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Abstract

In the past decades, nanophotonic biosensors have been extended from the extensively studied
plasmonic platforms to dielectric metasurfaces. Instead of plasmonic resonance, dielectric
metasurfaces are based on Mie resonance, which provide comparable sensitivity with superior
resonance bandwidth, Q factor, and figure-of-merit. Although the plasmonic photothermal effect
is beneficial in many biomedical applications, it is a fundamental limitation for biosensing.
Dielectric metasurfaces solve the Ohmic loss and heating problems, providing better repeatability,
stability, and bio-compatibility. We review the high-Q resonances based on various physical
phenomena tailored by meta-atom geometric designs, and compare dielectric and plasmonic
metasurfaces in refractometric, surface-enhanced, and chiral sensing for various biomedical

and diagnostic applications. Departing from conventional spectral shift measurement using
spectrometers, imaging-based and spectrometer-less biosensing are highlighted, including single-
wavelength refractometric barcoding, surface-enhanced molecular fingerprinting, and integrated
visual reporting. These unique modalities enabled by dielectric metasurfaces point to two
important research directions. On the one hand, hyperspectral imaging provides massive
information for smart data processing, which not only achieve better biomolecular sensing
performance than conventional ensemble averaging, but also enable real-time monitoring of
cellular or microbial behaviour in physiological conditions. On the other hand, a single
metasurface can integrate both functions of sensing and optical output engineering, using
single-wavelength or broadband light sources, which provides simple, fast, compact and cost-
effective solutions. Finally, we provide perspectives in future development on metasurface
nanofabrication, functionalization, material, configuration and integration, towards next-generation
optical biosensing for ultra-sensitive, portable/wearable, lab-on-a-chip, point-of-care, multiplexed
and scalable applications.
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1. Introduction

Advanced optical sensing is continuously demanded for public health, biomedicine, and
environmental monitoring [1, 2]. Diverse technologies and sensor platforms with optical
detection mechanisms and readouts have been explored. Since early this century, plasmonics
and nanophotonics have been extensively studied for the development of label-free, non-
invasive, and real-time monitoring optical sensors [3, 4]. Surface plasmons are electron
oscillations at the interface between metals and dielectrics, creating extremely enhanced
evanescent surface waves. It is referred to as a surface plasmon polariton (SPP) at a

planar interface, impinging the light with a certain wavelength and angle of incidence,

e.g., using a prism. SPP sensors suffer from bulky system, low spectral resolution

[5]. Therefore, localized surface plasmon resonance (LSPR) in metallic nanostructures

has been introduced to miniaturize the system and enhance the spectral resolution [6].
Besides refractometric sensing, LSPR has also been used for surface-enhance spectroscopy.
Nevertheless, substantial dissipative loss and radiative damping in both SPP and LSPR

are inevitable as metallic materials have high extinction coefficients [7, 8]. As a result,

low quality factors (Q) limit the overall sensing performance. The resonant oscillation

of free electrons leads to Ohmic loss and heat generation. Although the photothermal

effect is beneficial in many biomedical applications including cancer therapy [9], it

poses a fundamental limitation for biosensing. The intrinsic heating could change local
refractive index (RI), damage biomolecules, or even deform plasmonic nanostructures,
causing repeatability and reliability issues [10]. As a result, alternative materials or artificial
structures with advanced optical properties are of great interest. For example, metallic/
dielectric nanocomposites such as gold (Au) nanoshells provide a higher sensitivity than
solid Au nanoparticles [11]. Metallic alloys (e.g., Au-Ag, Au-Cu, Cu-Ag) have also been
used to modulate the dielectric functions, which are different from corresponding pure
metals or their weighted average [12], providing potentials for better sensitivity [13] or
lower loss [14].

Not limited to biosensors, it is actually a general problem for nanophotonic devices

to reduce losses and improve the overall efficiency. In the past decade, planar optical
metasurfaces composed of subwavelength nanostructures, often called meta-atoms, have
emerged to replace conventional bulky and curvy optical elements for better miniaturization,
performance and novel functionality. Metasurfaces resonantly respond to the incident light
and reradiate it with a desirable modulation on phase, polarization or wavelength, which
allows wavefront engineering following the generalized laws of refraction and reflection
[15]. As two-dimensional (2D) arrays of meta-atoms, metasurfaces take advantages of
reduced dimensionality of metamaterials, and improved compatibility with current CMOS
nanofabrication technologies [16]. The replacement of plasmonic metasurfaces by almost
lossless all-dielectric metasurfaces enables high efficiency in transmissive planar optics [17].
Recently, there is a similar trend in nanophotonic sensing, where dielectric metasurfaces

not only provide higher Q factors and signal amplitudes, but also solve the plasmonic
Ohmic loss and heating issues [18]. We will review this rapidly growing research field

from the following aspects: physics fundamentals, design principles, sensing mechanisms,
optical readouts and biomedical applications. The competitive sensing performance and
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unique advantages provided by dielectric metasurfaces will be highlighted through direct
comparison with plasmonic counterparts.

2. Fundamentals

2.1 Mie resonance for refractometric sensing

Dielectric materials, such as silicon (Si), titanium dioxide (TiO5), germanium (Ge), calcium
fluoride (CaF,), are widely used in conventional optics. The dielectric function real parts
of these materials are high, which favours light modulation. The imaginary parts are
practically negligible so that there is minimal loss. For example, Fig. 1a—b compares

the refractive index dispersion functions of typical dielectric and plasmonic materials: Si
vs. Au. Departing from LSPR, the optical resonance of dielectric metasurfaces is based

on Mie scattering of subwavelength resonators (/.e., meta-atoms), with tightly confined
enhancements of both electric and magnetic fields [19]. The Mie resonance of individual
meta-atoms can be tailored by the in-plane geometry, to provide a phase shift for
wavefront engineering. Meanwhile, the resonance sensitively depends on the effective RI
of surrounding medium, which can be used to build either dynamic tunable metasurfaces
[20] or refractometric sensors. The spectral shift of resonance centroid wavelength A, per
unit of RI change is defined as the bulk refractive index sensitivity (BRIS=dA./dn, in the
unit of nm/RIU). Based on the most commonly used meta-atom geometry, metasurfaces
of Si nanodiscs (nanoposts or cylinders) have been used for refractometric sensing, as
summarized in Table 1. Generally, ensemble nanodiscs provide better BRIS than single
nanodiscs, while ordered arrays are better than random arrays [21, 22]. This is attributed
to the strong coupling between adjacent dielectric meta-atoms [23]. The rising of medium
RI enhances the shielding effects on the electromagnetic coupling, which result in a larger
spectral shift than isolated dielectric resonators [21]. In contrast, the coupling between
plasmonic antennas is negligible, therefore the optimized BRIS remains at a similar level for
single, ensemble Au nanodiscs [24], and ordered arrays (Table. 2).

