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ABSTRACT:

Molecules may be found and identified with the use of infrared absorption spectroscopy.
Unfortunately, the molecule's low infrared absorption cross-section limits its applicability, leading to
low sensitivity and a poor signal-to-noise ratio. Utilizing the field-enhancing characteristics of periodic
nanostructures, Surface-Enhanced Infrared Absorption (SEIRA) spectroscopy is a novel approach that
amplifies the vibrational signals of trace molecules. Diverse sensing applications have been spurred
by the intriguing features of SEIRA technology. First, we go over three methods for optimizing SEIRA
performance in this review: improving bandwidth, enhancing sensitivity, and choosing the right
material. Next, we go through the possible uses of SEIRA technology in domains like environmental
monitoring and biomedicine. We have entered a new era marked by wearable technology, sensor
networks, and the Internet of Things in recent years. The search for more compact and integrated
infrared spectroscopy chips and systems was prompted by these new requirements. Furthermore,
SEIRA has gained fresh life from the emergence of machine learning, which has elevated data analysis
and smart device design. This analysis concludes with an exploration of the potential future trajectory
of SEIRA technology, identifying emerging trends and opportunities.
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INTRODUCTION

A valuable technique for characterizing materials is infrared spectroscopy, which provides non-
destructive, label-free access to details on the species and chemical makeup of molecules. These
intrinsic qualities have allowed infrared spectroscopy to find several ground-breaking uses in
industries like environmental monitoring and medical. However, the use of conventional infrared
spectroscopy in the field of trace molecular detection is restricted by the limited infrared absorption
cross-section of molecules. The Beer-Lambert law, commonly referred to as Beer's law, provides an
explanation for this restriction. The Beer-Lambert law can be expressed generally as follows:

A =¢ecl (1)

where A is the absorbance, # is the molar absorptivity (also known as the molar absorptivity),

The material's concentration is denoted by c, while the length of light's journey through the substance
is represented by I. It can be shown from Equation (1) that the absorbance A is proportional to the
absorbing material's thickness (I) and concentration (c). Conventional spectrometers are unable to
detect detectable absorbance in situations when the analyte's thickness is extremely thin or its
concentration is extremely low. A fresh approach is desperately required to address this issue in order
to further the advancement of infrared spectroscopy technology and increase the detection sensitivity
of conventional infrared spectrometers. The aforementioned restrictions can be addressed in a number
of ways, including by improving the infrared light source, creating extremely sensitive infrared
detectors, and using the Surface-Enhanced Infrared Effect of absorption (SEIRA) The detection
sensitivity of infrared spectrometers may be increased using brighter infrared light sources and more
sensitive infrared detectors, although these upgrades are frequently more expensive. Conversely,
SEIRA spectroscopy is an inexpensive and efficient way to improve the interaction between light and
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matter. The idea of SEIRA was initially put out by Hartstein et al. in 1980 [4]. They showed a 20-fold
improvement in the infrared vibrational signal of a monolayer molecular film by utilizing randomly
distributed silver nanoparticles. They postulated that "collective electronic resonances excited by the
incident light" were the source of the increase. Nowadays, the fundamental process behind this
improvement is clearly recognized and linked to Surface Plasmon Polaritons (SPP), which are
commonly paired with

