Downloaded viaKING'S COLLEGE LONDON on February 4, 2023 at 21:03:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CHEMICAL
REVIEWS Eeo

pubs.acs.org/CR

Molecular Plasmonics with Metamaterials

Pan Wang,*’T Alexey V. Krasavinf’“+ Lufang Liu,Jr Yunlu Jiang, Zhiyong Li, Xin Guo, Limin Tong,
and Anatoly V. Zayats™*

Cite This: Chem. Rev. 2022, 122, 1503115081 I: I Read Online

ACCESS | lihl Metrics & More | Article Recommendations

ABSTRACT: Molecular plasmonics, the area which deals with the interactions between Light emission

surface plasmons and molecules, has received enormous interest in fundamental research I

and found numerous technological applications. Plasmonic metamaterials, which offer rich - ‘ E HJ, \
opportunities to control the light intensity, field polarization, and local density of ‘ ___!”_/ £\
electromagnetic states on subwavelength scales, provide a versatile platform to enhance and L N |
tune light-molecule interactions. A variety of applications, including spontaneous emission & N N Ul T |
enhancement, optical modulation, optical sensing, and photoactuated nanochemistry, have § | . e A /j"'/'}» “v' i
been reported by exploiting molecular interactions with plasmonic metamaterials. In this “f‘!‘_‘ E—fi“’” 3pe F‘”"'&’/ LN
paper, we provide a comprehensive overview of the developments of molecular plasmonics % =l SN 2l |
with metamaterials. After a brief introduction to the optical properties of plasmonic - “mmwu.} = -
metamaterials and relevant fabrication approaches, we discuss light-molecule interactions in S §

plasmonic metamaterials in both weak and strong coupling regimes. We then highlight the " i
exploitation of molecules in metamaterials for applications ranging from emission control Obticaisersind

and optical modulation to optical sensing. The role of hot carriers generated in

metamaterials for nanochemistry is also discussed. Perspectives on the future development of molecular plasmonics with
metamaterials conclude the review. The use of molecules in combination with designer metamaterials provides a rich playground
both to actively control metamaterials using molecular interactions and, in turn, to use metamaterials to control molecular processes.
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1. INTRODUCTION

Interaction between light and molecules manifests itself as
absorption, fluorescence, elastic and inelastic scattering,
nonlinear optical processes, and photochemical transforma-
tions, to name but a few, and lays the foundation for the
development of a wide range of technological applications,
including generation and modulation of light, analysis,
detection and identification of molecules, photocatalysis,
photoelectrochemistry, and many others. However, due to
the dramatic mismatch between the wavelength of light
(typically 100s of nm) and the size of molecules (typically
less than 10 nm), their interaction strength is extremely low.
Various kinds of dielectric, semiconductor, and metallic
nanostructures, acting as nanoantennas or metamaterials
were proposed to enhance light-molecule interactions.”” An
advantage of dielectric nanostructures is in their low loss and
straightforward access to multipolar resonances, which gives
the opportunity to influence molecular processes requiring
higher-order symmetries. Nevertheless, plasmonic metallic
nanostructures offer a richer playground for investigations
and applications of molecular optical properties, providing
extreme electromagnetic field localization and enhancement at
the nanoscale together with other useful effects, associated with
free-electron dynamics and, counterintuitively, losses.
Metallic nanostructures support surface plasmons, which are
collective oscillations of free carriers at the interface between a
conductor and a dielectric coupled to an electromagnetic field,
manifesting themselves either in the form of surface plasmon
polaritons (SPPs) propagating at extended conductor/
dielectric interfaces or as localized surface plasmons (LSPs)
in confined geometries.” > They have an intrinsic ability to
localize the electromagnetic fields down to deep-subwave-
length scales and increase local field intensity, resulting in

greatly enhanced light-matter interactions.””® Therefore, they
have opened up a new realm of possibilities for a variety of
applications ranging from subdiffraction waveguiclin$,9_11
biochemical sensing,'”'® and optical modulators'*™"" to
nonlinear opticsls’19 and nanolasers.”’"%* In the past decades,
benefiting from the advances in chemistry and nanofabrication,
plasmonic nanostructures of different materials and
shapes”™** have been developed to achieve an engineered
optical response and optimize the field localization and
enhancement for a variety of applications.

Plasmonic metamaterials, consisting of periodically or
randomly arranged plasmonic nanostructures (also called
meta-atoms) with the size and spacing much smaller than
the wavelength of interest, have been widely investigated to
further enable the engineering of active functionalities and
optical performance.””™*° In such artificially structured
materials, the macroscopic optical properties are predom-
inantly determined by the size, shape, and spacing of the meta-
atoms of the metamaterials, in addition to the optical
properties of the constituent materials of the meta-atoms.
Using different meta-atom designs (e.g,, split-ring resonators
(SRRs), nanorods, nanospirals, and other shapes), the optical
response of metamaterials can be engineered with unprece-
dented degrees of freedom to demonstrate exotic properties
such as extremely low-frequency plasmons,”” artificial magnet-
ism,***” negative refractive index,**™** hyperbolic disper-
sion, enhanced nonlinear optical response,'”** stron
optical chirality,*** and enhanced optomechanic effects.””*
Accordingly, applications of plasmonic metamaterials in
various fields have been successfully demonstrated, including
optical waveguiding, super-resolution imaging, ultrasensitive
optical sensing, electromagnetic cloaking, nonlinear optical
devices, and others.

Plasmonic metamaterials have large surface areas where
molecules can be absorbed simultaneously providing a deep-
subwavelength confinement of electromagnetic fields. Con-
sequently, intense optical fields can be engineered at the
required locations at the surface where molecules are placed.
Apart from affecting the molecules directly, these fields
generate energetic hot carriers through the nonradiative
decay of surface plasmons®” as well as introduce heat due to
thermal effects, influencing light-molecule interactions. There-
fore, plasmonic metamaterials provide an attractive platform
for the investigation and exploitation of molecular plasmonics,
which have received ever-increasing research interest in the
past decades.

In general, the light-molecule interactions in plasmonic
metamaterials can be classified into two broad categories,
which we call passive and active. In the former case, due to the
strong dependence of the optical responses of plasmonic
metamaterials on their local dielectric environments, the mere
presence of molecules in the near-field of plasmonic meta-
atoms introduces a substantial modulation of the optical
properties of the metamaterials. In the latter case, the strong
local fields can greatly enhance and modulate the optical
properties of neighboring molecules such as absorption,
fluorescence, Raman scattering cross sections, and the
nonlinear response, while chemical reactivity of molecules
can be activated by optically-generated hot carriers. Through
understanding and control of the molecular plasmonic
interactions, efficient approaches for exciting, manipulating,
sensing, and analyzing molecules have been developed. These
advances have in turn led to sensitive analytical tools and
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advanced nanophotonic devices for a variety of applications,
such as ultrasensitive optical sensing, surface-plasmon-
enhanced Raman spectroscopy, plasmon-enhanced fluores-
cence, nanoscale lasers, ultrafast optical modulation, and
plasmon-assisted nanochemistry.

In this review, we focus on the developments in molecular
plasmonics with metamaterials. We start with an introduction
of the optical properties of plasmonic metamaterials in section
2, followed by a brief overview of the approaches for
fabrication of plasmonic metamaterials and incorporation of
molecules in section 3. In section 4, we discuss light-molecule
interactions in plasmonic metamaterials in the weak and strong
coupling regimes. Section S covers optical phenomena in
plasmonic metamaterials functionalized with molecular gain
media. Modulation of optical signals with molecular plasmonic
metamaterials via various control mechanisms is overviewed in
section 6. Section 7 is focused on the application of plasmonic
metamaterials in optical sensing, ranging from biochemical
sensing to surface-enhanced spectroscopies to chiral sensing.
The exploitation of hot carriers generated in plasmonic
metamaterials for nanochemistry is introduced in Section 8.
Section 9 concludes this review with perspectives on the future
development of molecular plasmonics with metamaterials.

2. OPTICAL PROPERTIES OF PLASMONIC
METAMATERIALS

Metamaterials provide a unique opportunity to create artificial
optical media with engineered and frequently exotic optical
properties beyond those present in nature. In this section, we
overview the fundamentals of the metamaterials and discuss
the metamaterial designs important in the context of
engineering their interaction with molecules.

2.1. General Definition of Plasmonic Metamaterials

The development of nanotechnology enabled a revolutionary
step in structuring matter at the nanoscale and creating optical
resonators with subwavelength sizes. In this respect, metallic
materials present a particular interest, offering very pro-
nounced optical characteristics, underlined by dynamics of the
free electron gas resulting in large material polarization.
Nanostructured metallic objects possess an enhanced optical
response through the support of LSPs, presenting resonant
oscillations of the free-electron gas in a bounded geometry. By
controlling the nanoparticle shapes using the nanostructuring
or chemical fabrication methods, it is possible to engineer their
optical behavior and, therefore, realize the so-called meta-
atoms with a designed (e.g., resonant) optical response, going
beyond the predefined optical properties of atoms given by
nature. Taking one step further and arranging such meta-atoms
in regular subwavelength arrays or random distributions (both
producing no diffractive orders) leads to the realization of
artificial nanostructured optical materials, metamaterials, with
engineered optical properties, breaking through constraints set
by ordinary optical materials on available permittivities and
permeabilities (Figure 1). These properties are defined by both
the material, shape, and size of the meta-atoms and their near-
field electromagnetic coupling in the assembly.
Two-dimensional analogues of metamaterials, produced by
2D arrays of meta-atoms (in other words, thin films
nanostructured on a subwavelength scale), are usually called
metasurfaces. There are various definitions of metamaterials
and metasurfaces, as wide as including the diffraction-related
(photonic crystal) effects’® or as narrow as assuming a certain
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Figure 1. Schematics showing a transformation from natural materials
to plasmonic metamaterials and further to molecular plasmonic
metamaterials.

application, e.g., a phase control on a subwavelength scale.>!
Here, we adhere to the most natural, in our view, definition: an
optical metamaterial is an artificially structured medium, whose
optical properties can be described by an effective medium
theory (EMT) providing an effective permittivity and
permeability (Figure 1); in case of the metasurface, one can
speak about an effective surface impedance. As follows from
this definition, the nanostructured media producing diffraction
orders fall beyond the metamaterial realm. At the same time,
within this definition of a metamaterial, the size of the meta-
atoms may generally be larger than the light wavelength if at
least one dimension is subwavelength. The derivation of an
EMT is not always an easy task; for the same metamaterial, an
EMT can describe well one class of optical phenomena and be
marginally applicable to another. Thus, a nanostructured
medium can behave as a metamaterial for one class of optical
phenomena but require a much more complex treatment
taking into account the actual nanostructuring for others. For
example, light transmission through vertically oriented nano-
rod arrays is characterized by an EMT very well, and even
better by its nonlocal extension,” but for the description of
molecular emission, the implementation of the nonlocal EMT
is a must,>® and even in this case, the EMT description is not
perfect. The latter is underlined by the complexity of the
emission process due to the involvement of the emitter near
fields possessing large wave vector components, breaking EMT
as the associated wavelengths become comparable with the
meta-atom spacing, which leads to the diffractive effects.
Additionally, emission quenching related to the absorption of
the near-field components of the emitter makes the emission
process position-dependent, which produces difficulties for the
introduction of homogeneous optical constants. For more
details on this, see subsections 2.2, 4.2, and 4.3.

2.2. Metamaterials with Hyperbolic Dispersion

Due to the vectorial nature of the electromagnetic field, the
propagation of light in an anisotropic medium depends on
both its propagation direction and polarization. In the general
case, for any propagation direction there are two linearly
polarized eigenwaves, which keep their state unchanged during
the propagation but have different refractive indices n given by
the solution of Fresnel’s equation of wave normals:*

n—n,  n—n,  n"—n (1)

where (s, s, s,) is the unit vector along the direction of the
wave vector k and n, = Je_, n, = [€,, and n, = [€,, are
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Figure 2. Transformation of the dispersion of extraordinary waves from (a) elliptical for natural uniaxial optical materials to hyperbolic for
plasmonic metamaterials of (b) Type I and (c) Type II in a lossless case. Both Type I and Type II metamaterials can be realized with either

nanowire or multilayer structures shown at the top.

the refractive indices along the three optical axes of the
material (the permittivity tensor of any material can be
diagonalized in the absence of chiral or gyrotropic contribu-
tions). The situation is simplified for uniaxial optical materials
(here we consider dielectric or semiconductor materials with
negligible losses, which are relevant to the discussion) having a
selected axis with a refractive index n, = n (called the optical
axis), while the refractive indexes for the other two directions
are equal: ny = n; (subscripts mark the angle between the
considered direction and the optical axis). In this case, the
electromagnetic waves propagating in the material are divided
into two types: ordinary, having polarization perpendicular to
the optical axis and experiencing the refractive index n,
independently of the direction of their wave vector:

K w?
ne ¢ @)

and extraordinary with the propagation constant dependent on
the propagation direction, so that their wave vectors are
represented by an ellipsoid in the k-space (Figure 2a):

ne  onl on 3)

There are two simple examples of uniaxial plasmonic
metamaterials. One of them is a nanorod metamaterial
produced by an array of vertically oriented metallic nanowires
(diameter ~20—50 nm, spacing ~50—100 nm, length ~20—
500 nm), usually fabricated using electrodeposition into a
pored dielectric matrix (see subsection 3.3.1). The other is a
multilayer metamaterial, produced by a stack of alternating
dielectric and metallic layers with typical thicknesses ~10—30
nm, fabricated using standard thin-layer deposition techniques.

15034

Using EMTs based on averaging the electric field vectors E and
D over the volume, one can derive the effective permittivities
of both nanorod and multilayer metamaterials (the effective
permeabilities will be 1 due to the absence of either a natural
or artificial magnetic response). For the nanorod metamaterial
this givesss’56

g = (1 = f)eg + fen

_ A =pe+ (+pe,
W+ e+ (1 - pey, @)

Eoff 1

where &4 and g, are the permittivities of the dielectric and
metal, respectively, while f = zd*/(4p* sin(x/3)) is the metal
filling factor calculated in this case of a hexagonal array, d is the
nanowire diameter, and p is the array periodicity. For the
multilayer hyperbolic metamaterial, the EMT results in

_ Ei€m
ST e+ (L ey
g1 = (1 — fleg + fen (5)

where f = t./(t; + t,,) is the metal filling factor calculated for
the structure with thicknesses t; and ¢,, for the dielectric and
metal, respectively.’’ Balancing the frequency-dependent
permittivities of the dielectric (positive) and metal (negative)
together with the geometrical parameters of the structure, it is
possible to achieve a situation when the real part of g and &,
have the opposite signs (at the first step, a lossless case is
considered). With such a seemingly simple modification, the
changes to the metamaterial dispersions are dramatic. The
dispersions of the extraordinary (TM-polarized) waves change
their shape from a confined ellipse to an unbounded
hyperboloid (Figure 2). Both type I (g < 0, £, > 0, Figure
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2b) and type II (g > 0, £, < 0, Figure 2c) hyperbolic
dispersions are possible to realize with either nanowire or
multilayer designs depending on the chosen material/geo-
metrical parameters (Figure 2b and c). Thus, as it follows from
the dispersions, the metamaterial starts to support optical
modes with arbitrarily large wave vectors located in the vicinity
of the cones defined by the hyperboloid asymptotes. Of course,
these conclusions are based on the derivation of optical
parameters with the use of the metamaterial homogenization
approach and EMTs which rely on certain assumptions.
Particularly, the nanostructuring is assumed to be subwave-
length, which is legitimate only for wave vectors of the
metamaterial modes smaller than ~1/a, where a is the period
of the nanostructuring. This limits the validity of the theory
and its results in the k-space.”® Furthermore, the unavoidable
presence of losses in the metal will transform the dispersion
hyperbolas into finite hyperbola-like surfaces.”®

The local EMT presented above describes well all the major
optical properties of both nanorod and multilayer metamate-
rials, but for their detailed characterization, nonlocality (spatial
dispersion) originating from the metamaterial nanostructuring
should be considered.'”******~®" We note that this non-
locality is introduced purely by the nanostructuring and is
different from the nonlocality originating from the plasmonic
material response due to a complex free electron dynamics.®>%*
In particular, the consideration of the nonlocal response in
nanorod metamaterials results in values of the extinction which
are closer to the experiment. The spatial dispersion results in
the appearance of two TM-polarized modes in the
metamaterial with drastically different refractive indices; the
coupling efficiency of light to one or the other mode depends
on the angle of incidence and manifests itself in the splitting of
the angular-dependent peak in the extinction. The nonlocal
version of the effective medium description can be developed
by considering the interaction of the cylindrical surface
plasmons, instead of the dipolar LSP modes, excited on the
nanorods of the metamaterial.*° It should be noted that for the
numerical simulations of the actual metamaterial structure,
these nonlocal effects are automatically taken into account.
The nonlocal response is particularly important for the
description of nonlinear effects and molecular emission inside
the metamaterial, where it plays a crucial role™ (see subsection
4.3). The effect of nonlocality was also observed for the
multilayer metamaterials.*”*’

As an illustrative example, we discuss here the optical
response of the nanorod metamaterials (Figure 3a). Using a
conventional (local) version of an EMT presented above, one
can calculate the tensor components of the anisotropic
permittivity (Figure 3b). One can see that for chosen
geometrical parameters and materials, the real parts of the
permittivity components perpendicular to the optical axis are
always positive, while the corresponding component along the
optical axis changes sign at the wavelength around 700 nm.
The spectral interval around this wavelength is called an
epsilon-near-zero (ENZ) region; it is important for many
applications, some of which will be discussed below. No less
importantly, the ENZ wavelength divides the optical response
of the metamaterial into elliptical (short-wavelength) and
hyperbolic (long-wavelength) regions (bear in mind a
breakdown of the EMT for a perfectly periodic structure
when the spacing between the nanorods becomes comparable
with the propagating mode wavelength, following which
diffraction effects appear). For metals with lower losses, the
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Figure 3. Optical response of a gold nanorod metamaterial. (a) Field
maps of intensity and E, component of the electric field inside the
nanorod metamaterial in the hyperbolic dispersion regime excited at
oblique light incidence, illustrating electromagnetic coupling between
the nanorods in the metamaterial. Reproduced with permission from
ref 72, Copyright 2019 IOP Publishing Ltd. (b) Real and imaginary
parts of the effective permittivity of a plasmonic nanorod metamaterial
(gold nanorods in an alumina matrix in a hexagonal array with
periodicity 80 nm and diameter 30 nm) calculated using a local EMT.
(c) Extinction: —In(T), where T is the transmission, and (d)
reflectivity of a metamaterial layer with a thickness of 450 nm and
complex anisotropic permittivity as in panel b.

double-bend in the spectral dependence of Re[é. 4, ()] can
have a larger amplitude, going below zero and thus resulting in
two ENZ points for €., and the other type of hyperbolic
dispersion in the spectral interval between them. When one
calculates (or measures) the transmission through a nanorod
metamaterial layer, two extinction peaks are observed (Figure
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3c). The short-wavelength peak corresponds to the Re-
(e (w)] — oo condition (in the lossless case), and the
long-wavelength one, to the ENZ point Re[&.4(@)] — 0. The
peak related to £, occurs for both s- and p-polarized waves
(as they both have an electric field component perpendicular
to the optical axis). The long-wavelength peak is observed only
for p-polarized illumination with an electric field component
along the optical axis and, therefore, perceiving .

In the microscopic description, the origin of these peaks can
be traced to the plasmonic properties of individual meta-atoms.
The short-wavelength peak originates from a dipolar transverse
resonance of the individual metallic nanorods, shifted due to
the near-field coupling between the nanorods in the
metamaterial. This can be seen by separating the rods in the
array (f — 0) which leads to recovering the resonance
condition for the transverse dipolar LSP of individual nanorods
en(@) = —&4. The characteristic double-bend in the real part of
the transverse effective permittivity corresponds to the peak in
its imaginary part (due to absorption), as expected for for a
resonant response (Figure 3b). The long-wavelength peak in
the ENZ spectral range (Figure 3b and c) is related to the
purely collective response of the plasmonic nanorods,
determined by the interacting cylindrical surface plasmons,
which leads to only nonpropagating (evanescent) solutions for
electromagnetic modes inside the metamaterial, resulting in
the increased extinction,>* similar to natural ENZ materials.®*
In the ENZ range, the optical response of the metamaterial is
very sensitive to the change of optical properties of the
constituting media. This phenomenon was used for the
demonstration of ultrafast all-optical switching' ¥ and polar-
ization control (via the modulated anisotropy of the
metamaterial)** based on femtosecond-scale changes of the
metal permittivity related to the optically-induced variation of
the energy distribution of the free electron gas. The ENZ
regime can also lead to the enhancement of second harmonic
generation (SHG) if the fundamental frequency is in the ENZ
spectral range.®® The microscopic origin of the enhanced SHG
in this case is a surface nonlinearity of the nanorods, made
from a centrosymmetric metallic material.**

The two extinction peaks considered above define the
spectral regions where the metamaterial is opaque. At the same
time, hyperbolic metamaterial slabs also support Fabry—Perot
and guided modes, the spectral features of which are barely
resolved in extinction spectra, overshadowed by the large
magnitude of the extinction peaks, but are observed as minima
or maxima (depending on the particular geometrical
parameters of the sample) in transmission and, particularly,
reflection (Figure 3d). The metamaterial slab guided modes
can be used for engineering molecular emission®” (see
subsection 4.3) or enhancement of second harmonic
generation.’® A two-dimensional analogue of hyperbolic
metamaterials for SPP waves—hyperbolic metasurfaces—has
also been realized.*”””

Opverall, the effect created by the metamaterial hyperbolicity
can be very pronounced and, being proven experimentally,
found applications in subwavelength microscopy and lithog-
raphy, thermal and spontaneous emission control, ultrafast
optical modulation, lasing, and sensing,*>”"
be discussed below in the case of metamaterials functionalized
with molecules.

many of which will

2.3. Chiral Metamaterials

A special type of metamaterials important for conditioning
molecular interactions is a chiral metamaterial. According to
the definition of chirality, an object is said to be chiral when it
cannot be superimposed with its mirror image by any
combination of translational and rotational operations. Some
of the classical examples would be left and right hands (indeed,
the term chirality comes from the Greek “ye1p”, meaning
“hand”) or an ordinary elastic spring (Figure 4a). Chirality is

(a) Mirror
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Figure 4. Schematic illustration of a chiral metamaterial. (a) Concept
of chirality. (b) One of the possible designs of chiral plasmonic
metamaterials, fabricated using, e.g,, a direct laser writing in a positive
photoresist followed by metal electrodeposition in the obtained
helical channels.

widespread in nature, across various areas, from the spin of
elementary particles to the configuration of chemical
molecules. In electromagnetism, left and right circular
polarizations (LCP and RCP) are two fundamental chiral
states of light. Optical materials can also be chiral, resulting in
different optical properties for circularly polarized light with
different handedness. Particularly, this gives rise to optical
birefringence, the effect when LCP and RCP light propagates
through the medium with different propagation constants
(which is related to different real parts of their refractive
indices), and circular dichroism (CD), when LCP and RCP
light states are differently absorbed (which is related to the
different imaginary parts of their refractive indices). Together,
these two effects are referred to as the optical activity of the
medium. Phenomenologically, the chirality of the material
means that its electric and magnetic responses are coupled:

D = ¢¢E — iéH
c

£

B = uuH + lc E ©)
where ¢ is the chirality parameter. As the magnetic response of
natural materials at optical frequencies is very weak, their chiral
optical properties are weak as well: light has to travel
macroscopic distances through the media to achieve
pronounced optical activity effects.

