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Optical metasurfaces provide solutions to label-free biochemical sensing by localizing light resonantly beyond the
diffraction limit, thereby selectively enhancing light–matter interactions for improved analytical performance.
However, high-Q resonances in metasurfaces are usually achieved in the reflection mode, which impedes metasur-
face integration into compact imaging systems. Here, we demonstrate a metasurface platform for advanced biochemical
sensing based on the physics of the bound states in the continuum (BIC) and electromagnetically induced transparency
(EIT) modes, which arise when two interfering resonances from a periodic pattern of tilted elliptic holes overlap both
spectrally and spatially, creating a narrow transparency window in the mid-infrared spectrum. We experimentally meas-
ure these resonant peaks observed in transmission mode ( Q ∼ 734 at λ ∼ 8.8 µm) in free-standing silicon membranes
and confirm their tunability through geometric scaling. We also demonstrate the strong coupling of the BIC-EIT modes
with a thinly coated PMMA film on the metasurface, characterized by a large Rabi splitting (32 cm−1) and biosensing
of protein monolayers in transmission mode. Our new photonic platform can facilitate the integration of metasurface
biochemical sensors into compact and monolithic optical systems while being compatible with scalable manufacturing,
thereby clearing the way for on-site biochemical sensing in everyday applications. © 2025 Optica Publishing Group under

the terms of theOpticaOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.549393

1. INTRODUCTION

Optical metasurfaces are ultrathin engineered interfaces with
periodic subwavelength structures forming unit cells designed
to efficiently modulate the fundamental properties of light. An
important function of resonant metasurfaces is their capability
to localize the incident electromagnetic field into subwavelength
volumes, where light–matter interactions are enhanced [1,2]. The
efficiency of near-field light–matter coupling strongly depends
on the quality (Q) factor of the metasurface resonance, which is
related to the photon lifetime in a cavity [3,4]. Dielectric meta-
surfaces made from high-index and low-loss materials can realize
significantly sharp resonances compared to their plasmonic coun-
terparts, where the intrinsic metallic losses limit their Q factors.
Because dielectric metasurfaces supporting quasi-bound states
in the continuum (q-BIC) modes enable precise control over
radiation channels, they have been integrated into a variety of
optical applications, including lasing [5], optical trapping [6,7],

and nonlinear and quantum optics [8,9]. Specifically in the mid-
infrared (IR) spectrum (λ= 2.5−25 µm), multiresonant q-BIC
metasurface arrays facilitated imaging-based surface-enhanced
infrared absorption spectroscopy (SEIRAS) with high spectral res-
olution [10], frequency conversion processes [11], and vibrational
strong coupling [12,13]. Despite encouraging progress, challenges
related to integration into miniaturized robust optical systems and
low-cost scalable manufacturing have, thus far, impeded mid-IR
metasurfaces from reaching their full potential and addressing the
unmet needs of real-world biochemical sensing applications.

Conventional mid-IR metasurfaces supporting q-BIC res-
onances have been primarily fabricated on IR-transparent
supporting substrates by patterning an array of subwavelength
structures made from low-loss and high-index materials, such as
Si [10] and Ge [14]. In this approach, the need for the supporting
substrates is a critical bottleneck for the mass-scalable manufac-
turing of the mid-IR metasurfaces because transparent materials
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over the mid-IR window, e.g., CaF2 and MgF2, are not compat-
ible with wafer-scale high-throughput fabrication processes. To
eliminate the need for IR-transparent supporting substrates, we
recently proposed patterning subwavelength periodic voids into
free-standing Si membrane metasurfaces and demonstrated high-
Q Brillion zone folding (BZF)-induced q-BIC modes [13]. Others
also reported fabricating mid-IR nanoantennas on silicon nitride
membranes [15] and metasurfaces patterned into silicon carbide
(SiC) membranes to eliminate substrate effects [16]. While these
are promising developments toward scalable fabrication of mid-IR
metasurfaces, challenges related to their integration into compact
instruments remain.

The key approach in implementing high-Q dielectric meta-
surfaces for SEIRAS-based biochemical sensing is that the q-BIC
resonances supported by these metasurfaces generate resonance
dips in transmission or peaks in reflection [17]. The funda-
mental detection signal in SEIRAS is usually a perturbation in
frequency, amplitude, and Q factor of the resonance, induced
by the enhanced coupling between the vibrational modes of
molecules and metasurface resonances, enabling the extraction

of the molecular fingerprints. For example, when working with
resonances characterized by spectral dips, the spectral resonance
parameters must be extracted in low-light conditions, leading to
low signal-to-noise ratios (SNRs) and longer integration times.
Therefore, reflection mode measurements, yielding spectral peaks
in the far field, have been frequently used to interrogate the sharp
q-BIC modes in SEIRAS applications [10,14,17]. However,
reflection measurements require complex optical paths, with extra
optical components, such as beam splitters and mirrors, hindering
the metasurface device integration into robust collinear imaging
platforms and the development of compact on-site biochemical
sensors.