Techniques for Attenuated Total Reflection (ATR) However, in the nearly 30 years after 1980,
SEIRA's progress has been very sluggish. The delayed advancement of SEIRA can be attributed to
two main issues. One may argue that the metal island film-based SEIRA enhancement is a non-
resonant enhancement process. Because the plasmon resonance is not tuned to the infrared spectrum,
it produces tiny enhancement factors that usually range from 101 to 102. Comparing this to Surface-
Enhanced Raman Spectroscopy (SERS), which may get enhancement factors as high as 103 during
the same time frame [9,10], is less striking. However, due to the constraints of micro/nanofabrication
techniques, metal island films, which are created by gas-phase or electrochemical deposition processes,
show significant structural differences. The SEIRA enhancement signal is extremely unstable due to
the unpredictability in the metal island films' structural characteristics. The advent of metamaterials
has presented novel prospects for enhancing the stability and sensitivity of SEIRA spectroscopy. A
family of materials known as metamaterials is created intentionally and has subwavelength periodic
features that enable any kind of manipulation of incident electromagnetic waves [16]. Negative
refractive index [17], near-field enhancement Electromagnetically Induced Transparency (EIT),
Electromagnetically Induced Absorption (EIA)], inverse Doppler shift effect, and inverse Cherenkov
effect [24] are just a few of the remarkable physical properties they exhibit that are not present in
natural materials. These remarkable physical properties provide a wealth of new application areas.
superlenses slow light], nonlinear optics], holography imaging [29], invisibility cloaking, and sensing
are among the technologies that have arisen. In particular, metamaterials-based sensing research has
gained a lot of attention lately. The resonant frequency may be adjusted to be in the mid-infrared region
while producing intense and tightly contained electromagnetic field hotspots by adjusting the size of
metamaterial nanoantennas. The sensitivity of SEIRA spectroscopy is greatly increased by these strong
interactions with nearby analytes made possible by these powerful electromagnetic field hotspots [35].
As a result, metamaterials are now a great option for spectroscopic and biochemical sensing
applications. Additionally, the development of micro/nanofabrication methods and customisable
metamaterials has increased the unpredictability in the

changes in metal island films, providing the groundwork for a steady increase of SEIRA spectroscopy.
The substantial SEIRA spectroscopy enhancement impact of plasmonic nanoantennas was originally
shown by Neubrech et al. in 2008. In this study, Neubrech et al. engineered the size of the plasmonic
nanoantennas artificially in order to produce Localized Surface Plasmon Resonance (LSPR) in the
infrared range. The target analyte was a monolayer of octadecanethiol (ODT) molecules. When the
analyte's resonance frequency matched the plasmonic resonance frequency, a significant SERIA
enhancement was seen. Nevertheless, the specific nanoantennas' enhancing impact was restricted.
suggested using arrayed plasmonic nanoantennas for ultra-sensitive spectrum detection of protein
monolayers in order to further enhance SEIRA performance [38]. In contrast to individual greater
local field enhancements and more distinct spectrum responses can be obtained by using arrayed
nanoantennas to induce collective electron resonances. According to experimental findings, the
arrayed nanoantennas' absorption signal greatly outperformed that of the individual nanoantennas,
perhaps reaching protein detection limits at the zeptomole level. Additionally, the arrayed
nanoantennas showed better repeatability and dependability than single nanoantennas and chemically
produced metal island films.

The development of SEIRA technology has advanced quickly since then. The evolution of SEIRA
technology is summarized in this overview, which highlights four key trends: materials, increased
bandwidth, sensitivity augmentation, and applications (Figure 1). The Internet of Things (IoT) in
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recent years, New requirements for the system integration and downsizing of infrared spectroscopy
chips and systems have been brought about by wearable technology and sensor networks. Thus, a key
step towards the advancement of SEIRA technology is the downsizing and system integration of
infrared spectroscopy. Furthermore, the emergence of Machine Learning (ML) has given SEIRA
technology fresh life. More intelligent data analysis and device design may be made possible by
leveraging ML. Viewpoints on potential developments in SEIRA technology development are covered
in the review's last part.
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Figure 1. The SEIRA road map over the previous fifteen years, based on IR metamaterials.

3. LITERATURE REVIEWS

A. Karabchevsky et al On-chip nanophotonic devices are a class of devices capable of controlling
light on a chip to realize performance advantages over ordinary building blocks of integrated
photonics. These ultra-fast and low-power nanoscale optoelectronic devices are aimed at high
performance computing, chemical, and biological sensing technologies, energy-efficient lighting,
environmental monitoring and more. They are increasingly becoming an attractive building block in a
variety of systems, which is attributed to their unique features of large evanescent field, compactness,
and most importantly their ability to be configured according to the required application. This review
summarizes recent advances of integrated nanophotonic devices and their demonstrated applications,
including but not limited to, mid-infrared and overtone spectroscopy, all-optical processing on a chip,
logic gates on a chip, and cryptography on a chip. The reviewed devices open up a new chapter in on-
chip nanophotonics and enable the application of optical waveguides in a variety of optical systems,
thus are aimed at accelerating the transition of nanophotonics from academia to the industry.

