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Observation of Ultra-High-Q Resonators in the Ultrasound
via Bound States in the Continuum

Mohamed Farhat, Younes Achaoui, Julio Andrés Iglesias Martínez, Mahmoud Addouche,
Ying Wu,* and Abdelkrim Khelif*

The confinement of waves in open systems represents a fundamental
phenomenon extensively explored across various branches of wave physics.
Recently, significant attention is directed toward bound states in the
continuum (BIC), a class of modes that are trapped but do not decay in an
otherwise unbounded continuum. Here, the theoretical investigation and
experimental demonstration of the existence of quasi-bound states in the
continuum (QBIC) for ultrasonic waves are achieved by leveraging an elastic
Fabry–Pérot metasurface resonator. Several intriguing properties of the
ultrasound quasi-bound states in the continuum that are robust to parameter
scanning are unveiled, and experimental evidence of a remarkable Q-factor of
350 at ≈1 MHz frequency, far exceeding the state-of-the-art using a fully
acoustic underwater system is presented. The findings contribute novel
insights into the understanding of BIC for acoustic waves, offering a new
paradigm for the design of efficient, ultra-high Q-factor ultrasound devices.
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1. Introduction

The pursuit of acoustic high quality-factor
(Q-factor, or simply Q) resonators and
systems has been a sustained endeavor
spanning several years, driven by the
potential of unlocking numerous com-
pelling applications in acoustic metama-
terials and metasurfaces.[1–3] Despite re-
markable progress, various components,
including acoustic sensors[4,5] for posi-
tion and pressure, acoustic sources like
sound ‘lasers’,[5] and acoustic transduc-
ers including microphones and loudspeak-
ers, alongside numerous other acoustic
devices[6] still face challenges in achiev-
ing efficiently high-Q resonant charac-
teristics. This challenge primarily stems
from the scarcity of acoustic resonators ex-
hibiting Q-factors exceeding 100. To date,

the Q-factors of resonances in underwater experimental setups
have been confined to the range of a few tens,[4,7] in stark con-
trast to the capabilities observed in optics, where Q-factors can
reach a few millions[8] or even billions.[9] The complexity further
amplifies in the higher end of the sound spectrum, namely ul-
trasound, i.e., megahertz frequencies (MHz), and especially in
aqueous environments where losses are prominent.

Underwater acoustic metamaterials[10] hold great potential to
revolutionize underwater communication and navigation, owing
to the significant attenuation of electromagnetic waves in these
environments, which makes their use virtually obsolete.[11–13]

Along these lines, a plethora of revolutionizing applications
have been proposed, such as underwater perfect absorbers,[14]

cloaking devices,[15] ultrasound vortex beams for enhanced
emission,[16] topological underwater structures.[17] In the same
vein, as ocean noise steadily rises due to human activities like
cargo shipping, fishing, sonar usage, etc, it becomes increas-
ingly urgent to understand the extent to which this noise alters
the ocean’s acoustic environment and affects marine ecosystems,
such as coral reefs, i.e., by getting a clear picture of the ocean
soundscape.[18] And in this realm ultrasound underwater acous-
tics may play the central role.

Within the ultrasound spectrum, the Q-factor of a resonator
encounters various constraints, with viscous damping in wa-
ter playing a significant role. The presence of viscosity causes
energy dissipation within the resonator,[19–21] leading to a re-
duction in the Q-factor. This phenomenon becomes more pro-
nounced at higher frequencies and in confined spaces such as
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narrow channels.[22] Additionally, acoustic radiation introduces
another constraint, especially in the MHz range, as the res-
onators emit acoustic energy into the surrounding medium, par-
ticularly in open (non-Hermitian) environments.[23] This emis-
sion contributes to energy loss, further reducing the Q-factor.
Material absorption, nonlinear effects, and temperature varia-
tions also negatively influence the confinement of the resonator.
The combined impact of these factors poses significant chal-
lenges in achieving Q-factor beyond 100 at MHz frequencies
in water.[24] Circumventing these challenges by leveraging new
principle is thus crucial for unlocking the full potential of high-Q
resonators in various applications, from advanced acoustic sen-
sors to cutting-edge acoustic metamaterials.