Here, we suggest a completely different approach to SEIRAS
by designing and implementing high-Q resonances in the trans-
mission mode. We reveal that such resonances can be supported by
free-standing membrane metasurfaces with tilted rod apertures, as
shown in Fig. 1. This feature makes the membrane metasurfaces
well-suited for three key functionalities: optical filtering, strong
coupling, and biochemical sensing. Our resonance mechanism
is driven by a metasurface analog of electromagnetically induced
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Fig. 1. Free-standing membrane metasurfaces with transmissive resonances for mid-infrared biochemical sensing applications on a collinear optical
imaging setup. (a) Illustration of the metasurface unit cell including a pair of elliptical rods etched through a crystalline silicon (Si) free-standing membrane
slab. Like standard protruded resonators, when the rod voids are tilted oppositely with respect to each other along their long axes, the BIC modes couple
to continuum, turning into the q-BIC modes. (b) Analogous to a three-level atomic ensemble, the photonic analog of the EIT mode is modeled with
3-shaped energy levels, including a ground state |1〉, an excited state |3〉, and a metastable state |2〉. In our metasurface design, the transition |1〉−|3〉 is a
surface lattice mode (SLM) with a high decay rate (0SLM), which can be directly excited with a linearly polarized light along the x axis (E x ). The transition
|2〉−|3〉 is characterized by a BIC mode, whose decay rate (0BIC) is near zero (0SLM� 0BIC). Since ideal BIC (θ = 0◦) does not directly couple to the
free-space propagation, here we represent it with a q-BIC by introducing a small tilting angle to the rods (θ 6= 0◦). In the presence of an incident x -polarized
light at normal incidence, a quantum interference occurs, and the transition amplitudes of |1〉−|3〉 and |2〉−|3〉 destructively interfere, creating a narrow
transparency window in the spectrum, which we call q-BIC-EIT. (c) Free-standing membrane metasurfaces supporting q-BIC-EIT modes are used to
detect protein monolayers via SEIRAS and enable vibrational strong coupling at room temperature.
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transparency (EIT) [18–21], where a broad multipolar surface
lattice mode (SLM) comprising elements of an electric dipole and
a magnetic quadrupole interferes with an ultrasharp q-BIC mode
induced by breaking the in-plane symmetry in a tilted rod pair
design [Fig. 1(a)]. When the two interfering resonances generated
by a periodic void pattern carved into a 1 µm thick Si membrane
spectrally and spatially overlap, a narrow transparency window
emerges in the mid-IR spectrum [Fig. 1(b)]. Previously, metasur-
face analogs of EIT modes have been demonstrated by interfering
plasmonic resonances [20] and dielectric nanoantennas for refrac-
tometric sensing applications in the near-IR [18,21], utilizing
different multipolar modes [22–24]. In this study, for the first
time, we experimentally present a high-Q (∼734 at λ∼ 8.8 µm)
EIT-like mode in the mid-IR leveraging the unique strengths of the
q-BIC resonances and all-dielectric membrane metasurfaces. In
addition, we show the Q factor and frequency tunability of these
resonances via geometric design parameters. Finally, we report
experimental results investigating light–matter interactions in
these powerful metasurface resonances. First, we show vibrational
strong coupling with a thinly coated PMMA film on the metasur-
face, characterized by significantly large Rabi splitting (32 cm−1).
Second, we demonstrate biosensing of protein monolayers in the
transmission mode, enabled by the SEIRAS [Fig. 1(c)]. Overall,
our approach introduces elegant high-Q transmissive resonances
that are ideal for compact metadevices while being compatible
with scalable manufacturing, clearing the way toward on-site
biochemical sensing in everyday applications.

2. RESULTS

A. Design and Fabrication of Membrane Metasurfaces

Our metasurfaces consist of free-standing, intrinsic, single crys-
tal 〈100〉 silicon membranes of thickness h = 1 µm patterned
with an array of unit cells consisting of pairs of tilted elliptical
rods with mirror symmetry across the major vertical axis, as illus-
trated in Fig. 1(a). These rods are etched through the membrane and
have minor and major axes a and b, respectively. The geometric
parameters of a single unit cell are detailed later in Fig. 1(a). The
tilting angle θ is measured with respect to the vertical axis, and
unit cells are arranged in a rectangular lattice with periods Px , and
Py . In optimizing the metasurface design parameters, we aimed
to achieve the following criteria: (1) the metasurface must have a
resonance peak in transmission with an amplitude approaching
unity when illuminated with normally incident light; (2) high
electromagnetic-field confinement into accessible photonic cavi-
ties at resonance; (3) easy tunability of the transmittance peak via
geometric design parameters to allow for operation in the broad
mid-infrared fingerprint spectral range; (4) a high and tunable Q
factor of the resonance peak; and (5) a straightforward fabrication
process compatible with mass manufacturing. We performed
numerical simulations using commercially available software
packages running finite-element frequency-domain (FEFD) and
finite-difference time-domain (FDTD) solvers (see Section 4).
We identified the following metasurface design parameters satis-
fying the above criteria: a = 1.4 µm, b = 4.0 µm, Px = 4.0 µm,
Py = 4.4 µm, and h = 1.0 µm [Fig. 1(a)]. We tuned the resonance
peak position by scaling the geometric parameters of the unit cell
with the factor (S) and fabricated metasurfaces with tilting angle
from θ = 0◦ to 10◦ to adjust the Q factor.

The metasurfaces were fabricated by patterning free-standing
Si membranes using electron beam lithography (EBL) for mask
formation and reactive ion etching (RIE) to anisotropically etch
Si, generating punch-through holes with vertical and smooth
sidewalls (see Section 4). A brightfield photograph of a fabricated
Bucky metasurface, composed of hundreds of thousands of tilted
rod voids, is shown in Fig. 2(a). In this image, the dark regions are
unpatterned, and the colorful regions are patterned membrane
metasurface areas. Scanning electron microscope (SEM) images
of a fabricated metasurface are shown in Fig. 2(b), with an angled
view of the tilted rod voids in the inset, showing vertical sidewalls
through the 1µm thick membrane.

