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Metasurfaces are planar or 2D forms of metamaterials made up of arrays of
antennas with a subwavelength thickness. They have been rapidly developed
in the recent years due to their ability to manipulate light-matter interaction
in both linear and non-linear regimes at the nanoscale. Various metasurfaces
display remarkable optical features, such as acute resonance, significant near-
field enhancement, and suitable capacity to support electric and magnetic
modes, on account of the strong light-matter interaction and the low optical
loss. Due to these important properties, they can be used in several advanced
optoelectronic applications, like surface-enhanced spectroscopy, photo-
catalysis, and sensing. This review reports on the recent progress of meta-
materials and metasurfaces in molecular optical sensors. The principles that
govern plasmonic and dielectric metasurfaces along with their features are
outlined, supported by numerous examples. Then, the factors that result in a
high Q-factor are presented in order to show that metamaterials and meta-
surfaces can be used for label-free sensing in a variety of detection mecha-
nisms, including surface-enhanced spectroscopy, refractometric sensing, and
surface-enhanced thermal emission spectroscopy via infrared absorption and
Raman scattering, as well as chiral sensing. Finally, the challenges for future

1. Introduction

Optical biosensors are a versatile detec-
tion and analysis tool used in biological
research, health care, pharmaceuticals,
environmental monitoring, homeland
security, and the battlefield.! They do not
interfere with electromagnetic (EM) radia-
tion, manifest distant sensing capability,
and may enable multiplexed detection in a
single device. Optical biosensing technolo-
gies are widely used in current biomedical
and environmental monitoring applica-
tions because they provide a reliable and
quick way to identify and discriminate
specific objects from a wide range of sam-
ples.’?l More interestingly, Optical bio-
sensors outperform standard analytical
techniques by delivering highly-sensitive,
selective, and cost-effective real-time
and label-free detection of biological and
chemical molecules.[”] High specificities,

development are outlined.

sensitivity, small size, and cost-effective-
ness are among the benefits.
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The metasurface is a 2D variant of metamaterials that is
often made up of an array of unit metal/dielectric nanostruc-
ture elements with specific sizes, shapes, and orientations.
Metasurface research has gotten a lot of interest in recent years
because of the growing demand for optical lenses, sensing,
light trapping, integrated circuits, high-resolution imaging,
chemical analysis, and photo-thermal manipulation.”-") Among
them, the optical biosensing-based metasurfaces have achieved
impressive results because of their capacity to confine light into
nanoscale EM hotspots, which have been used to improve the
sensitivity of various detection techniques effectively. Further-
more, this approach benefits nanoscale near-field enhancement
with excellent sensitivity and non-destructive operation for
high-throughput real-time detection.[*1011

Plasmonic metasurfaces, for example, have made it possible
to identify monolayers and their real-time interactions with bio-
molecules in the mid-infrared (IR) regime. It is a challenge to
achieve identification via visualization with the aid of traditional
IR absorption spectroscopy.>"* More specifically, metasurfaces
can overcome the limitations of traditional terahertz (THz)
spectroscopy by producing fine features equal to the size of the
molecules or microorganisms. More interestingly, the meta-
surfaces are extremely sensitive to minute changes in the sur-
rounding environment, allowing a more precise detection than
traditional THz spectroscopy. Metallic nanostructures (such as
Au, Ag, and Al) have been used extensively for biosensing, and
various devices have been developed. ! Various nanostruc-
tured metasurfaces have been introduced to improve the per-
formance of plasmonic sensors, driven by the intense demand
for quick, highly sensitive, and cost-effective biosensing for
point-of-care diagnosis and mobile healthcare.'#2021 The
development of low-cost, flexible, and disposable plasmonic
metasurfaces with biomedical functionalization for high-per-
formance biosensors are highly demanded practical applica-
tions. In our previous work,??l we demonstrated the fabrication
of low-cost flexible bio-functionalized plasmonic metasurfaces
for high-sensitivity label-free tumor marker detection in human
serum samples. More specifically, plasmonic metasurfaces with
periodic gold nanobumps are created in a resist-free manner on
a lightweight and flexible polycarbonate substrate that can be
processed quickly using nanoimprint, etching, and metal evap-
oration. The proposed fabrication process reduces the weight
and cost of the materials from 1.87 to 0.42 g (2-inch wafer) and
from $6 to $0.85. The bulk sensitivity and quality factor (Q) of
the manufactured low-cost plasmonic metasurfaces improved
by oxygen plasma etching on lightweight plastic substrates are
demonstrated. Furthermore, the fabricated nanobump-based
metasurfaces have an excellent detection capability for carci-
noembryonic antigen (CEA), suggesting that they are efficiently
used in future flexible plasmonic biosensing systems. For fur-
ther information, see Jiao et al.?Z and Langer and co-workers’
significant contributions to the exploration of surface-enhanced
Raman spectroscopy (SERS).[23]

Although plasmonic metasurfaces have desirable qualities
such as substantial electric field enhancement, flexibility, and
low weight for various sensing techniques, the inherent losses
(Ohmic loss) of the constituent metals usually narrow down
their large-scale commercialization. More specifically, the use
of plasmonic nanostructures as one of the critical solutions of
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surface-enhanced IR absorption spectroscopy (SEIRAS) dem-
onstrates significant absorption enhancement in the mid-IR
molecular fingerprint spectra.?*2%l  However, plasmonic
enhancement suffers from effective damping in noble metals
and isolated narrow band enhancement, making broadband
fingerprint detection difficult.l?’-2%

The high field enhancement factor in case of plasmonic
nanostructure is accomplished at the expense of substan-
tial optical losses owing to metal absorption, which severely
restricts its wide applicability.?% Caldarola et al.’" show a
strategy that overcomes these restrictions by realizing a unique
nanophotonic platform based on dielectric nanostructures to
construct effective nanoantennas with ultra-low light-to-heat
conversion. Finally, they found that dimmer-like silicon-based
single nanoantennas exhibit strong surface-enhanced fluo-
rescence and SERS while causing low-temperature increases
in their hot spots and surrounding environment. Therefore,
the use of dielectrics with low optical loss and a high refrac-
tive index (HRI) to replace the constituent materials (metals)
of metasurfaces is a new way to get around these constraints.
Because of their attractive optical properties, dielectric meta-
surfaces open a new horizon for nanophotonic sensing. Note
that also do not perturb the target’s response due to unwanted
local heating. The utilization of dielectric metasurfaces in bio-
molecular barcoding has resulted in an excellent method for
broadband fingerprint recognition. However, it requires a suc-
cession of sophisticated metasurfaces requiring specific nano-
fabrication and still lacks dynamic tunability on a fixed sensor
structure. For example, various studies on dynamically tunable
detectors to capture broadband THz absorption features have
been conducted. Still, the detection enhancement is minimal,
and the sensing configurations require temperature, bias
voltage, or static magnetic field control, which is complicated
by additional noise in practice. As a result, a flexible THz detec-
tion approach with significant broadband signal augmentation
is still in high demand for biomolecular fingerprint sensing.

Our group recently designed a dielectric metagrating with
polarization and angle modulation of an incident THz wave
to advance molecular fingerprint detection.??) The system
is regarded as one of the first of its kind, as it dramatically
reduces the intrinsic optical absorption that would otherwise
interfere with sensing performance. The enhanced broadband
detection of molecular fingerprint for identifying the trace-
amount analyte of just 1 um thick is reflected by the combined
multiplexed signals obtained by dynamic angle scanning.
Furthermore, we proposed another critical method based on
a basic layered structure made of two un-patterned layers for
excellent THz absorption in an ultra-thin material layer to get
a closer look at the phenomenon of THz detection.3l A com-
prehensive analysis based on coupled-mode theory demon-
strates the physical prerequisites for perfect THz absorption.
In addition, the impact of incidence angle, frequency, and die-
lectric thickness is extensively examined. The ideal absorption
is attributed to the excitation of evanescent waves at the inter-
face between the air and the layered structure. More efforts
should be done for optimizing the light-matter interaction, in
metasurfaces, for instance by polarization and angle tuning, in
order to have higher sensing performance for more required
analytes.[343¢]
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We present a detailed overview of the current state-of-the-art
for this rapidly emerging research topic, as well as a forecast for
prospective future directions, in this publication. More intrigu-
ingly, the manuscript is structured, to begin with, a thorough
introduction to metamaterials and metasurfaces, including the
phenomena involved and their significance for optical biomo-
lecular sensing. The quality factor and the numerous aspects
that influence it are discussed in the following section. The
dominant types of metasurfaces with the related phenomenon
are next discussed. Furthermore, in the applications section, we
comprehensively demonstrate the most common techniques
for label-free sensing. Finally, we review the current challenges
as well as the emerging trends.

2. Factors Which Influence the Q-factor
(EM coupling)

The Q-factor is known as the ratio of the resonance wavelength
to bandwidth. According to reports, the experimental Q-factor
does not match with the theoretically predicted Q-factor,
ascribed to poor spatial coherence of light beams,?”38 fabrica-
tion imperfections,3%4 tiny array sizes,’** and the addition
of an adhesive layer.*”l Therefore, comprehensive analyses on
the factors that have the strongest influence on the measured
quality-factor (Q) of an SLR (surface lattice resonance)-based
metasurface is needed. Thus, the impact of nanostructure
shape, spatial coherence, and array size of the probing source
of light on reaching ultra-high Q-factor was thoroughly exam-
ined. Then, utilizing efficiently the findings of this section, we
selected a plasmonic metasurface promising for the achieve-
ment of the extremely-high-Q SLRs.

2.1. Polarizability in Meta-Atoms or Meta Units

Individual metasurface structures are engineered in order to
produce the most effective response during SLR. The polariz-
ability of a Lorentzian dipole can be used to calculate the optical
response of a nanostructure, as demonstrated by Equation (1)

A
()= 0 —wy+iy a

where A, is the oscillator strength, @y = 27c/A;spg is the nano-
particle (NP) characteristic resonance frequency, while, y rep-
resents the damping constant. The values of these magnitudes
affected the geometry particle.}l The LSA can be used to intro-
duce the particles’ lattice contribution to polarizability.[*+4°]

p a(w)
- 1-g0 @
20 0)S(0)

where S(w) is the lattice sum and o*(w) shows the effective
polarizability of the whole metasurface, which is solely deter-
mined by the lattice configuration. At wg g = (277¢/Agg), an SLR
achieved. Here S(w) presents a pole. The individual responses
of all of the nanostructures collectively contribute to this spec-
tral location.’!

Adv. Optical Mater. 2022, 10, 2200500

2200500 (3 of 26)

www.advopticalmat.de

In the case of metasurfaces with simple unit cells, the optical
response of the metasurface as a function of the geometry of its
nanostructures, including the behavior of its numerous reso-
nances, may be calculated by using Equation (2). As a result,
the change of the nanostructure geometry affects the individual
wavelength of resonance Agpg, the strength of oscillator A, and
the damping constant (7). According to the well-recognized
relationship between the geometry of NP and polarizability,
the value of A ranges up to 20% decrease in NP volume.?464]
Accordingly, for each value of A, light can be coupled opti-
mally to the lattice resonance at Ag;g, leading to the maximum
Q-factor. In other words, the best conditions are obtained when
there is a perfect balance between the increasing o and Py,
which leads to enhancing the coupling strength and maintains
a broad-spectrum gap between A;spg and Agiy (i-e., limiting the
loss known as Ohmic losses, caused by metallic NPs, occur).

