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ABSTRACT: Surface-enhanced infrared absorption (SEIRA) 15000 10000
boosts t}.le sensitivity .of 1nfra‘red spectroscopy by leyeraglng .the " i %
strong light—matter interactions induced by localized optical PMMA Lg 8000 =
resonances in nanostructures. While most SEIRA studies have ' 10000 1 = 750 .

. . . . & a=12% Le000 3
focused on metallic nanostructures, all-dielectric alternatives = 2
eliminate the unwanted optical ohmic losses as well as collisional g Newsu=r 4000 £
damping of the plasma waves, potentially enabling higher- g 50004 .
performance and lower-cost vibrational infrared spectroscopic £ oo f2000¢
platforms. In this study, we fabricate silicon-based all-dielectric = T e
metasurfaces that support quasi-bound states in the continuum
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(gBICs) and systematically investigate their SEIRA performance by
varying the thickness of the spin-coated poly(methyl methacrylate)
(PMMA) films, radiative quality factors, and spectral detuning.
Furthermore, we quantify the enhancement factor (EF) for vibrational signals originating from the surface-adsorbed molecules,
achieving a SEIRA enhancement factor exceeding 10*, which corresponds to the sensitivity at the monolayer level. Our findings
provide practical design principles for metal-free, highly sensitive, and wavelength-selective infrared spectroscopy systems based on
low-loss dielectric metasurfaces.

KEYWORDS: metasurfaces, bound states in the continuum, silicon, all-dielectric, infrared spectroscopy

B INTRODUCTION broad tunability of optical responses via collective resonan-
ces,"""® and compatibility with low-cost fabrication techniques.
These advantages suggest that dielectric platforms could enable
higher-performance infrared spectroscopy. Nevertheless, their
SEIRA characteristics remain underexplored, with few studies
investzgating SEIRA based on all-dielectric nanostruc-
tures.'®"** Quasi-bound states in the continuum (qBICs) in
periodically arrayed nanostructures””** have recently been
shown to support vibrational coupling and enhance molecular
signals,~18’21’25_27 however, a quantitative comparison between
dielectric and plasmonic SEIRA platforms is lacking. One of
the challenges in evaluating light—molecule interactions using
gBICs is that the electromagnetic field distribution, resonance
wavelength, and radiative losses vary with the degree of broken
symmetry in the unit structures,””*® all of which influence the

Molecule-specific vibrations and phonons in the mid-infrared
regime are fundamental to analytical chemistry' and are widely
used to extract atom-scale structural information about
molecules, including chemical bonds and conﬁgurations.2
However, certain molecular vibrations exhibit intrinsically
small absorption cross sections in infrared spectroscopy, posing
significant challenges in detecting trace amounts of molecules.
Similarly, the detection of thin-film adsorbates requires highly
sensitive measurements to fully exploit the potential of infrared
spectroscopy. Surface-enhanced infrared absorption (SEIRA)®
and surface-enhanced Raman scattering (SERS)" are central
techniques that significantly amplify the vibrational signals of
analyte molecules, offering pathways toward ultrasensitive
detection. Both these spectroscopic techniques rely on
localized electric field enhancement in micro/nano resonators
or optical nanoantennas.”® However, conventionally employed
metallic nanostructures’ "' suffer from high optical ohmic
losses and collisional damping of oscillating charge density -
waves, which limit the achievable quality (Q) factors, field Received: August 28, 2025 Phdtonics
confinement, and overall sensitivity in surface-enhanced Revised:  November 10, 2025
vibrational spectroscopy. Accepted: November 10, 2025
Recently, all-dielectric nanostructures, such as silicon, have Published: November 17, 2025
attracted increasing interest'” as promising alternatives,
offering high polarizability, lower material absorption losses,”

coupling efficiency between the gBICs and molecular
vibrations. The coupling conditions also depend on the
thickness of the surface-adsorbed molecular layers, as they
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Figure 1. Silicon BIC metasurfaces (S = 1.00) operating in the mid-infrared regime. (a) Schematic with key structural parameters. (b) SEM image
of a fabricated metasurface with @ = 12%. (c) Image of a fabricated device showing multiple metasurfaces with varied scaling factors S and
asymmetry parameter a. (d) Measured and (e) simulated transmittance spectra for different a. (f) Decomposed Q factors along with a fitted curve

(black) to the experimental Q factors (black dots).

alter the spatial overlap between the electric field of gBICs and
the vibrational modes of the molecules. Hence, a rigorous,
systematic characterization of silicon BIC metasurfaces is
essential to better understand and optimize the qBIC-based
SEIRA.