B. Metasurface Analog of EIT

The experimentally measured transmittance in Fig. 2(c) was
obtained by illuminating the sample with collimated, normally
incident, x -polarized, mid-IR light. The metasurface exhibits
an EIT-like peak in transmission, with ∼80% transmittance in
the mid-IR spectral range. Although, in principle, a transmit-
tance of 100% is possible, the maximum we achieved in practice
is 90%. This limitation is primarily due to losses in the system,
which arise from fabrication tolerances and the resulting statis-
tical variations in the geometrical features among different unit
cells (see Supplement 1, Fig. S1). For comparison, transmit-
tance through the unpatterned membrane region is also plotted
in Fig. 2(c). When we imaged the Bucky metasurface at the
peak of its resonance wavenumber (1458 cm−1), the patterned
metasurface regions light up with high contrast relative to the back-
ground, clearly delineating the Bucky pattern [Fig. 2(d)]. When
illuminated at 1502 cm−1, where metasurface suppresses the trans-
mission more than the unpatterned membrane, the inverse Bucky
pattern is captured. Conversely, when the spectrum from the
patterned region intersects with the spectrum of the unpatterned
regions (1478 cm−1), the overall membrane displays an almost
uniform transmission, generating a low-contrast image of Bucky.
Interestingly, in this image, the boundaries between the patterned
and unpatterned regions exhibit the highest contrast due to the
lower number of effective metaunits at the edges compared to the
interior. Therefore, the Bucky image at 1478 cm−1 yields a sig-
nificant contrast (∼14%) at the boundary between the patterned
and unpatterned areas of the metasurface. Investigating the spectra
along a line from the interior of the metasurface toward the edge,
we identified degeneration of the resonance in both amplitude
and shape, which explains the contrast at the Bucky metasurface
pattern boundaries (see Supplement 1, Fig. S2).

Our metasurface design supports two distinct modes that
overlap in space and frequency but with different resonance mode
linewidths, as illustrated in Fig. 1(b). The first mode, a SLM,
originates from the enhanced radiative coupling of localized Mie
resonances associated with individual tilted rod voids embedded
in the free-standing Si membrane. These collective resonances
emerge from Rayleigh anomalies, where enhanced radiative cou-
pling is due to in-plane diffraction orders of the lattice [21,25].
The SLMs can be tuned by varying the lattice period, Px or Py .
The second mode is a q-BIC mode and belongs to a unique class of
wave phenomena where localized waves remain confined despite
coexisting with a continuous spectrum of radiating waves that can
carry energy away. Of the many ways to excite q-BICs, in-plane
symmetry breaking is one of the most popular and straightforward.
By introducing controlled imperfections or asymmetries, ideal
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Fig. 2. Realization of free-standing Si membrane metasurfaces. (a) Brightfield photograph of the free-standing membrane Bucky metasurface composed
of hundreds of thousands of tilted rod voids (scale bar 200µm). (b) Scanning electron micrograph (SEM) of the metasurface showing the zig-zag rod design
(scale bar 8 µm) and cavities with vertical sidewalls on a 1 µm thick Si membrane of tilted rods (inset scale bar 1 µm). (c) Experimentally measured q-BIC-
EIT-like resonance transmittance spectrum of the free-standing metasurface and background, taken from patterned and unpatterned Si membrane regions,
respectively, with θ = 10◦. (d) Infrared transmission microscopy image at the resonance peak (1458 cm−1), at the wavenumber 1478 cm−1, where transmit-
tance through the metasurface and the background are similar, and at minimum transmittance (1502 cm−1) of the metasurface. Note how the contrast of
the Bucky metasurface microscopy images changes when transitioning from its highest transmittance value (∼0.8) to its minimum (∼0.065).

BICs can be converted into q-BICs with finite but high Q factors
[26,27]. In our case, the symmetry breaking was introduced along
the x axis by setting the tilting angle θ 6= 0◦. Destructive interfer-
ence between the SLM and q-BIC modes induces a narrowband
transparency window [Fig. 1(b)].

To understand the emergence of high-Q transmissive modes
in our system, we studied the nature of the SLM and q-BIC reso-
nances by examining the electric and magnetic near-field intensity
enhancements relative to the incident field intensity at two dis-
tinct angles (Fig. 3). At θ = 0◦, the SLM couples to the incident
light, resulting in the electric and magnetic field distributions as
shown in Fig. 3(b). The field maps are the x y plane cross-sections
of the membrane at the center height (z= h/2) for illumination
at 1460 cm−1. Furthermore, we calculated the scattering cross-
section (σscs) of Cartesian multipoles in the far field to determine
the multipolar decomposition of the SLM (the mathematical treat-
ment is presented in Section 4). Figure 3(e) shows that at θ = 0◦,
the electric dipole (ED) and the magnetic quadrupole (MQ) are
the main contributors to the SLM optical response, which agree
with the field maps in Fig. 3(b).

When the tilting angle θ deviates from zero, the coupling
between the SLM and q-BIC resonances leads to an increase
in the electromagnetic field enhancements [see Fig. 3(c) and
3(d)], so the fields leak into the air media inside the tilted rods,
generating accessible photonic cavities. The electric field’s

enhancement decays to 36% of its maximum value at a distance
of 800 nm from the vertical walls of the tilted rods [see Fig. 3(c)
and Supplement 1, Fig. S3], with an effective mode volume of the
unit-cell Veff = 0.065(λ/neff)

3 at the resonance (see Section 4).
The multipolar mode decomposition analysis revealed that the
electric quadrupole (EQ) and magnetic dipole (MD) are the pri-
mary drivers of the transparency window resonance, with minimal
contribution from the ED and MQ [see Fig. 3(f )], confirming
the destructive nature of the SLM and q-BIC resonances. In
addition, we show that the reconstructed transmission spectrum
obtained from the multipolar decomposition analysis is in excel-
lent agreement with the numerical simulations and experimental
measurements (see Supplement 1, Fig. S4).

