light-driven matter excitations in these artificial materials opens up a
new dimension in the conversion and management of energy at the nanoscale. In this review, we outline
the impact, opportunities, applications, and challenges of optical metasurfaces in converting the energy of
incoming photons into frequency-shifted photons, phonons, and energetic charge carriers. A myriad of
opportunities await for the utilization of the converted energy. Here we cover the most pertinent aspects
from a fundamental nanoscopic viewpoint all the way to applications.
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1. INTRODUCTION
Materials and our ability to process and shape them have played
such a major role in the development and well-being of
civilizations that the history of humankind is traditionally
divided into ages that reflect the dominant materials and
technologies available at that time such as the bronze, the iron,
or the current silicon age. Much of our understanding of the
physical properties of a material comes from its interaction with
electromagnetic waves: determined by their chemical (atomic)
composition, each material is endowed with a unique set of
electromagnetic (EM) properties such as dielectric permittivity
and magnetic permeability, among others. Two decades ago, a
new class of artificially structured materials started to come to
the forefront of research interest in the optical sciences, where
the fundamental properties governing interactions with EM
radiation were not determined by their atomistic structure but
by an artificial nanostructuring with a pitch size much smaller
than the wavelength of radiation. These “metamaterials” (from
the Greek μετά, meta, meaning beyond) derive their properties
from the shape of their subwavelength and nanosized building
blocks, often described as “meta-atoms”, governing their
resonant properties for interactions with the electric and
magnetic components of electromagnetic radiation. This
approach toward artificial materials has enabled fascinating
progress in shaping the interaction between matter and waves
(electromagnetic and acoustic) in a generalized manner and
further brought disparate scientific communities together.
In this review, our goal is to outline the potential of EM

metamaterials and metasurfaces, their two-dimensional counter-
part, for energy conversion, that is, for the efficient harvesting
and conversion of photons to photons of a different energy, of
photons to phonons, and of photons to energetic charge carriers
(Figure 1). A large number of excellent reviews describing the
physics and history of metamaterials for shaping light−matter
interactions exist in the scientific literature, with different points
of focus. Here we want to mention only a few: the general
physics of control over electromagnetic fields enabled via
resonant meta-atoms,1 the achievement of optical properties not
found in nature via resonant metallic building blocks,2 and the
fascinating possibilities offered by dielectric resonators.3 While

the first decade of metamaterials research was mostly dedicated
to three-dimensional structures,4 metasurfaces have recently
gathered a large amount of attention as the enabler of flat optical
components due to the ability to control the phase-shift of
radiation at interfaces.5,6 Moreover, a number of remarkable
examples recently appearing in the literature show that
metasurfaces could also strongly impact many energy con-
version processes at the nanoscale, which is the focus of this
review.
Briefly, metasurfaces are composed of arrays of optical

antennas with subwavelength dimensions. As metamaterials,
their functionalities result not from the properties of the base
materials but from the designed structure. By controlling their
shape, size, orientation and arrangement, a multitude of benefits
not possible with conventional materials are achievable. In this
review, we will focus on the utilization of such metasurfaces
toward energy conversion processes. This includes the trans-
formation of incoming photon energy into energy in the form of
emitted photons, phonons, and electrons.
The list below summarizes some of the most important

benefits of metasurfaces for energy conversion that make them
stand out compared to current technologies and that we will
cover along this review:

• Achievement of higher absorption than bulk materials but
at much lower volumes.

• Absorption of light at different frequencies than their bulk
counterpart and tunability of the absorption across the
entire solar spectrum.

• Spatial localization of absorption, allowing photons to be
absorbed where they are needed.

• Dramatic expansion of the materials toolbox by enabling
the utilization of materials that are otherwise deemed to
be not suitable for energy conversion.

• Dynamic tuning of optical properties.
• Scalability in the nanofabrication processes: transitioning

toward applications.
• Conversion of photons into photons with different

energies. This can be exploited, as an example, to harness
the infrared (IR) part of the solar spectrum.

• Conversion of light into heat. This phenomenon can be
exploited to obtain controlled temperature profiles at the
nanomicroscale (thermal nanophotonics) for passive
radiative cooling and IR camouflage.

• Enhancement of the sensitivity of chemically selective
spectroscopies, where photons interact with the vibra-
tional degrees of freedom of solids/molecules.

• Concentration of charge-carrier densities close to active
reaction sites, which increases photocatalytic efficiency.

• Fine-tuning of absorption and reflection properties over a
narrow spectral range enables thin-film photovoltaic (PV)
devices with enhanced power conversion efficiencies.

• Realization of ultracompact, cost-effective, and integrated
photodetectors with advanced functionalities such as
chiral light and broadband sensing.

In the following, we will equip the reader with a basic
understanding of the most important physical principles of
metasurface design, allowing the efficient harvesting of photons,
the “input” of energy so to speak. We will then outline
fabrication approaches before reviewing in detail the possibilities
of converting the harvested energy to frequency-shifted
radiation, coherent phonons and heat, and to energetic charge
carriers. We expect to cover the knowledge of different
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communities approaching this fascinating topic and, as such, we
have also included didactic sections on the principles of optics,
metamaterials and metasurfaces, higher harmonics generation,
nanoscale energy conversion, photovoltaics and chemical
reactivity, among others. We start by describing in section 2
the basic principles of light absorption and scattering in metals,
semiconductors, and artificial materials.

2. FUNDAMENTALS

2.1. Light−Matter Interaction: The Basics
The efficient conversion of energy into desirable and usable
resources harnesses the capability of materials for first capturing
such energy from sources such as light, electrical currents and
heat, and then transducing it into the other. Understanding how
light−matter interactions occur at the nanoscale is a crucial step
for the design of functional metamaterials with subwavelength
control of light reflection, refraction, and absorption as well as
for the realization of a broad range of practical applications. One
clear example, holding great promises for environmental
sustainability, is the production of easily stored chemical fuels
and electrical energy from the efficient utilization of solar
radiation. The solar spectrum delivers light frequencies from
ultraviolet and visible (UV−vis) to the infrared (IR) light, with a
power of roughly 105 TW, orders of magnitude larger than the
current energy requirements of humanity, predicted to be
around 20−40 TW in 2050.7,8 For efficient solar light harvesting,
as in the case of photovoltaics or photocatalysis, broadband light
absorption is required to fully utilize the entire electromagnetic
spectrum received from the sun. Here, the key step is the

conversion of the incoming photons into electrons, and their
efficient transport toward collection interfaces for the generation
of photocurrents and energy storage, or at catalytic surfaces for
solar fuel production. Many other applications exist that require
the understanding of frequency conversion of light (photon−
photon conversion) or harnessing the thermal radiation and
heat (photon−phonon conversion) for low loss energy
harvesting. Understanding these approaches requires the
knowledge of many general concepts in physics and chemistry.
In this section, we briefly review the basic quantities and
parameters that are relevant to understand light−matter
interactions at optical frequencies. More details can be found
in many standard optics and solid state physics textbooks.9,10

2.1.1. Introduction to Optical Constants. Electro-
magnetic phenomena, such as light propagation and absorption,
are described by Maxwell’s equations. In vacuum, a possible
solution for the electric field according to Maxwell’s equations
takes the form of plane waves, as

E z t xE e( , ) i kz t
0

( )= (2.1)

where k is the wavenumber (the modulus of the wavevector k̅), z
the direction of propagation, and ω = 2πf, where f is the
frequency. In vacuum, the wavenumber is related to the
wavelength λ0 as k0 = 2π/λ0 and to the frequency ω as k0 =
ω/c, where c is the speed of light in vacuum. The solution for the
magnetic field, B̅(z, t), assumes the same form. The electric field
E̅(z, t), magnetic field B̅(z, t), and wavevector k̅ are all
perpendicular to each other in space. The propagation of energy
carried by the plane wave (per unit area and unit time) can be

Figure 1. Metasurfaces for energy conversion. Metasurfaces are the two-dimensional form of a metamaterial, obtained by nanostructuring bulk
materials into ordered 2D arrays of nanostructures, where the size of the constituent elements, that is, the meta-atoms, is comparable to or smaller than
the wavelength of light. Because of their extraordinary interaction with light, they are promising candidates for the efficient conversion of photons into
photons with different energies, phonons, and energetic charge carriers. These energy conversion channels can be exploited toward a variety of
applications, ranging from light frequency conversion, broadband light absorption, thermal management, sensing, communication, photovoltaics and
the generation of solar fuels, among others.
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described through the Poynting vector S̅ = c E̅ × B̅/(4π), which
points in the same direction as k̅.
Propagation of light in a material can be described by its

complex refractive index ñ = n + iκ. The real part n accounts for
the reduction of the speed of light in the medium, while the
imaginary part κ (also called extinction coefficient) relates to the
absorption in the material. This can be readily seen by
considering the time-independent form of eq 2.1 where the
vacuum wavevector k0 = ω/c is replaced by k = ñω/c:

E z xE e e( ) ik nz k z
0

0 0= (2.2)

As k0 = 2π/λ0, the wavelength in the medium is reduced as λ =
λ0/n, while κ determines the attenuation of the field. The optical
properties of a material are also often described in terms of the
dielectric function ε = ε1 + iε2, which is related to the complex
refractive index by the following relations, ε1 = n2 − κ2 and ε2 =
2nκ. Another relevant quantity to describe the attenuation of
light in a material is the absorption coefficient α. The light
intensity after traveling a distance z in a lossy material follows an
exponential decay, described by the Beer−Lambert law as

I z I e( ) z
0= (2.3)

Here the intensity is defined as the modulus squared of the
field, I = |E|2, and from (eqs 2.2 and 2.3) the relation between the
absorption coefficient α and extinction coefficient κ can be
established as α = 2κω/c. The distance over which the field
decays to 1/e is called the skin depth δ0 = 2/α.
2.1.2. Light Absorption in Metals and Semiconduc-

tors. In the simple case of a plane wave incident on the interface
of two semi-infinite materials, the EM wave is either transmitted
(T) or reflected (R) back in the specular direction and,
dependent on the material’s absorption coefficient, absorbed
(A) with the overall energy balance defined as 1 =A +T +R. The
reflection and absorption properties of a material can be
described from its refractive index, or equivalently from its
dielectric function. The shape of the dielectric function ε(ω)
depends on light−matter interactions in the material and has
different forms for metals and semiconductors, which
consequently exhibit very different optical properties. Funda-
mentally, metals are characterized by having half-filled electronic
bands at T = 0 K, meaning electrons can freely move under an
external applied electric field. Semiconductors, on the other
hand, are characterized by having a fully filled electronic band,
called the valence band (VB), which is separated in energy by a
band gap Eg from the closest higher energy band, called the
conduction band (CB). Semiconductors with very large band
gap energies Eg are often called insulators.
The low-frequency response of metals can be well described

by considering the response from a free-electron gas with density
N equal to the density of electrons in the CB. Additional
contributions arise at frequencies where the photon energy is
sufficiently high to excite electrons from the fully filled VB to the
partially filled CB. The response of a free-electron gas is well
described by the Drude model, where the electrons are
characterized by an effective mass m* with an average collision
time τ = 1/γ. The corresponding dielectric function can be
derived by writing the equation of motion forN electrons driven
by a harmonic electric field with the collision time τ. With these
assumptions, ε(ω) for a metal assumes the following form:

( ) 1
p

1

2

2 2=
+ (2.4)

( )
( )

p
2

2

2 2=
+ (2.5)

where Ne m/p
2

0= * is called the plasma frequency. The
real part of the dielectric function ε1(ω) is negative for metals in
the frequency range below the plasma frequency (γ ≪ ωp in
practice). Physically, ε1(ω) < 0 indicates that the electrons
oscillate in phase with the incoming electric field, strongly
attenuating it inside the metal and reradiating the same field as
the incident one. This is why forω <ωp, metals are characterized
by high reflectivity and small skin depths. Metals at very low
frequencies (i.e., in the radiofrequency (RF) range) can be often
simply approximated as perfect conductors due to the very high
value of ε2(ω) and extremely small values of δ0. At frequenciesω
> ωp, the electrons lag behind the electric field, which then
penetrates in the material. At high frequencies, the absorption
coefficient in metals is low and the skin depth large. For noble
metals with a high density of conduction electrons N, like gold
and silver,ωp lies in the UV range and interband transitions must
be taken into account to describe their optical properties in the
visible.
Beyond metals, light absorption and emission processes are

likewise engineered in current optical and electronic devices
based on semiconducting materials. Here, light absorption
happens only if electrons can be excited from the VB to the CB
by a photon of sufficient energy ℏω > Eg, generating an electron
in the CB and a positively charged hole in the VB. At T > 0,
electrons can also be excited with the thermal energy, a process
that is particularly important at room temperature for doped
semiconductors. The dielectric function of a semiconductor can
be described by the Lorentz model, where the equation of
motion for the electrons also has an additional restoring force
term compared to the Drude case. While this model does not
represent the real physics of semiconductors, it adequately
reproduces their optical response. The additional restoring force
introduces an intrinsic oscillation frequency ω0, which
represents the energy of the interband transition. The
corresponding dielectric function is

( ) 1
( )

( )
p

1

2
0

2 2

0
2 2 2 2 2= +

+ (2.6)

( )
( )

p
2

2

0
2 2 2 2 2=

+ (2.7)

Different from metals, for semiconductors ε1(ω) is positive at
all frequencies and ε2(ω) is small above and below ω0. This
means that semiconductors have very small absorption
coefficients and losses at frequencies below their interband
transition. Semiconductors can be further divided in two classes
where the relative position of the CB minimum and VB
maximum in momentum space heavily affect their light
absorptionmechanism. Because of the small photonmomentum
compared to crystal momentum in solids, optically induced
electronic transitions can only happen if the initial and final
electronic states have the same momentum. Direct bandgap
semiconductors present a vertical electronic transition, where
the electron does not change its momentum, and the CB
minimum and VB maximum are located at the same position in
the momentum space. On the other hand, in indirect bandgap
semiconductors, the transition is not located at the same point
and the additional momentum required for the transition is
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given by a lattice vibration, or phonon. This additional process in
the transition leads to a heavily reduced rate of absorption and
emission of light, resulting in reduced efficiencies. For reference,
the absorption coefficient for a direct bandgap semiconductor
scales as E( ) 1/dir g while for an indirect
bandgap semiconductor as αind (ω) ∝ (ℏω − Eg ± ℏωq)2
where ℏωq is the energy of the phonon providing the missing
momentum. For this reason, technological applications greatly
benefit from the use of direct bandgap semiconductors due to
their higher rate of light absorption.
Because semiconductors usually possess a large refractive

index, the dielectric screening of the singular charges in the
material provides the possibility of creating a bound state of the
electron and hole called exciton. The exciton is a bound
electron−hole pair resulting from the mutual Coulomb
interaction between the particles and can be described with an
analogy to the hydrogen-like problem in quantum physics. The
role of excitons is of fundamental understanding for the process
of light absorption, charge separation, and charge collection in
many of the devices currently used for light emission, such as
light emitting diodes, and PV cells for solar energy conversion.
2.1.3. Light Scattering by Small Particles. Light

scattering and absorption phenomena are ubiquitous in nature
and are responsible for most of the fundamental processes
involving light−matter interactions, from the blue color of a
clear sky to the bright color gamut of opal crystals. In this
section, we introduce the basic principles of light scattering by
small particles.
Different scattering processes can be described by defining a

parameter a r2= , defined as the ratio between the particle size
(here defined as a spherical particle of radius r) and the
wavelength of light λ. For nanophotonic applications, particle
sizes are on the order of tens to hundreds of nm and thus are
usually comparable to or smaller than the wavelength of light.11

In the case of a small particle compared to the wavelength of
light (a ≪ 1), Rayleigh scattering theory is utilized, with the
known dependence of scattering on 1/λ4, while for particles
comparable with the wavelength of light (a ≈ 1), Mie scattering
theory is used. In case of a≫ 1, when the particle is much larger
than the wavelength of light, classical geometric optics is
sufficient to describe the scattering process.
From a physical point of view, we can describe the scattering

of light in terms of the attenuation (or energy loss) of the energy
carried by a plane wave incident on an arbitrary particle, also
called extinction (Figure 2). Electrons in the material of the
particle will be accelerated by the incoming EM field and will

radiate energy in all directions. The overall energy balance can
be described as11 extinction = scattering + absorption. In case of
a nonabsorbing medium, the only absorption occurring in the
system is given by the material properties, specifically the
imaginary part of the dielectric function. We can then define the
net energy (Wa) scattered by the particle as the integral over the
surface area (A) of an imaginary sphere surrounding the particle
as

W S n Ada
A

= ×
(2.8)

where S̅ is the Poynting vector and n̂ the normal to the surface
area. The overall energy balance can be defined asWa =Wincident
+ Wscattered + Wextinction, where Wextinction is the attenuation of the
incident light intensity (Wincident) as a result of the scattering and
absorption processes. As Wincident vanishes for nonabsorbing
media, Wa is then the net rate at which the particle absorbs the
radiation, Wa = Wabs, leading to Wext = Wabs + Wscatt. The ratio
between the energy (W) and the incident power (Ii) is the so-
called cross-section C = W/Ii and follows that Cext = Ca + Cscatt.
More importantly, we can define the scattering efficiency as C
divided by area of the particle, G = πr2, perpendicular to the
incident beam as Qscatt = Cscatt/G.
The scattering and extinction cross-section of a spherical

particle can be derived analytically by expanding the internal and
scattered field into spherical harmonics:

C
W

I k
n a b2

(2 1)( )scatt
scatt

i n
n n2

1

2 2= = + | | + | |
= (2.9)

C
W

I k
n a b2

(2 1) ( )ext
ext

i n
n n2

1

= = + +
= (2.10)

where k is the wavevector of the incoming light and the sum
terms represent the multipolar resonances (n = 1 dipolar, n = 2
quadrupolar,...) over the Mie coefficients an and bn related to the
electric and magnetic response, respectively.
As will be discussed in the next section, the resonant scattering

of light by small metallic or dielectric particles is associated with
increased near-field intensities and contributes to the
modification of the far-field radiation patterns, opening up
exciting pathways for enhancing light−matter interactions at the
nanoscale with control over the phase and directivity of the
scattered light.
2.2. Plasmonic and Dielectric Metasurfaces
Precise control of light at the nanoscale requires a specialized
toolkit of nanostructured materials capable of transducing
between the optical far-field and near-field regimes. Resonant
nanoparticles have emerged as invaluable building blocks for
nanophotonics, enabling both the spatial and spectral local-
ization of EM energy. In this section, we will cover metals and
high refractive index dielectrics as two of the leading
nanoresonator material systems and introduce how these
resonators can be arranged into metasurfaces for advanced
functionalities.
2.2.1. Individual Plasmonic and Dielectric Resonators.

2.2.1.1. Plasmonic Resonators. The discovery that coherent
oscillations of the conduction electrons in metals can be driven
externally using light constituted a crucial juncture in the
development of nanophotonics. Dubbed plasmons, these
resonant oscillations are strongly confined to a metal/dielectric
interface. At first, plasmons were studied as extended surfaceFigure 2. Schematics of the light scattering process by a small particle.
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waves (surface plasmon resonance, SPR, Figure 3a) traveling at
the interface between a metal and air or glass. The SPR
frequency,ωSPR, depends on the dielectric constants of the metal
and the surrounding medium, given as

1SPR
p

diel
=

+ (2.11)

Here, ωp is the metal plasma frequency (which depends
linearly on the metal free electron concentration) and εdiel is the
dielectric constant of the surrounding dielectric environment.
However, the excitation of SPRs proved challenging, due to the

requirements of evanescent field excitation or nanostructured
gratings, to overcome the momentum mismatch between light
and SPRs.
A second type of plasmon resonance is present in

subwavelength metal particles, named localized surface plasmon
resonance (LSPR, Figure 3b). These nonpropagating modes
arise from the oscillation of the conduction electrons and, more
importantly, can be excited with direct light illumination. On a
theoretical level, plasmonic resonances of simple nanoparticle
geometries, such as spheres, can be described within the
framework of Mie theory, which decomposes the internal and
scattered fields of the particle into spherical harmonics.11 For a

Figure 3. Plasmonic nanophotonic platforms. (a) Schematic of a surface plasmon resonance (SPR) supported on a metal/dielectric interface. Inset:
Angle or wavelength-dependent reflectance of the SPR. (b) Schematic of a localized surface plasmon resonance (LSPR) supported on a subwavelength
metal particle under an oscillating electric field. The cloud of conduction electrons in the particle oscillates in phase with the electric field of the
incoming light. Inset: Wavelength dependent absorbance of the LSPR. (c) LSPR resonances calculated for a spherical antenna made from common
metals (Ag radius 40 nm, Au radius 26 nm, Cu radius 130 nm). In gray, the solar power irradiance at sea level. (d) Size and shape dependence of
plasmonic resonances in Ag nanoparticles. (e, f) Electric field distribution for gold nanoparticles with different geometries excited with linearly
polarized light in free space. (e) Au sphere, radius: 90 nm. (f) Au rod, length: 76 nm radius 8 nm. (g) Au triangle, side length 105 nm. (h) The effect of
gap size between a plasmonic dimer on electromagnetic field enhancement. Inset: Illustration of a hotspot of the electromagnetic field generated in the
nanogap of a plasmonic dimer. (i) Top: Illustration of Angstrom sized gaps achieved by dielectric nanogap (2 nm) around a nanoparticle on a mirror.
Bottom: Simulation of the electric field intensity in the nanogap. (j) Appearance of a sharp peak at 935 nm due to Fano-type interference processes in a
gold rod antenna coupled to two gold nanodisks. Adapted with permission from ref 52. Copyright 2018 American Chemical Society.
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spherical metal nanoparticle of size a, much smaller than the
wavelength of light (a≪ 1), a quasi-static approach can be used,
where the EM oscillations are approximated to a linear
perturbation, and the effect of the driving electric field is to
generate a dipolar response in the sphere, equal to p̅ = αεε0E̅0,
where α is the polarizability of the sphere, given as

a4
2

diel

diel

3=
+ (2.12)

The associated surface plasmon resonance condition is given
when Re[ε(ω)] = −2εdiel. As the resonance is directly related to
the surrounding dielectric medium, LSPRs have been
extensively studied for sensing applications.
When driven resonantly, large EM fields are created at the

surface of the particle and consequently generate a large number
of charge carriers in a nonthermalized distribution. Thus, a non-
negligible part of these carriers can be found in nonequilibrium
highly energetic states, also called hot electrons. The coherent
motion of the plasmon oscillations is lost in the first 10 fs from
the excitation light pulse and hot electrons eventually decay
through two competing processes: radiative decay into scattered
photons and nonradiative thermalization due to electron−
electron or electron−phonon scattering processes, which occur
within the first few ps. These nonradiative processes lead to an
increase of the local temperatures of the metallic lattice, which
radiates the excess energy back into the environment in the form
of phonons, or heat, on a time scale from ps to ns. The presence
of heat and hot electrons has been extensively studied in the past
decade as they can drive chemical processes at the nanoscale,
opening the field of plasmonic photocatalysis, further discussed
in section 5.
In general, both SPR and LSPR approaches can provide

strongly enhanced electromagnetic near-fields and precise
control over optical resonances, enabling a multitude of
applications ranging from surface-enhanced sensors12−18 to
versatile light absorbers19−25 and devices for controlling light
propagation.26−29 In the following, our focus will be on
geometries exhibiting LSPRs, because they provide great
versatility for resonance engineering via the particle geometry,
and generally produce a stronger spatial confinement of the
electromagnetic fields ideal for boosting the efficiency of
material-intrinsic processes including energy conversion, higher
harmonic generation, and catalysis.
Because of the suitable high values of ωp given by their

dielectric functions, Ag, Au, and Cu are often considered among
the best plasmonic materials in the visible range (Figure 3c). In
addition to the choice of resonator material, the tailoring of
particle geometry is another important lever for obtaining the
desired optical response.30 Figure 3d illustrates this effect by
comparing the extinction spectra of three different Ag-based
geometries (rods, cubes, and spheres), highlighting significant
differences in resonance position and linewidth. The particle
shape also critically influences the magnitude and localization of
the EM near-fields (Figure 3e−g), where more complex
geometries can serve as a tool to focus light even further, for
instance at the sharp edges of a triangular prism (Figure 3g).
Building on initial demonstrations with comparatively simple
resonator shapes, more complex geometries such as nano-
stars,31,32 nanoflowers,33 and nanodendrites have been intro-
duced to achieve precise control over the nanophotonic
enhancement.34 Nanofabrication is at the core of all plasmonic
systems, where techniques span the gamut from in-solution
chemical synthesis to lithographic definition on substrates using

light, electron beams, or focused ions as described in more detail
in section 2.3.
Along with the resonance position, the linewidth is another

essential factor in the design and experimental realization of
plasmonic systems. The linewidth is directly linked to the two
main loss channels affecting resonant systems: (1) nonradiative
damping associated with the intrinsic Ohmic loss in the material
and (2) radiative damping associated with the decay of the
resonance via coupling to the far-field.35 To quantify the effects
of these losses, the resonance quality (Q) factor is commonly
chosen, which is defined as the resonance frequency divided by
the full width at half-maximum (fwhm) of the resonance curve.
In simple plasmonic systems affected by Ohmic damping, Q
factors are often below 10 but can become much higher in
structures composed of low-loss dielectrics (see section 2.2.2).
Going from individual resonators to the case of two or more

nanoparticles, their arrangement in space also influences the
electric field (E-field) enhancement and resonance properties.
Nanoparticle dimers, formed from two nanoparticles separated
by small nanoscale gaps, can show significant near-field coupling
and create a plasmonic hot spot in the resulting cavity. In such
hotspots, the E-field enhancement can reach very high values,
with intensity enhancement factors (|E|/|E0|)2 above 104, where
the magnitude not only depends onmaterial and geometry but is
heavily influenced by the interparticle distance (Figure 3h).
Another intriguing approach for creating ultrasmall gaps
leverages film-coupled systems, where a nanoparticle interacts
with its mirror image in an adjacent metal film (Figure 3i).36

Because the gap distance between the particle and the film can
be precisely controlled on Angstrom length scales using, for
example, tailored self-assembled monolayers of molecules,37

such geometries can be used to probe the limits of plasmonic
enhancement,38 and to realize highly enhanced second
harmonic generation via light-induced symmetry breaking.39

Importantly, the general Mie expansion approach mentioned
above also yields higher-order multipoles (quadrupole, octu-
pole, etc.) for both the electric and magnetic moments.
However, magnetic modes in particular are challenging to
realize in simple plasmonic particles (spheres, disks) due to the
constraints introduced by boundary conditions for electric fields
at the metal−dielectric interface. Nevertheless, magnetic
responses could be achieved with more complex plasmonic
structures40 such as split-ring resonators,41,42 fishnet struc-
tures,29 or multilayer perfect absorbers.19,20,22

Another important mechanism for tailoring resonances in
plasmonic systems is Fano interference, where resonances with
large dipole moments (and associated large scattering losses) are
coupled to modes with vanishing dipole moments that are not
commonly accessible from the far-field.43,44 Such Fano
resonances in ensembles of near-field coupled plasmonic
particles can produce narrower lineshapes and increased EM
fields compared to simpler geometries, making them advanta-
geous for biochemical sensing and enhancing catalytic processes.
Established examples for Fano-resonant plasmonic systems
include dolmen-type geometries,45−47 oligomers,48,49 and
asymmetric resonators.50,51 In a recent example, a system
consisting of a rod antenna coupled to two disks was
introduced,52 where the characteristic field pattern of the Fano
resonance could be imaged via the hot electron driven
desorption of thiolated molecules from the gold surface (Figure
3j).
2.2.1.2. Dielectric Mie Resonators. In contrast to plasmonics,

nanoparticles composed of high refractive index dielectrics can
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Figure 4. Dielectric nanophotonic platforms. (a−f) Comparison of the electric, (|E|/|E0|)2, and magnetic, (|H|/|H0|),2 field intensity for two spherical
particles of (a−c) gold and (d, e) silicon with a 50 nm gap separation, in free space. (g) Electric and (h) magnetic field distributions associated with the
respective electric and magnetic dipole resonances of the dielectric sphere from panel i. (i) Multipole expansion of the cross-section of a silicon
dielectric sphere in free space (radius 100 nm) illuminated by an electromagnetic plane wave. p, electric dipole; m, magnetic dipole; QE, electric
quadrupole; QM, magnetic quadrupole. (j) Scattering cross-sections for dielectric particles shaped as a sphere, disk, and cube made of GaP and with
lateral size of 150 nm. (k) Evolution of the Mie resonances for a silicon disk (height 200 nm) in free space, as a function of the disk radius. Outlined in
white the evolution of the magnetic dipole (m) and electric dipole (p) resonances, in green the anapole state. (l) Electric and (m) magnetic field
intensity distribution for a silicon disk (radius 430 nm, height 100 nm), on glass substrate, excited at the anapole state (λ = 1500 nm). Scale bar: 200

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00078
Chem. Rev. 2022, 122, 15082−15176

15089

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig4&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


natively support a wealth of multipolar modes predicted from
Mie theory.53 As shown in Figure 4a−c, a nanoantenna dimer
composed of two gold nanospheres at a nanometer scale exhibits
a strong electric field confined in the gap between the particles
due to the coupling of the plasmonic resonance in each single
particle. For a system with the same geometry composed of two
silicon nanoparticles (Figure 4d−f), we likewise observe an
electric resonance confined in the gap between the particles, but
with reduced intensity compared to gold, and an additional
magnetic resonance confined inside the resonators. This
different behavior stems from the fact that surface plasmon
resonances are only supported in the transverse magnetic (TM)
polarization.35 In dielectric particles with high enough refractive
index, Mie resonances are linked to induced currents of the
bound electrons in the nanoparticle, which can support both
transverse electric (TE) and TM polarizations. Figure 4g and h
illustrate the characteristic near-field patterns associated with
the electric and magnetic dipole modes in a dielectric sphere in
free space.
In the far-field scattering spectra, both modes are associated

with distinct resonance positions, which can lead to the
appearance of complex multipeak lineshapes. These resonances
can be calculated via the relationship between the induced
current density J(r) and the E-field distribution E(r). For a
dielectric nanoparticle in free space illuminated by a plane wave,
J(r) = −iωε0(n2 − 1)E(r), where ω is the angular frequency, ε0
the permittivity of free space and n is the index of refraction of
the dielectric material. From the above relation, we can derive
the form of the multipolar resonances for a dielectric resonator.
A rigorous derivation of the multipolar Mie modes can be found
in ref 54. The accurate assignment of themodes to the resonance
peaks can be carried out via multipole decomposition of the
electromagnetic fields, which quantifies the contributions of
individual Mie modes to the full scattering spectrum (Figure 4i).
The total scattering cross-section, taking into account only the
first two multipolar orders, can be then expressed as9
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where it is clear how the scattering cross-section is the sum of
partial cross-sections due to different multipolar resonances,
where p is the electric dipole, m is the magnetic dipole, Qe is the
electromagnetic quadrupole, and Qm is the magnetic quadru-
pole. Intuitive mode identification is also often useful by
examining the general structure of the near-fields to distinguish
the characteristic patterns of the electric and magnetic dipoles.
Similar to the plasmonic case, the shape and size of the

dielectric resonators greatly influence the formation, the
resonance position, and linewidth of the different multipolar

Mie modes (Figure 4j). In practical realizations of all-dielectric
resonant systems, one of the most widely considered geometries
consists of a dielectric disk on a transparent (often glass)
substrate. Here, the mode structure and resonance positions can
be controlled by varying the aspect ratio of the disk, that is, the
quotient of radius and height. Figure 4k shows the mode
evolution in a silicon disk with a height of 200 nm and varying
radius, highlighting the increasingly rich mode structure for
larger resonator volumes.
This straightforward and simultaneous tuning of multiple

resonant modes unlocks a great potential for controlled mode
interference and mode engineering. One major target for such
engineering tasks is the maximization of light concentration into
the resonator material, which is highly relevant for boosting the
absorption and consequently for increasing the rates of catalytic
reactions in the context of energy conversion. For instance, the
spectral and spatial overlap of an electric dipole and a toroidal
dipole can be realized in individual dielectric nanodisks,
resulting in a so-called anapole state (Figure 4l−o). This
condition simultaneously combines strong enhancement of the
near-fields within the resonator (Figure 4l,m) with a suppression
of far-field scattering from the destructive interference of the two
dipolar moments (Figure 4n). For describing the anapole state,
the scattering cross-section in eq 2.13 can be rewritten with an
additional term related to the toroidal dipole moment (Td) as
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The anapole condition is satisfied when p + ikT = 0, signifying
that the far-field contributions are out of phase with each other
and thus interfere destructively. A schematic of this condition is
shown in Figure 4o. Recently, anapole states in dielectric
nanostructures have been utilized to enhance the catalytic
activity in nanodisks composed of oxygen-vacancy-rich TiO2−x,
even when operated in an otherwise weakly absorptive spectral
region of this material.55

Photonic bound states in the continuum56 (BIC) have
emerged as a recent approach for suppressing radiative losses in
nanophotonic systems, launching a versatile new platform for
realizing nanophotonic architectures with controllable resonant
frequencies and highQ factors.57 Initially discovered in quantum
mechanics and since extended to a multitude of wave
phenomena,56 BICs can be considered as states situated within
the radiation continuum, but with finite lifetimes and therefore
Q factors approaching infinity, which strongly contrasts with the
established understanding of resonances as leaky modes (Figure
4p).58 In nanodisk resonators (Figure 4q), BICs can be realized
as supercavity modes through the carefully engineered
interference between Mie-type and Fabry−Perot cavity modes,

Figure 4. continued

nm. (n) Multipolar expansion of the scattering cross-section for the anapole state. Where p is the electric dipole, Td the toroidal electric dipole, andm
the magnetic dipole resonances. (o) Schematic of the anapole condition as the interference between an electric dipole and a toroidal dipole. (p)
Physical principle of photonic bound states in the continuum in comparison with established leaky mode resonances. (q) Example of a quasi-BIC state
in an AlGaAs nanodisk. Left: Schematic of the structure. Center: Spatial distribution of the scattered field at the quasi-BIC/supercavity mode in the
disk. Right: Scattering from a disk with height 635 nm and diameter of 930 nm. (o) Adapted with permission from ref 66. Copyright 2015 Springer
Nature. (p) Adapted with permission from ref 56. Copyright 2015 Springer Nature. (q) Adapted with permission from ref 61. Copyright 2020 AAAS.
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Figure 5. Periodic arrangements of plasmonic and dielectric resonators. (a) Building higher dimensional meta-arrays from single meta-atoms. (b) Top
view of prominent meta-atoms examples used in the design of optical metasurfaces. (c) Electron microscopy image of a plasmonic nanoantenna array
sustaining highQ factor SLRs. (d) Numerical finite-difference time domain (FDTD) calculations of the transmission spectrum of this metasurface for
excitation light polarized along the x direction. Inset: numerical calculation of the electric field for a unit cell, for both LSPR and SLR resonances, in the
x−y plane. (e) Experimental transmission spectrum of high Q factor SLRs. (f, g) Top: Experimental dispersion of the electromagnetic lattice
resonances for an array of silicon nanodisk (radius, 134 nm; height, 90 nm; array period, 430 nm) for (f) TM and (g) TE excitation. Bottom:
Schematics of the induced electric and magnetic dipoles orientation in the single nanodisk, and the in-plane diffraction orders. (h) Schematics of a
dielectric metasurface hosting quasi-BIC resonance. (i) Definition of the asymmetry parameter (α) for broken symmetry metasurface. (j) Theoretical
transmission spectrum for (k) quadratic relationship between the asymmetry parameter and quasi-BIC resonance Q factor for different geometries of
broken symmetry meta-atoms (Inset). (c−e) Adapted with permission from ref 81. Copyright 2021 Springer Nature. (f, g) Adapted with permission
from ref 100. Copyright 2020 Wiley-VCH GmbH. (h−k) Adapted with permission from ref 110. Copyright 2018 American Physical Society.
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enabling applications in light concentration and higher
harmonic generation.59−61 Furthermore, it has been shown
that the BIC concept can act as a framework for describing and
understanding diverse systems such as photonic crystals,62

Fano-resonances,63 and chiral arrangements.64,65

2.2.2. Periodic Arrangements of Plasmonic and
Dielectric Resonators.The functionalities of single plasmonic
and dielectric resonators discussed in the previous section can be
further extended when arranging the single nanostructures into
periodic arrays. In this context, the resonators, often calledmeta-
atoms, can be arranged into one-dimensional (1D) arrays or
metachains, in two-dimensional (2D) metasurfaces, and, using
more extensive fabrication processes, into three-dimensional
(3D) metamaterials (Figure 5a). Because metachains provide
only one direction for the in-plane coupling of the optical
resonances of single meta-atoms, much of the research is focused
on the realization of metasurfaces, owing to the wider parameter
space to tailor resonances in the 2D array. Meta-atoms utilized
for optical metasurfaces range from simple rods or disks to more
complex shapes like split-ring resonators or dimers with broken
symmetry. Figure 5b shows a collection of prominentmeta-atom
examples from literature. When the unit-cell consists of multiple
structures, it is sometimes referred to as a meta-molecule instead
of a meta-atom. At its core, the EM response of the array is based
on the properties of the meta-atom, which can be tuned both in
the material used and the subwavelength geometry and size, as
discussed in the previous section. However, when engineered in
periodic arrays, novel optical phenomena arise due to a
collective response of the individual nanostructures, achieved
by distinct modes with precise geometrical resonance
conditions. In the following discussion, we will start with the
description of plasmonic metasurfaces and then extend the
discussion to high-refractive index dielectric metasurfaces.
2.2.2.1. Plasmonic Metasurfaces. The collective response of

plasmonic meta-atoms can be grouped into two classes: near-
field and far-field coupling effects. Near-field interactions occur
for small distances between meta-atoms, in the order of 1−20
nm, significantly below the resonance wavelength. This effect
was discussed in section 2.2.1, where plasmon hybridization of
dimers was introduced. This phenomenon can be extended
further from dimer structures to 1D, 2D, and 3D arrays of
nanostructures. Compared to the single structure, the hybrid-
ization of plasmonic resonances leads to significant spectral
shifts accompanied by higher local EM field intensities in the nm
sized hotspots. However, this near-field enhancement does not
typically give rise to any significant improvement in terms of the
resonance linewidth.67−71 To this end, Fano resonances of
plasmonic arrays can be used44,72 and Q factors on the order of
102 have been achieved.73

A second possible collective response is achieved when the in-
plane oscillations of the field scattered by single meta-atoms are
in-phase with the field scattered by the neighboring structures in
the periodic array. This effect leads to the emergence of the so-
called surface lattice resonance (SLR),74,75 resulting in a
significant improvement of the Q-factor. SLRs are a result of
far-field (radiative) coupling of the individual scatterers by in-
plane diffraction orders of the periodic array. When particles are
randomly distributed, the scattered fields of the surrounding
particles impinging on a given particle have no large effect.
However, high Q-factor SLR resonances can emerge when the
particles are arranged periodically with optical wavelength of
λSLR≈ nenvP, where λSLR is the wavelength of the SRL resonance,
nenv is the refractive index of either the substrate or the

surrounding medium (e.g., air) and P is the period of the array.
In this condition, the scattered fields by the dipolar resonances
in the single meta-atom propagate in phase with the incident
light, leading to a resonance with a considerably narrower
linewidth compared to the individual LSPR.74,76−80 While the
lattice configuration determines the position of a SLR, the LSPR
governs its coupling efficiency to free space. The Q factors of
SLRs increase with the number of particles in the array81−83 and
the number of elements necessary to reach the infinite array limit
is only determined by their coupling strength.82 Beyond
engineering the individual nanostructures geometry and the
period of the lattice, SLRs offer a variety of options to
manipulate their optical character. SLRs can sustain both in-
plane and out-of-plane character, where the balance between the
two can be engineered by tuning the diameter/length and height
of the meta-atom,84 opening to the coupling of higher order
SLRs modes such as “dark” quadrupole resonances.85 Further
approaches can include the introduction of periodic vacancies,
by selectively removing single structures in the array,86

employing nanogaps in dimer nanostructures,87 or using
bipartite particle systems and tuning the relative size and
orientation of the single unit cell.88

In case of metachains and metasurfaces, record highQ factors
on the order of 103 have been theoretically predicted89,90 and
have been realized experimentally in a recent work81 by Bin-
AlamM.S. et al. The researchers used ametasurface consisting of
a square rectangular array of rectangular gold nanostructures
(Figure 5c). By tuning the size and lattice parameter of the
system, the SLR is found spectrally isolated from the LSPR of the
single nanoantenna and provides an enhancement of approx-
imately three-times of the electric field magnitude compared to
the LSPR (Figure 5d), equivalent to approximately one order of
magnitude higher near-field intensities (I ∝ |E|2). In fabricated
samples, narrow resonances with Q factors up to 2340 were
experimentally observed (Figure 5e).
2.2.2.2. All-Dielectric Metasurfaces. Similar to individual

nanostructures, lattice resonances in dielectric metasurfaces91

have gained attention because they offer lower intrinsic losses
compared to their plasmonic counterparts.92,93 Furthermore,
dielectric materials offer functionalities beyond those of metallic
metasurfaces for light control and wavefront shaping owing to
the to the possibility of tailoring not only the electric but also the
magnetic multipolar resonances.94 Because of the orthogonality
of the electric and magnetic components, the coupling of the
electric resonances and that of the magnetic resonances can be
tuned separately by engineering both the geometry of the single
meta-atom and the periodicity of the array.94−98 This spectral
overlap can then be exploited to achieve, for example, directional
scattering94 or antireflective coatings.99