As metamaterials provide the exact technology to enhance
both electric and magnetic responses of the media, particularly
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Figure S. Fabrication approaches for plasmonic metamaterials. (a) Schematic illustration of the fabrication of metamaterials with EBL. (b) SEM
image of a gold V-shaped antenna array fabricated on a silicon wafer. Reproduced with permission from ref 73. Copyright 2011 American
Association for the Advancement of Science. (c) A four-layer SRR metamaterial. Reproduced with permission from ref 74. Copyright 2008 Springer
Nature. (d) SEM images of a 3D U-shaped SRR array, with the top view of a metallic hole vertical SRR shown in the inset. Reproduced with
permission from ref 77. Copyright 2015 Springer Nature. (e) Schematic illustration of the procedure for the fabrication of a square array of free-
standing 3D gold helices and (f) a left-handed helix structure after removal of the polymer. Panels e and f are reproduced with permission from ref
45. Copyright 2009 American Association for the Advancement of Science. (g) TEM image of a heptamer self-assembled from gold nanoshells.
Reprinted with permission from ref 78. Copyright 2010 The American Association for the Advancement of Science. (h) Edge view of a 3D crystal
formed by nanospheres showing two (111) faces of a face-centered cubic crystal. Reproduced with permission from ref 79. Copyright 2020
Springer Nature. (i) Left- and right-handed nanohelices (diameter 34 nm, helical pitch 57 nm) formed by nine gold nanoparticles (10 nm in
diameter) that are attached to the surface of DNA origami with 24-helix bundles (16 nm in diameter). (j) CD spectra of left-handed (red line) and
right-handed (blue line) nanohelices in panel i. Insets: corresponding TEM images of left- and right-handed nanohelices (scale bars, 20 nm). Panels
i and j are reproduced with permission from ref 80. Copyright 2012 Springer Nature.

through the exploitation of resonant effects, they offer an ideal
platform for the realization of optical materials with greatly
enhanced chiral properties. In this respect, a wide variety of
chiral metamaterial designs has been implemented: an array of
spirally shaped metallic nanowires would be a classical example
(Figure 4b). Following this, artificial optical materials have
been demonstrated with extremely enhanced CD and
birefringence, which exceed by many orders of magnitude
those of the natural materials. Consequently, chiral meta-
materials have found applications in enhancing chiral sensing,
which we will consider in subsection 7.5.

3. FABRICATION OF PLASMONIC METAMATERIALS

Plasmonic metamaterials operating at optical wavelengths
usually contain precisely shaped meta-atoms with subwave-
length sizes and separations to ensure effective-medium-like

behavior. While their arrangement does not need to be
periodic, often periodicity is favorable due to fabrication
considerations. Therefore, the fabrication of plasmonic
metamaterials operating in the optical and near-infrared
spectral ranges requires state-of-the-art fabrication processes
with nanometer-scale resolution. In this section, we highlight
some typical nanofabrication techniques that are widely used
for the fabrication of plasmonic metamaterials. In general, top-
down approaches, which start from continuous materials and
sculpture the nanostructures, are sequential, and the overall
size of the fabricated metamaterials is relatively small, while
bottom-up approaches based on self-assembly provide an
opportunity for large-scale fabrication of metamaterials.

3.1. Top-Down Lithography Approaches
3.1.1. Electron Beam Lithography. Conventional photo-

lithography has been widely used in the semiconductor and
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microfabrication industries. However, its spatial resolution is
limited by the diffraction of light, making it unsuitable for the
fabrication of plasmonic metamaterials with subwavelength-
scale feature sizes for operation in visible spectral range. By
using high-energy electrons with an extremely small wave-
length (the de Broglie wavelength is around 0.01 nm) instead
of light to expose the resist, electron beam lithography (EBL)
provides a high spatial resolution on the order of 10 nm and
has been widely used for the fabrication of metamaterials. As
schematically shown in Figure Sa, in a typical EBL-based
fabrication procedure, an electron beam is first focused to a
spon size of several nanometers onto a substrate coated with an
electron-beam resist to write a predesigned pattern. Sub-
sequently, depending on the type of resist (positive or
negative) used, the exposed (positive) or unexposed (negative)
part of the resist is etched away with a chemical developer to
form a patterned resist film. Finally, a thin layer of metal film is
deposited onto the structure followed by a lift-off process to
obtain a plasmonic metamaterial. In many cases, such a
metamaterial is purely two-dimensional, i.e.,, a nanostructured
surface, what is often called a metasurface. A typical plasmonic
metasurface fabricated by EBL is shown in Figure 5b. Its unit
cell (yellow) comprises eight gold V-antennas with width and
thickness of ~220 and 50 nm, respectively,” showing the
excellent control of the shape and size of each meta-atom with
EBL.

Instead of using a single metal film, multilayered metal-
dielectric metamaterials, such as hyperbolic metamaterial
nanostructures,”’ can be fabricated by depositing alternating
metal and dielectric layers onto the patterned substrate.
Plasmonic metamaterials with a 3D structure can also be
fabricated by multistep EBL.”*”’® The structure in each
stacked layer as well as the lateral alignment and stacking
distance between each layer can be precisely controlled during
the fabrication, providing great opportunities for the develop-
ment of metamaterials with exotic optical properties. Figure Sc
shows an oblique view of a four-layer SRR structure,”* in which
the underlying SRRs are clearly visible.

EBL is a powerful technique to fabricate complex plasmonic
metamaterials with high spatial resolution. However, it is time-
consuming due to the serial point-by-point scanning of the
focused electron beam, which greatly limits its throughput and,
thus, makes it rather problematic for the fabrication of large-
scale metamaterials.

3.1.2. Focused lon Beam Lithography. Focused ion
beam (FIB) milling uses a focused beam of ions (e.g., gallium,
helium, neon) to sputter atoms away from a sample surface to
form a desired nanostructure. Therefore, different from the
EBL-based fabrication approach, which requires several
processing steps and time-consuming optimization of lithog-
raphy parameters, FIB lithography can directly mill a pattern
onto a target substrate to form nanostructures,xl making it an
attractive choice for the rapid prototyping of plasmonic
metamaterials.””~** In addition to the fabrication of planar
plasmonic metamaterials, when combined with in situ
irradiation-induced folding of metallic thin film structures,
three-dimensional plasmonic metamaterials can be directly
fabricated with FIB lithography.””*~* Figure Sd shows an
SEM image of a 3D U-shaped SRR array with each meta-atom
composed of a vertical SRR placed at the edge of a hole in the
metal film,”” which was fabricated with this approach.

Gallium-based FIB lithography has a resolution typically
limited to 10 nm and provides undesired Ga-ion contami-

nation of nanostructures, changing their optical properties.
Helium- or neon-based FIBs have a much better fabrication
resolution as low as S nm and greatly reduced contamination,*®
which are extremely attractive for fabricating high-precision
plasmonic metamaterials. However, they come at the cost of a
significantly reduced milling speed due to the lighter ion mass
in comparison with gallium ions. As in the case of the EBL-
based fabrication technique, throughput and large-scale
fabrication are the main challenges for the fabrication of
plasmonic metamaterials with FIB lithography.

3.1.3. Direct Laser Writing. With direct laser writing
(DLW), nanopatterns can be directly written into a photoresist
by nonlinear optical absorption-based polymerization. It is a
versatile technique for fabrication of complex three-dimen-
sional polymer micro-/nanostructures with submicron reso-
lution.”””® Combining DLW with the electrochemical metal
deposition methods to metallize the dielectric framework,
plasmonic metamaterials with complex structures can be
readily fabricated.””' For example, Figure Se shows a
schematic illustration of the fabrication of a chiral metamaterial
with DLW.* First, a positive photoresist with an appropriate
thicknessis spin-coated onto a conductive substrate. Second, a
laser beam is tightly focused into the photoresist to write a
pattern via two-photon polymerization, which is subsequently
followed by the development to remove the polymer in the
exposed regions. Third, the obtained voids are filled with metal
using electroplating or other methods. Finally, the polymer
template is completely removed by oxygen-plasma etching.
Figure 5f shows an oblique-view SEM image of an as-fabricated
left-handed gold-helix metamaterial, which has a fairly small
surface roughness and works as a broad-band circular polarizer.
To further improve the fabrication resolution of DLW, the
combination of the stimulated-emission depletion microscopy
technique and DLW has been introduced, which can reach a
resolution limit as low as ~50 nm.””~

3.2. Bottom-Up Self-Assembly Approaches

In addition to the commonly used top-down fabrication
approaches, plasmonic metamaterials can also be fabricated by
a bottom-up self-assembly approach, which can build complex
nanostructures directly in/from a solution from an ensemble of
simple building blocks (i.e., plasmonic nanoparticles). The
driving force for the assembly is originated from the mutual
interactions (e.g, van der Waals forces, electrostatic forces,
capillary forces, molecular binding forces) between nano-
particles as well as the interactions between nanoparticles and
functional materials (e.g,, polyelectrolytes, DNA). During the
past decades, high-quality metallic nanoparticles with a variety
of geometries (e.g., sphere, rod, triangle, cube) have been
synthesized, providing a rich toolkit of building blocks for the
construction of complex plasmonic metamaterials.

Evaporation of solutions containing plasmonic nanoparticles
is a simple method to self-assemble nanoparticles into
plasmonic metamaterials.”®’””*~® As shown in Figure 5g,
by slowly drying a droplet of plasmonic nanoshell (coated with
a polymer monolayer) solution on a hydrophobic substrate,
close-packed clusters of nanoshells such as trimmers and
heptamers can be obtained. Such nanostructures exhibit
pronounced magnetic and Fano-like resonances due to the
strong near-field coupling.”® Their optical response is highly
dependent on the interparticle spacing, which is defined by the
chain length of the polymer and can be tuned with
subnanometer precision.
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Figure 6. Large-scale fabrication of plasmonic metamaterials. (a) Cross-sectional view of a gold nanorod metamaterial. Inset, photograph of the
nanorod metamaterial. Reproduced with permission from ref 119. Copyright 2018 Springer Nature. (b) SEM image of a gold nanotube array.
Reproduced with permission from ref 125. Copyright 2010 American Chemical Society. (c) SEM image of a small area of a gold L-shaped
resonator metamaterial. Reproduced with permission from ref 130. Copyright 2007 AIP Publishing. (d) Schematic illustration of roll-to-roll
imprinting onto a UV-curable epoxy-silsesquioxane-coated Al/SiO,/Al/PET substrate under a conformal contact and fabricated nanostructures.
Reproduced with permission from ref 131. Copyright 2012 AIP Publishing. (¢) SEM top view image of the gold bow tie array. Reproduced with
permission from ref 132. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Apart from the formation of nanostructures with short-range
ordering, large-area self-assembled plasmonic metamaterials
can also be fabricated with this method. For example, by
evaporating a droplet of toluene containing polystyrene-
stabilized gold nanoparticles on the interface of diethylene
glycol, the nanoparticles can be assembled into densely packed
face-centered cubic crystals with small gaps (~1—4 nm) and
excellent three-dimensional order (Figure Sh). Such nano-
particle arrangements support plasmon polaritons in the so-
called “deep strong light-matter coupling” regime.””

Electrotunable plasmonic metamaterials can be further
realized via the electrochemically controlled self-assembly of
plasmonic nanoparticles at liquid/liquid or liquid/solid
interfaces.””™'%® A reversible electrotunable liquid mirror was
demonstrated based on voltage-controlled self-assembly/
disassembly of negative-charge-functionalized gold nanopar-
ticles at the interface between two immiscible electrolyte
solutions.'”” The optical properties of the liquid mirror, such
as reflectivity and a spectral position of the absorption band,
can be tuned in situ within a low applied voltage of +0.5 V.
The electrochemically controlled self-assembly approach opens
up a wide range of possibilities for designing electrotunable
optical metamaterials, such as switchable mirrors, filters, and
displays.

Based on the specific Watson—Crick base pairing of DNA,
plasmonic nanoparticles can be self-assembled into metama-
terials with great programmability and unprecedented nano-
meter-scale precision. In a typical example, one group of
plasmonic nanoparticles is first functionalized with thiolated
single-stranded DNA as programmable linkers, and then mixed
with nanoparticles modified with complementary single-
stranded DNA, which leads to self-assembly into complex
nanostructures (e.g., dimers, trimers, chains, satellites, lattices)
by the hybridization of the DNA strands into a double

15039

helix.'"”*~'% By exploiting DNA origami (a DNA pattern

fabricated by the folding of a lon§ single-stranded DNA using
specific single-stranded DNAs'*""°) as the rigid scaffold, it is
possible to organize plasmonic nanoparticles into 2D or 3D
metamaterials by hybridizing single-stranded DNA modified
nanoparticles with their complementary DNA strands
extended from DNA origami at designated binding sites with
nanometer-scale precision. This method was used to fabricate
chiral plasmonic nanostructures showing strong CD at visible
wavelengths.”’ As schematically shown in Figure 5i, DNA
origami with 24-helix bundles, which offer nine helically
arranged attachment sites for gold nanoparticles, are used as
rigid templates. By mixing them with gold nanoparticles
functionalized with complementary DNA strands, gold nano-
particles can self-assemble around the DNA bundles, forming
left- and right-handed plasmonic nanohelices, respectively
(Figure Sj, insets). Due to the strong near-field coupling
between the helically assembled gold nanoparticles, these left-
and right-banded plasmonic nanohelices exhibit mirrored CD
spectra with a characteristic bisignate peak-dip line shape
(Figure Sj). Benefiting from the inherent sequence-defined
addressability and high rigidity, DNA origami has been widely
applied to precisely build plasmonic metamaterials with well-
defined structures and optical responses.””"'"'!*

3.3. Large-Scale Fabrication Approaches

3.3.1. Anodic Aluminum Oxide Template-Based
Patterning for Hyperbolic Nanorod Metamaterials.
Porous anodic aluminum oxide (AAO) is a typical self-
organized nanoporous material formed by the anodization of
an aluminum film.""*"'* By controlling the anodization
conditions, high-density nanopores with diameters in the
range of several to hundreds of nanometers can be readily
obtained. It is widely used as a template for the electro-
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deposition of various plasmonic nanostructures (e.g., nanodots,
nanorods, nanotubes) into large-scale arrays with low cost and
high resolution.''>!">!1¢

Plasmonic nanorod metamaterials, an archetypal type of
hyperbolic metamaterials (HMM), which consist of a periodic
array of metallic nanorods oriented perpendicular to a
substrate, are fabricated by electrodeposition of metal into
porous AAO templates on a substrate."'”'"*Figure 6a shows a
cross-sectional view of a gold nanorod metamaterial."'” It can
be clearly seen that gold nanorods with an average diameter
and length of ~50 and 420 nm, respectively, are closely
embedded in an alumina matrix. The diameter and separation
of the nanorods (typically in the ranges of 15—65 and 50—120
nm, respectively) are determined by the parameters of the
AAO template (ie, nanopore diameters and separations,
regulated by the conditions of the anodization), while the
length of the nanorods (typically in the range of 150—1200
nm) is controlled by the electrodeposition time and the
thickness of the AAO template (as an upper bound).
Benefiting from the scalable electrochemical fabrication
technique, such metamaterials can cover macroscopic (centi-
meters squared) areas with typical nanorod areal densities as
high as 10'°-10" cm™. The functionality of nanorod
metamaterials can be further extended by inserting functional
materials into the nanorods to form split-rod metamateri-
als'*>"*' or by coating the surface of the nanorods with
functional materials to form core—shell nanorod metamate-
rials.'”*~"** The former are usually fabricated via sequential
electrodeposition of metal (bottom section), functional
material (middle section, eg, ZnO'*'), and metal (top
section) into porous AAO templates on a substrate, and the
latter can be readily fabricated by first widening the AAO pores
to create a shell around the nanorods with nanometer-scale
thickness, followed by the electrodeposition of functional
materials such as palladium,123 polypyrrole,122 or nickel'** into
the shells, to coat each nanorod. Furthermore, by electro-
depositing metal around sacrificial polymer nanorods in a
porous AAO template, plasmonic nanotube metamaterials can
be fabricated (Figure 6b).'*'*® Coaxial rod-in-a-tube arrays
with gap as small as 5 nm can also be realized by sequential
deposition of gold nanorods, sacrificial polypyrrole nanoshells,
and gold nanoshells into a porous AAO template.'”’”

Usually, the geometry and layout of as-fabricated nanorod
metamaterials are determined by the fixed AAO template
providing quasi-hexagonal arrangement of the nanorods.
However, it is possible to precisely engineer the size
parameters and arrangement of nanorods in the assembly by
using EBL, FIB or NIL to define the templates for
electrodeposition. In this way, high-uniformity nanorod
metamaterials can be fabricated by the combination of these
methods.'**'*’

3.3.2. Nanoimprint Lithography. Nanoimprint lithog-
raphy (NIL)'* is a low-cost and high-throughput technique
for nanofabrication. Different from most lithographic ap-
proaches that transfer nanostructure patterns via a photo- or
electron-induced changes in the resist, NIL transfers patterns
mechanically with a stamp, providing a parallel processing for
fabrication of plasmonic metamaterials with high throughput
and low cost. In this technique, a stamp with a desired pattern
is mechanically pressed into the imprint material (usually a
polymer or monomer formulation) already coated on a
substrate. The mechanical deformation causes the pattern to
be transferred into the imprint medium. After a hardening

process, the stamp is removed, leaving the nanostructure
pattern on the substrate. A plasmonic metamaterial can then be
fabricated by standard metal and dielectric depositions and a
lift-off procedure. Therefore, with an optimized nanoimprint
process, the resolution of NIL is only limited by resolution of
the mold pattern, which is fabricated typically by EBL and can
be as high as several nanometers.

Based on this approach, various plasmonic metamaterials
have been demonstrated."**'**~"**Figure 6¢ shows an SEM
image of a small area of a metamaterial consisting of an
ordered array of four L-shaped resonators."** The total size can
be as large as 1 mm X 100 um, with a critical dimension
smaller than 10 nm. By using the roll-to-roll NIL technique,
continuous fabrication of large-scale plasmonic metamaterial
films can be further realized."”""*"Figure 6d illustrates the roll-
to-roll imprinting of disk patterns on a metal—insulator—metal
stack-coated polymer substrate using a flexible hole mold. The
mold can continuously imprint the disk patterns onto a linearly
fed substrate when it is rolled over the substrate under a
conformal contact."*’

Nanoimprinting can also be carried out directly on metal
(e.g., gold, silver) substrates without using any resists by using
hard molds to fabricate plasmonic metamaterials."*>'**"* Si
molds have been proposed to pattern metal films at a high
temperature (400 °C) and pressure (300 MPa), with the
subsequent mold removal by wet-etching.'*” This method was
also demonstrated at low pressures (<4 MPa) and temper-
atures (25—150 °C) for imprinting silver and gold plasmonic
nanostructures with Si molds (Figure 6e), which could be
recycled many times."*

NIL provides an attractive approach for fabricating two-
dimensional plasmonic metamaterials with high resolution,
excellent repeatability, low cost, and high throughput.
However, several critical issues need to be solved before it
can be used in the highly demanding industry applications. For
example, defects can be easily generated after each contact
process, and pattern distortions can happen during the
demolding process (separation of the mold from the
substrate). Also, there is usually a residual layer left on the
substrate after NIL, which needs to be removed before
subsequent processing.

3.4. Incorporation of Molecules in Plasmonic
Metamaterials

In order to combine plasmonic metamaterials with the
molecular species, techniques for the incorporation of
molecules into plasmonic metamaterials were developed. The
simplest way is to place plasmonic metamaterials into liquid or
gaseous environments where the targeted molecules are
dispersed. Upon diffusion, the molecules enter the metamate-
rials becoming accessible to the near-field of the meta-atoms.
This approach is widely used in biochemical and gas sensing
applications. Target molecules can also be doped into a solid
matrix (e.g., polymers) first and then coated onto the surface of
meta-atoms to realize hybrid molecular metamaterial systems.
In this case, the distance between the molecules and meta-
atoms is fixed and random (with the upper limit of the distance
determined by the thickness of the coating).