In this study, we comprehensively characterize the SEIRA
performance of silicon-based all-dielectric BIC metasurfaces
and quantitatively assess their enhancement capabilities. We
fabricated silicon BIC metasurfaces with varying geometric
scaling factors and asymmetry parameters. Subsequently, the
coupling with the C=O stretching mode of poly(methyl
methacrylate) (PMMA) is investigated across different PMMA
film thicknesses, radiative Q factors, and resonance detuning.
By modeling the spatial overlap between the electric field
distribution of the qBIC and the PMMA layer, we estimate the
number of molecules contributing to the enhanced molecular
signal, yielding a SEIRA enhancement factor (EF) exceeding 1
X 10 consistent with monolayer-level sensitivity.

B RESULTS AND DISCUSSION

Basic Characteristics. Silicon metasurfaces were fabricated
by patterning nanostructures on the top silicon layer of
commercial silicon-on-insulator (SOI) wafers, which com-
prised a 500 nm-thick top silicon layer and a 3000 nm-thick
buried oxide (BOX) layer. Figure la shows a schematic of the
metasurface design. The unit cell comprises two parallel silicon
rods of different lengths arranged in a square lattice with a
period of P = 3900 nm, an initial rod length of L = 2620 nm,
and a width of w = 920 nm. Modifying the lengths of the upper
and lower rods to L + AL and L — AL, respectively, breaks the
symmetry of the system, thereby converting the symmetry-
protected BIC into a quasi-BIC (qBIC) whose finite radiation
components are accessible through free-space excitation. The
fabrication was conducted by spin-coating a positive resist on
the SOI wafers followed by electron beam lithography to
define the nanopatterns. These written patterns were then
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transferred to the top silicon layer via deep reactive ion etching
(BOSCH process) using SFs and C,Hg gases. Figure 1b,c
shows a scanning electron microscopy (SEM) image of the
fabricated metasurface and a photograph of the full device
array. A total of 24 metasurfaces (800 gm X 800 ym) were
fabricated with three different geometric scaling factors (S) and
eight different asymmetry parameters () defined as @ = 2AL/
L. In these designs, the period P and silicon layer thickness
were fixed, while the rod length L and width w were scaled by a
factor of S. The transmittance spectra of the gBICs were
measured by using Fourier transform infrared spectroscopy
(FTIR) with a vertically incident wx-polarized light source.
Figure 1d,e shows a comparison of the measured and simulated
transmittance spectra for BIC metasurfaces with varying a
values. The results show good agreement, with the resonance
peak wavelength remaining nearly constant across different .
Moreover, an increase in the transmission dip depth and line
width broadening was observed, consistent with the typical
behavior of gBICs. The experimental Q factors were extracted
by fitting the spectra with a Fano resonance model (Figure
S1), with the highest Q factor reaching 175 at a = 3%.
However, noticeable discrepancies between the experimental
and simulated Q factors were observed, particularly at small a,
as shown in Figure 1f. Here, the radiative Q factor Q, was
calculated using the relation Q, = w,U(t)/P(t),” where w, is
the angular frequency of the resonance mode, U(t) is the
modal electromagnetic energy, and P(t) is the radiation power
through the computational domain boundaries. P(t) can be
further decomposed into upward and downward components,
which, respectively, give the radiation Q factors Q,, and Quoym
that satisfy Q, ™" = Q,Jp_1 + Qaown - From Figure 1f, Q,p follows
the inverse square law of qBICs,30 being proportional to a2
In contrast, Qg,,, deviates from this inverse square law, with
Quown < Qup at small a. This behavior can be attributed to the
asymmetric cladding layer of the SOI wafer, which causes
additional radiation leakage into the buried oxide layer.””'
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Figure 2. Coupling between PMMA molecules and qBICs of silicon metasurfaces with varying scaling factors S = 0.98, 1.00, and 1.02. (a)
Transmittance spectra for different PMMA film thicknesses. The black curves indicate the spectra of bare metasurfaces, corrected for the resonance
red shift caused by PMMA binding. (b) Vibrational signal Ipypa/Ihye for different PMMA film thicknesses. Vertical dashed lines indicate the

PMMA absorption peak. Spectra are vertically offset for clarity.

