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ABSTRACT: Metasurfaces have recently emerged as a promising
technological platform, offering unprecedented control over light by
structuring materials at the nanoscale using two-dimensional arrays of
subwavelength nanoresonators. These metasurfaces possess exceptional
optical properties, enabling a wide variety of applications in imaging,
sensing, telecommunication, and energy-related fields. One significant
advantage of metasurfaces lies in their ability to manipulate the optical
spectrum by precisely engineering the geometry and material
composition of the nanoresonators’ array. Consequently, they hold
tremendous potential for efficient solar light harvesting and conversion.
In this Review, we delve into the current state-of-the-art in solar energy
conversion devices based on metasurfaces. First, we provide an overview
of the fundamental processes involved in solar energy conversion,
alongside an introduction to the primary classes of metasurfaces, namely, plasmonic and dielectric metasurfaces. Subsequently, we
explore the numerical tools used that guide the design of metasurfaces, focusing particularly on inverse design methods that facilitate
an optimized optical response. To showcase the practical applications of metasurfaces, we present selected examples across various
domains such as photovoltaics, photoelectrochemistry, photocatalysis, solar-thermal and photothermal routes, and radiative cooling.
These examples highlight the ways in which metasurfaces can be leveraged to harness solar energy effectively. By tailoring the optical
properties of metasurfaces, significant advancements can be expected in solar energy harvesting technologies, offering new practical
solutions to support an emerging sustainable society.
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1. INTRODUCTION

Our current energy system is facing an unprecedented challenge

mainly through photovoltaic and solar-thermal technologies,
while other approaches, including photocatalysis, are confined at

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

in transitioning from the current fragile and unsustainable
model, which has led to global warming and is affected by price
volatility and shortfalls in the supply, toward a fair, resilient, and
sustainable one.' Such an ambitious goal has been set by
international negotiations, such as the so-called Paris Agree-
ment,” which has set a net carbon neutrality target by 2050. This
implies massive efforts in developing a wide range of energy
conversion solutions, both centralized and decentralized, not
only to make use of all the potential natural resources but also to
mitigate the risk of supply disruption. A similar concept applies
to the sources of raw materials to produce such devices, which
should be as diverse as possible and should focus on Earth-
abundant materials. As a clean source of energy to mitigate the
current worrying energy crisis, sunlight is particularly desirable
because it is decentralized, practically inexhaustible, and
copious. Indeed, it accounts for ~120000 TW of daily power
reaching the Earth’s surface,” thus euphemistically outdistancing
today’s global average power consumption of ~20 TW." Only a
tiny fraction of solar energy is practically used today, though,
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the laboratory scale, despite decades of research. Scientists are
therefore ceaselessly devising new solutions to better exploit
solar energy to generate electricity, heat, and chemicals.
Metasurfaces (see refs S—26 for historical and comprehensive
reviews and references therein) have recently emerged as a
promising platform to harvest and transform sunlight. They can
be defined as two-dimensional (2D) arrays of nanoantennas
(also termed nanoresonators or meta—atoms) with subwave-
length dimensions®™*® that exhibit a wide range of properties
imparted by their peculiar design which, otherwise, would be
unachievable in bulk materials. After early demonstrations of
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Figure 1. Schematic overview of solar energy conversion processes that lead to electricity (thunderbolt symbol), heat (flame symbol), or fuel (drop

symbol) generation.

unusual optical effects,”’ >’ the extreme light manipulation

capability of metasurfaces has led to a wide variety of
applications.'”'>***" These materials may thus play an initially
unforeseen role in solar energy conversion thanks to their high
optical tunability.”””>° Furthermore, metasurfaces can be
readily synthesized by low-cost and scalable fabrication
processes, such as photolithography, which is compatible with
the semiconductor microelectronic industry.*®

This Review focuses on solar energy conversion concepts
utilizing metasurfaces. We first discuss the fundamental aspects
of solar energy conversion (section 2) and the main physical
processes occurring in materials upon light absorption in two
main classes of metasurfaces, ie., plasmonic and dielectric
(section 3). As highlighted by the increasingly important role of
inverse design and numerical simulations in various scientific
fields, the role of such tools in the design of metasurfaces tailored
to specific solar energy conversion routes is presented (section
4). Afterward, selected examples of metasurface applications in
photovoltaics, photo(electro)catalysis, and solar-thermal routes
are discussed (section S). To conclude, the potential of practical
metasurfaces and targeted applications is summarized, together
with the critical factors to be addressed for large-scale
implementation, benchmarking, and further exploration of
unusual optical effects (section 6). We note that this review
does not present an extensive discussion on the physics,
fabrication, and general applications of metasurfaces, which are
available elsewhere.”'*'®***7 This Review focuses on the
essential physical mechanisms of solar energy conversion and
resonant phenomena in metasurfaces by examining selected
experimental results and discussing advanced design methods.
The latter, especially machine learning and inverse design
algorithms,g"?’g_41 play an increasingly important role in the
realization of efficient metasurfaces for light harvesting and
conversion. By considering metasurface concepts for solar
energy conversion and design tools enabled by advanced

computational methods, this work may foster further efforts
toward the practical implementation of metasurfaces for
renewable energy technologies.

2. SOLAR ENERGY CONVERSION PROCESSES

Solar light is an abundant source of energy, but it is also
intrinsically affected by an intermittent nature. Therefore, the
scientific community has devised strategies to both harvest and
either directly utilize or store it for later use. An overview of such
technologies (Figure 1) is briefly discussed below, highlighting
the potential of metasurfaces in each of these energy conversion
processes.

Photovoltaic (PV) technology allows the direct conversion of
solar energy into electricity and is the most mature among all
solar energy conversion processes (see refs 42—44 and
references therein). The main component of a PV cell is a
semiconductor material that generates charge carriers (elec-
tron—hole pairs) upon light absorption with energy greater than
its bandgap (Eg). Typical materials are low-band gap semi-
conductors, mainly silicon (Si, E, = 1.14 eV), but also cadmium
telluride (CdTe) or gallium arsenide (GaAs). The photo-
generated carriers need to be separated and reach the surface of
the semiconductor to give rise to a photocurrent, which is
described by the (minority) carrier diffusion length. Therefore,
the material thickness must reach a compromise to achieve
sufficient light absorption and limit the recombination rate,
which can be addressed by nanostructuring. Typical efficiencies
of commercial Si PV cells range from 20 to 25%.*%*°

Another process that has reached commercial maturity is
solar-thermal conversion.”” The representative device is a solar
thermal collector (or receiver), which in turn is in contact with a
fluid (heat transfer fluid, HTF) that is either directly utilized for
heating or to generate electricity. The first scenario is typical of
low-temperature devices (~100 °C) that are used to heat up
water or air and are available for decentralized industrial or
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Figure 2. Examples of relevant materials for solar energy conversion applications selected by the authors (modeled with Drude—Lorentz and Tauc—
Lorentz oscillators). In all cases, absorptance spectra were computed using the formulas from ref 77 for 100 nm thick free-standing films. (a—c)
Titanium nitride (TiN, experimental data, and modeling with one Drude and two Lorentz oscillators from ref 78). (d—f) Aluminum-doped zinc oxide
(AZO, 2 wt % Al, experimental data, and modeling with one Drude and one Lorentz oscillator from ref 79). (g—i) Titanium dioxide (TiO,,
experimental data from ref 80 and modeled with a Tauc—Lorentz oscillator).

domestic use thanks to their limited cost. The second scenario is
known as concentrating solar power (CSP) or thermodynamic
solar power and makes use of complex optical systems (such as
solar fields) to concentrate light up to concentrating factors
~1000 heating the HTF up to ~1000 °C. This is necessary to
increase the efficiency of electricity generation by a steam
engine. Alternative solar-thermal strategies beyond the two
aforementioned ones are, for example, solar ponds and solar
distillation or desalination, which are potentially interesting for
remote locations.”® Unlike the case of PV, solar-thermal
processes do not involve any excitation and transport of charge
carriers, but rather heat generation upon photon absorption and
subsequent dissipation of the light energy into lattice phonons.
Therefore, metallic materials can be employed as receivers,
because they can reach high temperatures under irradiation. The
amount of absorbed light energy can be expressed by the so-
called spectrally averaged solar absorptance, @. However, a hot
surface at the temperature T re-emits radiation according to the
product €67T," where Z is the spectrally averaged emittance and &
is the Stefan—Boltzmann constant. Radiative heat losses are
negligible in low-temperature applications, where convective
losses are predominant but must be carefully minimized in CSP
applications. An exception to this rule is the case of radiative
cooling,* which indeed exploits radiative losses to cool down a
hot surface even during daytime. This is not a solar energy
conversion technology by itself but is an approach with high
potential to improve the energy efficiency of devices and
buildings. All such solar-thermal routes require a careful design

of the solar absorber material and of its absorption spectrum,
thus achieving a spectrally selective behavior and further a
selection of appropriate materials withstanding repeated and
severe thermal cycling.