For more controllable functionalization, molecules can be
fixed onto the meta-atoms using the well-established metal
surface functionalization techniques, such as thiol-metal (or
amino-metal) systems, based on the high affinity of sulfur
(such as in a thiol group) to metal (e.g, gold, silver) surfaces.
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Figure 7. Weakly and strongly coupled oscillators. (a) Model of two coupled lossy oscillators. (b and c) Dependence of the frequency
characteristics of weakly coupled (b) and strongly coupled (x = 0.08k,) (c) oscillators on their spectral detuning. Reproduced with permission from
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Target molecules can be a part of the thiolated derivatives or
bind onto the thiolated groups separately. With this approach,
the position and distance of the molecules to the meta-atoms
can be precisely adjusted by controlling the length (usually less
than S nm) of the thiolated group, which is required for
engineering the optical interactions between meta-atoms and
molecules. Silica shells or polyelectrolyte multilayers fabricated
using layer-by-layer assembly are also widely used for the
immobilization of molecules with larger molecule—meta-atom
distance. Furthermore, target molecules can be bound onto a
particular part of the meta-atom by using lithography
approaches such as EBL to predefine the exposure
area.' """ They can also be used for the specific binding of
other functional materials such as quantum dots to selected
regions of the meta-atoms, #4143

4. LIGHT-MOLECULE INTERACTION IN PLASMONIC
METAMATERIALS

The interaction of molecules or atoms with plasmonic
nanostructures gives rise to a wide variety of phenomena
from the modification of the spontaneous emission to
plasmon-exciton lasing. In this section, starting with the
fundamentals of the light-matter interactions in weak and
strong coupling regimes, we overview the intriguing effects of
the plasmonic metamaterial environment on the optical
properties of molecules.

4.1. Weak and Strong Coupling Regimes

When quantum emitters are coupled with other resonant
systems, depending on the resonant properties of each
component and their coupling strength, their interaction can
be significantly modified. The physics of the related
phenomena can be explained in a very illustrative way
considering a model of two coupled oscillators, where one
oscillator represents a molecular excitation, the other
represents a photonic resonance supported by the metamate-
rial, and the coupling between them accounts for the light-
matter interaction (Figure ’7;&):144’145

K K
i+ 2pp + —x + —(x —xy) =0
my my
K K
Xy + 2%, + 2x, — —(x, — x,) =0
m, m, (7)

where m,,, 7, and k;, are the masses, individual (before
coupling) loss rates, and spring stiffnesses of the oscillators,
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respectively, x,, are their positions, and k is their coupling
coefficient. We assume that the oscillators are well-defined, so
when they are not coupled, their loss rates are much smaller
than their frequencies (y,, < ®,,). We also consider the case
when their resonant frequencies (particularly their real parts)
are the same @, , = @,. The latter assumption corresponds to
the situation when the molecular transition and the
metamaterial mode are in resonance. For illustrative purposes,
we take the masses of the oscillators to be identical m; = m, =
m, so their coupling is characterized by a single coupling

coeflicient \/k/m = . The solutions of eq 7 can be found in
the form of damped oscillations:

_ Ot
X1, = G126

(8)
where Q = @ + i7 is the complex-valued oscillation frequency.
Considering the coupling as a small perturbation, so that
solutions will correspond to the slightly modified eigenstates of
each oscillator Ql,z = w, + Ad,, + i(y,, + A7;,) and
applying a perturbative approach with a small parameter /w,,
one can find a frequency shift of the oscillators due to coupling
between them

2
Q
Ady, = ﬂ[—]
2 |\ w, (9)
and the change in their damping rates
2 4
. N @ Q
NSV S
4, = n)\ @, (10)

To further develop the analogy with a molecular system, one
of the oscillators can be assumed to have a very low loss y; <«
75, corresponding to a narrow frequency response representing
the molecular transition. Then, for the case of reasonably weak
coupling Q* < 7,m,, the frequency shifts will be very small for
both oscillators. In particular, they will be much smaller than
the line width of the second lossy oscillator A@, , < 7,, so the
overall spectral response of the system remains unchanged and
the oscillators keep their general behavior. For the molecular-
metamaterial system, this means that the presence of the
metamaterial practically does not change the transition
frequency of the molecule and the presence of the molecules
does not change the behavior of the metamaterial mode. This
is the so-called weak coupling regime.
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Even in this case, however, the coupling can have a very
strong impact in terms of the loss. Particularly, if the coupling

has a sufficient strength Q* >/ 1Y, @, the lifetime of the low-

loss “molecular” oscillator will be significantly modified so its
change is of the same order as its initial value |A¥,, | 2 7. By
an analogy, the rate of the spontaneous decay, described by the
oscillator, can be substantially increased in the presence of the
metamaterial through the coupling to the metamaterial modes.
It is worth stressing that both the above conditions can be
simultaneously satisfied, as they require only y; < 7,. It is also
interesting to note that the relative line width modification of
the second “metamaterial mode” oscillator will not be essential,
as the initial loss is comparably quite high. This modification of
the emission rate in a weak coupling regime can be rigorously
described considering the local density of optical modes, as will
be done in subsections 4.2 and 4.3.

In the strong coupling regime, when the coupling rate is
comparable to or larger than the damping rate of both
oscillators (the coupling time is comparable to or shorter than
the oscillator lifetimes), the situation is very different.
Physically this corresponds to the case when the oscillators
can significantly exchange energy during their lifetime (even
multiple times). Solving the model (eq 7) for this case and
taking the lossless case to expose a clear physical meaning, one
can determine the frequencies of the new eigenmodes of the
system144

L _ 1o o - -5
al= 10+ 0+ J(@F - Q) +4Q°0,0,] -

where Ql,z = J(k, +x)/m, and Q=k/m x/m,/
w/S_llS_?.z. The eigenmodes in this case are the collective

oscillations representing hybrid states involving both resonant
systems. In the molecule-metamaterial system, such eigenm-
odes, visible in its extinction or absorption spectra, are mixed
light-matter states with specific anti-crossing dispersion. If we
keep the parameters of one of the oscillators constant (x; = k,
m, = my, resonant frequency @, = @,, horizontal line in Figure
7b) and change the spring constant of the other (for simplicity
taken with the same mass), so its uncoupled eigenfrequency
sweeps to cross the one of the first oscillator through the
variation in k, = K, + Ak (the curved line in Figure 7b), the
dispersions of the coupled states experience an anti-crossing
with a frequency split Q proportional to the coupling
coefficient x (Figure 7c). The phenomenon of the anti-
crossing is also called the Rabi splitting. If the loss is
introduced, the mode dynamics of the system become
complex, but the main characteristics of the anti-crossing in
a strong coupling regime remain. The splitting in this case
might be indiscernible due to comparable or larger resonance
widths. Here, a general condition for its observation is given by
the expression:

Qzyp+rn (12)

One needs to stress here that although the phenomena of
weak and strong coupling were illustrated above for the case of
localized resonances, they also exist for interaction of
molecular resonances with propagating modes as in the case
of, e.g,, enhanced spontaneous emission in the presence of
waveguided metamaterial modes®” (see subsection 4.3 below)
or strong coupling of emitters to propagating SPPps.'*

4.2. Weak Coupling: Modification of the Spontaneous
Emission Rate

Since the pioneering work of Purcell,"*” it has been known that

the spontaneous emission rate of an atom, a molecule, or any
other emitter is not a universal characteristic, defined only by
the emitter internal properties, but is heavily influenced by the
electromagnetic environment. This happens through an
increase of a local density of optical states (LDOS) available
for the emission. The modification of spontaneous emission by
media, interfaces, or specially designed physical systems is
called the Purcell effect, and the ratio of the emission rate to its
free-space counterpart is called the Purcell factor.

Even a simple metallic surface creates a rise in LDOS in
comparison to the free space, as it supports SPPs and lossy
surface waves.'*® This phenomenon is actually universal for
any plasmonic system and can be related to the characteristic
field enhancement provided by the plasmonic objects.
Furthermore, by nanostructuring the metal into metamaterials,
metasurfaces, and individual nanoparticles, it is possible to
design the supported modes and their density, which can be
used to engineer the light-matter interaction, particularly the
electromagnetic behavior of molecules in the vicinity of the
structures. Electronic transitions in molecules can be
summarized in the framework of a Jablonski diagram showing
the possible radiative and nonradiative transitions. Absorption,
fluorescence, and phosphorescence can be efliciently influ-
enced in a plasmonic environment, including both allowed and
forbidden transitions, and the selection rules can be relaxed
due to the symmetry of the plasmonic field. In this subsection
we will discuss this phenomenon in the context of the
modification of the spontaneous emission of excited molecules
in plasmonic metamaterials or near plasmonic metamaterials
and metasurfaces.

In the regime of weak coupling of the emitter with the
environment, the light-matter interaction presents a small
perturbation in a Hamiltonian describing the system of the
emitter and the electromagnetic field. Applying a standard
quantum-mechanical procedure, the rate of spontaneous
emission of an excited molecule, defined by interaction with
zero oscillations of the electromagnetic field, can be calculated
using Fermi’s golden rule:'*’

2
v |ﬂ|2

Ypont = 3he, P (r, ®)

(13)

where pt = (glfile) is the matrix element of the dipolar transition
operator fI involving the excited le) and ground lg) states and
p,(r, @) is the position- and frequency-dependent partial
LDOS for the transition dipole moment with the considered
orientation. The latter can be related to the total LDOS via a
proper averaging over dipolar transition directions if there is no
fixed one. Thus, as was mentioned above, plasmonic
metamaterials and metasurfaces having highly resonant and/
or unusual optical responses offer the opportunity for
engineering the LDOS and, consequently, the spontaneous
emission of the molecules or atoms. On one hand, the
provided enlarged LDOS will lead to an increased spontaneous
decay rate and, therefore, the possibility to realize faster light
sources for, e.g.,, optical communication. On the other hand,
the rise of the LDOS related to the plasmonic modes coupled
to the free-space radiation can lead to the increase of the local
quantum yield # of the fluorescent molecules and, therefore, a
higher brightness of the emission:
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where y,,4 is the emission rate into photons, which can be
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either free-space radiation or photons coupled to the
waveguided modes, and y,,, is the total decay rate which also
includes the energy transfer into nonradiative channels given
bY Vnonrag- Therefore, the increase of the brightness is a more
intricate question, because the presence of the metallic
nanostructures will also result in the introduction of additional
loss channels, related to nonradiative plasmonic modes, surface
lossy waves, and damping of the energy into electron—hole
excitations,** thus also increasing ¥pon-rad-

From the point of view of the LDOS enhancement,
hyperbolic plasmonic metamaterials present a particular
interest. Generally, the LDOS is the number of optical states
in the infinitesimal frequency interval from @ to @ + dw,
normalized by dw. In other words, it includes optical states
located between two constant-frequency surfaces near @ in the
k-space. In the case of natural materials with an elliptical
dispersion, such region is bounded by two infinitely close
elliptical surfaces and has a finite (and infinitely small) volume
(Figure 2). In the case of hyperbolic metamaterials, however,
this space resides between two infinitely close hyperboloids,
which extend infinitely in the high-k directions, resulting in an
infinitely high LDOS. Furthermore, in contrast to plasmonic
resonances which provide LDOS enhancement only in the
vicinity of the resonance frequency, hyperbolic metamaterials
provide a broad-band Purcell effect at all frequencies where the
dispersion is hyperbolic.

Additionally, the emission inside or near the hyperbolic
metamaterial can possess high directionality. Indeed, the high
LDOS is achieved for the modes inside a narrow wave vector
cone marked by the hyperboloid asymptotes, and these are the
modes into which the radiation will be predominantly emitted.
The related wave vectors mark the directions of the phase
velocities of the emitted modes. The actual directions of the
emission, in which the energy is emitted, are defined by the
directions of the group velocities of the modes (or the
Poynting vector), which are perpendicular to the isofrequency
surfaces. They also produce a cone with an angle of 7/2 — 0 in
respect to the metamaterial optical axis z, where 0 is the
corresponding angle of the hyperboloid asymptotes. In Figure
8, the directions of the phase velocity are shown by the wave
fringes, and the energy propagation directions, by the emission
intensity (a cross section of the cone). A substantial
modification of the emission directionality is observed in the
hyperbolic regime in comparison with the case of the material
with exaggerated anisotropy in the elliptical regime (cf. Figure
8 left and middle columns).

These considerations are related to the theoretically infinite
LDOS and, therefore, a singular Purcell factor determined by
an infinite extent of the hyperboloids in the k-space for (1) the
lossless case and (2) EMT theory assuming an infinitely fine
level of nanostructuring. In real metamaterials with a certain
nanofabrication pitch and unavoidable losses, however, the
hyperboloids are transformed into confined hyperboloid-like
surfaces (see subsection 2.2 for the details). Additionally, the
emission rate will be clamped due to a spatial dispersion of the
metamaterial and a finite size of the emitter. Nevertheless, the
fluorescence enhancement with the use of hyperbolic
metamaterials presents a very elegant physical approach,
which was extensively theoretically studied and experimentally

a=n/2

- .=

Figure 8. Emission patterns (IRe(E)l) of a radiating dipole placed
inside an anisotropic material with an elliptical dispersion (left
column, g = 3, &, = 1), a hyperbolic metamaterial described by an
EMT (middle column, &) = 3 + 0.2, £, = —1 + 0.2i), and a
multilayer hyperbolic metamaterial realization (silica (22 nm)/gold (S
nm)) corresponding to the considered EMT case. The maps are
presented for three dipole orientations with respect to the optical axis,
given by angle a. Reproduced with permission from ref 47. Copyright
2017 American Physical Society.

53,67,82,150—161 . . .
demonstrated.”” """ Devices made on this basis can

find applications in fast optical communication, biosensing,
fluorescence imaging, single molecule detection, broad-band
single photon sources, and quantum optics.

4.3. Spontaneous Emission Enhancement in Hyperbolic
Metamaterials

Spontaneous decay of various emitters in the presence of
hyperbolic metamaterials was investigated using time-resolved
photoluminescence spectroscopy.'®> The considered emitters
included quantum dots, quantum wells, 2D materials, nitrogen-
vacancy centers, and molecules; the latter presents a particular
interest in the context of this review.'>”'%!315¢ The
spontaneous decay rate of dye molecules in an epoxy layer at
the interface with multilayer hyperbolic metamaterials was
measured to be 1.7 times higher than its counterpart in the
pure epoxy environment."”’ Comparing with a control sample
of a flat metal film (assumed to have the same near-field
quenching loss into the metal), the increase of the spontaneous
decay rates was attributed to the coupling to the high-k modes
of the hyperbolic metamaterial. Further studies showed that
the decay of dye molecules located inside the multilayer
metamaterial, particularly in the dielectric layers producing it,
is faster, showing a Purcell factor enhancement in the range of
3—6 for various geometrical parameters.”> The increase of
emission into radiative modes (including photons and
metamaterial modes) was estimated to be even higher (30—
50 times); the difference occurs because the radiative rates
enter the overall Purcell enhancement together with non-
radiative losses, which are quite substantial, as the nominal
quantum efficiency of the used IR140 dye in the PMMA matrix
is quite low (9%). A careful study of spontaneous emission at
various wavelengths with the use of quantum dots showed an
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Figure 9. Fluorescence enhancement with hyperbolic metamaterials. (a) Schematics of the multilayered HMM. (b) Time-resolved fluorescence
signals measured in various environments shown on the right. (c) The dependence of the lifetime and the related Purcell factor for the
nanopatterned hyperbolic metamaterial (case (iv) in panel b) normalized by its counterpart for the uniform hyperbolic metamaterial (case (iii) in
panel b) on the array period. (d) Enhancement of the fluorescence intensity as a function of the nanopatterned hyperbolic metamaterial period
with the same normalization as in panel c. Insets show optical images of the hyperbolic metamaterial samples with (i) 80 nm, (ii) 100 nm, and (iii)
200 nm periods. Reproduced with permission from ref 82 Copyright 2014 Springer Nature. (e) Schematics of the nanorod HMM and the
associated Purcell enhancement for the emmiters inside the metamaterial. The yellow shaded area indicates the range of the Purcell factor values for
various positions of the orientationally-averaged emiter with respect to the nanorods. Reproduced with permission from ref 53. Copyright 2017

Springer Nature.

increase of spontaneous rates at the spectral point where the
metamaterial enters the hyperbolic regime."*® It was also
shown that the spontaneous emission decay of the emitters
located on the top of the metamaterial can be qualitatively, but
not quantitatively, characterized by describing the optical
properties of the metamaterial with the EMT (see below about
the validity of EMTs for the emitters inside a nanowire
metamaterial).

As we saw from the experimental results presented above, in
metamaterials and, particularly, in hyperbolic metamaterials,
the spontaneous decay rate can increase, potentially leading to
faster light sources, but the radiation in this case is
preferentially emitted into the high-k waveguided modes (see

15044

subsection 2.2). These modes are trapped inside the
metamaterial due to the wave vector mismatch to the free-
space photonic modes leading to their total internal reflection
at the metamaterial interfaces. This problem can be solved by
the implementation of nanostructuring of the metamaterial,
which, supplying an additional wave vector, will couple the
metamaterial modes to the free-space radiation.®”'®¥!%*
Particularly, it was experimentally shown that a grating-
patterned multilayer hyperbolic metamaterial (Figure 9a) can
offer a 76-fold enhancement of the Purcell factor (Figure 9b
and c) together with an 80-fold enhancement of the
fluorescence intensity radiated in the far-field compared to
the uniform HMM (Figure 9d). The intensity enhancement
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originates from both grating-assisted outcoupling of the HMM
modes and better pumping due to the larger local pump
intensity. Importantly, the Purcell factor and the fluorescence
intensity increase with the decrease of the grating period,
confirming the coupling of the dye emission to the higher-k
metamaterial modes, which are converted to free-space
radiation with the shorter-period gratings supplying larger
momenta. This finding is logical as higher-k metamaterial
modes have a larger LDOS, which follows from the topology of
the hyperbolic dispersion (Figure 2b and c). It was
theoretically shown that the Purcell factor enhancement can
be tuned by varying the thicknesses of the layers producing the
hyperbolic metamaterial, as this changes the metamaterial
optical properties described by the EMT via the variation of
the metal filling factor f (see eq S). The enhancement of the
fluorescence intensity through nanostructuring of the multi-
layer hyperbolic metamaterial into a resonant antenna was also
theoretically investigated.'*®'*>'°° This provides the possibil-
ity to manipulate spontaneous emission in metamaterial
components with subwavelength volumes, in contrast to the
approach based on traditional optical cavities.

The increase of the spontaneous decay rate, underlined by
the same physical mechanism, was observed in nanorod
hyperbolic metamaterials both at a metamaterial interface™’
and inside a metamaterial layer.”>*” In the latter case, using
dyes with various emission wavelengths, it was shown that
spontaneous emission of the dye can be coupled to the
waveguided modes of the metamaterial slab.”” Furthermore,
this can be used for spectral shaping of the emission. A
particular interest in the case of nanorod hyperbolic
metamaterials received a question of the influence of the
nanostructuring-related nonlocality on the rate of the
spontaneous decay (Figure 9¢).>® In fact, in this respect the
nonlocality was shown to play a crucial role, fundamentally
limiting the Purcell effect through the correction to the
metamaterial LDOS due to the so-called additional electro-
magnetic modes, related to collective excitation of cylindrical
surface plasmons supported by the nanorods. The local EMT
predicts that the Purcell factor enhancement has an enormous
peak at the ENZ spectral point, where the metamaterial
dispersion is transformed from elliptical to hyperbolic.
Nonlocal EMT results in a flatter wavelength dependence of
the spontaneous decay rate, which was confirmed by
experimental observations and numerical modeling. The
results show the essential breakdown of the local EMT for
the description of quantum emitters located in the bulk of a

nanorod metamaterial and the crucial importance of taking
into account nonlocality if one stays within the effective
medium description. On the other hand, the numerical
simulations of the emission in the exact nanorod array
environment demonstrated a dramatic dependence of the
Purcell factor on the position and transition dipole orientation
of the emitter.

It was shown that for forbidden non-dipolar singlet—triplet
transitions, the increase of the LDOS was not enough to
explain an experimentally observed 2750-fold increase of the
spontaneous decay rate, and strongly inhomogeneous electro-
magnetic fields inside the metamaterial need to be considered
to further facilitate the decay process.'®’ An interesting
phenomenon related to the spontaneous decay modification
by the electromagnetic environment is the modified Forster
energy transfer (in a classic description, when an excited donor
molecule transfers the energy to a receiving acceptor molecule
via the near-field interaction), which was studied in the case of
metamaterials.'””'*® Another effect happening in the weak
coupling regime is electromagnetically induced transpar-
ency,'* which was observed for interaction of molecular
vibrations with an SRR metamaterial.'®

The modification of the LDOS in hyperbolic plasmonic
metamaterials affects not only the rate of the emission but also
its directivity, which makes a pronounced impact on the
molecular optomechanics inside the metamaterial. Using an
analytical radiation reaction approach based on the Langevin
local quantization of electromagnetic excitations, a universal
theory of self-induced optical forces acting on a molecule
inside an anisotropic homogeneous medium with arbitrary
absorption and dispersion was derived."” Particularly, it has
been shown that a radiating molecule experiences a giant self-
torque inside a multilayer hyperbolic metamaterial described
by an EMT, two orders of magnitude larger than in materials
with the highest anisotropy available in nature. The emitting
molecule in this case was represented by a finite-sized dipole
with a Gaussian distribution of a dipole density and realistic
spatial dimensions (2 nm) corresponding to, e.g., rhodamine-
like molecules. The origin of the self-torque is the max-
imization of the emitter radiation efficiency and the
corresponding minimization of the potential energy of the
dipole in the near-field, resulting in a preferable alignment of
the dipole along the metamaterial optical axis. The effect
persists beyond the EMT description, although with a smaller
and broader spectral peak of the torque, in a multilayer
metamaterial realization.

https://doi.org/10.1021/acs.chemrev.2c00333
Chem. Rev. 2022, 122, 15031-15081


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00333?fig=fig10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
@ _x ®) 04
0.0

—— no pumping

R /N
] 0.5 kV/cm ,(',/’//,“
] — 1.0kV/em /;5//// s
14 — 1.5kV/cm &/// \n;ftg\nary
—— 2.0kV/cm 9.7

increasing

Effective refractive index

L e e
710 720
Wavelength (nm)

T
700

730

LN e

740

-0.41
n’_p.8-
-1.21
-1.61

710 720 730 740 750 760

710 720 730 740 750 760
Wavelength (nm)

Figure 11. Loss compensation in fishnet metamaterials. (a) Theoretical idea and numerical demonstration of loss compensation in a dye-
functionalized fishnet metamaterial. Adapted with permission from ref 191. Copyright 2010 The American Physical Society. (b) Experimental
spectra of the refractive index, permittivity, and permeability for low (dashed lines) and high (solid lines) pump intensities for the metamaterial in
panel a. Adapted with permission from ref 197. Copyright 2010 Springer Nature.