However, this downward leakage loss alone cannot fully
explain the total Q factor. To account for the discrepancy, we
introduced nonradiative loss channels, where the total
nonradiative loss can be expressed as Q" = Qs ' + Qucat
with Qu, ' and Q.. ' denoting material absorption and
surface roughness-induced scattering losses, respectively. The
total Q factor was then successfully modeled by using Q'
Qup_1 + Quown + + Q' indicating that the nonradiative losses
are the dominant limiting factor when « is smaller than
approximately 10%. Note that the effect of materials
absorption loss Q,, ' in the BOX layer is negligibly small in
the wavelength range of interest in this study (Supporting
Information S2 for details).

Vibrational Coupling. PMMA films of varying thicknesses
were spin-coated onto BIC metasurfaces to enable spatial and
spectral coupling between the C=O stretching vibrational
mode of PMMA and the gqBICs. Figure 2a shows the measured
transmittance spectra for metasurfaces with @ = 12%. The
resonance wavelength of the qBIC was tuned by varying the
scaling factor, S, which controls the spectral detuning between
the gBIC resonance and the PMMA absorption peak. With
increasing thickness of the PMMA layer, substantial changes in
the spectral features were observed near the PMMA absorption
wavelength, including resonance peak shift and splitting. Since
the resonance peak wavelength of the gBIC is itself affected by
the thickness of the adsorbed PMMA film (Figure S3), the
observed spectral changes in the coupled system reflect a
combination of resonance red shift and amplitude modulation
due to surface-enhanced infrared absorption. To isolate the
vibrational enhancement from the red-shift effect, we first
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quantified the resonance shift induced by the PMMA
adsorption using gBICs with large spectral detuning, where
vibrational coupling is minimal. Based on this correction, we
calculated the vibrational signal as the ratio Ionvia/ Toarer
where Ipypa and I, are the transmittances of the PMMA-
coated and bare metasurfaces, respectively, with the red shift
effect taken into account. As shown in Figure 2b, the
vibrational signal increased with increasing PMMA thickness,
consistent with stronger light—matter interactions for greater
molecular vibrational bonds. Furthermore, the signal reached
its maximum at S = 1.00, corresponding to near-zero detuning
between the qBIC resonance and the vibrational mode. Here,
the small negative dips on either side of the vibrational signal
peak can be attributed to spectral broadening and splitting of
the transmittance spectra in PMMA-coated metasurfaces.

We next focused on the condition with a scaling factor of S =
1.00 and further investigated the SEIRA characteristics in
detail. Figure 3a presents the enhanced molecular signal, which
is defined as the peak-to-peak amplitude of the vibrational
signal Ipypva/Ipae as a function of asymmetry parameter o for
various PMMA film thicknesses. In all the cases, the enhanced
molecular signal increased with o and saturated at approx-
imately a 12%. Figure 3b shows the experimental
transmittance spectra and corresponding vibrational signals
for a PMMA thickness of tpypa = 47 nm. As @ increased, the
transmittance dip deepened, while the vibrational signal
peaked at a = 15%. Although higher Q factors and stronger
field enhancement at smaller & are generally expected to yield
greater signal enhancement, the experimental results showed
the opposite trend (i.e., larger vibrational signals were observed
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Figure 3. Comprehensive characterization of the enhanced molecular signal for metasurfaces with a scaling factor S = 1.00. (a) Enhanced molecular
signals for various PMMA film thicknesses tpya plotted against asymmetry parameter a. The inset shows the SEM images of the unit structures at
different a. (b) Transmittance spectra (top) and corresponding vibrational signals (bottom) for different a at tpypqs = 47 nm. (c) Thickness
dependence of the enhanced molecular signal for & = 3, 6, and 12%, and for an unpatterned control sample. (d) Scatter plot of the enhanced
molecular signal versus detuning for various PMMA thicknesses tpyps, scaling factors S, and asymmetry parameters a.