S. Abdollahramezani et al ; Nanophotonics has garnered intensive attention due to its unique
capabilities in molding the flow of light in the subwavelength regime. Metasurfaces (MSs) and
photonic integrated circuits (PICs) enable the realization of mass-producible, cost-effective, and
efficient flat optical components for imaging, sensing, and communications. In order to enable
nanophotonics with multipurpose functionalities, chalcogenide phase-change materials (PCMs) have
been introduced as a promising platform for tunable and reconfigurable nanophotonic frameworks.
Integration of non-volatile chalcogenide PCMs with unique properties such as drastic optical contrasts,
fast switching speeds, and long-term stability grants substantial reconfiguration to the more
conventional static nanophotonic platforms. In this review, we discuss state-of-the-art developments
as well as emerging trends in tunable MSs and PICs using chalcogenide PCMs. We outline the unique
material roperties, structural transformation, and thermo-optic effects of well-established classes of
chalcogenide PCMs. The emerging deep learning-based approaches for the optimization of
reconfigurable MSs and the analysis of light matter interactions are also discussed. The review is
concluded by discussing existing challenges in the realization of adjustable nanophotonics and a
perspective on the possible developments in this promising area.
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A. Tripathi et al; Rare-earth-doped nanocrystals are emerging light sources that can produce tunable
emissions in colours and lifetimes, which has been typically achieved in chemistry and material
science. However, one important optical challenge — polarization of photoluminescence — remains
largely out of control by chemistry methods. Control over photoluminescence polarization can be
gained via coupling of emitters to resonant nanostructures such as optical antennas and metasurfaces.
However, the resulting polarization is typically sensitive to position disorder of emitters, which is
difficult to mitigate. Methods: Recently, new classes of disorder-immune optical systems have been
explored within the framework of topological photonics. Here we explore disorder-robust topological
arrays of Mie-resonant nanoparticles for polarization control of photoluminescence of nanocrystals.
Results: We demonstrate polarized emission from rareearth- doped nanocrystals governed by photonic
topological edge states supported by zigzag arrays of dielectric resonators. We verify the topological
origin of polarized photoluminescence by comparing emission from nanoparticles coupled to
topologically trivial and nontrivial arrays of

nanoresonators.
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4 OBJECTIVE OF THE STUDY

One of the materials that SEIRA uses the most frequently is metal. Metal surfaces have good optical
qualities in the infrared spectrum due to their strong conductivity and Surface Plasmon Resonance
(SPR) effects.

RESONATOR MATERIALS

One of the materials that SEIRA uses the most frequently is metal (Figure 2a). Metal surfaces have
outstanding optical qualities in the infrared spectrum due to their strong conductivity and Surface
Plasmon Resonance (SPR) phenomena. The interaction between electromagnetic waves and molecules
affixed to the metal surface is improved by this phenomenon, which produces highly concentrated
electric fields on the metal surface at the nanoscale. Furthermore, gold is a flexible material that may
be used in biosensing due to its chemical inertness and ease of surface functionalization. It has been
shown that gold-based metamaterials can also be used in other wavelength ranges, such as microwaves,
terahertz, and visible light [66]. But as a valuable metal, gold has issues with affordability and
sustainability.

while manufacturing SEIRA chips in bulk. Apart from gold, plasmonic resonances may also be excited
by silver, copper, titanium, palladium, and aluminum. Particularly aluminum has garnered a lot of
attention lately as a substitute for products made of precious metals. Low cost, plentiful reserves,
compatibility with Complementary Metal-Oxide-Semiconductor (CMOS) technologies, and support
for resonances throughout an incredibly broad spectral range from ultraviolet to infrared are just a few
of aluminum's appealing qualities. In addition, at ambient circumstances, aluminum naturally produces
a 2-4 nm thick native oxide layer. The native oxide layer allows a greater variety of covalent bonding
schemes between molecules and antennas as compared to Au or Ag. Aluminum is therefore a highly
rated possible SEIRA candidate material.