2.2. Array Size and Fabrication Scheme

The array size is a key parameter that influences the metas-
urface’s overall Q-factor, because the lattice disturbances near
the array’s edge break coherence, resulting in substantial scat-
tering of light into free space and broadening of the resonance
peak. Yang et al.¥] postulated that as the array size increases,
the Q-factor improves, and eventually converges at 10 000-unit
cells, which corresponds to an array size of 80 um x 85 um.

More intriguingly, bigger array sizes have been linked to
improved device performance.#5% This dependency makes
sense because, since high-Q operation requires low absorption
loss, the device must operate far away from the LSPR. The rela-
tively small scattering of cross-sections leads to suitably long
operating wavelengths, resulting in relatively weak scattering
for each antenna. As a result of the distance from the LSPR, a
big number of scatters are required to build up a resonance. In
an SLR, the standing wave mode is made up of surface waves
with counter-propagation. Hence, array with larger size allows
a longer length of propagation in the cavity that accommodates
these modes.

Saad et al.’"l developed and analyzed a series of the fabri-
cated devices with enhancing array size to investigate the
impact of Q-factor on the nanostructures numbers. The trans-
mission spectrum along with their semi-analytical predictions
is shown in Figure 1a. As the array size enhances, the appeared
Q-factors increase monotonously (Figure 1b). The SLR is neg-
ligible in the smallest array (300 x 300 um?). Due to the slug-
gish writing-speed of the electron-beam lithography technology
required for fabrication,*>*? this tendency may show the com-
paratively lower Q-factor values presented in the previously
reported studies,3**33 where the size of arrays was typically
smaller than that of 250 x 250 um?.

2.3. Spatial Coherence (Light Excitation, Incident Angle, Source)
In order to obtain an accurate measurement of the Q-factor,
it is necessary to evaluate all features of the characteriza-

tion system. The probing beam’s spatial coherence is also an
important parameter for achieving a clear measurement of the
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Figure 1. a) Transmission spectra for the arrays of identical metasurface of various sizes (from top to bottom: 300 x 300, to 400 x 400, to 500 x 500,
and 600 x 600 um?). b) Q-factor calculated from Lorentzian fitting to the results of computations and measurements.’!l Reproduced with permis-

sion.PV Copyright 2021, Springer Nature.

transmission drop which indicates a resonance. In compar-
ison to a spatially incoherent source which can be employed,
a beam of spatially coherent light, such as the laser that excites
every region of the fabricated metasurface in phase, resulting
in a resonance characteristic that is both narrower and deeper.
Furthermore, when incoherent sources are used, the lattice’s
higher-order modes are highly sensitive to angular variance
during observation, resulting in bigger peaks.®!

Figure 1 demonstrates a comparison of the performance/
efficiency of the metasurface when it is irradiated with various
sources of light. The sources of excitation include a broadband
supper-continuum laser which is a well-collimated source of
coherent light and a lamp of tungsten-halogen. The Q-factor
increases with the light source coherence. A thermal light
source decreases the value of Q-factor by 2-5 times, compared
to a laser. Furthermore, the reduced SLRS’ extinction ratio sug-
gests a decrease in resonance coupling strength.

The Q-factors calculated from these data are summarized in
Figure 1b, where they are also compared with numerical calcula-
tions results. According to LSA calculations, Q-factor enhances
as the array size increases. This conclusion is valid for both
small and big devices. Even with a source of incoherent light,
the biggest array provides an extremely high value of Q-factor,
that is, Q = 1000. The achievement of the high Q-factor with a
source of incoherent light confirms that a metasurface can be
also designed by taking into account other criteria, namely the
importance of array size and nanostructure geometry.

Similar to the quality factor (Q), the figure of merit (FOM),
defined as the ratio of sensitivity (S) to full width at half max-
imum (FWHM) of the reflectance dip, is a comprehensive
metric to evaluate the performance of an appropriate metas-
urface based biosensor. Improving sensitivity, according to the
concept of FOM, is an immediate way to improve FOM. Many
studies have been carried out in recent years to increase sen-
sitivity. Lahav et al.’ for example, improved sensitivity by
using a guided-wave surface plasmon resonance (SPR) struc-
ture made by evaporating a 10 nm Si layer on top of a metal
substrate. Both Shukla et al.’® and Bao et al.’® showed that
adding a ZnO thin film to an SPR sensor enhanced its sensi-
tivity. Furthermore, Benkabou et al.’”! improved the sensitivity
of the SPR sensor by using a dielectric multilayer construction.
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3. Metasurfaces for Optical Biosensing

It was Veselago who foresaw in 1968 the advancement of syn-
thetic materials by manipulating their characteristics, such as
permittivity and permeability.”® Pendry et al.’% and Smith
et al.l’0 were the first who discovered this, providing proofs to
Veselago's theory and revolutionizing our understanding on the
EM response of certain light-matter interaction problems, such
as negative refractive index (RI) materials, electromagnetically
induced transparency (EIT), optical clocking, etc. Metamaterials
are a type of artificial composites made up of subwavelength
metal/dielectric micro/nanostructures that are resonantly cou-
pled to the electric/magnetic components of incident EM fields.
More intriguingly, the prepared artificial micro/nano-structures
demonstrate several unique properties for manipulating light,
including a variety of stimulating novel optical effects and func-
tions that natural materials do not.[°162

During the last 15 years, this class of the micro/nano-struc-
tured artificial composites has received a sharp attention and
generated ground-breaking EM and photonic phenomena.
However, practical applications of metamaterials have been
hampered by high loss and bad dispersion attributed with reso-
nant response and the use of metallic structures, as well as the
difficulty in fabricating micro and nanoscale 3D structures.

Fabrication of planar metamaterials with the subwavelength
thickness or metasurfaces was a difficult aspect and often a
limitation in the past[®~%° but it has significantly improved
and can now be prepared using lithography and nano-printing
mechanisms, where the ultrathin thickness with the direction
of wave propagation significantly suppresses the unwanted loss.
Metasurfaces allow spatially changing optical responses (e.g.,
phase, scattering amplitude, and polarization), the molding of
optical wavefronts into custom shapes, and the incorporation
of functional materials to achieve active control and a great
enhancement of nonlinear response.

Furthermore, metasurfaces with reduced size are fabricated
easily, compared to conventional optical elements. More inter-
estingly, they are prepared from an optical element decorated
on the surface with subwavelength size. The produced wave-
front of light shows a spatial profile of the optical phase. This
led to the development of ultrathin optical elements, which are
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superior to the corresponding bulk materials.>>¢’] Additionally,
these novel devices demonstrate a large range of EM spectrum
from visible to THz frequencies.%! These metasurfaces-based
flat devices are a new type of miniature, flat, and lightweight
elements. Outstanding progress has been reported in the devel-
opment of metasurfaces for molecular optical sensing.[*7?!

3.1. Types of Metasurfaces

The optical metasurfaces are categorized into metal and die-
lectric metasurfaces. The metal metasurfaces rely on surface
plasma oscillations of subwavelength metal particles. On the
other hand, low energy dissipation, due to Ohmic loss induced
by metal structures, is significantly difficult, especially for
devices operating in transmit modes. Dielectric metasurfaces
that are based on the Faraday-Tyndall scattering of high-index
(HI) dielectric light scattering particles demonstrate reduced
loss but they display similar functionality.

As a result of the development of suitable designing of rel-
evant unit structure parameters, such as size, geometry, and
direction, several metasurface functions can be obtained,
allowing a wide variety of applications. Due to the unique EM
characteristics, metasurfaces with various design have the
ability of manipulating the phase, amplitude, and polarization
of EM wave. Thus, metasurfaces are promising for wavefront
modulation, such as beam focusing, beam steering, vector
beams generating, and holographic imaging.”*”>! However, the
focus of this study is on the design and physics of metasurfaces
for biomolecular sensing applications. This section focuses on
the design of various characteristics, such as anomalous reflec-
tion, refraction, and the functioning principle of the two types
of metasurfaces.

3.2. Plasmonic Metasurfaces

Metamaterials is a term used for a wide family of artificially
designed materials with outstanding and unique features that
are superior to naturally occurred materials. Their distinct
properties are attributable not just to the chemical composi-
tion, but also to the structure, that is, spatially designed geom-
etry.7*78] Nowadays, it is evident that the initial development of
the metamaterial-based devices (metasurfaces) will most likely
be inspired by their 2D counterpart metasurfaces.

The plasmonic metamaterials are made up of meta-atoms
designed from metallic nanostructures, whose optical response
is governed by the plasmon resonances that they support.
Many applications in photonics need metallic nanostruc-
tures, including biosensing, spectroscopy, nanolaser, meta-
surface technologies, nonlinear optical processes, and all-
optical switching.®*”83 These plasmonic elements manifest
numerous desirable properties, including the ability to success-
fully confine the light into sub-wavelength scale and important
local-field improvements.>3 In addition, metals have intrinsic
nonlinear optical constants that are several orders of magnitude
higher than dielectrics.®

According to the physics of optical resonance in metallic/
plasmonic metasurfaces, each nanostructure display localized
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plasmon resonances (LSPRs) when they are structured at a sub-
wavelength scale,”>#3%] at the metal-dielectric interface, EM
fields couple to a conductor’s free-electron plasma.l**86871 More
interestingly, depending on its geometrical shape, an individual
NP can be polarized by an incident light beam, which acts as a
dissipating dipole antenna and traps light for a brief period./®®!
The resonant dipoles in a metasurface can be assessed easily
by a beam propagating in empty space and needs only a sub-
wavelength propagation region, compared to other photonic
resonant devices, such as micro-ring resonators, photonic crys-
tals, or whispering gallery mode resonators.18%1 As a result,
a plasmonic metasurface resonator can provide a variety of
special optical effects, such as highly localized field enhance-
ments,>}l phase-matching-free nonlinear optical effects,>%’l
specially localized optical response®? and multi-mode
operation./

However, one of the most widely reported limitations of
LSPR-based metasurfaces is the lower value quality factor, that
is, Q < 10, which is attributed to the inherent Ohmic losses
found in the metals at the range of optical frequencies.[6719>9
Because the quality-factor (Q-value) is directly linked to both
electric field enhancement as well as the light-matter interac-
tion time, it is usually highly desired to increase this value.®"!
The optical response of the paired plasmonic nanoresonators
has piqued the subject of research interest.’”) SLRs are collec-
tive resonances supported by plasmonic metasurfaces of mas-
sively periodically-organized nanostructures.?>4052%| The indi-
vidual surface plasmon responses from many individual nano-
structures are combined to provide a collective response that is
linked to the periodic array’s in-plane diffraction orders.1*>>%

An overview of the recent progress in the development of high
Q-factor plasmonic metasurfaces is presented in Figure 2. Dayal
et al.® demonstrated a multi-resonant plasmonic metasurface
with a line-shape and line-width of the superradiant and sub-
radiant modes that can be adjusted to fit particular vibrational
modes using a giant field augmentation. Figure 2a shows a sche-
matic perspective of the suggested metasurface design as well as
scanning electron microscopy (SEM) images. It is made up of two
annular apertures that are concentric. A rectangular aperture over-
laps the outermost annular aperture. The outermost radius of the
nth annular aperture is indicated by R, , in this diagram. The aper-
ture width was kept constant at 100 nm for all of the apertures.