The nature of the electric and magnetic Mie SLRs was
recently investigated experimentally in the work by Murai S. et
al.100 Figure 5f and g show the polarization dependent
dispersion of the extinction spectra for a square array of silicon
nanoparticles. For both polarizations, the Mie resonance of the
single nanodisk is found around 520 nm and, due to the
symmetry of the particles and the array, the electric and
magnetic Mie SLRs, at 640 nm, are degenerate for an excitation
with normal incidence (θin = 0). By varying the excitation angle,
this degeneracy is lifted and the character of the Mie SLRs is
deduced from the relative linear or quadratic dispersion in the
coupling to the diffraction orders of the array. Here, magnetic
Mie SLRs are found to be generated by in-plane and out-of-
plane magnetic dipole moments (m), while the electric Mie
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SLRs are solely induced by the in-plane electric dipole
resonances (p).
While metasurfaces composed of simple all-dielectric

resonators can overcome nonradiative damping through the
negligible losses of their constituent materials, they are
nevertheless affected by radiative losses associated with their
coupling to the radiation continuum. Over the years, significant
research has been devoted to overcoming this radiative loss in a
drive toward nanophotonic geometries with ultrahigh Q factors.
Similar to plasmonic metasurfaces, all-dielectric Fano-resonant
systems have been implemented for reducing the radiative
linewidth including oligomers, wire pairs, and individual
resonators.101−104

Another approach to overcome optical losses is to engineer
nonradiating photonic states,58 for instance anapole states,
which have been integrated in dielectric metasurfaces with
demonstrations of high Q factors and the lasing regime.105−109

Nonradiative states can contribute to high field confinement,
owing to the lack of radiative decay pathways, and further
increase the available toolbox for designing of novel nano-
photonic platforms. In the last years, dielectric metasurfaces with
broken in-plane symmetry have been shown to sustain BIC
resonances with extremely highQ factors.110 Figure 5h shows an
example of a BIC-based dielectric metasurface composed of unit
cells with two elliptical resonators with a broken in-plane
inversion symmetry. To describe the degree of asymmetry of the
unit cell, an asymmetry parameter α is commonly introduced,
defined as the tilt angle between the two elliptical resonators
(Figure 5i). The continuous tuning of the structural parameter
allows precise control over the optical resonance wavelength and

extinction via the asymmetry of the underlying geometry. For
this reason, such BIC modes are called symmetry-protected
BICs. Specifically, although a symmetric unit cell corresponds to
a “true” BIC state, which cannot couple to the incident light, the
introduction of a slight asymmetry opens radiative pathways,
making the resulting high Q mode accessible from the far-field,
usually described as a quasi-BIC resonance (Figure 5j).58 A wide
variety of symmetry broken unit cell have been demonstrated to
sustain quasi-BIC resonances when arranged in planar arrays,
adding to the versatility of this concept (Figure 5i, inset).
Notably, for all these unit cell designs, the radiative Q factors of
the quasi-BIC resonance associated with the asymmetry
parameter follow a characteristic inverse square law (Q ∝ α−2)
(Figure 5i),67 highlighting the fundamental nature of the
symmetry-protected BIC principle. Recent demonstrations of
quasi-BIC metasurfaces have been implemented for biosens-
ing,111,112 molecular spectroscopy,113 and higher harmonic
generation.114−116

2.2.3. Hybrid Metasurfaces. Beyond the fundamental
building blocks and their arrangement, novel concepts and
applications can be realized in hybrid metasurfaces. A hybrid
device consists of different types of materials, for example,
metals and semiconductors, interfaced in a single building block,
to provide additional degrees of freedom in engineering exotic
electrical and optical properties in metamaterials. In this section,
we discuss the hybridization of optical metasurfaces with novel
inorganic and organic semiconductors such as solution
processed perovskites and the family of graphene and two-
dimensional materials. We will also describe the development of
dynamic metasurfaces (also often referred to as active or

Figure 6. Hybrid plasmonic/dielectric and perovskite metasurfaces. (a) Schematic image of a multilayered hybrid W/SiC/SiO2 metasurfaces and its
simulated absorption. (b) Experimental broadband absorption of the fabricated multilayer metasurface. Inset: Electron microscopy images of the
fabricated metasurface. (c) Left: The inset shows a magnified and SEM oblique view of the hybrid metal−dielectric metasurface. Right: schematics of
the geometry of a single metal−dielectric hybrid meta-atom. (d) Scattering spectrum of the hybrid metasurface with and radiation patterns at the
spectral positions marked by the arrows. (e) Schematics of the crystal structure of a hybrid organic−inorganic perovskite crystal. (f) Cross-sectional
electron microscopy image of gold nanoslit metasurface covered with perovskite thin layer (MAPbI3). (g) Top: SEM image of the fabricated nanoslit
metasurface. Bottom: Numerical simulations of the electric field intensity for a single nanoslit. Scale bar: 50 nm. (h) Electron microscopy image of a
nanostructured metasurface in a perovskite thin film. (i) Absorption spectra of the perovskite metasurface compared with the unpatterned flat
perovskite film. (a, b) Adapted with permission from ref 123. Copyright 2018 The Royal Society of Chemistry. (c, d) Adapted with permission from ref
125. Copyright 2016 American Chemical Society. (e) Adapted from ref 129. Copyright 2015 Springer Nature. (f, g) Adapted with permission from ref
130. Copyright 2020 American Chemical Society. (h, i) Adapted with permission from ref 131. Copyright 2020 Walter de Gruyter Publishing Group.
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reconfigurable), where the intrinsic properties of the meta-atom
can be controlled via external stimuli like thermal excitation,
voltage bias, magnetic field, optical pump, or mechanical
deformations. As such, optical properties of dynamic meta-
surfaces can be fully controlled and tuned externally. Finally, we
will briefly discuss the incorporation of metasurfaces into
functional devices.
2.2.3.1. Hybrid Plasmonic−Dielectric Metasurfaces. While

dielectric metasurfaces generally benefit from lower optical
losses than metals, resulting in higher Q factors, the field
enhancements are usually smaller than their plasmonic counter-
parts. This is a direct consequence of the property that, in
dielectrics, light is mainly located inside the bulk material and
not confined on the surface as for plasmonic resonances. An
approach to improve the overall field confinement is to combine
both effects in structures composed of plasmonic and dielectric
subunits. These hybrid materials exhibit new optical resonances
with lower losses and higher field strengths,117−120 enabling
enhanced photophysical and photochemical processes with a
plethora of fabrication pathways.121

Here, initial studies mainly focused on the properties of
individual hybrid nanostructures while simultaneously tackling
fabrication challenges for combining metallic and dielectric
materials in a single structure. The possible geometrical
arrangements of these building blocks in periodic hybrid
metasurfaces are manyfold and different configurations have
been explored.122 For instance, it is established that the use of
plasmonic disk arrays on metallic substrates can achieve perfect
absorption of the incoming light19 with polarization independ-
ent and wide-angle operation. Hybrid metal−dielectric meta-
surfaces can be engineered to obtain nearly perfect absorption,
with advantages compared to plasmonic structures, such as a
higher thermal stability and broad bandwidth operation.
Absorptions above 95% over a broad range of wavelengths
from the UV to the near-IR have been demonstrated in
multilayered W/SiC/SiO2 metasurfaces (Figure 6a,b).123 In the
case of Mie resonances in silicon nanodisk metasurfaces on a
gold substrate, light absorption above 99% is possible,124

following a perfect spectral overlap between the electric and
magnetic dipole resonances in the silicon disk. This idea of
multipolar resonance engineering can be extended to many
applications via carefully engineering the nanophotonic design
of the hybrid devices. Beyond the absorption of light, controlled
interference between resonances in metallic and dielectric
components can be implemented for control of the directional
emission and scattering from hybrid metasurfaces. For example,
a hybrid metasurface concept has been introduced, where the
fundamental building blocks are made of silicon nanodisks with
a gold nanorod placed on the top surface (Figure 6c).125 Here,
the plasmonic particles act as a feed element and the silicon
nanodisk as a director element. The device exhibits two strong
windows of directional emission (Figure 6d), the first at
approximately 1.2 μm is related to the superposition of the
quadrupole moment in the plasmonic nanoantenna, excited by a
linearly polarized light along the rod long axis, and the magnetic
dipole mode of the silicon nanodisk. For the second window,
above 1.3 μm, the directionality is given by the so-called Kerker
condition, obtained by the superposition between the electric
and magnetic dipole resonances in the single Si disk.
Interaction between resonances in hybrid nanoparticles opens

up even more applications. For instance, meta-molecules
consisting of silicon spheres and copper split-ring resonators
placed next to each other126 can be exploited for the generation

of optical magnetic moments and antiferromagnetic ordering,
where propagation of magnetization waves is predicted. Optical
properties in hybrid metasurfaces can be highly tunable, as
demonstrated by Wang et al. with full color generation in a
hybrid metasurface based on metal−insulator−metal sandwich
nanodisks,127 where narrow resonances (and consequently vivid
colors) are tuned along the whole visible spectrum by varying
the array pitch size and disk radius. Recently, hybrid CdS-coated
nickel metasurfaces have been demonstrated for photoelec-
trochemical solar energy conversion and storage, with tunable
broad resonances from 300 to 1100 nm, by exploiting different
optical phenomena, which will find use for efficient sunlight
harvesting.128

2.2.3.2. Hybridization with Perovskite Semiconductors.
The combination of periodic optical nanostructures with novel
semiconducting materials, such as solution processed perov-
skites, holds great potential for energy applications.132 Perov-
skite semiconductors are hybrid organic−inorganic materials
with ionic structure in the form ABX3, where A is the organic
cation (usually a molecule), B the inorganic cation (Pb, Sn,...),
and X is a halogen atom (Cl, Br, I) in hybrid perovskites or
oxygen in most all-inorganic perovskites. The A and X atoms
form an octahedral structure in three dimensions, where the
organic cation sits in between, giving stability to the ionic
structure (Figure 6e). Perovskites present a soft lattice, tunable
band gap energy via engineering the stoichiometry, and
dimensionality and became one of the most studied semi-
conductor materials based on their exceptional performance and
promise for solar energy conversion, reaching values competitive
with established silicon technologies. Perovskites also exhibit
optical excitonic features and can be synthesized in their low-
dimensional form, either zero-dimensional nanocrystals133 or in
2D nanosheets.134

One of the main advantages of perovskite materials is their
compatibility with the solution processed synthesis of thin films.
This opens up many options in harnessing the strongly localized
fields in optical metamaterials. Adamo et al.130 fabricated
perovskite thin films on top of a gold layer patterned with
periodic nanoscale slit apertures (Figure 6f,g). The combination
of strong fields in the nanostructured metals and the efficient
emission from the perovskite film resulted in one order of
magnitude enhancement of photoluminescence due to the
enhanced absorption and emission of light provided by the
active perovskite material. Owing to the ease of its fabrication
processes, metal and perovskite periodic gratings structures have
been fabricated and shown to exhibit strongly anisotropic
properties such as in hyperbolic metamaterials.135 Besides
metals, perovskites have also been integrated with dielectric
nanostructures. One example is the integration with Mie-
resonant silicon nanoparticles for enhanced absorption and
emission of perovskite thin films and metasurfaces.136

Furthermore, enhancement of multiphoton nonlinear optical
processes (discussed in detail in section 3.1) in perovskite thin
films coupled to polymeric gratings was recently demonstra-
ted.137

Because perovskites materials commonly possess high
refractive indexes above 3, they can also be nanostructured
into Mie-resonant nanoantennas, similar to established nano-
photonic dielectric materials such as Si or GaP (see section 2.1).
In this direction, single perovskite nanoparticles have been
shown to host optical Mie resonances138 and lasing was
demonstrated for single perovskite nanoantennas.139 Perovskite
thin films have also been nanostructured into periodic
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metasurface arrays, and the demonstration of enhancing the
light absorption and photocurrent generation131 is promising for
solar energy conversion (Figure 6h,i). Moreover, metasurfaces
made from solution-grown thin films have potential for photonic
applications such as structural coloring140 and antireflection
coatings.141

2.2.3.3. Hybridization with van der Waals Materials. The
rise of graphene and 2D materials in the last 15 years enabled a
cascade of discoveries and potential applications in optics and
electronics. Common 2D materials exhibit a crystal structure
where covalently bonded single layers are held together by weak
van der Waals (vdW) forces (Figure 7a). From the first isolation
of an atomically thin layer of graphene in 2004, achieved by
simply exfoliating the individual layers with adhesive tape,
nowadays thousands of compounds have been added to the
library of vdW materials, with many physical and chemical
properties ranging from metals to insulators, and from
semiconductors to superconductors.142 Graphene is a promising
candidate for THz andMid-IR applications due to its electrically
tunable optical properties.143 Notably, graphene itself hosts
plasmonic resonances in the mid- and far-IR regions,144 further
expanding the rich nanophotonic research on this material.
Nanostructuring graphene in nanoribbons or nanoislands is a
viable way to tune LSPR145 and IR light steering146 (Figure 7b).
By combining gated graphene layers with noble metal antennas
(Figure 7c,d), a complete modulation of the complex light
amplitude is achievable, allowing beam steering,147 perfect
absorption,148 and tunable resonant absorption.149

However, graphene is a semimetal with no bandgap, and its
operational frequencies are mostly restricted to the THz and IR
spectral range, limiting its use in solar cells and photodetection.
In search for 2D semiconductors, the family of transition metal
dichalcogenides (TMDs) holds promise to further extend the
realization of hybrid photonic nanostructures. They are one of
the most studied types of 2Dmaterials beyond graphene, as they
also exhibit a vdW layered structure and can be exfoliated down

to single layers (Figure 7e). TMDs in the from MX2 (M = Mo,
W; X = S, Se, Te) are semiconductors with a defined energy
bandgap at visible and near IR wavelengths and with appealing
optical properties such as an indirect to direct bandgap
transition in their monolayer form. This direct band gap
transition further increases the absorption of light, up to 10% for
a single layer, and leads to the formation of tightly bound
excitons, stable up to room temperature, with peculiar optical
properties due to a complex band structure and spin−orbit
coupling.150 Strongly bounded excitons can diffuse along the
crystal and their motion can be controlled via mechanical
deformation,151,152 or strain, producing a modulation of the
bandgap energy, opening up to exciton funneling for broad-
spectrum solar energy harvesting.153

Following the feasibility of 2D layer integration via
deterministic transfer processes and the presence of luminescent
excitonic emitters, TMDs have been coupled to plasmonic and
dielectric optical nanostructures for the enhancement of light
emission and absorption. For example, first demonstrations of
weak coupling exploited either hybrid plasmonic structures154

and Mie resonances in dielectric nanoantennas.155 Coupling of
2D semiconductors to collective resonances in plasmonic
metasurfaces has been, so far, largely devoted to the interaction
with excitonic states and their fundamental optical properties.
The strong light−matter coupling regime between excitons and
plasmonic lattice resonances was achieved by deterministic
transfer of a single TMD layer on top of plasmonic nanodisk
lattices156 or nanohole arrays157 (Figure 7g). Hybrid plasmonic-
TMD metasurfaces can also enhance nonlinear photon
conversion processes (further described in section 3.2) as
recently demonstrated for the generation of broadband
nonlinear emission.158 TMDs have also been integrated with
dielectric nanophotonic structures, such as Mie resonant silicon
metasurfaces,159 guided mode resonance metasurfaces,160 and
Berry-phase defective photonic crystals.161 First reports of
TMDs coupled to BIC-based dielectric metasurfaces demon-

Figure 7. van derWaals materials for metasurfaces. (a) Schematic of the crystal structure of a single graphene sheet. (b)Nanopatterned graphene layers
for tunable plasmonic resonances. (c) Schematics of a plasmonic-graphene hybrid metasurface (d) Electron microscope image of a fabricated
plasmonic-graphene hybrid metasurface. (e) Schematics of the crystal structure of a TMD crystal. In blue the transition metal atoms, in yellow the
chalcogenide atoms. (f) Real and imaginary part of the refractive index of bulk TMDWS2. (g) Monolayer of MoS2 transferred on top of a plasmonic
nanoantenna array. Scale bar: 2 μm (h) Electron microscope image of TMDs Mie resonators. (i, j) Electron microscope image of crystalline TMD
metamaterials. (b) Adapted with permission from ref 145. Copyright 2012 Springer Nature. (c, d) Adapted with permission from ref 149. Copyright
2018 Springer Nature. (f, h) Adapted from ref 166. Copyright 2019 Springer Nature. (g) Adapted with permission from ref 156. Copyright 2016
American Chemical Society. (i, j) Adapted with permission from ref 168. Copyright 2020 Springer Nature.
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strated enhanced nonlinear optical properties114,115 and exciton-
polariton states.162 While the above examples implemented the
atomically thin materials on top of the optical nanostructures,
hybrid designs where the TMD layer is placed between a metal
films and photonic dielectric cavities were demonstrated for
applications in the dynamic excitation control such as electrically
tunable exciton−plasmon states.163

Beyond the unique optical properties inherent in their single
layer form, vdW materials offer a wealth of nanophotonic
applications following their optical properties and the large
variety of layered compounds available.164 As an example, bulk
TMD crystals offer novel perspectives for nanoscale photonics.
First, the presence of transitionmetals leads to a higher refractive
index (n > 4) than common materials used for dielectric
nanophotonics such as Si andGaP (Figure 7f) while maintaining
transparency over the visible and near-IR range. The intrinsic
layered nature of TMD crystals further provides record high
optical anisotropy,165 with advantages for the development of
photonic components and devices. Recent reports have
demonstrated that single disks of TMD crystals (Figure 7h),
owing to their large refractive index, exhibit optical Mie
resonances and anapole states166 and can be fabricated with
atomic precision in dimer nanoantennas167 and optical
metasurfaces (Figure 7i,j).168 The versatility in the fabrication
of TMD structures for photonic applications enables the
generation of exciton plasmon polaritons in hybrid metal-
TMD photonic gratings169 or unidirectional nonlinear emission
in metasurfaces170 made entirely from bulk TMD crystals.
Overall, vdW materials hold great promise for the develop-

ment of novel nanoscale optical technologies, whose full
potential is only beginning to be investigated. For instance,
vdW materials offer a huge library of compounds that can be
arbitrarily stacked in vertical heterostructures,171 overcoming
lattice matching requirements in three-dimensional semi-
conductor heterostructures and opening up the engineering of
novel materials and heterostructure devices whose capabilities
are only limited by current fabrication methods rather than
material properties. Furthermore, twist angle engineering, a
novel concept within the field of 2D heterostructures, has been
applied to metasurfaces where, for example, two graphene
metasurfaces are stacked in configurations with a small angle
difference between the relative orientation. This concept leads
to the appearance of exotic properties, and topological states
with long propagation length have been demonstrated.172 2D
materials are also promising candidates for catalytic materials
owing to their intrinsic surface properties and atomically precise
edges173 and interaction with hot carriers in plasmonic particles
could open to efficient photocatalytic applications.174

2.2.3.4. DynamicMetasurfaces. So far, most of the discussed
metasurfaces exhibit optical responses that are static and
determined only by the configuration and material properties
of the meta-atoms as defined during the fabrication process.
Active tuning of metamaterials and metasurfaces provides a new
perspective for on-demand tunability of their optical proper-
ties.175 A crucial ingredient for these approaches is a high-speed
and strong tunability of the refractive index of the constituent
active materials. In this direction, thermal and optical effects
with ultrashort pulsed lasers,176,177 electrical modulation,178 and
stretchable substrates85,179 have been demonstrated. A common
approach exploiting a change in the refractive index or material
absorption is achieved by integrating switchable layers with
plasmonic or dielectric metasurfaces, resulting in a modification
of the resonance spectrum of the metamaterial and thus the

associated operational bandwidth. Strong changes in the
transmission and reflection characteristics of hybrid structures
can be achieved by employing phase-change materials (PCMs)
like the chalcogenide compounds GeTe, Ge2Sb2Te5 (GST), and
Ge2Sb2Se4Te (GSST) (Figure 8). The dielectric properties of

chalcogenide PCMs can be tuned by means of optical, electrical,
or thermal switching from its amorphous state into a metastable
cubic crystalline state, accompanied by a change in the refractive
index and electrical resistivity.176,180−183 Another route is to
pattern the metasurface directly into the PCM layer, exploiting
its own optical properties as a switchable meta-atom.180 Another
class of PCMs is correlated electron PCMs such as vanadium
dioxide (VO2) that show an insulator-to-metal phase transition.
Similar to GST, the transition can be triggered optically,
electrically, or thermally. However, contrary to GST (where the
phases are nonvolatile), the material state in VO2 is reset when
the excitation is turned off. Active metasurfaces based on VO2 to
tune absorption, transmission, or refractive index have been
explored for both metallic184−187 and dielectric188,189 antennas,
with demonstrations of low power and fast switching perform-
ance.185

Besides the intrinsic properties of the materials, further
methods to control and tune metamaterials have been
demonstrated for microelectromechanical system actuators,
which dynamically reconfigure parts of the meta-atoms,190

metasurfaces integrated with graphene, where the optical
properties can be tuned via carrier doping,191,192 and postsyn-
thesis chemical tuning of perovskites metasurfaces via anion
exchange.193

2.2.3.5. Metasurface-Based Devices. Metasurfaces for
practical applications require their incorporation into functional
devices for instance when combined with electric circuits,
microfluidic devices, fiber optics, or utilized in photovoltaic and

Figure 8. Active tuning of a dielectric metasurface (a) Optical image of
an active metasurface device. Scale bar: 100 μm. (b) Electron
microscope image of the fabricated Ge2Sb2Se4Te metasurface. Scale
bar: 2 μm. Inset: single meta-atom. Scale bar: 200 nm. (c) Schemes of
the electrical pulse and relative meta-atom temperature profiles during
crystallization (top) and amorphization cycles (bottom). Tm, melting
point; Tx, crystallization temperature; V1, crystallization voltage; V2,
amorphization voltage. (d) Reflectance spectra of the metasurface
under 40 sweep cycles (shaded area). (a−d) Adapted from ref 180.
Copyright 2021 Springer Nature.
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photocatalytic cells. Besides their ability to manipulate electro-
magnetic radiation, metasurfaces have the advantage of being
ultrathin, miniaturized building blocks that can be integrated in
photonic circuits,194,195 lab-on-a-chip technologies,196,197 or be
used for molecular barcoding,113 detectors or other optoelec-
tronic devices. Furthermore, metasurfaces can be incorporated
into flexible materials, allowing mechanical tuning of the
resonance frequencies or making devices such as photovoltaic
cells more stable and mechanically robust.198−202

2.3. Fabrication and Design of Metasurfaces

Nowadays, a large number of fabrication techniques are available
to create functional structures from simple patterns with
dimensions in the nm-regime. The field is continuously pushed
forward and new techniques are developed or combined with
other approaches to achieve better resolution, higher
throughputs, or upscaling to large-area substrates. Acknowl-
edging all relevant techniques is barely possible and too
extensive; therefore, we will focus on the principles of the
most common ones.
Many considerations have to be taken into account when

selecting ideal techniques for realizing nanophotonic structures.

Achieving the highest required spatial resolution is crucial for
controlling and tuning resonances to desired wavelength
regimes, especially for resonances in the visible, while high
throughput and scalability, that is, the manufacturing of large-
area substrates such as 4′′ or 6′′ wafers, are important for
industrial applications. Material quality parameters such as
crystallinity can also be critical because they can affect charge
transfer, the occurrence of defect states, and the damping of
phonon modes. In addition, the final metasurface might need to
be decorated with additional materials, such as catalysts, or
incorporated into functional devices, such as microfluidic
systems, photovoltaic cells, or others, which causes further
challenges. Altogether, the ideal (nano)fabrication technique(s)
strongly depend on the desired purpose. Typically, there is a
trade-off between achieving the highest resolutions while
simultaneously enabling high-throughput and large-scale
fabrication. In addition, instrument costs and the requirement
for clean-room facilities might be a concern, but new techniques,
for example, based on self-assembly, create new possibilities for
researchers in the field and have been shown to achieve
remarkable results.203−206 Figure 9 gives an overview over

Figure 9. Frequently used fabrication techniques to generate nanoscale patterns. Available (nano) fabrication techniques differ in their resolution,
throughput, and scalability. Maskless systems, such as electron-beam lithography (EBL) and focused ion beam (FIB), can enable ultrahigh resolution.
Both FIB and EBL rely on the individually writing of the patterns via a focused electron or ion beam. Masked systems, such as photolithography,
nanoimprint lithography, or approaches based on self-assembly, can achieve high throughputs and are scalable to large-area substrates but can have
restrictions regarding their resolution.
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frequently used techniques to fabricate metasurfaces and their
principles will be explained in the following paragraphs.
Metasurfaces can be fabricated using lithographic techniques

to create nanoscale patterns, which are then replicated into the
desired material by a combination of thin film deposition,
chemical and dry-etching techniques. The process is schemati-
cally illustrated in Figure 10 for electron beam lithography
(EBL) but works similarly for most lithographic approaches.
The principle is already centuries old207 and was developed to
write (greek: γραϕiά, graphy) from a carved stone (greek:
λiθ́ος, stone) to produce prints on paper. Today, lithography is
the workhorse of the semiconductor and integrated circuit (IC)
industry and many techniques are available, which differ in
resolution, throughput and scalability and in whether the
patterns are generated by masked or maskless systems (Figure
9).208,209 Maskless systems, such as EBL and focused-ion beam
(FIB), can enable ultrahigh resolution, but are limited by their
throughput and scalability, since each pattern must be written
individually using direct-writing techniques. Masked techniques,

such as photolithography, nano imprint lithography, and
colloidal lithography, enable high-throughput production by
replicating the entire mask but are often limited in resolution.
2.3.1. High-Resolution Lithographic Techniques. Be-

ginning with the high-resolution techniques, EBL is widely used
for the fabrication of metasurfaces from the single particle level
up to millimeter-sized arrays. The process is illustrated
schematically in Figure 10a. Glass is typically used as a substrate
because it facilitates transmission measurements, but mono-
crystalline wafers or other materials (Si, CaF2, etc.) can be used
as well. At first, the substrate is covered by a thin film of an
electron sensitive resist via spin coating (Figure 10a, step 1).
Upon exposure with the electron beam (Figure 10a, step 2),
selected regions of the resist will undergo chemical changes,
which will modify their solubility or stability, and can be partially
dissolved afterward, which is called the development (Figure
10a, step 3). There are two kinds of resists: for positive resists,
the solubility of exposed regions increases and will be dissolved
during development, whereas for negative resists, the exposed

Figure 10. Lithographic approaches to produce metasurfaces with ultrahigh resolution. (a) Schematic showing the principle of EBL. (1) A thin layer of
an electron sensitive resist (in green) is spin-coated onto the substrate (in blue). (2) Selective regions of the photoresist are exposed to a focused
electron beam. The electron sensitive resist undergoes chemical changes (in red) upon exposure and can partially be dissolved afterward, that is, the
development (3). (4) The desired material (in yellow) is deposited using thermal or electron beam evaporation covering substrate and resist. (5) The
residual, undesired polymer covered with material is dissolved during lift off leading to the desired nanostructure on the substrate. (6) Optionally, the
depositedmaterial can be used as a hardmask for reactive ion etching (RIE), which removesmaterial from the unprotected regions together with a final
wet etch (7) of the hardmask. (b) Scanning electronmicroscope (SEM) image of palladium−gold antennae with 10 nm gap distance fabricated via two
consecutive EBL steps illustrating the ultrahigh resolution of EBL. (c) Gold bow-tie elements with a 20 nm gap fabricated using FIB. The inset shows a
magnified image of the fabricated nanostructure. (d, e) Nanoimprint lithography (NIL). (d) Top: Schematic showing the imprint process to transfer
the pattern from the stamp into a resist. Bottom, from left to right: Scheme of the metasurface made from amorphous GaP (a-GaP) with the
dimensions of the unit cell. SEM images with different magnifications. Photograph of the 5 × 5 mm2 imprinted metasurface on top of an ITO-covered
glass slide next to an a-GaP film. (e) Photograph of an NIL roll-to-roll apparatus for continuous large-area nanoimprinting toward industrial
applications. (b) Adapted with permission from ref 210. Copyright 2011 Springer Nature. (c) Adapted with permission from ref 213. Copyright 2008
Springer Nature. (d) Adapted with permission from ref 212. Copyright 2021 Wiley-VCH GmbH. (e) Adapted with permission from ref 217.
Copyright 2009 American Chemical Society.
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regions reduce their solubility and thus will remain. The latter
are typically used for inverted structures, such as holes in a film,
since the required writing time will be decreased. After the
development, the desired material is added onto the substrate
via thin film deposition techniques such as electron beam- or
thermal evaporation (Figure 10a, step 4). Next, the residual
resist, which is also covered by the deposited material, is
dissolved, which is called lift-off (Figure 10a, step 5). After a
successful lift-off, the desired patterns are revealed. A crucial
requirement is that the deposited film is not continuous over the
patterned and not-patterned regions, which is established by a
sufficient height difference in between the resist and deposited
material. In some cases, the desiredmaterial cannot be deposited
after EBL, for example, if the metasurface needs to be
monocrystalline, or if thermal- or electron beam evaporation is
not feasible. Subsequently, the desired material is deposited on
the substrate before the process or a monocrystalline wafer is

directly used. EBL is performed in the same way as mentioned
before using a positive or negative photoresist. After develop-
ment, a hard mask is deposited on the material, often made from
chrome or silica (SiO2), and lift-off is performed (Figure 10a,
step 5). Subsequently, dry etching with reactive gases, known as
reactive ion etching (RIE), is utilized to etch into the material
(Figure 10a, step 6), which is not protected by the hard mask
and the metasurface is revealed after subsequent dissolution of
the hard mask (Figure 10a, step 7). Figure 10b shows a scanning
electron microscope (SEM) image of palladium−gold nano-
antennas separated with a 10 nm gap distance.210 The different
materials were fabricated with two consecutive EBL steps and
require precise alignment of the instrument, illustrating the
ultrahigh resolution that can be achieved using EBL. The high
lateral resolution of EBL relies on the use of the electron beam
for exposure, which can be focused down to a few nanometers
and is limited by the beam column rather than the wavelength of

Figure 11. Nanopatterning approaches based on self-assembly. (a) Top: Photography of a polystyrene (PS) sphere monolayer self-assembled at the
water−air interface. Bottom: Si wafer substrate to which the monolayer was transferred. (b) Schematic illustration of possible lithographic routes from
colloidal self-assembly. Top: Size reduction (1), film deposition (2), and template removal (3) lead to large-scale nanohole arrays. Middle: Film
deposition (2) and template removal (3) lead to triangular shaped metasurface. Bottom: Shadow sphere lithography. Metal depositions at oblique
angles (2*) in combination with RIE can lead to all shapes of different metasurfaces. SEM images show the different possible unit cells. (c) Templated
self-assembly. A colloidal sphere solution is drop-casted onto the substrate (1). A prepatterned elastomeric mold is brought in contact (2). Solvent
evaporation and lift off (3) lead to well-defined arrays of self-assembled colloidal nanoparticles. Inset: Optical and SEM images showing a large-scale
plasmonic pyramidal supercrystal obtained via templated self-assembly. (a) Adapted with permission from ref 225. Copyright 2020 American
Chemical Society. (b)Middle: SEM image adapted with permission from ref 235. Copyright 2005 American Chemical Society. Bottom: Adapted with
permission from ref 233. Copyright 2014 American Chemical Society. (c) Scheme and photograph adapted with permission from ref 236. Copyright
2021 Wiley VCH-GmbH. SEM images adapted with permission from ref 237. Copyright 2017 American Chemical Society.
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electrons.211 Despite that, each pattern must be written
individually; thus, the fabrication of large-scale substrates is
time-consuming and, as an example, can take 50−60 h for a 5× 5
mm2 substrate.212

Similarly to EBL, FIB is a direct writing technique where a
focused ion beam is scanned over the surface, removing material
through ion bombardment (Figure 9). FIB can be used to
directly create nanostructures on the substrate and is therefore
not a classical lithographic technique but allows ultrahigh
resolution with features in the 5−20 nm regime.209,213 An array
of bowtie antennas with 20 nm gap width fabricated via FIB is
shown in Figure 10c.213

Besides EBL and FIB, optical nanoprinting can be utilized to
position colloidal particles into metasurfaces at the single-
particle level with high precision.214−216 Optical nanoprinting
relies on optical forces, that is, optical tweezers, to trap particles
inside the focal spot of a laser, which can be combined with
additional electric fields or temperature gradients, known as
optoelectronic or opto-thermophoretic printing, respectively.214

During exposure, the particle is pushed toward the substrate and
the repulsive forces between particles and substrate are
overcome, which results in the binding of the particle due to
attractive van der Waals forces.215 This allows the positioning of
nanoparticles one by one allowing to have single colloidal
structures as meta-atoms of metasurfaces. Moreover, combina-
tion of particles of different materials for hybrid metasurfaces
can be easily implemented compared to lithographic techniques.
2.3.2. Scalable and High-Throughput Lithographic

Techniques. EBL and FIB can create all types of two-
dimensional structures with ultrahigh resolution. However, they
have restrictions regarding their throughput and scalability for
large-area arrays. Photolithography is considerably faster by
illuminating selected regions on the substrate simultaneously via
a patterned mask (Figure 9). Otherwise, photolithography
follows the same experimental procedure as EBL, only a light-
sensitive photoresist is utilized during exposure, whereas
development, lift-off, and RIE are identical (Figure 10). The
masks must be fabricated once via EBL or purchased
commercially, but afterward high-throughput fabrication is
possible. However, since light is utilized, a drawback is that the
lateral resolution is diffraction-limited and depends on the
utilized wavelength, with Rx,y = λ/(2 NA), where NA is the
numerical aperture. Consequently, the highest resolution
depends on the available light source of the instrument.
Nevertheless, photolithography is the working horse of the
semiconductor and IC industry, continuously decreasing the
utilized wavelength, even down to 13.5 nm in extreme-UV
lithography.209,218 However, the costs of such instruments are
not bearable for research facilities or small industries even at
larger wavelengths.
Nanoimprint lithography (NIL) has emerged as a promising

candidate to fabricate metasurfaces with both ultrahigh
resolution and high-throughputs, while still being affordable
and scalable.208,219,220 In NIL, a nanostructured stamp, that is,
master, is pressed into a resist, which transfers the desired
pattern (Figure 9). Depending on the desired structure, the
master must be inverted or can be used directly. The imprinting
can be achieved via hot embossing,220 UV-nanoimprint, or soft
lithography.219,221,222 In hot embossing, the resist is heated to its
glass transition temperature to allow continuous material flow
while the stamp is imprinted. In UV-nanoimprint, a transparent
stamp is imprinted into a UV curable polymer, which is then
illuminated. After imprint, the master is removed and

metasurfaces can be fabricated via the conventional lithographic
fabrication route (Figure 10a). In soft lithography, the
nanoimprint of the stamp transfers molecules such as self-
assembled monolayers (SAMs) to the surface. Such SAMs are
too thin to be used as etch resists for RIE but can be processed in
similar ways to create metasurfaces.222 In another approach, soft
lithography was used to pattern perovskite films into
metasurfaces.221 In general, NIL allows an excellent reproduc-
tion of the stamps geometrical features and photonic resonances
with ultrahigh resolution (Figure 10d).212 While the master
must be fabricated once via direct writing-techniques, such as
EBL, it can be reusedmultiple times with high throughput.208,220

The technique is scalable and large-area roll-to-roll or roll-to-
plate techniques are already available enabling continuous and
high-throughput production toward industrial applications
(Figure 10e).217

2.3.3. Self-Assembly. While NIL can duplicate large-scale
patterns with high throughput, the patterns have to be produced
once via EBL in the first place. This is a restriction with regards
to flexibility for cases where, for example, multiple large-area
surfaces with varying architectures are required. Techniques
based on self-assembly have emerged and can completely
circumvent the need for clean-room facilities and expensive
equipment (Figure 11). Colloidal lithography is based on the
self-assembly of a spherical monolayer, often made from
polymers such as polystyrene. When assembled on the water−
air interface or using a Langmuir−Blodgett trough, large-scale
and almost defect-free hexagonal close-packed (hcp) mono-
layers are formed, which can be used as template for
nanofabrication.223−225 The technique is affordable and offers
a high flexibility in terms of possible structures (Figure 11a,b).
Besides hexagonal arrangements, chain and square arrange-
ments can be achieved by assembling microgels.226 After self-
assembly, the monolayers can be transferred to nonclose packed
architectures by size reduction224 or using core−shell
particles.227 In combination with thin-film deposition techni-
ques and reactive ion etching, a wide range of metasurface can be
fabricated, such as triangles,205,228 nanohole architec-
tures,229−231 chiral crescents,232 and much more complex
structures.205,233,234 Conveniently, all important geometrical
parameters can be controlled with the initial and reduced size of
the polymeric spheres.
Besides using polymeric spheres as lithographic template,

colloidal self-assembly can also be directly performed frommetal
nanoparticles, resulting in close-packed architectures of nano-
particles with different shapes (Figure 11c).238−240 Interparticle
spacing and packing density can be controlled by polymer chains
on the nanoparticle surface and particle concentration,
respectively.228,241 In addition, capillary-assisted particle
assembly (CAPA)242 or templated self-assembly236,237,243,244

can also be used to fabricate ordered nanoparticle arrays from
colloidal solutions. The colloidal solution is drop-casted and
then confined in between the target substrate and a template,
usually made from polydimethylsiloxane (PDMS), since it can
be conveniently replicated from a master. During solvent-
evaporation, the nanoparticles self-assemble and form super-
structures replicating the size and shape of the template cavities.
2.3.4. Three-Dimensional Techniques. Metasurfaces are

typically planar nanostructures. Controlling nanoscale architec-
tures in the third dimension poses an additional challenge for the
nanophotonics community.4 Using techniques such as deep-
reactive ion etching (D-RIE),245−247 chemical wet etch-
ing,248−250 or chemical vapor deposition (CVD),251,252 high-
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aspect ratio architectures like pillars, sheets, or nanowire arrays
can be fabricated from planar metasurfaces. In the micro-
electronic and IC industry, multiple lithographic steps are
aligned toward each other to fabricate complex, functional
devices. Similarly, layered structures from two-dimensional
metasurfaces have also been fabricated by embedding the first
metasurface inside a spacer layer and aligning a second EBL
process on top (Figure 12a).253−256 Using specialized equip-
ment, such as focused ion beam induced deposition or focused
electron beam induced deposition, complex 3D nanosystems

can directly be written with ultrahigh resolution in all three
dimensions (Figure 12b)257 but face restrictions regarding their
fabrication speed, scalability, and instrumental cost.
Self-assembly can be utilized to create 3D hierarchically

organized metamaterials, that is, supercrystals (Figure 12d−
g).258 In these cases, the meta-atoms are the nanoparticles
themselves. There are several possible approaches to achieve
this, for example, by applying geometric confinement via
assembling inside emulsion droplets to create colloidal super-
crystals203,259 or inside a template (Figure 11c),237,260 or by

Figure 12.Nanopatterning in three dimensions. (a) Layered 2D metasurfaces fabricated via EBL. The first metasurface is embedded in a spacer layer
and a second EBL process is aligned on top. (b) Ultrahigh-resolution 3D metasurfaces via focused-electron-beam or focused-ion-beam induced
deposition. (c) Accurate self-assembly of gold nanoparticles in DNA Origami. Scale bars: 20 nm. (d−g) Self-Assembly of colloidal particles into 3D
metamaterials, that is, supercrystals, of various shapes. (d) Cube. (e) Pyramid. (f-g) spheres. (h) Left: Schematic of the technique in which a
photoresist polymerizes upon two-photon absorption in the focal point of the laser. Right: 3D printed Eiffel Tower. Scale bar: 10 μm. (i) Multiphoton
lithography to produce 3D metallic metasurfaces. Left: Schematic. A 3D polymeric template is built up via multiphoton lithography and the pores are
filled up with electrochemical deposition. Right: SEM images of the fabricated metal helices. (a) Adapted with permission from ref 253. Copyright
2008 Springer Nature. (b) Adapted with permission from ref 257. Copyright 2015 American Chemical Society. (c) Adapted with permission from ref
204. Copyright 2013 American Chemical Society. (d) Adapted with permission from ref 278. Copyright 2009 The Royal Society of Chemistry. (e)
Adapted with permission from ref 237. Copyright 2017 American Chemical Society. (f,g) Adapted with permission from ref 203. Copyright 2018
Springer Nature. (h) Left: Adapted with permission from ref 269. Copyright 2020 Springer Nature. Right: Adapted with permission from ref 268.
Copyright 2019 Springer Nature. (i) Adapted with permission from ref 271. Copyright 2009 AAAS.
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increasing short-range attraction.261 Moreover, this idea has
been extended to 3D films of self-assembled nanoparticles
(sometimes named in the literature as plasmonic superlattices).
Striking optical properties can be achieved by using these
nanoparticle-based metamaterials such as strong light−matter
coupling, standing waves inside the material, or even dark
plasmon modes.262−264

Multiphoton lithography has emerged as a promising
technique to perform high-resolution 3D lithography.265,266