Recently, a new class of acoustic open resonators emerged,
presenting the potential for achieving ultra-high-Q factors[25,26]

through the utilization of bound states in the continuum(BIC).
However, the focus of these studies has been on airborne acous-
tics at lower frequencies in the range of a few kilohertz (kHz).
When transitioning to ultrasounds in the MHz range in water,
the currently attainable Q-factors remain confined to the tens,
primarily due to various influencing factors mentioned earlier.[27]

BIC exhibits a captivating phenomenon where wave modes are
trapped in a specific region of space, even within an open system
that permits energy to flow in and out.[28–30] The emergence of
BIC paved the way for the creation of resonant structures with
high-Q resonances.[28–30] Originally discovered in quantum me-
chanics by von Neumann and Wigner, BIC results from the sym-
metry in the spatial distribution of the potential used to describe
the wave equation, thereby creating a potential with localized
eigen-fields at zero energy.[31] In quantum mechanics,[32] a BIC
refers to a state of a particle that is confined to a potential well,
demonstrating a tendency to remain localized in one region. It
arises when the corresponding potential possesses a high degree
of symmetry, interfering with outgoing waves to trap the mode
within the energy continuum.[33] Consequently, this enables the
mode to persist over an extended duration, despite its surround-
ing being an open system.[34]

The application of BIC extends beyond quantum mechan-
ics and has been since then observed in various physi-
cal systems, including optics,[35–41] guided systems,[42,43] chi-
ral metamaterials,[44–46] elasticity,[47–49] and acoustics.[23,25,26,50–58]

In particular, in acoustics, BIC can be created in resonant
structures such as air cavities, narrow slits, and other systems
that can partially confine sound waves or give rise to Fano[41]

resonances.[59–62] In general, an acoustic BIC may be attributed
to two mechanisms: One involving the symmetry in the geom-
etry of the resonant structure, known as symmetry-protected
BIC resulted from the destructive interference between leaking
waves.[50,52] This mechanism is used to create ultra-high Q-factor
resonances, leading to the development of devices such as filters,
sensors, and resonant transducers.[23] The other mechanism in-
volves mode coupling between resonant modes in different re-
gions of the structure, which results in coupling-induced reso-
nances. This can lead to either Fabry–Pérot BIC (FP-BIC through-
out this study) if the resonance frequencies of the cavities are
equal[28,51] or Friedrich–Wintgen (FW-BIC) if the frequencies are
different.[28,56]

Building upon this progress, our study aims to leverage the
unique properties of BIC to create the highest Q-factor under-

water ultrasound resonator. We present both theoretical analysis
and experimental observations demonstrating that a double elas-
tic metasurface, composed of an array of slits in a silicon plate,
and immersed in water, can support FP-QBIC with an unprece-
dentedly high Q-factor. Experiments confirm the existence of a
Q-factor on the order of 350, representing a substantial advance-
ment beyond the current state-of-the-art in ultrasound resonators
in a water environment.

2. Results

The metasurface under consideration is schematized in Figure 1.
It comprises two parallel silicon slabs, each has 1 mm thickness
in the z-direction, perforated with a periodic arrangement of thin
slits aligned in the x-direction and extending infinitely in the y-
direction (see inset of Figure 1 for the cross view). The silicon
slabs are immersed in water. As a consequence, the slits are filled
with water. Such configuration makes the problem numerically
2D. Each slab exhibits a periodicity of 1 mm. The slit, positioned
at the center of the unit-cell (UC) has a width of 0.1 mm. In fact,
the position of the slit in the x-direction is later demonstrated to
have negligible influence for our purposes (Note S3, Supporting
Information). The medium surrounding the UC shown in the
inset of Figure 1 is water, which also fills the slit.