The superposition of the super-radiant mode with the sub-
radiant mode results in high Q-Fano resonances in the reflec-
tion spectrum of the fabricated metasurfaces. The line-shape,
line-width, and spectral location of the super-radiant modes
and Fano resonant modes may all be tuned efficiently. In addi-
tion, a new way was proposed for controlling the asymmetry
parameters of Fano resonances. The fabricated metasurface
exhibited an adjustable multispectral response. This suggests
it is an excellent candidate for studying light-matter interac-
tions, especially surface-enhanced infrared absorption (SEIRA),
which allows simultaneous monitoring of numerous different
molecular vibrational modes. This was validated by multi-
band surface-enhanced IR spectroscopy (MSEIRS) performed
for polymethyl methacrylate (PMMA). The metasurface care-
fully engineered the plasmonic resonances that can be easily
adjusted to fit the various vibrational modes of PMMA in the
range of the mid-IR region.
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Figure 2. a) Metasurface, depicted schematically as a series of concentric circular and rectangular openings, along with SEM images.®°) b) Sche-
matic illustration of the design along with SEM images, measured and computed reflection spectra, and illustration of the measurements of the
cross-polarized and co-polarized reflection spectra.%%l c) Schematic representation of the design with various features, like transmission spectra
calculated by FDTD, transmission spectra as function of A spg, and the SLR's Q-factor as a function of A,spr.’! (a) Reproduced with permission.l*’]
Copyright 2016, Wiley-VCH. (b) Reproduced with permission.%1 Copyright 2020, AIP. (c) Reproduced with permission.[’!! Copyright 2021, Springer

Nature.

The multipole moments coupling in the structure of sub-
wavelength reveals new possibilities for creating metamaterial
features. Liu et al.% reported on a hybridized resonance with
a good Q-factor from the magnetic dipoles’ alignment in the
developed metasurface of plasmonics made of asymmetrically
constructed metal bars the planar of metal-insulator-metal
(MIM) structure. By constructing four metal bars of two dif-
ferent lengths in a cross-configuration in a planar MIM struc-
ture, a strong hybridized resonance mode at 82.6 THz with a
Q-factor of 60.2 was achieved experimentally.
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In RI sensing, a hybridized metamaterials mode with a high
Q-factor demonstrates polarization-selective excitation, a high-
figure-of-merit (FOM), and a conversion of cross-polarization.
The structure of the prepared metasurface as well as an SEM
image is shown in Figure 2b (left). The metasurface is built
of the ground copper film with a thick layer of ZnSe dielectric
of about 500 nm and an array of four gold bars that are asym-
metrically patterned. Coupled current loops resulted from the
combined excited surface currents in the metal bars and their
image currents in the ground metal, forming a hybridized
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resonant mode with a ring of head-to-tail (Figure 2b, right-top)
connected magnetic field for an incident electric (E) field polar-
ized along the unit cell's diagonal direction. The recorded and
computed reflection spectra of the sample for an incident polar-
ization along the diagonal direction of unit-cell are shown in
Figure 2b (right-middle). Two high and steep absorption peaks
were recorded at 82.6 and 95.6 THz, as well as a shallow dip
at 53 THz. The experimentally obtained resonance characteris-
tics are in excellent agreement with the theoretically achieved
spectrum.

The four aligned current loops that make up the hybridized
resonance mode mentioned above are sensitive to the incident
polarization. The influence of metasurface polarization was
thoroughly investigated. As shown in Figure 2b (right bottom),
a second polarizer was placed in front of the detector to allow
recording of both cross-polarized and co-polarized reflectance,
R, and R, respectively. According to the findings, the polariza-
tion angle has negligible effect on the mode at w,, = 53 THz.
Meanwhile, the mix mode at @y = 95.6 THz weakly depends
on polarization angle, with reflectance fluctuations of less than
15%. The hybridized resonance mode at oy = 82.6 THz, is more
polarization sensitive. Maximum excitation was obtained at the
three polarization angles, that is, ¢ =45, 15, and 75°.

Accordingly, a reasonably immense Q resonance occurs at an
optical wavelength of Az = nP, which is nearly equal to the
multiplication of the background medium RI (n) and the lat-
tice period (P).5211 To appropriately engineer the size and the
period of the lattice for the individual nanostructures, theoret-
ical analysis should be conducted. A recent development indi-
cated a high projected Q-factor (about 103).019L102] This allows
to combine the advantages of metals with the long period inter-
action given by high quality-factors (Q). However, an SLR-based
metasurface with the highest Q-factor at about 430 was also
obtained experimentally.'3l As discussed above, the small array
size,3%* the low spatial coherence of the light beam,¥:38 the
insertion of an adhesive layer,*?l and the fabrication flaws>*#!
all contribute to the discrepancy between theoretical and experi-
mental results.

The above mismatch stimulates the interest to thoroughly
analyze the numerous parameters that influence the Q-factor
of SLR-based metasurfaces. The geometry and the size of
nanostructure arrays as well as the probing light source’s spa-
tial coherence are the most important factors that influence
the Q-factor. Saad et al.”V used the results of such analysis to
develop a plasmonic metasurface that is suitable for the sup-
porting of exceedingly-high-Q SLRs. As shown in Figure 2c, the
suggested metasurface is made up of a rectangular array of the
rectangular gold nanostructures implanted in silica glass with
an RI of n = 1.45. The characteristics lattice constant was chosen
in such a way that the SLR wavelength was fixed in the telecom-
munication window by setting P, = 10 nm. The square lattice
was lowered to P, = 500 nm, enhancing the NP density and,
as a result, the resonance’s extinction ratio, as well. Because
the homogeneity of the surroundings influences the Q-factor,
the over-cladding is appropriately adjusted to the materials of
substrate which provide a symmetric cladding index.[*52104
Figure 2c (below left) displays the numerical projections for
the created metasurface’s x-polarized beam, which demonstrate
that the presented metasurface is expected to sustain an LSPR
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at A;gpr = 830 nm, while an SLR of the first kind at around
Astr = 1550 nm is maintained. Figure 2c (right-top) shows the
experimentally recorded transmission spectrum, which is a
good match to the predicted calculated spectrum. The FWHM
of the line width is just AA = 0.66 nm, which corresponds to a
Q-factor of 2340. This value is higher by an order of magnitude
than the previous record for plasmonic metasurfaces, and is
among the highest values ever documented for a metasurface.

The computed transmission of the metasurface is presented
as a function of nanostructure resonance wavelength A;spr and
Arsr to demonstrate the dependence in this platform explic-
itly (Figure 2¢, right-top). The position of resonance is slightly
tuned from the dip position in the case of LSPR, due to the
long-wavelength correction. On the other hand, the LSR wave-
length does not shift noticeably from its current point around
Asir = 1542 nm. However, the resonance extinction ratio AT
and the line-width AA are altered substantially. The measured
quality-factors (Q) for these SLRs as well as other values of A,
are plotted in Figure 1b. According to the well-established rela-
tion between the NP polarizability and geometry, the range of
A, corresponds to a 20% alteration in NPs’ volume.l**1%] For
each value of Ay, there is an A;spgr where the light is optimally
coupled to the lattice resonance at Agy, leading to the max-
imum Q-factor.

3.3. Dielectric Metasurfaces

Metasurfaces, which are made up of metallic or dielectric meta-
cells, attract remarkable attention in optical applications, like
imagingl'® "% and meta-lenses,"""l because of their ability
to adjust the phase, polarization, anisotropy, chirality, and to
amplitude of light arbitrarily.[*+82118-120] Because of the intrinsic
Ohmic losses of metals, plasmonic metasurfaces can be perfect
absorbers.[121-177]

Because of their low losses and magnetic responsiveness,
particles composed of HRI dielectric materials have been
offered as a substitute for metals. The outstanding direc-
tionality of electric and magnetic resonances is due to their
coherent effects, which make them appealing in applications
where enhancing light-matter interaction and regulating radi-
ation direction is critical. When utilized as unit cells in more
complicated systems, such as metasurfaces, these NPs become
critical in constructing innovative optical devices. These nano-
antennas are exciting candidates for surface-enhanced spectros-
copies (SESs), non-linear phenomena, and sensing because of
their low losses, robust confinement of EM energy, and high
scattering efficiency. This section describes the current advance-
ments in the fast-emerging area of dielectric nanophotonics.

Dielectric resonators/dielectric metasurfaces can efficiently
support strong electric and magnetic resonances at optical fre-
quencies.?813] The Mie theory may be used to describe the
resonances of a spherical or spheroidal particle in particular.
Kerker et al.3%] discovered that it is feasible to control the direc-
tion of light scattered by point-like magnetodielectric particles
(Kerker conditions) by suppressing either the backward or for-
ward scattered light. This breakthrough sparked research on
high-refractive-index subwavelength dielectric particles, such
as silicon or germanium. Unlike metals, these particles exhibit
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Figure 3. a) Extinction spectra (simulated) for the Si NP array with a period of 430 nm and diameter of the particle d =126 nm implanted in a homo-
geneous medium with Rl n =146 at 6, = 0° at around the Rayleigh anomaly. The overall field intensity in a unit cell is distributed spatially as follows:
b) Magnetic M-SLR field intensity (A =630.3 nm) with xy and yz planes crossing the NP at its center. c) The electric field intensity of M-SLR. The white
curves represent the boundaries of NPs.[¥% Reproduced with permission.*% Copyright 2020, Wiley-VCH.

both electric and magnetic mode resonances, suggesting that
they might be used as building blocks for new photonic plat-
forms to efficiently regulate light scattering direction.3-140]
Exploring HRI dielectric topologies and finding innovative,
efficient techniques to regulate the directionality of light propa-
gation in a broader sense, including improving scattering in
the forward and backward directions and adding light steering
or switching, was a major focus.""3 For example, isolated
spheroids, 33l dimmers, aggregates,>%! or core-shell parti-
cles, 8] and materials like Si, GaP, Ge, and others, have been
all investigated.

As a result, the extinction spectrum shows the peaks of elec-
trical and magnetic Mie-SLR (M-SLR), as seen in Figure 3a.'*]
The first peak at =630.3 nm is assigned to magnetic M-SLR,
whereas the second one at =639.3 nm is attributed to electric
M-SLR. The simulation results are shown with the solid line
in the extinction spectrum, whereas the experimental data are
shown by the dashed line. There is perfect matching between
the two plots. Figure 3D, (left bottom) shows the explicit sig-
natures of M-SLRs in the intensities of the electric field at the
resonant wavelengths in the plane of unit-cell. Unlike localized
resonances, where the variation in field intensity is confined
to the NPs, an intense pattern spanning across the unit cell is
observed. The intensity of magnetic field of M-SLR in the NP’s
yz-cross-section is markedly enhanced inside the volume of NP
that is typical for magnetic dipole resonances (Figure 3c, top).
On the other hand, electric M-SLR has stronger electric field
strength near the NP’s vertical edges, which is an indication
of electric dipole resonances (Figure 3c, bottom). The relation-
ship between a dielectric NP’s resonance wavelength and its
dimension is g(4/n) = 27r, where g is a positive integer, A is the
resonance wavelength, and r is the radius.*>! The resonance
wavelengths of the dielectric metasurfaces may be easily tuned
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from visiblel®2153] to the IR spectral region, 155 according to
various sensing mechanisms which involve efficient altering of
the size of the meta-atoms and materials. These outstanding
properties have motivated the development of a variety of
sensing metasurfaces.