The technique utilizes a femtosecond laser which is focused into
a curable photoresist. The polymerization of the resist depends
on a two-photon absorption process, which only happens at the
focal point, where the light intensity is the highest. By building
up the structure layer-by-layer similar to a 3D printer, complex
structures such as photonic crystals can be fabricated (Figure
12h).267−269 However, drawbacks are that nanoscale resolution
is hard to achieve due to the dependence on the diffraction-
limited spot size and that only electrical insulators can be printed
such as polymers, hydrogels, siloxanes and organic/inorganic
hybrids.265 To reach nanoscale resolution, structures printed via
multiphoton lithography can be size decreased by annealing or
plasma treatments,268,270 while metallic structures can be
obtained by printing a 3D template and subsequent
metallization via electrochemical deposition (Figure 12i).271

Another promising research field toward two and three-
dimensional, photonic nanostructures is DNA Origami.272,273

DNA origami can already be utilized to self-assemble gold
nanoparticles in 3D with ultrahigh resolution (Figure 12c).204

While this approach is mostly utilized in solution or for
randomly distributed assemblies on surfaces, examples combin-
ing DNA Origami with lithographic approaches to create
ordered arrays are already available274−277 and offer new exciting
synthetic routes for metasurfaces with exquisite three-dimen-
sional positional control.
For many applications, it is necessary to decorate or combine

metasurfaces with additional materials that can bring new
functional properties to the existing architecture. Metasurfaces
can be utilized to control the luminescence of emitters such as
semiconductor quantum dots,279,280 dye molecules281,282 or
perovskite nanocrystals.130,283,284 In photocatalysis, light
absorbing metasurfaces are decorated with catalytic materials
to increase photocurrents and onset potentials,212,285 while the
incorporation of plasmonic particles to existing semiconductor
architectures can enhance light absorption for photovoltaic and
photocatalytic applications (see section 5).198,286−288 In
addition, metasurfaces are combined with 2D materials, such
as graphene, as they offer the possibility to be transferred on top
of the nanostructures with deterministic transfer processes, or
sandwiched between different materials to increase the
fabrication options and their integration with optical meta-
materials.289 Such material combinations can bring additional
challenges for the synthesis and the processes must be adapted
slightly, for example, to account for different material stabilities
during wet or dry etching. In the simplest case, additional
molecules or colloidal particles can easily be drop-casted or spin-
coated, thin films can be deposited,290,291 2Dmonolayers can be
transferred on top of the metasurface,160 or the metasurface can
be fabricated on top of other materials.156 In more sophisticated
approaches, chemical synthesis or self-assembly on function-
alized surfaces can be utilized to incorporate colloidal particles
or other molecules to the existing architecture.292,293 Never-
theless, controlling hybrid metasurface structures in three-
dimensions, where the individual metaatoms are decorated

hierarchically with additional nanostructures, remains a
challenge.
Electrochemical techniques have emerged as promising

platforms to allow such precise 3D control where the patterning
of specific locations is accomplished by passivation,294 by
controlling the deposition via illumination,55,295−297 or by
templated electrochemical synthesis, providing three-dimen-
sional spatial resolution of up to 5 nm.298,299 In a comparable
approach, plasmonic hot electrons can be utilized to perform
nanolocalized surface chemical reaction, which can guide the
assembly of other nanomaterials in these hot spots.300 Such
approaches open new avenues for the design of complex,
hierarchically organized three-dimensional metasurfaces with
improved functionalities and performance.
2.3.5. Rational Design ofMetasurfaces: Inverse Design

and Artificial Intelligence. Beyond the techniques for
nanoscale fabrication, a milestone for enabling the advantages
of metasurfaces in practical devices is the development of rules
for the rational design of the meta-atoms geometry and
arrangement to achieve tailored optical properties and opera-
tional bandwidth. In this section, we will briefly review the
techniques and approaches commonly used to design optical
metasurfaces.
A reliable EM model connecting the geometry and materials

in a metasurface to its corresponding optical resonances is not a
trivial problem. Meta-atoms made either from metals or
semiconductors exhibit optical resonances generated by to the
presence of light-induced currents in the nanostructure. Thus, a
fundamental approach behind the design of optical metasurfaces
relies on solving theMaxwell’s equations for a selected geometry
and evaluating the EM response. In the majority of optical
metasurfaces studied in literature, the designs are selected with
an approach based on a direct design of the nanostructure. The
direct design process relies on selecting the meta-atom
parameters via an intuition based trial-and-error process while
using full EM simulations for finding the correct geometry. This
is done by varying many parameters, for instance, the shape,
material, and size of the meta-atoms, the array pitch dimensions,
the materials combination and substrates. At first, the material,
size, and shape of the meta-atom are selected following the rules
governing optical resonances in a single nanostructure, known
from previous empirical and theoretical knowledge as discussed
in Section 2.2. Then the array parameters are computed through
long EM simulations, for example, with finite element methods
(FEM) and finite difference time domain (FDTD) methods, by
solving Maxwell’s equations for a given geometry design by
feeding the geometry to the numerical software. This process is
repeated until satisfactory parameters of the array are found, as a
compromise between the desired optical resonance and the
retrieved output from the numerical solver. Direct design
methods have many drawbacks, as this trial and error basis is
dispersive and relies heavily on the experience of the designer.
Moreover, it leverages only simple geometries, such as bars or
cylinders and their combinations, seeking a precise balance
between the meta-atom geometry and array parameters via a
long, repetitive, and heavy computational effort. The knowledge
acquired through this effort is usually lost when reiterating the
same combination or geometry for different materials and
wavelengths, and optical limitations of the constituent materials
and the use of simple geometries further reduces the efficiency of
this approach. Nevertheless, the direct design of metasurfaces
still constitutes the most effective approach for designing simple
device geometries. Compared to new computational methods,
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direct design approaches lack the possibility to provide insights
on the connection between the optical properties and the
geometry of the metadevices and can compute only one solution
between the many available in a larger space of parameters.
Because of the many constraints of the direct design method,

in recent years the inverse design of metasurfaces has rapidly
gained interest in nanophotonic design. The fundamental
concept behind inverse design methods is that of feeding the
algorithm the desired optical properties as an input and
retrieving one, or many, of all the design solutions as the output
of the computational process. With the advent of large
computational systems and improved artificial intelligence
(AI) algorithms, the concepts of machine learning and artificial
neural networks started to permeate a vast range of disciplines
across physics and chemistry. In recent years, these concepts
have been applied by the nanophotonics community, to
calculate, for example, the resonances of plasmonic301 and
dielectric metasurfaces,302 structural coloration with plasmonic
particles,303 near field and far field patterns of nanoantennas,304

and optimization of thermal emitters.305 We will not review here
in depth the different types of machine learning algorithms
applied to photonic design, due to the vast and rapidly
developing field, but we will introduce the concepts related to
this new frontier in computer science applied to metasurface
design. For more in-depth discussions, we refer the reviewer to
recent reviews on the topic.306−308

The first approaches of inverse design in nanophotonics were
based on gradient optimization algorithms.309 After defining a
figure of merit, or cost function, describing the desired optical
characteristics, the optimization algorithm is set to find a
minimum in a parameter distribution. The parameter distribu-
tion is usually defined as the permittivity and position of the
materials in the unit cell of a metasurface by discretization of the
space in pixels, with sizes achievable by nanofabrication
techniques. The algorithm thus seeks to minimize the cost
function by producing at every iteration a new design of the
meta-atom, until the whole process converges to a minimum of
the cost function. During the process, however, no real
information is stored or extracted at the end of the computation,
and the whole process needs to be repeated after applying any
change in the design. Moreover, optimization approaches find
only one solution, as the local minimum in the parameter space,
leaving out the possibility of finding similar, or even better,
geometries, which would still be a solution to the same optical
input set by the user.
In recent years, AI methods, such as machine learning and

deep neural networks, have reshaped the computational
approaches used in metasurface design due to their extra-
ordinary capability in finding solutions from a large data set or
parameter space. They offer new ways to find both the best
design solution and a rational one-to-one correspondence
between the optical properties and metasurface design, contrary
to optimization methods, which tend to find many designs for
the same output. A common classification divides machine
learning into supervised, unsupervised, and reinforcement
learning schemes, although nowadays the differences between
these schemes are blurred. A fundamental aspect of neural
networks is the presence of numerous layers of computation that
are iteratively connected to provide the desired output. A
drawback of neural network algorithms, beyond their intrinsic
complexity and low control of the computational layers, is that
all of them have prediction abilities that require vast training data
sets to begin with. Hence, in recent years, hybrid methods have

been applied to nanophotonic design where the prediction
abilities of neural networks are merged with optimization
techniques to compute faster and more reliable optimal
solutions to the desired input properties. The neural networks
are assisted by optimization algorithms in order to increase the
reliability of the solutions found by the evolutionary algorithms
using gradient minimization algorithms to steer the prediction
force of AI methods toward concrete geometries.
Nanophotonic inverse design represents a new and evolving

research field with yet to be discovered functionalities for
nanoscale optical devices. Compared to direct design or
optimization methods, deep learning possesses transfer learning
features, expected to have a decisive role in future inverse
design.307 Moreover, inverse design methods offer a way to gain
deeper insights into the relationship between geometry and
optical properties of metasurfaces. Finally, due to the complexity
of the AI models and the instability of neural networks, AI
generated structures must include the constrains set by the
resolution of nanoscale fabrication methods and the robustness
against imperfections during fabrication steps310 to be fully
compatible with a future large scale production.

3. PHOTON−PHOTON ENERGY CONVERSION
In this section, we summarize recent research that involves
energy conversion between photons and photons. The
fundamentals of different photon−photon energy conversion
processes, including nonlinear optical processes that allow the
generation of coherent photons at new frequencies as well as
upconversion and quantum cutting processes that involve
incoherent populations of electronic (and vibronic) states, will
be introduced. Because of the fact that the intrinsic nonlinear
and upconversion processes are very weak in naturally occurring
materials, it has attracted considerable research efforts to
enhance the efficiency of these processes. Recent advances in
ultrathin metasurfaces have opened an unprecedented oppor-
tunity to boost the photon−photon conversion efficiency. As
such, followed by the fundamental overview of different
photon−photon interactions, we will focus on reviewing recent
progress in metasurface-mediated photon−photon energy
processes.
3.1. Fundamentals of Nonlinear Optical Responses

Nonlinear photonics, a key aspect of modern photonic science
and technology, allows the generation of light at new frequencies
and the control of photon−photon interactions via nonlinear
optical materials (NOMs). Although nonlinear optical re-
sponses are naturally weak, different NOMs have been
developed for strong photon energy conversion and nonlinear
light manipulation. As such, NOMs have been applied for
widespread photonic applications including ultrashort pulsed
lasers,311 optical modulators,312 ultrafast all-optical
switches,312,313 nonlinear holography,314 ultrafast nonlinear
imaging,315,316 and on-chip nonlinear optical sources.317

From a fundamental point of view, when light impinges upon
NOMs, the collective displacement of electrons generates a
scattered field oscillating synchronously and interfering with the
impinging light.318 For small electric field amplitudes, the
scattered field is linearly proportional to the impinging one and
creates linear optical responses, such as reflection, refraction,
and absorption. For sufficiently large amplitudes, electronic
bindings in the NOMs become asymmetric and bound electron
orbits get distorted, causing higher-order nonlinear optical
responses. Figure 13a illustrates the scenario in which the
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electric field of impinging light resonates with the electrons in
the outer shells of the atoms and produces an induced
polarization, related to the displacement of an electron orbital
with respect to the nucleus.
The instantaneous dielectric response in NOMs to an applied

optical field can be expressed by expanding the polarization P̅(t),
as a power series in terms of the optical field amplitude E̅(t), as
follows:

P t E t E t E t( ) ( ( ) ( ) ( ) ...)0
(1) (2) 2 (3) 3= + + + (3.1)

where ε0 is the vacuum permittivity and χ(i) is the ith-order
optical susceptibility tensor. The first term χ(1) describes the
linear optical effect associated with a complex refractive index
and is related to the dielectric function by the simple expression
ε = (1 + χ(1)). However, if the impinging field is intense enough
or the higher-order susceptibilities are large, the higher-order (i
≥ 2) terms become significant and lead to radiation at new
frequencies different from the incident light frequency. Here, we
discuss the nonlinear effects associated with second- (χ(2)) and
third-order (χ(3)) susceptibility coefficients.
3.1.1. χ(2) Processes. Unlike the first-order susceptibility

term χ(1) concerning dipole excitations with bound and free
electrons induced by a single photon, here we discuss the
excitations that involve two different frequency components ω1

and ω2:

E t E E c c( ) e e . .i t i t
1 2

1 2= + + (3.2)

where c.c. stands for complex conjugate. The nonlinear
polarization related to second order is

P t E t( ) ( )2
0

(2) 2= (3.3)

Therefore, the second-order nonlinear polarization is ex-
pressed as
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In the above equation, several complex-amplitude frequency
components of the second-order nonlinear polarization appear.
The first two terms are referred to as second harmonic
generation (SHG) and the third and fourth terms are known
as sum-frequency generation (SFG) and difference frequency
generation (DFG), respectively. The fifth term addresses a static
electric polarization in the nonlinear medium and does not
contribute to the radiation. These second-order wave mixing
processes are principally illustrated in Figure 13b. It should be
mentioned that the second-order susceptibility term χ(2) is
absent in centrosymmetric crystals such as silicon. This property
stems from the fact that if the field −E̅(t) is applied to a
centrosymmetric crystal or structure, due to the spatial inversion
symmetry, the nonlinear polarization vector satisfies−P̅2(t) = ε0
χ(2)(−E̅)2(t) according to eq 3.3, leading to −P̅2(t) = −P̅2(t),
implying that χ(2) must be zero. This result is of fundamental
importance because it explicitly forbids bulk crystals with
centrosymmetric lattices to exhibit second-order nonlinear
responses, regardless of the intensity of the applied field. In
this case, the third-order nonlinearity is the main origin of
nonlinear processes in such materials. The same symmetry
constraints apply to artificially made metasurfaces for the
second-order nonlinear processes.
3.1.2. χ(3) Processes. Now we discuss third-order nonlinear

polarization, given by

P t E t( ) ( )3
0

(3) 3= (3.5)

which is induced by an impinging electric field with three
frequency components

E t E E E c c( ) e e e . .i t i t i t
1 2 3

1 2 3= + + + (3.6)

By substituting eq 3.6 into eq 3.5 and expanding the frequency
components of the third-order nonlinear term χ(3), we obtain a

Figure 13.Dipole excitation and energy level diagrams based on second- and third-order nonlinear dipole transitions. (a) Electric field component of
an electromagnetic wave interacts with an atom and induces a dipole oscillation, p̅ (E̅). (b) Energy level diagrams presenting possible second-order
nonlinear optical processes: second harmonic generation (SHG), sum-frequency generation (SFG), and difference-frequency generation (DFG). (c)
Energy level diagrams presenting some of the possible third-order nonlinear optical processes: self-phase modulation (SPM), two-photon absorption
(TPA), third-harmonic generation (THG), and nondegenerate four-wave mixing (FWM). Solid (dashed) horizontal lines represent real (virtual)
electronic energy levels.
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multitude of terms at new frequencies for the third-order
polarization P̅3(t):
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Where the symbol ∴ stands for all possible permutations of
frequencies. Each of the terms on the right-hand side of eq 3.7
corresponds to a nonlinear optical excitation, of which a few
important ones are illustrated in Figure 13c. The first term in eq
3.7 corresponds to a phenomenon called self-phase modulation
(SPM), which results from dipole excitations induced by three
photons. SPM leads to an intensity-dependent refractive index
change, which in turn modifies the spectral composition of the
same optical pulse that has generated it. SPM could therefore
broaden the pulse spectrum. The photons that generate SPM
can also excite an energetically higher state, as depicted in the
two-photon absorption (TPA) diagram of Figure 13c. TPA
excitations are absorbing because they energetically excite
electrons in the valence band to the conduction band, which lead
to an intensity-dependent linear absorption coefficient. The
intensity-dependent refractive index and absorption changes
related to the SPM and TPA processes affect the complex
refractive index n by the relation

n n n I i I
4

( )0 2 0 2= + +
(3.8)

where I is the intensity, and n0 and α0 are the linear refractive
index and absorption coefficient, respectively. n2 (the Kerr
coefficient) and α2 are interrelated with the real and imaginary
parts of the third-order susceptibility as

n
c n
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2
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where c is the speed of light in vacuum. To achieve ultrafast
optical modulation in nonlinear optics, it is important to find
naturally occurring NOMs or artificially designed NOMs that
have both a large Kerr nonlinear coefficient and a small TPA
coefficient.
The second term on the right-hand side of eq 3.7 represents

cross-phase modulation, in which a first signal at ω1 influences a
second signal at ω2. The third term in eq 3.7 describes the third
harmonic generation (THG) process. THG allows a new signal
oscillating atωTHG = 3ω1 to be produced from a signal atω1. The
remaining terms in eq 3.7 describe the generation of new waves
through four-wave mixing (FWM), in which three incident
photons generate a fourth photon at an idler frequency ωi. The
incident photons are allowed to be degenerate, with one possible
energy diagram shown in Figure 13c. FWM is an ultrafast
process that has a wide range of applications, for instance in
wavelength conversion, parametric amplification, and sampling.
We should mention that the third-order nonlinear responses,
such as the SPM, THG, and FWM, are not bound by the
symmetry constraints that apply to the second-order nonlinear
processes.
After discussing the specific nonlinear optical processes above,

we will now review how these nonlinear processes can be
significantly enhanced from the use of ultrathin metasurfaces
ranging from plasmonic and dielectric nanoantennas to 2D
materials.
3.1.3. Raman Scattering. The Raman effect based on

inelastic light scattering (the scattered light contains frequencies
different from those of the excitation) has offered a powerful
platform for sensing, optical amplification, and supercontinuum
lasing. Raman scattering of light by molecules was first predicted
using classical quantum theory by Smekal in 1923319 and
experimentally observed by Raman and Krishnan in 1928.320

Raman spectroscopy measures the inelastic scattering of
photons due to vibrations in molecules or phonon modes in
crystalline materials, which has become a prominent analysis
technique particularly when analytes have strong light
absorption.321,322 Frequency components shifted to lower

Figure 14. Energy level diagrams of different Raman scattering processes. (a) Spontaneous Raman Stokes scattering. (b) Spontaneous Raman anti-
Stokes scattering. (c) Stimulated Raman scattering. (d) Coherent anti-Stokes Raman scattering. Solid (dashed) horizontal lines represent real (virtual)
electronic energy levels.
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Figure 15. Enhanced nonlinear optical properties through different resonant nanoantennas and metasurfaces. (a) SHG from a plasmonic
multiquantum-well (MQW: In0.53Ga0.47As/Al0.48In0.52As) metasurface with broken inversion symmetry. SHG power conversion efficiency as a
function of fundamental frequency peak power (bottom axis) or peak intensity (top axis) at a fundamental frequency wavenumber of 1240 cm−1 for the
yyy polarization combination. (b) SHG from plasmonic nanoantennas breaking inversion symmetry. (c) THG from all-dielectric Mie-resonant
nanoantennas. (d) THG from Fano-resonant dielectric metasurface. (e) Enhanced THG from a Ge nanoantenna excited at the nonradiative anapole
state resonance. (f) THG from dielectric nanoantennas excited at the BIC resonance. (g) Nonlinear chiral valley photons with a synthetic Au−WS2
metasurface. (h) Enhanced SHG from a few-layer GaSe coupled to a BIC metasurface. (a) Adapted with permission from ref 328. Copyright 2014
Springer Nature. (b) Adapted with permission from ref 335. Copyright 2016 American Chemical Society. (c) Adapted with permission from ref 337.
Copyright 2014 American Chemical Society. (d) Adapted with permission from ref 102. Copyright 2015 American Chemical Society. (e) Adapted
with permission from ref 338. Copyright 2016 American Chemical Society. (f) Adapted with permission from ref 61. Copyright 2020 AAAS. (g)
Adapted with permission from ref 340. Copyright 2019 Springer Nature. (h) Adapted with permission from ref 114. Copyright 2021 American
Chemical Society.
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frequencies are called Stokes components (ωS), and those
shifted to higher frequencies are called anti-Stokes components
(ωAS).

323 Here we discuss a few popular Raman scattering
processes, considering both spontaneous and stimulated Raman
scattering (SRS) and coherent anti-Stokes Raman scattering
(CARS). Their energy level diagrams are shown in Figure 14.
Spontaneous Raman Stokes scattering can be represented as a

transition from the ground state g to the final state n by means of
a virtual intermediate level associated with the excited state n′
(Figure 14a). This implies photon energy transfer to the
vibrational mode in molecules. Consequently, spontaneous
Raman anti-Stokes scattering is a transition from level n to level g
with n′ serving as the intermediate level (Figure 14b). In general,
the spontaneous Raman scattering process is extremely weak,
the scattering cross-section per unit volume for the Raman
Stokes scattering is only ∼10−6 cm−1, indicating that only
approximately 1 part in one million of the incident radiation will
be scattered into the Stokes frequency after propagating 1 cm
distance in the scattering medium.323

However, under excitation by an intense laser beam, highly
efficient Raman scattering can occur because of a stimulated
scattering process. SRS andCARS have become prominent four-
wave mixing techniques that are manifested by a third-order
nonlinear susceptibility χ(3). The origins of SRS and CARS can
be understood from the energy level diagrams in Figure 14c and
d, respectively. For the SRS process, owing to the excitation of a
molecule or lattice (a phonon mode) vibration, the refractive
index of the scattering medium can be temporarily modulated
and induce frequency sidebands (shifted from the laser
frequency by −ωV) onto the laser field. The Stokes field at
frequency ωS = ωL − ωV can beat with the laser field (at the
frequency of ωL) to produce a dynamic modulation of the total
intensity. This modulated intensity coherently excites the
molecule or lattice vibration ωV at frequency ωV = ωL − ωS.
These two processes reinforce one another and lead to a
stronger molecule or lattice vibration and thereby stronger
Stokes fields. The SRS is described by a nonlinear susceptibility
of the form χ(3)(ωS =ωS +ωL−ωL) (Figure 14c). For the CARS
process, two laser beams at frequencies ω1 and ω2 < ω1 are
applied to the Raman medium, and a beam at a new frequency
ωAS = 2ω1 − ω2 is generated as a consequence of the
susceptibility χ(3)(ωAS = ω1− ω2 + ω1). Note that the nonlinear
response experiences a resonance when the input frequenciesω1
and ω2 are selected so that ω1 − ω2 is equal to a vibrational
frequency ωV of the molecule or lattice system. Therefore,
CARS has offered a very useful diagnostic tool for determining
the presence of chemical species by means of their Raman
vibrational modes.
3.2. Nonlinear Interactions with Metasurfaces

The intrinsic nonlinearities in natural materials are extremely
weak (e.g., χ(2) ≈ 10−12 m/V, and higher-order terms are even
smaller), which is intrinsically due to the phase mismatch
between propagating waves in bulk NOM.311 For efficient
nonlinear frequency conversion, phase matching is therefore
required in bulk NOMs. The development of efficient phase-
matching techniques has attracted much attention in nonlinear
photonics. Some of the popular techniques include birefringent
phase matching,324 quasi-phase matching in periodic media,325

and modal phase matching in nonlinear optical waveguides.326

However, because of strict phase-matching requirements, the
subwavelength control of nonlinear optical fields in bulk NOMs
is not possible.

Ultrathin metasurfaces with subwavelength thickness open an
alternative way to achieve efficient nonlinear optical interactions
without suffering the phase matching requirement. Further-
more, strong field enhancement in subwavelength meta-atoms
allows shaping the nonlinear tensor and boosting the efficiency
of different nonlinear processes by orders of magnitude.
Strikingly, subwavelength meta-atoms additionally offer tailored
control of local nonlinear emission through engineering of their
morphology, resulting in different amplitude, phase, and
polarization responses.327 In the following part, we will highlight
different physics of developed nonlinear nanoantennas and
metasurfaces, with constituent materials ranging from artificial
semiconductor media, plasmonic and dielectric materials, to 2D
materials.
A new class of artificial semiconductor media, the so-called

multiquantum-wells (MQWs), has been developed to exhibit
strong bulk nonlinearities.328 MQWs are composed of stacks of
different III−V semiconductor layers serving as a set of potential
wells and barriers for charge carriers moving in the transverse
direction. Electrons and holes confined in these wells occupy
discrete energy levels that can be precisely engineered by
controlling the layer thickness using modern semiconductor
growth technology. MQWs enable the use of smaller volumes
for the nonlinear processes, significantly relaxing phase-
matching requirements. However, a limiting factor of using
MQWs for the nonlinear light control is that the transitions are
polarized in the direction perpendicular to the layers, and
therefore they are not accessible by plane waves at normal
incidence. To facilitate the coupling of normally impinging light
into longitudinal electric fields within MQWs, the use of
plasmonic nanoantennas and metasurfaces on top of MQWs has
been proposed. As an example, asymmetric gold cross
nanoantennas on top of a MQWheterostructure enable efficient
light coupling to intersubband transitions in MQWs with SHG
efficiency of almost 2 × 10−6 using a pump intensity of only 15
kW cm−2, exhibiting orders of magnitude enhanced SHG
efficiency (Figure 15a).328

Instead of stacking multiple layers in MQWs, another
promising and rapidly growing field targeting efficient nonlinear
generation is the use of ultrathin metasurfaces. Unlike 3D bulk
NOMs, nonlinear metasurfaces can exhibit strong nonlinear
optical responses at ultrathin thicknesses (much smaller than the
operating wavelengths), removing the phase-matching require-
ment. Surface plasmons supported at metal−dielectric interfaces
offer an efficient approach for enhancing nonlinear light−matter
interactions due to the strong light confinement. The shape of
plasmonic structures can be tailored to resonantly enhance
light−matter interactions at different frequencies, boosting the
efficiency of nonlinear generation.329 Like the case of bulk
NOMs, second-order nonlinear effects in metasurfaces, such as
SHG, are subject to the same symmetry constraints.
The effective nonlinear response of the metasurface is

proportional to the spatial overlap integral among fields excited
in the structure at pump and harmonic frequencies with specific
polarization combinations, weighed by the local nonlinear
susceptibility tensor and averaged over the meta-atom (unit cell
of a metasurface) volume V:330,331
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where Ej(m)ω is the j-polarized component of the field excited in a
metasurface by a m-polarized incident beam Eincω. It is evident
from eq 3.11 that, to maximize the SHG response, the structure
must provide strong field enhancement at both fundamental (ω)
and harmonic (2ω) frequencies. Similar expressions can be
derived for other nonlinear processes. Therefore, to achieve
efficient nonlinear mode conversion, it is necessary to ensure
good field overlap between the generated nonlinear local field
and the fundamental mode. When two or more plasmonic
nanoantennas are in proximity, it is possible to harness the mode
coupling and overlap for strong nonlinear interactions. In this
context, various plasmonic nanostructures, such as split-ring
resonators,332 L-shaped,333 and G-shaped nanoantennas,334

have been used to achieve strong nonlinear responses. As an
example, Figure 15b shows a plasmonic structure that consists of
multiple coupled resonators.335 When the disk dipoles (blue
arrows in Figure 15b) are positioned in a noncentrosymmetric
arrangement, constructive interference between them allows an
enhanced SHG emission, which can be turned into a dark mode
when the structure is in a centrosymmetric configuration.
However, plasmonic nanoantennas have several disadvantages
limiting their applications for nonlinear photonics, including
high dissipative losses and inevitable thermal heating that could
result in low optical damage thresholds.
To circumvent the constraints in plasmonic structures,

nonlinear metasurfaces made of pure dielectric materials have
been explored. The use of all-dielectric metasurfaces supporting
Mie-type resonances, with much higher pump field intensities,
provides a promising route to obtain higher nonlinear
conversion efficiencies.336 Silicon metasurfaces have been
developed to generate highly efficient THG signals (with a
conversion efficiency of 0.9 × 10−7) through exploiting both the
electric and the magnetic Mie resonances in silicon meta-atoms
(Figure 15c).337 Unlike plasmonic nanostructures, the electric
field confined in dielectric resonators is not limited to the
surface. Even though the electric field enhancement inside
dielectric resonators is typically smaller than in plasmonic
structures, an overall enhancement factor could be larger, due to
the fact that the nonlinear susceptibility tensor in eq 3.11 is a
volume-based integration.
Apart from Mie resonances, Fano resonances provide an

alternative approach to enhancing light−matter interactions and
nonlinearities. At the Fano resonance frequency, the near field of
the resonant nanostructure is enhanced via the destructive
interference of resonant and nonresonant modes, leading to a
typical nonsymmetrical dip in the scattering spectrum. A Fano-
resonant silicon metasurface was recently developed to show
strong field enhancement within the volume of the silicon
resonator while minimizing TPA. Figure 15d shows a Fano-
resonant metasurface consisting of resonant silicon nanodisks
that provide highly resonant dark modes, and silicon nanoslits
supporting a bright mode.102 This Fano-resonant metasurface
realized strong THG with measured conversion efficiency of 1.2
× 10−6 and an average pump power of 50 mW at a peak pump
intensity of 3.2 GW/cm2.330

High-index dielectric nanostructures can support other
unusual electromagnetic scatteringmodes. For instance, anapole
modes have been produced based on the excitation of both
electric and toroidal dipole moments, supported by different
dielectric nanostructures. The term anapole means “without
poles” in Greek, and it is characterized by a specific state that
supports zero net dipolar radiation. The dramatically reduced
scattering in excited anapole modes could significantly enhance

the local field confinement and boost the nonlinearities. Figure
15e presents an example of a germanium anapole nanodisk
exhibiting strong THG signals, with a measured THG
conversion efficiency of around 10−4 for 1 μW (15 GW/cm2)
pump power.338

Enhanced SHG was also observed in a single AlGaAs
cylindrical resonator that supports high-Q factor BICs on a
silica/indium tin oxide (ITO)/silica substrate (Figure 15f).61 In
this structure, ITO features an epsilon-near-zero condition at
around 1.2 μm, acting as a conductor (insulator) above (below)
this wavelength. A quasi-BIC resonance was obtained at 1.57 μm
through the interference between magnetic dipolar modes in the
strong coupling regime. At the SHG wavelength, ITO behaves
like glass, enabling collection of the radiated light both in the
forward and backward directions. To maximize the coupling of
the pump beam to the quasi-BIC, azimuthally polarized incident
light was used to better match the field profile of the excited
quasi-BIC mode. The SHG process produced a conversion
efficiency of 1 × 10−4 at a peak pump intensity of 0.07 GW/
cm2.61

Another emerging class of nonlinear media are 2D materials,
for instance single- or multilayer graphene, TMDs, MoS2,
MoSe2, hexagonal boron nitride, and black phosphorus.339

These atomically thin structures can have large nonlinear
coefficients, potentially being able to replace conventional
NOMs in integrated photonic systems. Recently, hybridizing
metasurfaces with 2D materials have been demonstrated to
exhibit advanced light−matter interactions and enhanced
nonlinearities (see section 2.2.3). In this context, TMDs have
been integrated with metasurfaces for enhanced optical
nonlinearities, in which TMDs feature a direct bandgap in the
visible frequency range and a large excitonic binding energy. The
broken time reversal symmetry of the atomic structures in
TMDs induces the opposite Berry curvatures and pseudospins
in the electronic band structures, lifting the valley degeneracy
and resulting in a valley-contrast absorption and emission of
spin-polarized photons.150 This inversion symmetry breaking
allows the strong photonic spin-dependent SHG coupling to the
interband transition in different valleys. A hybrid metasurface
integrated with 2DTMDs was recently developed to address the
valley excitons in the SHG emission.340 Figure 15g presents the
hybrid metasurface design, capable of coherent addressing the
valleys and producing valley-contrast SHG emissions. The
plasmonic metasurface underneath the TMDs layer carries the
geometric phase that is spin-dependent and boosts the light−
matter interaction due to its strong field confinement. This
hybrid metasurface could access and pump the valleys
coherently and result in SHG photons with a spin-valley-
dependent geometric phase. As a result, the SHG emissions from
the opposite valleys could be controllably separated and steered
to different directions.340 As another example of hybrid
metasurfaces, giant SHG enhancement was observed by
coupling 2D GaSe flakes to silicon metasurfaces supporting
quasi-BIC mode under continuous-wave operation (Figure
15h).114 Taking advantage of both high-Q factors and large
mode areas of quasi-BICs, SHG from a GaSe flake is uniformly
enhanced by nearly four orders of magnitude, offering a
promising way to realize high-power coherent nonlinear light
sources.114 Various nanostructures have been developed to
enhance the Raman effect. Plasmonic nanostructures were
considered as the best candidates through the generation of
surface plasmons,341 but these metallic compounds suffer from
strong dissipative losses reducing their Raman scattering. Recent
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advances in subwavelength dielectric resonators pave the way
toward low-loss Raman scattering via all-dielectric nanostruc-
tures.61 Different-shaped high-index dielectric nanostructures,
such as spheres,342 disks,343 octahedral,344 and even irregular
shapes,345 have been used to excite the Raman scattering
through their Mie resonances. For instance, an experimental
140-fold enhancement of the Raman intensity has been
observed in silicon nanoparticles, due to the excitation of the
magnetic dipole resonance.346 In addition to the Mie resonance,
the anapole state of thin silicon nanodisks has been
demonstrated to achieve an 80-fold enhancement of the
Raman scattering, in which the toroidal and electric dipole
moments interfere destructively in the far-field, leading to the
generation of an optically dark anapole state.343 For those
interested in more dielectric structures used for enhancing the
Raman scattering, comprehensive reviews have been writ-
ten.347,348

Particularly relevant for the field of quantum optics is the
second-order process known as spontaneous parametric down-
conversion (SPDC), which is in the present days the most
versatile method of generating twin photons over a broad
spectral range. Twin photons (TPs) can be used as a heralded
source of single photons349 as well as to create entangled
photons states in a variety of degrees of freedom, in discrete350

and continuous variables.351 The implementation of SPDC
normally relies on the use of nonlinear crystals like β-barium
borate (β-BBO), exploiting the second-order nonlinearity of
such material.352 Depending on the specific application of the
TPs generated by SPDC, β-BBO crystals with thicknesses
ranging from some millimeters down to a few hundreds of
micrometers are used. In any case, the fact that the generation of
the TPs is a random process that can happen at any place along
the crystal, there is an uncertainty in the moment when the TPs
are created, which can lead to experimental difficulties. In this
framework, the use of ultrathin metasurfaces may allow the
generation of TPs at ultrashort time scales. Moreover, the
ultrathin characteristic of these metasurfaces mitigates one
problem of the canonical SPDC approach using thick crystals,
which is the phase matching: in such ultrathin materials phase
matching is automatically satisfied, leading to the observation of
SPDC across an order of magnitude larger spectral range as
compared with those obtained using the traditional SPDC
implementation method. A delightful perspective paper
discusses the use of metasurfaces for enhancing the performance
of important elements for quantum optics technology, like
sources of quantum light, single photon manipulation, and
nonclassical photon state excitation and detection with quantum

light.353 To provide a more direct comparison of previous
metasurfaces developed for enhancing the SHG and THG
nonlinear processes, with respect to the used materials, physical
mechanisms, pump wavelengths and intensities, and nonlinear
conversion efficiencies, here we summarize their metasurface
performance in Tables 1 and 2, respectively.

Having discussed the basics of metasurface-assisted photon−
photon nonlinear energy conversion processes, in what follows
we now focus on a technologically relevant application of such
nonlinear processes.
3.3. Metasurfaces for Enhancing Upconversion and
Quantum Cutting
From the point of view of applications and extending the
discussion introduced in the previous section, two very relevant
photon−photon energy conversion processes are the frequency
(or energy) upconversion (UC) and quantum cutting (QC).
These processes normally involve changes in the populations of
electronic (and vibronic) states, thus being incoherent, which
differs them from the processes discussed in the previous two
sections. In what follows, we introduce the physical origins and
mechanisms leading to UC and QC and discuss how
metasurfaces can enhance the efficiency of such incoherent
nonlinear photon−photon conversion processes.

Table 1. SHG Performance of Different Plasmonic and Dielectric Metasurfacesa

material physical mechanism pump wavelength (nm) pump intensity (kW/cm2) conversion efficiency ref

In0.53Ga0.47As/Al0.48In0.52As MQWs 8064.52 15 2 × 10−6 328
In0.53Ga0.47As/Al0.48In0.52As MQWs ∼10 000 15 7.5 × 10−4 354
In0.53Ga0.47As/Al0.52In0.48As MQWs 7800 11 1.5 × 10−4 355
Al0.18Ga0.82As Mie resonance 1550 1600 10−5 356
AlGaAs-on-AlOx Mie resonance 1554 1600 7 × 10−5 357
GaAs Mie resonance 1020 3400 2 × 10−5 358
LiNbO3 Mie resonance 1550 4300 10−6 359
alternating Au and ZnO layers hyperbolic metamaterials 800−1300 1.13 × 10−6 360
AlGaAs quasi-BIC resonance 1570 70 10−4 61
ε-GaSe flake quasi-BIC resonance 1331.8 114

aConversion efficiency is defined as ηSHG = PSHG/Ppump, where PSHG and Ppump denote the power of the SHG signal and the input power,
respectively.