4.4, Strong Coupling: Hybridized Light-Matter States

Strong coupling is an intriguing phenomenon related to an
oscillation of the energy between the excitations in matter and
electromagnetic modes happening within their lifetimes. The
strength of the coupling determines both the absorption and
emission properties of molecules inside the metamaterials,
effectively governing their optical behavior. A careful
description, possible at various levels from classical to fully
quantum, shows that this results in the hybridization of the
material and photonic states, when the eigenmodes of the
system are given by the mixed light-matter states.'*'*
Using the fact that the properties of metamaterials are
defined by their geometrical parameters, the strength of the
coupling can be engineered, as this gives a means to control a
spatial overlap between the metamaterial modes and
molecules, as well as a spectral overlap with molecular
emission profile. A prominent example of the engineered
strong coupling in a metamaterial-molecular system was
demonstrated in a study of an interaction of molecular
excitons and plasmonic modes in a core—shell metamaterial
(Figure 10a). J-aggregate molecules were deposited into an
empty shell around the nanorods produced via partial etching
of the Al,O; matrix. Changing the shell thickness controls the
spectral position of the metamaterial mode, allowing design of
the spectral overlap between extinction peaks of the
metamaterial and of the excitons leading to the demonstration
of an anti-crossing between them (Figure 10b and c). The
strong coupling in this system can be phenomenologically
described by the interaction of the molecular excitons with a
metamaterial resonance. Strong coupling of rhodamine 6G dye
with a plasmonic guided mode on the surface of a multilayered
hyperbolic metamaterial was also observed through the
splitting of reflection dips."’” The coupling strength in this
system can be tuned through engineering the optical properties
of the metamaterial via the metal filling factor. In the terahertz
spectral range, strong coupling was demonstrated between the
metasurface plasmons and molecular vibrations.'”"'”* Partic-
ularly, it was shown that if the metasurface is chiral, weak and
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strong coupling regimes can be interchanged via the change of
the handedness of the illuminating light, which is associated
with different characteristics of the excited plasmonic
modes."”!

Generally, in the photonic systems with modest Purcell
factors, the losses and broadening of the emission line lead to
the deterioration of the strong coupling effects, while in
plasmonic systems they do not practically influence the
relaxation process, as the emission happens at much faster
time scale (picoseconds vs nanoseconds for the nonradiative
broadening).'”* Overall, in strongly coupled systems, it was
shown that the radiative decay may be nonexponential with the
energy being transferred from the emitter to the electro-
magnetic mode and back.'”* The role of strong coupling under
the gain conditions is important for the understanding of the
mechanisms of metamaterial loss compensation (see section §
for the details).'”* On the basis of strong coupling between dye
molecules and the modes on nanostructured plasmonic
surfaces, exciton—plasmon lasing has been demonstrated'”
(for a detailed discussion see subsection 5.1). The spatial
coherence of the hybrid exciton—plasmon modes can extend
up to a distance of 10 ym even when the presence of the
excitonic component in the hybrid mode is 80%."”°

With the increase of the coupling strength, when the
coupling time becomes comparable with the period of the
electromagnetic oscillations (and the Rabi splitting becomes
comparable with the resonant frequencies), the system enters a
so-called ultrastrong coupling regime. This was observed, e.g,,
for molecular optical transitions and high-Q nanocavity optical
modes'”’
plasmons.'”® Apart from the progress in fundamental under-
standing of the light-matter interaction, including the studies of
strong coupling is important in many

or molecular vibrational transitions and gap surface

. 179

chiral phenomena,
L . . . 180

applications, particularly, electronic devices,

and all-optical light control,'®*
183,184

nonlinear
. . 181
harmonic generation,
. 175 . . . .
lasing, "~ and engineering chemical reactions.
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5. PLASMONIC METAMATERIALS WITH GAIN MEDIA

As was discussed above, plasmonic metamaterials and
metasurfaces provide a high density of local optical states
and through this offer an opportunity to increase spontaneous
emission rates. Thus, the incorporation of a gain, based, e.g,
on molecular materials, inside or in the vicinity of
metamaterials creates a rigorous platform for the realization
of bright and fast incoherent light sources and lasers.
Furthermore, through the design of meta-atoms and their
arrangement and, therefore, the spectrum of the supported
metamaterial modes, one can engineer spectral and directional
properties of the emitted light. In this section, we overview
recent developments in loss compensation, amplification, and
lasing in fishnet and nanorod plasmonic metamaterials, also
touching the topic of incoherent sources and lasers based on
plasmonic crystals.

5.1. Loss Compensation, Amplification, and Lasing in
Fishnet Plasmonic Metamaterials

Fishnet metamaterials present special interest in metamaterial
research due to their ability to provide a negative effective
refractive index, which opens a prospect for a plethora of
applications. They can be fabricated by the multilayered
EBL,"*® FIB lithography,'®” and large-scale nanoimprint
lithography'®® approaches introduced in section 3. The
appearance of the negative effective refractive index in fishnet
metamaterials relies on the simultaneous realization of negative
effective permittivity and permeability utilizing an out-of-phase
and enhanced response of the structure near its plasmonic
resonance. At the same time the loss in the metal leads to
damping of the resonant response and, therefore, difficulty for
the effective optical parameters to reach negative effective
values. Thus, adding a molecular-assisted optical gain in the
dielectric component of the metamaterial, usually realized as a
dye-doped dielectric, offers a prospective way to solve this
problem. Furthermore, an inevitable transition of the
metamaterial into a lasing regime with the increase of the
pumping'®” leads to the possibility of realization of coherent
light sources with characteristics unattainable with usual
lasers.’* To achieve the gain levels needed for substantial
loss compensation or lasing, intense pumping using pulsed
lasers is usually required.

The possibility of compensating and overcompensating
losses in fishnet metamaterials was extensively theoretically
investigated (Figure 11a)."”°7'"° In this setting, a gain
produced by dye molecules can be described using a four-
level semiclassical model with two (pumping and gain) dipole
transitions.'”" Particularly, the system was self-consistently
numerically simulated using a full-vectorial Maxwell-Bloch
approach implemented in a finite difference time domain code.
It was shown that at the pump field magnitude of 1.85 kV/cm
it is possible to achieve full loss compensation in the negative
refractive index regime in a few-nm spectral region around the
wavelength of the molecular transition and even amplification
of the probe signal (negative absorption) with further increase
of the pump. Here, one needs to note that the over-
compensation and negative absorption do not necessary
mean that the transmitted signal will be higher than the
incident one, as a substantial part of the beam might be
reflected. It was analytically shown that, in the over-
compensation mode, the system enters an instability regime
and tends to make a transition to lasing,"®” maybe at higher
pump powers, to compensate the emission output. In an

amplification regime, when the system amplifies the incident
light but does not yet enter lasing regime (the gain is not
sufficient to compensate the output lasing “losses”), trans-
mission values slightly higher than 100% were predicted.'””

As soon as the dye-functionalized fishnet metamaterial starts
to enter the lasing regime, an interesting question arises which
mode or modes will be lasing. Within a gain spectral window of
the dye, there can be two metamaterial modes satisfying the
standing wave Bragg band-edge condition, one of these modes
can be bright and the other dark.'” Time-resolved numerical
simulations showed that both modes can enter the lasing
regime and, moreover, revealed a dynamic competition
between them. With an increase of the pumping power, it is
the bright mode that reaches the lasing threshold first, favored
by the chosen spectral profile of the gain. It was demonstrated
that by the proper choice of the dye with the spectral overlap
with one mode or the other, or both (or conversely by
adjusting the geometrical parameters of the fishnet for a given
dye), it is possible to engineer individual lasing of each mode
or their simultaneous coexistence. Here, to obtain the needed
spectral characteristics, the openings in the fishnet were chosen
to be of a rectangular form, but with a symmetric square-
opening design and the predefined spectral gain window
leading to suppression of the dark mode, dynamic competition
between two briﬁht modes of orthogonal polarizations can be
demonstrated."”

Various other designs for gain-assisted molecular metama-
terials were considered, e.g. based on split-ring,'*”*" split-
ring/rectangular opening,'”® and double-split-ring””" resona-
tors, 3D SRR configuration producing a toroidal resonant
structure,”*” and negative index materials superlattices.””*

Although there is a lack of experimental demonstrations of
this type of dye-functionalized metamaterial lasing, full loss
compensation in the regime of a negative real part of the
effective refractive index of a fishnet metamaterial has been
shown (Figure 11b). The plasmonic resonance in this case
became much sharper, improving the negative index character-
istics. The gain-assisted modulation of losses can be used for
all-optical switching and will be further discussed in the next
section.

5.2. Stimulated Emission and Lasing with Hyperbolic
Metamaterials

As we discussed above, plasmonic metasurfaces and meta-
materials (as well as individual plasmonic nanostructures) offer
a high LDOS and, therefore, a local enhancement of the
Purcell factor. This increases the spontaneous decay rate and,
although increasing the threshold pump powers, enables an
accelerated time response of plasmonic lasers and the
possibility of their ultrafast modulation.””* The high LDOS
near plasmonic nanostructures is usually associated with the
resonances and, therefore, happens only in a certain spectral
range. At the same time, we saw above that hyperbolic
metamaterials provide a high LDOS in a broad spectral range
in the hyperbolic regime and, therefore, offer a very versatile
platform for use with various molecular emitters.

If hyperbolic metamaterials are covered with a dye-doped
polymer film, the dye molecules will experience a high LDOS
in the region a few tens of nanometers from the metamaterial
surface. Due to the simplicity of fabrication, samples of this
kind were primarily studied in the experiments. First, the
phenomenon of amplified spontaneous emission (ASE) was
studied.”” A multilayer (type II) 25 nm (silver)/25 nm
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Figure 12. Lasing in hyperbolic metamaterials. (a) Schematics of a dye-functionalized hyperbolic nanorod metamaterial and the emission spectra
for different pump intensities. Adapted with permission from ref 206. Copyright 2017 American Chemical Society. (b) Transmission spectrum
showing the beam amplification (top) and nondiffracting beam propagation (bottom) in a gain-assisted multilayer hyperbolic metamaterial.
Adapted with permission from ref 212. Copyright 2017 American Chemical Society.

(MgF,) hyperbolic metamaterial was covered with a 200 nm
HITC-doped PMMA film, and the entire structure was
pumped with S ns pulses from an optical parametric oscillator.
A spectrum of light emitted from the hybridized metamaterial
shows clear narrowing when the pump power increased above
a certain threshold, characteristic of ASE. The threshold pump
power for reaching the ASE regime was found to be 2.5 times
lower and the emission power increase with the pumping
power ~3 times higher than in the case of an unstructured
metallic film covered with the dye, used for comparison. These
observations, within experimental uncertainties, agreed well
with a ~2 times enhancement of the Purcell factor determined
by measuring spontaneous emission kinetics. The increase of
the LDOS near the metamaterial interface, compared with that
provided by usual SPP waves at the surface of the metallic film,
was attributed to the influence of metamaterial bulk plasmon
modes produced by coupled gap plasmons supported by the
multilayer structure. In either case, outcoupling of these modes
to the far field radiation is needed to observe the emission
signal, which was facilitated by structure imperfections.
Dye-functionalized hyperbolic metamaterial lasing was also
studied.””® The hyperbolic metamaterial was produced by an
array of vertically aligned plasmonic nanorods and covered
with a rather thick (2 ym) dye-doped polymer film (Figure
12a). With the increase of the pulse energy of the pump laser,
the spectrum of the emission experienced narrowing, while the
output power dependence had a typical s-shape, characteristic
to the initial onset of ASE and then transition to a lasing
regime. Although a particular mode participating in lasing and
the exact feedback mechanism were not determined, the lasing
is probably related to the bulk plasmon modes of the
hyperbolic metamaterial layer.”>*°” The developed theoretical
model allowed determination of a p-factor of the laser
(showing the fraction of spontaneous emission going into
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the lasing mode; the higher, the better), which was found to be
quite high (equal to 0.23), which generally leads to a low lasing
threshold. A 35% lower lasing threshold and twice higher lasing
power were observed in comparison with the nanorod
metamaterial in an elliptic dispersion regime at the same
emission wavelength (the dispersion was controlled by setting
the nanorod diameters at the fabrication stage), while no lasing
was observed for metallic films or multilayer hyperbolic
metamaterials. Theoretical investigation of the phenomenon
revealed the relation of the lasing threshold to the thickness of
the metamaterial.”*” As a final note, although enhanced ASE**
and lasing”*® have been clearly shown in the above two articles,
their relation to the nonlocal character of the effective optical
properties of the metamaterial was not explicitly demonstrated
and requires further investigations.

The possibility of using a multilayer hyperbolic metamaterial
slab in hypercrystal configurations alternated with gain layers
to achieve nonreciprocal transmission or unidirectional
invisibility”*® and to realize a DFB-type laser’ has also
been theoretically discussed. Lasing in the cavity configuration
containing an HMM and multiple quantum wells as the gain
medium has been experimentally demonstrated,”"° together
with random lasing in disordered layers of gain-supplying
NaYF,:Yb/Er/Tm@NaYF,:Eu core—shell nanoparticles cover-
ing a hyperbolic metamaterial slab.”""

To stimulate experimental research and provide an
explanation of the observed results, loss compensation via
the incorporation of gain in the bulk of hyperbolic
metamaterials, e.g. by doping the dielectric slabs in the
multilayer hyperbolic material with dye molecules, was
extensively theoretically studied. Employing various analytical
and numerical approaches, it was found that when the dye is in
the completely saturated state, the loss in the direction
perpendicular to the layers can be fully compensated and even
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Figure 13. Spontaneous emission enhancement and lasing in dye-functionalized plasmonic crystals. (a) Schematics and an SEM image of the
plasmonic crystal; the graph shows the achieved fluorescence enhancement (p-polarized detection), relevant to the excitation of the collective
plasmonic modes (plotted with colored lines). Adapted with permission from ref 217. Copyright 2013 Springer Nature. (b) Schematics, an SEM
image, and a dispersion diagram of the plasmonic crystal; the graph and inset present the spectra of the lasing signal and the magnitudes of the
participating modes as a function of the pump pulse energy, respectively. Adapted with permission from ref 221. Copyright 2013 Springer Nature.

overcompensated, while the compensation in the orthogonal
directions is generally beyond the achievable values of dye-
facilitated gain.”'* The influence of a partial loss compensation
on the dispersion and negative refraction in hyperbolic
metamaterials provides a possibility to switch between different
propagation regimes.”'»*'* If the thicknesses of the layers are
adjusted to be the same, then according to the EMT, the
permittivity components &; and &, can be simultaneously
tuned to zero and infinity, respectively, so the metamaterial
enters a so-called epsilon-near-zero-and-pole (ENZP) or
canalization regime. Its interesting feature is that, at the
spectral position at which the above condition is satisfied, the
metamaterial switches the hyperbolic behavior from type I to
type IL. To realize this, the real parts of the permittivities of the
metal and dielectric should be equal but oppositely signed (see
eqs 4 and 5), which can be adjusted by the proper choice of
the operation wavelength and/or materials. Then, the presence
losses start to play the leading role, deteriorating the
metamaterial performance, and adding a gain in the dielectric
layers is a solution to bring the metamaterial close to the ideal
singular optical response. In this regime, the optical signal,
propagating along the metamaterial optical axis (perpendicular
to the layers), is amplified. With reduced damping, multilayer
metamaterial slabs with certain thicknesses have pronounced
Fabry—Perot resonances (Figure 12b) at which the transmitted
power is significantly higher than the power of the incident
light. Furthermore, due to the strictness of the resonant
condition, the spectral width of the amplified transmission was
just 1 nm. One needs to stress here that this was achieved with
a routinely used density of the doping dye (with a
technological problem remaining, though how to achieve the
required uniform gain). Furthermore, in the same way as was
demonstrated for ENZP metamaterials with no gain,215 the
gain-assisted “ideal” metamaterial canalized a light beam
propagating along its optical axis into a narrow nondiffracting
beam. On the basis of this phenomenon, an amplifying perfect
lens was numerically demonstrated. Moreover, the implications
of the gain-compensated singular optical properties of such a
metamaterial were argued to go far beyond the enhancement

of the optical signal and extend to the realization of spectral
singularities, active nonlinear cavities, and novel lasing devices.
Finally, through the implementation of an interplay between
gain and loss, 2D hyperbolic metasurfaces for propagating SPP
waves were theoretically demonstrated.”’

5.3. Incoherent Light Sources and Lasers Based on
Plasmonic Crystals

Although plasmonic crystals (Figure 13), which are an
analogue of planar photonic crystals for SPP waves, are
intrinsically based on diffractive effects and, therefore, strictly
speaking do not belong to the class of metasurfaces, they
present a stepping stone to achieving incoherent light sources
and lasers based on metasurfaces. Plasmonic crystals present a
unique platform for obtaining gain-assisted emission with very
small spectral widths and very high directivity. Both incoherent
light sources utilizing the enhancement of spontaneous
emission and lasers making use of a Bragg-assisted feedback
were demonstrated on the basis of plasmonic crystals.

We initially consider incoherent light sources,”'*~*** which
are important in many applications, such as solid state
lightening, fluorescence microscopy, data communications,
quantum computing, and others. The general idea behind
using the plasmonic crystal platform is the following. If the
crystal, formed by an array of metallic nanoparticles or
nanoholes in a metal film, is illuminated with light, for each
wavelength there is a set of angles at which the diffraction
orders propagate exactly along the plane of the array,
corresponding to the points of disappearance of the diffraction
orders producing Rayleigh anomalies in reflection. For slightly
larger incidence angles, the increased in-plane wave vector
leads to the coherent excitation of collective plasmonic modes
of the array, which might be either plasmonic or nearly free-
space photonic modes, depending on the strength of the
interparticle coupling. The prominent feature of these modes is
that, having a resonant character, they can have a very narrow
excitation angle range. When an excited fluorophore is placed
in the vicinity of the crystal, it emits light into these modes,
resulting in the emission of each wavelength in the free space
at the same angle. From this perspective, the collective
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plasmonic excitations are quasi-bounded leaky modes radiating
into photons. The increased density of optical states associated
with the modes leads to the decrease of the spontaneous
lifetime and increase of the fluorescence signal, which results in
faster and brighter light sources. At the same time, the high
directionality of the emitted signal is achieved via the large in-
plane spatial coherence of the collective plasmonic mode. In
the experiments, plasmonic crystals are typically functionalized
with dye molecules in a polymer matrix, which are pumped by
CW lasers or LEDs.>'¢72%° Particularly, for unpolarized
emission at the normal direction, fluorescence enhancement
of 60 times was achieved at the resonant wavelength of the
plasmonic mode and 14 times for the signal integrated over the
entire spectrum of the dye (Figure 13a).”'” The divergence
angle of the directional emission can be as small as 1.5°. High
quantum efficiency of the dye is only weakly altered by the
plasmonic structure, therefore,the high values of the
fluorescence enhancement are attributed to the plasmonically
assisted enhancement of the pump and the high directionality
of the emission. For emitters with low quantum efficiencies,
the plasmonic structures can additionally improve the
efficiency by providin§ a high density of local optical states
available for emission.”' "

On the other hand, it is interesting to look at the high
directionality of the emission from another perspective: it
actually means the large spatial coherence of the collective
mode across the crystal (a wide, well-defined phase-profile of
the emitting source is needed to produce a beam with high
directionality). By varying the coupling of the dye molecules to
the collective modes from weak to strong coupling regimes, it
was found that, even in the latter case, when the mode is
predominantly exitonic-like, the spatial coherence of the mode
spans over several micrometers.'’® Engineering the shape of
metallic nanoparticles and spacing allows the control of the
dispersion of the collective plasmonic modes and, therefore,
the spectral and directional characteristics of the obtained light
source.