at larger a). This behavior can be explained by the fact that the
radiation loss varies with @, which directly influences the
interaction between the gBICs and surface-adsorbed mole-
cules. When « is small, the high radiative Q factor confines the
resonantly enhanced electromagnetic field predominantly
inside the silicon, limiting its interaction with the external
molecules. Conversely, as a increases, the gBIC becomes more
radiative, enhancing its interaction with the molecular
overlayer. However, the decreasing radiative Q factor and
hence the decreasing field intensity limit further enhancement
beyond a certain @, resulting in signal saturation. More
precisely, the strength of the vibrational signal depends on the
complex interplay between the radiative and nonradiative Q
factors of the qBICs, their coupling strength with molecular
vibrations, and spectral detuning. These dependencies can be
analytically captured by the temporal coupled mode
theory.””*® Figure 3c shows the enhanced molecular signal
as a function of the PMMA film thickness for several a and a
comparison of the signal with that of an unpatterned control
sample. All the conditions exhibited a linear dependence on
the PMMA thickness. The unpatterned sample, fabricated by
removing the top silicon layer from the SOI wafer and
depositing PMMA films of different thickness, also displayed a
linear response. Notably, the enhanced molecular signal in the
BIC metasurface with a = 12% was approximately 70 times
greater than that of the unpatterned sample at a PMMA
thickness of 9.2 nm (Figure S4 for the spectra of the
unpatterned sample). Finally, Figure 3d plots the enhanced
molecular signal as a function of detuning, defined as the
difference between the resonance center wavelength of the
gBIC (determined by Fano fitting) and the absorption peak of
PMMA (determined by spectroscopic ellipsometry; see
Supporting Information S5). The scatter plot, comprising
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data points from various fpypia, S, and @, shows that the
molecular signal was maximum at near-zero detuning, in
agreement with theoretical expectations. Although this scatter
plot involves multiple parameters, which complicates its
interpretation, focusing solely on the a values that yield the
largest signal for each film thickness leads to the same
conclusion: as detuning approaches zero, the signal strength
increases and reaches the maximum.

SEIRA Enhancement Factor. We characterized the SEIRA
performance of silicon metasurfaces coated with thin PMMA
films. Figure 4a shows the transmittance spectra for a = 12%.
For all values of scaling factor S, we observed a distinct shift in
the resonance wavelength and a change in the transmittance
depending on the PMMA thickness. Even for PMMA films
only several nanometers thick, a clear enhanced molecular
signal was observed. From a microscopic perspective, this
enhanced molecular signal can be attributed to the spatial
overlap between the surface-adsorbed PMMA molecules and
the electric field of the qBICs. Since the strength of light—
matter interaction strongly depends on the out-of-plane
distribution of the molecules, the PMMA thickness plays a
crucial role in modulating the SEIRA response. To further
explore this, we calculated the cross-sectional distribution of
the maximum electric field enhancement |EI* in the xy-plane at
various z-positions, as shown in Figure 4b. The strongest
enhancement appears at the interface between the BOX layer
and the bottom of the silicon nanorods (z = —250 nm), where
the electric field is localized at both ends of the paired rods.
Similarly, strong electric field enhancement is observed at the
top surface of the nanorods (z = 250 nm) due to the high
refractive index contrast between silicon and air. Importantly,
spin-coated PMMA films cover both the top and bottom
interfaces (z = £250 nm), allowing the molecules to strongly
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Figure 4. Characterization of the SEIRA performance of silicon BIC metasurfaces using thin PMMA films. (a) Transmittance spectra for different
PMMA film thicknesses. The spectra are compared with different scaling factors, S = 0.98, 1.00, and 1.02, from left to right. Vertical dashed lines
indicate PMMA absorption peak wavelengths. Insets show the corresponding vibrational signals. (b) Electric field enhancement effect in the z-
direction for a = 12%. Color maps of the electric field |El in the xy-plane at selected z-positions (top), plot of the maximum |EI* versus z (middle),
and corresponding metasurface structure (bottom, not to scale in the vertical direction). (c) SEIRA enhancement factor EF and number of PMMA
molecules Npypya per unit cell as a function of PMMA film thickness tpypa for a = 12%. The red dashed curve is the fitted trend of the EF. (d) EF

and Npyva per unit cell as a function of a when tpyyy is 7.2 nm.