Using three-dimensional (3D) Finite-Difference Time-Domain (FDTD) simulations, we
investigate closely spaced nanodisc ordered arrays, comparing Si (Fig. 1c) vs. Au (Fig.

1d). The numerical calculations were performed on a single disc unit on glass substrate,
with periodic boundary conditions (Fig. 1e). The geometric parameters include the nanodisc
radius (1), periodicity (p), and thickness (4. Fig. 1¢c shows two resonance dips in the
transmission spectra of Si nanodisc arrays (/=235nm, p=400nm, £=120nm), representing
the electric dipole (ED) and magnetic dipole (MD) at different resonance wavelengths (A
A1=920 nm, 1,=1080 nm) respectively. The corresponding electric field and magnetic field
distributions in the 2D x-y plane are shown in Fig. 1e. Among the geometric parameters, ¢
is optimized to support resonances with relatively high Q factors; p is optimized to adjust
the relative spectral positions between ED and MD; rcan be adjusted to tune the spectral
positions of the double transmission dips concurrently. The resonances also change with the
medium RI, which is used to evaluate the BRIS (148 nm/RIU for the ED resonance, and

96 nm/RIU for the MD resonance). As a direct comparison, the BRIS of Au nanodisc array
(r=120nm, p=400nm, £=120nm) is 520 nm/RIU for a similar wavelength range (Fig. 1d).
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2.2 Huygens metasurfaces

In order to further improve the sensing performance of Si nanodisc arrays, we need to

take a closer look at the physics. In the basic resonance modes, the ED is more sensitive

to geometric parameters than MD, so that the relative spectral positions between ED and
MD can be tuned. On the one hand, the spectral overlapping of ED and MD provide

ideally 100% transmission efficiency and full 2w phase coverage, which is referred to as

the Huygens condition [25]. This is the theoretical basis of Huygens metasurfaces, which
have been exploited for high-efficiency wavefront engineering, such as meta-lenses [26] and
meta-holograms [27]. On the other hand, the mismatch of spectrally adjacent resonances
gives rise to a single deep transmission dip, suitable for sensing applications. Following

this principle, the geometric parameters can be optimized for higher BRIS (323 nm/RIU at
A,=1220 nm) in Si nanodisc arrays [28]. Meanwhile, ultrathin dielectric nanoresonators that
are too thin to support Huygens conditions also provide single deep transmission dips [29]
and comparable sensing performance (BRIS =227 nm/RIU at A,=844 nm) [30].

2.3 Sensing parameters

Based on different physical mechanisms, LSPR features strong evanescent fields, while the
electromagnetic fields are tightly confined in dielectric meta-atoms (Fig. 1e). This leads to
different spatial distribution of enhanced fields in the sensing medium, which is probably
why the dielectric metasurface BRIS is generally lower than the plasmonic counterpart
(comparing Table 1 and 2). Nevertheless, the evolution of Si nanodisc metasurfaces
demonstrates that the BRIS can be improved to a level comparable to that of Au, by
optimizing the metasurface geometry and array arrangement (as summarized in Table 1).

It should be noted that a higher BRIS does not necessarily correspond to a better limit of
detection (LOD), which also depends on many other factors, such as the mode volume and
spatial distribution of BRIS [21].

For dielectric metasurfaces, the sensitivity drawback is partially compensated for by lower
susceptibility to photothermal heating, and more linear responses to thin layer adsorption
[22]. More importantly, dielectric metasurfaces provide smaller resonance bandwidths (AA)
and higher Q factors (Q=A/A\). The A\ is usually defined as the full width at half
maximum (FWHM), or the spectral distance between the dip and the peak for Fano
resonances. High-Q resonances (with small A\) provide well-defined signals that are
easy-to-track. The figure-of-merit (FOM=BRIS/AA, in the unit of RIU™1) considers both
sensitivity and resolution in spectral measurement.

Alternatively, for intensity measurement at a fixed wavelength, there is another parameter
FOM*=max[(d/dn)/ /] considering the relative intensity change instead of spectral shift
[31-33]. In this case, high-Q resonances provide a higher FOM* at the price of a lower
dynamic range. Overall, high-Q resonances are preferable for both spectral and intensity
measurements, but should be engineered carefully considering the trade-off with other
sensing performances. The abovementioned Si Huygens metasurfaces provide a comparable
sensitivity and a higher FOM [28] than Au nanodisc arrays [24] (compared in Table 1, 2, and
Fig. 2). But limited by the basic circular geometry, the Q factor predicted by standard Mie
theory is still relatively low [34]. Low-loss dielectric metasurfaces promise high-Q modes,

Nanotechnology. Author manuscript; available in PMC 2024 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 5

which have been pursued by exploiting unique physical phenomena based on carefully
designed metasurface geometries, as summarized in the following section.

3. High-Q resonance design

3.1 Fano resonances

Originated from the interference between continuum states and excitation of discrete states,
Fano resonance features asymmetric line shapes and strongly dispersive characters, which
enable strong line-width narrowing and high Q factors [35]. For example, Si nanohole
arrays provide a BRIS of 140 nm/RIU and a high Q of 450 by Fano resonance [36]. A
plasmonic version of Au nanohole arrays provide a higher BRIS of 671 nm/RIU at a similar
wavelength, but the FOM is lower (nanohole geometry in Fig. 2) [37]. Electromagnetically
induced transparency (EIT), another exclusive optical resonance mode arisen from a
coherent optical nonlinearity, produces narrow sharp spectral properties. With meta-atoms
composed of a ring resonator and a rectangular bar resonator, Si metasurfaces support EIT
based on the interference between the collective bright mode (i.e., ED of a bar resonator)
and dark mode (i.e., MD of a ring resonator) [38]. The Si EIT metasurfaces provide a high
Q of 483 and a FOM of 103 RIU™L, much higher than that of Au EIR (“R” represents
reflectance instead of transparency) [39], as shown in Fig. 2.

3.2 Guided and hybridized modes

Even for the basic circular geometry, the sensing performance can be improved by
antisymmetric modes at a small oblique angle of incidence. For example, modelling of

the Huygens metasurfaces predicts a much higher FOM of 219 at 4° incidence than 5.4 at
normal incidence [28]. Si nanoposts with guided mode resonance (GMR) provide a BRIS
of 720 nm/RIU and a FOM of ~125 at 1° incidence [40]. In addition to the high FOM,

the BRIS also approaches one of the best sensitivity values (1056 nm/RIU) realized by
hybridized plasmon resonances supported by Au double nanopillars with nanogaps [41] at a
similar wavelength (Fig. 2).