DIELECTRIC MATERIALS

The field of SEIRA has advanced significantly thanks to the use of metal materials. Nevertheless, low-
quality (Q) factors of the resonances originate from the intrinsic Ohmic losses of metals, which also
restrict their resonance linewidth [85]. Furthermore, unfavorable local heating brought on by metals'
high absorbance might denaturize analytes and impede the advancement of in vivo sensing. Dielectric
materials with a high refractive index and low loss have evolved as an alternative to metals in order to
get over these restrictions. Dielectric resonators may sustain a variety of electric and magnetic Mie-
type resonance modes that appear at different wavelengths in the scattered light spectra, as
demonstrated by several studies. This capability enables fine spectrum control of the system's
electric/magnetic response. Lately, dielectric material-based nanosystems have offered a platform
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capable of producing ultra-sharp resonances and high-Q factors. These incredibly precise resonances
provide fresh opportunities for extremely sensitive nanophotonic sensing. For instance, Ghofraniha et
al. used the free-space whispering gallery mode to achieve a high-Q microlaser for low-concentration
biosensing [103]. Moreover, monochromatic SEIRA sensing of certain target analytes is made possible
by creating high-Q resonances that are smaller than molecule vibrational bands without the
requirement for an infrared spectrometer. Currently, silicon (Si), germanium (Ge), gallium phosphate
(GaP), indium phosphate (InP), and other materials are often utilized as dielectrics (Figure 2b). Due to
their superior optical qualities, minimal losses, and high refractive indices, these materials are highly
suitable for use in a variety of optical and nanophotonic spectroscopy. Doping also adds a new
dimension to the construction of dielectric resonators. Doping offers an intriguing advantage in that
resonances may be electronically tuned [106], unlike metals where resonators need to be resized for
every specific spectral position. Research on dielectric materials will expand as materials science and
nanotechnology progress, resulting in additional breakthroughs and chances for applications in
optoelectronics and biomedicine. 2.3. Materials for Phonon Resonance Phonon resonance materials
have garnered a lot of interest lately. Phonon resonance materials have the ability to relate light to
phonons, which are lattice vibrations, in contrast to LSPR in metallic materials. More specifically, the
heterogeneous mobility of "atoms" in the lattice can strongly couple with the electromagnetic field in
ionic solids made up of positively and negatively charged "ions."

domain. Phonon-Polariton (PhP), a quasi-particle arising from the coupling of photons and optical
phonons, is produced by the connection of light and lattice vibrations. PhPs from Transverse Optical
(TO) to Longitudinal Optical (LO) phonon frequencies have been seen in the Reststrahlen band of
polar crystals [107]. PhP modes show greater Q factors and Purcell enhancement because of the
phonon scattering's strong light confinement and intrinsic low damping rates. For example, Hu et al.
used near-field nanoscale FTIR spectroscopy to study the strong interaction between propagating and
confined PhP modes supported by Silicon Carbide (SiC) nanorod lattices [112]. Using lattice constants
to determine the development of mode hybridization, they obtained near-field spectra at local sites on
the the Rabi splitting spectra of the nanorod lattice and finding prominent energy-splitting gaps.
Additionally, the tight interaction between phonons and light presents intriguing opportunities for
high-performance sensor systems. Using a single quartz microcylinder as an SPhP resonator, Liu et al.
showed the significant link between Surface Phonon-Polaritons (SPhPs) and molecular vibrations seen
in far-field studies [114]. With 4-nitrobenzyl alcohol molecules, SPhPs demonstrated unique mode
splitting and anticrossing characteristics, thanks to their high-Q factors and ultra-small mode volumes.
This discovery opens the door to miniaturizing mid-infrared spectroscopy and improving vibrational
strong coupling sensitivity. This powerful

Hexagonal Boron Nitride (hBN), SiO2, SiC, Calcium Carbonate (CaCO3), and other polar crystal
materials have also shown vibrational coupling at different infrared frequencies [119, Figure 2c].