To achieve lasing with dye-functionalized plasmonic crystals,
two additional conditions need to be met. The first one is a
much higher level of pumping required for the population
inversion, which is realized with pulsed pump lasers. The
second one is the presence of a feedback mechanism, required
for the setting up the lasing modes, which is introduced by a
cavity in the case of traditional photonic lasers or by a
plasmonic resonance, which is the case of spasers (localized
surface plasmon lasers, emitting into dark plasmonic modes).
In plasmonic crystal lasers, similarly to distributed feedback
(DFB) photonic lasers, the feedback mechanism is based on
the periodicity of the structure.”*'™>*° Particularly, only the
modes corresponding to standing waves, located at the Bragg
band-edge points on the plasmonic crystal dispersion, will
enter a lasing regime. Strong scattering of the plasmonic modes
on the meta-atoms provides an excellent mechanism for their
formation. By increasing the pump fluence and crossing the
lasing threshold for one of the Bragg band-edge modes, the
formation of lasing with a 1.3 nm bandwidth and a divergence
angle of just 1.3°, which always happens near the normal
direction, as the result of the diffraction-assisted coupling of
the plasmonic mode to the output light beam, was shown
(Figure 13b).**' As was explained above, the strong
directionality of the beam means large spatial coherence of
the collective plasmonic band-edge mode, which was estimated
to extend over a 50 um distance. The spatial coherence of the

mode can extend over a millimeter scale, while the temporal
coherence can reach 2 ps.”’' In plasmonic crystals,
spontaneous emission mostly happens in the vicinity of the
plasmonic nanoparticles and, therefore, is greatly facilitated by
the high LDOS provided by them, both at the emission
frequency, supplying a higher LDOS to emit into, and at the
pump frequency, providing the excitation field enhance-
ment.”*" Ultrafast time-resolved fluorescence measurements
confirmed up to a 200-fold decrease of the excited state
lifetime in the vicinity of the nanoparticles, corresponding to
the same increase of the LDOS. A superior performance of the
dye-functionalized plasmonic crystals over their dielectric
counterparts was also explicitly experimentally shown. The
studies were extended to randomized and quasi-periodic
structures,224227232,233

Plasmonic crystal lasers of a finite size demonstrate a more
developed modal structure, corresponding to the standing
wave cavity modes defined by the array dimensions.”** Based
on this effect, multimodal plasmonic lasers with an engineered
emission wavelength were realized, as each mode corresponds
to a certain emission wavelength, defined by the collective
mode dispersion and the resonant cavity wave vectors. The
obtained nonzero resonant (in—plane) vectors correspond to
different angles of the output emission for various laser modes.
By varying the size of the nanoparticles and through this the
near-field distribution of the lasing modes and pumping, it is
possible to engineer the competition between the modes and,
therefore, their output powers. Time-correlated photolumi-
nescence measurements showed the possibility of an ultrafast
plasmonic crystal laser operation at a picosecond time scale.
Lasing was also demonstrated for plasmonic crystals realized
with the use of periodic patterned metallic films, where it was
based on standing SPP waves.”*’

It is interesting to note that lasing in dye-functionalized
plasmonic crystals does not necessarily happen with the bright
modes, coupled to the far-field radiation. Even more intriguing
is that a dark mode, positioned at the top edge of the band gap,
can actually win the mode competition, as it has smaller
absorptive losses due to the minima of its field at the
nanoparticle positions.””” The outcoupling to the far-field
radiation can happen in this case through a mechanism related
to a finite size of the array, and thus, the mode will dominate in
the lasing spectral profile. This mechanism is based on the
gradual evolution of quadrupolar nanoparticle resonances, with
the minima of the fields at the nanoparticle centers, observed
in an infinite array (and in the center of the finite-size array), to
the dipolar one toward the edges of the finite array with a 50—
100 pm size. Additionally, such a mode was demonstrated to
have a very narrow 0.2 nm spectral width and 0.3°
directionality, indicating that its spatial coherence extends
over the entire array. The dark mode strongly coupled to the
molecular transition, resulting in plasmon-exciton character of
lasing was also observed.'”® Since the metallic particles forming
the plasmonic crystal in this case were nanorod-shaped and the
emission from the bright (diploar) mode is polarized across the
nanorods while the emission from the dark (quadrupolar)
mode polarized along the nanorods, the onset of lasing was
clearly seen in the switching of the polarization of the emission
when the pump power crossed the threshold. When the band-
edge Bloch modes spectrally overlap with the localized
plasmonic mode supported by individual nanoparticles forming
the array,”*” the LSP resonance crosses the band-gap, and the
lasing mode primarily contributing to the output signal
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related to gain and electronic polarization in molecular media.
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Figure 15. Molecular-assisted structural modulation of the optical response of metamaterials and metasurfaces. (a) Tuning the optical properties of
a nanoparticle-on-mirror plasmonic system via molecular reconfiguration of the gap material (pNIPAM, d = 67 nm in the collapsed state).
Reprinted with permission from ref 237. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. (b and c) Tuning optical absorption (b) and
CD of a metamaterial (c) with a chemically assisted DNA modification. Adapted with permission from ref 242. Copyright 2018 American
Association for the Advancement of Science (b). Reprinted with permission from ref 244. Copyright 2014 Springer Nature (c). (d) Control of the
optical properties of LC-functionalized nanorod metamaterials through reorientation of the nanorods due to the action of the magnetic field on the
LC-ligands. Reprinted with permission from ref 245. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA.

switches from being at the bottom edge of the band gap to the
top edge. Plasmonic crystal lasing with dynamic spectral tuning
was also realized with a real-time change of dye solutions,
interfacing the plasmonic crystal, with varied refractive indices,
which modifies the frequencies of the band gaps and, therefore,

i 226
the emission wavelength.

6. CONTROL OF LIGHT WITH PLASMONIC
METAMATERIALS FUNCTIONALIZED WITH
MOLECULAR MEDIA

Modulation of light using metamaterials with an actively
controlled optical response can be implemented using various
methods (Figure 14). Particularly, the optical properties of
metamaterials can be modified through their mechanical
reconfiguration (modifying the geometry of the meta-atoms
and/or their spacing) or changing the optical properties of
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constituting materials using a variety of physical approaches. In
the case of plasmonic metamaterials, both these methods will
lead to the modification of the related plasmonic resonances
and, therefore, the metamaterial optical response. In this
section, we discuss the control of light using active plasmonic
metamaterials with molecular-assisted modulation mecha-
nisms.

6.1. Mechanically-Reconfigurable Plasmonic
Metamaterials

As was explained above, the optical properties of a
metamaterial or a metasurface depend on the geometry of
their meta-atoms and the spacing between them. Therefore,
engineering the metamaterial structural parameters offers a
straightforward approach to tune the metamaterial optical
response. In the case of a metasurface, probably the easiest way
to realize this is by placing the meta-atoms on an elastic, e.g.
polymer, substrate and changing their geometrical parameters
and spacing upon mechanical stretching or electromechanical
reconfiguration,”* influencing the electromagnetic coupling
between the meta-atoms and their plasmonic resonances.
Implementing mechanical reconfiguration, a meta-lens with a
variable focal distance®>® and a variable-image hologram®*°
were demonstrated. This opens an opportunity for a more
advanced metasurface tuning based on reversible shrinkage of
the substrate material upon thermal stimulation, stemming
from the spatial reconfiguration of the constituting molecules.
Particularly, poly[ N-isopropylacrylamide] (pNIPAM) polymer
offers a reversible volume variation in two or even more times
upon the change of its molecular structure from hydrophilic
(swollen) to hydrophobic (collapsed) at the critical hydration
temperature (Figure 15a).>” This was used to tune a
plasmonic resonance of a nanoparticle-on-mirror system
submerged in water via the variation of the coupling strength
between the particle and the metallic film with the heating-
assisted change of the thickness of a pNIPAM film placed
between them. Furthermore, it was demonstrated that the
change of the optical response can be achieved by optical
means through the local heating of the plasmonic system
produced by a pump pulse. The switching times in this case
were shown to be less than 2 ps, which was the limit of the
temporal resolution in the experiments. A similar approach
based only on the structural changes of the polymer was
implemented for a pNIPAM-functionalized array of bow-tie
antennas™*® and hexagonal arrays of gold nanoparticles.”*” In
the latter case, upon the transition between the two structural
states of the polymer molecules in a water environment, both
the thickness (between 150 and 25 nm) and refractive index of
the polymer (between 1.37 and 1.43) were changed, which led
to the shift in the plasmonic resonance of the metasurface from
671 to 680 nm. In principle, a polymer-assisted mechanical
reconfiguration can be induced directly by optical means** or
by application of a magnetic field.”*!

A breakthrough in this area came with the development of
DNA-assisted techniques, in which DNA molecules are used
both for fabrication of metamaterials and for their active
tuning.”**** Specifically, large-area multiparticle plasmonic
metamaterial arrays were fabricated through a self-assembly of
nanoparticles in periodically structured PMMA templates,
when each next nanoparticle was functionalized with DNA
strands complementary to that of the previous one, assuring
their efficient attachment to each other (Figure 15b).>** When
the template was dissolved, the meta-molecules, formed by the

nanoparticles (meta-atoms), remained stable. Furthermore,
they can interact with the surroundings, which was used for
reversible tuning of their geometrical parameters and, thus, the
optical response of the metamaterial by a chemical means.
With a change of the solvent polarity, when its composition
was changed from 0 to 80% of ethanol in a H,0/NaCl solution
and back, the oligonucleotide bonds experienced contractions
and expansions from >12 nm to <3 nm. This led to the
modification of the electromagnetic coupling between the
nanoparticles constituting the metamolecule and, therefore, its
optical response. The optical absorption of the metamaterial
was reversibly tuned from 14% to 73% over the entire visible
spectrum.

Combinations of plasmonic and molecular functionalities
within individual meta-molecules were developed using DNA
molecules.”*****™**¥ Two plasmonic meta-atoms (gold nano-
rods) formed a meta-molecule and ensured strong interaction
with light, while the molecular components (DNA) both
provided the meta-molecule frame and acts as active elements
causing the meta-molecule rotational reconfiguration (Figure
15¢).”** Particularly, chemically induced locking and unlocking
of the meta-molecule in the states with different chirality
allowed control of the CD of the solutions containing the
nanostructures. The approach was further extended to realize
an optical control of the meta-molecule chirality, when the lock
of the state was implemented with a use of photosensitive
azobenzene molecules connected to the two arms of the meta-
molecule.”*® Under illumination with visible light, the
molecules experience transition from trans to cis configuration
in which the molecules can be hybridized into a locked state,
switching the meta-molecule into a chiral state. UV
illumination initiates the reverse process releasing the meta-
molecule to the initial achiral form. The meta-molecule
solution can then be reconfigured between the states with
zero and substantially nonzero CD.

A possible alternative way to reversibly modify the optical
response of meta-atoms through their structural changes is a
voltage-induced formation of a conductive filament™*”~**" via
ionic transport or electrodeposition.252 An interesting
approach to structuring and tuning of plasmonic metamaterials
via a molecular-assisted reorientation is the functionalization of
metallic components with liquid crystals (LCs) and using their
property of self-orientation with respect to the applied external
fields. Particularly, gold nanorods were capped with nematic
LC shells, and magnetic fields were used for their axial
alignment in a bulk metamaterial”>® or side-by-side packing
into hexagonal arrays to form a metamaterial layer”** (Figure
15d). This results in a highly anisotropic structure (with a
possible hyperbolic dispersion in the latter case) and a striking
difference in the optical response to the initial isotropic
medium. Similar orientation-assisted tuning can be achieved
with an electric field with the aid of a LC host medium***~>*°
or directly through the induction of dipole moments in the
plasmonic nanostructures themselves.**”

6.2. Plasmonic Metamaterial Tuning with Molecular
Transformations

The second principal way to tune the optical response of a
metamaterial or a metasurface is changing the optical
properties of the constitutive materials. We start with its
implementation based on chemically induced modifications.
When exposed to hydrogen atmosphere, some metals, such as
palladium, yttrium, and magnesium, allow penetration of
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Figure 16. Modulation of the optical response of metamaterials and metasurfaces using molecular transformations. (a) Dynamic switching of
metasurface colors by hydrogenation/oxidation of the constituting magnesium nanoparticle arrays. Adapted with permission from ref 260.
Copyright 2017 Springer Nature. (b) Electrochemical control of pixel colors based on arrays of plasmonic nanoparticles functionalized with PANI.
Adapted with permission from ref 265. Copyright 2019 American Association for the Advancement of Science. (c) Modulation of a polarization

state of the transmitted light via a photoinduced structural transformation in an ethyl-red doped PMMA film coated onto a chiral metasurface.
Adapted with permission from ref 266. Copyright 2017 Springer Nature.

hydrogen atoms into their crystal lattices and undergo
chemical reactions to become metal hydrides, which leads to
dramatic changes in their optical properties. Importantly, this
reaction happens at room temperature, which makes this
phenomenon attractive for practical applications. Magnesium
is a particularly interesting element in this sense, as in the
metallic phase it is a plasmonic metal, whereas its hydride
MgH, is a dielectric. This property was used to realize
chemically reconfigurable metasurfaces with resonances
spanning the visible spectrum to obtain various colors in
reflection and encode images by selective patterning which can
be switched upon exposure to a hydrogen environment”**~2¢!
(Figure 16a). The process can be reversed by exposure of the
metasurface to oxygen, which reacts with the hydrides,
binding/removing the hydrogen atoms and restoring the
metallic states. Such conversion can be repeated many times,
before stress-related changes deteriorate the structure perform-
ance;”>® however, the overall switching time is slow and takes
100s of seconds in either direction. The metasurface, defined
by the exposure times or H, and O, concentrations, can be
“frozen” at any stage by switching to a nitrogen atmosphere.
This is contrary to the hydrogenation processes of yttrium and
palladium, which are volatile, so that the metallic states are self-
restored after the hydrogen atmosphere is removed. Apart
from hydrogenation, redox reactions in silver (converting it
between silver and AgCl)*®* and H*/O~ ion implantation in
TiO, (converting it between normal and “black” versions,
having a 1 eV difference of the band gap and, therefore, varied
absorption)”®® or electron and Li* migration into WO,
(changing the carrier density)>** can also be used for reversible
tuning of the metamaterial response.

Electrochromic polymers are attractive candidates for active
media in dynamically tuned metamaterials due to their ease of
deposition, mechanical flexibility, stable optical performance,
and wide tunability in the visible spectral range. One of them,
polyaniline (PANI), offers a drastic electrochemically induced
refractive index change from a reduced dielectric state to an
oxidized conductive state.”®> It has been widely used in
plasmonic metamaterials of various configurations, such as
polymer-coated metallic nanoparticle arrays produced by
electron beam lithography or ion beam milling,267_269 and

monolayers of disordered polymer-functionalized metallic
nanoparticles.”*>*’" Although the former methods can be
replaced by more affordable nanoimprint techniques, the latter
approach has an advantage of scalable fabrication using a low-
cost self-assembly method “as is”, which is complemented by
the fact that the nanoparticles with a PANI coating of a
variable thickness can also be manufactured by a bottom-up
technique.”*® Implementing it on the surface of a metallic film,
disordered nanoparticle-on-mirror assemblies were obtained
with optical properties defined by out-of-plane and in-plane
surface plasmon resonances due to coupling between the
nanoparticle and the metallic film (Figure 16b). The out-of-
plane resonance, having strong field localization in the
polymer-filled gap between the metallic nanoparticle and
film, shows a very high sensitivity to the optical properties of
PANI. When PANI was electrochemically converted between
reduced and fully oxidized states by the application of a
variable voltage (—0.2 to 0.6 V), the out-of-plane resonance
was reversibly shifted by A4 = 60 nm and the color of the
nanoparticle-on-mirror pixels in the scattered light was
changed from red to green. The highly localized nature of
the resonance has the advantage of angle-independent optical
performance and enables the realization of an extremely small
pixel size approaching the diffraction limit. The switching was
completely reversible with possible modulation rates of 10s of
Hz and energy consumption of just 9 fJ per pixel. Alternative
electrochromic polymers, whose optical properties can be
switched electrochemically or chemically between conductive
and insulating states to obtain dynamic metamaterials, are
poly[3,4-ethylenedioxythiophene] (PEDOT)>”'~*”* and poly-
(3,4-propylenedioxythiophene) (PProDOT)*® derivatives,
poly(thieno[3,4-b]thiophene),””* polypyrrole (PPy),>”>~*"”
and triphenylamine-based polyamide (TPA-PA).””®
Photochromic dye-doped polymers received significant
attention as active materials for optoelectronic devices due to
optically induced high refractive index changes together with
ease and versatility of fabrication.”’””*" Therefore, it is not
surprising that they were implemented in active metamaterials
(Figure 16¢).%°° In one example, a metasurface based on a
periodic array of L-shaped openings in a 100 nm thick metallic
film was coated with PMMA polymer doped with ethyl red
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C).

dye. As the openings are chiral, the linearly polarized light
transmitted through such a metasurface acquires an elliptical
polarization characterized by an ellipticity angle y and an
azimuth rotation angle ¢ (the linear polarization can be
represented as a sum of LCP and RCP states, which upon
transmission with different amplitude and phase coefficients
results in an elliptical polarization state). When the metasur-
face is illuminated by a green pump light, the ethyl red
molecules experience a structural transformation from trans to
cis configuration, which changes their polarizabilities and
modifies the refractive index of the doped polymer. This affects
the optical response of the metasurface and results in a
modification of the polarization state of the transmitted light,
with up to a 20° change in the polarization angles for just a 4
mW pump power (6.3 kW/cm?® intensity), particularly
pronounced in the spectral region of the metasurface
plasmonic resonance. When the optical stimulation is with-
drawn, the ethyl red molecules gradually experience the reverse
structural transformation to the trans state. The temporal
characteristics of the polarization state modulation were found
to follow a biexponential time dependence with fast and slow
components of <1 and ~10 ms, respectively. Using a spatially
structured pump beam, resulting in inhomogeneous photo-
isomerization across the metasurface, an optically controlled
spatial light modulator was demonstrated.”®’

The performance of active metasurfaces functionalized with
dye-doped polymers can be enhanced with the use of Fano-
type plasmonic resonances”*” and strong coupling between the
plasmonic resonances and dye excitons.”*>*** An alternative
approach to dye-functionalized active metasurfaces utilizes the
fluorescent properties of dyes.”® Here, the metasurface-
enhanced emission of the dye is controlled by the modulated
pump light, closely following its profile with picosecond time
resolution, leading to the modulation bandwidth exceeding 14
GHz. Modulation of light and harmonic generation with the
use of ultrafast electronic nonlinearities will be discussed in
detail in subsection 6.5.

15054

6.3. Active Metamaterials Functionalized with Liquid
Crystals

Tuning of the optical properties of metamaterials with the use
of LC-assisted mechanical reconfiguration was considered
above in subsection 6.1; here we overview a classical approach
for modulation of an optical response of LC-functionalized
metamaterials through the induced changes in the LC
refractive index. In this respect, LCs present an attractive
choice of active materials, offering large modifications of the
refractive index upon a phase transition, which can be induced
with thermal,**%7 electrical %72 optical,z%’297 or acous-
tical””® stimulations. They possess a wide tuning range of the
refractive index over a broad spectral interval from visible to
microwave frequencies and have low energy consumption
together with high transmittance, which make them a very
versatile active material platform.””"*****° Strong modification
of the optical response of a magnetic metamaterial function-
alized with SCB LC in a THz spectral range was demostrated
(Figure 17a).”*® The metamaterial consists of an array of
parallel metallic strip pairs, producing a resonant magnetic
response, which can be used to achieve an effective negative
magnetic permeability. In particular, light incident on the
metamaterial induces in the strips antisymmetric currents,
which together with the displacement current form a closed
loop. With a proper choice of a phase response near the
resonance, a counter-directed magnetic field with respect to
the driving one can be induceed, resulting in a negative
effective permeability of the metamaterial. In the transmission
spectra, such a magnetic resonance is observed as a dip. The
space between the nanostrip pairs was infiltrated with LCs,
which at 20 °C are in a nematic phase with molecules oriented
in the plane of the sample and perpendicular to the paired-strip
lines. When the temperature is increased above 35 °C, the LC
experiences a phase transition to the isotropic phase, which
leads to a refractive index change of An = 0.15 and a spectral
shift of the magnetic resonance, resulting in a substantial
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Figure 18. Nonlinear metamaterials employing gain and molecular electronic nonlinearities. (a) Modulation of metamaterial transmission through
the introduction of gain in a constituent Rh800 dye: (line 1) without pumping, (lines 2—S5) at different pumping intensities, (red line) the achieved
transmission modulation. Adapted with permission from ref 197. Copyright 2010 Springer Nature. (b) Experimental setup and the change in the
transmission of a plasmonic nanorod metamaterial functionalized with a nonlinear polymer (poly-3BCMU) at different control light intensities (0—
5.5 mW/cm?). Adapted with permission from ref 313. Copyright 2008 The Royal Microscopical Society. (c) Electrically controlled SHG from a
hole-array plasmonic crystal placed in an electrolyte: (top) schematics, SEM image and the electric field distribution near the holes; (bottom) the
spectral profile of the SHG signal at different voltages (left) and the dependence of the SHG on the control voltage (right). Adapted with

permission from ref 314. Copyright 2016 American Chemical Society.

change of transmission. The modulation was shown to be fully
reversible and repeatable.

The classic approach to modification of LC optical
properties is an electric stimulation by apglication of a
constant or oscillating electric field.”"~*”> Using this
approach, an efficient active metamaterial absorber at THz
frequencies was demonstrated (Figure 17b).”*” The meta-
material consists of an array of coupled SRRs connected by
wires, which facilitate the application of a voltage between
them and a metallic film below. The SRRs are excited by an
electric field component of incident light charging the
capacitors, while the split metallic loops produce inductance,
which overall results in a standard L-C resonance and gives an
opportunity to tune the effective permittivity of the
metamaterial in a broad spectral range. On the other hand,
the two-layer geometry (the resonator layer and the ground
metallic film) facilitates resonant coupling to the magnetic field
and the related engineering of permeability, through the same
mechanism as described in the previous paragraph. Overall, the
effective permittivity and permeability can be designed to

15055

match the impedance of the free space, which results in almost
zero reflection and total absorption through the losses in the
metallic components. The resonators were surrounded by SCB
LC molecules from three sides, apart from the gap separating
them from the metal film, which was filled with polyimide.
Upon the application of the voltage modulated at various
frequencies between the resonators and the ground metallic
film, the LC molecules become oriented along the lines of the
electric field, which leads to a substantial change in the optical
properties. This results in a 4% shift of the metamaterial
absorption resonance and a 30% modulation of the absorption
at 2.62 kHz rate. In various metamateril geometries, such
electric modultion was realized in various spectral ranges and
can find a Elications in switches and special light modu-
lators.”* 79295300739 Beam spatial modulation and steering
devices,305’3°6 polarization converters,”*”%® and dis-
plays™ 27297310 with ooperational speeds up to 40 kHz have
also been achieved.’****?”*!! Additionally, control of the
permeability of an LC-functionalized metamaterial with a
magnetic field has also been demonstrated.’"”
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All-optical modulation of LC-based metasurfaces offers the
benefit of remote control and ease of selective modulation of
chosen metasurface areas. Exploring this possibility, an active
metasurface was demonstrated, based on annular aperture
arrays in a metal film interfaced with a 4-butyl-4-methyox-
yazobenzene (BMAB) photochromic LC molecules (Figure
17¢).””7 The transmission peak in the wavelength range of
500—600 nm corresponds to a coherent interaction of
cylindrical surface plasmons excited inside the annular
apertures and propagating surface plasmon polaritons excited
on the metal film surface. Under illumination with UV light,
trans-isomer elongated BMAB molecules, which are initially in
a thermally stable, in-plane oriented nematic phase, are
converted to a bent cis-isomer, which disrupts the order,
finally resulting in an isotropic LC phase. This is accompanied
by a change of the refractive index of the order of 4% which is
sufficient to substantially decrease the transmission by more
than two times, happening at a time scale of ~10 s. Under
illumination with visible light, BMAB can be transformed back
into the cis-form, which makes the optical modulation
completely reversible. Similar functionality was demonstrated
with the LC-functionalized metasurfaces based on double-split
ring resonators.””®

6.4. Modulation of Metamaterial Optical Response with
Gain

Introducing materials with optical gain in the design of
metamaterials offers another efficient means to implement all-
optical control of their optical properties and also achieve
unusual parity-time (PT) symmetric (non-Hermitian) func-
tionalities. These functionalities are related to the interplay
between gain and loss and can lead to entirely new and
unexpected features for light control.