Table 2. THGPerformance of Different Plasmonic Dielectric
Metasurfacesa

material
physical

mechanism

pump
wavelength

(nm)

pump
intensity
(kW/cm2)

conversion
efficiency ref

Si Mie
resonance

1260 5000 9 × 10−8 337

Si Fano
resonance

1280 and
1340

5000 10−6 361

Si Fano
resonance

1350 3200 1.2 × 10−6 102

Ge anapole
excitation

1650 15 000 ∼10−4 338

Si quasi-BIC
resonance

1400 to
1460

10−6 362

Si quasi-BIC
resonance

1550 10−7 363

ZnO on
Au

quasi-BIC
resonance

1060 11 950 0.11 364

aConversion efficiency is defined as ηSHG = PSHG/Ppump, where PSHG
and Ppump denote the power of the SHG signal and the input power,
respectively.
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3.3.1. Upconversion. In an UC process, photons are
emitted by the sample (e.g., nanoparticles of a givenmaterial or a
metasurface) having energies larger than the energy of the
excitation photons. This emission of higher energetic photons
can be the consequence of various kinds of physical mechanisms,
like anti-Stokes Raman Scattering, which is a phonon-assisted
photon absorption process, and multiphoton absorption.365 UC
processes can be particularly useful in photovoltaics/solar cells
and biological imaging applications. In the first case, since a
significant amount of energy in the solar spectrum is found in the
IR spectral range and thematerials used to fabricate such devices
present highest efficiencies in the visible, one way of increasing
the efficiency of such devices is converting the “wasted” infrared
photons into visible photons. In biological imaging, the use of
UC processes is very interesting because using IR for
illumination allows a deeper penetration in biological tissues,
while the detection of light in the visible range allows the use of
high efficiency photodetectors upon a virtually zero background.
As a nonlinear optical process, its efficiency strongly depends on
the excitation power, which is particularly critical when using
continuous wave light, like the one coming from the sun. Thus,
UC enhancement mechanisms can be decisive in enabling
technologies based on photon−photon conversion through UC.
Applications of phonon-assisted UC processes can be found,

among others, in solid state optical thermometry in bulk366 and
in nanoscale367,368 deep tissue superresolution (sub 50 nm)
imaging,369 and optical refrigeration.370 In the first case, ions in a
host matrix can be promoted from the ground state to an excited
electronic state via linear optical absorption. This is then
followed by the absorption of lattice phonons, which can then
bridge the gap to a higher lying, thermally coupled energy level
from which fluorescence can be emitted. It is found that the
fluorescence intensity is temperature dependent. This can be
understood by remembering that the phonon population in the
host matrix increases as the sample temperature increases and
that the phonon absorption probability depends on the
phononic population density. By weakly exciting the system,
in a perturbative manner, it is then possible to use the phonon-
assisted UC fluorescence intensity as a thermometric quantity.
The situation changes however when the excitation rates are
made sufficiently high. If the population of ions in the excited
state is large enough, which can for example be achieved under
strong pumping conditions, the phonon annihilation rates due

to the promotion of the ions to the thermally coupled state can
be so large that the host matrix temperature decreases: thermal
energy is converted then in optical energy, which is dissipated in
the form of fluorescence. This is the basic idea of optical
refrigeration. UC in nanoscale finds many other applications,
including investigations of in vitro and in vivo biological
systems371 and cancer treatment, can be found in ref 372.
Multiphoton UC processes are intrinsically nonlinear and as

such in principle occur less probably than linear optical
processes. Therefore, the usefulness of structures that can
enhance such processes, like metasurfaces, becomes evident.
The lowest number of absorbed excitation photons in a
multiphoton UC process is two, in which two photons of an
excitation beam get converted into one higher energetic photon.
The results can be either the emission of fluorescence (when one
has changes in the populations of the involved energy levels, like
the TPA process), which is incoherent, schematized in Figure
13c, or the emission of parametrically generated radiation (when
there are no population changes, like in second harmonic
generation and sum frequency generation, see Figure 13b, which
is a coherent process).
Let us consider three processes involving changes in the

electronic states’ populations. In the first one, the so-called
sequential two-photon absorption, which is schematized in
Figure 16a, the electrons are first promoted from the ground
state to an excited electronic state by absorbing a photon from
the excitation beam. Then the electrons can nonradiatively relax
to a close lower-lying excited state, from which they can absorb
another photon of the excitation beam, ending up in a high
energetic state, and thenUC fluorescence can be emitted from it.
The energy difference between the ground state and the higher
lying intermediate state and between the lower lying
intermediate state and the highly energetic state from which
the UC radiation is emitted is in the ideal case the same, and
close to the excitation photons’ energy. Such a process can
always happen when using continuous wave (CW) lasers as
excitation sources, like the one investigated in ref 373. However,
in experiments using pulsed lasers, the process will be possible
only if the nonradiative transition between the two intermediate
states is fast, in the sense that the inverse of the nonradiative
relaxation rate must be smaller than the pulse duration. In time-
resolved experiments, the rise time of the UC signal is influenced
by the nonradiative transition characteristic time. The second

Figure 16. Examples of multiphoton absorption processes. (a) Sequential two photon absorption in Tm3+ ions pumped at 795 nm in a tellurite glass.
(b) Resonant two-photon absorption in Er3+ ions when pumped at 980 nm in hafnium oxide nanocrystals. (c) Absorption spectrum of Tb3+ ions in a
crystallized protein excited at 532 nm, where the sample does not present any absorption feature from 300 nm on. Inset: luminescence spectrum due to
two-photon absorption in an aqueous solution of the protein hosting the Tb3+ ions. (a) Adapted with permission from ref 373. Copyright 2002 AIP
Publishing. (b) Adapted with permission from ref 374. Copyright 2010 AIP Publishing. (c) Adapted with permission from ref 375. Copyright 2007
Wiley-VCH GmbH.
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process, called resonant two-photon absorption, is sketched in
Figure 16b and differs from the first one due to the absence of
one of the intermediate states. In this case, the absorption of an

excitation photon promotes the electron from the ground state
to the single intermediate excited state and from there a second
excitation photon is immediately absorbed taking the electron to

Figure 17. Using metasurfaces for enhancing UC processes. (a) Scheme of a 1D rare-earth-doped polymer resonant waveguide grating. (b) AFM
image of the TiO2 resonant waveguide grating used as a substrate for supporting the doped polymer film. The spatial period and the groove depth of the
grating are 466 and 60 ± 5 nm, respectively (bottom). (c) UC spectra of the rare-earth-doped polymer under different excitation conditions: on-
resonance with the grating (red line), off-resonance (blue line), and from a nonpatterned area (black line). Insets are optical images of UC fluorescence
emitted by the sample when illuminating the excitation beam under on-resonance (upper inset) and off-resonance (lower inset) conditions,
respectively. (d) Left: Scheme of a dual resonance metasurface with unit cells based on metamolecules composed of four silicon cylinders (period p =
520 nm, each cylinder 270 nm high, radius 68 nm, and centers 200 nm apart from each other). The metamolecules are etched on a 2 mm thick SiO2
layer (gray color), which in turn is deposited on a silicon substrate (cobalt blue color). The UC nanoparticles are dispersed on the metasurface
(greenish color). Right: the metasurface simulated (red) and measured (black) reflectance spectra, showing peaks which coincide with the excitation
and emission wavelengths used in the experiment. (e)MeasuredUC fluorescence from the nanoparticles on themetasurface (red) and on the substrate
(blue). The calculated fluorescence enhancement (black) is also shown. Compare with the reflectance spectra shown in the right panel of part e). (f)
Photo of a Si metasurface on 5 cm × 5 cm glass substrate (shiny part) with the unstructured reference region (edges). (g) SEM image of the
metasurface with indicated high-symmetry directions. (h) SEM image of the metasurface coated with a PMMA film containing UC nanoparticles. (a−
c) Adapted with permission from ref 377. Copyright 2015 American Chemical Society. (d, e) Adapted with permission from ref 383. Copyright 2019
The Royal Society of Chemistry. (f−h) Adapted with permission from ref 384. Copyright 2020 American Chemical Society.
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the highest energetic state, from which the UC fluorescence is
emitted.374 The energy gap between the ground state and the
intermediate excited state and between this state and the highest
energetic state is in the ideal case the same and again close the
excitation photons’ energy. In time-resolved measurements, the
rise time of such an UC signal is shorter than for the process
previously described. Besides this, due to the absence of any
intermediate steps when promoting the electrons between the
two intermediate excited states, this process is less dependent on
the use of continuous wave or pulsed lasers to occur. The third
process is the two-photon absorption, which is characterized by
the absence of intermediate states in the electronic transition
from the ground state to the higher energetic, emitter state,375

see Figure 16c. The energy gap between these states is close to
twice the energy of the pump photons. Since this is a
nonresonant transition, it can only happen within a very short
period of time, as allowed by the Heisenberg uncertainty
principle and thus can only be observed with the use of
ultrashort, high intensity laser pulses as excitation source. In the
solid-state phase, these kinds of nonlinear optical processes are
very easy to observe in systems doped with rare-earth trivalent
ions since they present atomic-like optical transitions giving
origin to relatively narrow band light emission.
Higher-order UC processes are less common to find, and their

complexity involves the occurrence of resonant, nonresonant,
phonon-assisted and energy transfer processes along the
excitation path, as exemplified in ref 376 for a three-photon
excitation scheme. Metasurfaces made from high permittivity
dielectric materials, not suffering from Joule losses280,377−379

(Figure 17a−c) and presenting electric and magnetic multipolar
resonances can be used to design hybrid systems originating
strong localized fields,380−382 which then lead to dramatic
enhancement of UC efficiencies due to the nonlinear nature of
such a process.
They also allow for applications demanding large active areas.

In ref 383, a metasurface based on silicon cylinders that are
distributed on a lattice of silicon cylinder clusters and which
support electric and magnetic dipole Mie resonances is
investigated. For specific distances between the silicon cylinders
and the clusters, lattice resonances can lead to the enhancement
of both kinds of resonances simultaneously, like schematized in
Figure 17d and e. Sodium−yttrium fluoride (NaYF4) nano-
crystals (average diameter: 70 nm) codoped with Yb3+ and Tm3+

ions were chosen for probing effects of the metasurface on the
UC emission of the nanoparticles. In such system, due to the fact
that Yb3+ has a very large absorption cross-section at 965 nm, it is
used as sensitizer for absorbing pump photons at 970−980 nm
and transfer energy to the Tm3+ ions, from which UC
fluorescence bands around different wavelengths can be
observed, with a very strong one at 800 nm.385 Numerical
simulations were performed to tune the resonances to the
excitation wavelength at 965 nm (the pump wavelength
resonant to the Yb3+ ions absorption band) and the UC
emission band peak at 800 nm fromTm3+ ions, resulting in near-
field enhancement at these wavelengths. The corresponding
metasurface was fabricated and microphotoluminescence
ensemble experiments performed with a control system, the
nanocrystals on a substrate, and with the nanocrystals on the
metasurface, ensuring similar coverage rates. It was then found
that the overall UC emission enhancement was about 400 when
using the metasurface, which also played a role in changing the
spatial emission pattern, increasing the system’s collection
efficiency.

In another work, Wuerth et al. used nanoimprinting methods
to fabricate a metasurface consisting of a silicon layer with holes
(325 nm in diameter) arranged in a hexagonal pattern (lattice
constant 600 nm).384 UC experiments were performed exciting
at 975 nm ensembles of∼25 nm in diameter NaYF4 nanocrystals
codoped with Yb3+ and Er3+, within the strong absorption band
of the sensitizer Yb3+ ions (Figure 17f−h).
This is a classical host-dopant combination used to investigate

UC processes for many applications, like solar cells386 and
microthermometry.387 In such systems, the role played by the
Yb3+ ions, like in the previous case, is to efficiently absorb pump
photons around 975 nm and transfer the energy to the Er3+ ions.
These present strong UC emission bands in the green region,
around 525 and 550 nm, besides a very strong band in the red, at
660 nm. White light transmission measurements were used to
locate the resonances provided by the metasurface. Along
determined directions of the lattice in k-space, field enhance-
ments around 30 have been observed for the excitation
wavelength with TM polarization. A capping layer of the
nanocrystals in polymethylmethacrylate (PMMA) could be
deposited with different thicknesses on the metasurface. A total
enhancement of 103 of UC emission integrated over the three
bands has been observed for nanocrystals capping layers thinner
than 100 nm, evidencing the near-field enhancement generated
by the metasurface. Moreover, this work shows that the
distribution of enhanced electric fields is inhomogeneous within
the capping layers and that the green and red UC emissions can
be used as a field sensor to locally measure local field energies.
As for the majority of rare-earth ions, the absorption cross-

sections of Er3+ transitions are small as compared to, for
example, those of organic dye molecules. As mentioned
previously, codoping the matrix with similar ions, like Yb3+,
can be a good strategy for increasing the excitation rates in such
systems. However, the wavelength range in which this is
advantageous is restricted to the bandwidth of the Yb3+ ions
absorption profile. At some technologically relevant wave-
lengths, as ∼1550 nm, important for telecom and excitation of
biological tissues in the third biological window, this codoping
strategy is not effective and the Er3+ ions need to be directly
excited. A metasurface similar to the one described previously
was used in ref 388 for enhancing the UC emission of NaYF4
nanocrystals, this time doped only with Er3+ ions. Its design
followed the holes (diameter: 400 nm) hexagonal array (lattice
constant: 1000 nm) on a silicon layer (thickness: 53 nm),
resulting in the appearance of resonances at 1551 nm, coincident
with the excitation wavelength. An integrated UC enhancement
by a factor of 2400 has been observed in relation to the
experiment performed under the same condition, but on a
nonstructured substrate. In attempting to boost the local field
enhancement, aiming at even stronger UC emissions, the same
group designed another kind of metasurface, a double layer stack
formed by a hexagonal lattice photonic crystal slab integrated
with a structure very similar to the metasurface used in the
previous case.389 Following the same approach, the stack
metasurface was coated with a PDMS film containing Yb3+/Er3+
codoped NaYF4 nanocrystals. Performing transmission spec-
troscopy with the coated and uncoated metasurfaces, intense
spectra were recorded. A fraction of the observed resonances
was associated with the Rayleigh-Wood anomaly provided by
the metastructure, absent in the single layer metasurface
investigated in the previous work, which presented the strongest
field enhancement according to numerical simulations. Upon
similar excitation conditions as in ref 388, UC emission
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intensities enhanced by a factor of 2.7 as compared to the single
layer metasurface have been recorded, this being attributed to
the synergetic effects of the enhanced local fields and light
trapping by the resonant modes.
3.3.2. Quantum Cutting. In lighting and display systems,

the energy of a vacuum UV photon is more than twice that of a
visible photon, and thus, it is possible to achieve the emission of
two photons in the visible range from the absorption of a
vacuum UV photon.390 QC is an energy downconversion
process, in which a high energetic photon is converted by a
nonlinear material into two photons of lower energies.391 A
typical QC process happens when a high-energy photon gets
absorbed by a sensitizer fluorophore, which undergoes an
electronic transition from the ground to the excited state. Then,
via dipole−dipole interaction, this sensitizer transfers its energy
to two acceptor fluorophores A and B, ending up again in the
ground state. As a result of the energy transfer process, the
acceptors A and B then get excited from their ground states to
their excited states, from which these acceptors can emit less
energetic photons. A scheme with subtle variations of this main
concept is depicted in Figure 18a−d. The final result is that one
incident photon is converted into two emitted photons with
energies lying within the sensitizer transparency window,
virtually eliminating reabsorption losses. The process is efficient
when the energy of the incident photon is equal to the sum of the
energies of the excited states from the acceptor fluorophores A
and B. The QC process happens on a picosecond time scale or
less, as determined by transient absorption studies.393

Metal-halide perovskite nanocrystals, with structure CsPbX3
(X = Cl, Br, I), have been extensively studied in the past decade
due to their broad absorption spectra, spectrally narrow
photoluminescence presenting high quantum yields and wide
bandgap tunability, achieved by exploiting quantum confine-
ment effects via nanocrystal size control and composition.395,396

These characteristics have made these crystals a very promising
material for photon−photon energy conversion.
Besides this, lanthanide ions have been intensively explored as

optically active dopants in inorganic crystal hosts for decades.
Doping such ions into traditional semiconductor nanocrystals,
such as CdSe, is a challenging task because of the tetrahedral
coordination in these materials. Fortunately, CsPbX3 (X = Cl,
Br, I) perovskite nanocrystals present the octahedral coordina-
tion suitable for hosting lanthanide ions. Because of the

extremely simple energy level structure of its optically active
electrons, the ground state 2F5/2 and the single excited state
2F7/2, and the energy difference between these levels which
matches well with the band gap of 1.12 eV of silicon, Yb3+ ions
were chosen as the most proper luminescent center to achieve
QC to the near-infrared. For energy losses reduction in silicon
photon converting cells, a suitable Yb3+ doped QC layer
overlying the device could efficiently absorb the photon with a
wavelength of shorter than 550 nm (twice energy gap) and
achieve two near-infrared photon emission with exactly the
energy of the band gap. Colloidal Yb3+-doped CsPbCl3 halide
perovskite nanocrystals have demonstrated very high photo-
luminescence quantum yields in the near-infrared, approaching
the theoretical limit of 200%, attributed to a picosecond
quantum-cutting process in which one photon absorbed by the
nanocrystal generates two photons emitted by the Yb3+
dopants.397 The quantum yield of the perovskite excitonic for
undoped samples is ∼20% and decreases sharply to <1% upon
increasing the Yb3+ concentration to ∼0.7%, indicating an
efficient energy transfer process from the excitons to the Yb3+
ions and confirming the QC mechanism.
There are several reports in the literature on QC in undoped

and doped perovskites nanocrystals. However, studies on
microstructure- or metasurface-assisted QC are much rarer,
which represents an opportunity for improving the efficiency of
such devices using this approach. In ref 394, an inverse opal
photonic crystals structure was fabricated using Yb3+:Tb3+
codoped YPO4, prepared by sol−gel technique with self-
assemble method (Figure 19). The energy difference between
the Yb3+2F5/2 and 2F7/2 levels is approximately half of the energy
difference between the Tb3+5D4 and 7F6 levels, and the electronic
transitions in Yb3+ do not find any resonances among the
possible electronic transition in Tb3+ ions. The fluorescence
quenching in Tb3+ ions when thematrix was doped with Yb3+ led
to an enhancement of the fluorescence emitted by the last ones,
indicating an efficient energy transfer mechanism, resulting in a
QC process as schematized in Figure 18e. With the influence of
the photonic band gap presented by the inverse opal structure,
the QC phenomenon was investigated in spectrally and time-
resolved experiments. The results show that, when the
spontaneous emission of the sensitizer Tb3+ ions is inhibited
by the photonic band gap, the QC quantum efficiency could be
enhanced.

Figure 18. Energy level diagrams for two types of lanthanide ions for illustrating the phenomenon of QC. Type I is an ion for which emission from a
high energy level can occur, while type II is an ion to which energy transfer takes place. (a) QC on the single ion I by the sequential emission of two
visible photons. (b) QC by a two-step energy transfer. (c, d) Two QC possibilities that involve only one energy transfer step from ion I to ion II. (e)
Simplified energy level scheme of the cooperative QC process in a Tb3+/Yb3+ doped system. (a−d) Adapted with permission from ref 391. Copyright
1999 AAAS. (e) Adapted with permission from ref 394. Copyright 2016 Science Direct.
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We finish by highlighting a technologically very important
application of metasurface-enhanced UC and QC processes. In
the context of solar cells and photovoltaics, the usefulness of
such higher-order processes is very promising. In the case of UC,
these processes allow to convert photons with energies in the
NIR region and beyond, in which a large fraction of the solar
spectrum is located, to the visible range. This is important
because NIR photons have low energies and thus many kinds of
photodetectors and photon absorbing systems are transparent
for them. As a result, without the use of efficient UC processes,
the photons in the NIR coming from the sun are often wasted.
On the other hand, QC does not only provide the possibility of
bringingUV and deepUV light from solar radiation to the visible
spectral region, where photodetectors are more efficient, but
also represents a way of enhancing the quantum yield of
photoluminescent systems to values beyond 100%. Moreover,
the common fluorophores presently used in these devices, such
as organic dyes and colloidal quantum dots, often suffer from
reabsorption loss of photoluminescence photons along the
waveguiding path, lowering the internal quantum efficiency of
the device.392 In the literature, concrete applications of
metasurface-enhanced UC or QC processes in solar cells and
photovoltaics are still not reported; however, they represent a
promising research niche in a world more and more concerned
about the generation of green energy.
3.4. Section Summary
To summarize, this section has reviewed different physical
processes that involve photon−photon energy conversion.

1. The fundamentals of coherent nonlinear optical processes
that involve second- and third-order susceptibilities have
been discussed.

2. The second-order nonlinear effects including SHG, SFG,
and DFG are principally illustrated. The intensity-
dependent refractive index and absorption changes
related to the SPM and TPA processes are illustrated.

Figure 19. Use of a self-assembled metamaterial, an inverse opal, for
enhancing a QC process. (a, b) SEM images of (a) unitary opal
templates constructed with polystyrene microspheres 410 nm in
diameter and (b) binary templates constructed with polystyrene
microspheres 220 and 410 nm in diameter. (c) Optical micrograph of
the fabricated inverse opal photonic crystal. (d, e) SEM images of the
inverted opal crystal and a disordered structure sample. (f) Emission
spectra of the opal photonic crystal (IPC) and the disordered structure
samples (RS) under excitation at 480 nm. Adapted with permission
from ref 394. Copyright 2016 Science Direct.

Figure 20. Basics of photon−phonon interactions. (a) Sketch of the dispersion relations for phonons in a 3D lattice, consisting of three acoustic
branches (red) and three optical branches (blue). Optical branches are present only for lattices with more than one atom in the unit cell. The light line
intersects optical phonons close to the k = 0 point. (b) Sketch of the four phononmodes existing for a diatomic 1D chain free tomove in a 2D space. (c)
Real (blue) and Imaginary (red) parts of the dielectric function for SiC, a polar dielectric. In the Reststrahlen band, ε1 < 0 and the reflectivity
approaches unity. (d) Dispersion diagram for SPhPs in a semi-infinite SiC slab together with the light line.
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3. The third-order nonlinear effects including SPM, THG,
and FWM that are not bound by the symmetry constraints
are principally illustrated.

4. Enhanced nonlinear optical properties have been
experimentally achieved from different nanoantennas
and metasurfaces including plasmonic MQW metasurfa-
ces, plasmonic nanoantennas, all-dielectric Mie-reso-
nance nanoantennas, Fano-resonant dielectric metasurfa-
ces, anapole-mode metasurfaces, BIC dielectric meta-
surfaces, a synthetic Au−WS2 metasurface, and a 2D
material-coupled BIC metasurface.

5. Some applications of UC and QC in solar cells and
photovoltaics have been shown, in which the efficiency of
these processes is boosted by the use of metasurfaces and
metamaterials.

4. PHOTON−PHONON ENERGY CONVERSION
In this section, we summarize recent research involving energy
transfer between photons and phonons (i.e., the lattice
excitation states in a crystal) mediated by the presence of a
metasurface. Photon−phonon energy conversion is of techno-
logical relevance, for example, because thermal energy in a solid
is primarily stored in phonons, and as such engineering the
optical properties of a material can modify its radiative thermal
emission properties, leading to applications such as daytime
radiative cooling.398 Moreover, chemically selective spectro-
scopic techniques, such as Raman scattering and infrared
absorption, involve energy exchange between photons and
phonons. Engineering the optical properties of substrates
employed for enhanced spectroscopies can push their
sensitivities to very low amounts of molecules. We start this
section by reviewing the basic properties of phonons and the role
they play in determining the specific heat of a solid. We describe
mixed light-phonon states analogous to surface plasmon
polaritons (SPPs), in which light strongly couples to optical
phonons forming surface phonon polaritons (SPhPs). We then
review applications involving thermal effects before moving to
other photon−phonon interactions such as nanoantenna-
assisted excitation of surface acoustic waves in solids and
light−matter coupling involving the excitation of SPhPs.
Phonons are quasi-particles representing the quantum

mechanical description of the collective motion of atoms in
the periodic lattice of a crystal.399 In general, two different types
of phonons can be excited in a periodic arrangement of atoms,
which are named acoustic and optical phonons. For a three-
dimensional lattice with p atoms in the primitive cell, there are
3p phononmodes, out of which three are acoustic and 3(p-1) are
optical, as shown in Figure 20a for a crystal with p = 2. Acoustic
phonons are characterized by having a linear ω(k) dispersion
around the zero-momentum point, where the slope of the linear
dispersion determines the speed of sound in the material, hence
the name acoustic. In lattices with more than one atom in the
primitive cell, optical phonons also exist. Optical phonons are
characterized by having nonzero energy at the zero-momentum
point and mostly flat dispersions. Because of the linear
dispersion of photons, the light line ω = ck intersects the
dispersion of optical phonons, but not the acoustic phonons, as
it is shown schematically in Figure 20a. Therefore, only optical
phonons can directly couple to photons. Because of the small
photon momentum compared to the phonon momentum,
excitation of optical phonons can only occur close to the k = 0
point. The energy of phonons can vary from few to hundreds of

meV, lying in the mid to far-IR region of the electromagnetic
spectrum.
Albeit with smaller probability, interaction between photons

and phonons can also happen through inelastic scattering in
which the photon can either absorb (Anti-Stokes process) or
lose (Stokes process) energy to a phonon. Inelastic scattering
with acoustic phonons is named “Brillouin scattering”,400,401

while inelastic scattering involving optical phonons is known as
“Raman scattering”.402,403

For a diatomic 1D chain allowed to vibrate in a 2D space, four
phonon modes exist. In Figure 20b, these different modes are
schematically sketched. The linear chain can support both
longitudinal modes (abbreviated as LA and LO for acoustic and
optical, respectively), where the displacement of the ions is in
the same direction of the phonon k vector, and transverse modes
(abbreviated in TA and TO for acoustic and optical
respectively), where the displacement is orthogonal to the k
vector direction. In a 3D lattice, for each phononic branch, there
is one longitudinal and two transverse modes. Depending on the
structure of the crystal, many of the 3p phononic branches can
be energetically degenerate along lattice directions characterized
by high symmetry.
In part of this photon−phonon section, we discuss thermal

effects in which either a photon is emitted due to blackbody
radiation or the absorption of a photon induces a temperature
increase. Metasurfaces can be used to tailor both the absorption
of optical energy and the emission of photons through
blackbody radiation. The connection between temperature
and phonon processes is justified by the fact that the specific heat
of a solid at room temperature (i.e., the energy needed to
increase the temperature of 1 kg of the solid by 1 K) is almost
entirely determined by its phonon structure. A contribution to
the specific heat due to electrons can be appreciable only in
metals at very low temperatures. The turning point in which the
electronic specific heat becomes smaller than the lattice specific
heat is on the order of just a few Kelvins.399 For some solids, the
specific heat at room temperature is well approximated by the
Dulong-Petit law, according to which each ion contributes 3kB to
the lattice specific heat, where kB is the Boltzmann constant. The
Dulong-Petit approximation works well when the thermal
energy kBT is much larger than all the phononic energies so that
all states are highly excited and the detailed phononic dispersion
can be ignored. This is analogous to the high temperature limit
of the quantum mechanical Bose−Einstein and Fermi
distributions, where both tend to the classical Maxwell−
Boltzmann behavior. The temperature above which all phononic
states are highly excited is called the Debye temperature ΘD,
from the homonymous model of the lattice specific heat. For
solids with no optical phonons (i.e., lead or gold, with FCC
crystal structure and 1 atom per primitive cell),ΘD is low and the
Dulong-Petit law constitutes a good approximation even below
room temperature.399,404,405 Conversely, materials supporting
highly energetic optical phonons (i.e., diamond or silicon,
diamond crystal structure with 2 atoms in the primitive cell) are
characterized by high ΘD, which can be even greater than the
melting temperature of the crystal.399,406,407

An interesting form of photon−phonon energy conversion is
the excitation of mixed light−matter states called SPhP408,409

analogous to SPPs at frequencies below ωp where ε1(ω) < 0.
Polar dielectrics are a class of insulators and semiconductors
with strong optical phonons. Some examples are silica (SiO2),

410

silicon carbide (SiC),411 and hexagonal boron nitride (hBN)412

for which the highly dispersive form of ε1(ω) at the frequency of
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a TO phonon leads to an ε1(ω) < 0 region, where the material
behaves similarly to a metal. In Figure 20c, the dielectric
function of the polar material SiC is shown together with its
reflection spectra. Around the TO point, the dielectric function
of an isotropic polar dielectric is well described by a single
Lorentz oscillator:
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zzzzzi

( ) 1 LO TO

TO

2 2

2 2= +
(4.1)

where ωTO and ωLO are the frequencies of the TO and LO
phonons, γ is the damping constant associated with the phonon
oscillation, and ε∞ is the high frequency permittivity. The
dielectric function in Figure 20c is obtained from eq 4.1 using
the following parameters: ε∞ = 6.6, ωTO = 797 cm−1, ωLO = 973
cm−1, γ = 973 cm−1.413 The ε1(ω) < 0 region is called the
Reststrahlen band and is bounded below by a TO phonon and
above by a LO phonon. In the Reststrahlen band, the reflectivity
of the material abruptly increases to unity, as one would expect
from a metal at ω < ωp. The Q factor at the Fröhlich condition
ε1(ω) = −2εm for localized phonon polaritons (LPhPs) in the
mid-IR is higher than what can be achieved in the visible range
by noble metals. This is because the lifetime of SPhPs is longer
than for SPPs (order of ps vs order of tens of fs) due to the
smaller phonon−phonon scattering rate compared to the
electron−electron scattering rate governing SPP decay. In
Figure 20d, the dispersion of a SPhP in a semi-infinite slab in air
environment is reported. SPhPs can propagate between ω =ωTO
and the frequency where ε1(ω) = −1. The ε1(ω) = −1 point is
analogous to the ω = ωp /√2 frequency for SPPs in vacuum,
where the in-plane k vector tends to infinity if losses in the
material are neglected. As shown in Figure 20d, the light line
intersects the SPhP dispersion only at the ωTO frequency and in
the back bending region above ε1(ω) = −1 where SPhPs cannot
propagate. Therefore, similar to the energy-momentum
mismatch for SPPs, direct coupling to SPhPs can only be
achieved in patterned surfaces414,415 or by near-field sources
with high momentum, as evanescent waves in total internal
reflection416−418 or atomic force microscopy (AFM) tips used in
scanning near-field microscopes.412,419−424 Whereas the dielec-
tric function in metals is isotropic, polar dielectrics can exhibit
different values along the three axes εxx, εyy, εzz if the crystal is
anisotropic. When the dielectric function is not negative along
all the three axes, only certain directions are allowed for SPhPs
propagation.425,426 This leads, for example, to hyperbolic out-of
plane SPhPs propagation in hBN,427−430 in plane hyperbolic
propagation in α-MoO3,

428,431−433 and ghost phonon-polar-
itons in CaCO3.

434

In the following, we divide the section into two main
subsections. First, we describe applications involving thermal
effects, where energy is stored into phonons with many different
energies. Next, we review photon−phonon coupling phenom-
ena where phonons at specific energies are involved in the
energy conversion process.
4.1. Photon-to-Heat and Heat-to-Photon Energy
Conversion

4.1.1. Thermal Nanophotonics. When a photon is
absorbed by a solid, part of its energy decays in a nonradiative
way into low energy acoustic phonons, increasing the temper-
ature of the solid. The heat power density generated as a result of
absorption in an antenna can be expressed as435

q r E r( )
2

( ) ( )2 0

2

=
(4.2)

where ε2(ω) is the imaginary part of the dielectric function of the
material and E̅(r) the electric field distribution inside the
antenna. The overall heat produced is calculated as Q = ∫ Vq(r)
dr, where V runs over the antenna volume. A very common
example of this effect is the dissipation of energy due to
electron−electron scattering when an induced current is
generated in a metal. This effect is known as Joule heating,
and it happens whenever light interacts with a metallic antenna.
At longer wavelengths in the radiofrequency range, metals
behave as perfect conductors. This means that even if ε2(ω) is
large, the field does not penetrate into the material, leading to a
low value for q(r). Instead, Joule heating is strong at optical
frequencies for plasmonic antennas as the ratio between the skin
depth and the free-space wavelength δ/λ0 strongly increases408
and the field penetrates into the metal. Dielectric resonators are
often made from high index materials with extremely small
values of ε2(ω) to obtain highQ resonances,53,436,437 and as such
the heat dissipation is practically negligible in this case.
However, efficient heat generation can be achieved in critically
coupled (i.e., when radiative and nonradiative losses are equal)
dielectric nanoantennas.438

The dissipation of localized surface plasmon polaritons
(LSPPs) at visible frequencies is detrimental for applications
requiring small losses,439−441 but it can be leveraged to create
localized nanosources of heat. The field of research investigating
heating effect from plasmonic antennas is known as
“Thermoplasmonics”.435 While plasmonic nanoantennas can
confine EM fields to deeply subwavelength scales and produce
very localized heat sources, dielectric antennas supporting Mie
resonances can be evenmore efficient for the light to heat energy
conversion process.442 This is because the heat generation is the
integral of eq 4.2 over the antenna volume, which can be
rewritten as Q ≈ σ⟨|E(r)|2⟩Vef f, where σ(ω) is the material
conductivity, ⟨|E(r)|2⟩ is the average square modulus of the
electric field inside the antennas, and Veff the resonance mode
volume. As such, dielectric particles with highmode volumes can
outperform plasmonic antennas for which the conductivity σ(ω)
is higher, but the mode volume is smaller due to the small skin
depth of metals.438,442 In this context, metasurfaces can be used
to tailor the absorption properties of metals and dielectrics over
large scales and control the overall temperature increase by
carefully choosing the geometrical arrangement of the individual
antennas. Baffou et al. showed both theoretically and
experimentally that the temperature profile obtained from an
illuminated square array of gold nanoparticles can transition
from a localized regime to a delocalized one.443 Depending on a
single dimensionless parameter ξ2 related to the geometrical
properties of the array, the temperature profile can be either
delocalized over the whole array, as shown in the left panels of
Figure 21a, or localized around the single heat sources as in the
right panels. ξ2 quantifies the ratio between the temperature
increase due to heating of a single nanoparticle and the
temperature increase due to all the other particles in the array. ξ2
∝ ΔT0

s/ΔT0
ext = p2/3LR where the subscript 0 indicates the

particle at the center of the array, p is the pitch of the array, L the
size of the illuminated area, and R the nanoparticles radius. In
this model, Baffou et al. assumed the elements of the array to be
optically uncoupled, which is usually not the case for
metasurfaces, so care should be taken when applying this
model to dense particle arrangements. In the same work, it was
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also shown that pulsed illumination can create much more
localized steady-state temperature profiles compared to a CW
source with the same power density. Careful engineering of the
particle arrangement can be leveraged to obtain on demand
temperature profiles at the nanoscale.444,445 The desired
temperature profile can be achieved by solving the inverse
problem, resulting in the determination of the corresponding
heat source density map, which can be realized by lithographic
patterning of a matching nanoparticle array. Reconfigurable
temperature distributions can be obtained by combining an
array of metallic nanoparticles with a spatially varying
illuminating beam obtained with a spatial light modulator
(SLM).446 In this case, the nanoparticle array is homogeneous
and the target temperature profile is obtained by shaping the
illumination wavefront. In Figure 21b, an example of this
strategy is shown, where an arbitrary temperature profile over a
hexagonal array of 28 nm nanoparticles with an average spacing
of 72 nm is achieved experimentally through the calculation of
the heat source density (HSD) map, which is realized by
wavefront shaping of a 532 nm laser using a SLM.
The refractive index n of a material is generally a function of

temperature n(T). This phenomenon is referred to as the of
thermo-optic effect447 and can be used as an additional tool to
control light propagation. For example, the thermo-optic effect
is leveraged to optically measure the plasmon-induced temper-
ature distribution shown in Figure 21a and b by recording the
optical path difference of a transmitted beam generated by the
spatially dependent refractive index.443,448 A metasurface
composed of gold nanorods was demonstrated to act as an
adaptive thermal lens based on the thermo-optic effect induced
in the surrounding environment.449 A sketch of the device and
the correspondent temperature and refractive index distribu-
tions above the metasurface are shown in Figure 21c. Tunable
focal length was achieved by changing the input power and
utilizing the subsequent temperature increase, opening the way
to reconfigurable flat optical elements. One of the advantages of
local heating using absorbing nanoantennas compared to global
heating is the reduced thermal inertia, allowing rapid temper-
ature changes. For example, the same tunability offered by the
adaptive thermal lens can be achieved by using a dielectric
metasurface in conjunction with electrically driven heating of the
substrate to shape the local refractive index profile.450 However,
due to the larger thermal inertia of the bulky substrate, this
device showed much slower response compared to the thermal
metalens. Faster response times can be obtained by reducing the
size of the heat-generating metallic circuit.451 Recently,
optimization of the thermal properties of a multilayer stack
allowed the realization of a SLM based on the thermo-optic
effect with a rise time of only 70 μs,452 two orders of magnitude
faster than conventional SLMs. While in this implementation,
the temperature increase was provided by randomly assembled
gold nanorods, one can envision to improve the thermal SLM
design by leveraging the control over the heating profile that can
be obtained with a carefully designed plasmonic metasurface.
The thermo-optic effect has also been used to engineer heat-
tunable all-dielectric metasurfaces, since common high index
materials (i.e., Si and Ge) also feature high thermo-optic
coefficients.453−456 The temperature increase can be provided
by either an external source for low loss metasurfaces,455,457,458

or can be a consequence of light-induced heating in lossy
structures.459,460 Using the thermo-optic effect, reconfigurable
directionality458 and beam steering459 have been demonstrated
in all-dielectric metasurfaces. Light-induced heating can also be

Figure 21. Metasurface-assisted thermoplasmonics. (a) Experimental
(left) and simulated (right) temperature maps for a square array of gold
nanoparticles under 532 nm laser illumination for two different
geometries, showing that temperature profiles can be shaped with
metasurfaces. (b) Engineered temperature profiles over a homogeneous
array of nanoparticles. The target temperature distribution is obtained
by calculating the required HDS, which is then realized by shaping the
excitation wavefront with a SLM. (c) Sketch of the mechanism of the
thermal lens, where light is focused due to thermoplasmonic
temperature increase in the surrounding medium, together with the
simulated temperature and refractive index maps around the metasur-
face. (d) Sketch of the device used for ETP trapping of nanoparticles.
The frequency of the AC voltage can be used to tune the nanoparticles
concentration as shown in the right panel. (e) Scheme of the forces
involved in trapping of nanoparticles far away from the laser spot by
combining ETP and ACEO effects together with a plot of the simulated
radial velocity profile. Red circle indicates the position of trapping. (f)
Trapping and manipulation of a protein with the nanohole array
sketched in (d). (a) Adapted with permission from ref 443. Copyright
2013 American Chemical Society. (b) Adapted with permission from
ref 446. Copyright 2019 American Chemical Society. (c) Adapted with
permission from ref 449. Copyright 2015 American Chemical Society.
(d) Adapted with permission from ref 472. Copyright 2014 American
Chemical Society. (e, f) Adapted with permission from ref 473.
Copyright 2020 Springer Nature.
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used as a fabrication tool, where the size of individual unit cells of
a metasurface can be modified by an incident laser.461 The local
temperature increase can be monitored by Raman thermometry
and has been used as a feedback parameter for the fabrication
process.462

The presence of strong temperature gradients produced by
plasmonic nanoantennas in solution can be used to manipulate
the motion of nanoscopic objects.463 There are many temper-
ature-related physical−chemical processes that can influence the
trajectory of nanoparticles463 such as thermophoresis,464

thermoelectricity,465 photophoresis,466 and natural convec-
tion.467 For example, a near-infrared (NIR) broadband Moire ́
plasmonic metasurface was used to capture and immobilize E.
coli bacteria dispersed in solution through a laser-induced
photothermal effect.468 Micro bubbles were generated under
1300 nm laser illumination due to plasmon-enhanced heating. E.
coli bacteria were trapped in the bubbles by a combination of
Marangoni convection, surface tension, and gas pressure effects.
By switching off the illuminating laser, Wu et al. were able to
release the microbubble and obtain deposition of the trapped E.
coli. A combination of plasmon-induced heating and applied
alternating current (AC) electric fields can be used to produce
an electro-thermoplasmonic (ETP) flow in solution.469 In the
ETP effect, the temperature gradient induces a gradient in the
permittivity and conductivity of the host fluid. The applied
external AC field then drags particles toward the plasmonic
hotspot through the electric body force of the fluid. The ETP
effect can be leveraged to trap particles around nanostructures to
increase the performance of plasmonic biosensors by over-
coming the diffusion rate governed by Brownian motion.470,471

Trapping large ensembles of nanoparticles in an inverted
geometry (i.e., against gravity) was achieved by leveraging ETP
flow.472 A sketch of the device used for nanoparticle trapping is
shown in Figure 21d. A laser beam passes through the substrate
and the solution before illuminating the metallic nanohole array
used to generate thermoplasmonic heat. The bottom substrate is
coated with ITO so that an AC voltage can be applied in the
microfluidic channel, enabling the activation of an ETP flow and
trapping of the nanoparticles. Because of dipole−dipole
repulsion, applying an external AC field can control the
interparticle distance of the trapped particles, as shown in
Figure 21d. It was found that the particle spacing was inversely
proportional to the frequency of the applied AC field.
Interestingly, large-ensemble trapping was not achievable
when using a single nanohole and was obtained only when
leveraging the extended metasurface. The radial velocity of the
trapped particles was also found to be enhanced by the presence
of the metasurface. By leveraging ETP flow in conjunction with
AC electro-osmotic (ACEO) flow, trapping of sub-10 nm
particles far away from the heating spot was achieved on an array
of gold nanoholes.473 When an AC out-of-plane field is applied,
the balancing between ETP and electro-osmotic forces
generates a region with zero net flow velocity, which is in a
different spot from where the illuminating laser is placed, as
schematically shown in the left panel of Figure 21e. When the
laser is placed on the nanohole array, the ETP effect induces a
force in the direction of the laser, while the ACEO effect
produces an outward flow. In the right panel of Figure 21e, the
simulated radial velocity field is reported, showing a region
where the velocity goes to zero due to balancing of the opposite
flows, where particles are trapped. Localization of the particle in
the out-of-plane direction is achieved through particle−surface
attraction resulting from the interaction between the surface

charges on the particle and its image charge in the conducting
plane. The trapping distance from the nanohole array can be
tuned by changing the frequency of the applied AC field. This
achievement is relevant for trapping of tiny biological objects
that can degrade in the presence of high temperature or high
optical fields when using optical tweezers.474 In Figure 21f,
trapping and laser-induced transport of a protein using the
nanohole array are shown. At t = 0, the protein is trapped outside
of the array and the laser is displaced in the upward direction.
The protein then follows along the laser displacement and aligns
with the final position of the laser once it stops, showing
dynamical trapping of small biological particles.
Additional control over the generated temperature profile in

microfluidic applications can be obtained by employing chiral
metasurfaces in which the absorption is strikingly different when
using either left- or right-circularly polarized light (LCP and
RCP, respectively) for illumination.475 It was theoretically
shown that a chiral antenna would produce an asymmetric
temperature profile under LCP/RCP illumination, leading to a
chiral velocity field in the vicinity of the antenna due to natural
convection.475

While thermoplasmonic effects are not as efficient in the mid-
IR due to the smaller skin depth of metals, coupling to molecular
vibrations can be used to gain additional control over the
achievable temperature increase. Chemically selective heating
can be obtained by coupling plasmonic metasurfaces resonating
in the mid-IR to the molecular vibrations of target molecules.
One can then have a different degree of heating depending on
the type of molecules placed in the hotspot of the
antennas.476−478