LOW-DIMENSIONAL VAN DER WAALS MATERIALS

The high field confinement of low-dimensional van der Waals (vdW) materials offers interesting
opportunities not only for phonon resonance, dielectric, and metal materials, but also for infrared
sensing and nanophotonics [120]. One-dimensional (1D) carbon nanotubes and two-dimensional (2D)
graphene are the two low-dimensional vdW structures in infrared sensing that have been investigated
the most (Figure 2d). Through exciton effects, single-walled carbon nanotubes, for instance, have been
employed for in vivo and single-molecule detection [125]. It has been demonstrated that two-
dimensional vdW materials, like graphene, improve plasmonic field confinement more successfully
than metal nanostructures. Moreover, graphene plasmons exhibit exceptional promise for the detection
of molecule structural alterations and vibrational mode fingerprinting in dynamically adjustable
infrared absorption spectroscopy. Later, Hu et al. used mid-infrared resonant graphene nanoribbons to
demonstrate in situ electrical modulation of graphene plasmons over the fingerprint area [129]. At the
sub-monolayer level, the highly restricted graphene plasmon polaritons obtained an extraordinarily
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high detection sensitivity. The scientists were able to identify both in-plane and out-of-plane
vibrational modes that are not accessible through traditional Fourier Transform Infrared (FTIR)
experiments by employing the strong near-field component perpendicular to the graphene direction.
Using graphene nanoribbons, they also succeeded in label-free identification of gas molecules
adsorbed on the graphene surface, identifying

800 zmol/_m2 concentrations or less [130]. The limited coupling effectiveness between external light
and graphene plasmon polaritons is a disadvantage, despite the fact that the high optical confinement
of 2D materials is a desirable property for sensing [131]. This leads to extinction levels that are
generally low, below 5%, which makes them unsuitable for use in device applications. In order to
improve the plasmonic response, recent approaches have included hybrid substrates with plasmonic
nanostructures, integration with photonic cavities (such as Fabry—Perot), and multilayer stacking
[132]. In multilayer graphene nanoribbons, for example, Nong et al. investigated graphene plasmons
[134]. They were able to significantly increase the localized graphene plasmon absorption from 3% to
over 92% by integrating Fabry—Perot-type cavities. The enhanced SEIRA's performance is an order of
magnitude higher than that of single-layer graphene nanostructures.

>, S
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HYBRID MATERIALS

While all of the materials listed above may be utilized to create metamaterials, they each have some
drawbacks. The faults of each material may be addressed and new characteristics can arise by mixing
two or more of these materials to produce new structures [137]. These characteristics provide new
possibilities for regulating infrared sensing and light propagation. To overcome the momentum
mismatch barrier between the excitation source and the acoustic plasmons in graphene, for instance,
Lee et al. created a graphene acoustic plasmonic resonator by combining graphene with ultra-flat metal
strips [136]. It betters the light-matter interaction and shows nearly complete absorption (94%) of
incoming mid-infrared light. Protein absorption bands at angstrom can be precisely measured using
graphene acoustic plasmonics.

In SiO2, thickness and surface phonon modes. Furthermore, there has been significant interest in
hybrid metal-dielectric nanostructures [138]. As an example, a hybrid metal-dielectric nanoscale
antenna was created by The silicon cylinder and aluminum disk of the hybrid nanoscale antenna are
separated by a SiO2 spacer. This metal-dielectric hybrid design combines many low-loss radiative
channels of dielectric resonators with the high field enhancement of plasmonic metals. It has a superior
optical response and a mix of favorable properties due to the connection between various materials.
The hybrid metal-dielectric nanostructure may be further optimized to obtain a refractive index
sensitivity of 245 nm/RIU for bulk refractive index detection. Additionally, mixing metal nanoparticles
Quantum mechanical effects can also be produced using semiconductor nanoparticles. Huang and
colleagues, for instance, created a plasmonic nanocavity [140] by using the interaction between gold
and CdO nanocrystals. The quantum mechanical tunneling phenomenon is produced by the
subnanometer gap between the CdO and gold nanocrystals. The Au-CdO nanocrystals experience a
resonant blue shift as a result of the quantum mechanical tunneling phenomenon, which also enhances
field and increases SEIRA signals.
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Figure 2. Choice of materials for SEIRA. (a) Metal materials. (b) Dielectric materials. (¢) Phonon
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resonance materials. (d) Low-dimensional van der Waals materials.

5. RESEARCH METHODOLOGY
SEIRA SENSITIVITY
STRUCTURAL OPTIMIZATION
Sensitivity is one of the main metrics used to assess how well EIRA is doing. The Enhancement Factor
(EF) is commonly employed in assessing SEIRA's sensitivity [141].The expression of EF, which
connects the increased signal intensity to the signal produced by conventional infrared methods
(transmission, reflection), is as follows.