To bring quantitative insights into the SLM and q-BIC
resonances, we employed coupled-mode theory (CMT) to math-
ematically model the interplay between the SLM and q-BIC
resonance modes (see Supplement 1, CMT-EIT and Fig. S4). We
adopted the same approach as in Ref. [28] to analytically under-
stand the interaction between the low-Q SLM and the high-Q
q-BIC modes with zero detuning in their resonance frequencies,
analogous to the EIT effect observed in a three-level atom. In EIT-
like resonances, the occurrence of the transparency window results
from strong Fano interferences controlled by the coupling strength
(κ) between the interacting modes. Under the right circumstances,
when the threshold coupling strength (κT ) satisfies the condition
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https://doi.org/10.6084/m9.figshare.28248563
https://doi.org/10.6084/m9.figshare.28248563


Research Article Vol. 12, No. 2 / February 2025 / Optica 182

a b

d

g

e f

c

h

1800

Tr
an

sm
itt

an
ce

1400
0.0

0.5

1.0

1600
Wavenumber (cm-1)

Simulation

N
or

m
. T

ra
ns

m
itt

an
ce

0.0

0.5

1.0

18001400 1600
Wavenumber (cm-1)

Experiment

150014501400

4

0

8

Wavenumber (cm-1)

Scattering spectra θ° = 10°  

 (µ
m

2 ) 
× 

10
2

Total
EQ
MD
ED
MQ

150014501400

0.06

0.00

0.12

Wavenumber (cm-1)

Scattering spectra θ° = 0°  

 (µ
m

2 ) 
× 

10
2

Total
MQ
ED
EQ
MD

|E|/|E0|0 14 |H|/|H0|0 40

|E|/|E0|0 3.2 |H|/|H0|0 5

air

air

cSi

|E|/|E0|0 14

Px× S

P
y×

 S

b 
× 

S
a × S

hcSi air

2θ° 

θ° = 0° θ° = 0°

θ° = 10° θ° = 10°

14
60

 c
m

-1
14

60
 c

m
-1

Fig. 3. Photonic resonance characteristics of the membrane meta-
surfaces. (a) The relevant geometrical design parameters for the unit
cell in the illustration are a = 1.4 µm, b = 4.0 µm, Px = 4.0 µm,
Py = 4.4 µm, h = 1.0 µm, S = 1, and θ = 10◦. Electric and magnetic
field maps of the unit cell at the middle depth plane (h/2) when (b) θ = 0◦

and (d) θ = 10◦ at 1460 cm−1. Notice how both the electric and magnetic
fields are enhanced by the symmetry breaking along the x axis intro-
duced by the tilting angle θ . The electric field, in particular, reaches its
maximum at the tips of the tilted rod voids. (c) A longitudinal electric
field profile, cut through the plane of the white dashed line [shown in
(d)], demonstrates that the electric field decays to 36% of its maximum
amplitude in the airholes at approximately 800 nm away from the vertical
walls of the rod voids. The calculated effective mode volume at resonance
peak (λres = 1460 cm−1) is Veff = 0.065(λ/neff)

3 with neff = 2.21 (scale
bar 1 µm). Multipole decomposition for (e) θ = 0◦ and (f ) θ = 10◦. At
θ = 0◦, the electric dipole (ED) and the magnetic quadruple (MQ) are the
main contributors to the scattering cross-section of the SLM. In contrast,
at θ = 10◦, the electric quadrupole (EQ) and the magnetic dipole (MD)
drive the q-BIC-EIT transparency window. (g) Experimentally measured
and (h) simulated transmittance spectra for a tilted rod metasurface with
θ = 10◦, where spectral resonance tuning was achieved by varying the
scaling factor S of the metasurface unit cell from 0.7 to 1.0.

for which κ < κT (see Supplement 1 for a detailed derivation),
the two resonances will undergo a transition into a weak driving

regime. In this regime, spatially overlapping modes with identical
resonance frequencies but different linewidths (0SLM� 0BIC)

result in a narrow transparency window, similar to EIT. The trans-
mission in this regime is described by TEIT = 1− 20Rχi , where
0R captures the radiative loss of the SLM mode and χi is the
imaginary part of χ as defined in Supplement 1, Eq. S4. Values for
all TEIT parameters that could not be precisely determined were
obtained by curve-fitting to the measured and simulated transmis-
sion spectra as shown in Supplement 1, Fig. S4 and Table S1. Not
only does CMT explain the behavior of the coupling between the
SML and the q-BIC modes, but it also aligns well with both the
simulated and measured spectra.

Moreover, the occurrence of q-BIC-EIT resonances is accom-
panied by the slow light effect. We calculate the group delay as
well as the group index at the peak of the q-BIC-EIT resonance
(∼1460 cm−1). The group delay is calculated using the formula
τg =−dφEIT/dω, where φEIT is the transmission phase shift in
radians, andω is the angular frequency. The group index is defined
as ng = c/vg = cτg /h , with c the speed of light in vacuum, vg the
group velocity of light, and h the thickness of the membrane. Our
calculations show that the group delay reaches up to 1.69 ps, and
ng can be as high as 506. This indicates that the group velocity of
light propagating through the free-standing Si membrane metasur-
face is 506 times slower than that in vacuum, confirming the strong
slow light effect due to the q-BIC-EIT resonance (Supplement 1,
Fig. S5).

A major strength of our system is its ability to tune the location
of the resonance peak as well as its Q factor, thereby allowing for
a compact and robust optical sensor realization. This adaptability
and scalability facilitate the integration into optical devices with-
out compromising size or system simplicity. To demonstrate the
spectral tunability of the q-BIC-EIT resonances, we introduced a
scaling factor, S, which modifies the dimensions of the unit cell in
Fig. 3(a) while keeping h = 1 µm and θ = 10◦. Figures 3(g) and
3(h) show the experimental and simulated transmittance spectra
obtained by varying S from 0.7 to 1.0. The shape of the measured
transmittance peak shows good agreement with the simulation,
although the Q factor is reduced. This is most likely due to imper-
fections in the fabricated sample, introducing scattering loss and
disrupting coherence among the resonators.