2.1. Single-Layer Elastic Metasurfaces

To gain a further understanding on the building blocks of our
BIC device, we first focus on a structure that contains a sin-
gle metasurface, i.e., a single layer of slitted-silicon as shown in
the inset of Figure 2a. A somehow related structure was previ-
ously considered in ref. [63] for extraordinary sound transmis-
sion and also in ref. [64] where a finite-length fluid channel
between two elastic plates were studied. There, it was demon-
strated the important role of the elastic eigenmodes of two plates
acoustically coupled through a fluid channel in energy conserva-
tion, via sound re-direction.[64] We use the finite-element software
COMSOL Multiphysics[65] to characterize the scattering response
(transmission/reflection spectrum) of this metasurface (a single
silicon slab) for ultrasound frequencies ranging from 500 to 1500
kHz. The propagation of sound waves in water is described via
pressure acoustic module and that in silicon via solid mechanics
module, as silicon supports both longitudinal and shear waves
propagation (Note S1, Supporting Information).

Figure 2a presents the transmittance (|t|2) spectrum of this
metasurface in logarithmic scale under normal incidence, ex-
hibiting some regular FP resonances ≈600 and 1200 kHz and
two dips resembling a W-shape ≈830 and 1000 kHz. It should be
emphasized that these resonances are broadband. For instance,
the Q-factor of a resonance is defined as Q = 𝜔0/Δ𝜔, where
𝜔0 is the resonance frequency and Δ𝜔 is the full-width-at-half-
maximum (FWHM) or alternatively and equivalently as Q =
𝜔0/2Γ, with Γ being the imaginary part of the complex frequency
𝜔 = 𝜔0 − iΓ that represents the radiative decay rate of the leaky
mode. The resonances shown in Figure 2a have a low Q-factor
of ≈10. In particular, the resonance highlighted by a purple star
has a near-field of pressure, depicted in Figure 2b that is not
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Figure 1. Scheme of the QBIC ultrasound metasurface. a) Ultrasound waves in the frequency range of 0.5–2 MHz are generated (schematically) via an
ultrasound transducer (schematized here as a speaker) at an oblique incidence on a periodic metasurface embedded in aqueous environment (water),
where the front view of the unit-cell is depicted in the bottom inset, with the corresponding geometry and materials. b) Top panel: A photograph of the
metasurface in front of the source. Bottom panel: Optical microscope image of a unit-cell.

perfectly localized within the metasurface, indicating high leak-
age or Γ ≈ 𝜔0. The amplitude of pressure (its real part) and the
displacement field |ℜ(w)| in the solid silicon layers are compar-
atively low, which is characteristics of an overdamped acoustic
resonance.

Hence, this single metasurface cannot be used alone for the
applications that we envision, e.g., sensing or acoustic lasing sys-
tems that require a Q-factor of the order of a few hundreds, which
is still lacking for underwater ultrasound waves.

2.2. Double Unit-Cell Elastic Metasurfaces and Ultrasound QBIC

To address the challenges of low Q-factors at ultrasound fre-
quencies, where losses are prominent, we leverage the concept
of BIC. This phenomenon is known to yield diverging Q-factors
for certain modes embedded in the continuum of radiating

modes. Hence, BICs result in resonances that do not couple to
the continuum of radiation owing to the destructive interference
in our Fabry–Perot scenario or owing to symmetry-protection in
other BIC systems.

To exploit this effect, we utilize the same metasurface depicted
in the inset of Figure 2a, by cascading two such metasurfaces,
as illustrated in the inset of Figure 3a. This configuration
is designed to potentially trap acoustic radiation in the gap
between the two metasurfaces, leading to the emergence of
BIC under specific conditions. For instance, the BIC takes
place when the gap thickness g0 is chosen in such a way that
the accumulated phase in a single round-trip equals m × 2𝜋,
with m ∈ ℕ, where ℕ denotes the set of natural numbers.
This principle reflects the analogy with Fabry–Pérot cavities,
typically composed of two mirrors. It is worthy to emphasize
the importance of using a solid as the building block for the
metasurface to allow the generation of BIC. If a hard wall is used