By introducing a gain medium in the metamaterial and
dynamically varying the amount of gain through pumping, one
can control the quality factors of the metamaterial plasmonic
modes and, therefore, the optical response of the metamaterial.
This approach was used to modulate the optical properties of a
fishnet metamaterial functionalized with epoxy doped with a
dye (Figure 18a)."”” The double-layer fishnet structure offers
an effective negative refractive index provided by a negative
real part of the effective permittivity and a negative real part of
the effective permeability of a double-layer metallic structure of
crossed arrays of strip-pair lines (the crossing is introduced to
achieve polarization insensitive performance at normal
incidence). If gain is introduced through hybritisation with
active molecules, the optical properties of the metamaterial can
be significantly improved through the compensation of the
metallic loss. Pump—probe experiments together with the
numerical analysis show that the quality factor of the magnetic
resonance of the metamaterial substantially increased and more
pronounced negative values of both the effective permittivity
and permeability ere achieved. This results in the all-optical
control of the transmission through the metamaterial layer
with a modulation depth approaching 100% (Figure 18a). The
high level of the gain in the dye-doped epoxy nanolayers, much
higher than in the case of the bulk counterpart, was provided
by large local enhancement of the excitation field.

Other approaches based on gain-assisted modulation of
absorbance,”'* including coherent control®'® and plasmon-
induced transparency,”” were introduced. By exploiting non-
Hermitian effects due to the interplay between gain and losses,
it is possible to achieve very strong circular birefringence and

CD.’'® The interplay between the PT symmetry and the non-

Hermitian physics can find numerous applications in, e.g,
319 . 320 1321

sensing, optical cloaking, lossless guiding,

322,323 . . .
components for electromagnetic field manipulation and
326,327

active

L 324 328 .
imaging,””" and nonlinear’™ and quantum optics.

6.5. Metamaterials with Molecular Electronic
Nonlinearities

Plasmonic metamaterials have been widely developed for
nonlinear optical applications using intrinsic nonlinearities
related to a free-electron gas of plasmonic constitu-
ents.'>!##6265 Both Kerr-type and coherent (harmonic
generation, four-wave mixing) nonlinearities have been
engineered and enhanced through metamaterial designs.
Traditional second- and third-order nonlinearities based on
the electronic response of a molecular medium can also be
enhanced in the metamaterial environment and used for the
modulation of light or nonlinear harmonic generation. In this
respect, polymers are well suited for integration in
metamaterials. Nonlinear polymers with a very strong third-
order Kerr nonlinearity based on the high nonlinear polar-
izability of z-electron clouds were used for all-optical control of
light in the visible spectral range using both metamaterials’'®
and plasmonic crystals.”*® Particularly, plasmonic nanorod
metamaterials were functionalized with poly(3-BCMU) non-
linear polymer UV-cured from a spin-coated monomer
solution, and transmission of signal light through such hybrid
metamaterial was modulated by illuminating it with a control
light which induces refractive index changes of the polymer
(Figure 18b).>"? The strong modulation effect is underlined by
two key advantages provided by the metamaterial: (1) large
enhancement of the local pump intensity due to the
electromagnetically coupled meta-atoms (nanorods) and (2)
high sensitivity of the metamaterial transmission to minute
changes in the refractive index of the surroundings. Both
reversible changes due to optically induced nonlinear
electronic polarization in the polymer and nonreversible
changes due to continuing polymerization of the molecular
medium were observed, associated with the strong field
enhancement between the meta-atoms. The nonreversible
changes happen mostly in the region of the absorption band of
the polymer (around 625 nm), while the reversible changes are
pronounced in the metamaterial ENZ region (around 700
nm), where the optical response is particularly sensitive to the
changes in the refractive index.’”” This approach was also
realized in the case of plasmonic crystals, where all-optical
modulation of the transmitted light signal accompanied by
bistability of the transmission was observed.****

Ionic-assisted second-order nonlinear effects for the
realization of nonlinear metasurfaces with electrically con-
trolled SHG were also demonstrated (Figure 18c).”'* SHG
from a honeycomb nanohole array plasmonic (gold) crystal
placed into a potassium sulfate (K,SO,) electrolyte solution
was modulated. Since gold is a centrosymmetric material, the
SHG is generated at the gold interface with the electrolyte.
The application of a control voltage results in the accumulation
of either K* cations or SO42_ anions near the interface,
depending on the voltage polarity. The SHG efficiency
modulation up to 150%/V was achieved.
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7. OPTICAL SENSING WITH PLASMONIC
METAMATERIALS

Sensors are widely exploited in modern technologies for the
detection of events or changes in their local environment.
Compared with their electric counterparts, optical sensors
provide a number of advantages including high sensitivity, fast
response, immunity to electromagnetic interference, safe
operation in explosive or combustive atmosphere, and rich
options for signal retrieval (e.g,, optical intensity, spectrum,
phase, and polarization). Benefiting from the strong sub-
wavelength-scale confinement and enhancement of electro-
magnetic fields at the metal interface, surface plasmons are
extremely sensitive to changes in the local dielectric environ-
ment of metallic structures and can greatly enhance Raman
scattering and infrared absorption of molecules. Therefore,
optical sensing has become one of the most representative
applications of plasmonics since the first demonstrations of
probin§ of electrochemical interfaces®' and detection of
gases.”” Different from LSP-supporting metal nanostructures,
the optical response (e.g., extinction and reflection spectra) of
plasmonic metamaterials is determined not only by the
plasmonic response of individual meta-atoms in the
metamaterials but also by electromagnetic coupling between
them. As a result, the optical response is highly sensitive to
variations in the dielectric environment surrounding the meta-
atoms, which also influences the coupling strength between
them. This makes plasmonic metamaterials a particularly
attractive platform for high-performance optical sensing
applications. In this section, we review the applications of
plasmonic metamaterials in optical sensing ranging from
biochemical and gas sensing to surface-enhanced spectroscopy
and chiral sensing.

7.1. Performance Characteristics of Plasmonic Sensors

The operational principle of the optical sensors is based on the
modulation of the properties of a light wave reflected
(transmitted) from (through) the sensor by a stimulus to be
sensed. The detection can be realized monitoring the changes
in wavelength, intensity, resonant angle of incidence, or phase.
To evaluate the performance of the sensors, in addition to
sensitivity, several benchmark characteristics were introduced
such as bulk refractive index sensitivity, limit of detection
(LOD), reproducibility, response time, and various figures of
merit (FOMs), involving combination of parameters.
Sensitivity, which is expressed as the ratio of the change in
the sensor output (e.g., resonance wavelength, light intensity,
coupling angle) to the change in the quantity of the targeted
analyte (e.g., its concentration), is a key performance
characteristic of a sensor. Specifically, for plasmonic sensors,
the sensitivity depends on both the bulk refractive index (RI)
and local RI changes induced by the presence of analytes.”*
The bulk refractive index sensitivity (Sg;) is widely used to
quantify the intrinsic sensing performance of a plasmonic
system. In the case of plasmonic sensors monitoring the
intensity changes at a fixed wavelength, it is defined as Sp; =
AI/An, where Al is the change of the scattered, transmitted, or
reflected light intensity corresponding to the refractive index
change An. For the sensors based on the detection of the
spectral responce, it is defined as the spectral shift of a
plasmonic resonance peak, A4, with RI change: Sp; = Al/An,
where AA is the spectral shift of resonance peak. The
distinguishability of the spectral shift of the resonance depends
not only on the absolute value of the shift but also on the full-

width at half-maximum (fwhm, §A) of the resonance.
Therefore, to compare the performance of different sensors
to the changes of a bulk RI of the surroundings, a figure of
merit FOM is introduced as FOM, = Sg;/d4.

The limit of detection is another important characteristic of
a plasmonic sensor, which is defined as the minimum quantity
(e.g., concentration) of analyte that can be detected by the
sensor: LOD = 30/Sg;, where o is the standard deviation of the
sensor output measured for a control sample without analyte
which determines the system noise floor. Finally, a response
time is determined by the time required for a sensor output to
change from its initial state to 90% of its final settled value.

7.2. Biochemical Sensing

Optical biochemical sensors are highly required in various
areas such as environmental monitoring, food safety, and
disease diagnostics. Several types of such sensors have been
developed employing the sensitivity of plasmonic response to
refractive index changes in the local environment. Metal film-
based SPP biochemical sensors can provide an extremely small
LOD approaching ~1077 RIU.'**** However, they are less
sensitive to analytes with small molecule weights (e.g, <500
Da) due to the relatively weak confinement of electromagnetic
field near smooth metal films, compared to the size of a
molecule. In contrast, benefiting from the stronger confine-
ment of electromagnetic field in two or three dimensions,
sensors based on the LSP interrogation of metallic
nanostructures are more suitable for sensing of small
molecules.*** However, their overall refractive index sensitivity
is typically less than 400 nm/RIU,*****® which is at least one
order of magnitude smaller than that of the SPP-based sensors.
Providing great flexibility in the engineering of near- and far-
field optical responses, plasmonic metamaterials possess an
inherent sensitivity to their local dielectric environment and,
therefore, provide a superior platform for biochemical sensing
compared to individual nanostructures or smooth metal films.
In the past decades, a great number of plasmonic metamaterial-
based biochemical sensors have been demonstrated, with
considerable attention focused on the improvement of the
FOM, by increasing the RI sensitivity and/or narrowing the
fwhm.

7.2.1. Hyperbolic Metamaterial-Based Biochemical
Sensors. A variety of plasmonic metamaterials, such as SRR
arrays>”?** nanohole arrays’**7**' and nanorod ar-
rays,'7**”*** have been exploited for biochemical sensing
with excellent RI sensitivity. Among them, hyperbolic
metamaterials have attracted significant attention due to the
extreme sensitivity of their optical responses to the coupling
between meta-atoms, which is influenced by the surrounding
environment. Hyperbolic metamaterials have been used to
develop biochemical sensors with some of the record
performances.*®'*?3293*273%7 Eor 3 hyperbolic nanorod
metamaterials as an example, the optical response (e.g,
extinction and reflection spectra, see details in subsection
2.2) depends not only on the plasmonic response of each
nanorod in the assembly but also on the electromagnetic
coupling between them. For these reasons, nanorod meta-
materials are ideally suited to sensing applications under
oblique illumination required to excite the modes with the field
along the nanorods.

The performance of the nanorod metamaterial for sensing
applications in various configurations (transmission, reflection,
total internal reflection, as shown in Figure 19a) can be
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Figure 19. Hyperbolic metamaterial-based biochemical sensors. (a) Schematics of an array of gold nanorods for refractive index sensing in the
reflection or transmission geometry. (b) The sensitivity of the metamaterial mode dispersion on the real part of the host medium permittivity ¢,:
(left) the first five modes of the metamaterial layer with thickness I = 400 nm and (right) the fundamental mode (q = 1) for various thicknesses of
the metamaterial. Panels a and b are reproduced with permission from ref 329. Copyright 2015 Optica Publishing Group. (c) Schematic of the
ATR measurements in a flow cell configuration. (d) Calibration curve for the metamaterial-based sensor (monitored at the wavelength of 1230 nm)
under the steplike changes of the refractive index of the environment. Inset: Reflectivity spectrum modifications with the changes of the refractive
index by 107* RIU. Panels c and d are reproduced with permission from ref 342. Copyright 2009 Springer Nature. (e) Schematic representation of
the miniaturized grating-coupled hyperbolic metamaterial sensor with a fluid flow channel. Inset: SEM image of the fabricated 2D subwavelength
gold diffraction grating on top of the hyperbolic metamaterial (scale bar, 2 ym). (f) Reflectance spectra of the sensor device obtained by injecting
different weight percentage concentrations of glycerol in distilled water. Panels e and f are reproduced with permission from ref 343. Copyright
2016 Springer Nature. (g) TEM image of metaparticles with three pairs of SiO,/Au shells. (h) Extinction spectra of the metaparticles dispersed in
water (black curve) and chloroform (red curve). Panels g and h are reproduced with permission from ref 348. Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

evaluated usinga the local EMT model.>*” The sensitivity of sensitivity of higher-order modes is a consequence of their
the mode frequency @, of the g-th TM mode to variations of a spectral position close to the resonance in efc,f; and the
permittivity of the host medium, &), can be derived to be increased field gradients inside the metamaterial. These
gradients are determined by the mode spatial frequency q7/],
o, o, Cg k 2 9t g > agxeff increasing with increasing q value or decreasing sensor
~ = —j— = —— if = = —,y thickness I. Notably, the sensitivity to the RI variations of
Ogy Oty 20, |\ &) 98, leg, ) dey the host medium between the nanorods is at least two orders
) 5 of magnitude higher than the sensetivity to the RI variations of

c(?,’ k, dezeff g agxeg the superstrate above the metamaterial.
=i—ll—x| = | = The use of plasmonic hyperbolic metamaterials basd on the
20|\ ) 08y legy oy (15) nanorod arrays for label-free biochemical sensing was
demonstrated with ultra-high sensitivity.”**Figure 19c shows
where ¢, is the speed of light in vacuum, 8;5{, and £ are the a typical sensing configuration, in which a gold nanorod
effective permittivities of the metamaterial for ordinary and metamaterial was attached on the surface of a prism and
extraordinary axes, and [ is the length of the nanorod in the illuminated in the ATR geometry with a broadband white light.
metamaterial, determining metamaterial thickness. The mode In addition to the resonances observed in transmission,
frequency sensitivity with respect to the real part of the host nanorod metamaterials also support waveguided modes,
medium permittivity (e,) increases for higher-order modes of which are largely localized within the metamaterial slab and,
the metamaterial sensor and with a decrease of the therefore, provide an excellent overlap between the sensing
metamaterial thickness (Figure 19b). The superior RI field and the sensed substance. As a result, the nanorod
15058 https://doi.org/10.1021/acs.chemrev.2c00333
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Figure 20. Biochemical sensors based on Fano-resonant metamaterials. (a) SEM image of an array of asymmetric H-shaped cut-out metasurface.
Inset: enlarged view of the metamaterial unit cell. (b) The depndence of the reflectance spectrum of the metasurface in panel a on the liquid
environment: water and a 25% aqueous glucose solution. Inset: zoom into the reflectance peaks. Panels a and b are reproduced with permission
from ref 363. Copyright 2010 American Chemical Society. (c) SEM image of an asymmetric ring/disk cavity array fabricated on a gold ground
layer. (d) Schematic illustration of the interaction of the local electromagnetic field of the nanostructures in panel ¢ with proteins and (e) the
changes of the reflectance spectra with the introduction of 1 mg/mL protein A/G and 1 mg/mL IgG antibody. Panels c—e are reproduced with
permission from ref 365. Copyright 2012 American Chemical Society. (f) SEM image of a plasmonic nanohole array. (g) Resonance shift for the
subradiant (+1,0) SPP mode of the nanostructure in panel f with exposed to different NaCl concentrations. (h) Optical images of the transmitted
light obtained from detection and control sensors in panel f. A dramatic reduction of the transmitted light intensity through the detection sensor
can be observed after the capturing of antibodies. Panels f—h are reproduced with permission from ref 368. Copyright 2011 Proceedings of the
National Academy of Sciences of the United States of America. (i) SEM image of a gold mushroom array. (j) Reflectance spectra of a gold
mushroom array immersed in glycerine-water mixtures with varying Rls. (k) Reflectance spectra of an anti-AFP-functionalized gold mushroom
array when immersed in various analytes for demonstration of selectivity. Panels i—k are reproduced with permission from ref 369. Copyright 2013
Springer Nature.

metamaterial showed a refractive index sensitivity as high as
32,000 nm/RIU (Figure 19d), which is about 2 orders of

fabricated with the EBL approach and the associted narrowing
of the resonance.

magnitude higher than the sensitivity of LSP-based
sensors.”>>*** The FOM, of the nanorod metamaterial-based
sensor reached a value of 330, which is much higher than those
of LSP- and SPP-based sensors.'”***™** The detection of
biotin molecules with a small molecular weight (244 Da) was
further demonstrated by functionalizing the nanorod surface
with a streptavidin complex as a receptor. The detection limit
of the metamaterial-based sensor to biotin was estimated to be
below 300 nM, which is more than two orders of magnitude
lower than that of conventional SPP-based sensors using
continuous gold films.'>*** This approach has recently been
further developed by using high-uniformity nanorod hyper-
bolic metamaterials fabricated by combining EBL and
electrodeposition, offering the bulk RI sensitivity of 41,600
nm/RIU and achieving a FOM; as high as 416."” The
improvement in the sensing performance can be attributed to
the more regular arrangement of the nanorod in the array

15059

In addition, nanotube and coaxial rod-in-a-tube metamate-
rials have also been fabricated and employed for optical
sensing.lzs’127 In contrast to the nanorod metamaterials, which
require ATR-based or oblique illumination with TM-polarized
light, the high-sensitivity plasmonic modes of the nanotube
and rod-in-a-tube metamaterials can be excited at normal
incidence. However, their refractive index sensitivity is less
than 300 nm/RIU, which is much less than that of the
waveguided mode in nanorod metamaterials.'>***73

As shown in the above examples, prism-based ATR
configurations are usually used to satisfy the momentum-
matching condition for the excitation of hyperbolic meta-
material modes. To eliminate the bulky excitation setup,
miniaturized grating-coupled sensors based on layered hyper-
bolic metamaterials were developed.********* The proposed
metamaterial sensors consist of a Au/Al,O; multilayer
hyperbolic metamaterial, a two-dimensional metallic nanohole
diffraction grating, and a microfluidic flow channel (Figure
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19e). The nanohole grating is placed on the top of the
hyperbolic metamaterial to diffract the incident light and
produce a wide range of wave vectors for the excitation of high-
k modes of the metamaterial. Under illumination with TM-
polarized light, multiple highly dispersive bulk plasmon modes
with high quality factors are observed in the reflectance spectra
in the hyperbolic dispersion regime, covering the visible and
near-infrared spectral ranges. Both spectral and angular
detection schemes have been demonstrated for the grating-
coupled hyperbolic metamaterial sensors.”*’ In the former
configuration, the layered metamaterial sensor exhibited a
maximum sensitivity of 30,000 nm/RIU (Figure 19f), which is
similar to that of above-mentioned nanorod metamaterial-
based sensors. Benefiting from the narrower line width of the
resonance modes, the corresponding FOM; reaches a record-
high value of approximately 590. The high sensitivity of the
grating-coupled metamaterials is originated from the extremely
sensitive dependence of the coupling condition between
grating surface modes and high-k modes on the refractive
index of the surrounding medium. The ability of the
metamaterial platform to detect small-molecular-weight (244
Da) biotins at picomolar concentrations was also reported.
When operated in the configuration based on monitorin§ the
angle of resonant excitation of metamaterial modes,** "%
which can provide a higher measurement precision owing to its
higher signal-to-noise ratio, high angular sensitivities were
demonstrated on the order of 7,000°/RIU,*** which is about 1
order of magnitude higher than that of existing SPP-based
biochemical sensors. This allows the angular detection of large-
molecular-weight biomolecules such as Cowpea mosaic virus
(5 X 10° Da) at concentrations as low as 1 fM. Hyperbolic
metamaterial-based biochemical sensors can be further
miniaturized by integrating the metamaterials with optical
fibers, such as D-shaped fibers.”> >

In addition to substrate-supported metamaterials, a colloidal
version of hyperbolic metamaterials, named metaparticles, also
provide refractive index sensitivity.”*® They were realized by
coating gold nanospheres with alternating silica and gold
layers, forming multishell particles with diameter less than 300
nm (Figure 19g). These metaparticles possess a rich and highly
tunable plasmonic mode structure including dipolar and
quadrupolar resonances of various orders, covering a broad
spectral range from 400 to 2,200 nm (Figure 19h). Compared
with gold nanospheres or nanoshells,”**** the metaparticles
show greatly improved refractive index sensitivity with a value
as high as 740 nm/RIU, which is attractive for optical sensing
applications with high spatial resolution. The strong and
spectrally broad local-field enhancement in the metaparticles
also makes them attractive for applications in surface-enhanced
spectroscopies.