Various aspects, related to resonance bandwidth, operating
wavelength, resonance quality, and field enhancement, must
be carefully considered in the design of dielectric metasurfaces
optical sensing in order to achieve the desired functions of
metasurfaces with high precision. The Q-factor is a key char-
acteristic of dielectric metasurfaces for various phenomena,
such as SES, similar to plasmonic metasurface analogs. A nar-
rower bandwidth is associated with a larger Q-factor, which is a
significant limitation for numerous techniques such as SEIRA
and vibrational circular dichroism (CD) spectroscopy.”® A
narrower resonance, which implies a smaller spectral band-
width, may be unable to cover sufficiently the molecule bands
of absorption for a specific chemical detection. Accordingly, it
is critical to be aware of these limitations and to think about
creating device designs that can benefit from the high-Q value,
while they still display broad-spectrum coverage, as in the cases
outlined in this section.

Toroidal mode is a type of EM excitation out of traditional
electric and magnetic multipole models. Because of the weakly
radiating behavior and the capacity to contain EM radiation, it
is currently a hot topic in modern research on nanophotonics
and metamaterials. However, despite the intensive research on
the toroidal moments and their various applications, toroidal
resonance with high-quality factor (Q) has only been achieved
experimentally in limited wavelengths and geometries. Jeong
et al.®”) used silicon (Si) as the HI dielectric to obtain experi-
mentally a relatively high Q-factor as 728 at 1505 nm wave-
length, which is one of the highest Q-factor values reported
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Figure 4. A dielectric hollow cuboids array used to generate a toroidal resonance with a high-quality factor (Q). a) The schematic illustration of the
image of silicon (Si) cuboid metasurface with top-angle SEM image of array, the profile of the solenoid electric fields (red arrows) creating a toroidal
magnetic field in a torus (blue arrow), and b) the sample's simulated reflection spectrum. The steep dip at 1505 nm is caused by interference between
the toroidal dipole resonance and the magnetic quadrupole resonance. Profile of the electric field at 1505 nm in the center of the resonator (z = h/2).
Fano fitting result of the resonance at 1505 nm, which produces a Q-factor of 728 and a linewidth of 2.1 nm, yields a distinct signature of the toroidal
dipole mode with an electric field increase of up to 24.%l ¢) Fano resonance configuration with schematic illustration of Fano metasurfaces and
SEM images. d) Experimental and computed spectra of relative transmission of the metasurface using the method of FDTD, profiles of electric and
magnetic modes, and field vector distributions for electric and magnetic modes.*® e) Schematic representation of a MoS, nanodisk with directed
emission, showing the profile of transmission spectra, transmission spectra with respect to rs values, the magnetic field distribution around BIC at
rs =0 nm, and quality-factor (Q) at various rs values, and other related features.®? Reproduced with permission.l7158162 Copyright 2017, 2020, and

2021, American Chemical Society.

for a dielectric metasurface in the near-IR. More crucially, the
resonator design provides exceptionally efficient toroidal reso-
nance coupling to the environment, attributed to the built-in
geometry. With a satiable line width of 2.01 nm and a sensitivity
of 161 nm per RI unit, an index change of less than 0.02 was
reached for the designed metasurface.

A subset of the samples is graphically presented in Figure 4a,
coupled with scanning electron microscopy images. A dense
array of dielectric hollow cuboid resonators is used. Two arrays
of these mentioned resonators, which have resonances in the
visible (titanium oxide) or near-IR (silicon), were investigated.
It is interesting that the solenoidal electric field travels in-plane
along the rectangular channel, while the toroidal magnetic field
circulates out-of-plane around the center void due to the geom-
etry of the hollow cuboid structure.

Numerical simulation was conducted using commercially
available FDTD solver software (Lumerical). The behavior of an
endless array was approximated by putting periodic boundary
constraints on the array’s unit cell. By gradually enhancing
the resolution of mesh, the convergence of the solution was
tested. Figure 4b (left) shows two resonances with Fano-type
line morphologies at around 1280 and 1550 nm in a simulated
reflection spectrum. It was concluded that the overlapping of
electric and toroidal quadrupoles is responsible for the reso-
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nance at 1280 nm. On the other hand, the strong Q resonance
at around 1505 nm was attributed to the resonance of toroidal
dipole. The electric field of solenoid for the resonance at
1505 nm closely follows (schematically illustrated in Figure 4a),
which clearly suggests the presence of a strong toroidal dipole,
as seen in Figure 4b (middle). Furthermore, the electric field
was enhanced up to 24 times in the middle of the central hole,
which is greater by a factor of eg;/e,;, than the field inside the
dielectric. A linewidth of 2.1 nm and a Q-factor of 728 (Figure 4b
right) is obtained by fitting a Fano-line shape to an appropriate
narrow dip, which associates with the toroidal resonance that is
indicative of a magnetic quadruple. This is a huge increase over
earlier reported values of 200-600 in asymmetry-based dielec-
tric resonator arrays, and it is one of the greatest Q-factors in
dielectric metasurfaces.

Yuan et al.®® proposed another approach for attaining an
efficiently high Q-factor in the dielectric metasurfaces by con-
structing an asymmetric array of air hole on a silicon plate.
A high-quality factor (Q) and noticeable Fano line shape were
achieved by using the all-dielectric asymmetric metasurface
structure. In the constructed all-dielectric metasurface, a three-
order of magnitude boost of photoluminescence was observed,
with a quality factor of 1011, which is a record-high value. The
coherent Fano resonances, which are results of the destructive
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interferences of the antisymmetric displacement currents in
the asymmetric all-dielectric metasurface, are responsible for
the observed high photoluminescence emission enhancement.

Figure 4c schematically illustrates the suggested Fano meta-
surface, as well as SEM images and the origin of the high-Q
value of the trapped mode. The structure is made up of an SOI
slab with four layers of self-assembled Ge-QDs and a periodic
lattice of asymmetric air holes implanted in it. When the emis-
sion of Ge-QDs is coupled with the asymmetric nanoresonators
in the metasurface, a pair of anti-phased dipoles is excited in
each unit cell. Due to structural asymmetry, the moments of
the two neighboring dipoles are varying. In such a displace-
ment current setup, most of the components of dipole radiation
are negative due to destructive interference. Therefore, the scat-
tered EM fields developed by the leftover dipole components
are quite weak. As a result, the metasurface structure’s radia-
tion loss markedly decreases and the quality factor significantly
increases.

To further study the properties of resonance mode, the
experimentally recorded transmission spectrum is plotted in
Figure 4d and it is compared with the results from finite dif-
ference time domain (FDTD) simulation performed under the
normal incidence of an unpolarized plan wave. Six modes were
observed in the wavelength range of 1100-1600 nm, termed
Mg and My according to the field distribution. Furthermore,
four sharp resonant peaks (Q = 100 000), labeled as Mgy, Mg,
My, and My, associated with the modes coming from the
relatively small difference of RI that is the result of weak asym-
metry hole shape. The two wideband resonant peaks (Q =100)
resulted from the higher difference of RI, caused by the pres-
ence of holes in the unit cell. The various origin of each mode
may be a result of their field vector distribution. The profile of
the resonant peaks and their related field vector distribution are
displayed on the right-hand side of Figure 4d.

Recently, a new and more efficient technique, based on
the bound state in the continuum (BIC) for achieving high-Q
metasurfaces, has attracted a lot of interest.'**-1] BIC has been
widely researched in NPs with an infinite Q-factor, which is
particularly fascinating. Muhammad et al.,['%?l reported on Mie
type resonance in a BIC-based molybdenum bisulfide (MoS,)
nanoresonator exposed in the air. A symmetry-protected BIC
was also supported by an ultrathin nanodisk, and a quasi-BIC
(q-BIC) was created by breaching the structure symmetry.
Unlike previous reports on silicon-based devices, the tightly
confined modes in the MoS,-based nanodisk maintained an
identical profile of magnetic field prior and after symmetry
breaking. A hybrid arrangement with a resonator put on the top
of stacked metal-dielectric layers that transforms BIC to q-BIC
and exploits extremely directional light, produced strong direc-
tional emission in the BIC domain. Figure 4e shows a sche-
matic representation of a nanodisk floating in the air, as well
as a top view of semispherical rs, directional emission, trans-
mission spectra, the characteristic magnetic field distribution
around BIC at rs = 0, the transmission spectra in relation to rs
values, as well as the Q-factor. The incorporation of symmetry
breaking can cause a drop of the Q-factor for the small rs cut-
edges. At the cut-edge at rs >10 nm, the drop of Q-factor is min-
imal because the BIC is converted to a leaky resonance mode;
additionally, there is no considerable rise in the number of radi-
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ation channels, resulting in a small change in the Q-factor. The
conversion of BIC can be tuned leading to q-BIC. Therefore,
the resonance is displayed in the transmission spectrum with a
specific spectral width and Q-factor. Consequently, the Q-factor
can be efficiently tailored to the desired value, according to
the demands of each application, by using the transformation
approach of BIC to g-BIC in sub-wavelength structures.

4. Applications of Metasurfaces for Molecular
Optical Sensing

Molecular optical sensors are used in a variety of applications,
including security, environmental monitoring, bioanalytics, and
diagnostics,1193-165] covering the range from visible to IR light,
either dispersed or absorbed by the target. These sensors are
non-invasive and provide high sensitivity since they work in the
optical far-field regime.

In metasurfaces, there are four major approaches which can
be involved in molecular optical sensing applications. Refracto-
metric sensing, SES, surface-enhanced thermal emission (TE)
spectroscopy (SETES), and chiral sensing are some of the tech-
niques used. This section aims to shed light on each strategy.

4.1. Refractometric Sensing (Refractive Index Sensing, vs.
Conventional Prism-Based SPR)

Nowadays, RI-based label-free optical sensing is the most suc-
cessful and widely used technique because of the great perfor-
mance, ease of use, and low cost. These sensors are used in a
wide range of applications. They also display the advantages for
reduced size and multiplex detection of many analytical targets
at the same time. Metasurfaces with metallic'®l and dielectric
nanostructures!’] alter scattering of light in the sub-wave-
length regime, and, therefore, are very promising in a variety
of applications.l'%®l The size/scale, and geometric shape of the
metagrating structure, as well as the surrounding environment,
is particularly sensitive to wavelength-dependent light scat-
tering at metasurface building blocks.