Figure 2. Transmission characteristics of the single-layer elastic metasurface. a) Transmission in logarithmic scale of the single acoustic metasurface
(shown in the inset). b) Real part of the pressure field (left color bar) and displacement amplitude (right color bar) at the frequency 1231.1 kHz,
corresponding to the second peak, highlighted by a purple star in Figure 2a.
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Figure 3. Transmission characteristics of the QBIC cavity. a) Transmission for the double-layer metasurface (QBIC resonator, shown in the inset) in
logarithmic scale. b) Real part of the total pressure field at the QBIC point (left panel), highlighted by a red star in Figure 3a and amplitude of the
displacement field at the same frequency (right panel).

instead, the QBIC disappears as shown in Note S2 (Supporting
Information) (considering oblique incidence in these cases).
This underscores the unique contribution of the solid-based
metasurface to create and sustain the QBIC in the ultrasound
regime.

To gain insight of this FP-BIC, we employ the temporal
coupled-mode theory (TCMT).[66–68] We denote the amplitude of
the resonances as a state vector Ψ = (𝜓1, 𝜓2)T that obeys the gov-
erning equation ĤΨ = i𝜕Ψ∕𝜕t, with the Hamiltonian operator
written as:

Ĥ =
(
𝜔0 𝛿

𝛿 𝜔0

)
− iΓ

(
1 ei𝜑

ei𝜑 1

)
. (1)

Here, 𝜔0 is the resonance frequency of the single metasurface,
highlighted by the purple star in Figure 2a, which is the same
for both metasurfaces. It is crucial to note that if the two meta-
surfaces possess distinct resonant frequencies, 𝜔1 and 𝜔2 for in-
stance, the resulting BIC will be fundamentally different, i.e., a
FW-BIC.[28] 𝛿 represents the near-field coupling between the two
metasurfaces, a parameter strongly dependent on the gap g0 as
can be seen in the last sub-section of Note S3 (Supporting Infor-
mation), and with the frequency 𝜔1 and the QBIC frequency, we
have 𝛿 = 1.55 × 106 rad s−1 (2𝜋 × 246.7 kHz). Γ = 1.98 × 105 rad
s−1 (2𝜋 × 31.5 kHz) is the radiative decay rate of the single meta-
surface and 𝜑 = kg0 is the phase-shift between the resonators,
where k denotes the acoustic (pressure) wavenumber. This sys-
tem possesses two eigen-solutions Ψ±, represented by the eigen-
values of Equation (1):

𝜔± = 𝜔0 ± 𝛿 − iΓ
(
1 ± ei𝜑

)
. (2)

From Equation (2) it is clear that when 𝜑 = m × 𝜋, meaning the
phase accumulation along one round-trip is m × 2𝜋, the eigen-
frequencies of the Hamiltonian simplify to 𝜔± = 𝜔0 ± 𝛿 − iΓ(1
± (− 1)m). Hence, one of the modes (Ψ−) exhibits a zero imagi-
nary part, while the other (Ψ+) possesses an imaginary part of 2Γ,
i.e., a radiative decay rate double that of the single metasurface.
The occurrence of a purely-real eigen-frequency characterizes an
authentic BIC.