To investigate the effect of the tilting angle (θ ) on the q-BIC-
EIT resonances, we fabricated an array of nine q-BIC-EIT
metasurfaces each with a 400 µm× 400 µm area on a single
free-standing Si membrane [see Fig. 4(a)]. While keeping all
other geometrical parameters of the unit cell constant, we varied
θ between 0◦ and 8◦. At θ = 0◦, the transparency window van-
ishes (0BIC→ 0 and the BIC Q factor→∞), leaving only the
SLM resonance [dashed line in Fig. 4(b)] with the Q factor of the
q-BIC-EIT mode approaching zero. Among the θ 6= 0◦ designs,
the Q factor increases dramatically as the tilting angle decreases
(θ→ 0), with the highest measured value being approximately
734 [Fig. 4(b), inset]. The experimentally extracted Q factors
align well with those obtained from simulations, confirming the
q-BIC nature of the resonances [Q factor ∝ θ−2 Fig. 4(c)]. It is
also noteworthy that in the simulations, the transmittance peak
amplitude remains unaffected by decrease in the tilting angle θ [see
Fig. 4(d)]. The apparent reduction in peak amplitude observed
in our experimental measurements [Fig. 4(b)] is primarily due to
nonradiative losses in the system, as well as the spectral resolution
limit of our optical setup.
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(each 400 µm by 400 µm) with θ varying from 0◦ to 8◦. (b) As the tilting angle approaches zero, the measured q-BIC-EIT resonances become sharper, and
the Q factor increases. The highest measured Q factor is∼734 for θ = 1◦ (shown in the inset). (c) Evolution of Q factor as a function of asymmetry param-
eter θ for simulated and experimental data (Q factor∝ θ−2). (d) Simulated transmittance spectra of a metasurface with S = 1.02 and a mid-infrared illu-
mination source polarized along the x axis with θ varying from 0◦ to 10◦. As θ approaches 0◦, the Q factor approaches infinity, and the resonance linewidth
dramatically decreases.

C. Vibrational Strong Coupling (VSC) with EIT-q-BIC

To investigate the near-field light–matter interactions in our meta-
surface photonic cavities, we coated the patterned free-standing
membranes with PMMA layers of three different thicknesses—
30 nm, 60 nm, and 110 nm [Fig. 5(a) and Section 4]. Figure 5(b)
shows the experimental and simulated spectral maps obtained
by coating the free-standing membrane metasurface arrays with
a 110 nm PMMA layer while varying the metasurface scaling
factor (S) from 0.72 to 0.86. When the frequency of the swept
q-BIC-EIT resonance mode overlaps with the C=O vibrational
band of PMMA (∼ 1730 cm−1), a splitting of the q-BIC-EIT
peak is observed in the transmission spectrum. This splitting
corresponds to two polariton branches of different energies;
the higher energy state is known as the upper polariton (~ωUP),
and the lower energy state is the lower polariton (~ωLP) [29,30].
Consequently, the polariton formation reveals the typical anti-
crossing pattern characteristic of strongly coupled systems. In the
simulation, the free-standing tilted rod metasurface was coated
with a 110 nm thick PMMA, as illustrated in Fig. 5(a), showing
excellent agreement with the experimental results.

In Fig. 5(c), we report the measured spectra of the bare
metasurfaces (cyan) and the measured PMMA reference sig-
nal (gray) for 30, 60, and 110 nm thick PMMA spin-coated
on unpatterned Si membranes. The full-width-half-maximum
(FWHMPMMA ∼ 26.8 cm−1) of the PMMA’s C=O vibrational

band ∼ 1730 cm−1 is highlighted with the gray-shaded region.
The absorbance of the PMMA C=O bond on unpatterned mem-
branes cannot be detected for the 30 nm and 60 nm PMMA layers
because these signals are below the noise limit of our measure-
ment system, while the 110 nm PMMA layer generates a weak
absorption signal. In contrast, when the similar thicknesses of
PMMA layers are measured by coating them on the metasurface,
a Rabi mode splitting and polariton formation is observed due to
vibrational strong coupling between the metasurface resonance
and the vibrational mode of the PMMA bond [see Figs. 5(d) and
5(e)]. This drastic difference between the absorbance fingerprint of
the PMMA bond on the unpatterned membrane versus the meta-
surface can be attributed to the coherent interaction of PMMA
molecules with the localized electromagnetic fields in the tilted
rod cavities. Furthermore, in Fig. 5(f ), we show IR transmission
microscopy images of a metasurface coated with 60 nm thick
PMMA to reveal the transmittance contrast in the 2D space cap-
tured at the upper and lower polariton peak wavenumbers and the
PMMA absorption band.

In coupled cavity–molecule systems, it is a common practice to
investigate the coupling regime to verify if the ensemble fulfills the
strong coupling criteria, which is satisfied when the frequency sep-
aration of the upper and lower polariton peaks, also known as Rabi
splitting (�) is larger than the sum of the loss rate of the PMMA
absorption band (0PMMA) and the cavity mode (0q−BIC−EIT,
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Fig. 5. Vibrational strong coupling (VSC) between the q-BIC-EIT-like resonances and vibrational transitions of PMMA molecules. (a) Illustration of
a unit cell with tilted rod voids when coated with a thin PMMA layer, showing top and cross-section views. (b) Experimentally measured and simulated
spectral maps generated by sweeping the resonance peak through PMMA’s C=O absorption band at 1730 cm−1. Both spectral maps show anti-crossing
patterns due to vibrational strong coupling between a 110 nm PMMA layer and metasurface resonance. (c) Experiment response of thin layers of PMMA
(30 nm, 60 nm, and 110 nm) spin-coated on the top face of an unpatterned Si membranes (gray lines), and bare metasurface q-BIC-EIT-like mode reso-
nances (cyan lines). (d) Strong coupling between the PMMA molecule’s vibrational transition and the metasurface resonance modes leads to the formation
of polaritonic states, ~ωUP and ~ωLP, which are separated in energy by the Rabi splitting ~�, and the uncoupled PMMA molecules populate the dark states
(DSs). (e) Experimentally measured and simulated spectra showing polariton formation when metasurfaces are coated with three distinct PMMA thick-
ness 30 nm, 60 nm, and 110 nm. When the metasurface resonance frequency matches the vibrational mode of the PMMA C=O bond around 1730 cm−1

(dashed line) the system degenerates into two hybrid states; the higher energy state (~ωUP) is known as the upper polariton (UP), and the lower energy state
(~ωLP) is the lower polariton (LP). (f ) Infrared transmission microscopy images of the metasurface (400µm×400µm) spin-coated with 60 nm of PMMA
under the VSC regime at 1714 cm−1 (LP), 1730 cm−1 (PMMA C=O band) and at 1750 cm−1 (UP) (scale bar 100µm).