Recently, emerging applications of metasurfaces for water
desalination,479 antifogging,480 ice adhesion control,481 and
more482 have leveraged light to heat conversion to achieve the
desired functionality. Even though these structures do not
strictly match the definition of optical metasurfaces we use in
this review, we mention them here for their potential
technological impact.
While silver and gold have been the materials of choice for

most plasmonic applications, due to their low damping rates,
they have relatively low melting points, making them unsuitable
for high temperature applications. Moreover, reshaping of
metallic nanoantennas generally happens at temperatures below
the melting point of their constituent bulk material due to
surface melting effects.483−485 Consequently, alternative plas-
monic materials more suitable for thermoplasmonics have been
researched in recent years.486 Titanium nitride (TiN) and
zirconium nitride (ZrN) have been shown to be promising
candidates to replace noble metals thanks to their high melting
point and good plasmonic responses in the NIR and visible
regions.486−492 TiN metasurfaces have been shown to perform
better than comparable gold structures for thermoplasmonic
applications490 and for broadband absorption under high
illumination conditions.493 Since broadband absorption can
cause high temperature increases under high intensity
illumination, the employment of high melting point materials
is crucial to achieve device stability. A metal−insulator−metal
(MIM) metasurface composed of TiN-SiO2−TiN was demon-
strated to achieve broadband visible absorption.493 To test the
robustness of the metasurface under high temperature, the
structure was measured before and after annealing at 800 °C. In
Figure 22a, the spectra of the MIM metasurface showed almost
no alteration after annealing, confirming its thermal robustness.
For reference, an identical structure was fabricated with TiN
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replaced by Au. While the TiN structure was intact after
annealing, heavy reshaping of the antennas in the Au sample
could be observed under SEM, as shown in the right panels of
Figure 22a. The same experiment was also carried out for a high
intensity laser illumination with a power density of 6.67 W/cm2

at 550 nm similarly showing substantial damage for the Au
structure but not for the TiN one. Conventional high melting
point metals like tungsten (W) can also be used for high
temperature applications when employed in an antenna-reactor
arrangement where light-absorption is achieved through a
noble-metal antenna while theW reactor absorption is increased
by the enhanced near-fields.494 According to eq 4.2, the heat

power density generated in a nanoantenna is proportional to the
imaginary part of the dielectric function ε2. One could then
wonder if materials with high losses would be better suited for
thermoplasmonic applications. However, to have high losses,
high field inside the antennas are required, meaning that a strong
plasmonic response is still required for efficient heat production,
favoring materials with low values of ε2.486
The heat produced by absorbing metalling antennas can also

be used to speed up the rate of chemical reactions. In
photocatalysis, energy from the sun is absorbed by a material
which acts as a catalyst for a given chemical reaction. Since the
speed of a chemical reaction depends on temperature through
the Arrhenius equation, metasurfaces can be employed to
change the rate of the process through the thermoplasmonic
effect.495 However, chemical reaction rates depend on a number
of effects that are difficult to disentangle from the pure
temperature contribution, as carrier-injection and field-enhance-
ment.496,497 As such, metasurfaces for photocatalysis will be
discussed in the following section 5 (photon−electron energy
conversion).
4.1.2.Metasurface-Controlled Far-Field Thermal Emis-

sion. Any object at nonzero temperature emits thermal
radiation following Planck’s law. The so-called blackbody
radiation is nearly isotropic, broadband, incoherent, and
unpolarized.498 These characteristics of blackbody radiation
are a consequence of Planck’s law, which is derived from ray
optics and assumes that the all the dimensions involved in the
phenomena are much smaller than the wavelength of peak
thermal radiation λth.499−501 For objects at room temperature λth
≈ 10 μm, meaning that nanostructuring of the surface material
can completely modify its thermal emission properties. Because
mid-IR sources are either inefficient thermal sources502 or
expensive quantum cascade lasers (QCLs),503 achieving highly
directional and narrow bandwidth thermal emission would be
beneficial for many sensing applications.504 Metasurfaces have
been extensively employed to tailor far-field thermal emission,
achieving narrowband,181,505−513 polarized,101,511,514 and direc-
tional emission.501,515−520 Leveraging more complex types of
structures is predicted to enable higher control over the thermal
emission profile, allowing the realization of thermal self-focusing
and holography521 and higher emission efficiencies.305 En-
gineering of the radiative heat transfer properties of a material
can be achieved with many different nanophotonic designs.
Zhang et al. designed the resonances of a MIM (Al/SiN/Al)
metasurface to obtain directional emission in the normal
direction.517 In Figure 22b, the design of the metasurface is
shown, along with the angle-resolved emissivity maps obtained
experimentally and theoretically by normalizing to a blackbody
emitter. By strong coupling of the SLR and magnetic resonance
of the structure, the authors demonstrated unidirectional
thermal emission in the surface-normal direction for a
wavelength of 7.1 μm. The unidirectional emission spot is
highlighted by a dashed circle in Figure 22b and is a result of the
Fano line shape obtained by engineering the modes of the
metasurface.
A challenge in designing thermal IR sources is the realization

of high emission modulation speeds due to the slow time scale
related to thermal dynamics of bulk systems. Reduction of
thermal inertia can be achieved by reducing the overall mass of
the heated object, as for example by reducing the device
thickness. By using this approach, modulation speeds beyond 10
MHz using a platinum metasurface were recently achieved.522

For reference, conventional globar or membrane-based thermal

Figure 22.Controlling thermal emission with metasurfaces. (a) Spectra
of a broadband TiN absorber metasurface before and after annealing at
800 °C (Left). SEM images of the TiN (middle) and equivalent gold
metasurface (right) before and after annealing. (b) Al/SiN/Al
metasurface with experimental and simulated angle-resolved emissivity
spectra. The modes of the metasurface were engineered to have
emission in the normal direction at 7.1 μm, as highlighted by the dashed
white circle. (c) Electrically tunable thermal emission from a stack of
quantum wells. Tunability is achieved by modulating the number of
carriers populating the intersubband transition. (d) Angle-resolved
thermal emission from a metasurface of SiC pillars. Narrowing of the
angular emission can be achieved by reaching strong coupling between
the different modes (left panel). (a) Adapted with permission from ref
493. Copyright 2014Wiley-VCHGmbH. (b) Adapted with permission
from ref 517. Copyright 2019 American Chemical Society. (c) Adapted
with permission from ref 524. Copyright 2014 Springer Nature. (d)
Adapted with permission from ref 537. Copyright 2021 American
Chemical Society.
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IR sources can be modulated only up to some Hz.523 In Figure
22c, an example of a narrow-band IR thermal emitter built from
an array of micrometer holes in a p-doped gallium arsenide
(GaAs) film fabricated on top of a stack of quantum wells (QW)
made of GaAs/n-AlGaAs is shown.524 The QW stack was
designed to have an intersubband transition at 1090 cm−1 and
the hole array geometry was optimized to achieve high
absorption and emission at this frequency. The authors also
demonstrated tuning of the thermal emission strength by
applying a voltage through the QW stack. Tuning is achieved by
carrier injection/extraction from the QWs, which modifies the
strength of the intersubband transition and the absorption/
emission properties of the device. The emissivity achieved with 0
and 10 V applied bias when heating up the device to 200 °C is
shown in Figure 22c together with the blackbody emission at the
same temperature. High tuning speeds of 600 kHz were
achieved thanks to the rapid nature of bias-induced carrier
injection in QWs. Dynamically reconfigurable thermal emission
was also demonstrated by employing a metallic metasurface
separated with a dielectric layer from the substrate constituted
by a heavily doped semiconductor acting as a plasmonic material
at IR wavelengths.525 Applying a voltage between the doped
insulator and the metallic layer allowed for tuning of the gap
plasmonic resonance and thermal emission properties of the
device.
A particularly interesting platform to control thermal

radiation consists of metasurfaces made of polar materials
supporting SPhPs. In particular, SiC has been the material of
choice for many thermal applications thanks to its high melting
point (above 3000 K)526 and Reststrahlen band wavelengths
(approximately 10 to 12.5 μm) matching the peak thermal
wavelength λth for room-temperature emission.409 While the far-
field emissivity for an unpatterned SiC surface in the
Reststrahlen band is very small due to the high reflectivity,
structuring the surface can produce strong thermal emission at
specific wavelengths. In a pioneering work, highly coherent and
directional emission from a SiC grating was demonstrated.527

These striking thermal emission properties were attributed to
the excitation of SPhPs and directly related to their dispersion
ω(k). The role of SPhPs was also confirmed by a polarization
dependent measurement: while p-polarized data showed high
directionality, s-polarized experiments showed angle-independ-
ent emissivity. Carefully designed SiC gratings were recently
theoretically demonstrated to achieve focusing528 and asym-
metric spatial profiles529,530 of thermal radiation, and various
SiC metasurface geometries have been realized for thermal
emission engineering.531,532 Spin-splitting thermal emission has
been observed in inversion-asymmetric lattices.533−535 The
spin-splitting phenomena are related to the symmetry of the
lattice which imposes constraints on the coupling of SPhPs to
far-field propagating modes. Because the emission is propor-
tional to the absorption, this effect is manifested in structures
characterized by a linear or circular dichroism response that can
be probed by standard reflection/transmission measurements.
Narrowing of the angular emission of thermal radiation was
shown in a metasurface achieving strong coupling between
localized and propagating modes together with zone-folded
longitudinal optical (ZFLO) phonons. ZFLO phonons exist in
crystal lattices with elongated unit cells, where the additional
Bragg plane causes back-folding the phonon dispersion. In the
case of 4H-SiC, the ZFLO phonon falls within the Reststrahlen
band, appearing as a dip in reflectivity spectra.536 When strong
coupling is achieved, the three distinct modes assume a mixed

character and are indicated as upper (UB), middle (MB), and
lower (LB) bands. Varying the pitch of the array allowed the
authors to move from coupled to uncoupled modes and
compare their different angular emission properties, as shown in
Figure 22d.537 The same group also demonstrated that
narrowband mid-IR emission with powers up to 10 mW can
be reached by heat-waste recycling from a standard operating
CPU by covering it with a SiC metasurface.538

4.1.3. Metasurfaces for Radiative Cooling and IR
Camouflage. Manipulation of the absorption and emission
properties of a surface can lead to striking effects such as daytime
radiative cooling under sunlight illumination.501 The rate of
energy transfer through thermal emission between two objects
at temperatures T1 and T2 is proportional to the difference of
their fourth powers dQ/dt ∝ (T1

4− T2
4), where T1 and T2 must

be expressed in Kelvin. This means that to cool something
through radiative transfer we need a second object with lower
temperature to absorb the energy without re-emitting it. Luckily,
the universe constitutes the perfect heat sink with its low
temperature of 3K and practically infinite thermal capacity.
However, to make use of the coldness of the universe, thermal
radiation must be transmitted through the much hotter earth
atmosphere. Fortunately, the atmosphere is mostly transparent
in the 8−12 μm wavelength region, where blackbody radiation
peaks for objects around room temperature. Radiative daytime
cooling can then be achieved for an object reflecting the entire
solar spectrum, while having at the same time strong emission in
the mid-IR transparency window of the atmosphere. A
metasurface composed of truncated cones made out of
alternating layers of germanium and aluminum was optimized
to achieve near-unity broadband emission in the 8−13 μm
range.539 The cooling power was theoretically estimated,
predicting a device temperature about 9 °C lower than ambient
temperature under sunlight illumination when coupled to solar
reflectors. A hybrid metasurface composed of doped silicon and
a silver film deposited on top was also proposed for daytime
radiative cooling, with a temperature reduction of 8 °C under
sunlight.540 An adaptive metasurface was theoretically proposed
by leveraging a MIM geometry.541 The dielectric layer material
was chosen to have a larger expansion coefficient, resulting in a
dynamical on/off tuning of the cooling properties under
temperature variations. In this way, the authors obtained a
cooling device under high ambient temperatures and a heating
device at low ambient temperature. A similar adaptive effect can
be obtained by leveraging the temperature-induced metal-
insulator transition of VO2.

542 Conductive oxides, which are
transparent in the visible and have metallic properties in the IR,
can be used to design metasurfaces for high IR emissivity while
naturally providing low absorption in the visible due to their
transparent nature.541 While optimal radiative cooling requires
no absorption of solar radiation, solar cells require strong
absorption of sunlight. However, the increase of their opera-
tional temperature can decrease their efficiency. Radiative
cooling on solar absorbers can then be used to maintain high
efficiency for solar cells even under continuous exposure to
sunlight. Zuh et al. demonstrated such a device by using a
metasurface composed of silica placed on top of a doped Si layer
acting as a visible absorber.543 SiO2 was chosen due to its
transparency in the visible range. However, the presence of SPhP
in the mid-IR results in a low emissivity region matching the IR
atmospheric window. Patterning of the SiO2 surface allowed for
increased mid-IR emissivity in the Reststrahlen band thanks to
the presence of localized SPhP modes, which lowered the
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reflectivity. In Figure 23a, the optical properties of the bare
visible absorber (black) with the addition of the SiO2 layer
(blue) and SiO2 metasurface (red) are shown. The absorption of
light in the visible is almost unchanged by adding the SiO2
surface and is high at the frequencies where the solar spectrum is
more intense, as shown by the orange curve.While the emissivity

of the bare device in the mid-IR is poor, almost unity emissivity
is achieved with the SiO2 metasurface due to the presence of
localized SPhP modes, as reported in the bottom panel of Figure
23a. The light blue curve represents the atmospheric trans-
mission, highlighting the high emissivity of the metasurface over
the whole atmospheric window. In Figure 23b, a photo of the
setup used to experimentally prove the radiative cooling effect is
shown. Few unit cells of themetasurfaces imaged with a SEM are
presented in the inset. Graphs of the temperature of the different
devices with and without the SiO2 layer are shown in Figure 23c
along with the measured ambient temperature and solar
irradiance during the day, confirming that patterning of the
SiO2 surface results in the lowest overall temperature while
slightly increasing light absorption in the visible.
The same strategy used for daytime radiative cooling can be

also applied for IR camouflage. IR detection based on thermal
emission is often used for night vision, where visible light is
scarce, as it is sensitive to anything having a temperature higher
than the environment.544 Consequently, lowering the temper-
ature of an object through radiative cooling can be effectively
used as a way to circumvent thermal radiation detection. A
mechanically flexible metasurface with low IR emissivity was
experimentally demonstrated by combining an ITO structure
with a deformable dielectric.545 On top of the low thermal
emissivity and mechanical properties, the large-scale fabricated
metasurface was transparent in the visible range and was
designed to achieve high absorption at GHz frequencies, making
it invisible to radar detection. A tunable metasurface composed
of a MIM structure, where the top metal surface is patterned to
achieve high emissivity in the mid-IR and the dielectric layer is
composed of a liquid crystal, was theoretically investigated for
dynamic thermal camouflage.546 Reconfigurable thermal
emissivity has been experimentally demonstrated for a MIM
metasurface based on physical deformation of the structure
when applying a voltage between the top and bottom metallic
layers.190 An “on” state could be achieved when sufficient
voltage was applied to make the top patterned surface touch the
bottom metallic layer, changing the emissivity properties of the
structure. A sketch of the device in both states is shown in Figure
23d together with the corresponding maps of emitted power
obtained with an IR camera, showing highly reduced emissivity
in the on state. The spectral radiant exitance in the off state
shows a strong peak around 8 μm, where the atmosphere is
transparent, which is strongly damped in the on state as shown in
Figure 23e. The authors also demonstrated efficient modulation
of the emitted power in the on/off states up to 100 kHz.
Modulation of thermal radiation for IR camouflage has also been
demonstrated by injection of free-carriers due to above-bandgap
UV illumination in a dielectric ZnO spacer layer placed below a
metasurface of gold disks.547

4.1.4. Near-Field Radiative Energy Transfer. Radiative
heat transfer between objects separated by a distance smaller
than the thermal radiation peak wavelength λth can be highly
modified by the contribution of evanescent surface waves (as
SPPs in metals or SPhPs in polar dielectrics) that can tunnel
through the gap.499,548,549 For example, the thermal radiation
from an unpatterned SiC surface at a distance of 100 nm is
strikingly different from its far-field thermal emission.550,551

While far-field thermal radiation drops sharply in the Rest-
strahlen band due to high reflectivity, the near-field shows a
sharp peak at a specific frequency. Near-field thermal emission
can be monochromatic and exhibit high spatial coherence, while
at the same time the net energy flux of thermal energy can be

Figure 23.Metasurfaces for thermal radiation energy management (a)
Radiative cooling of a solar cell by addition of a SiO2 metasurface.
Absorptivity/emissivity in the visible (left) and mid-IR (right) from the
bare device (black), the device plus a SiO2 layer (blue) and plus the
metasurface (red). (b) Picture of the setup used for the experimental
evaluation of the device and SEM image of four unit cells of the
metasurface. (c) Measured temperature increase of the device with and
without the metasurface under sunlight exposure during the day,
together with solar irradiance at the same time. (d) Sketch of a device
for reconfigurable IR camouflage, achieved by mechanical deformation
of a suspended metasurface. An on state can be obtained by collapsing
the metasurface on the bottom surface. Images obtained with an IR
camera show the different emissivity for the two states (bottom panels).
(e) Measured spectral exitance for the metasurface in the on and off
states. (f) Enhanced NFRHT between two metasurfaces made of holes
drilled in highly doped silicon slabs separated by a gap. The calculated
HTC as a function of the gap distance is reported for the metasurface
and compared to parallel surfaces of doped silicon and SiO2. (a−c)
Adapted with permission from ref 543. Copyright 2015 National
Academy of Sciences. (d, e) Adapted with permission from ref 190.
Copyright 2017 Optica Publishing. (f) Adapted with permission from
ref 560. Copyright 2017 American Physical Society.
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much higher than in the far-field.552,553 This is because SiC
supports SPhPs, which are evanescent in the direction
perpendicular to the surface. The peak in the near-field thermal
emission corresponds to the frequency at which SPhPs have a
high density of electromagnetic states at ε1(ω) = −1.424,550,554
Experimental verification of the predicted near-field radiative
heat transfer (NFRHT) enhancement is not easy due to the
necessity of reaching small gaps in the tens of nanometers range.
Initial efforts have been concentrated on a sphere-surface
geometry that is easier to achieve experimentally but shows
relatively low NFRHT.549,554−557 Only recently NFRHT has
been experimentally probed for two flat surfaces separated by a
gap of only 30 nm, reporting an enhanced energy transfer on the
order of 103 with respect to the far-field value.558,559 Many
theoretical works have studied the possibility of employing
metasurfaces to control NFRHT. In Figure 23f, one of these
examples is reported, where two metasurfaces composed of
squared air holes drilled in doped silicon films at two different
temperatures are separated by a narrow gap.560 The doped
silicon films support SPPs, of which the dispersion can be
engineered through the metasurface geometry to enhance the
NFRHT. In the graph of Figure 23f, the calculated heat transfer
coefficient (HTC) for the metasurface (dashed black), parallel
planar films of doped Si (red, supporting SPPs), and SiO2 (blue,
supporting SPhPs) are shown for different spacing distances.
Themetasurface has the highest HTC, well above the blackbody
limit, confirming the usefulness of nanostructuring to enhance
NFRHT. The HTC of the metasurface was evaluated both with
an exact calculation (dashed black line) and by using effective
medium theory. The green line indicates the contribution to the
HTC of the metasurface coming from evanescent transverse
magnetic (TM) polarized waves. Because of the high difficulty of
NFRHT experiments, confirmation of metasurface-based
enhanced NFRHT has yet to be demonstrated in a lab.
4.2. Photon−Acoustic Phonon Energy Conversion

Miniaturization and speed of electronic and optical components
represent essential steps toward the achievement of high
performance, low environmental impact, and lightweight
devices. Various fundamental building blocks based on diverse
technologies are already fully available for applications. Perhaps
the most evident example is photonics: the exploitation of the
generation and control of photons is found in amyriad of devices
and structures, like light modulators and waveguides, which are
routinely used to transport and manipulate photons.561

Recently, new approaches to this subject aiming at more
compact and fast devices, exploiting the lattice strain created in a
solid described by its fundamental excitations (that is, the
quasiparticles called phonons), are gaining attention in the fast-
growing field of phononics.562 Phonons are particularly
interesting due to the possibility of interacting with virtually
any excitations observable in the solid-state phase, going from
the most common ones, like excitons and polarons, to rarely
discussed ones, like magnons. Acoustic phonons present
inspiring analogies with photons. For example, both sound in
a solid and light in a transparent medium present linear
dispersion relations and are weakly attenuated. There is,
nevertheless, an important difference in the behavior of these
elementary excitations: the propagation velocity for phonons in
a transparent solid is in the range of a few km/s, which is ∼105
times smaller than the speed of light in the same medium.
Phononics-based devices take direct advantage of this: in the RF
domain (hundreds of MHz to tens of GHz), extremely relevant

for the realization of microwave devices and for tele-
communications, photon-based devices are bulky due to the
fact that the wavelength of light lies in the range of meters to
centimeters. Meanwhile, phononics-based devices operating in
the same frequency range can be reduced in size by a factor of
105, to the range between 10 μm to 100 nm, fitting into small,
micrometer-sized chips. It also enables electronic signal
processing in the tens of GHz range, a frequency region already
in the limit of expensive and bulky electronics-based microwave
generators. A promising way for achieving this is using surface
acoustic waves (SAWs) produced by nanoscale mechanical
oscillators coupled to a substrate. The generation of acoustic
waves can be done usually in millimeter- to micrometer scales
using (i) mechanical oscillators, like tuning forks (waves with
frequencies up to hundreds of MHz), (ii) interdigital trans-
ducers (IDTs) (frequencies from hundreds of MHz to tens of
GHz), which demands the use of piezoelectric substrates, and
(iii) picosecond laser pulses incident on metallic thin films
(frequencies from tens to hundreds of GHz).563 Techniques
using the approaches (i) an (ii) are too bulky for nanophotonic
applications. For techniques following the strategy (iii) in the
best cases, a picosecond laser pulse focused down to 20 μm on a
metallic thin film transducer produces a bulk acoustic wave that
quickly spreads over the whole substrate. An excellent paper
describes in detail the whole mechanism governing this
phenomenon.564

In some structures, the absorption of photons may trigger a
cascade of events that can result in the coherent production of
acoustic phonons. In one of the first experiments with
nanometer-sized metal (Au) nanoparticles (NPs), employing
spectrally resolved transient absorption spectroscopy with
ultrashort laser pulses, it was verified that the excitation pulses
“bleached” the plasmon resonance and the time-resolved results
showed a signal time evolution presenting different decay times,
each associated to different electronic relaxation processes, the
fastest one being related to hot electrons thermalization, and the
slowest one related to the lattice (phononic) relaxation.30 As a
result of this series of relaxation/thermalization processes, the
NPs start oscillating in their mechanical normal modes of
vibration, with frequencies depending on the NPs shape and
size. Because of the coupling to the substrate, SAWs may be
produced there, being detectable at least a fewmicrometers away
from the oscillating source NP.565 The approach of producing
SAWs with single nanoparticles was further exploited to produce
plane SAWs by using metallic nanowires, which can be seen as
nanorods with very high aspect ratios.566 On the other hand, the
use of oscillating single NPs coupled to a substrate represents the
smallest realization of a SAW source, leading to the possibility of
designing ultracompact devices with frequencies in the few-GHz
range. Some decades ago, it was observed using a transient
absorption technique that by exciting a colloid with 15 nm Au
NPs with ultrafast laser pulses a transient bleaching of the metal
plasmon resonance occurred. After the excitation of a plasmonic
NP with pulsed light at the appropriate wavelength (usually its
dipolar plasmon resonance, or an interband transition), an
excited electronic population is produced in the metal, followed
by thermalization and lattice heating. The relaxation of the
created hot electron gas happens through a cascade of processes,
each having different characteristic decay times.567 These ranged
from an unresolved (<450 fs) electron/electron scattering, 2.5
ps for electron/phonon scattering and >50 ps for the phonon/
phonon scattering (lattice relaxation). In addition to mere heat,
this relaxation/energy transfer cascade leads to the excitation of
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normal modes of mechanical oscillation (acoustic phonons)
compatible with a symmetric strain profile of the plasmonic
nanostructure. The induced coherent acoustic phonons field, in
turn, modulates the optical properties of the NP such as its
reflectivity or transmissivity. This dynamic change is inter-
rogated by a second probe pulse, for which there will be
maximum sensitivity at wavelengths near the localized dipolar
surface plasmonic resonance of the NP. In fact, this behavior was
observed in single Ag nanorods embedded in a glass matrix.568

The internal pressure exerted by the hot electron gas generated
by the excitation pump pulses drove the Ag NPs to anisotropic
mechanical vibrations, with different oscillation frequencies
along the long and short nanorod axes. The physics behind this
hot electron relaxation dynamics observed with pump-and-
probe experiments and the corresponding effects on the optical
properties of metal NPs ensembles were studied in detail in refs
569 and 570 for the case of single metal NPs, in a much more
challenging experimental situation. The idea of using the
mechanical oscillations of single metal NPs to generate SAWs
was demonstrated in ref 571.
The natural step at this point is to be able tomanipulate and to

use SAWs generated by a triggering optical process, for example,
by creating directional emission, which was achieved in ref 572.
In this work, directionality of SAWs has been achieved first by
the use of single V-shaped Au nanoantennas, and then a
collection of nanoparticles made from different metals
configured in a nanoscopic version of a Yagi-Uda antenna,
which we can consider as being a metamolecule, was studied and
numerical simulations showed the potential of such an array to
generate directional SAWs. Contrary to what is done in the
previous work, in which the properties of a single meta-atom are
exploited, metasurfaces have been designed to generate and
control SAWs, making use of the collective behavior of the
constituent meta-atoms or metamolecules. A phononic crystal
has been realized by using a metasurface fabricated with a silicon

slab, on which air holes (∼12 μmdiameter,∼10 μmdepth) were
etched in a square lattice (∼15 μm lattice constant) and
subsequently coated with a 40 nm thick Au film.573 Using a
dynamic imaging technique based on a pump-and-probe
configuration but without varying the delay line and scanning
the transversal position of the probe beam, ultrafast laser pump
pulses are focused between four air holes to generate the SAWs,
like schematized in Figure 24a−c. The probe beam interrogates
the amplitude of the generated SAWs at diverse positions
around the point where the SAWs emanate, leading to direct
probing of the phononic crystal eigenmodes as well as
determining the dispersion relation and a directional stop
band. The finding of this directional stop band possibly
motivated the same group to design a metasurface for the
study of well-known phenomena in crystalline semiconductors
and in photonic crystals, like the behavior of the matter and light
waves close the edge of the Brillouin zone, but in the phononic
regime.
For instance, 1D metasurfaces made from bars of amorphous

silica (1.5 μm wide, 0.45 μm thick) on a silicon wafer have been
demonstrated.574 The period of the structure was 2 μm and it
was coated with a 0.45 μm-thick tungsten film (see Figure 24d−
g). A variation of the pump-and-probe technique was used to
pump the tungsten film with a dynamic grating. This could be
done by splitting the pump beam in two and recombining them
on the metasurface, forming an angle. This produced an
elongated interference pattern with variable period (determined
by the angle between the two pump beams) on the sample,
which was associated to a grating wave vector lying on the
metasurface plane. The probe beam was focused at the center of
the interference pattern of the pump beam. For a given angle
between the two pump beams (that is, for a given periodicity of
the interference pattern created), the absorption of the pump
light by the tungsten film could generate a SAW pattern with a
wavevector close to the microstructure Brillouin zone boundary.

Figure 24.Metasurfaces for generating directional phononic modes. (a) Optical microscope image of the silicon phononic crystal coated with a 40 nm
gold layer. The hole diameter is D = 12 μmwith lattice constant a = 15 μm. (b) SAW image at delay time t = 7.4 ns. (c) Outline of experimental setup
with SAW image at t = 10.3 ns. (d) Sample schematic cross-section. (e) AFM profile of the sample surface. (f) Laser spot configuration on the sample.
(g) Typical signal waveform measured at the wavenumber of 0.9 mm−1 (acoustic wavelength of 7 mm). Inset: frequency spectrum of the acoustic
oscillations. (a−c) Adapted with permission from ref 573. Copyright 2009 American Physical Society. (d−g) Adapted with permission from ref 574.
Copyright 2009 AIP Publishing.
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With this, by varying the delay between pump and probe pulses,
very long-lived states could be detected, corresponding to
phononic stationary states, that is, surface vibrational modes
with zero group velocity.
An elegant extension of this technique was used to map the

band structure of a 1D surface phononic crystal composed of
copper lines (width 2 μm) embedded in a 0.8 μm thick silica film
deposited on a silicon substrate, forming a 1D structure with a 4
μm period.575 By using the same experimental approach of the
previously described work and simply rotating the elongated
pump beam interference pattern on the metasurface plane, the
dispersion surfaces for the lowest three acoustic modes of the 1D
periodic structure could be obtained. A similar 1D metasurface
(a grating made of aluminum rods 190 nmwide, 40 nm high and
periodically spaced by 380 nm, deposited on a 1.0 mm silica
substrate and with a total area of 100 × 100 mm2) was used for
generating longitudinal and shear coherent acoustic waves after
the absorption of ultrafast laser pulses, in a pump-and-probe like
configuration for exciting and detecting the acoustic waves.576

This time-resolved Brillouin scattering experimental scheme

allowed researchers to generate and detect both kinds of
acoustic waves diffracted along different orders by the grating.
In a notable work,577 Imade et al. reported on the optically

triggered acoustic vibrations of a metasurface consisting of
coherently oscillating gold U-shaped split-ring resonators
(SRRs) on BK7 glass, an archetypical metamaterial system
intensively explored for its optical properties as left handed
materials, negative refractive index systems, and others578 (see
Figure 25). Under the chosen optical excitation conditions, also
in a pump-and-probe like configuration, tens of SRRs, here
behaving as nanoscopic tuning forks, were excited and the
resulting stress field−the SAWs could induce coherent
oscillation of a few hundreds of SRRs, at frequencies
corresponding to the acoustic wave vectors in the metasurface,
which acted as a phononic crystal. The influence of the opening/
closing of the SRRs gap was shown to be the main mechanism
dominating the collective acousto-plasmonic interactions on the
metasurface.
The famous experiment leading to the observation of

extraordinary optical transmission through an array of nano-
holes showed light concentration far beyond the diffraction limit

Figure 25. Optical triggering and detection of phononic modes. (a) Scheme of the sample configuration for horizontal probe polarization. (b)
Definitions of the dimensions of the SRR. (c) SEM of the gold SRRs (thickness t = 60 nm) fabricated on a BK7 glass substrate. (d) Scheme of the
experimental setup based on an optical pump−probe technique. Directions of linear polarization for the pump (dashed blue arrows) and probe (solid
red arrows) beams are also shown. (e) Experimental pump-induced reflectivity changes of the sample versus delay time for horizontal (dotted red
curves) and vertical (solid red curves) probe-beam polarizations, using a vertically polarized pump beam. (f) Corresponding moduli of the temporal
Fourier transforms as a function of the frequency on a normalized scale. (a−f) Adapted with permission from ref 577. Copyright 2017 American
Chemical Society.
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and represented a milestone for high resolution imaging.579 This
work was a motivation for investigating whether a similar
phenomenon could be observed in the phononic regime. In ref
580, the authors investigate the use of a metasurface for
squeezing a longitudinal acoustic wave incident from a
cylindrical tungsten block (110 nm in diameter) through a 5
nm tungsten nanowire, which is ∼20-times smaller than the
acoustic wavelength, as schematized by Figure 26. The feasibility
of huge transmission efficiencies has been demonstrated, to
which a four orders of magnitude enhancement of acoustic
energy density is associated. This has been achieved by
fabricating concentric grooves with optimized sizes and
positions at the end of the input tungsten block (roughly
speaking, in a kind of Fresnel lens for acoustic waves) and thus
by fabricating a phononic metasurface there. It has also been
shown that by engraving such grooves at the entrance of the
output tungsten block one could manage to control the
directionality of the output acoustic beam.
4.3. Photon−Optical Phonon Energy Conversion

4.3.1. Metasurfaces for Surface Phonon Polariton
Engineering. Mixed light-photon states can exist in the
Reststrahlen band of polar dielectrics, where ε1(ω) < 0. As for
SPPs, surface patterning can be used to engineer the dispersion
of SPhPs, allowing intersection with the light line and coupling
with far-field sources, which is otherwise forbidden due to
energy-momentum mismatch as shown in Figure 20d.
Metasurfaces composed of SiC antennas have been extensively
studied both from the far-field415,532,581,582 and the near-
field,413,532 enabling the realization of very high Q resonances
with simple arrays of cylindrical pillars. As the existence of long-
lived SPhPs relies on the high crystallinity of the constituent
material, resonators supporting LSPhPs need to be realized by
etching in a wafer protected by a hard mask rather than relying
on evaporation as is most common for plasmonic structures. As a

consequence, metasurfaces made from polar dielectrics are often
placed on a surface made from the same material, which also
supports SPhPs. In this type of structure, LSPhPs and SPhPs can
exist at the same time and can achieve strong coupling between
themselves for certain geometrical parameters of the metasur-
face.583,584 Hybridization of LSPhPs supported by a metasurface
with ZFLO phonons has also been achieved, giving a
longitudinal character to otherwise purely transverse LSPhPs.536

As electrical currents mainly produce LO phonons, this effect
has been proposed as a way to electrically excite LSPhP. SHG in
the mid-IR has also been explored with the same SiC structure,
showing stronger emission when spectrally overlapping the
modes of the metasurface with the ZFLO phonon of anisotropic
6H-SiC polytype.585,586 One of the drawbacks of SPhPs-based
nanophotonics is the limited spectral range of the Reststrahlen
band, which is material dependent and with limited and
challenging tunability. Above-bandgap illumination has been
shown as a method to tune the Reststrahlen band frequency
through injection of carriers, adding a Drude contribution to the
dielectric function of the material.587 Carrier photoinjection
from both CW and pulsed illumination has been shown as a
method to tune the optical properties of SPhPs metasurfaces.588

In Figure 27a, the transient reflectivity of an array of SiC pillars
recorded 5 ps after above bandgap illumination at 266 nm is
shown. The spectra are normalized to the response of the SiC
substrate, showing two dips corresponding to the resonances of
the array. The spectra are reported for different pump powers,
showing a blueshift of the resonances upon stronger
illumination, until the high carrier injection causes a softening
of the Reststrahlen band, leading to a bulk-like response
modified by the free-carrier contribution. The time-resolved
response at the dipolar resonance (936 cm−1) is shown in Figure
27b. The black curve represents the response of the bare
substrate, which is consistent with Reststrahlen band softening

Figure 26. Extraordinary acoustic transmission architectures employing a nanowire with or without additional concentric grooves. (a) Scheme of the
extraordinary acoustic transmission geometry, showing a section through a subwavelength-diameter W nanowire connecting two W bulky structures.
Three different cases are studied: (b) case of no grooves, (c) case of grooves on the input side, and (d) case of grooves on both input and output sides.
Adapted with permission from ref 580. Copyright 2020 Springer Nature.
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due to carrier injection. On the arrays, higher reflectivity right
after pump arrival is due to detuning of the resonance from its
original frequency. In the right panel of Figure 27b, a sketch of
the dipolar LSPhP with and without carrier injection is shown.
The recovery of the response after above bandgap pumping
happens due to relaxation of the excited carriers through three
different pathways corresponding to (1) relaxation within the
pillar, (2) surface recombination, and (3) diffusion and
relaxation within the bulk.
Anisotropic crystals can have different signs of ε(ω) along the

three principal axes, leading to peculiar SPhP propagation in
these materials. A well-known crystal exhibiting this property is
hBN, which is characterized by opposite signs of the dielectric
function in the in-plane direction εt(ω) and in the one
perpendicular to it εz(ω).414 In Figure 27c, the real part of the
hBN dielectric function in the two perpendicular directions is
shown. TwoReststrahlen bands are present in themid-IR, one in
which εz(ω) < 0 and εt(ω) > 0 (lower band), and one in which
the signs are reversed (upper band). The momentum
isofrequency surfaces are hyperboloids of either Type 1 (lower
band) or Type 2 (upper band), as shown in the inset of Figure
27c. As a consequence, surface waves excited in this material are
called hyperbolic phonon polaritons (HPhPs), which can only
propagate in a specific direction with respect to the optical axis,

determined as
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supporting localized HPhPs have been investigated in the far-
field414 and near-field.589−591 HPhPs are internally reflected at
specific angles in the cones, as it can be seen from
electromagnetic simulations and near-field measurement
performed with scattering−scanning near-field optical micros-
copy (sSNOM)589 as shown in Figure 27d for the UTM13
resonance of the structure (U stands for the upper band, TM
indicates the transverse magnetic nature of themode, l = 1 andm
= 3 indicate the z-axis angular momentum and orbital index,
respectively). Similar near and far-field studies have been carried
out with different hBN metasurface geometries.592−594 An
extremely high Q factor of up to 500 was obtained with image
HPhPs, where the hBN layer is separated from a metal mirror by
a nanometric gap. Coupling with far-field radiation was obtained
by patterning the underlying metallic mirror in a metasurface
geometry.595 While hBN naturally supports out-of-plane
HPhPs, in-plane hyperbolicity can be obtained by patterning
of the surface. A metasurface composed of grooves in a hBN slab
was demonstrated to support in-plane anisotropic HPhPs, which
were directly measured with sSNOM.596,597 In Figure 27e, a
sketch of the effect of the metasurface on HPhP propagation is
shown. A dipole placed close to a hBN slab produces out-of-
plane HPhPs that are isotropic in the plane as can be seen from
the simulated Re(Ez). If the dipole is placed close to the
metasurface, the HPhPs acquire also an in-plane hyperbolicity,
as can be seen from Figure 27e. To confirm the in-plane
anisotropy, a gold antenna was fabricated on the metasurface,

Figure 27. Phonon polariton metasurfaces. (a) Tuning of LSPhPs in a
SiC pillar array by carrier injection through above-bandgap pumping at
266 nm. Reflectivity spectra are taken at different pump powers and
normalized by the SiC substrate. (b) Time resolved change in the
reflectivity at 936 cm−1 following carrier injection and scheme of the
different recombination mechanisms. (c) Real part of the in-plane
(green) and out-of-plane (purple) components of dielectric function of
hBN. Instet: momentum isofrequency surfaces for the two Reststrahlen
bands. (d) Simulated tangential E-field and sSNOM measured near
field profiles in a hBN truncated cone. (e) Real part of Ez from a dipole
source emitting close to a hBN slab (top) and metasurface (bottom).
(f) Launching of in-plane anisotropic HPhPs on the hBN metasurface:
topography (left) and sSNOM image (right). (g) Boundary between a
topologically trivial and nontrivial Si triangular holes metasurface. A
hBN flake (green region) is deposited on the metasurface, achieving
strong coupling. (h) Launching of topologically protected HPhPs edge
states, which are directionally locked to the photon spin. f TO indicates

Figure 27. continued

the ratio of phononic to photonic state in the strong coupling regime.
(a, b) Adapted with permission from ref 588. Copyright 2018 Springer
Nature. (c) Adapted with permission from ref 414. Copyright 2014
Springer Nature. (d) Adapted with permission from ref 589. Copyright
2016 American Chemical Society. (e, f) Adapted with permission from
ref 597. Copyright 2018 AAAS. (g, h) Adapted with permission from ref
598. Copyright 2021 AAAS.
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acting as a source of HPhPs, which weremeasured with sSNOM.
In Figure 27f, the result of the sSNOM measurement is shown,
confirming the in-plane anisotropy and hyperbolic nature of the
HPhPs launched from the gold rod.
Recently, the possibility of creating topological edge states

with SPhPs has been explored.598,599 Topological edge states
have attracted considerable interest as they enable unidirectional
propagation free from back scattering.600 These edge states arise
at the boundary between two structures characterized by
different topological phases (i.e., one structure can be obtained
from the other by a topological phase transition). For SPhPs,
edge states can be created by direct patterning of a suitable
material599 or by achieving strong coupling between a polar
material and an underlying topological metasurface.598 In Figure
27g, an example of this latter method is shown, where a few-layer
hBN flake is deposited on a Si metasurface with nontrivial
topology. Reaching the strong coupling regime is necessary to
impart to the HPhPs of hBN the topological properties of the
underlying metasurface. The employed structure made of
triangular holes is known to support a topological transition
when the unit cell is modified from shrunken to expanded.601,602

The shrunken structure with nontrivial topological phase is
characterized by having the triangles in the unit cell closer to
each other than the triangles of the adjacent unit cell, while the
opposite happens in the expanded structure. The edge states are
achieved at the zigzag boundary between the two topological
phases, on top of which the hBN is deposited, as shown in Figure

27g. The results obtained by exciting edge HPhPs at different
locations with different polarizations are reported in Figure 27h.
In the top panel, the excitation position on the boundary and the
polarization used are reported. By tuning the wavelength and in-
plane momentum of the excitation, the ratio of phononic to
photonic character f TO of the mode can be tuned ( f TO = 1
corresponds to a purely phononic mode, f TO = 0 to a purely
photonic one). The measurements show that when the mode
has both phononic and photonic character ( f TO = 0.48), HPhPs
are unidirectional and locked to the spin of the incident light,
which are typical characteristics of edge states. When the mode
is instead mainly phononic ( f TO = 0.88), these properties are
lost. As the thermal conductivity of thin films depends on the
presence and characteristics of SPhPs,603,604 topological edge
states are promising for achieving unidirectional heat sinks at the
microscale.598

While we concentrated on metasurfaces made of either SiC or
hBN, other polar dielectrics have been recently explored for
LSPhPs such as GaN,605 InP,588 and calcite.606 Reconfigurable
devices have been demonstrated by combining hBN with a
phase change material, which influences the propagation of
HPhPs and allows the realization of 2D metalenses.420

4.3.2. Metasurfaces for Surface Enhanced Infrared
Absorption and Surface Enhanced RamanSpectroscopy.
Spectroscopic investigation of the vibrational properties of
molecules or solids allows their unambiguous chemical
identification because the vibrational fingerprint is different for