The high sensitivity of the refractometric sensing of the
compounds attached or adsorbed to the corresponding nano-
structures is attributed to the substantial dependence of light
scattering on the local environment surrounding nanostruc-
tures.l'®! Various devices of the metasurface with dielectric
and metallic materials have been intensively researched for the
detection of air and water pollution, biomarkers, hazardous
gas, and several other threaten-relevant and inspection-relevant
species, with a sub-wavelength size/scale of the metasurface
building units and an intensively high electrical field near the
surface of metasurfaces.[70-173]

A conventional method for detecting spectrum variation in
the light scattering induced by the presence of a little amount
of target molecule is spectroscopy. However, spectrometers
with high resolution and sensitivity are required for detecting
very small amounts of a substance. A spectrometer with these
features is costly, bulky, and requires a high level of skills. This
frequently obstructs everyday molecular detection applica-
tions, such as monitoring of environmental quality, food safety,
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biomedical detection with point of care, and other applications
that demand compactness, and ease of operation with consid-
eration of cost-effectiveness.

Space-multiplexed imaging (SMI) based molecular identifica-
tion detects particularly changing nanostructures.['73-75] Under
narrow-band light illumination, appropriately developed with
spatial alterations in the nanostructures, position-dependent
transmittance or reflectance can be achieved because of the
structure-dependent light scattering feature, resulting in a
pattern. The presence of analyte molecules on the surface of
metasurface modifies this pattern, which can be captured by
a camera. This novel sensing approach has demonstrated an
astonishing tremendous sensitivity using a considerably sim-
plified equipment setup, which combines an advanced manu-
facturing of the metasurface nanostructure and high sensing
performance. Min et al.’®l presented a centimeter (cm) scale
plasmonic metasurface with regular but appropriately adjusted

www.advopticalmat.de

holes and pillars for ultrasensitive, spectrometer-free, and label-
free detection of a single-layer of the molecules adsorbed on a
surface.

The suggested sensing technique is set up using continu-
ously altering gradient of plasmonic metasurfaces to efficiently
map the spectral information to particular locations, allowing
SMI-based quantifiable molecular detection. More specifically,
a narrow-band light source illuminates the detecting chip, and
a commercial image sensor records the transmission pattern
(Figure 5a). Two different sites, identified as positions A and
B in the zoomed plot of transmission spectrum, are selected
in order to explore the differences in intensity and wavelength
of the resonance region. The red strip denotes the illuminating
narrow-band light source. The resonance wavelength at posi-
tion A is shorter than the illumination light source wavelength
under n;, whereas, the resonance wavelength at location B is
longer than the illumination light source wavelength. As the
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Figure 5. a) Schematic representation of spatially multiplexed imaging-based molecule sensing on the circular gradient plasmonic metasurface.
b) Detailed study of the schemes of the detection limit of imaging-based sensing.[7®l Reproduced with permission.[7®l Copyright 2021, Wiley-VCH.
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RI increases from n, to n3, the resonance peaks shift to longer
wavelengths, resulting in a decrease in intensity at the location
A and an increase in intensity at the position B. The variations
in the position of intensity curve depend on the intensity varia-
tion at each position.

The tuning in the minima of the intensity pattern caused by
a unit variation in the RI of the medium covering the metas-
urface sensor is used to assess the sensitivity of the imaging-
based sensing method. As illustrated in Figure 5b, the intensity
is determined as a function of radial distance from the center
by averaging the intensity values of a few thousand pixels on
a thin ring. Suppression of disturbances from recording and
fabrication defects greatly improves the signal-to-noise ratio.
To record comparable transmission pictures, a succession of
RI of the liquids (with RI n ranging from 1.30-1.38) is utilized
as the covering medium. If the covering material has a bigger
RI, then the transmission dip moves towards the sensor center,
as shown by the red arrow. The sensitivity S,, is calculated by
successfully fitting the position of the dips of transmission as
1040 pixel RIUL The limit of detection (LOD) illustrates the
ratio of A/S,,, where S, using for sensitivity and A shows the
method’s resolution, which is set to 1 pixel. Hence, the LOD for
this novel sensing technique is 0.00096 RIU. Furthermore, the
manufactured sensor can perform under a high background RI
of 1.7, which covers the most detecting scenarios, according to
experimental results on sensitivity and spatial range of dip shift.

The refractometric approach is an emerging effective tool for
resolving the complex molecule interactions in biological and
chemical systems.l”78 Several resonant plasmonic antenna
designs based on metals have been employed to obtain tailored
absorption enhancement. Nevertheless, they exhibit important
limitations due to the metal inherent damping.?!l Dielectric
metasurfaces with low Ohmic loss comprised of various mate-
rials such as the amorphous silicon, 7?9 gallium arsenide
(GaAs),®1 and the chalcogenide glasses, can be used to over-
come this constraint.['82

Leitis et al.’% presented a germanium-based metasurface
sensor that combines chemically selective broadband IR detec-
tion with angle scanning refractometric techniques’ device-
level simplicity along with spectrometer-free working. In par-
ticular, they used a resonator architecture of nanophotonics
that produces a highly surface-sensitive and spectrally sharp
resonance, with the spectral position regulated by the mid-IR
light incidence angle. When there is a target with a broadband
source, the angle-multiplexed device must reflect resonantly
in a small spectral range at around a specific frequency v at
each @ (incidence angle) (Figure 6a). A dielectric metasurface
made up of an anisotropic zigzag array of germanium resona-
tors atop a calcium fluoride (CaF,) substrate interacts to pro-
duce ultra-sharp reflection resonances to produce this optical
response. Figure 6b shows that the developed high-Q metasur-
face is capable for angle-multiplexing as well as to efficiently
support considerably amplified near-electric fields in the near
surrounding of resonators, resulting in high surface sensi-
tivity. The resonance line shape is significantly attenuated by
near-field coupling to adsorbed analyte molecules, affecting the
strength of the absorption bands.

A small sensor system, consisted of a broadband source, two
mirrors on coaxially rotating arms, and a broadband detector,
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can be produced (Figure 6¢), owing to the immense surface
sensitivity and the particular resonant reflection at certain inci-
dence angles (6). The intensity and the spectral position of the
analyte’s vibrational bands, which are connected with the imag-
inary component k of the complex RI, are uniquely determined
by the output of such an angle-multiplexed fingerprint retrieval
device, as shown in Figure 6d.

The surface sensitivity of a developed device, which com-
prised a thin film of the PMMA solution produced by spin
coating onto a chip, was tested. After PMMA deposition, the
normalized reflectance spectra demonstrated a significant
depletion of the reflectance peaks, which was associated with
the polymer’s vibrational bands (Figure 6e). The estimated
absorbance A(6) is also plotted at the bottom of Figure Ge,
which was computed from the amplitudes of peak reflectance
Ry and R, at each angle of incidence before and after the
coating of polymer using the formula A(6) = log;o(Ra/Ro) to fur-
ther validate the recovered absorption signature of the depos-
ited PMMA.

A bioassay was also performed for the sensing of human
ODAM utilizing single-stranded DNA aptamers that can selec-
tively bind to ODAM to demonstrate the developed sensor’s
broad spectral coverage ability to chemically detect a wide range
of various analytes. The use of the bioassay based on ODAM-
specific binding aptamers with the fabricated device showed
that it successfully meets the demands for early, easy, and
quick detection of periodontal disorders and their development.
Figure 6f depicts the detection of various analytes in a higher
detail.

4.2. Surface-Enhanced Infrared Spectroscopy (SEIRS, for IR
<Conventional ATR>, SERS or TERS for Raman Spectroscopy)

The identification of trace organic contaminants using ultra-
sensitive SEIRS is an essential issue in environmental protec-
tion. However, due to material limitations, SEIRS detection
performance displays low sensitivity and poor reproducibility.
Vibrational spectroscopy is an efficient alternative to refracto-
metric sensing for molecular optical sensing that provides an
effective way to identify surface-bound molecules and to obtain
the specific chemical information about each particular ana-
lyte. Spectroscopic approaches, such as the IR absorption and
Raman spectroscopies, enable monitoring of chemical reaction
and label-free detection as well as the kinetics of interactions
between analytes. Raman spectroscopy investigates molecular
vibration in depth using the method of photons inelastic scat-
tering, whereas IR spectroscopy uses light absorption measure-
ments to retrieve chemical information. Although both of these
approaches are widely established for chemical investigation,
their sensitivity is severely limited due to the weak light-matter
interaction in the IR spectral range and the relatively small
molecule cross-section for Raman scattering. Accordingly, it is
difficult to analyze low-concentration analytes with traditional
spectroscopic methods. This difficulty can be solved by using
SERSI83184 and SEIRAS to exploit the nanophotonic improve-
ment from the well-designed metasurfaces.2+18518% SERS and
SEIRAS can be used to avoid the near-field enhancement limi-
tation of plasmonic metasurfaces. The recent development of
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Figure 6. Broadband fingerprint retrieval via angle-multiplexing. a) A germanium (Ge)-based high Q-factor of the all-dielectric metasurface produces
ultra-sharp resonances with a large spectral range and a specific resonance frequency. An angle-multiplexed setup particularly suitable for the spectros-
copy of the surface-enhanced mid-IR molecular absorption is realized by continuously scanning the incidence angle, resulting in a variety of resonances
throughout a target fingerprint range. b) A substantial fluctuation of the resonance line shape corresponding to the vibrational bands of absorption
is caused by strong near-field interaction between the molecular vibrations of the analyte and the dielectric resonators. c) Broadband operation and
device implementation are possible thanks to angle multiplexing and the spectral selectivity of the high-quality (Q) resonances. d) The device scheme’s
chemically specified output signal.”% e) The metasurface’s normalized reflectance spectra before and after analyte application. The angular range is
0=13-60", corresponding to tuning with a broad spectral range of 1120-1800 cm™' along with absorbance spectrum derived from the reflectance profile
prior and later of the analyte coating expressed in the optical density (OD) units. The signal enhancement factor is roughly 50, and the matching with
independent IRRAS recording is excellent. f) Detection of molecular fingerprints using angle scanning without a spectrometer and a multistep bioassay
application.”” Reproduced with permission.l Copyright 2019, American Association for the Advancement of Science (AAAS).
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the metasurfaces for SERS and SEIRS is thoroughly discussed
in this section.

The SEIRA investigation of the broadly using organic elec-
tronic/optoelectronic material Tris(8-hydroxyquinoline) alu-
minum (I1I), (Alqs), was initially reported by Zvagelsky et al.l®’]
For the SEIRA investigation of Alqs; thermally deposit layers
(TDL) with film thickness growth, a unique metasurface design
was developed, based on arrays of the gold Y-shaped nano-
antennas. This design allows each metasurface to have two dis-
tinct plasmonic resonances, allowing the accurate investigation
of several vibrational modes of a molecule laid on a single sub-
strate. The manufactured metasurfaces’ near-field enhancement
exhibited saturation and a loss of signal as the analyte layer
thickness increased from half the height of gold nanoantennas
onwards. Figure 7a schematically illustrates the spectrum calcu-
lation and polarization direction as well as the relative absorb-
ance of Y-shaped nanoantennas for various thicknesses of alu-
minum oxinate and the molecular plasmonic coupling with
d =65 nm. The purple line depicts the analyte’s antenna absorb-
ance, whereas the gray line depicts a close image from the ATR
transmittance spectrum of the Alq; powder. The dips in the
Alg; transmittance spectrum clearly coincide with the dips in
the near-field enhanced plasmonic absorption spectrum with
the same line width and frequency as reported previously.!!%8]

Furthermore, using large-area templates (cm?) based on
self-organized (SO) NR antennas; the capability of very sensi-
tive SEIRA spectroscopy was demonstrated. More specifically,
Giordano et al.®®) described the engineered extraordinarily
dense arrays antennas of gold NR with polarization-sensitive
LSPRs, which are controlled in a wideband ranging from near-
IR to mid-IR spectral region, and are overlapped, with the
window of so-called “functional group”.