Sunlight can be further employed to generate chemicals and
fuels, therefore being stored and circumventing its intrinsic
intermittent nature. In the case of photocatalysis, semiconductor
materials generate charge carriers (as in the case of PV) that
possess sufficient energy to break chemical bonds of molecules
and transform them into fuels, such as splitting water (H,0) for
hydrogen production (H,).>°~>* Photoelectrochemical (PEC)
cells are based on a similar concept, but they involve the use of
two separate electrodes, i.e.,, a (photo)cathode and a (photo)-
anode, with the assistance of an external voltage.””>* While H,
can be produced by conventional electrocatalysis (water
electrolysis), the same has not been achieved yet by photo-
catalysis nor by photoelectrochemistry, and typical solar-to-fuel
efficiencies are below 10%.°>°° This is related to a minimum
energy threshold required to split the desired molecule and to a
relatively inefficient charge transfer at the semiconductor-liquid
interface, both of which are absent in PV technology.

An alternative approach to generate fuels using sunlight takes
inspiration from the CSP technology according to the
thermochemical approach, where no catalytic reaction occurs.*®
Rather, the collector of a CSP plant contains a reducible metal
oxide (such as ceria, CeO,) in contact with the chemical
feedstock (such as CO, or H,0), which undergoes two-step
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Figure 3. Plasmonic and dielectric metasurfaces. (a) Plasmon resonances for an isolated spherical Au particle (100 nm diameter) in the air/electric
field map under excitation wavelength = 600 nm (left) and scattering efficiency (right). (b) Mie resonances for an isolated TiO, spherical particle (100
nm diameter) in an air/magnetic field map under an excitation wavelength of 365 nm (left) and scattering efficiency (right). Calculations in (a) and (b)
are evaluated by Mie theory using an online calculator'** and show the electric (E) and magnetic (M) dipolar (dip.) and quadrupolar (quad.) terms.
(c) Plasmonic metasurface made of Au rectangular nanostructures exhibiting a sharp SLR (left: electron microscope image; right: finite difference time
domain simulations of transmission spectrum under x-polarized light; inset: magnitude of the electric field of the LSPR and SLR modes in the x-y unit
cell midplane). Reproduced from ref.'>® Copyright 2021 Author(s), licensed under a CC-BY Creative Commons Attribution 4.0 License. (d) Energy
distribution of hot carriers generated by the decay of surface plasmons via intraband (red) or interband (blue) transitions in Au. Adapted with
permission from ref 92. Copyright 2016 American Chemical Society. (e) Same as (d), but for TiN. Adapted with permission from ref 93. Copyright
2018 Institute of Physics. (f) Simulated temperature map of a square lattice of 16 nm spherical Au nanoparticles (100 nm periodicity) under a uniform
continuous wave laser beam. Adapted with permission from ref 95. Copyright 2013 American Chemical Society. (g) Simulated and measured
absorption spectra of a square-array TiN metasurface. Adapted with permission from ref 100. Copyright 2014 Wiley-VCH. (h) Dielectric metasurface
made of a hexagonal array of Si nanocylinders with 100 nm height embedded in fused SiO, (left) and a corresponding shift of the SLR by changing the
diameter of the cylinders (right). Adapted with permission from ref 103. Copyright 2019 Authors, licensed under a CC-BY Creative Commons
Attribution 4.0 License. (i) Schematic of the unit cell of broken-symmetry Ge resonators and (j) simulated reflectance (R) and transmittance (T)
spectra of the corresponding metasurface with 4.2 ym periodicity (left inset: resonance at ~10.8 ym with Q factor ~1300; right inset: vector plot of the
electric field in the x—y resonator midplane). Adapted with permission from ref 110. Copyright 2016 American Chemical Society. (k) Schematic of the
unit cell and (1) measured scattering spectrum of a dielectric metasurface made of AlGaAs disk resonators supporting quasi-bound states in the
continuum (quasi-BICs, as shown by the electric field pattern in the inset). Adapted with permission from ref 114. Copyright 2020 American

Association for the Advancement of Science.
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reversible redox cycles and allows producing the desired fuels
(such as CO or H,).

The essential features of the aforementioned technologies can
also be combined with hybrid approaches. For example,
thermophotovoltaics (TPV) is based on the absorption of
sunlight by a selective absorber-emitter structure and by its
subsequent thermal emission that matches the bandgap of an
adjacent PV cell.””*® This strategy is attractive in terms of its
high spectral management, because the absorber unit can fully
utilize the solar spectrum and sub-band gap photons can be
reflected from the PV cell to the emitter and, subsequently,
reabsorbed. However, it requires refractory materials with-
standing temperatures as high as ~2000 °C. Furthermore, the
combination of photocatalytic and photothermal processes has
recently emerged in the scientific literature under the
nomenclature of photothermal catalysis.”” This route aims at
synergistically combining electronic and thermally driven
catalytic effects to drive either exothermic or endothermic
reactions relevant to the chemical industry without the need for
extreme concentration regimes of CSP.

In all of these scenarios, metasurfaces can offer critical
advantages to imgrove the performance of solar energy
conversion devices.””*” For example, the metasurface absorp-
tion spectrum can be tailored by engineering optical resonant
modes ruled by the geometry and constituent materials. Thus, it
is possible to increase both the optical absorption of PV/PEC
cells and broadband optical absorption for low-temperature
solar-thermal conversion or, conversely, to achieve a high
spectral selectivity for high-temperature applications as well as to
induce a narrow absorption peak in the mid-IR (MIR) for
thermal emitters for radiative cooling. Electric field enhance-
ment effects arising in metasurfaces can be further engineered to
increase the photogeneration rate in semiconductor materials
and lead to hot carrier injection to the photoactive unit, which
can boost the performance of PV, photocatalysis, and photo-
electrochemistry processes. Moreover, metasurfaces consisting
of refractory metals and insulators can exhibit nearly perfect
optical absorption within a subum thickness,®' " therefore
reaching high temperatures under moderate light concen-
trations (~20), therefore dramatically increasing the receiver
efficiency in solar-thermal applications.

3. MATERIALS FOR METASURFACES

3.1. Introduction to Optical Materials for Energy-
Related Applications. The dielectric function (or permittiv-
ity) that governs the light—matter interaction is the central
parameter to consider when designing efficient optical devices.
Figure 2 illustrates selected examples of dielectric permittivities
and absorption spectra of relevant materials for solar energy
conversion processes that we chose to discuss. The first is
titanjum nitride (TiN), an emerging plasmonic material
alternative to gold (Au)®*~7* that belongs to a class of transition
metal nitrides (TMNs). TMNs represent a promising platform
for energy-related applications due to their robustness, high-
temperature stability, low cost, and versatility.”* TiN exhibits a
large negative £, (Figure 2a) and a large positive &, (Figure 2b)
in the low-energy region, in turn, associated with high
reflectance and relatively low absorptance (Figure 2c). Thus,
in the energy region where £ < 0, the material exhibits
plasmonic resonances. By increasing the energy, &, switches
signs at the so-called crossover wavelength (lps) or screened
plasma energy (E,, ~ 2.4 eV in Figure 2a) and the absorptance
reaches a maximum (Figure 2c). In the region &, > 0, interband