3.3 Bound states in the continuum

Recently, metasurfaces based on the bound states in the continuum (BIC) phenomena

have drawn significant attentions, which refer to a completely localized state within a
continuous electromagnetic spectrum of the environment [34,42]. Ideally, a true BIC would
exhibit an infinite Q factor and vanishing resonance width, which only exist in lossless
infinite structures. In practice, BICs can be realized with high but finite Q factors due to
structural losses and imperfections, which are termed “quasi-BICs” or “supercavity modes”.
Symmetry-breaking strategies have been employed to design diatomic geometries through
different controllable variables. For example, at a similar wavelength range around 850 nm,
tilted Si nanobars (in a zigzag array) introduce rotation asymmetry, which support a high
sensitivity of 263 nm/RIU and a FOM of 27 RIU™1 [43], while nanodiscs with ellipticity
asymmetry gives a higher sensitivity of 305 nm/RIU and a FOM of 68 RIU™1 [44]. With

a geometry similar to the well-known plasmonic nanocrescent structures [45]. Si crescent
metasurfaces provide a slightly higher sensitivity of 326 nm/RIU and a FOM of 70 RIU™1
[46] (BIC group and crescent geometry in Fig. 2). Beyond the mostly used material of Si,
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BIC is a general phenomenon that can be extended to other dielectric materials like Ge [47],
and even plasmonic materials like Au [48].

Interestingly, BIC could also be related to other resonance modes. For example,
abovementioned Si nanopost metasurfaces support GMR at oblique incidence and BIC

at normal incidence [40]. The transition between Fano and quasi-BIC resonances was
demonstrated by simply adjusting the diameter of circular shaped nanoantennas [49]. The
BIC concept was also introduced to boost Q factors in Huygens metasurfaces [50]. In

the future, besides exploiting new physics and nonlinear optics (e.g., anapoles [51]), it is
promising to enable high-Q dielectric metasurfaces by strong mixing of multiple resonances,
similar to plasmonics [41]. In practice, the hybridized resonances are difficult to identify,
but can be realized by exploring complicated meta-atom geometries. Since computational
library search and inverse design strategies [23] have already been successfully developed
for meta-optics to achieve high deflection angles [52, 53] or dispersion engineering [54,
55], similar design strategies and tools can be adopted to optimize metasurfaces for sensing
applications.

3.4 Array dimension

Due to the strong coupling among dielectric meta-atoms, the array arrangement affects

not only BRIS (as shown in Table 1), but also Q factors. Generally, the distance between
adjacent meta-atoms is already considered as a geometric factor during meta-atom design.
Additionally, it should be noted that the array dimension also plays an important role,

which can be underestimated because simulations usually assume an infinite array based

on periodic boundary condition (Fig. 1e). In fact, the Q factor increases with increasing
array dimension, which was observed in Si EIT metasurfaces [38], and TiO, metasurfaces
developed for photoluminescence control [56]. Therefore, in addition to engineering various
resonance modes by the geometric design of single meta-atoms, it is important to take the
array arrangement and dimension into consideration. A minimal array dimension is required
to support the theoretically predicted high Q factors.

This phenomenon shares similarity with the concept of surface lattice resonance (SLR) in
plasmonics, which is based on the diffractive coupling of LSPR nanoparticles in an ordered
array. SLRs lead to drastic narrowing of plasmon resonances and high Q factors. Therefore,
SLR potentials in biosensing are being explored, among other applications including
optoelectronics, photovoltaics, data storage and communications [57]. As a comparison,

Au SLR achieved an ultra-high Q factor of 2340 [58], while Si BIC metasurfaces
demonstrated a record high Q factor up to 18511 in the same telecommunication wavelength
range [59]. It should be pointed out that the ultra-high Q factors achieved by tightly
confining electromagnetic fields inside meta-atoms (at a price of lower sensitivity) are more
appropriate for nonlinear or lasing applications than biosensing [44].
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4. Diverse sensing mechanisms

4.1 Refractometric sensing

As versatile as plasmonic platforms, dielectric metasurfaces support diverse sensing
mechanisms. The most basic and straightforward mechanism of refractometric sensing is
already discussed in previous sections, i.e., direct detection of Rl changes in the surrounding
medium, which affect the meta-atom resonances. The RI changes could be either a global
change of the bulk medium depending on the analyte and its concentration, or a local
environment change due to the deposition of a thin molecular layer on the metasurfaces. The
latter is usually implemented by specific biomolecular interactions to ensure the specificity
for label-free biosensing.

4.2 Surface-enhanced fluorescence or Raman scattering

Another well studied mechanism is based on the field enhancement by nanoresonators,
which can be widely used for surface-enhanced fluorescence (SEF) and surface-enhanced
Raman scattering (SERS) spectroscopies. SEF provides strong optical signals that can be
directly imaged by fluorescence microscopy, but requires additional processes to attach
fluorescence labels to the analytes of interest. Again, take the basic circular geometry as
the first example, lwanaga M et al [60] created Si nanopost arrays on a silicon-on-insulator
substrate (Fig. 3al). The simulated EM-field intensities of |H|2 and |E|? at the wavelength
of 559 nm show approximate 40-fold EM-field intensity enhancements (Fig. 3a2). Since the
field enhancement increases with the Q factor [10], metasurfaces with high-Q resonances
could provide higher enhancement. Supporting high-Q BICs, SizN4 nanohole arrays (Fig.
3b1) showed concurrent enhancements of ~102 fold of fluorescence emission (Fig. 3b2)
and Raman scattering (Fig. 3b3) far-field intensities of molecules dispersed on these
metasurfaces [61]. These results are consistent with previous plasmonic studies, where Au
nanohole arrays provided a higher enhancement than nanodisc arrays (Fig. 3f) [62].