EF =ISEIRA/IO /ASEIRA/A0 )
where 10 is the signal intensity without enhancement and ISEIRA is the increased signal intensity. In
addition, in the SEIRA or reference measurement, ASEIRA and A0 stand for the areas (volume)
covered (filled) by the molecule, respectively. Since the molecules in the antenna'’s hotspots are mostly
responsible for the augmented SEIRA signal, ASEIRA is frequently calculated as the volume of the
surface area at the tip of the antenna The near-field intensity of the metamaterial has a significant
impact on SEIRA's sensitivity and detection limit. Nowadays, a typical technique for increasing near-
field intensity is via decreasing the distance between neighboring nanoscale antennas. Within the
nanoscale gap, the tiny gap produces a stronger field enhancement and improves the coupling between
adjacent antennas. To reach a theoretical SEIRA EF of 107, for instance, Dong et al. used plasmonic
junction nanoscale antennas with gaps smaller than 3 nm [49]. Refined nanoscale junction antennas
including minuscule nanogaps made it possible to identify as little as 500 4-nitrophenol molecules.
Yoo et al. presented a high-throughput, batch production approach based on atomic layer lithography
to produce a coaxial nanohole array in order to enable large-scale manufacture of nanogaps. Using
Atomic Layer Deposition (ALD) with angstrom-level thickness precision, this method produces long
(up to several centimeters) and narrow (as thin as 1 nm) slits Opportunities for powerful light-matter
interaction and extremely sensitive molecular sensing are presented by the ultra-small nanogaps.
Research has demonstrated that an EF of 5 _ 105 was obtained for the detection of 5 nm silk protein
with a nanogap size of 7 nm. Additionally, near-field intensity can be increased by making vertical
nanogaps. When a metal layer is included in metamaterial absorbers, vertical nanogaps are usually
used. Between the metal antennas and the metal sheet, there are substantial light confinement caused
by the nanoscale vertical gaps. Molecular overlap with the near field is prevented, nonetheless, by the
dielectric layer positioned between the metal sheet and the nanoscale antennas. A useful strategy to
deal with this is to use microchannels as aas an alternative to the dielectric layer Le et al., for instance,
presented a plasmonic-nanofluidic metamaterial made up of metal films positioned between
nanofluidic channels and plasmonic resonators. The top resonator and the bottom metal mirror can
move molecules more effectively and controllably thanks to this configuration, which improves the
molecules' infrared absorption signal. However, it gets harder to move analyte molecules into these
gaps—also known as hotspots—when microchannels get smaller and smaller until they reach the
nanoscale. Particularly when the gap size is similar to the molecules' average size. This problem
severely restricts the potential for future advancements in nanophotonic sensor performance. To make
it easier for analytes to be transferred to the spaces between the metal layer and the antennascreated a
liquid metal chip-based SEIRA sensor (Figure 3b) [55]. The sensor is composed of a metal ground
plane that divides an array of metal nanobands from a nano-dielectric layer, creating a sort of tiny chip
antenna array. The analyte acts as the nano-dielectric layer by physically or chemically adsorbing onto
the metal nanobands. The analyte molecular layer is then covered with liquid gallium, which also
functions as the nanoscale chip antenna's ground plane. It is possible to considerably improve the
molecular vibrational signal associated with the analyte film because of the extremely limited and
amplified electric field in the nanogap between the metal nanobands and the liquid gallium. Crucially,
Such sensors are easily reusable since the liquid gallium may be withdrawn from the sensor surface
after measurement. For SEIRA sensitivity, increasing the spatial overlap between molecules and
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hotspots is also essential. Nevertheless, the dielectric barrier may be partially penetrated by the near-
field enhancement of nanoscale antennas, reducing the likelihood of hotspots and molecules
overlapping. One efficient method for creating nanopedestals is to etch the dielectric layer. For
instance, Cetin et al. created polarization-insensitive mid-infrared nanoring antennas on nanopedestals
and created dielectric nanopedestals using isotropic manufacturing procedures [45]. The upper
antenna's hotspots are exposed to open space via the nanopedestals.