θ◦ = 10◦). This criterion is mathematically expressed as
�exp >0PMMA + 0q−BIC - EIT. For the three distinct PMMA
thicknesses of 30 nm, 60 nm, and 110 nm, we measured Rabi split-
ting as 32, 36, and 48 cm−1, respectively, at zero detuning, when
the frequency of the q-BIC-EIT mode perfectly overlaps with

the C=O vibrational bond in PMMA (δ=ωPMMA − ωres = 0).
All three measurements satisfied the strong coupling criterion
of (�exp >0PMMA + 0q−BIC−EIT = 13.4+ 15.3= 28.7 cm−1).
Video S1 presented in Visualization 1 illustrates this unique res-
onant behavior, where each frame represents the transmittance

https://doi.org/10.6084/m9.figshare.27798522
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resonate at the amide I and amide II protein bands. In the simulation, we modeled a protein monolayer with a 10 nm continuous film covering the top
surface and inner walls of the metasurface. Simulation results shown on the right are in good agreement with the experimental measurements.

response at a specific wavenumber for a q-BIC-EIT metasurface
(400 µm× 400 µm), with and without a ∼110 nm PMMA thin
layer.

D. Sensitive Protein Monolayer Detection

Finally, we demonstrate how our free-standing membrane meta-
surfaces supporting EIT-like resonance peaks in transmission
mode can be used for sensitive biomolecule detection. To achieve
this, we designed and fabricated an array of 18 metasurfaces
(400 µm× 400 µm), each tuned using the S parameter to cover
the characteristic protein fingerprints from 1500 to 1750 cm−1,
specifically targeting the amide I (∼ 1656 cm−1) and amide II
(∼ 1542 cm−1) bands. Next, we coated the metasurface arrays
with a monolayer of protein A/G using the physical absorption
method [Fig. 6(a) and Section 4]. Figure 6(b) shows measured and
simulated spectra (solid lines) acquired from arrays of protein-
coated metasurfaces after normalized to their individual resonance
peak references acquired before protein coating. To account for
the spatial variations in the resonance peak amplitude within a
metasurface and among the array of metasurfaces, we compared
the hyperspectral image data cubes of the same metasurface before
and after protein coating. This approach enables us to precisely
measure the molecular fingerprints via the metasurface resonance
mode coupling to the vibrational transitions of the functional
groups in proteins (see Supplement 1, Fig. S6). The reference signal
shown as a dashed line in Fig. 6(b) was measured by drop-casting a
high-concentration protein A/G solution, letting it dry to form a
thick layer of proteins on a standard CaF2 substrate, and measuring
it in transmission mode. Our findings show that the enhanced
light–matter interactions between the metasurface cavities and a
monolayer of proteins cause a significant dampening of the q-BIC-
EIT resonance peaks in transmission mode. The transmittance
amplitude changes in individual metasurface spectra correlate with
the amide I (∼1656 cm−1) and amide II (∼1542 cm−1) bands,
capturing proteins’ characteristic spectral fingerprints.

3. DISCUSSION

One of the primary challenges in the development of high-Q meta-
surfaces for biochemical sensing has been their integration into
compact and robust optical systems. So far, metasurface devices
supporting high-Q resonances, such as q-BIC modes, surface
lattice modes, guided modes, etc., show a peak in reflection mode,
which complicates their use in simple and compact imaging sys-
tems. To overcome this limitation, we demonstrated a new type
of metasurface, which supports high-Q transmissive resonance
modes for biochemical sensing applications in the mid-IR spectral
range. By engraving a carefully designed periodic air cavity pattern
into a free-standing Si membrane, we engineered a subwavelength
thick (1 µm < λmid−IR ∼ 5− 10 µm) media, where the q-BIC
modes spectrally and spatially overlap with SLMs. The destructive
interference of these two nonradiative modes within the same
media induces a narrow (Q ∼ 734 at λ∼ 8.8 µm) transparency
window, generating an analog of the EIT modes. Notably, on the
same Si membrane, the q-BIC-EIT modes can be geometrically
tuned over a wide spectral range (1000−1800 cm−1), which over-
laps with the characteristic vibrational fingerprints of many organic
compounds. Moreover, by varying the asymmetry in the geometry
of the metaunit elements, we showed the regulation of the reso-
nance width. In sum, our new photonic device approach enables
customizable spectral and temporal light localization and facilitates
the integration into collinear optical paths, providing a versatile
platform for broad mid-IR biochemical sensing applications.