We directly compare literatures between Si and Au, based on a typical SEF/SERS
metasurface design, where the meta-atoms are dimers of nanodiscs or nanoparticles with

a small gap (g) in between, as listed in Table 3 (Fig. 3c—e) [63-65]. At a similar scattering
resonance wavelength, Si dimers provide comparable SEF (Fig. 3c1, d1 vs. el) or lower
SERS (Fig. 3c1, d2 vs. c2) enhancement factors. The enhancement can be further increased
by reducing the nanogap dimension. As predicted by theoretical simulation, when the Si
dimer nanogap reduces from 20 nm to 4 nm, the SERS enhancement factor reaches 109,
which could enable in principle single-molecule SERS detection [63, 66]. More importantly,
dielectric metasurfaces provide unique advantages over the plasmonic counterparts by
eliminating the heating problems. Caldarola M et al [63] studied the local temperature
around both Si (Fig. 3c1) and Au (Fig. 3c2) dimers as a function of the heating laser
intensity. The measured temperature around the Si dimers remains nearly constant, while
that of Au dimers increases by > 60 °C in the given range of laser powers. In plasmonic
platforms, SERS is optimized when target molecules are located in the highest field regions,
but SEF requires a spacer layer between the fluorophore and nanoantenna to diminish the
quenching phenomena. Dielectric metasurfaces overcome this limitation and allow using the
same configuration for both SEF and SERS [63].
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4.3 Surface-enhanced infrared absorption

Vibrational spectroscopy not only detects the binding of analyte molecules, but also provides
specific information of molecular vibrations to identify them (molecular fingerprints).

There are two complementary techniques, Raman scattering spectroscopy and infrared

(IR) absorption spectroscopy. The former is active for symmetric vibrations that alter the
polarizability (bond length), identifying molecular skeletal structures. The latter is active

for anti-symmetric vibrations that alter the dipole moment (charge and charge separation),
identifying polar bonds in functional groups [67]. Metasurfaces can be used both for

SERS and surface-enhanced infrared absorption (SEIRA) spectroscopy, to improve the
sensitivity of vibrational spectroscopy. Unlike refractometric sensing and SERS which prefer
high Q factors, SEIRA generally requires a wide resonance bandwidth, to cover specific
absorption bands distributed in the IR range. In plasmonic SEIRA, the spectral coverage

and selectivity have been realized by broadband [68], multiband (Fig. 3i) [69], and active
tuning of resonances (Fig. 3j) [70]. Nevertheless, the Altug group recently exploited high-Q
BIC dielectric metasurfaces for SEIRA spectroscopy. The unique spectral cleanness and
tunability provide unprecedented advantages which cannot be achieved by wide bandwidths
of plasmonic antennas. The metasurfaces are composed of multiple pixels, where each
“meta-pixel” is a zigzag array of anisotropic Si nanoresonators on MgF, substate, supporting
clean and high-Q (>200) BIC resonances (Fig. 3g1) [71]. The meta-pixels provide not

only sharp reflectance resonances, but also straightforward resonance tuning via scaling

of the meta-atom geometry, i.e., the resonance spectral position shifts with the scaling

factor. The array geometries are systemically changed by the scaling factor, so that the

entire spectral working range is covered by the whole pixelated metasurface. This novel
platform enables high spectral selectivity and resolution for the enhancement of molecular
fingerprint information. Hyperspectral imaging of each meta-pixel measures the analyte-
induced intensity reduction of each reflectance peak at a given wavelength. The envelope of
all the resonances on the pixelated metasurface reproduces the absorption fingerprint (Fig.
3g2). The results are in good agreement with infrared reflection-absorption spectroscopy
(IRRAS). Alternatively, the Altug group also developed a method of angle-multiplexed
fingerprint retrieval (AFR) using a single array (Ge nanoresonators on CaF» substrate,

Fig. 3h1) instead of multiple pixels [47]. Based on the bijective relationship between the
resonance wavelength and the incidence angle, the angular positions in the measurement of
the same array can be associated with different specific target wavelengths in the spectral
range. Similarly, analyte-induced light intensity modulation spanning all the incidence
angles reproduce the molecular fingerprint (Fig. 3h2). A closer look into the spectra reveals
that the majority of the analyte-induced reflectance change occurs only around the resonance
peak, which can be approximated by the total reflectance intensity using a broadband

light source and detector. Therefore, these methods promise to alleviate the requirement of
complex spectroscopic equipment or tunable light sources.

4.4 Chiral sensing

Chirality is a geometric property of objects with non-superimposable mirror images. Chiral
biomolecules and drugs have a specific chirality (either left- or right-handed) that determines
their physical, chemical properties and biological functions. Circular dichroism (CD)
spectroscopy is a unique technology to discriminate chiral molecules by their interactions
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with circularly polarized light. Dielectric metasurfaces could enhance the CD spectroscopy
for chiral molecule detection (Fig. 3k) [72, 73]. Moreover, metasurfaces/metamaterials
composed of chiral nanostructures can be used to detect analytes beyond chiral molecules
by the CD spectral shift. For example, THz graphene metasurfaces have been used for virus
detection using polarization sensitive LSPR [74]. Dielectric chiral metasurfaces significantly
improve the CD transmission efficiency (Fig. 3l) [75] than the plasmonic counterparts [76,
77]. Recently, hybrid metasurfaces with combined dielectric and metallic components have
been emerging. For example, hybrid nanoresonators provide strong and decoupled electric
and magnetic resonances optimized for chiral fields to detect chiral molecules, with 20-fold
CD enhancement (Fig. 3m) [78]. In hybrid 3D chiral metamaterials (Fig. 3n) [79], each
functional core-shell nanoarchitecture is composed of a plasmonic core and conformal
coating of a polymer shell for specific biorecognition. The energy transfer between
dielectric shell polarization charges and plasmonic core free electrons provides efficient
interactions with biomolecules, enabling femtomolar biodetection. The zero dichroism point
(ZDP) spectral shift provides a higher sensitivity and FOM (600, 766, 1276) than the
conventional resonance centroid spectral shift, comparing with the (wavelength, sensitivity,
FOM) coordinates listed in Fig. 2.

5. Advanced optical readouts

5.1 Intensity readout at a defined wavelength

Conventional refractometric sensing relies on the resonance spectral shift by the
measurement of the whole working wavelength range using a spectrometer (Fig. 1c—d).
The resonance intensity provides an alternative optical readout at a defined wavelength,
which can be quantified by FOM*. Compared with spectral shift (Fig. 4al), it not only
simplifies the optical setup without using spectrometers, but also demonstrates superior
performance in some cases, €.g., a lower LOD and a wider dynamic range (Fig. 4a2) [21].
This is in agreement with plasmonic biosensors based on Au nanorods, whose LOD given
by scattering intensity is more than 10 times lower than that of spectral shift detection (Fig.
4b) [80].