interact with the highly localized electric fields of the gBICs.
By considering the overlap integral between the electric field
E(r) and the spatial distribution of the PMMA layer, we can
quantitatively estimate the number of molecules that
contribute to the enhanced molecular signal using the
following equation®**®

2
fP o SE@PAV

N. = A
PMMA T max(e(r)IE(r) ]

M (1)
where &(r) is the permittivity of the given material, p is the
density of PMMA molecules, N, is the Avogadro constant, and
M is the molecular weight of PMMA molecules. Using the
calculated Npypa, we can evaluate the SEIRA enhancement

factor (EF), defined as follows™®

I Nun atterned
EF = SEIRA p
Iunpattemed NPMMA (2)

where Iggira and Lipaermed Tepresent the enhanced molecular
signals from the metasurface with and without nanostructures,
respectively, and Npypa and Nygpatternea are the numbers of
molecules contributing to the molecular signal in each case.
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Figure 4c shows the calculated values of Npypa per unit cell
and the corresponding SEIRA enhancement factors for a
12%. As expected, Npypa decreases with decreasing PMMA
film thickness. At the same time, EF exhibited a marked
increase for thinner PMMA films. Notably, the maximum EF
was found to be EF = 1.2 X 10* at a PMMA thickness of 7.2
nm. In this case, the number of molecules contributing to the
enhanced molecular signal can be estimated to be approx-
imately 1000 per unit cell, corresponding to zeptomole-level
detection sensitivity. Note that 1000 PMMA molecules
correspond to approximately 107 C=O bonds, because the
number of C=O bonds in a PMMA molecule with a
molecular weight of 950 kDa can be calculated to be
approximately 9490 for a monomer methyl methacrylate
weight of 100.12 g/mol. Figure 4d shows the dependence of
both Npypa and EF on a, with the PMMA thickness fixed at
7.2 nm. While Npyps gradually decreased with increasing a,
EF varied more significantly and reached its maximum at o =
12%, consistent with the maximum vibrational signal observed
in Figure 3a. Comparing our results with the values reported
(see also Supporting Information Table S1) for plasmonic
nanostructures, such as gold cross nanoantennas’’ with EF =
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1.2 x 10* nanoporous gold disks*® with EF = 2.3 x 10* and
gold multilayer metafilms™ with EF = 8.3 X 10% all of which
were used for detecting self-assembled monolayers, we find
that our silicon metasurfaces achieved a comparable EF. This
indicates that all-dielectric metasurfaces can provide mono-
layer-level sensitivity, highlighting their potential as promising
platforms for SEIRA spectroscopy. To the best of our
knowledge, our study is the first to accurately estimate the
EF of all-dielectric nanostructures, for which only a few SEIRA
studies have been reported, with the EF evaluated to date
being 13.3 using silicon photonic crystals."” It should be noted
that the EF of SEIRA can be enhanced by one to 2 orders of
magnitude when nanogaps of several nanometers, where
electromagnetic fields are strongly localized and enhanced,
are introduced.””*" The same principle should apply to all-
dielectric metasurfaces, and a similar enhancement can be
expected by introducing nanogaps in the middle of silicon
paired nanorods.’ Given that the high EF arises from the
strong electric field enhancement, the potential applications of
our silicon metasurfaces are not limited to SEIRA but can also
be extended to nonlinear spectroscopies such as Raman,">*
two-dimensional infrared,"* and higher-order infrared spectros-
copies,” where the enhancement factors scale with the fourth
or even sixth power of the electric field.

B CONCLUSIONS

In this study, we systematically characterized the SEIRA
performance of silicon BIC metasurfaces composed of paired
nanorods and demonstrated their capability for highly sensitive
infrared spectroscopy. By spin-coating a few nanometers of
PMMA films onto the metasurfaces, we achieved spectral
coupling between the C=O stretching vibrational modes of
PMMA molecules and the gBICs. The enhanced molecular
vibrational signal exhibited a clear linear dependence on the
PMMA film thickness. Furthermore, we found that the
enhanced molecular signal reached a maximum at a specific
the asymmetry parameter of the BIC metasurface and under
near-zero detuning conditions. To quantitatively evaluate the
SEIRA enhancement factors, we estimated the number of
molecules contributing to the signal enhancement by
calculating the overlap integral between the localized electric
fields and the surface-adsorbed PMMA layers. Consequently,
we found that the enhancement factor reached as high as 10*
when the PMMA film was sufficiently thin, corresponding to
monolayer-level sensitivity. These findings confirm that all-
dielectric nanostructures can serve as a noble metal-free yet
highly eftective platform for surface-enhanced infrared spec-
troscopy. Our work offers new opportunities for label-free
molecular sensing at low concentrations and also complements
the drawbacks of conventional metal-based SERS and SEIRA
techniques.