transitions take place, which are responsible for a high optical
absorption and can be represented with the Lorentz model (for
TiN, two Lorentz oscillators are indicated in Figure 2b). Finally,
another region of metallic behavior occurs at high energies, but it
is less important in terms of solar energy conversion applications
being beyond the onset of the solar spectrum onset. The second
selected material is aluminum-doped zinc oxide (AZO), an
Earth-abundant transparent conducting oxide (TCO) for solar
cells (see ref 74 and references therein). This material exhibits
metallic behavior in the low energy region, i.e., £, < 0 for energies
E < E,, and the crossover wavelength in the near-IR (NIR)
range (E,, ~ 0.8 eV in Figure 2d). It is characterized by a high
transparency region in the visible range (Figure 2e) and
negligible absorptance (Figure 2f) in the range 1—3 eV. Thisis a
typical feature of TCOs, which generally exhibit a wide bandgap
(Eg > 3 eV). The Drude—Lorentz model, however, does not
represent the actual physical bandgap of semiconductors or
insulators and indeed does not satisfactorily reproduce the high
absorption upon bandgap transitions (E, ~ 3.5 eV in Figure 2f).
The third material, titanium dioxide (TiO,), is a typical wide-
bandgap oxide photocatalyst (see refs 75 and 76 and references
therein). Its optical behavior can be reproduced by the so-called
Tauc—Lorentz model, which explicitly incorporates the bandgap
into its expression. Due to its poorly conductive nature, £ in
TiO, is always positive (Figure 2g), while ¢, is zero in a wide
energy range up to the ultraviolet region of the electromagnetic
spectrum where bandgap transitions occur (Eg ~ 33 eVin
Figure 2h). Therefore, no intraband absorption occurs in
undoped TiO,, but only interband absorption occurs for
energies higher than E, (Figure 2i). These three exemplary
materials exhibit different optical behavior and are employed to
produce metasurfaces operating in different spectral regions.
3.2. Plasmonic and Dielectric Metasurfaces. The optical
behavior of individual resonators that are employed to design
metasurfaces can be generally explained in terms of multipole
resonances.”"** However, while the optical spectrum of metallic
nanoparticles is dominated by the electric dipole term,
representing the so-called localized surface plasmon resonance
(LSPR, Figure 3a) 52 dielectric nanoparticles show the features
of the magnetic dipole and quadrupole terms, or Mie resonances
(see the example for a TiO, sphere with 2R = 100 nm, Figure
3b). Plasmonic metasurfaces are obtained by arranging nano-
scale metallic resonators into an array (Figure 3c), and their
optical response can be engineered by the geometry of the
structure. For example, the so-called surface lattice resonance
(SLR) occurs when the periodicity is comparable to the incident
light wavelength.** The SLR exhibits a high quality factor (or Q-
factor), defined as the ratio between the resonance wavelength
and its width, i.e., Q = A,;,/A4, and it is usually narrower than
the LSPR of the individual resonators (Figure 3c). Therefore, by
means of SLRs, plasmonic metasurfaces offer high electric field
enhancement and, in turn, higher charge carriers’ generation in a
nearby photoactive material (see section 5). Plasmonic
metasurfaces also enhance the energetic “hot” carriers
generation upon plasmon excitation and decay,””*® which is
relevant for PV cells®” and photocatalysis.** ™" For example,
plasmon decay in Au is strongly affected by interband
transitions, which leads to an asymmetric energy distribution
of charge carriers (Figure 3d) ,”* while the carrier distribution in
TiN is more complex due to a more complicated band structure
(Figure 3e).”” Such theoretical results are crucial to assess the
suitability of metasurfaces based on plasmonic metals combined
with n- or p-type semiconductors and for reductive or oxidative
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photochemical reactions. Excited charge carriers eventually
thermalize (if not extracted to generate a photocurrent or to
drive chemical reactions) and dissipate their energy toward the
environment. In particular, the density of heat produced upon
photon absorption is proportional to ~¢&,(@)IE(r)I* where E(r)
is the electric field distribution inside the material.” As a
consequence, metals with large values of &,(®) are suitable to
generate photothermal effects (Figure 2b,e), unlike semi-
conductors and insulators due to the negligible value of &,(w)
for energies lower than the bandgap (Figure 2h). Moreover,
similarly to the case of SLR, thermal effects exhibit collective
features, which ultimately leads to high and uniform temper-
atures in the limit of very large numbers of resonators (Figure
3f).”>”° Photothermal effects can be engineered as useful
sources of energy for applications, which indeed have given rise
to the so-called field of thermoplasmonics,”” for example, to
increase the efficiency of solar-thermal processes (including
solar steam generation) or the rate of thermally driven chemical
reactions. Finally, the high Q-factor of the SLR may not be
desired if the main target of the metasurface is efficient light
harvesting across the entire solar spectrum. Therefore,
metasurfaces exhibiting broadband optical absorption can be
realized for instance by using metal/insulator/metal (MIM)
structures. " This is further enhanced by employing a
dissipative plasmonic material (high ,(w)) for the topmost
layer, including TMNs (such as TiN) or other refractory metals
(such as W, Ta, Mo), which also improves the performance
under high temperature and harsh environmental conditions
(Figure 3§) critical for solar-thermal applications such as
TPVS.IOO,] 1

Dielectric metasurfaces are usually made of high refractive
index semiconductors, such as Si, Ge, and TiO,. They initially
emerged as alternatives to plasmonic metasurfaces due to their
reduced optical losses and higher Q-factors.'”” Similarly to
plasmonic metasurfaces, SLRs in dielectric metasurfaces can be
engineered by tuning the geometry of the metasurface (Figure
3h).'"* However, the constructive or destructive interferences of
multipolar Mie resonances or of a single Mie resonance with
another optical mode can lead to unusual effects in dielectric
metasurfaces that are not observed in their plasmonic counter-
parts. For example, Fano resonances typically arise as
interference between a discrete state and a continuum of states
and appear as sharp and asymmetric peaks in transmission/
reflection spectra.'””'*> Although Fano resonances can be also
observed in glasmonic metasurfaces' ' and in a wide variety
of systems,'* they have been recently exploited in all-dielectric
metasurfaces to achieve high Q factors. Fano resonances can be
excited by breaking the symmetry of simple resonator
geometries, as demonstrated with Ge cubes (Figure 3i), leading
to Q factors as high as ~1300 (numerically calculated, Figure 3j)
or ~600 (experimentally demonstrated with GaAs resona-
tors)."'” A sort of special case of the Fano resonance is the
classical analogue of electromagnetically induced transparency
(EIT), which occurs when the frequencies of the two modes
match and produces a sharp symmetric transmission peak in an
otherwise opaque medium.'*”'"" Further interesting effects are
the so-called bound states in the continuum (BICs), which can
be defined as theoretical states that lie in the continuum energy
spectrum but remain localized in space and are associated with
an infinite Q-factor.''” Practical implementation of such a
concept leads to the so-called quasi-BICs, which can be observed
by engineering interference effects between different optical
modes, similar to the case of Fano resonances.''* For example,

by tuning the aspect ratio of AlGaAs disk resonators in an all-
dielectric metasurface (Figure 3k), the interference between Mie
resonances and Fabry—Perot cavity modes was tuned achieving
a quasi-BIC mode at ~1570 nm with a Q-factor of ~188 (Figure
31). Even higher values (Q ~ 5000) have been recently achieved
with asymmetric Si-based metasurfaces.''> Such high Q-factors
are especially interesting for optical sensing applications because
they are associated with enhanced electric fields and narrow-
band selectivity.''® However, the so-obtained intense electric
field may be exploited to increase the photogeneration rate in
semiconductors for solar-energy conversion devices. Finally, a
further example is the optical anapole,"'”""® which arises from
the destructive interference between an electric dipole and a
toroidal dipole and which could lead to high EM field
enhancement in metasurfaces due to its nonradiating nature.
As an alternative to plasmonic and dielectric metasurfaces,
hybrid plasmonic-dielectric metasurfaces can be realized'' that
synergistically exploit the strong light confinement and EM field
enhancement of plasmon resonances and the low loss of Mie
resonances.'”’ Hybrid metasurfaces exhibit a high spectral
tunability, which can be exploited to achieve broadband/perfect
absorption or spectrally selective absorbers,"*" similar to MIM
structures.'”’ The tunability of the optical response of
metasurfaces is indeed a very wide research field, which is
described in details elsewhere (see refs 21, 31, 122, and 123 and
references therein for a thorough treatment of such matter).