When compared with the plasmonic metasurfaces, the main
benefit of SEIRAS with dielectric metasurfaces is that the pho-
tonic resonances are sharper than the molecules’ absorption
bands in liquid and solid-state samples. Therefore, contrary to
plasmonic SEIRAS, upon coupling to high-Q resonances of
dielectric metasurfaces, Fano-like asymmetric band profiles are
not observed [31]. Each molecular absorption band is probed by
multiple sharp photonic resonances, whose mode perturbations
are quantified to extract an undistorted fingerprint spectrum of
the sample. Moreover, we compared the SEIRAS performance of
our membrane metasurfaces with the previously reported con-
ventional dielectric metasurfaces, which comprise protruding
Si tilted rod arrays fabricated on IR-transparent supporting sub-
strates [10]. Based on our numerical simulation analysis, SEIRAS

https://doi.org/10.6084/m9.figshare.28248563
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on our free-standing Si membrane void-tilted rods is 3.5 times
better at retrieving the transmittance spectrum of the protein
bands compared to the protruded version of the same geometry
(see Supplement 1, Fig. S7). This superior performance can be
attributed to the q-BIC-EIT mode and the accessible photonic
cavities in membrane voids where the resonance field localization is
maximum in air.

The results of this study will open several avenues for future
research, spurring from the applications we showed in both
strong and weak coupling regimes of cavity-coupled systems.
The ability to achieve vibrational strong coupling with a thinly
coated PMMA film, characterized by significant Rabi splitting
(32 cm−1), underscores the potential of these metasurfaces for
various polaritonic chemistry applications. The sharp resonances
in the mid-IR are highly sensitive to their near-field media, as
evidenced by our successful biosensing of protein monolayers in
transmission mode. Thus, the proposed metasurfaces can cata-
lyze the detection of fine variations in the spectral fingerprints of
functional biomolecules, which has implications for biomarker
detection in medical diagnostics. Furthermore, our metasurface
design localizes the electromagnetic field into accessible air cavities,
which are well suited for real-time gas and liquid sensing when
integrated into flow-through chambers for environmental mon-
itoring and industrial process control applications. Notably, our
Si membrane metasurfaces are fabricated on silicon-on-insulator
(SOI) substrates, which are fully compatible with the standard
high-throughput processes used in semiconductor foundries.
Moreover, the minimum feature size in our mid-IR metasurface
design (∼ 300 nm) lies within the resolution limits of deep-UV
lithography. Consequently, our platform can be fully scaled for
mass production using wafer-scale, high-throughput fabrication
methods, which is crucial for translating this technology into com-
mercial products. In conclusion, this work not only advances the
fundamental understanding of metasurface physics but also holds
promise for practical applications in various fields requiring precise
and reliable biochemical detection.

4. MATERIALS AND METHODS

A. Numerical Simulations

The finite-element frequency-domain solver (CST Microwave
Studio 2023, Dassault Systèmes, France) was used to calculate the
transmittance spectra. The electric field enhancement in Figs. 3(b),
3(c), and 3(d) was calculated using Tidy3D FDTD (Flexcompute,
California, USA). Similarly, the scattering cross-section, σscs, of
Cartesian multipoles was computed using Lumerical FDTD, plus
an open-source MATLAB implementation of multipole expansion
for applications in nanophotonics. In all simulations, periodic
boundary conditions were used along the x and y axes and per-
fectly matched layers (PMLs) along the z direction. We assumed
plane wave illumination with a Gaussian temporal profile from the
top of the structure at normal incidence. The optical constants for
the Si were taken from [32] and for PMMA we used the PMMA
refractive index from [33]. The cavity effective mode volume was
calculated as [34]

Veff =

∫
ε(r) |E (r)|2d3r

max
(
ε(r) |E (r)|2

) .

B. Device Fabrication

Intrinsic single-crystal 1 µm thick silicon membranes
(2.8 mm× 2.8 mm), supported by a 300 µm thick silicon
frame (10 mm× 10 mm), were used as substrates to fabricate
the metasurfaces (Norcada, Alberta, Canada) with a high fabri-
cation yield of about 95%. Free-standing tilted rod metasurfaces
were fabricated as follows: electron beam lithography, lift-off,
and reactive ion silicon etching. Initially, a ∼50 nm thin layer of
SiO2 hard mask was deposited on the bare Si membrane using
plasma-enhanced chemical vapor deposition (PECVD) at 100◦C,
2.5 mT, 1200 W inductive coupling plasma (ICP), 20 sccm N2O,
and 8.5 sccm SiH4. We carefully positioned the Si membrane at the
center of a 20 mm× 20 mm silicon chip, which served as a sample
carrier. The corners of the membrane were taped using Kapton
tape to the carrier to avoid damaging the Si membrane during the
spin-coating process. This was followed by spin-coating∼110 nm
of ZEP resist (1:1) at 4000 rpm and baking the Si membrane for
3 min at 160◦C. Metasurfaces of 400 µm× 400 µm were then
patterned using a 100 keV electron beam (JEOL JBX-8100FS,
4 nA and a dose of 250 µC/cm2). After the resist exposure, the
ZEP on the Si membranes was developed in n-Amyl acetate for
60 s, followed by soaking in IPA for 60 s. Next, the hole shapes
were etched in the thin SiO2 layer using reactive ion etching at
20◦C, 10 mT, 50 W RIE, 50 sccm CHF3, 2 sccm O2, and 10 T He
backside pressure. The residual ZEP was stripped off using oxygen
plasma (170 mT, 24 sccm O2, 150 W for 3 min). The geometry
was transferred from the SiO2 into the 1 µm thick Si membrane
using reactive ion etching with HBr (20◦C, 10 mT, 20 sccm Cl2,
300 W RIE, 1000 W ICP, 10 T He backside pressure) for 6 s and
then (20◦C, 12 mT, 50 sccm HBr, 2 sccm O2, 100 W RIE, 250 W
ICP, 10 T He backside pressure) for 8 min. Finally, the residual
SiO2 was removed using reactive ion etching.