Figure 28.Metasurfaces for SEIRA. (a) SEM images (top) of NPG vertical nanoantenna array and EM simulation (bottom) at 8 μm for bulk gold and
at 9 μm for NPG. (b) Reflectance spectra (left) for NPG vertical antenna arrays for different pitches with a 3 nm SiO2 coating (phonon in the light blue
area) and evaluation of SEIRA coupling (right) for gold and NPG structures by Fano fit. (c) Transmittance spectra for a hBN ribbon metasurface
covered with a layer of CBP for various thicknesses. (d) Same metasurface covered with a 30 nm-thick CBP layer with varying ribbon width. (e) SEM
(top) and EM simulation at resonance for a Si metasurface supporting BIC states. (f) Reflectivity spectra of the pixelated metasurface composed of
arrays with different scale factors, shifting the BIC resonance. In the top panel, images of the full pixelated metasurface at different frequencies are
shown. (g) Modulation of the pixelated metasurface upon physisorption of A/G protein of the surface. (a,b) Adapted with permission from ref 616.
Copyright 2017 The Royal Society of Chemistry. (c, d) Adapted with permission from ref 628. Copyright 2018 Springer Nature. (e−g) Adapted with
permission from ref 113. Copyright 2018 AAAS.
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every molecular composition. The most common vibrational
optical characterization techniques are IR spectroscopy607 and
Raman spectroscopy.608 These processes involve the energy
transfer between an incident photon and the lattice excitations of
a solid or vibrational levels of a molecule. Molecular vibrations
are IR active if their excitation causes a change in their dipole
moment,607 while they are Raman active if they are associated
with a change in polarizability.608 Unfortunately, IR vibrational
cross-sections are quite commonly due to the size mismatch
between typical molecules (on the order of nm) and IR
wavelengths (on the order of μm),609 while Raman intensities
are inherently weak because they originate from a scattering
phenomenon.610 To achieve the highest possible sensitivity,
optical antennas can be used to enhance local EM fields in
nanoscale hotspots and increase the energy transfer between
photons and molecular vibrations or phonons in crystals. Here,
we review some examples of the many different metasurfaces
that have been devised in the past years for surface enhanced IR
absorption14 (SEIRA) and surface enhanced raman scattering
(SERS).610

In SEIRA, the direct IR absorption of target molecules is
enhanced by concentrating the local near-fields around the
surface of optical antennas resonating in the mid-IR.14,609

Metasurfaces have been extensively explored for SEIRA to
obtain enhancement over large areas. The first SEIRA
experiments have employed the near-field enhancement
provided by resonant plasmonic antennas and metasurfa-
ces.16,17,51,148,611−617 The ratio between the field amplitude
with and without the antenna can reach values of 10−100 in the
hotspots, depending on the detailed geometry. The vibrational
signal is enhanced by a factor of |E/E0|2,618 providing SEIRA
enhancements exceeding 104 in best case scenarios.619 Most
metals behave similarly in the mid-IR, much below the plasma
frequency and interband transition, where they are characterized
by large negative values of the real part of the dielectric function
and low penetration depths. In Figure 28a and b, an example of
SEIRA with 3D plasmonic vertical antennas620,621 is shown.616

To increase the overlap between the target molecules,
nanoporous gold (NPG) was used to fabricate the antennas,
as shown in the SEM image in Figure 28a. NPG can be modeled
with effective medium theories,616 and the electromagnetic
simulations demonstrate that in this configuration the field
penetrates much more inside the antennas compared to an
identical structure made of bulk gold. The antennas were then
covered with 3 nm of SiO2 and their reflectivity spectra were
measured for different pitches P of the array. The results are
shown in Figure 28b, where the antenna resonance blueshifts
with decreasing pitch, finally overlapping with the SiO2 phonon
at 1240 cm−1 (indicated by the light blue area) for the smaller
pitches. When the two dips from the antenna resonance and
from the molecular vibration overlap, the depth of the dip is
reduced. This is a general phenomenon arising due to
interference between the dipole induced in the antenna and
the dipole induced in the molecule and can be described as a
Fano resonance.14,622 The reflectivity lineshapes were fitted with
a Fano model, which allowed the estimation of the energy
transfer between plasmonic antenna and the SiO2 phonon. The
coupling term is plotted in the right panel of Figure 28b, showing
higher energy transfer for the NPG antennas (red curve)
compared to an identical gold structure (blue curve).
In the mid-IR, plasmons can be sustained not only by metals

but also by highly doped semiconductors, in which the plasma
frequency is pushed to high frequencies by the high density of

carriers.623,624 Doped semiconductors are particularly interest-
ing for mid-IR plasmonics as they are similar to metals in the
visible, being characterized by small negative values of ε1 and
possibly providing better confinement. Moreover, they can be
integrated more easily in state-of-the-art silicon foundries, as
they are complementary metal−oxide−semiconductor
(CMOS) compatible, while most metals are not. SEIRA has
been investigated in doped semiconductor antennas, showing
remarkable enhancement of vibrational absorption.624−626

Since, to obtain high SEIRA enhancements, frequency matching
between the plasmonic structure and the molecular vibrations is
needed, it would be ideal to employ a tunable metasurface so
that different molecular vibrations can be investigated. This was
achieved by leveraging the tunability achieved through electric
gating of a nanoribbon graphene metasurface.627

Metasurfaces supporting LSPhPs have also been investigated
for applications in SEIRA.627,629,630 While LSPhPs can provide
better enhancement than plasmonic materials due to lower
losses, they exist in a small, material-dependent frequency range,
limiting their usage as sensors to few selected molecular
vibrations. In Figure 28c and d, an example of SEIRA with hBN
nanoribbons supporting localized HPhPs is reported.628 The
ribbons are fabricated on an IR-transparent CaF2 substrate and
covered by thin layers of 4,4′-bis(N-carbazolyl)-1,1′-biphenyl
(CBP), which has a vibrational absorption (vertical gray dashed
line) in the Reststrahlen band of hBN, as can be seen from the
top spectra of Figure 28c. Twenty nanometers of CBP in the
absence of any SEIRA effect produced a signal below the noise
threshold. The transmission spectra of the bare nanoribbon
metasurface are shown in Figure 28c, characterized by a dip
corresponding to the resonance frequency of the antennas. The
resonance redshifts with increasing thickness of the CBP layer
covering the antennas due to change in the refractive index of the
surrounding. When the resonance of the antenna matches the
frequency of the vibrational absorption of CBP, a Fano line
shape appears as a result of the coupling between the antenna
and the vibrational resonances. For each CBP thickness, the
spectra of the bare metasurface are shown as a guide to the eye,
with a shift in the frequency to match the refractive index
induced redshift. In Figure 28d, a similar experiment is reported,
where the CBP thickness is constant and the antenna resonance
is shifted across the vibrational absorption by changing the
ribbon thickness. The typical Fano line shape is observed in this
case, too, with an anticrossing behavior attributable to strong-
coupling between the antenna resonance and the molecular
vibration.628 The Q factor of the antenna resonances and the
corresponding SEIRA efficiency has been recently shown to be
increased when using monoisotopic 10B hBN (the subscript 10
indicates here the atomic mass number of Boron) instead of
naturally abundant hBN (composed by 80.1% of 11B and 19.9%
of 10B)427 due to the reduced phonon scattering rate associated
with having a single isotope in the material.631

With the recent development of BIC-based dielectric
metasurfaces, IR fingerprint sensing with these extremely narrow
resonances has been developed in the past few years.113,631−633

BIC resonance frequencies can be finely tuned by changing the
scale factor S of the unit cell of the metasurface. By
implementing small increments of the scale factor, pixelated
metasurfaces made of arrays with different resonant wavelengths
covering a broad frequency range can be fabricated.113 Pixelated
metasurfaces can be used in conjunction with a tunable QCL
emitting in the IR and an IR camera to perform on-resonance
SEIRA for many different frequencies, resulting in the retrieval
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of the full vibrational spectrum under investigation with
enhanced sensitivity in a single measurement run. In Figure
28e−g, the results obtained for a pixelated metasurface made of
tilted elliptical silicon antennas are reported. For the array with S
= 1, a representative SEM image and simulation of the near-field
electric field intensity for the unit cell are shown in Figure 28e.
By changing the scale factor from 1.00 to 1.34, the resonant
frequency of the metasurface is shifted from approximately 1300
cm−1 to 1800 cm−1 in 100 steps without significant change in the
line shape profile. The normalized reflectivity spectra for 21 of
the 100 pixels are shown in Figure 28f together with four
reflectivity images of the full pixelated metasurface at four
selected frequencies. An image of the full pixelated metasurface
highlighting the resonant peak wavelength for each pixel is also
reported in Figure 28f. When adding a thin layer of protein A/G
on top of the metasurface, the reflectivity for each pixel is
modulated following the vibrational spectrum of the adsorbed
molecules. For each pixel, the reflectivity is strongly suppressed
at frequencies matching the vibrational fingerprint of the
molecules, as shown in Figure 28g. Spectral integration of
each pixel can be used to produce a 2D absorption map, which
represents the molecular barcode of the protein.113

While in IR absorption spectroscopy, the illuminating
wavelength must match the frequency of the target vibrational
level, Raman scattering involves excitation to a virtual level and
in principle can occur for any pumping wavelength.608,610,634 In
practice, the Raman scattering cross-section scales with the
pumping frequency as σ ∝ ω4 and so shorter wavelengths in the
optical regime are preferred.322 The Raman scattering cross-
section has other frequency-dependent properties, related to the
electronic levels of the investigated molecule. In particular, close
to a real electronic transition, Raman cross-sections can be
orders of magnitude larger, leading to the so-called resonant
Raman effect.635 While in SEIRA the signal enhancement due to
the presence of an antenna scales as |E/E0|2, in SERS the scaling
goes as |E/E0|4 enabling the realization of much higher
enhancement factors.610 The reason of the |E/E0|4 dependence
can be intuitively understood as follows: the absorption of the
molecule is enhanced by the intensity of the electric field at the
illumination frequency |E(ωL)|2, while the emission of the
induced dipole is also enhanced by the local field at the emission
frequency, by a factor that can be approximated by |E(ωL ±
ωvib)|2, where ωvib corresponds to the frequency of the
vibrational level with which energy was exchanged.610,636 The
± signs indicate the possibility of having both Stokes (ωscatt = ωL
− ωvib) and anti-Stokes (ωscatt = ωL + ωvib) processes. As the
Raman shift is generally small compared to the illuminating
frequency, often the product of the SERS enhancement is
approximated by the field at the pumping frequency |E(ωL)|2 × |
E(ωL ± ωvib)|2 ≈ |E(ωL)|4. In the absence of very narrow
resonances, this is a good approximation for the enhancement of
Raman signals in the vicinity of an antenna.
Because metasurfaces can be used to confine EM fields over

large areas, they have been explored for SERS. In particular,
SERS active plasmonic metasurfaces have been investigated in
flexible electronics devices for ultralow detection of biomole-
cules.636−638 Supercluster metamaterial nanoparticles259 and
plasmonic supercrystals262,639,640 were explored for SERS due to
their high density of hot-spots and confined optical modes inside
the structures. To obtain optimal enhancement, plasmonic
metasurfaces can be designed to precisely enhance both
excitation and emission processes in SERS by supporting
resonances at both frequencies.641 Fabrication efforts have been

directed toward the realization of controlled large scale methods
to achieve mm and cm sized plasmonic substrates642−644 with
nanometric gaps for high SERS enhancement and low
fabrication costs.642,645−647 In Figure 29a, an example of a

large area nanoring array (NRG) structure obtained by a
combination of nanosphere lithography, physical peeling, and
SAM is reported.648 The gap size of the NRG is controlled by
changing the number of SAM molecules attached to the gold
surface. The resulting gap size is approximately a multiple
integer N of the SAM length, which is around 3 nm. The NRG
arrays were investigated for SERS under 633 nm laser
illumination, achieving a detection limit of 10−14 M for
rhodamine 6G, as reported in Figure 29b. A special feature
and benefit that has been investigated with metasurfaces for
SERS is the broadband design, which makes the platforms more
reproducible over a large spectral range and widely applicable to
many different target molecules, a key aspect in SERS.635 To this
end, broadband response has been obtained by specifically
engineering both ordered649 and disordered650,651 metasurfaces.
Besides plasmonic structures, it has been recently shown that

dielectric nanoantennas can also enhance the Raman signal of
molecules.292,652,347 Even though dielectric metasurfaces
generally present lower field enhancements compared to
plasmonic analogues, the absence of temperature increase
related to ohmic losses makes them promising in biological

Figure 29. Metasurfaces for SERS. (a) SEM image (left) of large area
surface NRG array with 3 nm gap (N = 1 SAMmonolayer). SEM image
(right, top) of a close up portion of a NRG array with 10 nm gap and
F.E. intensity simulation for a NRG in the array for N = 1. (b) SERS
signal for the NRG array with 3 nm gap for different concentrations of
R6G. (c) F.E. intensity simulation (left) for a unit cell of the BIC
metasurface and SERS signal in and out of the structure from crystal
violet dye. (d) Integrated Raman intensity in and out of the metasurface
decorated with gold NPs. (a, b) Adapted with permission from ref 648.
Copyright 2021 Wiley-VCH GmbH. (c, d) Adapted with permission
from ref 653. Copyright 2018 American Chemical Society.
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applications with delicate samples. As such, all-dielectric
metasurfaces have been tested for enhancing the Raman signal
of small molecules653 or even viruses.654 A BIC-based
metasurface made of holes in a 50 nm Si3N4 layer on glass was
demonstrated to achieve an enhancement of 103 for SERS
detection for the reference dye crystal violet.653 Tuning to the
BIC resonance allowed a clear enhancement compared to the
unpatterned surface, as shown in Figure 29c. Coupling of the
BIC resonance to LSPR was also explored by covering the whole
surface with randomly dispersed 40 nm gold NPs. A 13-fold
enhancement of the metasurface compared with the unpat-
terned area was achieved in this way. An integrated SERS map
covering the boundary of the metasurface is shown in Figure
29d, allowing direct visualization of the enhancement provided
by the metasurface when the sample is covered by plasmonic
NPs.
4.4. Section Summary

To summarize, metasurfaces can contribute to photon-phonon
energy conversion in the following ways:

1. Ohmic losses from plasmonic metasurfaces (thermoplas-
monic effect) can be used to control temperature profiles
at the nanoscale.

2. Coupling of light to nanostructured polar dielectrics leads
to the excitation of mixed photon-phonon states in the
mid-IR called surface phonon polaritons, analogous to
SPP in metals, but with lower losses.

3. Patterning the surface of a material at dimensions below
the thermal radiation wavelength λth can lead to
modification of standard blackbody radiation achieving
polarized, frequency selective and unidirectional thermal
emission.

4. Metasurface-controlled thermal radiation can be engi-
neered to achieve applications such as IR camouflage and
passive daytime radiative cooling.

5. Near-field radiative energy transfer can be manipulated
with metasurfaces, but its experimental realization has not
been demonstrated thus far.

6. Incidence of light on metasurfaces allows generation of
tailored SAWs and their manipulation, making them
directional and creating phononic band gaps.

7. Metasurfaces have been employed for enhanced spectros-
copies such as SEIRA and SERS.

5. PHOTON−ELECTRON ENERGY CONVERSION
The efficient conversion of photon energy into electricity holds
great promises for environmental sustainability. Up to now, the
primary global energy sources are still coal, oil, and gas, which
cause release of greenhouse gases. The amount of solar power
delivered, roughly 105 TW, is significantly larger than human
requirements, predicted to be around 20−40 TW in 2050.7,8,655

Hence, it should be sufficient to cover 1% of the land on earth by
photoelectrochemical (PEC) cells with 10% efficiency to satisfy
our energy demand, as pointed out by Jiang et al.655,656 Clearly,
efficient photon-electron energy conversion would allow human

Figure 30. General requirements for photon-electron energy conversion. (a) Schematic illustration of light absorption inside a direct or indirect
semiconductor. (b) Theoretical maximum photocurrent density in dependence of the band gap for semiconductors under one-sun illumination. (c, d)
Charge carrier transport in (c) bulk material and in a (d) meta-atom. Ld is the minority charge carrier diffusion length. Recombination occurs if the
thickness d is larger than Ld. However, the thickness d needs to be large enough which is necessary for many semiconductor materials to allow sufficient
light absorption. Because of their small size, metasurfaces allow to utilize materials with small Ld, which could not have been utilized as bulk material.
(e) Band diagram of a p−n junction utilized for charge carrier separation. Illumination generates electron (e−)−hole (h+) pairs, which are separated by
moving in opposite directions using the built-in potential Vbi. EF0 is the aligned Fermi level of the n-doped and p-doped semiconductor after
equilibrium. EFn and EFp are the quasi-Fermi levels during illumination. (f) Exemplary current density−potential plot to evaluate device performance of
photovoltaic and photocatalytic devices. (b) Adapted with permission from ref 659. Copyright 2014 American Chemical Society. (e) Adapted with
permission from ref 660. Copyright 2019 Wiley-VCH GmbH. (f) Adapted with permission from ref 661. Copyright 2011 Academic Press.
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society to meet the energy needs from a carbon free, renewable
source. Currently, photovoltaic cells are utilized to convert the
energy of the sun into electricity and more than 90% of all solar
cells are made from silicon.657 From a material perspective,
silicon has great properties to be used for solar cells. Its small
band gap of about 1.14 eV allows the absorption of even near-IR
photons, while the material is nontoxic and abundant. Since
silicon is extensively used in the microelectronic and IC
industry, silicon wafers can be mass-produced at large scales.
However, silicon is an indirect gap semiconductor and requires a
sufficient thickness to absorb large portions of the incoming light
(see section 2.1) and in addition, a high purity is necessary, since
impurities will cause recombination of charge carriers.658

Therefore, researchers are trying to develop new materials for
photon−electron energy conversion with enhanced function-
ality, performance, and decreased material costs to accelerate
their worldwide implementation.286 In this section, we
summarize recent research involving metasurfaces for photo-
voltaics and photocatalysis as well as other applications
benefiting from improved photon−electron energy conversion
such as photodetectors.
5.1. General Requirements for Photon−Electron Energy
Conversion

There are several aspects to consider when designing the ideal
material for photon−electron energy conversion. In general,
light absorption and energy transport are important for both
photovoltaics and photocatalysis, while photocatalytic cells have
additional thermodynamic and kinetic requirements to drive the
desired chemical reactions (section 5.4.1). We will begin by
summarizing the shared requirements for both fields together
with important characteristics to evaluate their performance,
which are schematically illustrated in Figure 30.
5.1.1. Light Absorption. Illumination of a semiconducting

material above its bandgap energy will lead to the formation of
charge carriers, that is, electrons and holes in the conduction and
valence band, respectively (Figure 30a). The physical principles
of light absorption and formation of excitons were already
treated in more detail in section 2.1. It is possible to define two
types of excitons based on the relative length of the radius
between the particles, aB, also called Bohr radius, and the lattice
constant of the material, alattice. For the case that aB ≈ alattice, the
exciton is confined inside a unit cell of the crystal. These are so-
called Frenkel excitons and are usually found in organic or polar
materials. However, in most semiconductor materials, we find
the case where aB is larger than alattice and the exciton extends
over multiple unit cells of the crystal. These are the so-called
Wannier-Mott excitons, which provide the possibility for a
generated electron−hole pair to diffuse throughout the
materials. In this way, excitons can reach an interface where
they can dissociate into free charges, giving rise to an effective
current flow, or recombine in a radiative process where the
annihilation of the electron−hole pair results in the emission of a
photon, with energy corresponding to the exciton binding
energy, smaller than that of the material’s energy gap.
To achieve broadband light absorption and the highest

possible photocurrent density, the semiconductor band gap Eg
should be as small as possible. Figure 30b shows the theoretical
maximal photocurrent densities of different (bulk) semi-
conductors under one-sun illumination assuming that all
incident photons above the band gap contribute to the
photocurrent.659 Traditionally, solar cells made from mono- or
polycrystalline silicon are utilized, having a small indirect band

gap, which requires a sufficient thickness of material for light
absorption. In general, the thickness of the photoactive material
should be large enough to generate a high density of charge
carriers and an important parameter is the light penetration
depth (LPD, also named as skin depth), which is defined as the
depth at which the electric field amplitude falls to 1/e (∼ 37%).
The LPD depends on the absorption coefficient of the material
and therefore varies for different wavelengths. For example, in
silicon, blue light (400 nm) is absorbed within 0.1 μmwhile NIR
light (900 nm) already requires a thickness of several hundreds
of micrometers.286,662 To account for this thickness-dependence
of the optical absorption, a photovoltaic band gap EgPV can be
defined. Contrary to the optical bandgap Eg, the EgPV is not an
intrinsic material property.663 In general, most semiconductors,
even direct ones, require at least a couple hundreds of
nanometers to absorb sufficient amount of light.286

While the absorption coefficient is an inherent material
property, metasurfaces and nanostructuration can enhance light
absorption by engineering the local density of photonic states
and also by employing alternative light trapping techniques. This
allows reduction of the required amount of material, decreasing
fabrication costs and allowing consideration of newmaterials for
photovoltaic and photocatalytic devices.286,664−668 For example,
excitation of localized surface plasmon resonances in metals can
highly increase the absorption cross-section in metal nano-
particles,669 giving rise to energetic (hot) charge carriers that can
be used in photovoltaics, photodetection, and photocataly-
sis.287,670−672 In the same direction, dye-sensitized solar cells
take advantage of the high surface area of nanostructured
substrates to maximize the loading of dye molecules that assist in
light absorption.673,674 Light trapping techniques, such as guided
modes, Fabry-Peŕot resonances, refractive index gradients, and
diffraction, can also enhance charge carrier generation in poor
absorbing materials such as thin films or large band gap
semiconductors.249,286,675−677 In addition, nanostructured
surfaces might also be utilized on top of bulk material to avoid
the necessity of antireflective coatings.678,679

In this section, we focus on photonically engineered
resonances in metasurfaces, which can be tuned to the desired
wavelength regime by controlling the size and arrangement of
individual building blocks and that allow precise control of light
absorption and photocurrent enhancements. Metasurfaces can
be utilized to improve photon−electron energy conversion for
all types of materials from silicon to other semiconductors such
as perovskites.131,286,677,680

5.1.2. Charge Carrier Transport and Separation. Once
charge carriers are generated in the material, they must be
efficiently separated and transported to the surface to be
collected. For photovoltaic cells and photodetectors, the charge
carriers should be harnessed directly at some electrical contacts,
while for photocatalytic cells a chemical reaction should occur at
the surface. However, even before charge carriers reach the
surface, charge transport needs to be considered since charge
carriers can recombine (Figure 30c,d) and consequently lose
their energy as heat.
A critical parameter to consider is the minority charge carrier

diffusion length Ld, that is, the length charge carriers can travel
before recombination. Ld is defined via the diffusion coefficient
D and the charge carrier lifetime τ with L Dd = . The
diffusion coefficient D depends on the temperature T and the
carrier mobility μ with D kT

q
= .681 For bulk materials, Ld

should be larger than the thickness d of the semiconductor
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and recombination occurs when Ld < d (Figure 30c), while d
should be larger than the LPD to achieve sufficient light
absorption. In general, Ld in semiconductors can vary from a few
nm up to several mm but is significantly shorter for
polycrystalline or amorphous materials, which are generally
more affordable than single crystalline materials.681−685 In
(bulk) solar cells or photodetectors, recombination is mitigated
by creating a p−n or p−i−n (i = intrinsic) junction that separate
the charge carriers by transporting them in opposite directions
(Figure 30e), where they are collected at metal conductors at the
front and back of the cell.660,686−688 A p−n junction is
established by bringing a n-doped and p-doped semiconductor
into contact. Once in contact, the Fermi levels of both
semiconductors align (EF0 in Figure 30e), which results in a
built-in potential Vbi in the depletion region, which is the driving
force of the separation. Contrary to electron diffusion, the
movement of electrons caused by Vbi or in general, due to an
electric field, is known as drift mobility. Upon illumination, the
Fermi level splits into the quasi-Fermi levels EFn and EFp and
their energetic difference is the open-circuit potential Voc.

655 A
more extensive explanation on the details of the physics of p−n
junctions can be found in refs 660 and 686−688. For
photocatalytic devices, p−n junctions are utilized for large
microstructures to enhance charge separation,689 while doping
in general will cause band bending at the semiconductor−liquid
interface, which is discussed in more detail in section 5.4.1.
Because of the small size of the individual building blocks,

metasurfaces reduce recombination losses since charge carriers
only have to travel small distances to reach the surface or
interface of materials (Figure 30d). This is especially true for
long-aspect ratio nanostructures, such as nanowires, where
charge carrier transport can occur in the radial direction,
orthogonal to the axial direction of light absorption, efficiently
decoupling light absorption from charge separation.7,249 In
general, metasurfaces or nanostructures avoid the necessity of
having semiconductor thicknesses comparable to the LPD, since
light absorption is enhanced by photonic states and light
trapping techniques. This allows the utilization of materials with
small charge carrier diffusion lengths, such as polycrystalline or
amorphous semiconductors, which are much more affordable
than their monocrystalline counterparts or materials with
promising photocatalytic properties, such as Fe2O3 or BiVO4,
which could not be utilized as bulk materials.682,683,690,691

Furthermore, since metasurfaces or nanostructured surfaces are
ultrathin, they can be embedded inside organic hole-trans-
p o r t i n g po l yme r s , s u c h a s p o l y ( 3 , 4 - e t h y l e n e
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), allow-
ing a simplified and more affordable manufacturing process and
the production of flexible PV or sensor devices, which are light-
weight and mechanically more robust.198,200,692,693

5.1.3. Evaluation of Device Performance. The standard
characterization technique for photovoltaic and photocatalytic
devices is current density J versus potential plots V (Figure 30f).
The measured photocurrent I is normalized to the geometric
surface area of the cell and plotted against the applied external
potential V. Illumination should be performed by using a solar
simulator matching the spectrum of natural sunlight, generally
known as AM 1.5 G (air mass coefficient 1.5 global) to have
realistic operating conditions and allow a comparison of
different literature results. Important parameters, characterizing
the performance of the cell, can be directly determined from the
J−V plots such as the short-circuit current density Jsc and open-
circuit potential Voc and the current density and voltage at the

maximum power point, Jmp and Vmp, respectively (Figure 30f).

The filling factor f f is then defined via ff
J V

J V
mp mp

sc OC
=

×

× and compares

the maximum power under operating conditions (Pmp = Jmp ×
Vmp, illustrated by the maximum power rectangle in Figure 30f)
with the theoretical maximum power under open-circuit and
short-cut conditions (Pmax, theor. = Jsc × Voc). The filling factor is
related to surface and bulk recombination694,695 as well as
solution resistances (for photocatalytic cells)694 or contact
resistances (for PV cells).695,696 The overall efficiency η is then
defined by the ratio of the maximum power under operating
conditions Pmp = Pout and the incoming illumination power Pin:
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(5.1)

For a more detailed analysis of the cell performance, the
external and internal quantum efficiencies should be deter-
mined, EQE and IQE, respectively. These efficiencies can reveal
fundamental properties of the photovoltaic or photocatalytic cell
and characterize whether light absorption, charge transport, or
charge transfer limit the performance. Quantum efficiencies are
also important in evaluating the performance of photodetectors.
For photocatalytic cells, which often require external voltage to
operate, EQE and IQE values are more frequently reported than
efficiencies. The EQE is often called the incident-photon
conversion efficiency (IPCE). IPCE or EQE measures the ratio
between the collected electrons by the cell against the number of
incident photons,212,697 and is defined, as

EQE IPCE
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(5.2)

with c being the speed of light, h being the Planck constant in
eVs, Jph(λ) the photocurrent density at the wavelength λ, and
PLight(λ) the irradiance of photons at the wavelength λ. The
IPCE should be measured using a monochromatic lamp or
band-pass filters with narrow bandwidths. For photocatalytic
cells, which often require an additional external potential,
measurements should be performed in the dark and under
illumination (or chopped) to obtain the photocurrent density
Jph(λ) by subtraction. In addition, the applied external potential
should be reported. High IPCE values indicate perfect
conversion of the incident photons. The IQE can then be
calculated from the IPCE curve by dividing the IPCE by the
measured absorbance A (A = 1 − R − T). The IQE is defined as
the absorbed photon-to-current conversion efficiency
(APCE):697

IQE APCE
IPCE

absorbance
( ) % ( ) %

( )
( )

[ ] = [ ] =
(5.3)

The APCE decouples the IPCE from the absorbance of the
device. Therefore, the APCE is dependent on the charge-
transport (ηseparation) and charge-transfer efficiency (ηtransfer),
with APCE ≈ ηseparation × ηtransfer, while IPCE is additionally
dependent on the charge generation efficiency with IPCE ≈
ηoptical × ηseparation × ηtransfer.7,697
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Figure 31. Metasurfaces for photovoltaic devices. (a) Rectangular and trapezoidal Si Mie resonators with omnidirectional and broadband spectral
response. (b) Ag nanostripped metasurface sustaining collective leaky-domino modes in an organic PV device resulting in enhanced power conversion
efficiency. (c) Plasmonic Ag meta-mirror as a back-reflector in an organic PV device. (d) Si Mie resonator antireflective metasurfaces with tunable
reflectivity. (e) Silicon nitride/aluminum meta-lenses showing absorption enhancement in a thin-film Si PV device. (f) Refractory tungsten
metasurfaces solar absorbers for thermophotovoltaics showing calculated STPV efficiencies of metasurfaces with different emitter to absorber ratios
(red and blue) compared to a single InGaAsSb PV device (black dotted line). (a) Adapted with permission from ref 709. Copyright 2016 Springer
Nature. (b) Adapted with permission from ref 721. Copyright 2018 American Chemical Society. (c) Adapted with permission from ref 722. Copyright
2016 The Royal Society of Chemistry. (d) Adapted with permission from ref 725. Copyright 2018 American Chemical Society. (e) Adapted with
permission from ref 726. Copyright 2018 Optica Publishing Group. (f) Adapted with permission from ref 727. Copyright 2018 American Chemical
Society.
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5.2. Metasurfaces for Photovoltaics
Many important aspects considering the basic operation
principle of photovoltaic cells were already discussed in the
previous sections, such as light absorption in semiconductors
(section 2.1), the theoretical maximum photocurrent density
and light penetration depth (section 5.1.1), charge carrier
transport (section 5.1.2), and important characteristics to
evaluate cell performance (section 5.1.3). The upper limit for
the conversion of photons into electricity for a single p−n
junction-solar cell is given by the Shockley-Queisser (SQ)
model, which is based on thermodynamic considerations.663,698

The SQ limit takes into account the solar spectrum, the
theoretical maximum optical absorption given by the materials
bandgap and the operating temperature. Themain losses are due
to the transparency of the solar cells to photon energies below
the band gap (∼25% losses for Eg ≈ 1.3 eV) and thermalization
losses of photons with energies above the band gap (∼30%).699
Smaller losses account for the power conversion efficiency of a
Carnot engine (heat engine), radiative recombination, and the
angular inequality of incident and emitted radiation.699 Usually,
real devices will not reach these values due to several
assumptions done in the model. For example, the bandgap is
treated as a step function with a sharp absorption onset having a
quantum efficiency of 100%,700 and defects leading to
nonradiative recombination are not considered.663,701 Never-
theless, deviations from the optimum performance can be
evaluated to improve device performance.696 Because of their
ability in concentrating light, nanostructured devices are
promising candidates for exceeding the SQ limit,699,702−704

For a rigorous discussion of the SQ limit and state-of-the-art
(bulk) photovoltaic technologies, we refer the readers to refs
663, 696, 699, and 700.
PV systems can effectively absorb solar energy and convert it

into clean electrical power, ultimately providing one of the most
outstanding strategies to supply for the increasing global energy
demand. The PV market has been largely dominated by bulk
crystalline Si solar cells, with absorber thicknesses around 150−
300 μm, which require stringent fabrication conditions in terms
of material purity and crystallinity. Hence, a lot of recent
research effort has been concentrated on developing thin-film
PV technologies to reduce production cost and facilitate large
scale implementation (e.g., a-Si, GaAs, CdTe, CIGS, organic
semiconductors, quantum dots, perovskites). However, since
ultrathin layers absorb only a limited fraction of the incident
solar light, their power-conversion efficiency has been suffering
compared to traditional thick-wafer silicon PV systems. Some of
the methods to improve thin-film solar cell efficiencies were
focused on material development, engineering of interfaces, and
modifying charge carrier dynamics.705−707 An alternative and
highly promising strategy is to utilize light-management
strategies to focus and trap light within the absorbing thin-
film, alleviating the problem of limited absorption. In this regard,
nanostructured plasmonic and dielectric metasurfaces constitute
perfect platforms for thin-film PV devices that can be used as
antireflective coatings, light-scattering and focusing layers, and
broadband superabsorbing films themselves. Additionally,
metasurface structures can also play an important part in
thermophotovoltaic applications, paving the way to exceed the
SQ limit for single p−n junction devices. In this section, we will
review some of the main light-management schemes and other
novel ideas of using metasurface designs in PV systems.
There are two main requirements for enhancing light

absorption in thin film PV devices: (1) to increase the local

density of optical states across the solar spectrum and within the
light-absorbing material and (2) to have efficient broadband
light-coupling from the resonance modes of the photonic
structure into the light-absorbing layer. Improvements in these
two respects are expected to produce lower recombination
currents, higher open circuit voltages, and higher conversion
efficiencies in solar cells. Hence, designing metasurfaces that can
sustain multiple strong resonances becomes highly important to
satisfy these two requirements. To address this challenge, efforts
so far have been primarily focused on incorporating dielectric
and plasmonic nanostructures arrays in PV devices.
Dielectric Mie resonators, particularly based on silicon, have

been investigated as broadband absorbers directly incorporated
into the photoactive medium in solar cells.708 In one highly
interesting example, Pala et al. have incorporated litho-
graphically patterned 2D arrays of silicon nanoresonators onto
thin film crystalline silicon absorbing layers.709 They have
investigated both rectangular and trapezoidal metasurfaces
designs for their absorption properties and spectral photo-
current response (Figure 31a). Silicon nanoresonators exhibit
Mie resonances that serve to enhance the short-circuit current
densities by at least 2.5-fold compared to flat thin films made
from the same material. Furthermore, engineering the
metasurfaces into the trapezoidal structures serves to broaden
the spectral response of the absorber layer relative to the
rectangular design, particularly in the red region of the visible
spectrum (Figure 31a). The increased absorption arises from the
high-index ridges of the trapezoid not only due to the emerging
localized fields in individual ridge regions but also due to the
delocalized waveguidemodes coming from the interaction of the
entire periodic ridge array. Naturally, the frequencies of the
emerging resonant modes can be tuned by the size of the
trapezoids or the periodic patterns, which outlines the
importance of detailed metasurface nanostructuring for
achieving higher efficiencies in thin film PV devices. Absorption
in dielectric metasurfaces can also be enhanced via further
nanostructuring of the Si resonators into nanopillars. Lan̈k et al.
have fabricated such large area Si metasurfaces by hole-mask
colloidal lithography and have demonstrated polarization-
independent near-perfect absorption as high as 97%.710 This
value corresponds to an impressive ∼50-fold absorption
enhancement compared to polycrystalline Si at equal surface
average volume density, which can be utilized in solar-harvesting
applications such as PV devices.
Compared to the more recent investigations on dielectric Mie

resonator absorbers, using plasmonic architectures constitutes a
more traditional route in enhancing light-absorption in thin film
PV devices.711−714 Many examples in this regard use regular
arrays of plasmonic nanoantennas of various shapes (or
metasurfaces) that can effectively transform the EM field of
the incoming waves into the near-field, creating hot-spots of
concentrated energy. A crucial point to consider when using
nanoantennas for light-management schemes in PV applications
is the location of these created hot-spots. Ideally, hot-spots
formed exclusively on the photoactive medium would result in
significant increases in solar light absorption and device
efficiency. In one intriguing example, Aydin et al. managed to
achieve broadband and polarization-independent superabsorp-
tion with Ag trapezoidal ridged metasurfaces in the entire visible
range, an architecture similar to the one discussed in Figure 31a
in the previous paragraph.715 While such nanosystems open up
paths to realize ultrathin black absorbers in thermal emission
applications, from the standpoint of hot-spot locations they can
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be undesirable as light-management schemes in PV devices. In
this particular example, and more broadly in dipolar plasmonic
structures, the EM hot-spots are primarily located within or
close to the surface of the metallic nanoantenna resulting in the
“harmful” dissipation of solar energy as heat, which is one of the
main drawback of using plasmonic metasurfaces for solar cells.
Therefore, creating hot-spots beyond the nanoantenna volume
would immensely benefit light-absorption within the photo-
active medium.
Designing multipolar nanoantenna scatterer arrays and

utilizing their collective modes has been the main approach in
extending the EM hot-spots further into the near field while
keeping broadband absorption in the visible range.716−718 A
number of theoretical and experimental reports in this respect
have demonstrated that arrays of tapered Ag nanostrips formed
into cross-like structures can sustain multiple collective
resonances known as leaky-domino modes. These guided
resonances were first demonstrated to emerge in 1D metallic
arrays of finite-length parallel strips resembling a chain of
domino pieces.719 The distinctiveness of the domino mode is
the very weak penetration of the electric field inside the metallic
component. This results in spread-out EM hot-spots rather than
concentrating the incoming light to near-surface regions or
within the metallic nanoantenna (Figure 31b).718−720 Partic-
ularly in the presence of a nearby absorbing film, the hot-spots
can branch into the film and enhance absorption.720

Accordingly, to investigate the effect of these leaky-domino
modes on the efficiency of thin-film PV devices, Voroshilov et al.
incorporated such Ag metasurfaces as light-trapping structures
into organic photoactive layers (Figure 31b).721 They observed
significant enhancements in all of the main PV parameters
including improved short-circuit currents, fill factors, and an
18% increase in the power conversion efficiency of the device
(Figure 31b). The leaky-domino modes sustained by the
metasurface split the incoming solar light into the hot-spot
regions within the organic photoactive layer, decreasing the loss
of the light-management scheme and increasing the overall
broadband absorption of the device.
Other than being directly implemented into the photoactive

absorber layer, metasurfaces can also be utilized in PV
applications for their reflection and scattering properties, as
back reflecting meta-mirrors (Figure 31c) or as antireflection
coatings on the front side of the photoactive layer (Figure 31d).
Beginning with the former, conventional metallic mirrors are
widely employed in a number of optoelectronic applications as
back-reflectors to avoid transmission losses of the incident
radiation and trap it within the photoactive absorbing
layer.722,723 However, one of the main drawbacks of these
mirrors occurs when they are in direct contact with a
semiconducting absorber such as in the architecture of a solar
cell. When light is reflected from the mirror surface, the electric
field strength is significantly lowered on the near-surface region
within one-quarter wavelength of the incident wave.724 This
effect becomes particularly problematic when the absorbing
layer is a thin-film with a subwavelength thickness, as it
significantly reduces the potential absorption from the reflected
light. This problem can be sidestepped and the electric field
magnitude at the reflector surface can be increased by using
mirrors made out of metasurfaces and metamaterials (i.e., meta-
mirrors). By incorporating subwavelength structures onto a
conventional metal mirror and modulating their size and shape,
one can engineer the reflection properties of the mirror such as
its reflection phase and surface impedance.724 Using these

concepts, a working thin-film organic PV device with a
plasmonic Ag meta-mirror as the back-reflector has been
demonstrated by Ou and co-workers (Figure 31c).722

Comparing the meta-mirror device with a reference flat mirror
solar-cell has yielded enhancement in the broadband light-
absorption and an increase in power conversion efficiency of
∼10%. The broadband enhancement has been largely attributed
to the quasi-randomly distributed arrays of nanostructures in the
meta-mirror (Figure 31c).
While meta-mirrors can be employed at the back-contact of a

solar cell to avoid transmission losses, the front-face of the device
can be covered with metasurface antireflective coatings (ARC)
to avoid reflection losses (Figure 31d).677,728,729 In a PV device,
a strong reflection arises when the incident solar light hits the
surface of the photoactive semiconductor that exhibits a large
refractive index. In conventional Si solar cells, 35% of the
incoming light in the visible and IR range will be reflected, a
remarkable loss for the most important part of the solar
spectrum.730 To circumvent this issue, ARCs have been
employed with a common approach of using single or multilayer
thin films, such as silicon oxide or silicon nitride,731 to avoid
reflection through the destructive interference principle.
Although an ideal ARC is required to exhibit broadband and
omnidirectional reflection, these simple thin-film ARCs have
narrow wavelength and low angle of incidence ranges.728

Inspired by the compound eyes of insects and moths, an
alternative approach is to use nanostructured arrays to achieve
gradient refractive index ARCs, with a wide variety of shapes and
sizes, some of which include nanorods, nanocones, and
nanopyramids.732−735 These gradient-index ARCs provide
broadband and omnidirectional reflection; however, this is at
the expense of fabrication ease and costs.
Novel strategies have been based on using high-index

dielectric metasurfaces based on Mie-resonators.725,736−738 In
a pioneering work, Spinelli et al. have shown that a Si nanodisc
metasurface with individual discs of 250 nm in diameter yields
broadband almost zero total reflectance at a broad range of
incidence angles up to 60 degrees.737 Further design principles
of dielectric metasurfaces for ARCs have been explored by
Pecora et al.725 At sufficiently low nanodisc density, metasurface
ARCs have been shown to behave significantly different than
conventional nanostructured ARCs, with their antireflection
primarily dominated by Mie resonances rather than effective
optical properties such as the complex refractive index of the
film. At this low-density regime, the antireflection properties of
the metasurface were argued to rely on the forward scattering of
the incident waves toward the underlying photoactive substrate
when Mie resonances were excited. Hence, these resonators can
enable antireflection in areas larger than their geometric size.
Importantly, using dielectric metasurfaces opens the possibility
of manipulating the reflectivity of the ARCs by changing the
position of the Mie resonance through tuning the shape and size
of individual components. For example, by introducing
nanodiscs of different sizes in a metasurface, the authors have
achieved broader band reflectivity compared to a control
metasurface where all the components have a single size (Figure
31d). Other types of resonances can also be incorporated into
these metasurfaces, such as the Fabry-Peŕot resonance, to
improve the spectral energy range of the ARC.738