4. METHODS OF METASURFACE DESIGN

Designing metasurfaces for specific solar energy conversion
applications involves the optimization of multiple structural and
material parameters, including periodicity, geometry of the
nanoresonators (orientation, size, and shape), and composition.
In most cases, it is difficult to derive these parameters through
analytical methods due to the complexity of the structure.
Numerical simulations therefore play a crucial role in the design
and optimization of metasurfaces by predicting the optical
response and enabling the exploration of a wide range of
parameters to identify optimal designs for specific applications.
Since all the conventional numerical design methods begin with
a predefined geometric structure to simulate its electromagnetic
response, they are also categorized in the forward design
approach.

With the advent of fast numerical methods for solving
Maxwell’s equations for complex environments, inverse design
techniques have emerged as the next step in the evolution of EM
design (see refs 40 and 126—131 for historical and
comprehensive reviews and references therein). The inverse
design procedure formulates the desired optical response as an
objective function and uses optimization techniques, such as
adjoint topology optimization, to find the ooptimal geometry and
the dimensions of the metasurface."*”~"*" This approach can
handle complex functionalities and may not require prior
knowledge of physical principles, making it a useful tool for
gaining new insights.*' The standard design process is typically
executed through a combination of theoretical approaches,
computational electromagnetic (CEM) simulations, or exper-
imental methods (Figure 4a). However, with machine-learning
methods, finding great traction in many branches of physics,
specifically with deep-learning models (depicted as the blue
box), we are now able to determine the EM response of a
structure with orders of magnitude faster speed and high
accuracy. Furthermore, deep-learning models are not limited to
just forward problem solving. They also have the potential to
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Figure 4. Schematic representation of (a) forward and (b) inverse
electromagnetic design processes. The forward design approach begins
with a predefined geometric structure, simulating its electromagnetic
response. Conversely, the inverse design method starts with a desired
electromagnetic response and then optimizes the structure to achieve
the specified response. Adapted with permission from ref 141.
Copyright 2021 Wiley-VCH.

tackle the “inverse problem”. This involves training a model to
predict the design that would result in a specific EM response as

shown in Figure 4b. Despite the inherent difficulties of inverse
modeling in comparison to forward modeling, its successful
implementation could be a game-changer for material designers,
offering them an innovative and powerful tool.

1. Conventional Design. Conventional numerical
methods for solving Maxwell’'s equations, such as Finite-
Difference Time-Domain (FDTD),"** Finite-Difference Fre-
quency-Domain (FDED),'** or Finite Element Method
(FEM),'** have been instrumental in simulating metasurfaces’
optical responses."*>™'*" The most commonly adopted
metasurface design strategy involves generating a library of
periodic meta-atoms with varying transmission amplitudes and
phases by adjusting a few geometric parameters.'**~">* This is
followed by generating an aperiodic metasurface by laying out
the periodic meta-atoms according to the target, spatially
varying the phase profile. However, this approach has two major
limitations. First, the resulting metasurface should be almost
periodic; thus, this strategy cannot be used to reliably design
rapidly varying phase profiles. Second, generating the metasur-
face library becomes increasingly difficult for multifunctional
design problems."*”"*! Consequently, the conventional forward
design strategy based on phase matching may not be useful or
even applicable in many cases, such as when targeting phase
profiles cannot be analytically retrieved or is a multiwavelength/
function operation. As the device functionality, design
constraints, and degrees of freedom scale up, the success of
metasurfaces demands the development of inverse design
methods.

4.2. Topology Optimization. Inverse design methods of
metasurfaces largely employ both gradient-free and gradient-

a b
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Figure S. Topology optimization methods for metasurfaces. (a) Degrees of freedom comparison between conventional (left) and free-form (right)
design (topology optimization) schemes. Reproduced from ref 157. Copyright 2022 author(s), licensed under a CC-BY Creative Commons
Attribution 4.0 License. (b) Schematic of the representative topology-optimized metasurface, in which the ideal pattern is eroded and dilated with edge
deviations of -10 and +10 nm, respectively. Adapted with permission from ref 136. Copyright 2019 Optical Society of America. (c) Nanophotonic
light-trapping structure illustration and (d) its broadband optimization results using genetic algorithm (GA) based nongradient topology optimization
(NGTO) for the high-permittivity scattering material case. (c, d) Reproduced with permission from ref 156. Copyright 2014 Springer-Nature.
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based optimization techniques. Gradient-free methods, parameters and nondifferentiable objectives, and evade the
although slower, can find global optima, handle discrete local minimum trapping often encountered in gradient-based
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methods. Conversely, gradient-based methods, with their rich
local gradient information, converge much faster, but they
require knowledge of cost function derivatives with respect to
design parameter.'>” As a gradient-based optimization techni-
que, topology optimization is used to determine the optimal
layout of a two- or three-dimensional system, such as material
density distribution inside a nanophotonic device."’*'>* 1t
works by defining the design using a pixel representation, with
each pixel containing a discrete or continuous parameter that
needs adjustment, aimin% to maximize a target merit function
using gradient descent.”* At each iteration, the required
modification for every pixel’s material is calculated by comparing
the present condition of the device with a desired outcome. This
can be achieved using either an analytical approach or adjoint
analysis."*> Methods such as adjoint analysis enable the number
of simulations required for topology optimization to stay fixed as
the number of elements in the system grows, allowing for high-
resolution, curvilinear structures containing thousands to
millions of elements.'”® Thus, it provides a large degree of
design freedom, which can lead to nearly arbitrary shapes'”
(Figure Sa). One of the key advantages of topology optimization
for photonic inverse designs is the ability to discover
nonintuitive device layouts that traditional methods cannot
access.” Moreover, topology optimization improves the
metasurface performance by expanding the design domain.
Another advantage of topology optimization is that it can predict
errors or inevitable inaccuracies in the fabrication process of real
devices, therefore enhancing the robustness of the simulated
design. For example, Wang et al. addressed the robustness issue
in a topology-optimized metasurface design to overcome the
sensitivity of the optimal geometry to fabrication errors and
deviations from the design parameters (Figure 5b)."*° Topology
optimization could also address solar energy conversion
problems that are of interest to this review. Yu et al. applied a
genetic algorithm (GA) based nongradient topology optimiza-
tion (NGTO) for designing highly efficient nanophotonic light-
trapping structures in solar cells beyond the reach of
conventional intuitive designs (Figure 5¢)."*° The proposed
approach demonstrated robustness in achieving highly efficient
designs using scattering materials of both low and high
permittivity, either for a specific wavelength or across a wide
range of wavelengths (Figure 5d).

One limitation of topology optimization is that it is
fundamentally a local optimization process. Thus, for problems
where the design space is barely large enough for the desired
functionality, sophisticated search strategies may be required,
such as multistart algorithms'*® or deterministic global
optimization methods.'*” Another challenge is the high
computational costs stemming from the repetitive use of full-
wave solvers. Thus, global optimizers coupled with novel EM
solvers with substantially less computational cost are needed to
take the next step in photonic inverse design.

4.3. Deep-Learning Assisted Design. Machine learnin%
has emerged as a powerful method for computer vision,"®
speech recognition, °' natural language processing,'®* robot
control,'”> and more. Deep learnin;g based on multilayer
artificial neural networks (Figure 6a)"°" has recently attracted
significant attention from the photonics’ community.'®> Deep
learning that brings substantial acceleration capability and forth
a feasible avenue for global optimization, has been introduced in
metasurface design problems, including multilayer percep-
trons, °®'%” convolutional neural networks,'® generative
adversarial networks,'® and variational autoencoders.'”*~'">

The method allows combination with other optimization
techniques such as genetic algorithms,'”'”* topology opti-
mization,'”"'”* or adjoint optimization'’>'”* to enable high-
performance, large-scale metasurface designs.

Presently, two types of deep learning have been used in
metasurface design: discriminative networks and generative
networks. Discriminative networks (Figure 6b) are supervised
learning algorithms that accurately map the explicit relationship
between metasurface geometry and its electromagnetic
response. ~* Discriminative networks used as high-speed EM
solvers can calculate the electromagnetic response of system
orders of magnitude faster than classical numerical methods.'”®
Generative networks (Figure 6c), on the other hand, are
unsupervised learning algorithms to generate new metasurface
structures with desired electromagnetic properties.””'*”'”” By
mapping a standard probability distribution to multiple
potential designs, generative networks enable better optimiza-
tion by more extensive design space exploration.

