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ABSTRACT: Dielectric metasurfaces governed by bound states in the continuum (BIC) are actively investigated for achieving high-
quality factors and strong electromagnetic field enhancements. Traditional approaches reported for tuning the performance of quasi-
BIC metasurfaces include tuning the resonator size, period, and structure symmetry. Here we propose and experimentally
demonstrate an alternative approach through engineering slots within a zigzag array of elliptical silicon resonators. Through
analytical theory, three-dimensional electromagnetic modeling, and infrared spectroscopy, we systematically investigate the spectral
responses and field distributions of the slotted metasurface in the mid-IR. Our results show that by introducing slots, the electric field
intensity enhancement near the apex and the quality factor of the quasi-BIC resonance are increased by a factor of 2.1 and 3.3,
respectively, in comparison to the metasurface without slots. Furthermore, the slotted metasurface also provides extra regions of
electromagnetic enhancement and confinement, which holds enormous potential in particle trapping, sensing, and emission
enhancement.
KEYWORDS: all-dielectric metasurface, bound states in the continuum, electric field enhancement, biosensing, mid-IR spectroscopy,
nanoantenna

Creation of strong electromagnetic field enhancements is
essential in nanophotonics and optical devices used for

many applications such as biosensing, lasing, and quantum
information.1 Plasmonic nanostructures harness the collective
oscillation of conduction electrons sustained in metallic
nanostructures to generate highly enhanced and tightly
confined electromagnetic hotspots in the vicinity of the
metallic nanostructures. However, the nonradiative absorption
resulting from the intrinsic (ohmic) loss of metals naturally
limits the quality factor (Q) of the resonance,2,3 which is
crucial for ultrasensitive sensing and lasing applications.4,5

Some efforts have been made toward leveraging Fano
resonances induced through interference between plasmonic
resonances6 and the collective diffractive modes in a
nanoantenna array,7 though the typical Q is still relatively
low8 (Q < 100). We note that some recent works9,10 based on
surface lattice resonances in plasmonic nanoparticle arrays
reported high Qs, with a record-high of 2340,11 although the
energy dissipation is still not avoidable, which inevitably leads

to photothermal heating of the plasmonic elements.12 In
parallel, to circumvent the issue of intrinsic loss in plasmonic
nanostructures, high-index dielectric materials with low
absorption have recently been studied as a promising
alternative for light manipulation at the subwavelength
scale.13−15

Recently, the concept of bound states in the continuum
(BIC) has emerged as a powerful approach for realizing high
Qs and high field enhancements in all-dielectric metasurfaces.
BICs are wave solutions embedded in a radiative continuum
but are completely decoupled from the radiating waves. The
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concept of BIC was first proposed in quantum mechanics by
von Neumann and Eugene Wigner in 192916 and was then
expanded to other fields of wave mechanics such as optics and
acoustics.17 BIC in optics refers to a kind of nonradiating state
of light and has been demonstrated in many structures such as
photonic crystals18,19 and optical waveguides.20 An ideal BIC
has no outcoupling, making the true BIC modes inaccessible. If
the outgoing radiation is minimized while not totally vanishing,
a sharp peak can be observed in the spectrum with a finite Q.
Such a case is called a quasi-BIC. Recently, all-dielectric
metasurfaces are being investigated as a versatile tool to realize
quasi-BIC in finite structures. Such low-loss platforms are

highly promising for high-Q resonances comparable to
photonic crystals (102−107)21 and in some systems, the
resulting strong field enhancements are comparable to or even
higher than those reported in plasmonic nanostructures,
providing opportunities for a variety of applications including
lasing,22−24 biosensing,25−27 low power nano-optical trapping
of particles,28,29 and nonlinear harmonic generation.30−33

Currently, the mainstream method34 of tuning the resonance
of a quasi-BIC metasurface is to engineer the structure
symmetry of individual resonators35 or via parameter tuning
such as modifying the dimensions of the metasurface elements
to excite supercavity modes.36,37 In this work, we propose and

Figure 1. Design and measurements of the all-dielectric metasurface. Schematic illustration of (a) the metasurface illuminated with a collimated
light beam and (b) a zoom-in view of four unit-cells of the metasurface. The metasurface comprises rectangular lattices (periods, Px = 4247 nm, Py
= 2448 nm) of dimers formed by two slotted elliptical resonators with a tilt angle of θ = ±20°. The region in the black dash box depicts the electric
dipoles (ED) induced in the resonators. The incident light is x-polarized plane wave. The yellow and red dash arrows represent the two
components px and py, respectively. (c) Schematic of a unit cell showing silicon elliptical resonators sitting on the magnesium fluoride (MgF2)
substrate. The geometrical parameters: a = 2124 nm, b = 1040 nm, w1 = 600 nm, w2 = 365 nm, l1 = 180 nm, l2 = 130 nm, H = 700 nm. The slot
centers are aligned with the long axis of the ellipse to maintain the structure symmetry. (d) Experimental setup used for transmission laser-based
spectroscopy (see the SI, section S3 for more measurement details). M1−M4, mirrors; QCL, quantum cascade laser. (e) Representative SEM
image of the “2 slots” sample. The roughness of the surface results from the deposited chromium thin film, which works as a charge dissipation layer
for better imaging quality.