Figure 3a illustrates the numerically calculated transmission
of a double metasurface sharing identical parameters with those
in Figure 2a, albeit featuring a gap of g0 = 0.8 mm (Referring
to Note S3, Supporting Information for confirmation that the
position of the slit in the x-direction does not affect our results).
In addition to the previously observed maxima and minima re-
sembling a W-shape with the single metasurface, a distinct ultra-
narrow peak emerges at f0 = 984.5 kHz in the double metasurface
scenario. The distinguishing feature signaling the nature of this
resonance as a QBIC is primarily its remarkably high Q-factor, es-
timated here at ≈16 000, a number of three orders of magnitude
higher than the Q-factor associated with the single metasurface
design. Furthermore, the observation of Figure 3b with both the
real part of the pressure field (left panel) and the displacement
field in elastic solid (right panel) shows the strong confinement
of acoustic waves around the metasurface. The acoustic energy
attains exceptionally high values in the gap and the slits, reaching
≈104, and similarly the elastic displacement is two orders of
magnitude higher compared to the single metasurface case. In
addition, the QBIC frequency predicted by the simplified TCMT
gives a value of 935 kHz, closely aligning (within a 4% error
margin) with the observed frequency in Figure 3a, denoted by the
red star. The slight discrepancy between these two values may be
attributed to several factors, such as the metasurface sustaining
both shear and longitudinal waves[69] as well as to the presence
of slits in the silicon metasurface. In fact, the mechanism of the
FP-BIC that we investigated, as explained in this section relies on
destructive interference:[26,35] The wave accumulates a multiple
of 𝜋 phase in a single round-trip. In this simple model, the gap
size, i.e., g0, is used to evaluate the accumulation of the phase
change represented by the term 𝜑 in Equation (2). But in reality,
the existence of the slits and the solid-fluid coupling may alter
the true phase change.[63] In addition, TCMT is a powerful yet
simple analytical tool[66,67] that makes some assumptions and
simplifications (as with many other analytical techniques) such
as that the coupling between the various elements is weak, as
well as linearity, conservation of energy, and time-reversal invari-
ance. While the three latter assumptions are guaranteed, the first
one, i.e., the weak coupling approximation may indeed slightly
limit the precision of the TCMT predictions. Having said all that,
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Figure 4. Experimental results. a) Experimental setup used to characterize the transmission/reflection spectrum of the metasurfaces in the ultrasound
regime underwater: i) Ultrasound signal generation and data acquisition system; ii) Amplifier; iii) Vector network analyzer (VNA); iv) Water reservoir;
v,vi) Basic mount with a rotating element (zoomed in in the inset). b) Experimental and c) numerical modeling (with various losses in the slits) of the
transmission of the single silicon metasurface (log scale). The insets (transparent plots) give the transmission from a phononic cavity both numerically
and experimentally using steel rods of diameter 2 mm, period of 2.22 mm and cavity size of 1.78 mm, schematized at the inset of Figure 4b (See Note
S4, Supporting Information for details). d) Experimental and e) numerical modeling (with various loss in the slits) of the transmission of the double
silicon metasurface (log scale). The measured Q-factor of the BIC is 345.

an discrepancy of 4%, though, can be considered by any means
a good achievement.

2.3. Experimental Demonstration of FP-BIC

We fabricate two metasurfaces made of silicon material with
identical geometric properties as analyzed in previous sections.
Our experimental setup, pictured in Figure 4a, involves employ-
ing a dicing machine to create periodic perforations in two iden-

tical silicon wafers, as shown in both Figures 1b and 4a. Each
silicon wafer possesses a thickness of 1 mm. The slits are posi-
tioned at intervals defined by a pitch P of 1 mm, each slit being
0.1 times the pitch in width, inducing w0 = 0.1 mm. This config-
uration covers an area of 33 × 40 mm−2 on the wafer’s surface,
equivalent to 33 periods and slits measuring 40 mm in length. To
maintain a consistent cavity gap of g0 = 0.8 mm, a plastic ring is
inserted between the two wafers.

Figure 4b,d depicts the measured transmission (log scale) of
the single and double metasurface, respectively, for frequencies
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between 0.5 and 1.3 MHz. Excellent agreement is found between
experimentally measured (Figure 4b,d) and numerically calcu-
lated results (Figure 4,e). Particularly, the resonant frequency
found experimentally corresponds to a gap of 0.85 mm, falling
within the experimental uncertainty related to fabrication and
measurement errors (up to 4 %). The experimentally obtained
Q-factor, as illustrated in Figure 4d reaches 345 (refer to Note S4,
Supporting Information for further experimental details). Even
though this experimentally observed BIC is orders of magnitude
lower than its lossless numerical counterpart (≈104), it still offers
a significant advancement for underwater ultrasound resonators.
Moreover, to better fit the experimental measurements, we add
some loss into the speed of sound inside the water slits, i.e., c
= c0 × (1 + i𝛿L). By varying the value of 𝛿L we can see that the
numerically simulated transmission approaches the experimen-
tally measured results for both the single and double-layer struc-
tures. A more complete investigation of the effect of loss as well
as of other parameters, such as the temperature is given in Note
S5 (Supporting Information). Resonators exhibiting similar Q-
factors in underwater ultrasound applications have not been re-
ported so far. In the literature, the highest observed Q-factors in
this regime were achieved using phononic cavities, such as de-
fects in 1D arrays of solid rods, for example, steel. To compare
the Q-factors of our BIC and the state-of-the-art phononic cavity,
we construct a phononic cavity using steel rods with a diameter
of 2 mm, a period of 2.22 mm, comprising six rows, and a cen-
tral gap of 1.78 mm, as shown in Figure 4b,c. We perform both
numerical calculation and experimental measurement of trans-
mission of such a resonator. The maximum Q-factor that we can
measure from it is ≈80. In addition, we analyzed in Note S5 (Sup-
porting Information) the effect of using another material for the
cavity, i.e., silicon, and found that in the phononic cavity case,
steel permits the higher Q-factors, which is opposite to the case of
our metasurface.Hence, our FP-BIC resonator not only demon-
strates a substantially higher Q-factor, providing valuable poten-
tial for future investigations in ultrasound sensors and acoustic
imaging systems, but also differs significantly from the existing
phononic crystal cavities.