To substitute the classical EM solver with efficient
discriminative networks, Sullivan et al. developed a deep neural
network to emulate the outputs of FDTD simulations, which is
the foundation of rapid microstructure design optimization for
thermal radiation control.'”® Trained discriminative networks
have also been shown to optimize nanophotonic devices,® also
for applications in the energy conversion field. The model from
Du et al. assisted in discovering nonintuitive relationship
between the moth-eye metasurface and optical responses, and
then efficiently designed a metasurface with ultrabroadband
antireflection and nonlinear function of reflectivity.'”” So et al.
also reported a deep learning method, which facilitates highly
robust spectrally sensitive multiband absorbers that has a low
average mean squared error (MSE, Figure 6d).180

When it comes to the generative networks application in
desired metasurface designs, Ding et al. established a model by
the combination of convolutional variational autoencoder and
deep neural network'®' to realize ultrabroadband, low-profile
absorbers design.181 In addition, generative networks have been
combined with topology-optimized designs for the rapid
generation of highly efficient metasurface designs. Kudyshev et
al. introduced several methods that combine topology
optimization with deep learning approaches for the inverse
design of metasurface thermal emitter for TPV applications
(Figure 6e—g).172

5. APPLICATIONS OF METASURFACES IN SOLAR
ENERGY CONVERSION PROCESSES

Devices enabling the use of the full solar spectrum and
mitigating the intermittent characteristic of sun light availability
are key to attaining a reliable and renewable cycle based on solar
energy. On one hand, PV cells enable direct input of electricity,
while photocatalytic processes allow the conversion from solar
energy to fuels or chemicals unlocking the transport, storage,
and delayed consumption of energy. On another hand,
photothermal processes transform solar energy to thermal
energy facilitating direct (i.e., steam engine) and indirect (i.e.,
enhancement rate for chemical reactions) pathways for energy
transduction. This section focuses on the existing applications of
metasurfaces for solar energy conversion divided into four
categories: photovoltaics, solar-to-thermal processes, catalytic
processes, and radiative cooling.

5.1. Metasurfaces for Photovoltaics. Over the past
decades, extensive research focused on the development of
(ultra)thin film PV cells to improve scalability and cost
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effectiveness (e.g., organic polymers, perovskites, semiconduc-
tors, transition metal dichalcogenides, plasmonic metals,
etc.)."¥ 7% However, thin PV devices exhibit a lower power
conversion efficiency in comparison with standard ¢-Si PV cells;
thus, several strategies were developed to enhance light
absorption within the thin PV layer. One promising approach
is to use metasurfaces to enable enhancement on different parts
of a PV cell (Figure 7a; see Table S1 for additional details).
The adoption of dielectric Mie resonators, notably Si-based
ones, enabled impressive enhancement in broadband absorption
while keeping nanometric thicknesses. Tailoring nanoresona-
tors’ size and shape (e.g., nanodimers, nanopillars, rectangular,
and trapezoidal metasurfaces)'**™'* effectively controls the
absorption properties. For example, a silicon-on-insulator
Schottky barrier photodetector was fabricated as a prototype
thin film solar cell and modified with arrays of Si nanoresonators
with rectangular and trapezoidal shapes (Figure 7b)."®” While
the metasurface design based on rectangular pattern already led
to a significant enhancement of the short circuit current density
compared to the flat structure (i.e., 7.8 vs 3.2 mA cm™2), the best
performance was achieved with trapezoidal nanoresonators (i.e.,
12.0 mA cm?, Figure 7b). Such a result was attributed to the
presence of several coupled resonances producing broadband
optical absorption and enhancing the photocurrent, such as
localized Mie modes at shorter wavelengths (4 < 500 nm) and
waveguide modes at longer wavelengths (4 > 600 nm).
Metasurfaces can also be adopted in the additional layers to
improve the overall performances of the cells, e.g, back

reflecting meta-mirrors (BRMs), metalenses, or antireflective
coatings (ARCs). In BRMs, the electric field is weakened at the
near-surface region corresponding to a quarter of the incident
wavelength, which becomes considerable for thin films.'®
Metasurfaces (i.e., meta-mirrors) solve this problem by
enhancing the electric field in this near-surface region. For
example, Ou et al. integrated Al meta-mirrors on the photoactive
layer observing an increase in light harvesting in the near-UV to
near-IR (26.2%) with 9.5% enhancement in power conversion
efficiency in comparison with flat Al mirrors (Figure 7¢)."%°
Using a different approach, metasurfaces acting as metalenses
can be used to modify the wavefronts of the incident light driving
the field enhancement in the active layer of the PV cell. Thus,
metalenses were demonstrated as an interesting strategy to
boost the light absorption and the short circuit current of the PV
cell. A reflective metalens (Si;N,/Al) integrated at the bottom of
a Si thin film cell enabled to focus/trap the light inside the PV
absorber layer enhancing the short circuit current ~1.4 times
(Figure 7d)."”" Metamaterials can also solve the light loss due to
reflection thanks to metasurface ARCs placed at the top of the
cell, which trap the light back inside the PV absorber layer.'”
Recent studies have shown the possibility of employing
dielectric metasurfaces as ARCs. Notably, Spinelli et al.
demonstrated, through Si nanodisk metasurface, the possibility
to reach almost zero total reflectance in a broad spectral range
with incident angle up to 60° (Figure 7e).'”® Furthermore, Mie
nanoresonators used in sufficiently low densities improved the
antireflection properties due to destructive interferences.'”*
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Pecora et al. have shown that such effect can exceed the
geometrical size of the nanoresonators implying the possibility
to integrate different units inside the ARC metasurface to
manage the antireflection of broader spectral range (Figure
7f)."”* Another potential advantage of ARC metasurfaces lies in
the possibility of applying them to standard solar cells as an
alternative to pyramidal textures, which are commonly used in Si
solar cells but are not compatible with thin and flexible
absorbers. For instance, Piechulla et al. fabricated a disordered
metasurface made of TiO, disks (370 nm in diameter) by a
scalable colloidal method on top of a standard heterojunction Si
solar cell.'” Such a structure showed a significant reflection
suppression and could also be applied to other cell architectures
and materials. In addition, such ARCs also enable color
customization of the solar panel thanks to the high control
over the reflected light, which answers to industrial needs to
reach consumer aesthetic requirements.'”® Alternatively to
ARCs, metasurfaces can induce light-trapping effects in the
photoactive layer of thin-film or organic solar cells,"””"”® which
typically suffer from high transmission losses. In this regard,

plasmonic metasurfaces may be employed rather than dielectric
ones. For example, Voroshilov et al. integrated a plasmonic
metasurface made of Ag nanoantennas embedded in the PV
layer (bulk-heterojunction based on phthalocyanine as a donor
and fullerene as an acceptor). Despite introducing several side
effects (such as shading of photoactive area and recombination
of charge carriers), the Ag nanoantennas induced an electric field
enhancement that increased the optical absorption and, as a
result, the power conversion efficiency of the device by a
remarkable 18%.""’

5.2. Metasurfaces for Catalytic Processes. Solar energy
can be converted to chemical energy through photocatalysis,
which allows to stock and transport energy. On one hand,
extensive efforts focused on essential molecules for environment
and energy areas (i.e.,, H, production, CO, reduction, ammonia
production, etc.) showed promising advances.”’”*”" On the
other hand, research on photoreforming from biomass waste is
exponentially growing to provide a renewable and clean source
for energy and chemical production.””>*’* The most mature and
popular photocatalytic process is the water splitting process,
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Figure 9. Metasurfaces’ applications in photocatalysis. (a) Scheme of the photocatalytic metasurface principle. (b) TiN metasurfaces versus TiN film
effect on the photocatalytic efficiency enhancement. Reproduced with permission from ref 34. Copyright 2021 American Chemical Society. (c)
Reversible TiO, metasurface, from conventional to black TiO, and backward, applied to photochemistry. Adapted with permission from ref 210.
Copyright 2019 Author(s), licensed under a CC-BY Creative Commons Attribution 4.0 License. (d) Photocatalysis for the formation of silver NPs
from TiO,_, BIC metasurfaces. Adapted with permission from ref 211. Copyright 2022 Author(s), licensed under a CC-BY-NC-ND Creative
Commons Attribution 4.0 License. (¢) NPOMs Au metasurface on a TiO,/Au mirror for organic photocatalysis through hot-carrier generation.
Reproduced with permission from ref 212. Copyright 2018 American Chemical Society. (f) Chiral metasurfaces were applied to tune the
photocatalysis selectivity and hot-spots position. Adapted with permission from ref 213. Copyright 2019 American Chemical Society.

consisting of breaking water molecules into hydrogen (H,) and
oxygen (O,), where the former can serve as a renewable and
clean fuel source. Generally, PEC cells are used as half reaction
cells with the water oxidation and water reduction separated at
the photoanode and photocathode (Figure 8a and Table S2 for
additional details).