Figure 2. Optical characterization of the all-dielectric metasurface by numerical simulations. (a) Reflectance spectra of “0 slots”, “1 slot”, “2 slots”,
and “3 slots” designs. (b−e) Electric field enhancement distributions of xy plane at z = 350 nm for “0 slots” to “3 slots” designs, respectively. The
electric field vector plot is superimposed on the field profile. Arrow length represents the magnitude of the electric field. See the SI, section S1 for
simulation details. (f) Multipole decomposition analysis shows the dominant electric dipole component. The nature of the mode preserves for the
slotted designs. The multipole decomposition is applied to the region enclosed by the white dashed rectangle in panel c. The solid line corresponds
to the “0 slots” design while the dashed line is for the “1 slot” design. A multipole decomposition showing all multipoles are provided in the SI,
section S5.
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experimentally demonstrate a new mechanism to improve the
quasi-BIC resonance of an all-dielectric metasurface by
introducing slots into elliptical silicon resonators arranged in
a zigzag array.25 The “normal” slot effect stems from the
continuity of the normal component of the electric displace-
ment field at high index-contrast interfaces. It has been widely
leveraged to expose and enhance electromagnetic fields
confined in high index materials.38−40 In our work, besides
this well-known slot effect, we demonstrate that introducing
slots can also effectively increase the local electromagnetic
fields close to the apexes of the constituent elliptical resonators
as well as the Q of the existing quasi-BIC resonance. In
addition to these, the slots also provide extra field enhance-
ment and confinement regions due to the “normal” slot effect.
Instead of introducing slots to break the symmetry and
transition a true BIC to a quasi-BIC mode,41,42 we here
engineer a quasi-BIC system, and the slots are symmetrically
introduced to retain the symmetry. Our slotted design
therefore opens the door for designing quasi-BIC governed
metasurfaces and are especially suitable for applications where
high Q and multiple hotspots (i.e., electromagnetic field
confined and enhanced regions) are desirable such as lasing,
nonlinear optics, optical trapping, and photonic metasensors.43

The system we have studied is a symmetry-protected quasi-
BIC-governed all-dielectric metasurface composed of elliptical
silicon resonators arranged in a zigzag array. First, we
symmetrically introduce 1, 2, and 3 slots into each silicon
resonator (see Figure 1 and 2), respectively, and simulate their
optical responses including reflectance spectra and electric field
distributions. We prove that the Q and the maximum electric
field intensity enhancement increase with introducing slots, up
to 3.3-times and 2.1-times, respectively, when adding three
slots in each resonator. Both Fourier-transform infrared
(FTIR) spectroscopy and laser-based spectroscopy are carried
out to cross-validate the simulated spectral responses. Next, we
implement the optical nanoantenna theory to qualitatively
understand the influence of slots on the spectral response. We
further investigate the effects of slot geometry for the 1 slot
case, which can be predicted by the optical nanoantenna
theory. Moreover, our presented methodology is also readily
extendable to other dipole-based resonant systems. We also
note that this work is different from our prior work in ref 28,
where a theoretical description of the self-induced back-action
optical trapping in a quasi-BIC system was performed.
Our all-dielectric metasurface comprises slotted silicon

elliptical resonators with a tilt angle arranged in a zigzag
array on a magnesium fluoride (MgF2) substrate, as shown in
Figure 1a. Since one of the applications we propose is
biosensing, we design our metasurface to support a resonance
at 6 μm free-space wavelength near the frequencies of the
amide I and II vibrational bands for proteins. Three slots are
introduced into each resonator, with one located at the center
and the other two at the upper and the lower portions of the
resonator, as shown in Figure 1c. To be consistent, we refer to
this slotted system as the “3 slots” design, and similarly, we
have “0 slots”, “1 slot”, and “2 slots” designs (see Figure 2 for
details). To understand the generation of the quasi-BIC mode,
we consider the two inverted electric dipoles (black arrows in
the dash box of Figure 1b) excited in the two resonators of a
unit-cell by an x-polarized plane wave. We decompose each
electric dipole into two components px and py. Although py is