5.2 Imaging-based readout on gradient metasurfaces

At a defined wavelength, a single uniform metasurface array provides an intensity readout.
Thereby, gradient or pixelated metasurfaces whose geometry is spatially varied could
provide an imaging-based optical output, i.e., a pattern of bright/dark bands combining
intensity signals across the whole surface. For example, in a chirped configuration of Si
nanohole array, the period was varied from 470 nm to 490 nm over a distance of 500

um, forming a bright band readout at a fixed wavelength of 667nm (Fig. 4c) [36]. The
bright band spatially moves as the Fano resonance spectrally shifts during refractometric
sensing. The LOD of RI was estimated as 4.6x107° RIU, which is approaching the

LOD of 4.6x1076 RIU based on a plasmonic version [81]. Notably, based on interference
lithography, centimetre-scale Au metasurfaces with a deterministic gradient geometry were
conveniently made by the interference between two non-uniform Gaussian-shaped coherent
beams. The intensity pattern of a dark ring moves towards the centre when the RI of
surrounding medium increases (Fig. 4d1) [82]. In the 3D parameter space of intensity
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signal, wavelength and geometry (Fig. 4d2), the spatial shift of resonance in the geometric
parameter dimension (gradient metasurface) for a given wavelength is an analogue of
spectral shift in the wavelength domain for a given geometry (uniform metasurface).
Therefore, high-Q resonances supported by dielectric metasurfaces are favourable for both
spectral and imaging-based measurements, which potentially provide better imaging quality
of the intensity patterns on gradient or pixelated metasurfaces.

In particular, BIC metasurfaces support high-Q resonances whose A, can be easily adjusted
by the geometric scaling factor or one of the asymmetry parameters, as summarized in ref
[44]. Similar to the SEIRA application but in a different wavelength region, each meta-pixel
corresponds to its A, and the th meta-pixel corresponds to A ; where <1, 2, ..., m,

and /mis the total number of the meta-pixels. Within a reasonable wavelength range, the
spatial shift of intensity pattern over the multi-pixel metasurface at a fixed wavelength

A can be converted to the resonance spectral shift in the adjacent range (A1, Ay ;). In
practice, considering the nanofabrication precision, a limited number of m pixels spanning
a small wavelength range are generally too discrete to reconstruct continuous spectra. The
Altug group has developed an innovative strategy, which exploits the small deviations of
A caused by nanofabrication imperfection/nonuniformity in each meta-pixel, which are
imaged by A/pixels on the camera, to improve the spectral resolution from mto mx P
sampling points (Fig. 4el). In this way, the intensity map over m multi-pixel metasurfaces
are refined to /7x 2 barcode information, which are further decoded/reordered (Fig. 4e2)

to reconstruct the spectra (Fig. 4e3) by post data processing [43]. This algorithm-aided
approach creatively reveals robust and ultrasensitive spectral shift from massive (/7% 2)
image pixels at a single wavelength. It is superior to existing basic intensity or imaging
approaches, where substantial information is buried in an ensemble average of discrepant
and noisy intensity signals due to the nanofabrication nonuniformity [44]. Comparing the
refractometric barcoding with previously discussed SEIRA molecular fingerprinting, both
of them are imaging-based and spectrometer-less sensing techniques demonstrated by BIC
metasurfaces. Due to the distinct sensing mechanism of SEIRA, meta-pixels of microscale
meta-atoms support a series of discrete resonances spanning the Mid-IR spectrum for
molecular functional groups of interest, which also requires tunable [71] or broadband [47]
light sources. The refractometric barcoding metasurfaces simply work at a single wavelength
that is much shorter (near-IR). With smaller meta-atom dimensions (BIC group in Fig. 2),
it accommodates massive imaging information for continuous spectral reconstruction, and
improves LODs by employing a thresholding method in data processing [43].

5.3 Novel readouts based on wavefront engineering

As abovementioned, metasurface sensors share the same principles with dynamic tunable
metasurfaces. Therefore, it is promising to create novel optical readouts by combining the
sensing functions with dynamic wavefront engineering. For example, metasurface optical
properties [20] and metalens focusing behaviors [83] change with the infiltration medium,
such as liquid crystals (LCs). Reversely, the output changes of optical properties (phase,
polarization, in addition to intensity) and behaviors (e.g., focusing, beam steering) can

be used as readouts for the detection of RI and target analytes. In particular, wavefront
engineering opens the door to directly encode information in the output optical signals, e.g.,
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in the form of holograms. Rho et al. integrated holographic metasurface with gas-responsive
LCs, so that both gas analyte detection and visual reporting are implemented into a single
miniaturized sensor. Upon the target gas absorption, the LC nematic-to-isotropic change
converts the polarization state of input light, and thereby switches the optical output of a
spin-coded meta-hologram, projecting instantaneous visual alarms (Fig. 4f) [84]. Besides
polarization, meta-holograms can also be switched by the simple RI change in the medium
(Fig. 49) [85], which is promising for refractometric sensing. Compared to the plasmonic
(Au) version (Fig. 4h) [86]. TiO, dielectric metasurfaces work with visible light for visual
reporting. It even works with unpolarized light, which allows further integration with
miniaturized and cost-effective light sources, promising practical ultracompact and wearable
applications [84, 85]. The major challenge combining metasurface sensing with wavefront
engineering is to develop novel design strategies for improved sensitivity comparable with
other types of readout [87].

6. Emerging sensing applications

6.1 Refractometric sensing applications

Dielectric metasurfaces enable planar optics with unprecedented performance,
miniaturization, and integrability, paving the way towards ultracompact meta-optical
systems for bioimaging applications [88, 89]. Similarly, the unique optical properties
and functionalities of dielectric metasurfaces also endow great promise and advantages
to replace plasmonic sensors for fast, sensitive, label-free, non-invasive, and real-time
detections in every aspect ranging from epidemic disease control to food and environmental
hazardous monitoring. In this rapidly growing research field, a wide range of dielectric
metasurface-based biosensors have emerged to detect gas molecules, various biomarkers
and pathogens. Taking gas sensing as an example, dielectric metasurfaces are not merely
an alternative replacement for plasmonic sensors [90], but could enable novel sensing
mechanisms and functionalities such as the holographic readouts [84].