Figure 7b shows an atomic force microscope (AFM) profile
and a cross-sectional image of the aligned glass NRs developed
by defocused ion beam irradiation, as well as a mid-IR spec-
trum of relative optical transmittance of the two various sam-
ples of the Au NRs arrays with a self-assembled monolayer of
ODT molecules and vibrational signals from the ODT mono-
layer. The ODT molecule’s distinct vibrational modes peaking
at 2850 and 2918 cm™ attributed to symmetric and antisym-
metric stretching modes of the functional group CH,, respec-
tively, while peaks at 2877 and 2960 cm™ corresponds to sym-
metric and antisymmetric stretching modes of the functional
group CHj, respectively. The signal detected with an IR optical
microscope (blue line, 100 pm optical spot) is compared to the
signal detected with a standard IR spectrometer shown in black
line with optical spot of 3 um size.

More interestingly, by using the developed self-assembled
monolayers of the IR-active ODT molecules, the polarization-
sensitive SEIRA was established, which was homogeneous over
the macroscopic region and stable over time. In SEIRA, typical
Fano resonances are produced due to the strong connection
between the plasmonic excitation with molecular stretching
modes. The active hotspots in the arrays were SO engineered,
resulting in a 5.7% increase in signal amplitude. This result is
comparable to that of lithographically manufactured nanoan-
tennas (NAs) and remains stable as the optical excitation point
shifts from micro to macro-scale, allowing highly sensitive
SEIRA to be achieved using low-cost nanosensors.

Adv. Optical Mater. 2022, 10, 2200500
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Similarly, a highly controllable approach for fabricating
periodic bowtie SERS substrates with a narrow nanogap, high
SERS enhancement, and a good homogeneity over a vast area
was reported in our earlier work.l!l To create a conductive plas-
monic bowtie array, the periodic bowtie template is first pro-
duced over a gold film using holographic lithography (HL).
Figure 7c depicts a schematic representation of the fabrication.
The gap is subsequently narrowed using pulsed Ag electrodep-
osition, while electrochemical dark-field spectroscopy is used to
measure the gap in situ. As a result, the most sensitive change
in the scattering spectra, just as the gap is ready to merge, was
detected, resulting in uniform SERS substrates with gap sizes
as small as 5 nm. The average enhancement factor was 5 x
107 to 1 x 108, which is 50 times greater than that obtained from
Au NP-assembled substrates and 140 times greater than that
produced from commercial Klarite chips (Figure 7c, bottom).
This substrate has a great prospect for SERS applications in the
real world.

The most traditional surface-enhanced sensing relies on
plasmonic metasurfaces based on metallic antennas. However,
they have substantial constraints in terms of lossy materials
and CMOS compatibility for mass production. Dielectric reso-
nators are a viable choice for electric and magnetic field control
over a wide frequency range. Metasurfaces made up of arrays
of dielectric resonators can reveal additional functionality for
applications such as generalized phase control and flat optics.
Tittl and colleagues recently demonstrated a unique mid-IR
spectroscopy method that uses a pixelated dielectric metasur-
face to spatially encode molecular absorption signatures into
chemical-specific 2D barcodes.’! They created an imaging-
based nanophotonics technology for efficiently sensing mid-IR
molecular fingerprints, which are utilized to identify and ana-
lyze surface-bound analytes chemically. Furthermore, the sug-
gested specified chemical approach can resolve the absorption
fingerprints without the use of spectrometry, moving mechan-
ical parts, or frequency scanning, opening the door for sensitive
and adaptable tiny mid-IR spectroscopy instruments.

The fabricated design takes into account the use of Mie type
resonances collective nature, also known as super-cavity modes,
which are driven by the bound state in the continuum (BIC)
physics.'®] In addition, the designed high-Q resonances have
no additional resonance noise and are spectrally clean. This is
very important because it enables extremely highly spectrally
selective augmentation of the chemical fingerprint’s spectro-
scopically rich information.

The identification of molecular fingerprints using a mon-
olayer of recombinant protein A/G was thoroughly investi-
gated. The spectra of the metapixel reflectance were obtained
prior and later to the protein A/G interaction. Figure 8a show
the outcome of this experiment. The characteristic amide I and
IT absorption signature of the A/G molecules of protein are
revealed (Figure 8b) by the absorbance signal computed from
the peak of reflectance before (Ry) and after protein interaction
(Rs), which is in perfect match with an independent IR reflec-
tion—absorption spectroscopy (IRRAS) recording. Furthermore,
the integrated reflectance signal from the spectrum data of
each metapixel was calculated, allowing the thorough assess-
ment of the capabilities of the designed metasurface sensor
for imaging-based spectrometerless fingerprint identification.
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Figure 7. a) Diagram of spectrum calculation and polarization direction with relative absorbance spectra of y-shaped nano-antennas of various thick-
nesses and comparison of powder samples with d = 65 nm.'¥1 b) AFM topography profile and cross-sectional image of a high-aspect-proportion of the
rippled glass template with vibrational signals extracted from mid-IR relative optical transmittance (T) spectra of two different samples of Au NR arrays
functionalized with a self-assembled monolayer of ODT molecules.l?’] ¢) lllustration of fabrication methods with SERS performance and comparison

of several metagrating designs.[¥ Reproduced with permission.[2251¥7] Copyright 2020 and 2021, American Chemical Society.
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Figure 8. Retrieval of molecular fingerprints and mapping of the particular absorption, a) normalized reflectance spectra with metapixel of the mon-
olayer of protein A/G before and after physisorption. b) Absorption of fingerprints of protein estimated from the reflectance profiles of Ry and Rs com-
pared to the measurement of an independent IRRAS. c) The metasurface's broadband spectrometerless functioning can be reproduced by integrating
the reflectance signal of all the pixels with spectral integration, which converts the absorption signature. d) Chemical identification and compositional
analysis using imaging.""l e) Schematic illustration of design and fabrication with SEM images, and f) the electric field with resonance condition,
schematic arrangement of the PhCM, fluorescence, and CV molecule Raman scattering.'®l Reproduced with permission.’"1% Copyright 2018, AAAS
and Copyright 2021, American Chemical Society.
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These integrated signals are employed to compute the signals
of metapixel absorbance via the formula A = —log(Is/Iy), which
are then resized from 0 to 100, and are analogous to the optical
response of metasurface with a wideband detector prior (I) and
after (I5) deposition of the protein layer (Figure 8c).

More interestingly, imaging-based chemical identification
and compositional analysis were performed on the mole-
cular barcodes of protein A/G, a combination of PE polymers
and PMMA, as well as glyphosate pesticides. As shown in
Figure 8d, the analytes’ different absorption fingerprints were
revealed. The barcode matrices for the PE polymer/PMMA
mixture with various contents were confirmed with reliable
readout.

The surface EM states with particular localization, disper-
sion characteristics, and high-field intensity that approximate
surface-plasmon resonances while suppressing the Ohmic
losses in metals are of tremendous interest. However, dielectric
nanoantennas can only provide limited alternatives in the vis-
ible range of optical frequencies. Romano et al.'*"l developed
all-dielectric metasurfaces whose design consists of transparent
silicon nitride (Si—N) based nanostructured supporting BICs. It
was shown that the design of specific type of Fano type reso-
nances can be successfully employed in regular microscopy
for practical purposes. The far-field intensities of fluorescence
emission and Raman scattering of molecules scattered on these
metasurfaces were both boosted by =103 times. Furthermore,
resonant matching of the LSPR with the BIC field is observed,
and the gain of traditional SERS signals was improved by
more than one order of magnitude. Enhanced sensing, non-
linear mechanisms, and Raman imaging, were also important
benefits.

The schematic arrangement of the design production of 2D
square photonic crystal metasurfaces (PhCMs), as well as the
top-sight, side-sight, and tilted-sight scanning electron micro-
graphs (SEM) of a PhCM sample, are illustrated in Figure 8e.
A snapshot of the large-area PhCM is shown in the inset.
Figure 8f shows the numerical simulation results of the inten-
sity of electric field inside the unit cell in resonance settings, as
well as a schematic illustration of the PhCM with R6G fluoro-
phores coated across the entire sample surface and R6G mole-
cules’ fluorescence emission spectra. The PhCM schematic
arrangement is shown in the same figure (Figure 8f), with CV
Raman analytes coated throughout the entire sample and the
spectra of surface Raman scattering of the CV molecules inside
and outside of the PhCM. In the air, the resonant mode cre-
ates a strong near-field enhancement in the region near to the
surface as it decays exponentially. When the RI of the mate-
rial sample above the PhCM grows, the resonant wavelength
shifts to a longer wavelength, which can be employed for
sensing.PV12 [n comparison to the surrounding un-patterned
Si3N, film, the characteristic intensity of fluorescence emis-
sion was magnified by a factor of =40 inside the PhCM. Mul-
tifold raster scans of an area as large as the entire PhCM were
used to confirm this. In this experiment, crystal violet (CV) dye
molecules were used as probe Raman analytes. For compar-
ison purposes, the BIC-enhanced Raman spectra stimulated on
the PhCM are shown alongside the spectrum outside the struc-
ture. On the un-patterned silicon nitride, there was negligible
Raman scattering.
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4.3. Surface-Enhanced Thermal Emission Spectroscopy (SETES)

The approach of SES based on plasmonic metasurfaces and
nanoantennas aims at lowering the detection limit for biolog-
ical sensing. IR spectroscopy is a good method for identifying
molecular species, but it requires an IR light source, which
is often expensive. The TE of III-V type semiconductor meta-
surfaces is another type of SES approach. More intriguingly,
the existence of a chemical species attached on the surface
affects the emission spectrum in a similar way whereby SEIRA
spectroscopy modulates the emission spectrum. The boosting
of EM field attained with a plasmonic metasurface is used to
detect the molecular species’ vibrational fingerprint. Owing to
the fact that the metasurface serves as both source of radia-
tion and sensor chip at the same time the experimental setup
is reduced, making it more compact, reliable, and promisingly
cost-effective. Surface-enhanced TE (SETE) spectroscopy is a
revolutionary technique for molecule sensing that is intriguing
for miniaturized and integrated devices.