resulting in the target biomolecule and the plasmonic hotspots having the greatest possible overlap.
When compared to nanoscale antennas on a substrate, SEIRA sensitivity is improved by 2.5 to 10
times because to the higher spatial overlap. Analyte solutions can also be passively captured and
concentrated using dielectric nanopedestals with nanogrooves. For example, metal-insulator-metal
optical resonant cavities containing nanopedestals were created by Miao et al. [152] (Figure 3c). Each
dielectric nanopedestal has nanogrooves on both sides because its diameter is several hundred
nanometers less than that of the top metal nanoscale antennae. The whole array of resonators is covered
and the nanogrooves are penetrated by the analyte solution when it is put onto the device surface. The
analyte then precipitates and deposits inside and close to the grooves as the solvent progressively
evaporates. SEIRA sensitivity is further increased by the nanopedestals' passive molecular capture.
The passive molecular capture made possible by nanopedestals does not work with discrete gas
molecules. Gas molecules are dispersed randomly in empty space due to their weaker intermolecular
interactions. Nevertheless, nanoscale antennas' poor near-field enhancement limits their capacity to
detect additional gas molecules. Molecular enrichment membranes can be used to solve this problem
by means of chemical or physical adsorption. For instance, ZIF-8 was utilized by Zhou et al. [156] to
trap CH4 and CO2 inside molecular cages. This tactic increases the molecules' spatial overlap with
hotspots, offering a special chance to find gas molecules. Zhou et al. then used chemical/physical
synergistic adsorption to reach sub-parts-per-million (sub-PPM) detection limits for gas detection
Figure 3d. Target molecules are a different strategy that is comparable to molecular enrichment
membranes because they have the ability to selectively adsorb proteins, lipids, and nucleic acids in a
liquid-phase environment. The collected biomolecules coincide with hotspots in the presence of target
molecules, making low-concentration biomolecule identification possible. Apart from structural
optimization, other techniques are available to improve sensor sensitivity. Tittl and colleagues, for
instance, presented a design strategy for pixelated

All dielectric metasurfaces This approach takes use of the collective behavior of Mie resonances,
which may be classified as super cavity modes driven by Bound States in Continuum (BIC) physics.
In this phase, the meta surface has high-Q properties, allowing for attractive light-matter interactions.
Research has revealed that the design of all-dielectric high-Q metasurfaces demonstrates considerable
vibrational enhancement, enhancing sensing performance by an order of magnitude over frequently
utilized metal antenna designs. Additionally, Rodrigo et al. created mid-infrared plasmonic biosensors
with graphene nanoribbons [126]. Graphene's exceptional spatial confinement allows for extremely
high overlap with nanoscale molecules, leading in better sensitivity in sensing their refractive indices
and vibrations.

fingerprints The introduction of artificial intelligence technologies and deep learning creates new
prospects for improving SEIRA sensitivity. Algorithm-driven self-iteration enables the development
of unexpected, irregularly shaped photonic structures that surpass empirically specified sensitivity in
sensing applications. For example, Han et al. created an optimization method that combined deep
learning and genetic optimization techniques (Figure 3f) [160]. This technique employs deep learning
for reverse design and optimization in order to build chiral plasmonic sensors with maximum
sensitivity. Furthermore, Nanomaterials 2023, 13, 2377 9 of 38 ML can do quick analysis and
automated data processing, increasing SEIRA sensitivity.
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Figure 3. Plasmonic devices' sensitivity can be improved by structural optimization. (a)
Extremescale nanophotonic devices having crucial gaps of just 1-2 nm. (b) Structure of liquid-
gallium-based SEIRA sensors; (c) High-sensitivity nanophotonic sensors that passively trap analyte
molecules in hot areas. The left picture has a scale bar of 2 _m, while the right two photos have scale
bars of 600 nm. (d) MOF/polymer hybrid thin films for gas molecule enrichment. (e) Graphene
plasmon enhanced molecular fingerprint sensor. (f) Structure of the forward prediction network.
.While simple structural adjustment can improve SEIRA sensitivity, it falls short of detecting infrared
vibrations with nanoscale spatial precision. Infrared scattering-type Scanning Near-Field Optical
Microscopy (s-SNOM) was first designed to enable nanoscale infrared spectroscopy [168]. In s-
SNOM, a sharp metallic nanotip is placed near the sample and lit by incoming infrared light. The
amplitude and phase of scattered light created by localized and intensified nearfield stimulation at the
apex of the metallic tip provide information about the sample's refractive index and absorption
coefficient [169]. Although s-SNOM enables near-field spectroscopy with nanoscale-sized