Nevertheless, it is important to emphasize that the experimen-
tal parameter optimization is constrained by the source, which is
regarded as an omnidirectional emitter radiating both in-plane
and out-of-plane (along the slit direction) of the metasurface.
The out-of-plane radiation scenario lacks the same interference
patterns as the in-plane case and lacks the symmetry necessary
to ensure the existence of QBIC. This means that the Q-factor
observed experimentally will suffer from these limitations and
hence be reduced in comparison to the ideal scenario, which we
confirm in Figure 4.

3. Discussion

3.1. Tunability and Dispersion of the QBIC

The frequency of the proposed FP-QBIC is tunable. Beginning
with the same metasurfaces as previously detailed in Figure 3a,
we change the gap g0 between the two metasurfaces. The trans-
mission data is plotted in Figure 5a, with the x-axis representing
g0 in mm and the y-axis representing frequency in kHz. The high-
lighted zone indicates the dependence of resonance frequencyf0

on g0, agreeing well with analytical predictions from TCMT de-
picted by the white dotted curve in Figure 5a (additional details
are provided in the first sub-section of Note S3, Supporting In-
formation). It is noteworthy that the QBIC disappears for smaller
gaps and the Q-factor reaches its optimum value for g0 ≈0.8 mm.
Hence, we select g0 = 0.8 mm for experimental validation detailed
in the next sub-section. We also analyze the impact on the Q-
factor of altering the slit width w0 in Figure 5b. For small values of
w0, such as ≈50 μm, the Q-factor deteriorates. An optimal value is
obtained for w0 = 0.11 mm, at which the Q-factor reaches ≈105.
As w0 increases, the Q-factor drops again, reinforcing that the
most favorable BIC configuration corresponds to w0 ≈0.1P, i.e.,
10% of the period of the metasurface. The corresponding change
of the resonance frequency is also detailed in Figure 5b (addi-
tional details are provided in Note S3, Supporting Information).

It is also important to investigate the dispersive properties,
specifically the angular dependence, of the QBIC mechanism.
To accomplish this, we vary the incident angle of the incoming
acoustic plane wave in the range 0–45° and plot the resulting
transmission in a 2D format in Figure 5c. The regular broad-
band resonances, attributed to the FP interference, coexist with
the QBIC (evidenced by a vanishing line-width) as highlighted
by the red-dashed square. Figure 5d shows the dependence of
the Q-factors on incident angles, up to 30°. Notably, the Q-factor
demonstrates an increase from its value at normal incidence
(≈104) with ascending angles, peaking at ≈107 for a 10° inci-
dence, before decreasing. For angles exceeding 20°, the Q-factor
drops significantly below the threshold depicted by the dotted-
dashed-black line corresponding to Q = 103, indicating that the
resonance can no longer be considered as a BIC. The notable in-
crease in Q-factor with angle and its optimum value ≈10° shown
in Figure 5d (i.e., off-Gamma point) that is reminiscent of ac-
cidental BIC[28,70,71] may be in fact due to the excitation of both
longitudinal and shear waves in silicon metasurfaces. In fact, we
have shown the primordial role of elastic waves (both longitudi-
nal and transverse) in the generation of our BIC effect (see Note
S2, Supporting Information, where we have shown that using the
same geometry but with a hard-wall boundary condition instead
of silicon does not lead to the ultra-high Q-factor.) This undoubt-
edly shows the role of the interplay between the shear and pres-
sure waves, both excited at oblique incidence, in the silicon meta-
surface. This enables the elastic BIC and the subsequent high
Q-factor predicted theoretically and further observed experimen-
tally. A further analysis is provided in Note S3 and Figure S10
(Supporting Information).