7.2.2. Fano Resonant Metamaterial-Based Biochem-
ical Sensors. In addition to the increase of sensitivity,
significant efforts have also been made to reduce the fwhm of
metamaterial resonances to increase the FOM values. An
effective approach to achieve this is to couple a broad
plasmonic resonance with a different resonant mode that
possesses a smaller fwhm. Fano resonances, which originate
from the interference between a broad superradiant mode with
a narrow subradiant mode, exhibit asymmetric sharp spectral
profiles attractive for optical sensing. In the past decades, Fano
resonances have been found not only in individual plasmonic
nanostructures (e.g., nonconcentric ring/disk cavities®** 735
and dolmen-type nanostructures’) but also in plasmonic

. o 358,359
metamaterials based on split-ring arrays™ and metal

nanoparticle oligomers”***°™***>, By engineering the line
shape of Fano resonances to obtain small fwhw and strong
field enhancement, the sensing performances of plasmonic
metamaterials have been improved.***™**’ In a complementary
planar metamaterial consisting of asymmetric H-shaped cut-
out nanostructures (Figure 20a), electromagnetically induced
transparency-like Fano resonances have a narrow line width
(~153 nm), which originate from the interference between the
spectrally broad bright mode in the slot dipole antenna and the
spectrally narrow dark mode supported by the slot quadrupole
antenna.’®® A metamaterial sensor based on this Fano
resonance (Figure 20b) exhibits a high RI sensitivity of 588
nm/RIU and a FOM, of 3.8. In the other realization, by
introducing a conducting metal layer underneath an asym-
metric ring/disk nanocavity array, Fano resonances in a cavity
system with strongly enhanced electromagnetic fields were
demonstrated for advanced biochemical sensing.’®® This cavity
system (Figure 20c) supports a Fano resonance with a
spectrally sharp feature with the fwhm as small as 9 nm due to
the contribution of subradiant and superradiant modes as well
as propagating SPP modes residing at the surface of the
conducting substrate. At the same time, the electromagnetic
fields, supported by the Fano-resonant asymmetric ring/disk
system, extend deeply into the surrounding medium (Figure
20d), which greatly enhances the accessibility of the optical
fields by analytes. As a result, the RI sensitivity of the Fano
resonance in such a metamaterial sensor can be as large as 648
nm/RIU, and the FOM; reached a value of 72. This enabled
the sensitive detection of protein mono-/bilayers. As shown in
Figure 20e, the subsequent attachment of protein A/G and
IgG antibody resulted in S and 14 nm red shifts, respectively,
of the spectral feature within the Fano resonance profile.

In addition to the realization of Fano resonances based on
coupling of localized modes in each meta-atom, Fano
resonances with narrow line widths can also be obtained
with SPP modes in plasmonic metamaterials for optical sensing
with high performance.‘%g"%9 With this approach, an ultra-
sensitive label-free detection technique was realised based on
asymmetric Fano resonances in plasmonic nanohole arrays,
which originate from the interference between the light
transmitted through the holes and the scattered SPP modes
supported by the hole arrays (Figure 20f).>*® By exploiting the
subradiant SPP mode (+1,0) with a remarkably small fwhm of
~4 nm, the experimental refractive index sensitivity was
measured to be around 717 nm/RIU along with a FOM; of
162 (Figure 20g), which is much higher than the theoretically
estimated upper FOM, limit (~108) of gold-film-based
standard SPP sensors under the Kretschmann configura-
tion.””>*”" The excellent performance of the nanohole array
sensor was attributed to the nearly complete suppression of the
radiative losses achieved due to the subradiant nature of the
the SPP resonance. The direct detection of a single monolayer
of biomolecules using these Fano resonances and the
associated Wood’s anomalies was demonstrated. As shown in
Figure 20h, a dramatic reduction of the transmitted light
through a nanohole array, strong enough to be discerned by
naked eye, was observed after capturing a monolayer of mouse
IgG antibody by the protein A/G deposited on the nanohole
array. In another example, high-performance sensing using
Fano resonances was demonstrated in an array of submi-
crometer gold mushrooms.*®® Each gold mushroom is
composed of a gold cap on the top of a photoresist pillar
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Figure 21. Plasmonic hydrogen sensors. (a) Schematics of the plasmonic perfect absorber based hydrogen sensor with palladium nanowires stacked
above a gold mirror separated by a MgF, film, and reflectance of the sensor for different hydrogen concentrations. Reproduced with permission
from ref 375. Copyright 2011 American Chemical Society. (b) Schematics of the fabrication procedure and nanoarchitecture of an optical hydrogen
sensor based on a hexagonal array of palladium hemispherical nanoparticles, and the time-resolved AT/T response of a composite PdgyCo,o
nanoparticle/PMMA sensor to different H, gas mixtures. Reproduced with permission from ref 376. Copyright 2021 Springer Nature. (c) Time
dependence of the optical responce of Au—Pd dimer (red) and trimer (blue) arrays upon injection of H, and N gases (three cycles). Reproduced
with permission from ref 372. Copyright 2014 American Chemical Society. (d) Spectral shift of the extinction minimum with varying
concentrations of H, for the metallic photonic crystal slab using WO; as the waveguide layer material shown in the insert. Reproduced with
permission from ref 377. Copyright 2010 Optica Publishing Group. (e) Variation of transmission (angle of incidence is ~40°) of a Au—Pd core—
shell nanorod metamaterial on exposure to 2% hydrogen gas in nitrogen. Inset: photographs of the sensor in the absence and presence of hydrogen
gas. Reproduced with permission from ref 123. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

placed in a hole in a gold film (Figure 20i). In addition to
localized plasmonic modes supported by the caps and holes, a
new coupled plasmon resonance (Fano resonance) with a
fwhm as small as 10 nm appeared. It originates from the
interference between the Wood’s anomaly (caused by the
diffraction of the incident light into a propagating wave) and
the scattered light from the gold caps. The Fano resonance
shows a high sensitivity to the change of the refractive index of
the surrounding solutions (Figure 20j), with a RI sensitivity
determined to be around 1015 nm/RIU. Such high sensitivity
is mainly due to the greatly increased interaction of the
enhanced local fields with molecular species in the gold
mushroom array. The combination of the narrow fwhm and
high RI sensitivity in such a metamaterial sensor gives rise to a
FOM,; as high as 108, which is extremely high in comparison
with LSP sensors based on isolated mushroom nanostructures.
The same metamaterial was used as a biosensing platform for
detecting cytochrome c and alpha-fetoprotein (AFP), with
detection limits down to 200 pM and 15 ng/mL, respectively.
As an example, Figure 20k shows highly selective detection of
AFP with an anti-AFP-functionalized metamaterial; a clear red
shift of 1.3 nm was measured for the Fano resonance dip after
the exposure of the sensor to only 20 ng/mL AFP with no
observable shift for other analytes tested.

7.3. Gas Sensing

Plasmonic metamaterials, with their optical response highly
sensitive to the dielectric properties of the metamaterial
constitutes and the surrounding environment, have also been
widely exploited for the detection of gases, such as hydrogen,
and carbon monoxide, relative humidity, and volatile organic
compounds.””**’* Among the various detected gases, hydro-
gen is important in many areas of chemical industry (e.g.,
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production of ammonia, refinement of crude oil) and is also an
important energy source of the future. Nevertheless, hydrogen
is colorless, odorless, and highly flammable for a wide range of
hydrogen-air mixture concentrations (4—75 vol %) with a very
low energy input of ignition, which brings about critical safety
concerns due to the risk of explosion. Therefore, fast and
sensitive detection of hydrogen at all levels of the hydrogen-
based economy is required for the safe use of hydrogen.
Conventional hydrogen sensors are mostly based on electric
resistance changes and often operated at high temperatures,
which increases the explosive hazard. In contrast, plasmonic
hydrogen sensors, which not only eliminate the generation of
spark in order to minimize the risks of explosion, but also
feature remote readout and immunity to electromagnetic
interference, are attractive for use in harsh environments.””* In
the following, we focus on the review of optical hydrogen
sensing with plasmonic metamaterials.

Typical plasmonic hydrogen sensors includes hydrogen-
active materials, such as transition metals (e.g, palladium,
magnesium, yttrium), metal alloys, and metal oxides (e.g,
Sn0,, TiO,, WO;). Taking palladium as an example, upon
exposure to H,, palladium is transformed into a metal hydride
(less metallic) due to metal—hydrogen interaction, leading to a
significant change in its permittivity and volume that can be
optically detected. Generally, plasmonic hydrogen sensors can
be classified into two types: direct and indirect. For hydrogen
sensors with a direct sensing configuration, hydrogen-
responsive metals act as both the plasmonic and hydrogen-
active materials, reacting with hydrogen, forming hydrides, and
finally producing the optical response. Hydrogen sensors with
an indirect sensing configuration usually consist of a plasmonic
nanostructure fabricated with a hydrogen-inert plasmonic
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material (e.g., gold, silver) and a hydrogen-active material in its
optical near field. Upon exposion to hydrogen gas, the
hydrogen-active material undergoes a chemical transformation,
resulting in a change of its RI and volume expansion, which is
then probed through the optical response of the plasmonic
nanostructure.

A variety of plasmonic metamaterial-based direct hydrogen
sensors have been developed, includin§7 palladium nanohole
arrays,”>”*"® Ealladium nanowire arrays,”’ > palladium nano-
helix arrays,,‘81 and metal—insulator—metal nanostructure-
based perfect absorbers.’’>***7*** For example, in a
palladium-based perfect absorber structure,””> an array of
palladium nanowires stacked above a MgF, spacer layer
separating it from a gold bottom mirror (Figure 21a) was used
to ensure nearly zero transmission through the structure due to
the strong coupling between the plasmon resonances in the
nanowires and the image dipoles induced in the gold mirror.
Upon exposure of the sensor to 1% and 4% H, in N, carrier
gas, the sensor showed an obvious change in the reflectance
(Figure 21a). The maximum change in the reflectance value of
~4.4% at 650 nm wavelength and a spectral red shift of the
resonance of 19 nm were observed when the H, concentration
changes from 0% to 4%. The response time of the sensor is in
the range of 10—50 s. However, for pure palladium-based
hydrogen sensors, problems including hysteretic behavior, long
response time, and sensor poisoning by trace amounts of
species such as CO and NO, remain widely unresolved.
Recently, these long-standing limitations can be overcome by
the use of palladium-alloy nanostructures covered with a
tailored thin polymer layer.”’***% In these realizations, a
compact optical hydrogen sensing platform with a subsecond
response time, sub-10-ppm LOD, and excellent robustness
against interfering gases was realized.”’ The sensor is
composed of a palladium-alloy nanopatch array (fabricated
by glancing angle metal deposition on a hexagonally packed
polystyrene nanosphere monolayer (Figure 21b) and features a
simple transmission intensity detection method. By alloying
palladium with 20% Co, the sensing performance of the
Pdg,Co,, sensor was significantly enhanced compared with its
pure palladium counterpart, showing a response time of just
0.85 s for 1 to 100 mbar of H, partial pressure, a LOD of as
low as 2.5 ppm, and an excellent accuracy (<2.5%). Moreover,
upon coating with a thin layer of PMMA, the Pdg,Co,, sensor
exhibited an excellent robustness against interfering gases such
as CO,, CH, or CO (Figure 21b), temperature, relative
humidity, and aging, which is of great importance for practical
applications. It is worth noting that magnesium-based
plasmonic metamaterials, whose optical response can be
dynamically modulated upon exposure to hydrogen, as
discussed in subsection 6.2, can also be developed for
hydrogen sensing applications.

Hydrogen-responsive metals, such as palladium, are rather
“poor” (highly damped) plasmonic materials, which may limit
the sensing performance due to their very broad plasmonic
resonances . It is possible to sense hydrogen using
nanostructures with superior plasmonic properties as sensors
to probe the hydrogen-active entities located in their optical
near fields. One approach for such indirect hydrogen sensing is
to place a hydrogen-active metal nanostructure in the close
vicinity of a plasmonic antenna, which has been successfully
demonstrated in the case of both single heteronanostruc-
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tures and heteronanostructured arrays (Figure
372,390-395

21c).

Other types of sensors can be developed by attaching
plasmonic nanostructures to a film of a hydrogen-active
material.>””****7 A gold nanowire array fabricated on top of a
gasochromic WO, planar waveguide (an ultrathin 2 nm
catalytic palladium layer was incorporated between the
nanowire array and the waveguide) undergoes a strong
modification of its optical properties when exposed to H,.*”’
The plasmon resonance of the nanowires can couple to the
quasi-guided mode of the WO; waveguide, resulting in the
formation of a polariton-type coupled system with a sharp
extinction dip between two pronounced maxima with a small
fwhm. A resonance blue shift as large as 13 nm was observed
when the concentration of hydrogen increases from 0% to 20%
(Figure 21d), along with the extinction change up to 247%.

A similar approach is based on core—shell nanostructures,
which provide much higher surface area compared to the thin-
film realizations discussed above.'””*”*7*% In this way, the
sensing capability of hyperbolic nanorod metamaterials
discussed in subsection 7.2.1 can be extended to the detection
of gases by coating a thin layer of palladium on the surface of
the nanorods.'”> A ~40% change in the transmission of the
Au—Pd core—shell nanorod array was demonstrated when
exposed to 2% H, (Figure 21e). This is clearly noticeable to
the naked eye as a change in the intensity of light transmitted
through the metamaterial (inset of Figure 2le). The high
sensitivity of this sensor to hydrogen results from a
combination of both the change of the plasmonic properties
of individual core—shell nanorods and the modification of
inter-rod coupling in the metamaterial due to the refractive
index and thickness changes of the palladium shell, both
affecting the optical properties of the metamaterial. The sensor
can be rapidly reset (<30 s) by heating under illumination with
laser light.

7.4. Surface-Enhanced Spectroscopy

7.4.1. Surface-Enhanced Raman Scattering. Raman
scattering is an inelastic scattering process of photons by
molecules, which results in a shift of the frequency of the
incident photons due to the excitation of molecules into higher
vibrational or rotational energy states. Therefore, different
from the detection of molecules based on the change of the
local dielectric environment, Raman spectroscopy provides a
spectral fingerprint of molecules and has been widely used for
material identification and analysis. To overcome the small
cross section of Raman scattering, surface-enhanced Raman
scattering (SERS) based on local field enhancement from
surface plasmons has been developed to amplify Raman signals
by many orders of magnitude,””'~**> which allowed to achieve
sensitivity down to the single-molecule level. However, one of
the major concerns in SERS-based biochemical sensing is the
problem of poor uniformity, reproducibility, and the related
quantification of the SERS signals with conventional SERS
substrates (e.g, aggregated nanoparticles) since the SERS
enhancement may depend on the smallest variations of the
geometry and feature sizes. Benefiting from advantages
provided by engineering of the spectral response and local
field enhancement, plasmonic metamaterials provide an
attractive platform as substrates for SERS spectroscopy with
pronounced signal enhancement and good signal uniformity
and reproducibility. In this section, we review the application
of plasmonic metamaterials in SERS for molecular detection
and analysis.
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Figure 22. Application of plasmonic metamaterials in SERS for molecular detection and analysis. (a) SEM image of a three-dimensional gold bow
tie nanoantenna with a gap of 8 + 1 nm. (b) Comparison of SERS spectra of p-mercaptoaniline from elevated and nonelevated bow tie array
substrates. Panels a and b are reproduced with permission from ref 406. Copyright 2010 American Chemical Society. (c) SEM image of a
plasmonic metamaterial formed by a gold nanohole array/SiO, spacer/gold film structure. The inset shows a photo of the metamaterial sample. (d)
SERS image of the nanostructure obtained using the intensity of the 1580 cm™ peak of benzenethiol. Panels ¢ and d are reproduced with
permission from ref 407. Copyright 2021 Wiley-VCH GmbH. (e) SERS intensity map (the wavelength of ~1621 cm™) of the metasurface after the
treatment with the Raman probe (crystal violet, 107° M). Inset: TEM image of a plasmonic metasurface formed by an ordered silver nanocube
array. (f) Schematic illustration of the working principle of the sweat extraction system and (g) real-time monitoring of nicotine in human skin
using the integrated sensor with sweat extraction. Panels e—g are reproduced with permission from ref 408. Copyright 2021 American Association

for the Advancement of Science.

In the past decades, various types of metamaterial-based
SERS substrates have been demonstrated. For example, SRR
metamaterials offer two transducing channels for parallel
acquisition of quantitative binding data and characteristic
fingerprints of biomolecules, enabled by the simultaneous
probe of optical transmission and sensitive SERS spectra.**”*'?
Self-assembled plasmonic metamaterials at liquid/liquid or
liquid/air interfaces provide the ability of trace SERS-based
detection of multianalytes from the aqueous, organic, or air
phase.*"'~*"* Within this approach, great efforts have been
dedicated to increasing the enhancement factor through the
field enhancement in order to lower the limits of the
detection.'*>****"*=*1¢ Using an array of silver nanorods,
strong dependence of the SERS signal on the metamaterial
geometry was demonstrated, showing an over 200-fold SERS
intensity increase by varying the inter-rod gap distance from 35
to 10 nm."'" This is explained by the increase of the
electromagnetic fields in the gaps between the neighboring
nanorods with the decreased inter-rod gap distance. Employing
elevated gold bowtie nanoantenna arrays with a gap thickness
of ~7.5 nm (Figure 22a), large SERS enhancement factors
were obtained exceeding 10", which was attributed, on one
hand, to the greatly enhanced local fields in the nanoantenna
gap and, on the other hand, to the elevated structure that can
produce up to 2 orders of magnitude additional enhancement
in the SERS response due to its radiation efficiency (Figure
22b).*%° Generally, SERS signals dramatically increase with the
decrease of the distance between plasmonic components due
to the increase of the local field, but this tendency is reversed at
the distances smaller than ~1 nm, at which the local field
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enhancemnet is detriorated by the onset of the electron
tunnelling.*'”

In contrast to conventional SERS substrates , metamaterial-
based substrates have good controllability and reproducibility
in fabrication, providing uniform and reproducible SERS
signals over a large area highly required for practical
applications.”””****'®  Using holographic lithography, plas-
monic metamaterials formed by gold nanohole array/SiO,
spacer/gold film structures (Figure 22c) were fabricated for
SERS detection with high uniformity.””” The size of the
metamaterial sensing area can be as large as 10 mm (inset of
Figure 22c), and the SERS mapping of the metamaterial on
random areas of 40 X 40 ym” shows an excellent SERS signal
uniformity (Figure 22d). The calculated relative standard
deviation of the measured signal was about 12.6%, which meets
the requirement for a commercial SERS substrate.”'” Using an
ordered silver nanocube superlattice metafilm (inset of Figure
22e) fabricated via a Langmuir—Blodgett self-assembly
approach on a flexible polymer substrate, the relative standard
deviation of the SERS signal was demonstrated to be only
~3.9% (Figure 22e), suggesting an excellent signal reprodu-
cibility and high potential for quantitative analysis."”® This
plasmonic metamaterial, integrated with a flexible electronic
system capable of automatically extracting sweat and analytes
from the body (Figure 22f), was a basis for a wearable sensing
platform with an almost “universal” molecular recognition
ability. Figure 22g shows an example of the real-time
monitoring of nicotine in human skin with this integrated
wearable sensor.
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Figure 23. Application of plasmonic metamaterials for SEIRA spectroscopy. (a) Schematic charge distributions for subradiant (Q) and
superradiant (D) modes of a Fano-resonant asymmetric metamaterial excited by incident light. Sensing data for (b) the protein A/G monolayer
and (c) the protein A/G + IgG antibody bilayer from different asymmetric metamaterial-based pixels. Vertical dashed lines: frequencies of protein
backbone vibrations (amide I/II) strongly coupled to the metamaterial modes. Panels a—c are reproduced with permission from ref 366. Copyright
2012 Springer Nature. (d) Conceptual view of a tunable graphene mid-infrared biosensor. (e) SEM image of a graphene nanoribbon array with a
width and a period of 30 and 80 nm, respectively. Vertical nanoribbons are electrically interconnected by horizontal strips to maintain the graphene
surface at a uniform potential. (f) Extinction spectra of the graphene nanoribbon array for various bias voltage V,, before (dashed curves) and after
(solid curves) protein bilayer formation. Extinction was calculated as the relative difference in transmission between regions with (T) and without
(T,) graphene nanoribbons. Gray vertical strips indicate the amide I and II vibrational bands of the protein. Panels d—f are reproduced with
permission from ref 420. Copyright 2015 The American Association for the Advancement of Science.

7.4.2. Surface-Enhanced Infrared Absorption. In
addition to Raman scattering-based spectroscopy, infrared
(IR) absorption spectroscopy is an alternative technique for
the chemical identification of molecules through their
vibrational fingerprints. Surface-enhanced infrared absorption
(SEIRA), which can significantly increase the IR absorption of
molecules via either surface plasmon-enhanced light-molecule
interactions or molecular dipole enhancement, has attracted
significant interest. It was first demonstrated with thin metal
films covered by molecular monolayers using the ATR
configuration.””" Subsequently, SEIRA was widely investigated
employing various roughened metal surfaces and metal-island
films.**>~*° Since the plasmonic response of these structures
usually lies in the visible spectral range, the mechanism of the
observed SEIRA effects can be explained by the excitation of
vibrations of the absorbed molecules through the induced
fields in the metal islands.”*’ Differently, by engineering the
geometry and material composition of meta-atoms as well as
their near-field coupling, the optical response of plasmonic
metamaterials can be readily tuned into the near- and mid-IR
ranges to achieve strong field confinement and enhancement.
Therefore, plasmonic metamaterials provide an ideal platform
for SEIRA spectroscopy with high detection sensitivity.