The high control over the spectral and angular range of
reflection that can be achieved with dielectric metasurfaces can
also pave the way for more focused applications in the PV
industry such as the development of integrated solar panels with
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various colors. Novel solar cell architectures are necessary for the
large-scale implementation of PVs into urban regions such as
residential areas and contemporary city buildings. From an
aesthetic point of view, the blue/black color of commercial Si
devices does not always match with the urban design. Hence, it is
increasingly important to develop modules that can have various
colors but without sacrificing their power conversion
efficiencies. With this aim in mind, tuning the Mie-resonance
of dielectric metasurfaces not only enables control over the
spectral energy range of reflectivity, by suppressing certain
modes and enhancing others, but also can be used to incorporate
directionality into the reflected light.739,740 Among the few
examples of metasurface coatings incorporated for colored-PV
applications, Uleman et al. have demonstrated a rooftop module
where off-resonant blue, green, and near-IR light is transmitted
through, while on-resonant red light is selectively scattered
between 30 and 75 degrees.741−743 This gives a red panel
appearance to the observers near the building, while light from
remaining angles is transmitted to avoid significant losses in
power conversion efficiency of the device.
There are a few important points worth mentioning regarding

material choice, stability, and fabrication of dielectric meta-
surfaces for reflective applications. The long-term stability for
ARCs can be a point of concern; however, the above-mentioned
photonic effects retain even in the presence of a thin surface
passivation layer.725 Compared to conventional nanostructured
ARCs and other type of reflectors, these highly ordered
metasurfaces can be fabricated with cost-effective methods
such as substrate-conformal imprint lithography, nanoimprint
lithography, and rolling-mask lithography736,738 making their
implementation into real-life devices much more straightfor-
ward. Overall, with such control over the tunability of their
reflectivity properties, dielectric metasurfaces hold great
promise of outcompeting traditional ARC and reflector systems,
with lower fabrication costs and choice of potential materials
that can be utilized.
A noteworthy approach in using metasurfaces within a solar

cell module is to incorporate them at the back-contact as
nanoscale flat lenses (i.e., meta-lenses).726,744 Focusing
incoming light into a photoactive absorbing layer has been
previously investigated in the PV community using large and
inconvenient 3D lenses installed at the top of the panels.745

However, nanoscale flat meta-lenses can be fabricated from both
plasmonic746 and dielectric materials747 based on the concept of
optical phase discontinuities, the details of which can be found
with an interesting historical perspective elsewhere.748,749 In a
recent work, a reflective Si3N4/Almeta-lens was integrated into a
thin-film Si solar cell where the focal point was designed to lie
within the photoactive absorber layer (Figure 31e).726 This
architecture averted the considerable escape of incident solar
light back into the air, enhancing the absorption of the device
(Figure 31e) and resulting in a ∼1.4-fold increase in the short-
circuit photocurrent for both TE and TM polarizations.
Metasurface can also enhance light absorption in solution-

processable solar cells based on organic polymers, perovskites,
or colloidal quantum dots. These devices often suffer from small
diffusion lengths due to associated defects and impurities
inherited from their fabrication and require a compromise
between efficient charge extraction and efficient light
absorption.750 While plasmonic nanoparticles can be embedded
in or between active layers, these systems often suffer from
parasitic light absorption, where the excited photocarriers in the
metal particles decay nonradiatively into heat potentially

degrading the system.750 In this regard, metasurfaces offer a
high flexibility in terms of tuneability to control the enhance-
ment, particularly in the long-wavelength regime, where the
optical absorption of these device is low. He et al. designed a
plasmonic metasurface at the bottom of a perovskite MAPbI3
layer, which extends the optical absorption around 670−750 nm
over a wide angular range, where the absorption of the 100 nm-
thick perovskite layer is low.680 Similarly, metal oxide-based
nonresonant metasurface can be utilized as light trapping
structures on top of perovskite films.751 Furthermore, using FIB
milling, solution-processed perovskite films could be structured
into metasurfaces, such as nanogratings, nanoslits,140 nano-
cubes131 or nanohole arrays,752 allowing to directly engineer
optical Mie resonances in the active layer without the need of
additional materials.
As discussed thus far, both plasmonic and dielectric

metasurfaces can be integrated into solar cells as components
of the photoactive absorber layer, reflectors and antireflectors at
the back and front contact, and as nanoscale flat lenses, all of
which serve the purpose to improve the power conversion
efficiency of traditional PVmodules. However, metasurfaces can
also pave the way for transitioning into alternative PV concepts,
one of which include solar thermophotovoltaics (STPV). The
single-junction solar cell efficiency is limited by the predicted SQ
limit of 41% with maximum solar concentration due to the
energy losses coming from below-band gap photons and hot-
carrier thermalization, consequences of the broadband nature of
the solar spectrum ranging from 200−2500 nm.698,704,753 STPV
is one of the promising strategies to overcome the SQ limit for
solar energy harvesting, with impressive theoretical efficiencies
reaching up to 85% under concentrated solar irradiation.753 In
this concept, an intermediate absorber/emitter structure
absorbs the incident light, heats-up, and undergoes thermal
emission, which is picked up by a PV cell for power conversion.
Therefore, an ideal absorber/emitter structure must absorb the
whole solar spectrum, withstand high temperatures (>1000 °C),
and have a narrowband thermal emission that corresponds to the
energy range above the band gap of the accompanying PV
device.753 While a number of material systems have been
demonstrated for STPV devices such as photonic crystals,
metal/dielectric layers, and doped semiconductors,754−756 the
efficiencies still remain low due to thermal stability issues and
poor spectral selectivity.
In this respect, metasurfaces provide a novel platform to

investigate absorption/emitter structures in STPV technologies
due to their highly tunable optical properties.493,509,727,757−759 A
crucial theoretical and experimental work by Chang et al. has
demonstrated this possibility by using refractory W metasurface
solar absorbers/emitters coupled to InGaAsSb solar cells that
have a bandgap of ∼0.55 eV (Figure 31f).727 The refractory
metasurface has been shown to exhibit good thermal stability
upon cycling at 1200 °C, which is one of the important
shortcomings of other material systems. Using W nanodiscs of
different size helped to achieve broadband absorption in the
visible to near-IR range (Figure 31f) while modulating the size of
the nanodiscs allowed control the thermal emission band.
Balance calculations have revealed that a fully integrated W
metasurface−InGaAsSb PV system can yield STPV efficiencies
of up to 18%, a significant improvement compared to single
InGaAsSb device (Figure 31f). Additionally, increasing the
emitter-to-absorber area ratio can also be used to increase the
efficiencies in the device in a certain solar concentration window
(Figure 31f). Even though this work shows great potential for
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metasurfaces in STPV applications, the efficiencies are
substantially below the theoretical possibilities for STPV
technologies, and also lower than commercial single-junction
Si solar cells. This is due to the fact that the thermal emission is
still quite broad in these structures with its significant proportion
either being lower in energy than the InGaAsSb band gap or
much higher, being prone to losses due to carrier thermalization
in PV devices. Further investigations and optimization on the
different material choices, area ratios, sizes, and shapes of
metasurfaces is expected to take STPV technologies a step closer
to their promising capacity.
As demonstrated, metasurfaces in PV technologies have been

investigated to a great extent in the past decade with diverse
functionalities and for various concepts. The most important
parameters of various metasurface designs for photovoltaic
applications are summarized in Table 3. A significant remaining
challenge is to optimize all the design parameters related to the
metasurface architecture for an appropriate function. To this
end, recent reports have utilized machine learning and genetic
algorithms to predict the optical properties of previously
unknown metasurface designs.760−762 Further research in this
direction holds the potential of discovering novel metasurfaces
and functionalities that can be beneficial for PV as well as other
energy conversion applications.
5.3. Metasurfaces for Photodetectors

5.3.1. Requirements for Photodetection. Principally,
photodetectors work quite similarly to PV cells. They absorb
EMwaves generating electron−hole pairs (section 5.1.1), which
are separated and collected (section 5.1.2) and by this the
incoming EMwave is converted into an electronic signal. Hence,
photodetectors are optoelectronic systems that operate as
optical-to-electrical transducers. Depending on the desired
purpose, photodetectors might require narrow or broadband
light absorption in different wavelength regions (from ultraviolet
to terahertz). Besides light absorption and charge carrier
separation, photodetectors require a high sensitivity, spectral
selectivity, signal-to-noise ratio, speed, and stability (“5S -
requirements”).763

The most important characteristics to evaluate the perform-
ance of photodetectors are the quantum efficiencies (EQE and
IQE, section 5.1.3), responsivity R, detectivityD*, noise current
in or noise equivalent power (NEP), and response time.764−767

Ideally, every photon from the desired wavelength range

impinging the detector is converted into an electron−hole pair
and collected without recombination, corresponding to a high
sensitivity and a theoretical EQE and IQE of 100%, respectively.
The responsivity R = Iph/Pin is the ratio between the electrical
output, that is, photocurrent Iph and the incident power given in
AW−1.765,768 In general, there will always be undesired signal
fluctuations by uncorrelated arrival of electrons or thermal
excitation, that is, shot noise or Johnson noise, respec-
tively.768,769 These undesired fluctuations give rise to the
signal-to-noise ratio, characterized by the noise current in or
NEP = in/R. The photodetector detectivity D* can then be
determined with D* = (AΔf)1/2 × R/in = (AΔf)1/2/NEP and is
measured in units of Jones (cm Hz1/2 W1−) with A being the
effective photodetector area in cm2 and Δf the electrical
bandwidth in Hz.764,765 The detectivity can be interpreted as the
signal-to-noise ratio of the photodetector under normalized
conditions, that is, active area of A = 1 cm2 at incident power of
Pin = 1 W when the electrical bandwidth is Δf = 1 Hz.768

However, to get realistic values for D*, the noise spectrum
should be analyzed with great care, and ref 768 gives a detailed
discussion and equations for an accurate determination of in.
Finally, the response time is the duration the photodetector
requires to respond to changes from the input signal and is
typically characterized by its −3 dB bandwidth (visit ref 765 for
more details).
Applications of photodetectors span from optical communi-

cation, medical analysis, photography to astronomy, environ-
mental sensing, safety, and many more.677,763,770 Metasurfaces
are in many senses perfect as photodetectors. Metasurfaces are
ultrathin optical building blocks that can easily be incorporated
into devices and fabricated via lithographic approaches, which
are standard for the microelectronic and IC industry. Their
optical response can be precisely tuned to the desired
wavelength range and purpose by adjusting the architecture.
Contrary, tuning the wavelength regime of bulk material can be
rather complex and is achieved by material selection, precise
band gap engineering via doping,771−774 alloying,775−777 or
morphology modification,778,779 and by the engineering of
defect states,780,781 heterojunctions,782−784 or incorporation of
tunable nanocrystals or quantum dots.765,785,786 Furthermore,
metasurfaces can bring advanced functionalities such as
improved response time emerging from their reduced
dimensions, and enhanced photoresponse and sensitivity due

Table 3. Metasurfaces for Photovoltaic Devicesa

year PV material metasurface design
JSC

(mA/cm2)
Voc
(V)

FF
(%) PCE (%)

metasurface enhancement on
PCE ref

2021 amorphous Si−H thin film dielectric nanoarray, GaP on PV
layer

12.0 708

2012 amorphous Si thin film plasmonic nanoarray 19.7 (theo.) ∼15 (theo.) 717
Ag on PV layer nanoarray

2016 Si thin film patterned Si PV layer 709
- rectangular 7.8
- trapezoidal 12.0

2017 Si heterojuction colored PV dielectric nanoarray, Si coating 33.2 0.7 13.7 742
2018 organic PV

phtalocyanine-C60
plasmonic nanorray, Ag on PV
layer

3 0.38 43.4 0.49 1.2 721

2016 organic PV PTB7:PCBM plasmonic nanoarray, Ag Meta-
mirror

20.4 0.7 64.2 9.30 1.3 722

2018 thermoPV InGaAsSb refractory metal, W absorber/
emitter

18 (STPV,
theo.)

727

aSummary over the most important parameters of various metasurface designs for photovoltaic applications. Jsc: photocurrent density. Voc: open-
circuit potential. FF: fill-factor. PCE: photo-conversion efficiency. Metasurface enhancement on PCE is the ratio by comparison to a reference film.
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to longer charge carrier lifetimes originating from their large
surface-to-volume ratios.677,770 In addition, metasurfaces offer
an interesting bridge between photodetection and photothermal
effects offering an alternative photodetection mechanism
independent of semiconductor bandgaps.787−789 Thermo-
electric devices, where the absorbed electromagnetic radiation
is converted to heat raising the temperature of the device
resulting in an electron flow, can be utilized as photodetectors
when combined with light-absorbing layers. Metasurfaces allow
the design of ultrathin absorbers that can be utilized as coatings
on commercially available thermoelectric devices.787 Finally,
metasurfaces might even bring novel properties such as the
detection of chiral light.790

5.3.2. Metasurfaces for Photodetection. In this section,
we summarize and describe a selection of various concepts in
using metasurfaces in photodetection applications and their
benefits for the development of integrated, ultracompact, and
efficient devices with novel functionalities. We focus our
discussion on photodetectors that are active in the visible and
IR spectral range, which is where most photonic applications lie.
We refer the reader to the following reviews for sensing in the
microwave and THz regime791 as well as a more extended
discussion on light-trapping and absorbing schemes for
photodetectors.763,770,792−794

The development of high-performance broadband photo-
detectors is extremely beneficial for cost-effective, small, and
lightweight devices that exhibit low-power consumption.795,796

They can be conveniently implemented in a plethora of
applications that require high-response multispectral sensing.

For example, various optical communication technologies
require photodetectors in the wavelength range between 600
nm and 1.5 μm from access networks to long-distance
applications.797 To date, to realize such a feat, multiple
narrowband photodetectors are integrated to achieve broad-
band sensing, increasing the complexity and volume of
optoelectronic systems, resulting in excessive production costs.
Additionally, conventional photodetector materials can be
environmentally harmful and toxic (e.g., HgCdTe for mid-IR),
while their further miniaturization can be difficult considering
Moore’s law.795,796

Novel broadband absorbing materials have been investigated
in the past years for their photodetection capability, and 2D
materials, with graphene in particular, have been demonstrated
as highly appealing and became the main research focus for this
application.796,798 The gapless electronic structure of graphene
enables charge carrier generation by light absorption over an
unprecedented large spectral range from UV to terahertz
regime.796,798 Additionally, it exhibits high charge carrier
mobility at room temperature, mechanical flexibility, and
dynamic tunability of optical and electronic properties, all
promising characteristics for efficient conversion of photons into
electricity for broadband photodetection.796,798 Hence, gra-
phene has been widely investigated in various photodetection
schemes, where metal−graphene−metal (MGM) photodetec-
tors were demonstrated to be the most promising candi-
dates.799−801 While MGM detectors display broadband
operation, uniform wavelength sensitivity, fast response time,
and zero power consumption, they have been notably low in

Figure 32. Metasurfaces for photodetectors. (a) Graphene and fractal Au metasurface photodetectors with broadband photoresponse in the entire
visible spectrum. (b) Plasmon-induced narrowband photocurrent response in Au grating metasurfaces showing high tunability in the near-IR spectral
range. (c) Hot-electron based circularly polarized light photodetector with Ag chiral metasurface design. (d) Full-Stokes near-IR polarimeter based on
Au chiral plasmonic metasurfaces characterizing the state of polarization of incident light (a) Adapted with permission from ref 807. Copyright 2017
American Chemical Society. (b) Adapted with permission from ref 809. Copyright 2013 Springer Nature. (c) Adapted with permission from ref 790.
Copyright 2015 Springer Nature. (d) Adapted with permission from ref 810. Copyright 2020 American Chemical Society.
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their responsivity. This is due to graphene being an atomically
thin material and absorbing only 2.3% of incident light.798

Hence, integration of absorption enhancement schemes with
metasurfaces into MGM photodetectors can provide the final
push for these devices for commercial applications.
Naturally, plasmonic nanostructures were primarily employed

to enhance optical absorption inMGMphotodetectors. Some of
the photonic structures include but are not limited to metal
gratings, single and dimer nanoantenna metasurfaces, and
nanorod arrays.802−804 Even though these hybrid plasmonic−
graphene structures show better responsivity as photodetectors,
the improvement is narrowband due to the limitations related to
the sharp resonant nature of the plasmonic elements. As a
potential solution, fractal plasmonic metasurfaces were then
proposed to expand the responsivity enhancement to a wider
spectral range. Fractal metasurfaces can sustain multiple
resonances due to the branching and self-similarity of the
architecture.805,806 In one prominent example, Fang et al. have
suspended a graphene layer on a Au fractal tree that mimics a
snowflake geometry (Figure 32a).807 By optimizing the angle
between each branch and their width and thickness, they can
modulate the optical properties to fit the requirements for
broadband absorption. Integrating the fractal metasurface into
an MGM photodetector demonstrates absorption enhancement
factors of 8−13 over the whole visible spectral range with
increased photovoltages (Figure 32a). Further building on the
concept, De Nicola et al. have changed the geometry of the
fractal metasurface from a snowflake to a Sierpinski carpet
pattern.808 Because of the strong EM enhancements within the
interantenna gaps, the absorption in the graphene is enhanced
by an unprecedented factor of ∼105 in the visible to mid-IR
spectral range, with a ∼100-fold increase in the responsivity of
the MGM photodetector. Few other advantages of fractal
metasurfaces should also be mentioned. First, the photo-
response enhancement is polarization-independent, an impor-
tant consideration for broadband photodetection schemes.
Second, due to the continuous nature of the Au and graphene
junction, both the absorption intensity and bandwidth can be
dynamically tuned through a gate voltage. Lastly, the use of
fractal metasurfaces can also be extended to other materials for
photodetectors based on photothermoelectric and photovoltage
principles. Overall, optimized designs of fractal metasurfaces in
broadband photodetectors can pave the way to a new generation
of multiband sensing applications.
Plasmonic metasurfaces were also used to a great extent in

hot-electron based photodetectors. The nonradiative decay of
SPRs results in the formation of energetic hot-electrons, which
can then be collected for a number of light-harvesting
applications. For photodetectors, this implies putting a metal
in contact with a semiconductor, creating a Schottky barrier. If
the plasmon-induced hot-electrons can transport into the
Schottky junction before thermalization, then they can over-
come this energetic barrier and get transported to the
conduction band of the semiconductor, resulting in an electrical
signal.671 Hot-electron photodetectors that are based on
plasmonic structures have been investigated in the past years
out of nanorods, nanowires, and waveguides.811−814 The
tunability of the nanoantenna properties through geometric
changes makes this type of detectors highly versatile in terms of
controlling the spectral range and polarization dependence.
However, the photoresponsivities of these hot-electron
detectors have been suffering, being in the order of tens of
μA/W. Such low values are most likely a consequence of the

inefficient injection of hot-electron through the Schottky
barrier.815

In one of the seminal examples, Sobhani et al. have fabricated
an extended Aumetal grating on a Si substrate.809 These gratings
can sustain propagating SPPs along the upper surfaces as well as
within the slits (Figure 32b). The resulting hot-electron
photodetectors exhibit tunable narrowband responsivity in the
near-IR range, reflecting the resonance of the propagating
modes (Figure 32b) and reaching values of up to 600 μA/W.
This substantial increase compared to previous reports has been
ascribed to the extended nanostructuring of the metal layer and
the creation of hot-spots (and subsequent hot-carrier gen-
eration) near the Schottky junction. However, due to the
asymmetric grating structure, the response will be highly
dependent on the incident light angle. By patterning the top
metal film into arrays of rectangular nanoantennas, Li et al.
created a near-perfect absorber layer and demonstrated
omnidirectional and polarization insensitive response.815

Similarly, these metasurfaces exhibit LSPRs and Fabry−Perot
cavity modes, with further enhancement in photoresponsivity to
1.8 mA/W. Recent theoretical efforts have suggested there is still
room for improvement in the performance of these devices if
one utilizes plasmonic metasurfaces with quasi-BICs resonances
in a near-perfection absorption design (see section 2.2 for BIC
resonances).816 The sharp and strong resonances can potentially
produce highly narrowband detection in comparison to what
have been demonstrated by Li et al. and at least an order of
magnitude higher photoresponsivities. Furthermore, engineer-
ing the metal−semiconductor interface for a lower Schottky
barrier can facilitate the injection of hot-carriers to the
semiconductor conduction band, and the near-IR spectral
response can be shifted to visible range if the semiconductor is
changed from Si to a wider-band gap material such as TiO2.

815

Metasurface designs can also be employed to add extra
functionalities to photodetectors and expand their range of
potential applications. For example, circularly polarized light
(CPL) is used in a wide range of applications such as quantum
computation, magnetic recording, and spin-based optical
communication.817−819 Hence, a useful functionality for a
photodetector is distinguishing between LCP light and RCP
light. It is challenging for traditional photodetectors to do this
feat as most conventional semiconductors lack intrinsic chirality.
Implementing polarization sensitivity to such photodetectors
requires the integration of several optical elements like quarter
wave plates, polarizers, and beam splitters, complicating the
process of miniaturization required for the outlined applications
above.790 A natural solution for developing integrated CPL
detectors is to employ chiral photoactive media. One strategy in
this direction is exploring novel semiconductors with intrinsic
chirality such as organic−inorganic hybrid perovskites.820,821

Alternatively, nanostructuring the photoactive layer into chiral
geometries would also aid with polarization sensitivity. Indeed,
chiral plasmonic metamaterials (e.g., helices, spirals, twisted
structures) have been shown to exhibit strong chiroptical
properties, orders of magnitude larger than chiral mole-
cules.271,822,823 Accordingly, chiral metasurfaces were inves-
tigated for their potential in integrated CPL photodetec-
tors.790,810,822,824,825

In an influential work, Li et al. proposed using a Z-shaped Ag
metasurface on top of a polymer spacer and an optically thick Ag
back-reflector.790 A Schottky junction is then formed by placing
an n-type Si film on the Ag chiral metasurface (Figure 32c). The
fabricated device exhibits a size-tunable plasmonic resonance in
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the near-IR range (1200−1700 nm) and circular dichroism
(CD) (CDLCP (RCP) = ALCP (RCP) − ARCP (LCP)) values of 0.9.
This implies that a left-handed metasurface reflects 90% of the
RCP light and vice versa, showing great selectivity between the
two polarizations. The photoresponsivity of the device is ∼2.2
mA/W, which corresponds to quantum efficiencies higher than
chiral organic transistors. The large CD values correspond to
large distinctions between LCP and RCP light as evident by the
photocurrent maps for both left- and right-handed metasurfaces
(Figure 32c). With this approach, multiple functionalities can
also be added to a single compact device, where you can
incorporate left- and right-handed metasurfaces for CPL
selectivity, or Z-structures of different dimensions for wave-
length selectivity.
A further advancement with photodetectors from chiral

metasurfaces is to build integrated polarimeters in which the
state of polarization of the incident light can be fully
characterized. For example, knowing about the phase properties
of light can be crucial in applications for remote sensing,
astronomy, and medicine.826−828 To this end, Li et al. have
recently demonstrated an integrated full-Stokes near-IR polar-
imeter from a set of chiral plasmonic metasurfaces (Figure
32d).810 The state of polarized light is generally described by
four Stokes parameters (S1, S2, S3, and S0) containing intensity
information about the linear and circular polarization
components as well as the total power of incident light.
Hence, to measure all these four parameters simultaneously,
they have implemented four sets of chiral Au metasurfaces, with
different orientations and chiralities, on a single chip (Figure
32d). Impressively, this quadrant Schottky photodetector was
shown to resolve circular and linear polarizations and obtain the
state of the arbitrarily polarized incident near-IR light with
information regarding its intensity, orientation, and ellipticity
(Figure 32d). It is possible to make these polarimeters
ultracompact and scale them down to ∼2 μm, which can be
fundamental parts of lab-on-a-chip devices.

Although plasmonic metasurfaces have been researched more
widely, investigations on photodetectors with dielectric
resonators have been mostly theoretical based.131,829−831 A
simulation study has shown that patterning high-refractive index
semiconductors, such as GaAs, into interconnected nano-
antenna arrays can create perfect absorption due to emerging
Mie resonances, at the same time enabling electrical
conductivity within the metasurface for photodetection
applications.830 While interconnected GaAs metasurfaces have
narrowband resonances in the near-IR range (700−850 nm),
further theoretical work has demonstrated that mid-IR detectors
with dual-band spectral sensitivity can be realized by using Si
gratings on metallic films.829 The two sharp resonances (6.1 and
7.8 μm) arise from the dielectric guiding modes on the surface
and within the Si grating. Furthermore, chiral Si metasurfaces
were demonstrated to be potential polarimeters that can
perform full Stokes characterization.831 Even though exper-
imental work on dielectric metasurface photodetectors has been
largely lacking, they hold great promise both for narrowband
sensors, due to the sustained strong and sharp resonances, as
well as for broadband detectors due to the possibility of
multipole and multimode engineering.690,832 Additionally,
compared to plasmonic metals, they are low loss and they
open up a large set of potential materials with high refractive-
index, which can then be patterned to obtain Mie resonances.
Particularly, anapole modes (see section 2.2.1) confined within
the dielectric material are expected to increase charge carrier
generation and be highly beneficial for photodetection
applications. For example, recently demonstrated organic−
inorganic perovskite metasurfaces are promising candidates,131

and following theoretical work outlined they can be fabricated
into interconnected structures and investigated for their use in
photodetection schemes. Overall, the coming years in photo-
detector research is also expected to focus on realizing devices
with dielectric metasurfaces being at the core of the designs.
Table 4 summarizes the most important parameters, such as
spectral range, enhancement, responsivity, and response time for

Table 4. Metasurfaces for Photodetectorsa

year design spectral range enhancement QE [%] responsivity R
response
time ref

Graphene
2011 graphene + plasmonic Au NPs 530, 550, 575, 633 nm 15 EQE: 1.5% 6.1 mA/W 802
2014 graphene + plasmonic Au rods 4450 nm 0.2 mA/W 30 ns 804
2015 graphene + hexagonal boron nitride

(hBN)
1550 nm IQE: 72−87% 0.36 A/W 3 ps 800

2016 graphene + dielectric Si + plasmonic Au 1550 nm 10 IQE: 7% 0.37 A/W 811
2017 graphene + plasmonic Au fractals 476, 488, 514, 530, 568, 647 nm 8−13 807
2020 graphene + plasmonic Au fractals VIS-MIR 100 IQE: up to

100%
∼0.3 A/W 808

Schottky Barrier
2013 dielectric Si + plasmonic Au rods 1200−1800 nm 25 65 nA/mW 813
2013 dielectric Si + plasmonic Au grating 1300, 1350, 1400, 1475, 1525, 1575,

1650 nm
IQE: 0.2% 0.6 mA/W 809

2014 plasmonic nanostripe antennas 400−700 nm 250 nA/W 814
2014 dielectric Si + plasmonic Au

metamaterial
1200−1500 nm ∼3 mA/W 815

2021 plasmonic Ag BIC + guided modes 800−1050 nm 9.12 mA/W 816
CPL Detection
2015 dielectric Si + plasmonic chiral Ag 1250, 1350, 1450, 1550, 1650 nm IQE: 0.2% 2.2 mA/W 790
2020 graphene + dielectric Si + plasmonic

chiral Au
1550 nm Stokes

Parameter
10 μs 810

aSummary of the most important parameters of various metasurface designs for photodetectors applications. The table is separated in different
sections to highlight the progress of graphene and Schottky barrier detectors as well as the progress for circularly polarized light (CPL) detection.
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various metasurface designs for photodetectors that were
presented in this review.
5.4. Metasurfaces for Photochemistry and Photocatalysis

In general, a major disadvantage of photovoltaic cells is the
intermittency of solar energy, which varies with day-night cycles,
seasons, and weather. Unfortunately, neither energy transport
nor energy storage is currently efficient enough to satisfy global
demands.656 Nature circumvented this problem by converting
the solar energy directly into chemical bonds, which can be
stored and then used on demand. In this regard, the production
of solar fuels via artificial photosynthesis, known broadly as
photocatalysis, holds great promise to solve these current issues.
Most research is done on solar water splitting, where a water
molecule is photosplit into hydrogen and oxygen and the former
can then be utilized as a clean, renewable energy source in fuel
cells, where water is the only “waste” product:833−835

hOverall: 2H O 2H O2 2 2+ +

Besides solar water splitting, extensive research is also done on
the photoreduction of CO2 into products such as methane
(CH4), alkanes (CnH2n+2), alcohols, or others

836,837 and on the
photoreduction of N2 to generate NH3, which is crucial for the
production of fertilizers and other chemical products, currently
synthesized via the energy intensive Haber-Bosch process.838,839

In regard to metasurfaces, most research is done on solar water
splitting, which will therefore be the focus of this review.

However, many of the discussed considerations apply for the
other photocatalytic reactions as well.
The overall reaction for solar water splitting is shown above.

The redox reaction is separated into the oxidation reaction, that
is, the oxygen evolution reaction (OER) and the reduction
reaction, that is, the hydrogen evolution reaction (HER). Under
standard conditions, the free energy change is ΔG = 237.2 kJ/
mol, which corresponds to an energy of 1.23 V per transferred
electron. Hence, photon energies of 1.23 eV must be absorbed
by the material; however, higher potentials around 1.6−2.4 eV
are typically required to account for electron-transfer
losses:833,840

Oxidation (OER): H O 2h
1
2

O 2H

E 1.23 V

Reduction (HER): 2H 2e H E 0 V

2 2

ox

2 red

+ +

=

+ =

+ +

+

Photoelectrocatalysis is performed by either using particle
systems or PEC cells.287 In particle systems, the oxidation and
reduction reactions occur on the same material, hence, both
charge carriers have to be transported to the same surface. One
the one hand, this increases the possibility of recombination and
decreases the efficiency, while on the other hand particle systems
are much more affordable. The other option, which is relevant
for metasurfaces, are PEC cells, where reduction and oxidation
occur on separate electrodes, the (photo)cathode and (photo)-
anode, respectively. Generally, due to the requirements of large

Figure 33.General requirements for photocatalysis. (a) Illustration of a photoelectrochemical (PEC) cell for solar water splitting. Process is shown for
a n-doped semiconductor (photoanode). Illumination above the bandgap generates electron−hole pairs. Holes diffuse to the surface of the
photoanode to drive the OER. Electrons are collected and transported to the CE to drive the HER. (b) Band edge positions of typical semiconductors
for water splitting. (c) Schematic illustration of surface state induced band bending before contact (disequilibrium) and after contact (equilibrium) for
a n-doped (top) and p-doped (bottom) semiconductor (SC). (d) Schematic illustration of a meta-atom with and without a catalyst. Without catalytic
material reaction rates might be very low even though the reaction is thermodynamically feasible. (e) Schematic illustration of the role of catalyst
reducing the required activation energy Ea for the chemical reaction. (a) Adapted with permission from ref 287. Copyright 2011 Springer Nature. (b)
Adapted with permission from ref 840. Copyright 2018 American Chemical Society. (c) Adapted with permission from ref 655. Copyright 2016 The
Royal Society of Chemistry. (e) Adapted with permission from ref 841. Copyright 2021 Springer Nature.
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band gap semiconductors (section 5.4.1) and the transfer of four
holes to form one oxygen molecule (contrary to two electrons
for one hydrogen molecule), the OER is much more challenging
than the HER. While there are several different cell
configurations possible,655,833 we will focus on the most simple
one, where both electrodes are immersed in the electrolyte and
connected via an external circuit to a potentiostat allowing to
measure currents and apply external potentials (Figure 33a).
5.4.1. Requirements for Photocatalysis. Many require-

ments for photocatalysis, such as absorption properties of
semiconductors (section 2.1), theoretical photocurrent density
(section 5.1.1), and charge carrier transport (section 5.1.2) are
equal to photovoltaics and were already discussed in the
previous sections. To improve charge carrier separation, p−n
junctions can be utilized for microstructures similarly to
photovoltaics.689 In general, doping will cause band bending
at the semiconductor−liquid interface (Figure 33c). This band
bending originates from the alignment of the semiconductors
Fermi level (EF) in regard to the surface potential (EF(surf)) of
the desired electrochemical reaction.655,833 As such p-doping
will create downward band bending, which will trap electrons
close to the semiconductor-liquid interface, whereas n-doping
creates upward band bending trapping holes.655,694 Hence, p-
doped semiconductors should be utilized for the reduction
reaction and n-doped for oxidation reactions. Besides light
absorption and charge carrier transport, photocatalytic devices
have additional requirements since thermodynamic and kinetic
requirements need to be fulfilled in order to drive chemical
reactions on the surface of the material.
5.4.1.1. Band Alignment. From an energetic point of view,

the valence and conduction bands of the semiconductors need
to be properly aligned in regard to the oxidation and reduction
potentials of the desired chemical reaction to make it
thermodynamically feasible. This means that the conduction
band needs to be energetically higher than the reduction
potential, so that electrons can be injected from the material into
the solution to drive the HER. Similarly, the valence band must
be energetically lower than the oxidation potential, so that holes
can be injected for the OER. This imposes an additional
challenge to the material selection, besides having a small band
gap to absorbmost of the light. This band alignment is illustrated
for solar water splitting in Figure 33b, where the semi-
conductors’ band edge positions are plotted in regard to the
standard hydrogen electrode (SHE). Unfortunately, small
bandgap semiconductors (illustrated in red) that can achieve
high photocurrents do not have suitable band positions for the
OER. Contrary, large-band gap semiconductors are often
suitable for the OER (illustrated in blue) and sometimes even
for both reactions (illustrated in black); however, they only
produce small photocurrents (Figure 30b) and often suffer from
recombination due to their small charge carrier diffusion lengths
Ld (section 5.1.2). Researchers overcome these requirements via
semiconductor heterojunctions, known as Z-schemes, by having
a small bandgap semiconductor for light absorption coated with
a thin layer (smaller than or equal to Ld) of a large bandgap
semiconductor to fulfill the band alignment conditions without
suffering from recombination. The Z-scheme and detailed band
energetics during cell operation will be explained in more detail
in section 5.4.2. More extensive plots illustrating the band
position of more semiconductors can be found in refs 655 and
842−846. In addition to these thermodynamic considerations,
the utilizedmaterials should be abundant and nontoxic to enable

affordable worldwide implementation and be stable in the
aqueous environment.
Metasurfaces or nanostructured surfaces in general have the

advantage that they offer high surface areas, thereby increasing
the amount of active material exposed to the electrolyte in
comparison to flat bulk materials. At the same time, light
absorption is increased via photonic resonances or light trapping
techniques, which results in high charge-carrier densities close to
the surface of the material.
5.4.1.2. Kinetic Considerations. Unfortunately, semiconduc-

tors often show poor catalytic activity, and reactions are not
occurring at high rates even if the energetic requirements are
fulfilled (Figure 33d,e). While the semiconductors’ task is to
generate charge-carriers at the correct energy levels, catalytic
materials must be implemented into the architecture to enhance
the reaction rates (Figure 33d). The working principle of a
catalyst is illustrated in Figure 33e.841 Besides the energy
difference of the chemical reaction (ΔG), an additional
activation energy Ea needs to be reached before the chemical
reaction occurs. For a noncatalytic material, Ea can be so large
that the reaction is not efficient even if it is thermodynamically
feasible and large overpotentials are required. The catalytic
material lowers Ea significantly, thereby enhancing the reaction
rate, that is, the reaction kinetics, while the catalyst itself is not
changed during the reaction. The reduction of Ea originates from
intermediate steps (transition states) during the electrochemical
reaction. For example, in the HER, two H+ have to be absorbed
at the surface and diffuse to the reaction site. Next, charge
carriers have to be injected and the chemical reaction must
occur. Finally, the product, in this case H2, must be desorbed
from the surface. These intermediate steps or transition states
can be energetically favorable on different materials and even on
different crystallographic facets, which explains the enhanced
reaction kinetics on catalytic materials. For more complex
chemical reactions, where multiple products can be generated,
the catalyst material can direct the selectivity of the chemical
reaction, that is, the formation of specific products. For example,
CO2 reduction on copper single crystals, leads to around 30%
methane (CH4), 40% ethylene (C2H4) on (100)-crystals, while
46% CH4 and 8% C2H4 is generated for (111)-crystals. The
missing percentages are other products, such as CO, alcohols,
aldehydes, etc.836

In general, the catalyst should provide sufficient catalytic
activity, be affordable and show long-term stability in the acidic
or alkaline aqueous environment. For solar water splitting, high
performance catalysts are based on noble-metals, such as Pt,
IrO2/RuO2.