Biomolecules: Specific protein detection via antibody-antigen binding is the most popular
biorecognition process. Plasmonic platforms have traditionally been the method of choice
for improved performance compared with the commercial standard of protein detection and
quantification: Enzyme-Linked Immunosorbent Assay (ELISA, typical LODs of 1pM or
less). Recently, Si nanodisc metasurfaces were used to detect prostate-specific antigen (PSA,
a biomarker of prostate cancer) with a BRIS of 227 nm/RIU (Table 1) and a LOD of 1.6
ng/mL in human serum [30], comparable to the LOD of 0.87 ng/mL by Au nanorod arrays
[91]. Si nanopost metasurfaces with high-Q GMR (as indicated in Fig. 2) were used to detect
the epidermal growth factor receptor 2 (ErbB2, a biomarker for early-stage breast cancer
screening), with a LOD down to 0.7 ng/mL [40]. More importantly, high-Q resonances
supported by dielectric metasurfaces further improve the sensing performance by imaging-
based smart data processing. Demonstrated by biotin-streptavidin assays, Si BIC crescent
metasurfaces showed a LOD down to nM concentrations with conventional spectral shift
[46]. Using the algorithm-aided refractometric barcoding and a pixel-based thresholding
method, the LOD of BIC pixelated metasurfaces (Fig. 4e) achieved a record level of less
than 3 molecules/um? (improved by three orders of magnitude than ensemble averaging) for
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the most common type of antibody Immunoglobulin G (1gG) [43]. Using 1gG detection for
a direct comparison, Si gradient nanohole array (Fig. 4c) reached a LOD of ~ 1 pg/mL by
imaging-based readouts [36], better than the LOD of sub-1 ng/mL by conventional spectral
shift of Au nanohole array [37] or the laboratory standard of 3-5 pg/mL by ELISA. As

the performance keeps improving, dielectric metasurfaces will be adopted by broad and
practical applications, such as microfluidic-integrated multiplex immunoassays for multiple
analytes (e.g., serum cytokines), where plasmonic sensor arrays reached a LOD of 5-20
pg/mL (Fig. 4b). Cytokine quantification provides important clinical information to monitor
the immune system status and adjust therapies in various inflammatory disease conditions,
including cancer, sepsis, lupus, and graft versus host disease [80].

Extracellular vesicles (EVSs): EVs, also known as exosomes, are another key class

of biomarkers in disease diagnostics. EVs are lipid nanovesicles that contain relevant
biomolecular information about the parent tumour. Previously, plasmonic biosensors of
Au nanohole arrays achieved a LOD to the tune of ~ 3000 CD63-expressing exosomes
(670 aM), 10* times higher in sensitivity than that of western blot analysis and 100-fold
that of ELISA [92]. Refractometric barcoding based on Si BIC pixelated metasurfaces was
capable of real-time monitoring of CD9-expressing EVs at a concentration as low as 200
fM [44]. This demonstrates that the achievable sensitivity for EV detection by dielectric
metasurfaces is also getting close to the ELISA level, with the additional unique advantage
of imaging-based and spectrometer-less readouts. As EVs usually display more than one
protein biomarker on the membrane, signal amplification is possible through secondary
labelling with high RI materials such as Au [92] or silica nanoparticles [44].

Pathogens: Plasmonic biosensors have also been used for pathogens including bacteria
[93] and virus [94]. During the recent coronavirus disease 2019 (COVID-19) pandemic, the
detection of SARS-CoV-2 virus have been demonstrated by various plasmonic platforms
from traditional LSPR [95, 96] to THz toroidal metasurfaces (LOD for spike proteins in the
fM level) [97]. The application of dielectric metasurfaces for pathogen or antigen detection
is still very much in its nascent stage, but has demonstrated innovative potentials such as the
resonance hyperspectral imaging with high spatial resolution (< 1 pm) to resolve single £.
colibacteria [36].

6.2 Surface enhanced spectroscopy applications

Beyond refractometric sensing, dielectric metasurfaces also approach plasmonic
performance in surface enhanced spectroscopy, and thereby can be extended to replace
plasmonic platforms in those applications. In addition to the early work [61-65] on
fluorophore dye molecules and SERS probe molecules, dielectric metasurfaces have

been used in practical applications to detect 1gG, cancer biomarkers p53 antibody and
carcinoembryonic antigen (CEA) [60]. Si nanopost arrays (Fig. 3a) detected IgG by SEF,
reaching a LOD on the order of pg/mL or tens of fM, much better than the pM level by
ELISA, and close to plasmonic SEF platforms. For example, Au nanoantenna arrays were
used to detect Ebola virus antigens with a LOD level of pg/mL [98]. Another plasmonic SEF
platform (Au nano-islands on Au film) demonstrated multiplexed detection of 32 protein
analytes simultaneously through a microarray scanner with LODs in the fM level [99].
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Dielectric metasurface-based SERS and SEIRA molecular fingerprint detections identify
and accurately pinpoint the signature of tiny molecules, which is valuable for biochemical
sensing and medical diagnostics. After tested by polymer layers such as polymethyl
methacrylate (PMMA), metasurface SEIRA fingerprinting has been further extended to
biomolecules, such as the detection of protein A/G physisorption (Fig. 3g) [71] and human
odontogenic ameloblast-associated protein (ODAM, biomarker for periodontal diseases)
by using single-stranded DNA aptamers (Fig. 3h) [47]. As demonstrated by plasmonic
metasurfaces, SERS and SEIRA are particularly useful to resolve multianalyte systems,
such as monitoring of the dynamic membrane process [69], gas identification [68] and
breathalyser for mass screening of COVID-19 [100]. In addition to molecular monolayers
(e.g., IgG) [101], SEIRA metasurfaces have also be applied for cell spectroscopy to reveal
biological and clinically important information [102].

6.3 Chiral sensing applications

Chirality could be one of the microscopic origins of Alzheimer’s, Parkinson’s, and

chronic kidney diseases [78]. Dielectric metasurface enhanced CD spectroscopy can be
used for the detection and discrimination of chiral biomolecules and synthesized chiral
molecules in drugs, with great potentials in structural biology, chemistry, biomedicine, food
and pharmaceutical industries [72, 73, 78]. Furthermore, chiral or polarization sensitive
metasurfaces are used for broad targets beyond chiral molecules, from viruses [74] to
protein biomarkers, e.g., transactive response DNA-binding protein 43 (TDP-43), a potential
biomarker of amyotrophic lateral sclerosis and frontotemporal lobar degeneration, with a
LOD down to 10 fM (Fig. 3n) [79].

6.4 Hyperspectral imaging applications

Hyperspectral imaging provides massive information not only for better biomolecular
sensing performance than conventional ensemble averaging [43], but also for novel
applications to monitor biological entities, such as bacteria mentioned in section 6.1 [36]. In
such applications, the unique advantage of minimal heat conversion is even more significant,
which allows real-time monitoring of cellular or microbial behaviour in physiological
conditions. This can be potentially leveraged for cell biology studies [103], pharmaceutical
screening of antibiotics and antivirals [104], on microfluidic evolution chips with multiple
downstream interrogations and analyses [105], etc. Interestingly, Si metasurfaces composed
of diverse freeform shaped meta-atoms have also been developed for integrated on-chip
microspectrometers [106, 107]. Without requirements of convectional spectrometers or
tunable light sources, it conveniently works with ordinary LED source and ordinary colour
camera, towards hyperspectral imaging with high temporal, spatial and spectral resolution.