A variety of metal-based plasmonic metamaterials (e.g,
metallic hole arralys,427 SRRs,**®**° nanoantenna ar-
rays"*°~**°) have been exploited for SEIRA applications with
strong signal enhancement and high reproducibility. Significant
efforts have been focused on the development of SEIRA
substrates providing intense local fields and, therefore, high
detection sensitivity.****”**%*35%3% Employing an SRR array
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which has large near-field enhancement in the gap, IR
detection of molecules with zeptomole-level sensitivity was
demonstrated enabled by the resonant coupling of plasmonic
modes of the SRR array and IR vibrational modes of the
molecules.*”* By using a gold cross nanoantenna array elevated
over a gold layer, a monolayer of biomolecules was successfully
detected with a SEIRA signal about four times higher than that
from a control nonresonant metamaterial.**> The improved
detection sensitivity is due to the access to extremely enhanced
electromagnetic fields formed between each gold cross
nanoantenna and the gold ground layer. Despite the important
requirement of selective detection of multiband molecular
vibrational modes over a broad IR range, the operating
frequencies of plasmonic metamaterials for SEIRA are usually
fixed after the fabrication. By integrating metamaterials with a
stretchable substrate (e.g., polydimethylsiloxane), the resonant
frequency can be precisely tuned in a wide spectral range, by
applying mechanical force, to cover many different vibrational
modes of the analyte.””” Simultaneous detection of multiple
spectral fingerprints of different moieties with SEIRA, which
can provide a better accuracy for the identification of analytes,
has also been investigated. Detection of two molecular
vibrational modes of PMMA using just a 4 nm thick PMMA
layer was achieved with a dual-band perfect absorber based on
a gold nanocross metamaterial.””’ In another example,
employing a Fano-resonant asymmetric metamaterial exhibit-
ing sharp resonances caused by the interference between
subradiant and superradiant plasmonic resonances (Figure
23a), quantitative biosensing and fingerprinting of nanometer-
scale multimolecular nanoassemblies was demonstrated.’*®
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Vibrational fingerprints (e.g., the amide I and II of proteins) of
the protein A/G monolayer (Figure 23b) and the protein A/G
and IgG antibody bilayer (Figure 23c) were clearly detected
with high signal enhancement. Additionally, simultaneous
detection of multiple spectral fingerprints of different moieties
with SEIRA can be realized using plasmonic metamaterials
with broadband resonance in the mid-IR. By self-assembling
plasmonic nanoshells resonant in the near-infrared in a two-
dimensional periodic array with sub-10-nm interparticle gaps,
the simultaneous enhancement of Raman scattering and
infrared absorption was achieved.*”**® In these close-packed
nanoshell arrays, the multipolar plasmon resonances of
individual nanoshells hybridize forming a relatively narrow
visible or near-infrared resonance originating from the coupled
quadrupolar nanoshell resonances, which provides a SERS
enhancement factor on the order of 105—10°, and a broad mid-
infrared resonance (~2—8 pm) arising from the coupled
dipolar resonances, which enhances SEIRA by a factor on the
order of 10*. By integrating infrared plasmonic metamaterials
with a microfluidic chamber, real-time and in situ SEIRA
characterization of biomolecules in aqueous solutions can be
further realized,**"*** which is of great interest for practical
applications.

Recently, graphene has emerged as an attractive material for
mid-IR plasmonics,”**~**' exhibiting unprecedented optical
confinement and active tunability of the spectral response (by
varying the doping level, for example, using electrical gating)
that are interesting for mid-IR plasmon-enhanced infrared
spectroscopy.”**>7**¢ In this way, high-sensitivity detection
of refractive index and vibrational fingerprints of biomaterials
was realized with graphene metamaterials."*’ As schematically
illustrated in Figure 23d,e, upon infrared illumination, the
plasmon is excited across the nanoribbons, which greatly
enhances optical interaction with protein molecules adsorbed
on graphene. Protein sensing is achieved by electrostatically-
tuned spectral sweeping the plasmonic resonance across the
molecular vibration bands and detecting the associated narrow
absorption lines. Experimentally, graphene plasmons in a
nanoribbon array demonstrated a superior sensitivity in the
detection of a protein bilayer both in transmission and SEIRA
spectroscopies (Figure 23f). A red shift of the plasmon
resonance frequency exceeding 200 cm™' was observed.
Furthermore, two spectral dips, which coincide with the
amide I and II bands of the protein, emerged and became
progressively more intense with the increase of the spectral
overlap (e.g, for V; = =130 V). Due to the extremely strong
field confinement of graphene plasmons in the mid-IR range,
the graphene nanoribbon sensor provides an obvious increase
in both spectral shift (~6 times) and SEIRA signal (~3 times)
when compared with those of a gold plasmonic sensor. In
addition to graphene, plasmonic metamaterials with optical
response in the infrared range based on doped semiconductor
materials (e.g,, Si,""” Ge,*"® indium tin oxide,""” InAs™") can
also be used for SEIRA spectroscopy.

7.5. Chiral Sensing

Chirality, a property related to broken mirror symmetry, is a
ubiquitous phenomenon in nature and plays an important role
in life. It is well-known that the chemical and physical
properties of chiral natural biomolecules (as well as
synthesized chiral molecules in drugs) are strongly influenced
by their chirality.””"*** Therefore, discrimination of enan-
tiomers is of extreme importance in biology and pharmaceut-

ical industry. Chiroptical spectroscopy, which measures CD
and optical rotatory dispersion (ORD), is a powerful tool for
the detection of chiral molecules of different kinds and has
been widely used in biology and chemistry to analyze the
secondary structure and conformation of biomolecules.
However, the chiral optical response of biomolecules mostly
lies in the ultraviolet spectral region from ~150 to 250 nm and
is inherently weak, making it difficult to detect with high
precision. Therefore, high concentrations or large volumes of
analytes are usually required to study many of the
aforementioned properties. Plasmonic metamaterials, which
have the ability to enhance chiroptical signals in their local
environment around the plasmon resonance frequency, usually
extended in the visible spectral range,*’ provide new
possibilities for chiral sensing of biomolecules with high
sensitivity. In this section, we review the recent advances in
chiral sensing using plasmonic metamaterials.

Chiral metamaterials (section 2.3) can create a strong
optical chirality in the near field. Therefore, they provide an
attractive platform for chiral sensing of biomolecules.*>*™***
Superchiral electromagnetic fields, generated by the optical
excitation of plasmonic planar chiral metamaterials, are highly
sensitive probes of chirality of supermolecular structures.***
Planar chiral metamaterials used in this experiment were
composed of left- and right-handed gold gammadion arrays
fabricated on a glass substrate (inset of Figure 24a), with their
CD spectra being essentially mirror images of each other
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Figure 24. Application of plasmonic metamaterials in chiral sensing.
(a) CD spectra of left- and right-handed gold gammadion arrays
immersed in distilled water. SEM images of the corresponding chiral
metamaterials are in the inserts. (b) Influence of the absorbed
proteins f-lactoglobulin and thermally denatured f-lactoglobulin on
the CD spectra of the chiral metamaterials. Red spectra were collected
in Tris buffer before protein adsorption (solid line, left-hand chiral
metamaterial; dashed line, right-handed metamaterial), and black
spectra were collected after protein adsorption. Panels a and b are
reproduced with permission from ref 454. Copyright 2010 Springer
Nature. (c) SEM image and illustration of a +60° twisted
metamaterial. (d) CD spectra of the metamaterial in panel c
functionalized with a monolayer of protein (Concanavalin A) for
+60° twisted metamaterials (MTM): (solid symbols) +60°
metamaterials and (empty sympols) —60° metamaterials. Panels c
and d are reproduced with permission from ref 455. Copyright 2017
Springer Nature.
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Figure 25. Exploitation of hot carrier-molecule interactions in plasmonic metamaterials for nanochemistry. (a) Schematics illustrating LSP decay
channels: radiative via re-emission of photons or nonradiative via excitation of hot electrons. Reproduced with permission from ref 463. Copyright
2014 Springer Nature. (b) Schematic of a meta-atom of the nanorod metamaterial, acting as an individual photosynthetic unit and (c)
corresponding TEM image (left) and magnified views of the platinum/TiO, cap (top right) and the Co-OEC (bottom right). (d) Hydrogen
evolution under visible-light illumination (with wavelength larger than 410 nm)?® Panels b—d are reproduced with permission from ref 465.
Copyright 2013 Springer Nature. (e) Schematic of the gold nanoparticle/TiO,/gold film with partially inlaid gold nanoparticles. (f) Photographs of
gold nanoparticle/TiO,/gold film structures with inlaid depths of 0, 7, and 14 nm (left panel). Photographs of the 28 nm-TiO,/gold film
nanostructure without gold nanoparticles and the gold nanoparticle/28 nm-TiO, structure without the gold film are shown in the right panel for
comparison. (g) H, and O, evolution on the Pt cathode and gold nanoparticle/TiO,/gold film photoanode with 7 nm inlaid gold nanoparticles
under visible-light illumination. Panels e—g are reproduced with permission from ref 466. Copyright 2018 Springer Nature. (h) Inelastic and elastic
tunneling of electrons in plasmonic tunnel junctions for the excitation of plasmons and hot electrons, respectively. (i) Photograph of the emission
from an electrically driven nanorod metamaterial under a bias of 2.5 V. (j and k) Evolution of the emission spectra of an electrical driven
metamaterial under a bias of 2.5 V when the cell atmosphere was switched (j) from air to 2% H, and (k) from 2% H, to air. Panels h—k are
reproduced with permission from ref 119. Copyright 2018 Springer Nature.

(Figure 24a). Three distinct resonance modes (labeled I, II,
and I1I) in the CD spectra can be attributed to the excitation of
LSPs in the metamaterials. Upon the adsorption of a
monolayer of chiral molecules (f-lactoglobulin, which has
high levels of f-sheet secondary structure) onto the surface of
the left- and right-handed gold gammadion arrays, the strong
coupling between the chiral-shaped gammadions and the chiral
molecules resulted in dissymmetrical shift of the metamaterial
resonances AL = Adpy — Al y & 16 nm, where A,y and
Algy are the wavelength shifts of the LSP modes for left- and
right-handed metamaterials (Figure 24b). In contrast, in the
case of heat treated p-lactoglobulin, which lost the S-sheet
secondary structure, a markedly smaller dissymmetry (6A4 ~
0) was observed (Figure 24c). The difference in the effective
refractive indices of chiral samples (~107>—~107") of left- and
right-handed metamaterials for superchiral fields of opposite

handedness was estimated to be up to 10° times greater than
those observed in optical polarimetry measurements (~1077),
thus allowing picogram quantities of absorbed molecules to be
characterized. Using this approach, proteins with different
contents of J-sheets can be distinguished. Later studies have
demonstrated that chiral plasmonic metamaterials, such as
Shuriken metamaterials, enable the detection of higher-order
(tertiary/quaternary) hierarchical structure of proteins at the
pictogram level,**” proteins with similar structure but having
primary sequences that differ by a single amino,"” and
structural order of proteins in complex biointerfaces. "’
Using left- and right-handed twisted optical metamaterials
(Figure 24c), ultrasensitive (zeptomole scale) detection of
chiral molecules was demonstrated without relying on any
spectral shift.*>> This was realized by summing the measure-
ments obtained with the enantiomeric pair of metamaterial
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substrates functionalized with the same analytes to remove the
large background CD signals from the metamaterial and cancel
its effective contribution to the output CD response. Figure
24d shows CD measurements of a monolayer of Concanavalin
A proteins spin-coated on +60° twisted optical metamaterials.
The resultant XCD (blue diamonds) clearly show a
pronounced dip to the negative values near a wavelength of
970 nm, indicating the left-handed nature of the proteins. The
concentration of the detected molecules in the imaging area
was as low as ~S5 zeptomoles (corresponding to ~44
molecules per unit cell of the metamaterial), which is 10"
times less than what typical commercial CD spectroscopy tools
are able to detect.

8. MOLECULAR PLASMONICS WITH
METAMATERIALS FOR NANOCHEMISTRY

Following the excitation in metal nanostructures upon light
absorption, surface plasmons can decay either radiatively
through re-emission of photons or nonradiatively through the
generation of hot electron—hole pairs via Landau damping on
a femtosecond time scale (Figure 25a).*® The generated hot
carriers relax through electron-electron and electron-photon
scattering processes and ultimately result in the heating of the
nanostructures.”” The nonradiative decay channel of surface
plasmons had long been considered to be purely detrimental to
the performance of plasmonic devices in applications such as
waveguiding, sensing, and emission control. Recently, by
harvesting highly energetic hot carriers generated from the
nonradiative decay of surface plasmons, new applications in
photocatalysis, photothermal heating, photovoltaics, and
photodetection®”****** have been demonstrated. In this
section, we review the recent progress in the exploitation of
hot carrier-molecule interactions in plasmonic metamaterials
for nanochemistry.

Compared with SPP-supporting metal films and LSP-
supporting metal nanostructures, plasmonic metamaterials,
which have the ability to provide larger surface areas as well as
engineerable and greatly enhanced optical absorption,**”~*%
are more advantageous for the efficient generation and
extraction of hot carriers to the immediate surroundings for
nanochemistry. For example, employing a plasmonic metal-
semiconductor-metal structure with TiO, embedded between
a gold mirror and gold nanoparticles, the enhanced broadband
light absorption (>90%) was achieved, leading to a ~40-fold
increase of the photon-to-electron conversion efliciency with
respect to a TiO,-supported gold nanoparticle monolayer.***
Therefore, plasmonic metamaterials provide an attractive
platform for hot-carrier-based nanochemistry for water
splitting, H, dissociation, photocatalytic degradation of organic
compounds, and CO, reduction, to name but a few.

The harvesting of solar energy for water splitting to generate
hydrogen has recently received considerable interest.**>*"0~*">
In a typical experiment, an efficient, autonomous solar water-
splitting device was demonstrated in which all charge carriers
involved in the oxidation and reduction steps are derived from
surface plasmons.*®® The implemented device is based on a
gold nanorod array serving as light-harvesting antenna capped
with a thin layer of TiO, which forms metal-semiconductor
Schottky junction (Figure 25b). Pt nanoparticle-based hydro-
gen evolution catalyst and cobalt-based oxygen evolution
catalyst (Co-OEC) were further deposited on the surface of
TiO, and the nanorod surfaces, respectively. A TEM image of
an individual photosynthetic unit is presented in Figure 25c.

Under light illumination, surface plasmons excited in the
nanorod array generate hot electrons, a fraction of which can
enter the conduction band of the TiO, and be captured by Pt
nanoparticles at the TiO, surface, functioning as water
reduction sites to generate H,. The positive charges (holes)
in the gold nanorods, on the other hand, are transported to the
Co-OEC, resulting in water oxidation reactions to generate O,.
Therefore, the net result of this design is the direct splitting of
water, with the charge carriers derived from surface plasmon
decay with light being the only energy input. Under a constant
illumination, the autonomous plasmonic solar splitter ran
without noticeable degradation for more than 66 h (Figure
25d), with an external quantum efficiency reaching ~0.25% at
the plasmon resonance excitation. In another example, the
enhanced water splitting was demonstrated under strong mode
coupling conditions in a gold nanoparticle/TiO,/gold film
structure.**® The partial inlay of a gold nanoparticle monolayer
in the TiO, layer (Figure 25e) enables a strong mode coupling
between the Fabry—Perot nanocavity modes of the TiO,/gold
film and LSPs of the gold nanoparticles, resulting in an obvious
mode splitting in the absorption spectrum and, at same time,
greatly enhanced absorption (more than 98%, as evidenced by
the black appearance of the photographs of gold nanoparticle/
TiO,/gold film structures in Figure 25f). Therefore, they
observed an 11-fold increase in the incident photon-to-current
conversion efficiency with respect to a photoanode structure
without the gold film at the bottom. In a water-splitting
experiment, H, and O, evolution on the Pt cathode and gold
nanoparticle/TiO,/gold film photoanode increases linearly
with the illumination time at the rates up to 90 and 43 nmol
h™ W' (Figure 25g), respectively, which are ~6 fold higher
than those from the Au-NP/TiO, system.

Plasmonic metamaterials in a colloidal form, which have
advantages such as broadband absorption, easy fabrication, and
high surface-to-volume ratio, have also been investigated for
hot-carrier-based nanochemistry.””>~*"7 A plasmonic hot-
carrier catalytic system based on silica nanoparticles decorated
with plasmonic gold nanoparticles and platinum nanoclusters
was developed which exhibits enhanced plasmon-induced
photodegradation of methylene blue dyes that outperforms
other photocatalysts."”’

In addition to optical excitation by light illumination, hot
electrons can also be generated electrically by tunneling
electrons in tunnel junctions.”’**”” Recent realization of the
electrically driven plasmonic nanorod metamaterial provides
the opportunity to use an electron tunneling effect for the
simultaneous excitation of hot electrons and surface
plasmons,"'”** opening a way to realize a new kind of hot-
electron-activated nanoreactors, as well as highly compact and
sensitive plasmonic sensors. By constructing a high-density
array of plasmonic tunnel junctions at the top surface of a
plasmonic metamaterial composed of vertically oriented gold
nanorods, efficient electrical excitation of plasmonic modes of
the metamaterial by inelastic electron tunneling was achieved
(Figure 25h).""” Their radiative decay further produced an
obvious light emission visible by the naked eye from the
substrate side (Figure 25i). The spectrum of the emission in
this case is shaped by the metamaterial plasmonic modes,
which can be engineered throughout the visible and near-
infrared ranges by tuning the metamaterial modes via the
nanostructure geometric parameters.”*’ In addition to the
excitation of plasmons by inelastic tunneling (with an
efficiency around 0.1%), during the tunneling process, the

https://doi.org/10.1021/acs.chemrev.2c00333
Chem. Rev. 2022, 122, 15031-15081


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.

acs.org/CR

REVIEY

majority of electrons (~99.9%) tunnel elastically, appearing as
energetic hot electrons in the nanorod tips

The highly efficient and confined hot-electron generation
makes the tunnel junctions highly reactive and opens up
opportunities for the precise activation of chemical reactions in
the junctions, which can be further detected with high
sensitivity by observing the light emission from the tunnel
junction or tunneling current changes due to the strong
dependence of the highly confined tunneling process on any
changes in the junction. This was demonstrated for both
hydrogen and oxygen sensing using an electrically driven
metamaterial with a monolayer of poly-L-histidine as a tunnel
barrier, which was placd in a gas cell. When 2% H, was
introduced to replace air in the gas cell, the light emission
intensity from the metamaterial decreased gradually to
approximately one-half of the initial value (Figure 25j).
When air containing oxygen was subsequently introduced
into the gas cell, the emission intensity from the metamaterial
increased gradually back to the initial value (Figure 25k). The
sensing mechanism is based on hot electron-mediated
oxidation and reduction of the tunnel junctions, which result
in changes in the tunneling current and the emission
intensity.'” Furthermore, promoting and stopping the
reactions with the choice of the gas environment lead to the
realization of the nonvolatile and multilevel memory device
using reactive tunnel junctions.**” The information can be
written into the junctions both electrically or optically via the
hot-electron-mediated chemical reactions and read out by
measuring the resistance or light emission. It has the potential
to be used as multilevel nonvolatile memory, logic units, or
artificial synapses in future optoelectronic and artificial neural
networks.

9. CONCLUSION AND OUTLOOK

We have overviewed the research status of molecular
plasmonics enabled by metamaterials. Thanks to the greatly
enhanced light-molecule interactions and opportunities for
flexible engineering of a resonant response, plasmonic
metamaterials provide a versatile platform for the investigation
of molecular plasmonics as well as the development of a variety
of applications, including photoluminescence enhancement
and engineering, optical modulation, high-sensitivity optical
sensing, and photoactuated nanochemistry. There are still
many challenges to be addressed for improving practical
applications. In terms of plasmonic metamaterial fabrication, to
achieve stronger light-molecule interaction and, therefore,
better application performance, further advances in the quality
of constituent meta-atoms to reduce optical losses and increase
homogeneity of plasmonic metamaterials are always desirable.
Mass production of plasmonic metamaterials is also required to
reduce the cost of metamaterial-based photonic devices, which
signifies the need for developing industrial-scale methods for
the incorporation of molecular materials in the existing
fabrication processes. For light modulators, incoherent light
sources, and lasers, the challenges are related to the
improvement of the stability of their characteristics and
extension of their lifetimes. For optical sensing applications,
the performance of biochemical sensors is usually characterized
in a laboratory environment, which needs further evaluation in
practical sensing scenarios with much more complex
interference factors (e.g, temperature changes, the presence
of other molecules, contaminations). In this case, despite the
fact that the sensitivity of metamaterial-based biochemical
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sensors has reached an extremely low detection limit (e.g,
picomole level), the specificity of the sensors still requires
more attention, because the current specific binding
approaches are limited to a small number of biochemical
analytes. Integration of a metamaterial-based sensing element
with a light source and a detector is also beneficial for the
miniaturization of the metamaterial-based sensors, which are
attractive for the development of lab-on-a-chip devices and
wearable technology. Another challenge for metamaterial-
based optical sensors is the protection of metamaterials from
environmental contaminations while maintaining the high
sensitivity to analytes in practical applications. For nano-
chemistry applications, further fundamental studies are needed
to optimize the generation and extraction efficiencies of hot
carriers.

In terms of the fundamental science of molecular plasmonics
with metamaterials, several new directions are currently
emerging. The first one is the development of new types of
plasmonic metamaterials for molecular plasmonics, such as
quantum plasmonic metamaterials and topological insulator-
based metamaterials. Particularly, understanding and exploita-
tion of nonlocal and quantum molecular plasmonics may open
novel avenues across all the application areas, including
engineered spontaneous emission and lasing, light modulation,
and biochemical sensing. The exploitation of new plasmonic
materials such as semiconductors and conducting oxides to
extend the spectral range of light absorption and hot-electron
generation is also important for optimal utilization of the solar
spectrum. Research toward ultrastrong coupling of molecules
with plasmonic excitations will lead to progress in under-
standing the fundamental physics of the process, enhancement
of existing practical applications, and a search for new ones.

The use of molecules in combination with designer
metamaterials has already provided many exquisite oppor-
tunities for active control of the optical properties of
metamaterials using molecular processes as well as controlling
molecular properties with metamaterials. Despite the above-
mentioned challenges, as a versatile platform that can enhance
and manipulate optical phenomena on the nanoscale,
plasmonic metamaterials will continue to advance molecular
plasmonics for the development of future photonic applica-
tions including ultrahigh-sensitivity optical sensing, nanolasers,
active functionalities, and photoactuated nanochemistry.
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