841,847,848 Researchers are trying to replace this
expensive noble-metals with other more affordable materials
such as nickel-based689,849−852 or cobalt-based853−855 ones.
More extensive literature on the different catalytic materials for
solar water splitting can be found in refs 833 and 841. A higher
mass loading is required for abundant, more affordable catalytic
materials in comparison to the efficient noble metals and large
amounts of catalytic material can be deposited on metasurfaces
and nanostructured surfaces due to their large surface areas.
However, too much catalyst can also lead to parasitic light
absorption by the metal lowering light absorption in the
semiconductor.689,701 While most catalysts are deposited
randomly on the surface via simple deposition techniques,
such as sputtering,212 a few examples of spatially controlled
catalyst depositions are available.298,299,689,851,856,857 In such an
approach, Vijselaar et al. selectively deposited Ni−Mo catalysts
onto silicon microwire arrays achieving efficiencies for the HER
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ranging from 4.0% up to 10.8% for different catalyst coverages,
highlighting the importance of optimizing both light absorption
and catalytic activity simultaneously.689

5.4.2. Important Parameters in Photoelectrocatalysis
(PEC). In electrochemistry, potentials are defined in respect to
the reversible hydrogen electrode (RHE), where the reduction
of water (HER) under standard conditions (25 °C, pH = 0) is
defined to be 0 V. A comparison of the electrochemical potential
scale to the solid-state potential scale can be found in Figure 34c.
For an accurate measurement of the potential on both
electrodes, a reference electrode (RE) with a stable, well-
defined equilibrium potential is required.858 Because of its
simplicity, the silver/silver-chloride (Ag/AgCl) is the most used
reference electrode, but the measured potential EAg/AgCl is pH
dependent and should be converted into the RHE scale to allow
a comparison between the results in literature.697 The potential
shift depends on the pH of the electrolyte and on the potential
shift of the Ag/AgCl reference electrode in respect to the SHE,
EAg/AgCl vs SHE, which is set by the concentration in which the
electrode is stored. For example, EAg/AgCl vs SHE = 0.210 V for a
reference electrode stored in 3.0MKCl and the potential against
RHE, ERHE, can be calculated with the following equation:697

E E pH E0.059RHE Ag AgCl Ag AgClvs SHE/ / .= + × + (5.4)

Performing direct solar water splitting, where both photo-
anode and photocathode operate simultaneously, is challenging
since different semiconductors and catalysts for the HER and
OER need to be integrated into the same nanoscale system.857

Therefore, researchers usually focus on either the oxidation or
reduction reaction, by having a photoanode or photocathode as
working electrode (WE) and a counter-electrode (CE) (Figure
33a). The CE should have a large surface area and fast reaction
kinetics,697 so that there is no limitation on the reaction and
typically platinum meshes are used. The WE needs to be
electrically conducting, stable in the electrolyte and in the
desired potential range. For metasurfaces, which are often
fabricated on glass substrates, transparent conductive oxide
(TCO) layers, such as ITO or fluorine-doped tin oxide (FTO)
are utilized, since they will not affect the optical properties in the
visible regime.212,690,859,860 For a detailed discussion of the
electrochemical stability for suitable substrate materials in
different electrolytes and potential ranges see ref 859. In general,
there should be ohmic contacts between the metasurface, the
substrate and the external circuit to produce good charge
transfer, while the edges of the substrate and inactive regions on
the WE should be passivated.212,299,697 The electrolyte should
not react with the electrodes and have good ionic conductivity.
Electrolytes can be either acidic (H2SO4, HClO4), alkaline

Figure 34. Performance and operation principles of photoelectrochemical (PEC) cells. (a) Overlaid current density plots from a p-doped
photocathode and n-doped photoanode illustrating the maximum operating current density Jop and power (blue rectangle) and the maximum current
densities and powers (red rectangles) of the individual photoelectrodes together with the overall solar-to-hydrogen efficiency ηSTH. (b) Energy band
schematics under illumination of a dual band gap device (Z-scheme). (c) Band energetics of a n-doped semiconductor-electrolyte interface illustrating
the origin of band alignment (equilibrium under dark) and Fermi level splitting under illumination. (a) Adapted with permission from ref 833.
Copyright 2010 American Chemical Society. (b) Adapted with permission from ref 862. Copyright 2012 American Chemical Society. (c) Adapted
with permission from ref 655. Copyright 2017 The Royal Society of Chemistry.
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(KOH, NaOH), neutral (Na2SO4, K2SO4, NaAc), or buffered
(KH2PO4/K2HPO4) and concentrations are typically around
0.1−1 M.697,859 Acidic electrolytes provide protons and are
usually used for the HER, while alkaline electrolytes are utilized
for the OER. Stability of the working electrode in the electrolyte
under applied potential can be a concern and should be tested
prior to any electrochemical characterization.
The standard characterization technique of PEC cells is cyclic

voltammetry, where the current density J in mA/cm2, that is, the
measured current I normalized to the geometric surface area of
theWE, is plotted against the applied potential ERHE in V (Figure
34a). The measurements are done in dark and under
illumination to compare the (electro)catalytic and photo-
(electro)catalytic behavior. Besides the photocurrent, the
potential at which the photocurrent initiates, that is, the onset
potential Vonset, is an important parameter and defines the
photovoltage generated by the cell or howmuch external energy
is required to initiate the reaction. Besides cyclic voltammetry,
amperometric measurements are usually done, where the
photocurrent is measured at a fixed potential as a function of
time to analyze long-term stability. To measure and quantify the
gas yield, both electrodes need to be separated via a
semipermeable membrane in an H-type reactor, so that the
generated gases on each electrode are isolated and cannot react
with each other. The amount of generated gases can then be
analyzed using gas chromatography.697,857 Similarly to photo-
voltaic cells, it is also possible to determine the filling factor f f via
the short-circuit current density Jsc and open-circuit voltage Voc
and the current density and voltage at the maximum power
point, Jmp and Vmp, respectively (section 5.1.3). The overall
efficiency η of an individual photoelectrode (with external
applied bias Vapp) can be determined from the rate of hydrogen
production655,697 or indirectly calculated with694

P
P

J V V

P

(1.23 )
out

in

mp app

in
= =

(5.5)

To calculate the overall solar-to-hydrogen efficiency ηSTH of a
photocathode and photoanode working in combination, the
individual current density−potential plots need to be over-
lapped to determine the maximum operating current density Jop
(Figure 34a). ηSTH is then calculated using the equation above
for Jmp= Jop and Vapp = 0 V. However, to determine ηSTH
accurately, measurements should be done in a two-electrode
configuration and the faradaic efficiencies of the reactions have
to be taken into account.More detailed considerations regarding
the measurement and calculation of the overall solar-to-
hydrogen efficiency ηSTH can be found in refs 7, 655, 694, 697,
and 701. Since photocathodes and photoanodes are usually
fabricated and characterized separately and often lack the ability
of performing unassisted water splitting (Vapp = 0 V), efficiencies
are often not calculated and their performance is rather
evaluated by determining the external and internal quantum
efficiencies, EQE (= IPCE) and IQE (= APCE), respectively,
which were already discussed in section 5.1.3. In addition, we
want to highlight ref 701 in which Fountaine et al. establish a
framework for a theoretical efficiency evaluation for photo-
electrochemical water splitting similar to the SQ model of
photovoltaics. In addition, Ager et al. reviews the history of
record water-splitting efficiencies until 2015.861

Jiang et al. gives a detailed overview over the band energetics
and operation principle of PEC cells, which is summarized here
and shown in Figure 34c for a n-doped semiconductor. A much

more detailed explanation is given in refs.655,656 When there is
no contact between the photoelectrode and the electrolyte
(Figure 34c, before equilibrium), the semiconductors bands
(ECB, EVB) and Fermi level (EF) are flat and the positions are
defined in respect to the vacuum level (Evac) by the
semiconductors work function Φs. When the photoelectrode is
brought into contact with the electrolyte (Figure 34c,
equilibrium under dark), the semiconductors’ Fermi level aligns
in respect to the chemical potential of the reaction causing band
bending in the semiconductors band and creating a depletion
region W (Figures 33c and 34c). The position of the chemical
reaction in regard to the vacuum level is defined via the
Helmholtz layer potential drop (VH) and the work function of
the electrolyte (ΦR). Under illumination (Figure 33c,
Illuminated) the Fermi level splits into the quasi-Fermi levels
(EF,n, EF,p), and their difference is the open-circuit voltage (Voc)
of the PEC cell. The generated electron−hole pairs are separated
by the band bending at the semiconductor-electrolyte interface.
Holes (for n-doped semiconductor) will be trapped at the
interface and injected into the electrolyte to run the OER. The
electrons diffuse through the material, are collected by the
conductive substrate and transported to the counter-electrode,
where they are injected into the electrolyte to drive the HER.
Applying an additional external voltage will shift the semi-
conductors’ band positions upward (negative bias) or down-
ward (positive bias) and the extent of the band bending and
thickness of the depletion region is modified or even eliminated,
facilitating or impeding the reaction, depending on the type of
photoelectrode. For example, if sufficient negative bias is applied
to a n-doped semiconductor, the upward band bending can be
completely eliminated.655,656

Because of the requirement of the band alignment (section
5.4.1), dual-band gap devices consisting of two different
semiconductors are often utilized. The operation principle,
shown in Figure 34b, is the same; however, Fermi level splitting
occurs in both semiconductors, requiring a precise alignment of
the band positions of both semiconductors (known as Z-
scheme). In the illustrated scenario, the photogenerated holes in
n-Fe2O3 are injected into the electrolyte to run the OER, while
the photogenerated electrons have to recombine with the
photogenerated holes of the n-Si at the interface of both
semiconductors. The photogenerated electrons in n-Si are
collected at the conductive substrate to drive the HER on the
CE. In such a dual absorber device (Z-scheme), charge flow only
occurs when both absorbers are excited simultaneously and the
semiconductors bands are in correct position in respect to each
other as otherwise charge accumulation occurs at the inter-
face.862

5.4.3. Metasurfaces for Solar Water Splitting. Meta-
surfaces provide an extensive platform to engineer photo-
catalytic materials, enhancing their solar light absorption
capacity and the consequent hot-carrier generation. They also
exhibit a high surface area, offering plenty of catalytic active sites
for surface reactions to occur. In this section, we summarize the
original design concepts that usemetasurfaces for the solar water
splitting reaction, for both anodic and cathodic sides. These
ideas range from utilizing the collective photonic modes and
using multicomponent programmable metasurfaces to imple-
menting further complexity by building 3Dmetamaterials where
the 2D metasurface forms the core basis of the architecture.
One approach in photonic engineering of metasurfaces for

photocatalysis comes from the utilization of SLRs in both metal
and dielectric materials. Such collective lattice excitations can
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produce stronger localized electromagnetic fields compared to
single particle resonances (see section 2.2.2). Additionally, the
SLR energy can be controlled to a great extent by modifying the
symmetry and spacing of the array as well as the size and shape of
individual single particle components. Hence, SLRs create a
versatile platform to photonically engineer and enhance light-
harvesting and photocatalytic properties of metasurfaces.867

Two pioneering studies in this direction have demonstrated
higher activities in HER when catalytic nanostructures are
formed into metasurfaces that can sustain SLRs.
In one example, Deng et al. fabricated a 2D array of bimetallic

Cu−Pt core−shell nanoparticle lattices via a combination of soft
lithography techniques (Figure 35a).285 Such bimetallic systems
are expected to act as good photocatalysts for HER due to the

combination of highly catalytically active Pt sites with strongly
plasmonic effects of Cu. In addition to the interband transitions
and the LSPR modes of single Cu particles, the lattices are
engineered to exhibit a strong SLRmode in the near-IR region to
extend the absorbed solar energy range of the material (Figure
35a). Excitation of either mode is expected to generate hot-
carriers on plasmonic Cu, which can then be injected on the
overlaying Pt shell.868 Wavelength-dependent measurements
exciting the spectrally separated interband, LSP and SLR modes
revealed largest photocurrent densities under near-IR illumina-
tion (Figure 35a). SLRs have shown to be the main contributor
to the observed photocurrent enhancement under white light
illumination, surpassing LSPR excitations with 2-fold improve-
ment in HER catalytic activity because of greater light

Figure 35. Metasurface design concepts for enhanced solar water splitting. (a) Core−shell Cu/Pt lattices with individual LSPRs and collective
plasmonic SLRs. (b) Amorphous GaP metasurfaces with individual anapole modes and collective SLRs. (c) Multicomponent programmable Au
superlattices. (d) Nanoantenna tip engineering in Au/CdS extended nanopillar structures. (e) Refractory TiN metasurfaces as broad-band solar light
absorbers. (f) Nanoparticle on-a-mirror Au meta/TiO2/Au mirror structure providing near-unity absorption and strong-coupling effects. (a) Adapted
with permission from ref 285. Copyright 2021 American Chemical Society. (b) Adapted with permission from ref 212. Copyright 2021 Wiley-VCH
GmbH. (c) Adapted with permission from ref 863. Copyright 2020 Wiley-VCH GmbH. (d) Adapted with permission from ref 864. Copyright 2017
American Chemical Society. (e) Adapted with permission from ref 865. Copyright 2021 American Chemical Society. (f) Adapted with permission
from ref 866. Copyright 2018 Springer Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00078
Chem. Rev. 2022, 122, 15082−15176

15145

https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig35&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078?fig=fig35&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


absorption and highly confined electromagnetic fields exhibited
by the lattice modes.
Employing plasmonic metasurfaces on the anodic OER, Gao

et al. have fabricated a metal−semiconductor hybrid structure in
which an ultrathin layer of Fe2O3 is deposited on a Au nanopillar
superlattice.869 Up to 50% photocurrent enhancements were
observed due to the broadband absorption of the hybrid
structure, arising from the combination of LSPR and collective
photonic modes of the superlattice. In a parallel study, Fe2O3
nanorods were grown on Au nanohole arrays.870 This
architecture can produce even larger photocurrent increases
(∼10-fold) for the OER, as the nanowires act similar to an
optical fiber when the collective modes are excited, further
enhancing the absorption in Fe2O3. Both of these examples show
that the problem regarding the short charge carrier diffusion
length of Fe2O3 can be side-stepped by using careful photonic
engineering of the plasmonic lattices and generating these
charges close to the surface of catalytic material.
However, large dissipation losses in plasmonic materials can

limit their application in photocatalysis. Additionally, even
though earth-abundant alternatives are being developed (Mg,
Al),871,872 conventional plasmonic metals (Ag, Au) are rare and
expensive. Dielectrics with moderate to high refractive index on
the other hand can sustain Mie resonances with low energy
losses (see section 2.2.1), while being low-cost and earth-
abundant alternatives to plasmonic metals.873,874 Anapole
modes are particularly interesting for photocatalytic applications
as they confine light within the dielectric material, minimizing
far-field scattering effects and increasing the absorbed solar
power (see section 2.2.1). Recent work has demonstrated that
such excitations on TiO2‑x single nanoantennas can lead to
enhanced photocarrier generation and higher catalytic rates on
the surface under sub band gap excitation.55

Creating an extended metasurface from single particle
dielectric nanoantennas will lead to the coupling of the anapole
modes and the emergence of SLRs, similar to the plasmonic
arrays described above. In a striking example, Hüttenhofer et al.
have fabricated large-scale photoelectrodes (Figure 10d) from
amorphous gallium phosphide (a-GaP) nanoantenna meta-
surfaces with individual anapole and collective SLR modes
(Figure 35b).105,212 The resonance wavelenghts are tuned
within a wide range to achieve optimal broadband light
absorption by altering single nanoantenna sizes and array
spacings. When deposited with a thin Pt layer, such careful
photonic engineering leads to a five times enhancement in the
HER photon-electron conversion efficiency in comparison to
thin films of a-GaP with the same amount of Pt (Figure 35b).
Interestingly, the authors demonstrated that the SLR mode
contributes (∼550 nm) more to the enhanced efficiency
compared to single particle anapole mode (∼640 nm). FDTD
calculated cross-sectional absorbed power profiles of single
nanodiscs corresponding to each mode reveal that SLRs
produce hotspots at the near-surface region (Figure 35b). In
this way, a greater yield of photocarriers is generated closer to
the surface−liquid interface when the metasurface is excited at
the high energy range, contributing to the observed increase in
the catalytic efficiency. From a broader perspective, concentrat-
ing photocarrier generation on the near-surface region opens up
novel photonic strategies to utilize and nanopattern catalytically
promising materials that have been traditionally suffering from
low carrier diffusion lengths such as Fe2O3, BiVO4, and Cu2VO7.
The structural complexity of metasurfaces can be further built

up by incorporating arrays of nanoantennas of various shapes

and sizes on a single photoelectrode (Figure 35c). In this way,
each subset design can contribute to the overall broadband
absorption at their particular resonant energy range. Importantly
the resonance from each subset can be tuned independently or
simultaneously, which leads to highly programmable multiple
resonance designs. With this aim, Xu et al. have fabricated a
library of centimeter scale 1, 2, and 3-subset Au/CdS
nanoparticle superlattices by using multipore anodic aluminum
oxide templates that have independent geometric controllability
(Figure 35c).863 Measurements on the photoelectrochemical
performance revealed that indeed increasing the number of
subsets on the photoelectrode resulted in higher photon-
electron conversion efficiencies, with a 2.6-fold difference
between 1 and 3-subset geometries (Figure 35c). It is also
important to note that these programmable metasurfaces show
minimal polarization angle dependence for their LSPR mode
excitation, which can be a problem when trying to achieve
broadband absorption by using anisotropic plasmonic systems
such as nanorods.875

Direct engineering of metasurface lattice components and
interparticle interactions can be used to design photonic modes
for broadband solar absorption, high confinement of strong
electromagnetic fields and near-surface photocarrier generation,
all of which lead to significant enhancements in photocatalytic
water splitting efficiencies. Alternatively, Xu et al. have
demonstrated that detailed shape-tuning of individual nano-
antennas on CdS covered Au nanopillar metasurfaces can also
exhibit broadband function and boost photoelectrochemical
activity.864 Truncated pyramid CdS/Au pillars (TPP) with
pointed tips were fabricated and compared with standard CdS/
Au pillars (P) (Figure 35d). Spectrally resolved IPCE measure-
ments reveal that TPP metasurfaces show substantially
improved photocurrents compared to P structures, with an
additional absorption peak at ∼550 nm (Figure 35d). FDTD
simulations then show that LSPRs are only localized on the top
part of the P structure, while TPP show distinct LSPRs both at
the bottom pyramid and the top pointed pillar at 550 nm (Figure
35d). Utilizing these broadband resonances spread to larger
volumes of the nanoantenna structure, CdS/Au TPP
metasurfaces show an impressive ∼4-fold increase in photo-
currents compared to planar control structures.
Other than the well-known and studied light absorbers and

photocatalysts for the water splitting reaction, alternative
material systems can also be utilized as metasurfaces. Refractory
plasmonic materials have received great attention for various
applications due to their low cost, high temperature resistance
and easy processability.439,876 One of such materials, titanium
nitride (TiN), has been investigated in nanophotonic
components for a number of optical and optoelectronic
processes such as second harmonic generation,877 lasing,878

and light-emitting diodes.879 While the high melting point (e.g.,
3 times of Au) and tunability of plasmonic properties by growth
conditions make TiN a highly promising candidate for such
applications, it also suffers from large dissipation losses.493,880

From the perspective of photocatalysis, these dissipation losses
can be beneficial since they lead to nonradiative relaxation of the
LSPR and the consequent generation of hot-carriers.881

Additionally, broadband LSPRs can be achieved due to TiN’s
low Q factor in comparison to other traditional plasmonic
metals.865 Interestingly, it was demonstrated that due to this
broadband absorption TiN nanoparticles can transfer twice as
many hot-carriers across a semiconductor interface compared to
Au nanoparticles.489 In a very recent example, Yu et al. show that
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TiN nanodisc metasurfaces, fabricated by EBL, can be used to
realize broad near-unity absorption (92% of incident light)
compared to TiN thin film absorption (42% of incident light)
(Figure 35e).865 This drastic change between TiN metasurfaces
and thin films was attributed to the emergence of a broad LSPR
mode peaking at 700 nm upon nanostructuring. The LSPR
mode complements the high-energy interband transitions of the
material to cover the entire visible range. The hot-carriers
generated on the TiNmetasurface are then utilized by a polymer
HER catalyst deposited on top of the structure, with a 3-fold
enhancement in photocatalytic H2 production efficiency
compared to thin film control samples (Figure 35e).
A different photonic design strategy to drastically alter the

absorption properties of catalytic materials is the use of
plasmonic gap modes.882 A single layer of plasmonic nano-
antennas can have limited absorption and consequent low hot-
carrier generation rates for photocatalytic applications. To
overcome this limitation three-dimensional architectures can be
devised for better solar light utilization. In this respect,
nanoparticle on-a-mirror (NPoM) geometries (Figure 35f),
consisting of a nanoantenna metasurface separated from a
continuous metal film by a dielectric layer, have shown to absorb
nearly all incident light in a broad spectral range.883,884

Additionally, NPoMs behave similarly to a pair of coupled
nanoantennas as they can sustain gap modes confined between

the two metal layers, resulting in significantly large field
enhancements.885,886 Placing a dielectric catalyst in this
plasmonic gap holds the potential to boost photocatalytic
efficiencies via increased absorption and photocarrier generation
in the material.
Efforts so far employing NPoM structures for photocatalysis

involved the use of TiO2 as the dielectric catalyst sandwiched
between two metallic layers.866,883,884,887,888 In a typical setup
where the photoelectrode consists of a Au meta/TiO2/Au
mirror (TiO2 < 50 nm), the OER has shown to exhibit a 5-fold
increase in photon-electron conversion efficiencies compared to
conventional Au meta/TiO−2 structures. This significant change
was mainly attributed to the increase in the broadband
absorption of the NPoM structure, sensitizing a wide band
gap semiconductor like TiO2 in the entire visible range.884 In a
highly intriguing work, Shi et al. went a step further and used the
same architecture to study strong coupling between individual
LSPR and gap modes and investigated its effect on the
photocatalytic OER (Figure 35f866). The coupling between
the two modes was controlled by varying the gap size. In
principle, when the gap mode is on-resonance with the LSPR of
Au nanoantennas, hybrid polariton modes with upper and lower
states are formed that exhibit an energy splitting between them.
Such strong coupling shows experimental signatures of dual
band splitting in the absorption spectrum of NPoM structures,

Figure 36.Miscellaneous reactions and future directions with metasurfaces and metamaterials. (a) Au meta/TiO2/Au mirror NPoM super absorbers
for hot-carrier organic catalysis. (b) Hot-carrier generation on chiral metamaterial NPoM super absorbers. (c) Broadband absorbing black TiO2
metasurfaces demonstrating Ag reduction on the surface. (d) Hot-carrier chemistry with reactive tunnel junctions in plasmonic Au nanorod
metamaterials. (a) Adapted with permission from ref 891. Copyright 2018 American Chemical Society. (b) Adapted with permission from ref 897.
Copyright 2019 American Chemical Society. Copyright 2019 American Chemical Society. (c) Adapted with permission from ref 898. Copyright 2019
AAAS (d) Adapted with permission from ref 899. Copyright 2018 Springer Nature.
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as also demonstrated by the authors (Figure 35f). Photocatalytic
action spectra performed on strongly coupled NPoMs for OER
show that both upper and lower coupled states serve to enhance
the absorption and contribute positively to the overall catalytic
efficiency (Figure 35f). This observation is further supported by
time-resolved photoemission electron microscopy and transient
absorption spectroscopy measurements, in which LSPR
dephasing times are significantly reduced when strong coupling
with gap modes is present.889 Such faster LSPR dephasing times
are rationalized to occur due to the suppression of radiative
relaxation pathways and the augmentation of nonradiative
channels, such as hot-carrier injection to the middle TiO2 layer,
that results in improved photocarrier yields ready to be utilized
for OER at the catalyst surface.889 Other than TiO2, an ultrathin
Fe2O3middle layer was also employed in an equivalent Au-based
NPoM architecture for OER.682 While a 2-fold photocurrent
increase was observed above the band gap of Fe2O3 due to the
plasmonic gap modes, a 6-fold photocurrent enhancement was
detected below the band gap in the near-IR range, and was
argued to occur due to hot-carrier injection from the top Au
nanoantennas to the Fe2O3 layer. NPoMs provide a versatile
platform for the photonic engineering of catalytic systems, either
with simply near-unity absorption or exploiting the strong-
coupling regime, but they also offer additional possibilities for
chemical tuning. For example, the top metasurface layer in
NPoMs can be fabricated out of multimetallic nanoantennas,
such as Au/Pd alloys.887 The resulting photoelectrodes can then
be used for the full water splitting reaction where reductive HER
can occur on Pd, while oxidative OER can happen on the TiO2
layer. Finally, it should be crucially noted that due to the
concentration of light in such small volumes, NPoM
architectures can also be a great platform to investigate reaction
mechanisms in catalysis and probe reaction intermediate at a
single-particle level through energy-resolved spectroscopies,
such as SERS.890

5.4.4. Further Reactions and Opportunities with
Metasurfaces for Catalysis. Moving beyond water splitting,
in this section we will summarize other types of reactions that
were shown to benefit from nanophotonic engineering, discuss
some of the advanced functionalities and concepts that can be
utilized and outline future directions and opportunities for
metasurfaces in photocatalytic applications.
Previously, we discussed intriguing cases where thin films of

photocatalytically active semiconductors, such as Fe2O3 and
TiO2, were integrated into various metasurfaces to perform the
solar water splitting reaction, with particular attention to
NPoMs designs that make use of LSPR as well as gap-plasmon
modes. Expanding on the type of reactions, Xiao et al. have
investigated the potential of NPoMs, Au meta/TiO2/Au mirror
in this case, for solar driven organic synthesis (Figure 36a).891

They chose the photocatalytic oxidation of benzylamine into the
corresponding imines, which is an important process for the
pharmaceutical industry that requires stoichiometric amounts of
harmful and explosive reagents.892,893 By studying the reaction
kinetics, they show that the near-perfect NPoM absorber can
produce ∼29-fold increase in the rate compared to nonperfect
absorber structure due to generation and transfer of hot-carriers
into the catalytically active TiO2 film (Figure 36a). In the near-
future such studies are expected to be extended to other organic
transformations, particularly for other C−C coupling reactions
that form the backbone of many industrial chemical processes.
NPoM designs can be further enriched with novel

functionalities, such as optical chirality, by tailoring the shape

of individual nanoantennas on the top plasmonic metasurface
layer. The concept of chirality has a crucial place in
photochemistry to drive asymmetric reactions in relation to
the optical response of the absorbing reagents to polarized
light.894 Recently, plasmonic nanocrystals have been shape-
engineered to achieve chiral structures like helices and
helicoids.895 These complex nanocrystals can selectively
concentrate EM hot-spots and hot-carrier generation on
different regions of the particle when excited with either RCP
or LCP light.895,896 Among other applications, the chiral
induced hot-carrier generation can have important implications
for photochemical processes where polarization of the incident
light can be an additional tuning knob to control reaction rates
and outcomes.
In this respect, theoretical and experimental studies have

identified three main reaction areas where chiral plasmonics can
be of use: polarization-sensitive chemistry with nonchiral
molecules, growth of anisotropic nanocrystals and separation
of racemic colloidal mixtures.897,900−903 Colloidal plasmonic
nanocrystals have shown great potential in all these areas.
However, their optical CD values and asymmetric g-factors for
hot-carrier generation, both measures of the material response
strength to LCP and RCP, have been below the potential upper
limit. In a recent theoretical work, Wang et al. have
demonstrated that NPoMs structures should also be considered
for applications in chiral photocatalysis.897 They show
substantially increased CD values and giant g-factors (∼1.52)
when the top metasurface layer in an NPOM is designed from
twisted and staggered Au walls (Figure 36b), potentially
providing the strongest chiroptical response for hot-carrier
generation in any plasmonic and metasurface design studied so
far.790,904 By exciting the structure either with LCP or RCP light,
one can influence the rate of hot-carrier generation and their
location on the structure, either on the Au wall or the TiO2
spacer layer (Figure 36b). Such a difference makes it possible to
direct the reaction into either a reduction or oxidation pathway
by polarized light, one mediated by the spacer layer and the
second at the metal-molecule interface on the Au walls. Overall,
the use of NPoMmetasurface designs opens up new avenues for
developing novel approaches in polarization-sensitive photo-
chemistry for plasmon-enhanced applications.
Alternative to NPoMs, catalytic materials themselves can be

nanostructured to form metasurfaces with fine-tailored
absorption properties. Two prominent examples in this
direction have shown that nanopatterned TiO2 arrays can
drive photochemical processes on their surface with enhanced
reaction rates compared to thin films.898,905 Despite the highly
catalytic surface, the large band gap of TiO2 creates difficulties in
implementing the material for solar-driven chemical reactions.
In the past decades, a wide variety of strategies have been used to
narrow down the band gap to visible-IR spectral range, one of
which include the hydrogenation of the TiO2 to create a
broadband absorbing “black” material.906 Inspired by this
concept, Wu et al. fabricated transparent TiO2 metasurfaces
and hydrogenated the structure to achieve a black metasurface,
which itself was shown to be a reversible process (Figure 36c).
Compared to black TiO2 films, the metasurfaces were shown to
perform much better in photochemically reducing Ag ions to
microcrystals (Figure 36c). The enhancement in the reaction
rate was explained by the emergence of Mie resonances on the
metasurface which served to improve the absorption of the
material in the blue range, a feature that was lacking in the black
control films. A similar TiO2 metasurface structure was also
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investigated to demonstrate that environmentally relevant
reactions, such as the degradation of NO in the atmosphere,
can also be performed with such architectures.905 Further efforts
now are expected to be concentrated in implementing such
metasurfaces to a wider range of chemical reactions, particularly
to artificial photosynthesis processes.
Taking a more hybrid approach, the combination of

metasurfaces with tunnel junctions can help create nanoscale
reactors that can simultaneously act as highly confined catalytic
spots as well as multimodal optical sensors, aiding the in situ
monitoring of hot-carrier mediated chemical reactions.907 In a
seminal example, Wang et al. utilized Au nanorod metasurfaces
in a metal−polymer−metal junction and fabricated a large-area
device of 1 cm2 (Figure 36d).899 The metasurface plasmonic
modes are excited when an external voltage is applied to the
system through an inelastic tunneling process, which then
radiatively relax and result in a measurable light emission.
Additionally, the extremely efficient elastic tunneling triggers the
formation of hot-carriers at the nanorods tips, creating highly
reactive chemical spots. By using a model oxidation/reduction
of a polymer, they demonstrate the capacity of the device for
real-time tracking of the reaction either by the modulation of
intensity in the light emission or by the changes in the tunneling
currents (Figure 36d). This type of reactive tunnel junctions can
be ideal as lab-on-a-chip devices where the precise monitoring of
chemical reactions are of paramount importance. A number of
chemical reactions in this direction include the oxidation of
aromatic amines or the reduction of aromatic nitro compounds,
and the gas-phase degradation of volatile organic com-
pounds.899,908,909 This concept also beautifully demonstrates
that metasurfaces can be built into more complex platforms,
combining the fields of electronics, chemistry and photonics at
the nanoscale.

A final remark should be made regarding the potential of
metasurfaces in the other important reaction of artificial
photosynthesis, namely CO2 reduction reaction (RR). While
the literature on solar water splitting with metasurface designs
have been growing at a fast pace in the past years,
demonstrations on photocatalytic CO2 RR have been largely
lacking, most likely due to the multistep and complex nature of
the reaction. It is well-established that Ag, Au, and Cu, while also
being plasmonic metals, are outstanding catalysts for electro-
catalytic CO2 RR.

836,910 In particular, Cu is capable of producing
various valuable hydrocarbon products including but not limited
to methane, ethylene, and ethanol.836 When colloidal nano-
crystals of Cu are employed, the product selectivity and activity
of the reaction can be influenced by tuning the shape, size, and
composition of the particle.911−913

More recently, plasmon-induced photocatalytic CO2 RR has
also been investigated with colloidal plasmonic metals and
showed promising results regarding their wide range of product
distribution.910 Hence, patterning these metals into metasurfa-
ces can further enhance the absorption and affect hot-carrier
generation. Metasurfaces of different shapes and sizes can be
explored and the influence of hot-spots arising from the LSPRs
and collective modes, on the reactivity and selectivity of CO2 RR
can be examined. Bimetallic metasurfaces can also be an
alternative route to investigate, which can aid the issue relating
to the ultrafast thermalization of the plasmon generated hot-
carriers by providing charge separation at the metal−metal
interface.671,868,910,914 Lastly, novel hybrid materials can be tried
out, with one example being 2D-metasurface architectures910,915

(see section 2.2.3). In the presence of a secondary excitonic
material, the coupling between the electronic transitions and the
strong and sharp resonances created by metasurface modes can
be further inspected for their influence on the reaction rates and

Table 5. Metasurfaces for Photochemistry and -Catalysisa

photoelectrocatalytic water splitting

year design light source reaction conditions
current density
(mA/cm2) IPCEmax (%)

metasurface
enhancement ref

2021 dielectric nanodisc array
(a-GaP/Pt)

1000 W Hg/Xe lamp
(λ > 400 nm)

H2 Evolution
(1.0 M HClO4)

−8.0 @ −0.7 V
vs RHE

1.2%
(400−800 nm)

5.7 212

2022 dielectric nanorod array
(CrOx /NiOx)

300 W Xe lamp, 100
mW/cm2 AM 1.5 G

H2 Evolution (0.5 M
Na2SO4/0.1 M PBS)

−0.2 @ −0.1 V
vs RHE

1.0%
(300−500 nm)

6 918

2021 plasmonic nanocrystal array
(Cu/Pt)

white light, 220 mW/cm2 H2 Evolution
(0.5 M Na2SO4)

−6.0 @ −0.2 V
vs RHE

285

2021 NPoM Au/TiO2/Au2Pd2 MS 300 W Xe lamp, 100
mW/cm2 AM 1.5 G

H2 Evolution
(0.5 M KOH)

−0.006 @ −0.7
V vs RHE

0.07%
(400−900 nm)

887

2013 plasmonic nanohole array
(Au/Fe2O3 Nanorods)

300 W Xe lamp, 100
mW/cm2 AM 1.5 G

O2 Evolution
(1.0 M NaOH)

1.0 @ 1.23 V vs
RHE

22%
(350−800 nm)

10 870

2012 plasmonic nanopillar array
(Au/Fe2O3)

300 W Xe lamp, 100
mW/cm2 AM 1.5 G

O2 Evolution
(1.0 M NaOH)

0.4 @ 1.5 V vs
RHE

0.2%
(350−700 nm)

2 869

2018 NPoM 800 W Xe lamp
(500 nm > λ > 900 nm)

O2 Evolution
(0.1 M KOH)

1.4%
(500−900 nm)

11 866
Au/TiO2/Au MS

2019 NPoM O2 Evolution
(1.0 M NaOH)

0.3 @ 1.5 V vs
RHE

9%
(400−1100 nm)

7 682
Au/Fe2O3/Au MS

Photocatalytic Reactions

year design light source reaction conditions
product formation

rate QE (%)
metasurface
enhancement ref

2021 refractive plasmonic nanodisc
array (TiN/polymer)

20 W LED (λ > 420 nm) H2 Evolution
(MeOH/TEA(aq))

H2, 10 mmol
m−2 h−1

0.26%* 4 865

2021 NPoM 300 W Xe lamp, 200−600
mW/cm2 AM 1.5 G

CO2 Hydrogenation
(H2/CO2 gas phase)

CH3OH, 150
mmol g−1 h−1

4 919
Au/Cu/ZnO MS

aSummary of the most important parameters of various metasurface designs for photoelectrocatalytic water splitting and photocatalytic reactions.
The metasurface enhancement is calculated by comparison with a reference device (for example a planar film). *defined as QE = 2N(H2)/N(hν).
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product selectivity, providing a potential avenue for polariton-
based catalysis.916,917

A comparison of the various metasurface-designs for photo-
electrocatalytic water splitting and other photocatalytic
reactions highlighting the most important parameters such as
current density, conversion efficiency and metasurface enhance-
ment can be found in Table 5.
5.5. Section Summary
To summarize, the advantages of metasurfaces for photon−
electron energy conversion are

1. In metasurfaces, light absorption is independent from the
semiconductor thickness (LPD) allowing to reduce the
required amount of material or to enhance light
absorption in poor absorbing materials via photonically
engineered resonances and light trapping techniques.

2. Metasurfaces decouple light absorption from charge
carrier separation (Ld) since charge carriers only have to
travel small distances to reach the interface or surface of
the material. This enables the utilization of materials that
could not have been considered as bulk material.

3. Metasurfaces can decrease fabrication costs by replacing
currently utilized antireflective coatings.

4. Metasurfaces can bring advanced functionalities for
photodetectors, such as improved response time emerg-
ing from their reduced dimensions, and enhanced
photoresponse and sensitivity due to longer charge carrier
lifetimes originating from their large surface-to-volume
ratios.

5. Metasurfaces offer large surface areas in comparison to flat
bulk material increasing the amount of active material at
the interface, enabling higher catalyst loadings important
for the shift toward less efficient but affordable catalyst
materials.

6. Metasurfaces allow researchers to concentrate charge-
carrier densities close to active reactions sites increasing
photocatalytic efficiency.

7. Metasurfaces allow us to gain insight into the basic aspects
governing photon−electron energy conversion processes
by studying these processes at the nanoscale. This reveals
fundamental aspects governing the physical principles
useful to improve device performance and lowering
production costs.

6. CONCLUSION AND OUTLOOK
In this review, we have attempted to outline how light harvesting
facilitated via nanostructured surfaces can be utilized as the
starting point for a number of energy conversion processes
occurring on the nanoscale. The inherent compatibility of
metasurfaces with “flat optics” further allows such structures to
be combined with a wide variety of materials, from top-down
deposited thin films, layer-by-layer assembled materials, to
colloidal self-organized systems and 2Dmaterials. This enables a
plethora of possibilities to convert energy from the photon field
to other forms of energy as outlined in this review. Many
fascinating physical phenomena about the details of these
processes remain to be discovered, due to the richness of light−
matter interactions at this scale involving electromagnetic fields,
heat and charge transfer processes in nanoconfined spaces.
From the application perspective, spectral operation

bandwidth, efficiency of the energy conversion and subsequent
collection as well as up-scaling are main challenges to be
addressed. To give but one example, it is a reasonable question

whether metasurfaces, or solar water splitting in general, will
outperform the current silicon PV industry in the near future,
which is decreasing costs for PV cells at a rate similar to Moore’s
law.920 Nevertheless, studying photon−electron energy con-
version at the nanoscale helps researchers to reveal the
fundamental aspects governing the physical principles of
generating energy or solar fuels from sunlight. This insight will
lead to a new generation of devices with improved performance
and lower production costs.
The same line of thought applies to the generation of phonons

or frequency-shifted photons by employing 2D artificial
materials, as the ones outlined here. As shown in this review,
metasurfaces are already impacting a wide range of applications
in these areas, such as perfect absorbers, polarizers, sensors,
integrated fibers, light/heat transducers and lenses, among
others. The fundamental knowledge gathered so far in these
systems will definitively seed applications beyond proofs of
concept, shaping the future of light management.
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1D one-dimensional
2D two-dimensional
3D three-dimensional
β-BBO β-barium borate
AC alternating current
ACEO alternating current electro-osmotic
AFM atomic force microscope
APCE absorbed photon-to-current conversion effi-

ciency
AM 1.5 G air mass coefficient 1.5 global
ARC antireflective coating
BIC bound states in the continuum
CB conduction band
CBP 4,4′-bis(N-carbazolyl)-1,1′-biphenyl
CD circular dichroism
CE counter electrode
CIGS CuInGaSe
CMOS complementary metal−oxide semiconductor
CPL circular polarized light
CVD chemical vapor deposition
CW continuous wave
DFG difference frequency generation
EBL electron-beam lithography
Eg band gap
EgPV photovoltaic band gap
EBL electron beam lithography
E-field electric field
EM electromagnetic
EQE external quantum efficiency
ETP electro-thermoplasmonic
FDTD finite-difference time domain
f f filling factor
FIB focused ion beam
FTO fluorine-doped tin oxide
fwhm full width at half-maximum
FWM four-wave mixing
GST Ge2Sb2Te5
GSST Ge2Sb2Se4Te
hBN hexagonal boron nitride
hcp hexagonal close-packed
HER hydrogen evolution reaction
HPhP hyperbolic phonon polariton
HTC heat transfer coefficient
IC integrated circuit
IDT interdigital transducer
IPCE incident photon conversion efficiency
IQE internal quantum efficiency
IR infrared
ITO indium tin oxide
LA longitudinal acoustic
LB lower band
LCP left-circularly polarized
LO longitudinal optical

LPD light penetration depth
LPhP localized phonon polariton
LSPP localized surface plasmon polariton
LSPR localized surface plasmon resonance
MB middle band
MGM metal−graphene−metal
MIM metal−insulator−metal
MQW multiquantum-wells
MS metasurface
NA numerical aperture
NEP noise equivalent power
NFRHT near-field radiative heat transfer
NIL nano imprint lithography
NIR near-infrared
NOM nonlinear optical materials
NP nanoparticle
NPG nanoporous gold
NPoM nanoparticle on-a-mirror
NRG nanoring array
OER oxygen evolution reaction
PCM phase change materials
PEC photoelectrochemical
PEDOT:PSS poly(3,4-ethylene dioxythiophene):poly-

(styrenesulfonate)
PDMS polydimethylsiloxane
PMMA polymethylmethacrylate
PS polystyrene
PV photovoltaic
QC quantum cutting
QCL quantum cascade laser
QE electric quadrupole
Q factor resonance quality factor
QM magnetic quadrupole
QW quantum well
RCP right-circularly polarized
RE reference electrode
RF radiofrequency
RHE reversible hydrogen electrode
RIE reactive ion etching
RR reduction reaction
SAM self-assembled monolayer
SAW surface acoustic wave
SEIRA surface enhanced infrared absorption
SEM scanning electron microscope
SERS surface enhanced Raman spectroscopy
SFG sum-frequency generation
SHE standard hydrogen electrode
SHG second harmonic generation
SLM spatial light modulator
SLR surface lattice resonance
SPDC spontaneous parametric down-conversion
SPhP surface phonon polariton
SPM self-phase modulation
SPP surface plasmon polariton
SPR surface plasmon resonance
SQ Shockley-Queisser
SRR split-ring resonator
sSNOM scattering scanning near-field optical microscopy
SSP surface plasmon polariton
STPV solar thermophotovoltaics
TA transversal acoustic
TCO transparent conductive oxide
TE transverse electric
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THG third harmonic generation
TM transverse magnetic
TMD transition metal dichalcogenides
TO transversal optical
TP twin photons
TPA two-photon absorption
TPP truncated pyramid pillars
UC upconversion
UV ultraviolet
VB valence band
vdW van der Waals
VIS visible
WE working electrode
ZFLO zone-folded longitudinal optical
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(639) García-Lojo, D.; Nu ́ñez-Sánchez, S.; Gómez-Graña, S.;
Grzelczak, M.; Pastoriza-Santos, I.; Pérez-Juste, J.; Liz-Marzán, L. M.
Plasmonic Supercrystals. Acc. Chem. Res. 2019, 52, 1855−1864.
(640) Mueller, N. S.; Pfitzner, E.; Okamura, Y.; Gordeev, G.; Kusch,
P.; Lange, H.; Heberle, J.; Schulz, F.; Reich, S. Surface-Enhanced
Raman Scattering and Surface-Enhanced Infrared Absorption by
Plasmon Polaritons in Three-Dimensional Nanoparticle Supercrystals.
ACS Nano 2021, 15, 5523−5533.
(641) Chu, Y.; Banaee, M. G.; Crozier, K. B. Double-Resonance
Plasmon Substrates for Surface-Enhanced Raman Scattering with
Enhancement at Excitation and Stokes Frequencies.ACSNano 2010, 4,
2804−2810.
(642) Kumar, S.; Cherukulappurath, S.; Johnson, T. W.; Oh, S.-H.
Millimeter-Sized Suspended Plasmonic Nanohole Arrays for Surface-
Tension-Driven Flow-Through SERS. Chem. Mater. 2014, 26, 6523−
6530.
(643) Sabathi, G.; Reyer, A.; Cefarin, N.; Sepperer, T.; Eckardt, J.;
Neubauer, J.; Jan Wendisch, F.; D’Amico, F.; Vaccari, L.; Tondi, G.;
et al. Tannin-Furanic Foams Used as Biomaterial Substrates for SERS
Sensing in Possible Wastewater Filter Applications. Mater. Res. Express
2021, 8, 115404.
(644) Reyer, A.; Prinz, A.; Giancristofaro, S.; Schneider, J.; Bertoldo
Menezes, D.; Zickler, G.; Bourret, G. R.; Musso, M. E. Investigation of
Mass-Produced Substrates for Reproducible Surface-Enhanced Raman
Scattering Measurements over Large Areas. ACS Appl. Mater. Interfaces
2017, 9, 25445−25454.
(645) Im, H.; Bantz, K. C.; Lee, S. H.; Johnson, T. W.; Haynes, C. L.;
Oh, S.-H. Self-Assembled Plasmonic Nanoring Cavity Arrays for SERS
and LSPR Biosensing. Adv. Mater. 2013, 25, 2678−2685.
(646) Jeong, J. W.; Arnob, M. M. P.; Baek, K.-M.; Lee, S. Y.; Shih, W.-
C.; Jung, Y. S. 3D Cross-Point Plasmonic Nanoarchitectures
Containing Dense and Regular Hot Spots for Surface-Enhanced
Raman Spectroscopy Analysis. Adv. Mater. 2016, 28, 8695−8704.
(647) Wei, W.; Wang, Y.; Ji, J.; Zuo, S.; Li, W.; Bai, F.; Fan, H.
Fabrication of Large-Area Arrays of Vertically Aligned Gold Nanorods.
Nano Lett. 2018, 18, 4467−4472.
(648) Luo, S.; Mancini, A.; Berté, R.; Hoff, B. H.; Maier, S. A.; de
Mello, J. C. Massively Parallel Arrays of Size-Controlled Metallic
Nanogaps with Gap-Widths Down to the Sub-3-nm Level. Adv. Mater.
2021, 33, 2100491.
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