Probes, guided transport of compounds into plasmonic hotspots remains a difficult job. This difficulty
is addressed using Atomic Force Microscopy-based Infrared Spectroscopy (AFM-IR) [170]. AFM-IR
takes advantage of SEIRA's intrinsic near-field enhancement through the AFM tip, eliminating the
necessity for targeted chemical delivery and allowing for flexible detection of molecules at any place
on the substrate. Unlike s-SNOM, AFM-IR uses a pulse-wavelength-tunable infrared laser source to
stimulate the sample's infrared absorption. The sample absorbs the infrared pulsed beam, resulting in
heat and thermal expansion. As the As the tip approaches the sample, the thermal expansion of the
sample induces a mechanical vibration in the tip with an amplitude proportional to the sample's local
infrared absorption. Measure the tip amplitude while scanning the pulsed infrared laser to acquire the
sample’s infrared absorption spectrum. Currently, tip-enhanced infrared spectroscopy is highly
sensitive and capable of detecting single molecules. detection on the nanoscale

6. CONCLUSIONS

We have described several methods for achieving SEIRA spectroscopy, ranging from metal island
films with the SEIRA effect to customizable metamaterials and their current uses. This review is
particularly concerned with the SEIRA effect's materials, sensitivity, bandwidth, applications, and
system integration. Materials that achieve the SEIRA effect include metals, dielectrics, low-
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dimensional materials, and phonon resonance materials. Each of these materials has specific features.
These materials contribute to the diverse family of metamaterials, yet each has its own constraints.
Combining two or more materials allows you to overcome the disadvantages of each and create new
functionality. These Characteristics provide up new possibilities for managing light propagation and
infrared detection. Sensitivity and bandwidth are two essential metrics that measure SEIRA's
performance. Improving sensitivity allows for the detection of lower amounts of molecules, enabling
a wide range of applications such as medical diagnostics and environmental monitoring. Currently, the
primary techniques to enhance SEIRA sensitivity are to increase near-field intensity, increase spatial
overlap between molecules and the near field, and optimize losses. Furthermore, dielectric materials
capable of reaching BIC and graphene with highly restricted optical fields provide new options to
improve SEIRA sensitivity. Because of the detailed structure of molecular fingerprint vibrations,
increasing SEIRA bandwidth can enable access to additional vibrational information, allowing
molecular retrieval. To achieve multi-band or broadband resonances,

Several design approaches have been proposed, including fractal geometry, asymmetric structures,
self-similar structures, supercells, pixelated metasurfaces, and electrically modulated metasurfaces.
Loss engineering allows for the customization of metamaterials, as well as the creation of new
broadband spectra. Furthermore, in recent years, there has been a lot of interest in using machine
learning to inversely construct plasmonic nanostructures with high sensitivity and broadband
properties. Plasmonic nanostructures bridge the length-scale gap between infrared wavelengths
(micrometers) and molecular analyte sizes (nanometers), enabling novel sensing applications.
Currently, sensing based on plasmonic nanostructures has covered numerous states of matter,
including solids, liquids, and gases, and has found applications in varied domains such as biomedicine
and environmental monitoring.

Chemistry, materials, and more. This review focuses on the use of plasmonic nanostructures in
biomedicine and environmental sensing. However, most metamaterials' extensive use in sensing is
hampered by their need on cumbersome spectrometers or optical systems. To address this constraint,
downsizing of infrared spectroscopy has become more attractive, as it has the potential to revolutionize
the industry and enable new applications in areas such as 10T and sensor networks. Extensive attempts
have been made to construct small-scale spectrometers via system integration. Future optical systems
are expected to be significantly downsized and integrated on a single chip. These chip-based
experimental systems will enable more widespread applications in consumer technology and wearable
gadgets.
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