Metasurfaces improve the light absorption and charge carrier
generation in the semiconductor material by means of intense
electromagnetic fields excited by collective effects, e.g., SLRs
(Figure 3).°* For instance, a metasurface based on bimetallic
nanounits, i.e., Cu particles coated with Pt as the HER catalyst,
demonstrated SLRs arising at ~865 nm. The collective modes
combined with the plasmonic properties of Cu particles (LSPR
at ~675 nm) enabled broad solar absorption up to the NIR
(Figure 8b).””° Interestingly, SLRs showed a 2-fold activity
enhancement over the LSPRs, highlighting the strength of SLRs
both on the solar absorption and the enhanced near-field
intensities. Similarly, Hiittenhofer et al. featured amorphous
GaP nanoantenna metasurfaces, which presented individual
anapole and collective SLR modes (Figure 8c).”> They
compared the HER activity of the metasurface and the reference
thin film following a 1.5 nm Pt layer deposition (Figure 8c). The
metasurface demonstrated a 5.7 enhancement factor in

comparison with the flat film, which identified as a combination
of the anapole and SLR modes.”” Interestingly, Xu et al. built
nanoparticle superlattices with different geometrical subsets of
Au NPs to simultaneously exploit the different resonances
associated with each subset configuration (Figure 8d).%° Such a
so-called programmable metasurface demonstrated that a
photoanode based on multiple subsets of CdS particles
improved the PEC performance (i.e,, IPCE) accordingly with
the increase in optical absorption. Therefore, these results
illustrate the impressive degree of control on the photoelectrode
performance by means of metasurface engineering and their
correlated SLR modes. Likewise, the use of an Au nanohole
metasurface (with ~350 nm diameter and ~490 nm periodicity)
produced an increase of optical absorption and a 10-fold
enhancement in the photocurrent produced by a hematite (a-
Fe,0;) photoanode compared to the same without the Au
metasurface (Figure 8¢).”” These observations were ascribed to
the excitation of surface plasmon polariton modes at 350—550
nm and the consequent excitation of waveguided modes in the
hematite nanorods (acting as waveguides) by interband
transitions. Overall, these works highlighted the interesting
prospects of metasurfaces for improving PEC performances
through collective modes. Apart from water splitting, other
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processes can benefit greatly from the photonic designs brought
by metasurfaces. For example, plasmonic metasurfaces consist-
ing of Au/Ni nanopillars were used to grow Pt NPs as catalytic
material on the electromagnetic hot spots (Figure 8f).°® The
so-obtained Pt—Au/Ni metasurfaces were used for methanol
oxidation in direct alcohol fuel cells, revealing a significant
enhancement in electrocatalytic activity under light irradiation
compared with a continuous Pt film deposited on the Au/Ni
metasurfaces (Figure 8f).”"° Follow-up studies evidenced that
catalytic Pd particles grown at the EM hot spots led to a higher
catalytic activity and stability compared to the same photoanode
where the NPs were grown in a homogeneous way on the whole
surface area of the structure.””’

Metasurfaces have also been employed in photocatalytic
arrangement, where no bias is applied, and the oxidation and
reduction half-reactions occur at the solid—liquid interface of
the same illuminated material in contact with the electrolyte
(Figure 9a and Table S3 for additional details). In this regard,
plasmonic and dielectric metasurfaces can lead to different
effects to enhance the performance of the device, which is
usually evaluated in terms of the H, production rate. On the one
hand, plasmonic metasurfaces can enhance the photocatalytic
activity of an adjacent photocatalyst (semiconductor) material.
On the other hand, metasurfaces based on metal oxides can
exhibit an intrinsic photocatalytic activity, which can be

enhanced by higher absorption or by specific resonance
modes produced by the metasurface morphology. As an example
of the first category, Yu et al. engineered a TiN metasurface
exhibiting broadband optical absorption in the visible range (i.e.,
~92% in the 400—750 nm range) and coated it with a polymeric
photocatalyst to perform H, production experiments under
visible-light irradiation (Figure 9b).** The observed perform-
ance was 3-fold higher compared with a TiN flat film and was
attributed to a combination of hot carrier transfer and thermal
effects induced by the plasmonic metasurface. As an example of
the second category, a TiO, metasurface could be reversibly
switched from oxidized state to reduced state (i.e., black TiO, or
TiO,_,) to increase the absorption spectrum by ion
implantation.”’® The black TiO, metasurface exhibited
substantially higher photocatalytic activity compared to a flat
black TiO, film as well as a white TiO, metasurface, as
monitored by the photoreduction of Ag NPs from AgNO,
solution (Figure 9c). In a follow-up study, the extinction
coefficient and the geometry of ellipsoidal nanoresonators of
TiO, metasurfaces were engineered to excite quasi-BICs (see
also section 3.2).”'" Contrary to the previous example, TiO,
metasurfaces with the lowest defect concentration exhibited the
highest photocatalytic activity (also in this case measured by the
photodeposition of Ag NPs) thanks to the electric field
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enhancement produced by quasi-BICs, leading to resonant
absorption (Figure 9d).

It should be noted that a wide variety of photocatalytic
reactions can benefit from optical enhancement phenomena
arising in metasurfaces. For example, the photocatalytic
oxidation of benzylamine into the corresponding imines was
performed on nanoparticle-on-mirrors (NPoMs, Au NPs/
TiO,/Au mirror) with near-perfect absorption (94%) showing
up to 29-fold enhancement in the reaction rate compared to
control samples (Figure 9¢).”'* We expect such research applied
to organic chemistry to soar in the next decades, as the need for a
clean source of chemical production is a necessity. Another
important aspect enabled by photonic engineering concerns the
product selectivity in photocatalytic reactions. For example,
plasmonic metasurfaces based on chiral nanoresonators enabled
concentrating electromagnetic hot-spots on different areas of
the nanostructure depending on the polarization of the incident
light (Figure 9f).*" The use of chiral nanostructures can enable,
for instance, enantioselective photoprocesses and enhanced
product selectivity bringing valuable perspectives to the
chemical industry.”"*

Ultimately, material and geometry optimization of a metasur-
face design plays a critical role to improve the library of
photocatalysts components,*>*#>*>2102157217 1, this regard,
machine-learning and inverse-design methods emerged as
innovative tools to tackle this challenge of exponential
possibilities.'”>*' %"

5.3. Metasurfaces for Solar-Thermal Processes. The
energy of the incident light is eventually dissipated to the
environment either nonradiatively, via heat conduction, or