B METHODS

Fabrication. Prior to fabrication, SOI wafers with a S00
nm-thick top silicon layer and a 3000 nm-thick BOX layer were
cleaned with acetone and isopropyl alcohol (IPA) in an
ultrasonic bath, followed by oxygen plasma treatment. A 100
nm-thick layer of a positive electron beam resist (ZEPS20A,
Zeon Chemicals) was spin-coated onto the top silicon surface
and prebaked on a hot plate at 180 °C for 3 min. Subsequently,
a conductive layer (ESPACER 300Z, Showa Denko) was spin-
coated at 2000 rpm for 60 s. The metasurface patterns were
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written using electron beam lithography (ELS-BODEN,
Elionix) at an area dose of 220 uC/cm?® and an acceleration
voltage of 100 kV. After exposure, the resist was developed in
xylene for 60 s and rinsed with IPA for 30 s. The developed
patterns were transferred into the top silicon layer using silicon
deep reactive ion etching equipment (MUC-21 ASE-SRE,
Sumitomo Precision Products) with SF¢ and C,Hg as the
etching and passivation gases, respectively. Finally, the residual
resist was removed by using the water vapor plasma treatment
(AQ-500, Samco).

Characterization. Transmittance spectra of the fabricated
metasurfaces were measured by using a Fourier transform
infrared spectrometer (Nicolet iSSOR, Thermo Fisher
Scientific). Measurements were performed with a custom-
built transmission optical setup inside the sample compart-
ment, allowing automated positioning of the metasurfaces with
multiple structural parameters by using a motorized stage for
stable and reproducible data acquisition. The ¢BICs were
excited under normal incidence with x-polarized light focused
through an iris diaphragm (0.7 mm in diameter), and the
transmitted light was collected by a liquid nitrogen-cooled
mercury cadmium telluride detector with a spectral resolution
of 4 cm™". The sample compartment was purged with nitrogen
gas to suppress unwanted atmospheric absorption. For
coupling experiments with PMMA molecules, diluted PMMA
solutions (950 kDa) were spin-coated onto the metasurfaces
and baked at 180 °C for 90 s on a hot plate. The PMMA film
thicknesses were determined by using a spectroscopic
ellipsometer (M-2000, J.A. Woollam).

Simulation. Transmittance spectra and electric field
distributions were simulated by using a commercial finite-
difference time-domain (FDTD) solver (Ansys Lumerical).
Perfectly matched layer boundary conditions were applied
along the z-axis, while Bloch boundary conditions were
employed along the x and y axes. The radiative Q factor Q,
was calculated as Q, = w,U(t)/P(t), where @, is the resonant
frequency, U(t) is the electromagnetic energy stored in the
mode, and P(t) is the radiation power absorbed through the
simulation boundaries. Directional Q factors Q,, and Qgoun
were calculated by separating P(t) into upward P,(t) and
downward Pg,,,(t) components, whose boundaries are
positioned approximately at A/4 above and below the silicon
surface, respectively. Since the Bloch boundary conditions are
used in the x and y directions, radiation in the in-plane
direction was assumed to be zero. In all Q factor calculations,
the refractive index n was set to 3.425 for silicon and 1.290 for
SiO,, with their extinction coefficient k being zero. To estimate
the number of PMMA molecules contributing to the SEIRA
signal per unit cell, the spatial overlap between the modal
electric fields and the PMMA layer (assumed to have zero k)
was considered. PMMA layers were assumed to be adsorbed
on both the BOX and the top surfaces of the silicon
nanostructures, while no adsorption on the sidewalls was
assumed owing to the use of a fast spin-coating process that
limits polymer infiltration into the vertical features.
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