The resonance frequency of the BIC versus angle is illustrated
by the right y-axis of Figure 5d, and it consistently increases with
the angle within the considered domain.

3.2. Mirror-Induced QBIC

We have demonstrated in Equation (1) that the formation of
ultrasound QBIC necessitates two ‘elastic’ metasurfaces for both
the FP and FW QBIC. However, a workaround to this limitation
emerges by introducing a mirror (perfectly-reflecting surface)
beneath the single metasurface. We show that the FP-QBIC can
be observed under such conditions. When only a single meta-
surface is considered, the FP-BIC disappears as the interference

Adv. Sci. 2024, 11, 2402917 2402917 (6 of 10) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Effect of the gap and slit widths and dispersive properties. a) Contour plot of the transmission of the metasurface of the same parameters
as in Figure 3a VS gap g0 and frequency. The white dotted curve depicts the TCMT predictions and the highlighted region shows the QBIC regime. b)
Q-factor for varying slit width w0 for a gap of 0.8 mm. The right y-axis gives the frequency of the corresponding resonant QBIC. c) Dispersion curve of
the BIC, i.e., versus incidence angle from 0 to 45°. The dashed red square denotes the location of the BIC, that is plotted in d) with its corresponding
Q-factor and resonance frequency (left and right y-axis, respectively).

phenomenon is vital to QBIC formation (See Equation 2). In
pressure acoustics, a perfect mirror is realized by enforcing
sound hard-wall boundary condition (n ⋅ 1

𝜌
∇p).[72] The mirror,

acting as the second resonator, ultimately leads to the QBIC,
observed in Figure 6a at a resonant frequency of 964 kHz, which
is even closer to the TCMT predicted value. Importantly, to
observe this QBIC, we need to add some loss in the narrow water
channels; otherwise all the energy would be reflected (|R|= 1, in a

lossless scenario, as depicted by the red dashed line in Figure 6a).
The plots in Figure 6a showcase increasing losses (imaginary
part in the speed of sound in water). The near-field plots of both
pressure and displacement are shown in the inset of Figure 6a,
right panel, revealing a comparable enhancement to the double-
metasurface scenario. Of course, the quality of the mirror and
its practical realization are pivotal to the QBIC properties and Q-
factor; these aspects will be further investigated in future studies.

Figure 6. Single-UC QBIC. a) Reflection spectrum for the single metasurface QBIC, schematized in the left inset, where a mirror is present at distance g0.
The right inset depicts the real part of the pressure (Re(p)) and displacement (|w|) for that QBIC ≈965 kHz. b) Q-factor (in units of 103) of the obtained
QBIC versus the angle of incidence (left axis: blue curve) and resonance frequency in kHz versus the angle of incidence (right axis: red curve).
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In Figure 6b, the variation of both the Q-factor and the res-
onance frequency of the QBIC in a single metasurface with a
mirror when the angle of incidence of the wave varies between
0 and 20°. It is noticed that the Q-factor increases with oblique
incidence angle and reaches a maximum ≈14°, and then starts
decreasing. This behavior bears some similarity to the case of
the double-metasurface QBIC shown in Figure 5d, albeit with
a much smaller value of Q, potentially attributed to symmetry
breaking in case of the hard-wall mirror.