Barho et al.%l described a new spectroscopic technique
based on the spectroscopy of TE at a temperature of 65 °C for
molecule detection. The plasmonic metamaterial, like plas-
monic metasurfaces or nanoantennas used for SEIRA, serves
two purposes. It acts as an emitter to successfully substitute the
source of IR radiation and it efficiently boosts the signal of the
analyte molecule. Figure 9a shows the meta-grating patterned
thermal emitter as well as a scanning electron microscope pic-
ture and a schematic illustration of the emission spectroscopy
experimental setup. Figure 9b shows the empirically deter-
mined metasurfaces TE (MTE) in parallel and perpendicular
polarization orientations to the grating. The reflectance for
the same polarization direction is also presented for compar-
ison purposes. Kirchhoff's law was expressed since the MTE is
opaque at frequencies lower than 1700 cm™

gv)=1-r(v)=a(v) ©)

where r(v) represents the MTE’s reflectance, while (V) is its
absorbance. Because the sample is only a little warmer than
the room temperature (RT), the reflectance and the emission
extrema are at the same wavelength. In contrast, when the emis-
sion is measured at high temperatures, the dielectric function
significantly changes with variation in temperature, causing a
gap between the reflectance and emission extrema.['*+19%]

By collecting light polarized parallel and perpendicular to
the grating ridges, the TE of an MTE with a PFTMS layer was
recorded. The functionalized MTE’s emittance is compared to
the untreated MTE’s reference in Figure 9c. The existence of
a molecular layer is evident at =1000 cm™ in the spectrum of
photons polarized perpendicularly to the grating (Figure 9c).
Because of their hybridization, both resonances have plas-
monic properties. The spectral alteration may be traced back to
the existence of PFTMS’s very high absorption bands in IR at
around 991, 1025, and at around 1079 cm™! and the resultant
large changes in the real component of the RI of PFTMS,
according to the Kramers—Kroning relation. The band at around
~1079 cm™ in the IR spectra of PFTMS sample is attributed to
Si—O—CHj3;. On the other hand, the grafted PFTMS layer has
negligible effect on the spectra in the opposite polarization
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Figure 9. a) Schematic illustration and experimental setup of the perfect absorber metamaterial with scanning electron microscopy images, b) emit-
tance and reflectance spectra with radiation polarized perpendicularly and parallel to the grating, and c) reflectance spectra of the metamaterials with
and without deposition of PFTMS layer in polarization perpendicularly and parallel to the grating.[®l Reproduced with permission.[*l Copyright 2019,

Journal of the American Chemical Society.

direction. The “quarter wavelength” of the emittance peak gives
not enough enhancements of strong field that is needed to
achieve a sensitivity that provides detection of a modification
caused by a molecular layer without the hybridization effect
and plasmonic field enhancement.

The TE of the objects is typically spectrally wide, unpolarized,
and stable over time. The new nanophotonic structures and
concepts that allow the on-demand active modulation of the TE
process challenge these beliefs. This brings up numerous new
possibilities in chemistry, thermal management, health care,
sensing, imaging, and spectroscopy.

4.4. Chiral Molecule Sensing

Chirality is a type of geometric symmetry of the objects. It
causes important chemical and physical properties and it is sig-
nificantly important in cell communication, protein function,
and human physiology in general. More specifically, the word
chirality is derived from the ancient Greek “yeip” (pronounced
as “kheire”), which means “hand” that is a common chiral item.
A chiral item or system is different from its mirror image.
Thus, it cannot be superimposed onto it. Many naturally occur-
ring biomolecules and medicines, known as enantiomers, exist
in both the left- and the right-handed versions. Enantiomers
manifest totally different metabolic absorption, therapeutic
promising, and toxicological consequences. Chiral-molecular
structural anomalies have been found to play a significant role
in the development of neurodegenerative and neuropsychiatric
illnesses such as Alzheimer’s and Parkinson’s disease.[176-1]
Chirality can exhibit itself in physical aspects in addition to
geometrical concerns. In crystallographic ordering, chemical
bonding, and other features determined by the electrical struc-
ture, symmetry is a crucial feature for every practical physical
system.”) For instance, the “chiral state” of light can present
itself optically as a distinct response to right- or left-handed cir-

Adv. Optical Mater. 2022, 10, 2200500

2200500 (18 of 26)

cularly polarized (RCP and LCP, respectively) light. For those
two polarization states, a chiral material has different complex
refractive indices.?%! CD is caused by a difference in the imagi-
nary part, which results in various absorption of RCP and LCP
light. When light travels through a chiral medium, a linearly
polarized light field is rotated with regard to its original orienta-
tion. The difference in the real component of the RI can explain
this effect, which is known as optical rotatory dispersion (ORD).
A superposition of the LCP and RCP light is termed as a lin-
early polarized light field.

The CD and ORD spectroscopies are important methods in
various fields, like biology, physics, chemistry, and medicine,
for investigating chiral molecules of various types and sizes,
and notably for assessing macromolecule secondary structure
and conformation.?!l CD and ORD measurements were exten-
sively utilized to determine the structural, kinetics, and ther-
modynamic features of macromolecules. However, the optical
response of the most chiral molecules is usually very weak, and
therefore it is difficult to analyze the above features in small
volume analytes using CD and ORD spectroscopies.

Metasurfaces can efficiently enhance the light-matter inter-
action in the phenomenon of chiral sensing by generating a
superchiral field with high optical chirality concentrations, C,
defined as

C{E,H) = ;—’C‘zlm{E.H*} “

In Equation (4), the wavenumber and the characteristic
speed of light in the free space are represented by k, and ¢,
respectively, and the complex electric and magnetic fields are
represented by E and H, respectively.2%!

In order to improve and elucidate the essential parameters
in the design, Mohammadi et al.?%2l developed an analytical
model to investigate the correlation between the performance
and characteristic features of an arbitrary metasurface. The
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conditions for obtaining the chirality detection with excellency
with the platform of nanophotonic, as defined by the analyt-
ical model, are as follows: 1) Consideration of the attenuation
role of the sensing device’s chiral absorption in removing the
background signal; 2) reduction of permittivity influence of
the overall output signal, using the same factors of intensity
enhancement for the right and the left CPL; and 3) optimiza-
tion of the output signal by using high optical chirality. As a
result, metasurfaces can be constructed and provide EM fields
that are strong, homogeneous, and easily accessible for efficient
C intensification. Furthermore, current research suggests that
the dissymmetry factor or parameter is also a crucial element
when fabricating chiral metasurfaces to improve system’s chiral
sensing capabilities.203204

Biomolecular sensing, which recognizes genetic fragments
and proteins, has recently been considered in cancer and infec-
tious disease diagnostic techniques. Nanomaterials capable of
controlling the light-matter interaction at the scale of single
nanometer (nm), where proteins and genes bind directly to the
receptors, have been developed. Palermo et al.?%] demonstrated
numerically that the interface between a chiral metasurface and
hyperbolic metamaterials (HMMs) can provide both high sen-
sitivity and specificity for nucleic acids and proteins with low
molecular weight. Hyperbolic dispersion (HD) metamaterials
enable molecular biorecognition with extraordinary sensitivity
thanks to coupled and highly restricted plasmon polaritons.

www.advopticalmat.de

Specificity is entirely determined by the receptor-ligand inter-
action at the in-plane sensing surface. A modified chiral meta-
surface with out-of-plane allows the HMM sensor to perform
three critical functions. Helicoidal metasurfaces can act as 1)
efficient diffractive elements to excite surface and bulk plasmon
polaritons, 2) out-of-plane sensing branches to reduce the diffu-
sion limit and increase the sensing surface, and 3) biorecogni-
tion assays via CD and chiral selectivity.

The schematic diagram of type II HMMs arrangement
composing of alternating metallic and dielectric thin films is
shown in Figure 10a (above). A right-handed Au helix with the
geometrical properties depicted in Figure 10a (below) was used
to make the single unit cell. The wire radius (r), helix radius
(Ry), pitch height or axial pitch (p), the number of pitches (N,),
and the lattice constant (a) are all included in the helix array.
It was observed that the bulk plasmon polariton modes of the
underlying HMM can be excited by the chiral metasurface
hypergrating (CMH). The frequency of these modes is expected
to fluctuate as a function of the concentration of the analytes
bound to the metasurface, indicating the sensing platform’s
sensitivity. As a result, the ultralow molecular weight of various
molar fractions of an aqueous solution of 1,2,3-propantriol
(C3HgO3) was determined. Koohyar et al. provided the RI fluc-
tuations for various molar fractions of this solution.[20°]

Figure 10b illustrates the predicted reflection spectra of
the designed CMH-HMM-based sensor for sensing various

log(|E[)

3% ©

25%

és
z

7~
-]
-
o
*
U

surface coverage (s.c.)

@ mode C
(b)0-7 (c)?‘6 F— Linoar Fit ((l)
0.6 24
8 os = 12
5 0.4 ;zg 0 : m;::e:msz £437 pm/RIU
8 0.3 EBAE noar Fit
= w
& 02 g'"s
0.1 § 88
0.0 % 00 slope = 396.65 + 432 nVRIU
@ modeA
01 O195E | near Fit
640 720 800 880 960 130
Wavelength (nm) i z
m_— o el lope = 300.85 + 8.08 nm/RIU
n=1.3450 (2%) -~ n=1.3785 (9.9%) 0.0 slope = 300.85 + nm
—— 1=1.3520 (3.6%) n=1.3895 (13.3%) 000 002 004 006 008 ©
n=1.3570 (4.7%) —— n=1.4010 (17.5%) Refractive index variation (RIU)

(f)os (g)»|° 3’33.23.3.;“. s
- 08 T2 5
o 0.7 / 10 ///0
g gt C E ' ° r:oaaa'
& 05 A £ 207 poynomiat =
O 04 ‘ 7128 e
&= 03] A W ‘ 5 69} o
D & | 5 7
50% S8 75% 100% Y 0.24f goof ¢
0.1 J 153 ° :;dy:okm-alﬂl s
' ’ [ 00 102} s
{ i 600 760 5.1 . "'
Wavelength (nm) oop &
0

50 100
surface coverage (%)

Figure 10. a) The essential structure properties of one lateral unit cell of the out-of-plane chiral structure made of a right-handed Au helix on a glass
substrate are shown in the ITO/Ag HMM schematic. b) Performance of the CMHHMM sensor evaluation: computed reflectance spectra with varied
mol concentration of 1,2,3-propantriol in the distilled water. c) Wavelength attenuation in resonance for the modes of A, B, and C as a function of the RI
change and linear fitting, and d) in the logarithmic scale, XZ maps of the intensity of electric field via the CMHHMM structure for the three various modes.
e) lllustration of the simulated design with various proportion of surface covering. f) The reflectance spectra and g) the resonance wavelength tuning
for various modes, A, B, and C, as a function of surface coverage.?’l Reproduced with permission from.2%°l Copyright 2020, American Chemical Society.
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concentrations of 1,2,3-propantriol solutions. It was discov-
ered that the RI ranged from 0 to 0.068, which corresponded
to a molar ratio of C3HgO; at about 17%. As expected, as the
RI increases, the calculated reflectance minima (mode dips) of
the coupled system shifts linearly towards longer wavelengths
(Figure 10c). This shift can be interpreted as a measure of the
system’s sensitivity to the analyte.