7. Discussions and perspectives

Plasmonic sensors have extensively explored various forms from solution-based
nanoparticles to surface-based nanostructures, or a combination of both. Instead of
dispersed in solution, metasurfaces and metamaterials are nanostructures organized with
a long-range order, which are further integrable with photonic circuits, electronics, and
microfluidics components. The microfluidic chip-based format allows easy washing steps

Nanotechnology. Author manuscript; available in PMC 2024 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 14

during analytical procedures, even with complex biological samples in practical applications
[79]. Therefore, metasurfaces are suitable for miniaturized lab-on-a-chip devices. With the
rapid progress in nanotechnology and metasurfaces, here we discuss important trends in
recent and future advances for next-generation optical biosensing.

7.1 Dielectric metasurfaces vs. plasmonic sensors

In the past decades, nanophotonic biosensors have been extended from the extensively
studied plasmonic platforms to dielectric metasurfaces, because the latter support high-Q
resonances which not only provide better spectral measurement resolution and FOM, but
also better FOM™* for intensity measurement at a fixed wavelength. More importantly,
dielectric metasurfaces solve the plasmonic Ohmic loss and heating problem, thereby enable
better repeatability and stability than plasmonic platforms or colloidal nanoparticles for
biosensing. On the one hand, high-Q metasurfaces based on various physical phenomena,
especially BIC, have been explored for imaging-based and spectrometer-less biosensing,
including single-wavelength refractometric barcoding and SEIRA molecular fingerprinting
in the respective wavelength regions of interest. Using wavelength-tunable or broadband
light sources, hyperspectral imaging provides massive information for smart data processing,
enabling better sensing performance than conventional ensemble averaging. On the

other hand, using single-wavelength or white light sources, metasurfaces support the
engineering of different forms of optical outputs, including direct visual reporting, without
any specialized data acquisition and processing. By sidestepping the requirements for
sophisticated laboratories, instrument or skilled operators, metasurface-based biosensors
enable miniaturization for portable and point-of-care applications, which are important for
epidemiological monitoring, and especially suitable for developing countries and resources
limited settings.

7.2 Metasurface fabrication and functionalization

Currently, plasmonic biosensors still account for the dominant majority in integrated

and multiplexed systems, including lateral flow assays (LFA) [108], microfluidic devices
and multiplexed assays [80, 92]. This is attributed partially to the well-established high
sensitivity, and partially to the readily available surface biofunctionalization schemes, e.g.,
thiol chemistry for Au. As the sensing performance keeps improving, the broad adoption of
dielectric metasurfaces in practical applications will depend on the technical challenges in
fabrication and functionalization.

Compared with plasmonic noble metals, dielectric metasurfaces have lower cost and

better compatibility with CMOS nanofabrication processes. Still, current metasurface
nanofabrication processes highly rely on e-beam lithography, which comes with high cost
and low throughput. In addition to the alternative approaches such as plastic templates

[109], interference [82] and nanoimprint lithography [110] developed for plasmonic sensors,
dielectric metasurfaces further enable unique fabrication technologies including self-
assembly of optical thin glass films [111] and TiO, nanoparticle-embedded-resin printing
[112] for potential scale-up productions. Similarly, 3D metasurfaces and metamaterials are
currently limited to low-throughput fabrication processes such as two-photon polymerization
[48] and focused ion beam induced deposition [79], while the nano-kirigami technology
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promises to create controllable 3D nanostructures by 2D patterning and cuts [113, 114].
Since all the biorecognition mechanisms require biomolecular interactions (e.g., antibody-
antigen, DNA, aptamers, etc.), metasurface modification is key to ensuring high sensitivity
and specificity for diagnostic accuracy. Therefore, particular attention needs to be taken

to develop efficient functionalization schemes and reduce non-specific interactions for
dielectric metasurfaces.

7.3 Metasurface material and structure design

In this review, most of the biosensing dielectric metasurfaces have been focused on Si for
the near-IR and mid-IR spectra. Other dielectric materials, such as Ge for the mid-IR [47]
and TiO, for the visible light [84, 85], have been emerging, while there are still a variety of
available materials to be explored depending on the wavelength range. Chalcogenide alloy
and glass, such as PbTe [26] and GegSegoTe1o [111], are superior materials for IR light,
while GaP, GaN are suitable for visible light, as well as diamond and HfO, for ultraviolet
(UV) light [10]. Hybrid metal-dielectric metasurfaces are also used for refractometric [37,
115], surface-enhanced [70] and chiral sensing [78, 79], which not only provide better
sensitivity [37] and dynamic tenability [70], but also facilitate the fabrication [48] or
functionalization process [79].

The meta-atom design has rapidly evolved, from simple geometries supporting basic
resonances to complicated structures with strong mixing of multiple modes, as summarized
in Fig. 2. In the future, computational inverse design strategies, such as evolutional [23]

or topology optimization [53] and machine learning [116] methods, will produce new meta-
atom designs to improve the overall sensing performance and enable novel optical readouts.
Meanwhile, oblique incidence angles could also introduce antisymmetric modes [28], and
enable the AFR method in SEIRA spectroscopy [47].

New metasurface platforms keep emerging beyond conventional 2D surfaces on rigid and
bulky substrates. Conventional substrates break the symmetry of the dielectric environment
surrounding meta-atoms, resulting in undesirable side effects including reduced sensitivity
and Q factors [117]. In order to improve the sensitivity, 2D meta-atoms can be placed on
top of pedestals or pillars which lift the enhanced fields above substrate and promote the
overlap with surrounding medium and analytes [38], similar to the plasmonic mushroom
structures [118, 119]. Multilayer hybrid systems are also used to engineer the near-field
spatial overlap [37, 115]. Furthermore, 3D meta-atom configurations not only promise
better sensing performance [48, 120], but could also introduce chirality or polarization
sensitivity [79]. Recently, optically “free-floating” metasurfaces have been demonstrated on
low-refractive-index Al,O3 membranes, which suppress undesired substrate effects [117].
Finally, soft and flexible substrates will enable conformal and wearable metasurfaces, e.g.,
attachable to curved goggle or eyewear surfaces, which facilitate visual reporting [84].
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Numerical studies on dielectric (Si) vs. plasmonic (Au) nanodisc metasurfaces. Refractive
index of (a) Si (Sik et.al.) and (b) Au (Johnson and Christy). Transmission spectra
dependence on nanodisc radius and surrounding medium refractive index for (c) Si and
(d) Au metasurfaces. (e) Schematic diagram of the 3D FDTD model (a unit nanodisc
with periodic boundary conditions, incident light along z-axis and polarization in y-axis),
Si nanodisc x-y cross-sectional electric field and magnetic field intensity distribution at
resonance wavelengths.
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Figure 2.