4. Conclusion

In summary, our work introduces a theoretical framework for
ultra-high Q-factor ultrasound resonators designed for underwa-
ter acoustic applications. Experimental validation confirms the
achievement of the targeted high-Q, utilizing innovative design
strategies leveraging the concept of QBIC with either two elastic
metasurfaces or a single metasurface combined with a mirror.
This approach exploits the destructive interference phenomenon
to achieve unprecedented Q-factors for the underwater ultra-
sound waves. The exceptional Q-factors associated with FP reso-
nances are intricately linked to the waveguide perturbation, offer-
ing a versatile means of attaining ultrahigh-Q resonances without
necessitating topological concepts, as exemplified in recent liter-
ature. What distinguishes our proposed approach is its potential
for achieving ultrahigh Q-factors while avoiding complicated pro-
cesses that often introduce sample roughness and disorder. Our
experimental demonstration, conducted at a wavelength of ≈1
MHz using a thin silicon-slitted metasurface slab, yields remark-
able Q-factors of up to 350, rivaling those achieved through topo-
logical charge engineering. Furthermore, we achieve tunability
of the resonant wavelength by varying the slit width, gap size,
and/or angle of incidence.

Additionally, by generalizing our structure to 3D geometry, i.e.,
selecting distinct lattice constants along the x- and y-axes, we
can enhance the precision of realistic QBIC resonators. These
findings represent a promising avenue for the development of
ultrasonic and acoustic high-Q devices, offering the potential
to enhance performance in applications such as biosensors,[73]

reflectors,[74] and filters through the utilization of ultra-sharp
spectral features.

5. Numerical and Experimental Methods
Numerical Simulations: The numerical simulations were performed

via the commercial software COMSOL Multiphysics.[65] Sound waves
propagating in water were modeled via the ‘Pressure Acoustics’, Fre-
quency Domain (acpr)’. It was assumed that the density of water was
1000 kgm−3 and the speed of sound was 1498.6 m s−1. When fitting the
experimental results, i.e., in Figure 4, the density and speed of sound were
utilized from COMSOL Multiphysics library that vary with temperature.
Some loss was also added in the speed of sound in the narrow slits, as
discussed in Section 2.3. Elastic waves propagating in solid silicon were
modeled via the ‘Solid Mechanics (solid)’. For silicon, a density of 2329
kgm−3, a Young’s modulus of 170 GPa, and a Poisson’s ratio of 0.28 were
assumed. At the interface, multiphysics ‘Acoustic-Structure Boundary’
conditions were used. In addition, to excite the structure, for any angle
of incidence, background pressure field was used, wherean impinging
plane acoustic wave of wave-vector k = (kx, ky) was defined, and a given
pressure amplitude and phase was taken as 1 and 0, respectively. The top

and bottom domains were taken as perfectly matched layers (PMLs) to
avoid domain reflections. The lateral boundary conditions were Floquet
pseudo-periodic with a k-vector (kx, ky), both in the acpr and solid do-
mains. The transmittance and reflectance were calculated by integration
over a boundary on top and bottom of the metasurfaces, respectively.

Metasurface Fabrication and Measurement: The silicon utilized in this
experiment was of the <100 > crystallographic orientation, characterized
by a mass density of 2329 kgm−3. Along the [100] direction, it exhibited
longitudinal and transverse wave velocities of 8433 and 5843 m s−1, re-
spectively. The experimental procedure relied on ultrasound transmission
technique, wherein the sample was immersed in water and positioned be-
tween the generating and receiving transducers. These transducers, with
a diameter of 15 mm, were broadband, centered at a frequency of 1 MHz
frequency. A vector network analyzer (VNA) was employed to generate a
wide-ranging signal centered precisely at 1 MHz. This signal was then am-
plified to ensure a consistent power level for activating the transducer. The
resulting pulse was received by a second transducer, linked to the second
port of the VNA, which could perform a narrow-band scan across a fre-
quency range. At each frequency point, both the amplitude and phase of
the signal were recorded. To establish a baseline, the transmission spectra
were normalized by calculating the ratio between spectra obtained with
and without the sample in place. Furthermore, an additional evaluation
was conducted on a homogeneous membrane, classical FP resonator, as
well as a phononic crystal to assess the impact of the quasi-BIC confine-
ment.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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