The ratio of the change of RI (An) of the solution of the
sample flowing on sensor’s top to the wavelength shift (A4) of
the sensor resonance is shown in the Equation (5):

An
S= AL (5)
For the firstmode, A (635 nm), S, reached 3.3 x 103 RIU nm™},
and AA, = 20 nm, while Sy is seen to be 2.5 x 107 RIU nm™,
and Ay = 26 nm for the second mode, that is, B (710 nm).
Similarly, S¢ = 1.8 X 1073 RIU nm™, and AA¢ = 37 nm for the
C (890 nm) mode respectively. The associated LOD (limit of
detection), which is equal to 0.0015, is the smallest RI fluc-
tuation that can be recognized (the shift is 1 nm when con-
sidering normal nanofabrication structural tolerance). The
appeared variance in the sensitivity between the three modes
of sensor is attributed to various AA in all three cases. Mode
C outperforms the other two modes in terms of sensitivity.
This is because of the highly limited field distribution on the
superstrate (Figure 10d) at HD and the evidence that the field’s
transverse decay markedly varies from one mode to the next in
the HMM.

The wavelength shift of the BPP modes is proportional to
the number of molecules that bind selectively on the surface
of the helices. To numerically simulate this effect, various
percentages of the helicoidal structures’ surface coverage
were considered, from the bottom to the top of the helices
(as illustrated in Figure 10e), with the maximum fluctuation
of the considered RI (0.0680) only influencing the covered
region surrounding the helix. It must be noticed that the RI
changing was only evaluated in a cylinder around a single
helix, but n was not observed in the bulk. Therefore, two situ-
ations were considered, 0% surface coverage (s.c.) and 100%
s.c., in which molecules completely cover the whole surface
of the helix. In the latter case, the highest spectral variation
was observed to be 15, 21, and 31 nm for mode A, mode B,
and mode C respectively. Similarly, four-intermediate par-
tial s.c. situations of 25, 33, 50, and 75% were also consid-
ered (Figure 10f). The variation tends to saturate around the
bulk RI sensitivity as the volume of the cylinder increases
(Figure 10c) to 100% s.c.

At the same time, the smallest detectable s.c., which cor-
responds to the minimal surface coverage required to have a
noticeable variation of all the three modes, can be also deter-
mined. The results shown in Figure 10g reveal that all the three
modes shift by at least 1 nm for an s.c. of about 16%, whereas
the observed highest sensitive mode C tunes by 1 nm with a
surface coverage of about 12%. This allows the calculation of
the bulk sensitivity, a crucial metric used to define the perfor-
mance of a bio/molecular sensor that is highly connected to
surface coverage. The mass sensitivity for the given system is
0.04 pg mm~2.
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Sensing molecule chirality at the nanoscale has been a long-
standing challenge due to the inherently weak nature of chirop-
tical signals. Nanophotonic techniques have been effective in
accessing these signals. Yet, it has not been achieved complete
sensing of the chiral part of the molecule’s RI (magnitude and
sign of both the real and imaginary parts) in most circumstances,
because the faint chiroptical signals are obscured by the powerful
intrinsic signals from the nanostructures themselves. Unlike
plasmonics, dielectric nanoresonators have a strong response to
both the magnetic and electric fields of light, making dielectric
metasurface a promising alternative for chirality improvement.
Droulias et al.?” suggested a dielectric metasurface as a solu-
tion to these issues. Furthermore, it enables complete measure-
ments of the whole chirality, it clearly distinguishes the influence
of the real and the imaginary part, and it provides absolute chi-
rality measurements, thanks to the use of a critical signal reversal
(excitation with reversed polarization) that allows measurements
of chirality without the need of sample removal. Figure 11a sche-
matically represents a metamaterial system. The system com-
prises a thin slab of dielectric that successfully supports the con-
tinuous dispersion TE (components H,, E, H,) and TM (com-
ponents E,, H,, E,) modes of waveguide (Figure 11b). That study
focused on TE; and TM, as well as on the lowest order wave-
guide modes, and exploited their dominant field components,
that is, E; and H,, to build the electric/magnetic-moment pair.

As demonstrated in Figure 1lc, a linearly polarized pulse is
employed to excite the sample at normal incidence from the
substrate side. As a result, when the incident magnetic field
(H-field) is parallel to the wires (H = H,J), only the TM,, mode
(components E,, H,, E,) is excited, but it cannot couple to the
orthogonal TE,, mode unless the chiral layer offers an essential
mode-coupling. Similarly, an incident field with E = E;§ will only
pair to the TE,y mode (components H,, E,, H,). To determine
the effect of chirality on the incident wave, Figure 1lc shows
the transmittance plot and analyzes the transmitted wave’s
polarization in terms of ellipticity (1) and rotation (6). Starting
at wy, = 60 nm, the TE,;—TM,, spectral separation decreases as
Wy, increases, resulting in the enhancement of the values of
1 and 6 in the region of far-field, which are maximal at w,, =
80 nm, where the two modes are aligned spectrally. Increased
wy, causes modes detuning, resulting in weaker signals.

Apart from physical information, the current analytical
model also quantifies the system’s total response. The fitted
simulated results for aligned modes, where the augmenta-
tion is the greatest (w,, = 80 nm), are shown in Figure 11d. At
k= 1107 and x = £107, the chiral-influencing absorption and
refraction were also investigated. Consequently, the current
model system allows the calculation of both the real and the
imaginary parts of k and the identification of their effect using
various chiroptical signals. The coupled oscillator model con-
firmed this, and despite its simplicity, it successfully reproduced
the numerical simulations. In Table 1, the performance of meta-
materials and metasurfaces of various sensors is summarized.

5. Future Perspectives and Challenges

Although metasurfaces have outperformed the traditional sensing
methods, there is still space for improvement.”'l The device
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Figure 11. Enhanced chiral sensing with a dielectric metasurface. a) The metasurface's one-unit cell (periodicity ). b) Left panel: in the absence
of metal, dispersion of the dielectric slab's lowest order TE, (red line) and TM, (blue line) modes. c) Transmittance spectra and improved far-field
chiroptical signals for a system with a = +10° as a function of TE,~TM,, spectral alignment under TM excitation. The TM,o mode is excited by the
TM-polarized incident wave and the chiral layer enables coupling with the TE,, mode. d) Improved detection of complete chirality.?””) Reproduced with
permission.2”] Copyright 2020, American Chemical Society.

Table 1. Summary of metamaterials and metasurfaces sensors.

Application Detection sample Sample type Nanostructure Performance Reference
Refractometric sensing Cco, Gas All-dielectric nanodisk array 20 ppm [170]
and photonic crystal slab
Refractometric sensing Streptavidin-biotin binding Small molecule Gradient Au nanorods array 15 nM 73]
Refractometric sensing Mouse I1gG Protein Elliptical zigzag array 3 molecules per um? [208]
Refractometric sensing Single layer of Al,O5 Molecule Gradient nanopillars 1angstrom [209]
and nanoholes array
Refractometric sensing DNA aptamer-human odontogenic amelo- Protein Elliptical zigzag array 3000 molecules per um? [70]
blast associated protein binding
Surface-enhanced infrared Organic optoelectronic material Tris Molecule Gold Y-shaped nanoantennas 8 nm [87]
spectroscopy (8-hydroxyquinoline) aluminum(lll) (Alqs) arrays
Surface-enhanced infrared Protein A/G monolayer Protein Elliptical zigzag array 2130 molecules per um? 71
spectroscopy
Surface-enhanced infrared Biphenyl-4-thiol Molecule Photonic crystal metasurface 1nm [1971]
spectroscopy
Surface-enhanced infrared Protein Protein Photonic crystal metasurface 66 M [192]
spectroscopy
Surface-enhanced thermal 11-pentafluorophenoxyundecyltrimethoxysilane Molecule Nanograting arrays 2nm 193]
emission spectroscopy
Chiral molecule sensing o-Synuclein fibrils Protein Gold nanorods 80 nM [196]
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sensitivity will be improved by developing unique fabrication
design and synthesis methodologies for efficient metamaterials.
At the moment, plasmonic metasurface-based sickness diag-
nosis is limited to serum, which needs a lengthy preprocessing
procedure in a competent laboratory prior to detection. However,
if POCT (point of care testing) is required, a more accessible
sample containing whole blood or even sweat, saliva, and urine
may be preferable. This will also make portable medical applica-
tions for health diagnostics more difficult. The advancement of
optical technology will lead to more flexible and wearable devices.

Plasmonic biosensing can be employed in wearable devices
to detect complex samples in real-time. However, a specific
step is still required for commercially plasmonic metasurfaces’
immediate detecting equipment. In the future, it may be
required to meet the challenge of large-scale plasmon chip pro-
duction while keeping cost under control, which will effectively
promote the commercialization. On the other hand, choosing a
unique metamaterial is another way to improve detection effi-
ciency while lowering commercial cost.

The breakthroughs in nanofabrication technology resulted in
the development of static meta-devices. Metasurfaces will be cre-
ated by using a number of developing approaches and innova-
tive design, which will allow low-cost, large-area, and the mass-
production approaches. Tunable or reconfigurable metasurfaces
will also lead to fascinating and diverse functions in a broader
spectrum of applications using new functional materials, such
as liquid crystals, phase-change materials, and 2D materials.

Dielectric metasurfaces can manifest designing on-demand
features because of the extra degrees of freedom in the optical
responses and the particular light-matter interactions. Nev-
ertheless, there are still several problems. One of them is to
establish a standard process for fabricating several types of
the dielectric metasurface sensors in a large scale. Despite the
recent development in the efficient manufacturing of meta-
surfaces, there is still no technique that is compatible with con-
ventional semiconductor fabrication techniques. Fabrication of
large-area flexible metasurfaces for high sensitivity is another
important issue. Results of recent research show that dielectric
metasurfaces have adequate sensitivity. Nonetheless, the overall
performance is not as good as that of their state-of-the-art plas-
monic equivalents. There is space to improve device sensitivity,
especially for SERS. Furthermore, progress in materials science
will contribute to the improvement of dielectric metasurfaces
and widen their application in novel devices. Multifunctional
metasurfaces, which exhibit an ability to create near-field
enhancement and to operate as on-chip light sources, which
can be created for the integration of ultra-compact sensor by
employing active materials, such as GaN and GaAs. More-
over, several unusual materials, such as HI chalcogenides and
perovskites, have recently been used in metasurfaces to obtain
unique optical features. Further research on metasurface mate-
rials may lead to high-performance optical molecular sensors.

6. Conclusions

The current progress on metasurfaces was thoroughly
reviewed, with emphasis on physics and applications in
molecular optical sensing. The unique properties lead to new
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sensing methodologies, such as SES, imaging-based molecular
detections, and chiral sensing. Both plasmonic and dielectric
metasurfaces as well as their latest developments were dis-
cussed. The features of this rapidly developing research along
with the obstacles and the future prospects were also outlined.
As far as the fabrication processing is concerned, there is a
good matching with the conventional production of metallic/
semiconductor/dielectrics. Thus, metasurfaces with suitable
materials and device architecture design display a very prom-
ising potential in optical sensing. The possibility to design
with more freedom and to have access to a wider range of
materials makes metasurfaces to be very attractive for various
applications.
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