Metasurface with various geometries summarized in a wavelength-sensitivity coordinate
plane, comparing Si vs. Au. The coordinates represent (wavelength (nm), sensitivity (nm/
RIU), FOM (RIU™1)), Italic fonts indicate approximate estimations based on the data

in literature. Nanodisc array: Si [28] John Wiley & Sons. © 2018 Wiley-VCH Verlag
GmbH & Co.; vs. Au, reproduced from [24], CC BY 3.0 with permission from the Royal
Society of Chemistry. Nanohole array: Si, reproduced from [36], CC BY 4.0; vs. Au,
reprinted with permission from [37], Copyright (2015) American Chemical Society. Si EIT,
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reprinted by permission from [38], Springer Nature, Copyright (2014); vs. Au EIR, reprinted
with permission from [39], Copyright (2010) American Chemical Society. Si nanopost

with GRM, reprinted from [40], © 2018 Elsevier B.V.; vs. Au nanoplillar with nanogap,
reprinted with permission from [41], Copyright (2011) American Chemical Society. Si BIC
groups: nanobar zigzag array, reprinted by permission from [43], Springer Nature, Copyright
(2019); nanodisc array with ellipticity asymmetry, reproduced from [44], CC BY 4.0; Si
nanocrescent array [46], CC BY with the permission from John Wiley & Sons © 2021
Wiley-VCH Verlag GmbH & Co.; vs. Au nanocrescent array, reprinted with permission from
[45], Copyright (2010) American Chemical Society.
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Figure 3.

Metasurface sensing mechanisms. I. SEF/SERS. (a) Si nanopost arrays (al) with simulated
EM-field intensities (a2) for SEF detection of protein biomarkers, reproduced from [60] CC
BYNC-ND. (b) SizN4 nanohole arrays (b1) for both SEF (b2, rhodamine-6G) and SERS (b3,
crystal violet molecules), reprinted with permission from [61], Copyright (2018) American
Chemical Society. (c) Local temperature as a function of laser intensity: Si (c1) vs. Au (c2)
dimers, reproduced from [63], CC BY 4.0. (d) Si dimers for both SEF (d1) and SERS (d2)
detection of B-carotenal, reprinted with permission from [64], Copyright (2018) American
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Chemical Society. (e) Self assembled Au nanoparticle dimers for SEF of Alexa Fluor 647,
reprinted with permission from [65], Copyright (2015) American Chemical Society. (f) Au
nanochole and nanodisc array for SERS detection of 4-mercaptopyridine (4-MP), reprinted
with permission from [62], Copyright (2008) American Chemical Society. Il. SEIRA. (g)
BIC pixelated metasurface (g1) for molecular fingerprinting (g2, protein A/G physisorption)
[71], reprinted with permission from AAAS. (h) AFR based on BIC metasurface (h1)

for molecular fingerprinting (h2, human ODAM), reproduced from [47], CC BY-NC 4.0.

(i) Au multiband IR metasurface for membrane monitoring, reproduced from [69], CC

BY 4.0, (j) Tunable graphenemetallic hybrid metasurface for 1gG detection reprinted with
permission from [70], Copyright (2019) American Chemical Society. I11. Chiral sensing. (k)
Si metasurface for CD enhancement, reprinted with permission from [72], Copyright (2018)
American Chemical Society. (I) TiO, chiral metasurface, reproduced from [75], CC BY 4.0.
(m) Hybrid metallic-dielectric metasurface for CD enhancement, reprinted with permission
from [78] https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311 (further permission should
be directed to the ACS). (n) Hybrid 3D chiral metamaterial for TDP-43 detection, reprinted
with permission from [79], Copyright (2021) American Chemical Society.
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Figure 4.

Metasurface optical readouts. I. Comparison between the intensity changes and spectral
shifts readouts for (a) dielectric Si nanodisc arrays, reprinted with permission from [21],
Copyright (2019) American Chemical Society; and (b) plasmonic Au nanorod arrays,
reprinted with permission from [80] Copyright (2015) American Chemical Society. 1l.
Imaging-based readout. (c) Si gradient metasurface of chirped nanohole array, reproduced
from [36], CC BY 4.0. (d) Au gradient metasurfaces made by the interference lithography
[82], CC BY with the permission from John Wiley & Sons © 2021 Wiley-VCH Verlag
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GmbH & Co. (e) Algorithm-aided refractometric barcoding based on Si BIC pixelated
metasurfaces, reprinted by permission from [43], Springer Nature, Copyright (2019). III.
Holographic readout. (f) Polarization-switchable dielectric meta-holograms as gas sensors,
reproduced from [84], CC BY-NC 4.0. Medium-switchable meta-holograms with potentials
in refractometric sensing applications, comparing (g) dielectric (TiO5), reproduced from
[85], Copyright (2021) American Chemical Society; vs. (h) plasmonic (Au) [86], CC BY
with the permission from John Wiley & Sons © 2021 Wiley-VCH Verlag GmbH & Co.
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Si nanodisc array: geometric parameters and sensing performance.

Table 1.

Si nanodiscs t(nm) | r (nm) | Wavelength (nm) | Sensitivity (nm/RIU) Ref

Single 130 140 940 ~25 [21]

Random 144 85 740 40 [22]

Semirandom 130 140 940 86 [21]
Ordered array 120 235 1080 96 This Work

920 148
Array (ultrathin) 50 140 844 227 [30]
Array (Huygens) 260 180 ~1220 323 [28]
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Table 2.

Au nanodisc array: geometric parameters and sensing performance.

Au nanodiscs | t(nm) | r (hnm) | Wavelength (nm) | Sensitivity (nm/RIU) Ref
Single 110 130 911 491 [24]
Random 30 75 720 200 [22]
Semirandom 70 125 ~1000 505 [24]
Ordered Array 120 120 1010 520 This Work
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Surface enhancement by dimer nanoantennas: Si vs. Au.

Table 3.

Page 32

Dimers t(nm) | r (nm) | g(nm) | Wavelength (nm) | SEF factor | SERSfactor
Si[63] (Fig. 3¢) | 200 110 20 860 1900 1000
Si [64] (Fig. 3d) | 150 100 20 700 470 1720
Au [63] (Fig. 3c) | 40 70 20 860 NA 30000
Au [65] (Fig. 3e) | NA 40 6 705 600 NA
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