radiatively, via thermal radiation. The first scenario gives rise to
photothermal effects, which are particularly relevant in
plasmonic metasurfaces due to their high optical absorption
mediated by free carriers (Section 3.2). Such a mechanism can
be exploited for various solar-thermal applications. As a widely
investigated solar-thermal process at a low temperature regime,
solar steam generation””"~*** makes use of a broadband solar
absorber to promote water evaporation under solar irradiation
(Figure 10a and Table S4 for additional details). This
technology requires the use of simple and scalable photothermal
materials to ensure its application in decentralized scenarios.
Inexpensive material structures that resemble plasmonic
metasurfaces can be realized by coating self-assembled anodic
aluminum oxide (AAQ) templates with Al, Au, or TiN.***~*
For example, the wide pores of a 3D AAO template (~300 nm
diameter) allowed deposition of Al by evaporation, forming
close-packed NPs on the inner walls of the pores and a thin
compact layer on the top, leading to nearly unitary absorptance
in the 300—1500 nm range (Figure 10b).”** The porous nature
of such material allowed paths for efficient water supply and
steam flow while floating. As a result, over 90% solar-to-vapor
efficiency under moderate light concentrations (i.e., 6 Suns) was
achieved (Figure 10c). Similar results were obtained by
investigating AAO templates with different pore sizes (50—
400 nm) coated with TiN by sputtering (80 nm nominal
thickness).”** Alternatively, AAO templates can be coated with
reduced metal oxides instead of metals as photothermal
materials, such as an ultrathin (2—10 nm range) amorphous
TiO, layer achieved by atomic layer deposition (ALD) leading
to ~95% optical absorption in the 300—1600 nm range.”*® With
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the idea of further concentrating the optical power in a
plasmonic metasurface layer, a recent work introduced self-
assembled nanotube arrays obtained by anodization of a Ti foil
and further nitridation in NH; atmosphere, leading to long-
range ordered nanotubes featuring TiN stoichiometry (Figure
10d).””” Electromagnetic simulations by FEM demonstrated a
confinement of light power absorption within the height of the
nanotubes (~250 nm, Figure 10e), which was ascribed to
collective photothermal effects produced by plasmonic and
cavity modes in the ordered TiN nanotubes. The proposed
material exhibited promising water evaporation performance
(maximum ~76% solar-to-vapor efficiency at 15 Suns) and great
potential for broader applications requiring fast heat transfer
dynamics. In contrast with most of experimentally focused
studies, a recent work presented an original method taking
advantage of both the forward and inverse design approaches to
design a multilayer metamaterial absorber (Figure 10f).”*® A
customer-defined absorption spectrum was used as a target and
“split” into different wavelength sections. The inverse design was
used to predict the thicknesses of the layers constituting the
metamaterial, which were arranged by increasing the values of
their real refractive index n. The forward design then confirmed
the optical absorption spectrum of the simulated multilayer.
Moreover, the desired metamaterial was experimentally
fabricated on a Si wafer, obtaining 92% average absorptance in
the range 400—2500 nm, and its photothermal performance was
assessed in outdoor conditions under sunlight, reaching a peak
temperature of ~90 °C around midday.

The highly controllable optical properties of metasurfaces
present advantages for high-temperature solar-thermal applica-
tions, where the radiative losses become more severe (section 2).
For example, the TPV technology requires a spectrally selective
absorber to harvest concentrated (>100 Suns) solar light to
reach high temperatures (1500—2000 K) and a spectrally
selective emitter to re-emit such energy matching the bandgap of
a PV cell underneath (Figure 11a,b, see also section 2 and Table
SS for additional details). Metasurfaces made of refractory
materials can exhibit such high spectral selectivity and withstand
repeated thermal cycling and they are often built as in a similar
way as MIM multilayers, which are referred to as gap-plasmon
metasurfaces.'”'> For example, a gap-plasmon metasurface
consisting of Ti disks/SiO,/Au layers exhibited >90%
absorption in the 900—1825 nm range, which was attributed
to the high optical losses of Ti (Figure 11c),"”" whereas a similar
structure made of Au disks exhibited a narrowband optical
absorption. Metasurfaces based on W nanodisks as solar
absorber and thermal emitter for TPV have also been reported

(Figure 11d), which could withstand repeated thermal cycling
up to 1200 °C in vacuum.”*” By a detailed balance calculation,
the predicted TPV efficiency of an integrated absorber/emitter
structure could reach 18% at ~1400 °C under 4000 Suns
concentration. A remarkable integrated absorber/emitter
structure was achieved by patterning the two sides of a Ta
plate to realize two photonic crystals (PhCs) with two different
absorption/emission spectra (Figure 11e).”*” This was related
to the excitation of cavity modes in different spectral regions
according to the different geometrical parameters of the PhC.
The so-obtained TPV structure was optimized to work at 1300
K and exhibited an efficiency 2.8 times higher than that of a
blackbody absorber/emitter system at 130 Suns (Figure 11f).
Further studies focusing on TPV applications reported other
gap-plasmon metasurfaces, such as based on cross-shaped Cr
nanoresonators,”>' metamaterials based on TiN/Si nano-
pillars,*** or hybrid metallic/dielectric PhCs.***

Most of the aforementioned structures require EBL or
complex lithographic fabrication methods and do not offer a
high surface area that is available for heterogeneous chemical
reactions. The emerging field of photothermal catalysis, on the
other hand, can take advantage of the strong photothermal
effects produced by metasurfaces under moderate light
concentrations (10—20 Suns) achieved by simple concentration
optics, to drive industrially relevant chemical reactions in the gas
phase, such as using CO, as reactant and generating fuels
(Figure 12a and Table S6 for additional details).>**** As a
promising scalable material platform, the self-assembled
refractory TiN nanocavities (Figure 10d) were leveraged to
realize a photothermal metasurface with catalytic functionality
upon decoration with Rh NPs (3—5 nm, Figure 12b).”** The so-
obtained material was tested in the CO oxidation reaction (2CO
+ 0, = 2CO,) and achieved a rate of CO, production of ~16
mol m™ h™" under solar-simulated light intensities >9 Suns
(Figure 12c). Furthermore, the sigmoidal shape of the CO,
generation rate vs light intensity (Figure 12c) highlighted the
thermal nature of the catalytic process. A similar thin film system
based on TiN nanotubes (~3 yum thick) coated with TiO, and
In,O; explored the reverse water gas shift reaction (CO, + H, -
CO + H,0) under ~10 Suns illumination as a promising route
to reduce CO, and close the carbon cycle.236 The role of TiN
nanotubes was again to generate heat by thermoplasmonic
effects, thus, enhancing the reaction rate. These early results
highlighted the potential of plasmonic metasurfaces as
alternative systems to standard powdered photocatalysts.
Follow-up studies are thus expected in the near future
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Figure 13. Metasurfaces for radiative cooling. (a) Schematic of passive daytime radiative cooling (PDRC). (b) Optical absorption (or emissivity)
spectrum of an ideal PDRC device compared to the blackbody radiation spectrum at 300 K, the AM1.5G solar spectrum and the atmospheric
transmission spectrum. (a, b) Reproduced with permission from ref 238. Copyright 2023 Wiley-VCH. (c) Tilted SEM image of a metasurface based on
conical multilayer Al-Ge pillars and (d) calculated cooling power of the same with 3% solar absorption and a convective heat exchanger. (c, d)
Reproduced with permission from ref 242. Copyright 2015 Wiley-VCH. (e) Optical absorption in Cu/ZnS/Cu multicavity arrays exhibiting five
different fundamental gap plasmon cavity modes (4, = 6.2 ym, 4, = 7.8 ym, A5 = 8.9 ym, 4, = 10.2 ym, 45 = 11.6 ym) and a higher-order mode (* = 5.5
um). The right panel shows the electric field intensity map along the horizontal plane of the Zn$ spacer layer at wavelength A = 1;. Adapted with
permission from ref 243. Copyright 2021 American Chemical Society. (f) Schematic and (g) spectral emittance at different temperatures (from 25 to
100 °C) of a thermally tunable metasurface based on VO, disks deposited on an Al substrate with an HfO, spacer. (h) Simulated electromagnetic field
distribution at 4 = S ym along the cross section of the VO, metasurface in the metallic state. (f—h) Adapted with permission from ref 246. Copyright
2020 American Chemical Society. (i) Schematic of a self-adaptive multilayer metasurface based on “small” and “large” cross resonators at low
temperature and (j) at high temperature and (k) corresponding optical absorption spectra. (i—k) Adapted with permission from ref 248. Copyright
2020 Royal Society of Chemistry.

considering the rapid growth of the field of photothermal
catalysis.”****’