C. Cartesian Multipoles Analysis

We computed the total scattering cross-section (σscs) spectra of the
Cartesian multipoles [35] in free space as

σscs =
k4

6πε2
◦
|E ◦|2

∑
α, β

(∣∣ pα∣∣2 + ∣∣∣mα

c

∣∣∣2)

+
1

120

∑
α, β

| Q̂e
α,β |

2
+

∣∣∣∣∣ Q̂m
α,β

c

∣∣∣∣∣
2
 ,

where k, ε◦, an c refer to the wavenumber, electric permittiv-
ity of free space, and speed of light in free space, respectively;
α, β = (x , y , z); and E ◦ stands for the incident electric field. The
terms
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pα =−
1

iω

[∫
Jα j◦

(
kr 3) d3r +

k2

2

∫ (
3 (r · J ) rα − r 2 Jα

) j2 (kr )

(kr )2
d3r

]
,

mα =
3

2

∫
(r × J )α

j1 (kr )
kr

d3r,

Q̂e
α,β =−

3

iω

[∫ (
3
(
rβ Jα + rα Jβ

)
− 2 (r · J ) δαβ

) j1 (kr )
kr

d3r
]

+ 2k2
∫ (

5rαrβ (r · J )− r 2 (rα Jβ + rβ Jα
)
− r 2 (r · J ) δαβ

) j3 (kr )

(kr )3
d3r,

Q̂m
α,β = 15

∫ (
rα(r × J )β + rβ(r × J )α

) j2 (kr )

(kr )2
d3r

are the moments of the electric dipole (ED, pα), magnetic
dipole (MD, mα), electric quadrupole (EQ, Q̂e

α,β ), and magnetic

quadrupole (MQ, Q̂m
α,β ), respectively. Here, jn(ρ) denotes the

spherical Bessel function defined by jn(ρ)=
√
π/2ρBn+1/2(ρ),

where Bn+1/2(ρ) is the Bessel function of first kind.
When incident light excites the Si membranes, the induced cur-

rent density distributions J (r) can be obtained from the electric
field distributions E (r)by

J (r)=−iωε◦
(
n2
− 1

)
E (r) ,

where n is the refractive index of the resonator.

D. PMMA Spin-Coating and Thickness
Characterization

All PMMA spin-coating was applied only to the top side of the
Si metasurface. Various thicknesses of PMMA (30 nm, 60 nm,
and 110 nm) were achieved by using PMMA 950 A2 (Kayaku
Advanced Material, Massachusetts, USA) with different spin-
coating speeds, and dilutions in anisole. Finally, the metasurface
was baked for 5 min at 180◦C. To measure the PMMA thickness,
each metasurface coated with PMMA was accompanied by a bare
Si chip of the same size, also coated with PMMA using identical
parameters. We used an ellipsometer (J.A. Woollam, Nebraska,
USA) and a reflectometer (Filmetrics, California, USA) to measure
the PMMA thickness on the bare Si substrates. The full-width at
half-maximum (FWHM ∼ 26.8 cm−1

→ 0PMMA = 13.4 cm−1)
of the 1730 cm−1 vibrational mode of PMMA was measured by
fitting a Gaussian function to the spectrum of 110 nm PMMA
spin-coated on an unpatterned Si membrane.

E. Protein Coating

For the protein sensing measurements, protein A/G was diluted in
10 mM acetate solution at 0.5 mg/mL concentration. The top side
of the tilted rod free-standing metasurface was incubated with this
protein A/G solution for 2 h to allow protein physisorption. After
incubation, the metasurface was rinsed with de-ionized water to
remove unbound protein and agglomerates and then dried with
nitrogen.

F. Optical Setup and Measurements

Mid-IR spectral measurements were done, unless otherwise
noted, using a tunable quantum cascade laser (QCL) integrated

into a mid-IR microscope (Spero-QT, Daylight Solutions,
California, USA). Using four QCL modules, the microscope
can collect spectra covering the fingerprint spectral region from
950 to 1800 cm−1 with 2 cm−1 spectral resolution. During acqui-
sition, the sample chamber was continuously purged with dry
nitrogen to clear out water vapor. The free-standing metasurface
was illuminated with collimated, linearly polarized light at normal
incidence; the spectral data was acquired in transmission mode
using a 12.5× IR collection objective (0.7 NA) and detected using
an uncooled microbolometer focal plane array with 480× 480
pixels obtaining a field of view of 650 µm× 650 µm. In transmis-
sion mode, our chemical microscope captures the sample’s decadic
absorbance as A=−log10(T), where T = I/I0 and I0 is the
transmission through the unpatterned Si membrane as a sample.
From the definition of decadic absorbance, we then calculate the
transmittance of the sample as follows: T = 10−A.

Figures 4(b), 4(c), and 5(b) were composed using data collected
by a Fourier-transform infrared (FTIR) spectrometer, coupled to
an infrared microscope (Bruker Vertex 70 FTIR and Hyperion
2000). Transmittance spectra were collected using linearly polar-
ized light through a low-NA refractive objective (5×, 0.17 NA,
Pike Technology, Wisconsin, USA). The setup employed colli-
mated light, achieved by removing the bottom condenser, and
a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT)
detector to measure the spectra. All acquired transmittance spec-
tra of the Si membrane metasurfaces were normalized using the
transmission spectrum of an unpatterned Si membrane.

G. Data Processing

The measured transmittance spectrum in Figs. 3(g), 5(b), and 5(c)
was normalized to its maximum for visualization purposes. The
experimental transmittance in Figs. 5(e) and 6(b) (experimental)
was normalized to the bare tilted rod metasurface spectral response
using MATLAB’s control point image registration routine and in-
house scripts written in Python. All cavity losses and Q factors were
obtained by fitting the raw transmittance data shown in Fig. 4(b)
with the following Fano fit from [36]:

T =

∣∣∣∣i e iφt0 +
0R

0R + 0NR + i(λ− λres)

∣∣∣∣2,
where i e iφt0 describes the background and the shape of the
resonance. The Q factor can then be calculated as
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Q =
λres

2 (0R + 0NR)
,

where λres, 0R , and 0NR are the resonance wavelength, radiative,
and absorptive loss rates, respectively.
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