5.4. Metasurfaces for Radiative Cooling. Photothermal
effects in metasurfaces can give rise to radiative emission

under sunlight illumination, also known as passive daytime
radiative cooling (PDRC, Figure 13a and Table S7 for additional
details).*”**® This is based on the radiative heat transfer from an
illuminated surface at T ~ 300 K to the outer space, which works

according to the fourth power of the surface temperature. While
thermal emission is detrimental to the efficiency of a solar
absorber (see section 2), the same phenomenon can be
exploited for energy savings purposes by radiative cooling

as an ideal unlimited heat sink at T ~ 3 K. The blackbody
radiation at 300 K peaks at ~9.6 pum and it matches a
transparency window of the Earth’s atmosphere (8—13 yum),
therefore allowing heat dissipation if the radiating object has a
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high emissivity in that spectral range (Figure 13b). More
precisely, a radiative cooler needs to dissipate more power by
thermal radiation than that absorbed from solar and atmospheric
radiation, where the net zero balance must be reached at a
temperature T,q < T, In this way, the radiative cooler can cool
an attached material by conduction, as first demonstrated by a
planar dielectric photonic structure.”*® In particular, a radiative
cooler with negligible solar absorptance, i.e., high transmittance
in the 250—2000 nm region of the electromagnetic spectrum,
can be placed on top of a solar cell to decrease its temperature by
~10 °C during operation and, as a consequence, increase its
efficiency by ~1%.°*°**" In this regard, the high optical
tunability of metasurfaces represents a key advantage to realize
optimized materials for PDRC. For example, a hybrid metal—
dielectric structure made of conical multilayer Al-Ge pillars
(Figure 13c) was realized by a combination of EBL and electron
beam evaporation and exhibited >80% emissivity in the 8—13
um region.”*> Numerical simulations confirmed that, by
coupling such structure with a solar reflector (with 3%
absorptance) and realistic values of convective heat exchange
(1-69 W m™2 K!), it could cool 9 °C below ambient
temperature during day-time operation (Figure 13d). An
interesting strategy to enhance the MIR emission of a
metasurface consisted in the excitation of multiple gap plasmon
cavity modes (Figure 13e).”*> The unit cell of a Cu/ZnS/Cu
metasurface included five different Cu squares, with sizes
ranging from 1.0 to 2.2 pm, on top of the ZnS§ layer to excite five
different gap plasmon cavity modes at increasing wavelengths,
ranging from 6.2 to 11.6 ym (Figure 13e, left). For each cavity
mode, the electric field was localized at the edges of the cavity,
leading to increased optical absorption (see, for example, the
mode at A = A5 in Figure 13e, right). At the same time, more than
five cavities in the same unit cell did not lead to a performance
increase due to near-field coupling between different modes.
The Cu/ZnS/Cu gap plasmon metasurfaces were thus tested in
outdoor radiative cooling experiments and lowered the
temperature of a Si substrate by 4 °C under sunlight illumination
(800 mW m™ intensity). Similar results were achieved with a
metasurface where the unit cell included two identical
rectangular n-doped Si resonators coated with Ag orientated
orthogonally to each other.”** Two main resonances were
observed at 8.8 and 11.3 um along the length and width of the
rectangular resonators, respectively, which were both assigned
to magnetic dipole modes. The use of dielectric metasurfaces
was further discussed in a recent example showing a thin
transparent multilayer structure made of SiO, pillars, acting as
MIR emitters, on top of a trilayer ZnO/Ag/Zn0O, acting as NIR
reflector (with total thickness ~ 6.6 gm).”*> Such a multilayer
exhibited promising cooling performance in a sealed test
chamber and may be deposited on flexible substrates. Finally,
another interesting approach toward PDRC lies in the
exploitation of adaptive or tunable metasurfaces, such as by
exploiting the insulator—metal transition of the material
constituting the nanoresonators”*®**” or by thermal expansion
of a support material.”** For example, a thermally tunable
metasurface based on VO, disk resonators deposited on top of
HfO,-coated Al substrate (Figure 13f) exhibited a clear increase
in emittance upon heating above the VO, transition temperature
occurring at ~60 °C (Figure 13g).246 The main peak at ~5 ym
was associated with magnetic polariton excitation based on full-
wave numerical optical simulations, which showed an electro-
magnetic energy confinement in the HfO, spacer region
between the metallic VO, disks and the Al substrate together

with an electric current loop (Figure 13h). Such a mode was
nearly insensitive to the incident excitation angle and could only
be observed in metallic VO,. The thermal expansion approach
was instead discussed in a recent numerical study introducing
self-adaptive multilayer metasurfaces based on Ag cross
resonators of different sizes deposited on polymeric interlayers
(Figure 13i and Figure 13j).248 The optical behavior of the
structure shifted from highly absorbing in the solar spectrum
region under low ambient temperature, therefore acting as a
heating device, to highly emitting in the atmospheric window
under high ambient temperature, thus acting as a radiative cooler
(Figure 13k). Based on such recent results, further works
leveraging deep-learning methods to optimize either passive or
active metasurfaces for PDRC are likely expected.'”®

6. CONCLUSIONS AND PERSPECTIVES

The tailorability/tunability of the metasurfaces’ optical response
has so far been mostly exploited in flat optical devices. More
recently, researchers have begun leveraging metasurfaces’
properties in solar energy conversion applications, especially
broadband optical absorption within a subum thickness or
photoresponse enhancement induced in semiconductors. The
most significant breakthroughs in practical applications have
been made in the field of thermophotovoltaics with absorber and
emitter structures made of refractory metasurfaces. In this case, a
relatively expensive fabrication process by EBL is required to
achieve a high spectral selectivity, for example, by designing
complex unit cells in the resonator array or by combining more
materials to realize MIM structures. On the contrary, since
photovoltaics has already reached commercial maturity, it poses
more strict requirements on the fabrication cost to justify the
usage of metasurfaces. The same argument applies to photo-
catalysis and photoelectrochemistry, which do not require a high
performance under extreme temperature conditions but rather a
high scalability potential. Photothermal catalysis lies in between,
as it requires high stability under repeated thermal cycling to
activate gas-phase catalytic processes but, simultaneously, a low
fabrication cost. The latter would have a crucial role in enabling
decentralized reactors to work under moderate light concen-
trations as opposed to large industrial infrastructures currently
used for thermal catalysis (i.e., ammonia synthesis and Fischer—
Tropsch chemistry). The possibility of employing metasurfaces
enclosed in flat panel-like reactors working at low concentration
factors to drive industrially relevant chemical reactions is
undoubtedly a very appealing feature, which will likely lead to
remarkable progress of this research field.

The promising results obtained so far show a great promise of
practical metasurface applications in solar energy conversion
processes. Since decentralized reactors require scalable
fabrication methods and materials, metasurfaces can be
fabricated using large-scale, CMOS-compatible nanoimprint
lithography and photolithography. In regard to low-cost,
abundant materials, there is a rising interest in transition metal
nitrides for plasmonic metasurfaces and doped metal oxides for
dielectric metasurfaces. For example, nanotube arrays made of
titanium oxides or nitrides may be further investigated in
photothermal catalysis applications because they combine an
industrially friendly fabrication process (i.e, anodization
followed by thermal treatments) with a long-range order.
These materials are also CMOS-compatible, high-temperature-
and chemically stable, and offer a high surface area, which is a key
requirement of materials involved in chemical reactions.
Therefore, Ti-based metasurfaces appear as promising candi-
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dates for a wide range of photocatalytic, photoelectrochemical,
and photothermal processes.

So far, the role of advanced numerical simulations in the
design of efficient metasurfaces has not yet been fully explored
for solar energy conversion applications. Numerical methods
could be more systematically used to design metasurfaces
exhibiting the required optical absorption depending on their
specific role in the energy-conversion device and therefore guide
the experiments, avoiding typical trial-and-error approaches.
Examples include designs of a spectrally selective absorber for
metasurfaces in TPV and photothermal catalysis, where complex
unit cell geometries are obtained by an inverse design approach.
Numerical methods could also guide the design of more
advanced metasurfaces (e.g., chiral), enabling a deeper under-
standing of thermal and electronic effects under solar light
illumination.

Practical implementation of metasurfaces in solar energy
conversion devices requires more systematic studies focusing on
benchmarking and estimating the efficiency in a specific field of
application. Contrary to the well-established efficiency metrics
that are routinely reported in photovoltaics, the fields of
photocatalysis, photoelectrochemistry, and especially photo-
thermal catalysis have not yet standardized according to
univocal protocols. This is due to an intrinsic higher number
of experimental parameters involved in such experiments and to
the wide variety of chemical reactions involved, including
spontaneous and nonspontaneous processes. For example, by
comparing Tables S6 and S8, which report examples of
metasurfaces and powdered plasmonic systems for photo-
thermal catalysis, respectively, one can note a great variety of
experimental conditions, including the light source and the
definition of the reaction rate, which prevent a straightforward
comparison and definition of univocal performance metrics. In
the specific case of photothermal catalysis, moreover, such issues
are further exacerbated by the early stage of this research field
and by the intricated disentangling of thermal from nonthermal
effects, which requires dedicated experimental procedures.

Designing future generations of metasurfaces for solar energy
conversion would therefore seamlessly combine the perform-
ance requirements set by the targeted application, advanced
numerical and machine-learning-assisted approaches, low-cost,
scalable manufacturing involving Earth-abundant materials, as
well as appropriate performance, durability, and cost bench-
marking.
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