dominant in each resonator, their directions are inverted in the

two resonators, which results in them canceling each other out,
and thus are decoupled from the radiative continuum. When
the tilt angle is small, the overall radiative loss is suppressed
significantly, and only the px component is found in the
reflected light field (see Figure S1 for details). Hence, a narrow
reflectance peak as well as a high field enhancement can be
obtained.
The first noticeable improvement of adding slots is the

increased Q. Compared to the “0 slot” design, a dramatic
increase in Q by as much as a factor of 2 appears when at least
one slot is added into the original resonator. The Q continues
to increase for the “2 slots” and “3 slots” cases, as depicted in
Table 1. In those simulations, we used a tilt angle (θ) of ± °20

so that they could be directly benchmarked with ref 25. We
find that the simulated Q of the “0 slot” design is comparable
to the reported value (∼200), while our slotted design exhibits
significantly improved Qs.
In addition to the spectral properties, the field enhancement

of quasi-BIC modes is also substantially improved by
introducing slots. While the highest field enhancement of all
designs is located close to the resonator apex due to the
collective resonance,25,44,45 the field enhancement values are
different: the field enhancement at the apex increases with
respect to the number of introduced slots, as shown in Figure
2b−e. We attribute this to the fact that the Q increases with
additional slots, and thus, the increased local density of states
leads to the higher local electric fields.46 Besides the field
confinement at the apex, the slot effect confines and enhances
the electric field in the slots due to the high relative
permittivity of silicon. The electric field vectors in slots are
oriented along the long axis of the ellipse, denoting the
resonances as electric dipoles. To better understand the
mechanism of the quasi-BIC mode, we performed the
multipole decomposition analysis of the “1 slot” design
following referenced procedures.38,47−50 The multipole decom-
position shows that only the electric dipole component has
contributions before and after adding the slot (Figures 2f and
S8), validating that the nature of the modes is maintained. The
increased field enhancement of the slotted design is also
manifested in the larger electric dipole component.
Quantitatively, we compare the field enhancements of

different slotted designs by extracting | | | |E E/ 0 at the apex and
the slot center. It can be found that by simply adding three
slots, the maximum electric field enhancement at the apex is
increased up to 53.1, i.e., 2820-times for the intensity
enhancement, which is 2.1-times the intensity enhancement
of the original “0 slots” design, as shown in Table 1. Thus,
introducing slots provides a simple way to enhance the local
field and Q, which is of vital importance for lasing.
Furthermore, the added slots provide extra “hot spots” for

Table 1. Resonance Response Comparison for “0 Slots” to
“3 Slots”

0 slots 1 slot 2 slots 3 slots

Q 185 367 463 613
max[|E|/|E0|] at apex 36.5 44.0 48.0 53.1
[|E|/|E0|] at slot center NAa 34.2 28.6, 35.8 32.8, 39.2,

32.8
average surface
enhancement δ

139.8 296.9 364.6 453.9

aNA, not applicable.
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strong interaction between fields and particles or molecules as
these slots all have a significant field enhancement. In contrast,
the only effective regions of the “0 slots” resonator original
design are at the apexes, with the central part of the resonator
having almost no accessible field enhancement. The electric
field in the middle slot of the “3 slots” design is even
comparable to that at the ellipse apex of the “0 slots” design.
Therefore, these extra “hot spots” offer significant potential for
applications such as optical trapping, biosensing, and emission
enhancement. For example, considering an application of
sensing protein molecules,51 the inner walls of the three slots
increase the total surface area where protein molecules can
bind within a high field localization region. To quantify this
improvement, we define the average surface enhancement as
the integral of the electric field intensity enhancement over the
total accessible surface area normalized by the area of one unit-
cell. is expressed as

= | | | |
P P

E E a1
( / ) d

x y A
0

2

(1)

where A is the surface area of an ellipse plus that of the inner
walls of the slots for slotted designs. The “3 slots” design
increases by a factor of 2.25 compared with the original “0
slots” design, as shown in Table 1. This increased average
surface enhancement is promising for applications requiring
spatial overlap between the local field and the target. As an
example, we illustrate how it facilitates biomaterial sensing
application, e.g., monolayer protein detection. Following the
discussions by Aurelian John-Herpin et al.,52 we simulated an
ideal situation where the (slotted) metasurface is coated by a
conformal protein monolayer. Detailed discussions are shown
in the SI, section S4.

To validate our design principle, we fabricated large-scale
(0.5 mm by 0.5 mm array) patterns and performed
spectroscopy measurements with representative SEM shown
in Figure 1e. To be compatible with our spectral resolution, we
tune the geometry parameters with a tilt angle of ±35° for “0
slots” to “2 slots” designs, with the simulated transmittance
spectra shown in Figure 3e. More fabrication details are
provided in the SI, section S2. We first measured the samples
with FTIR (Figure 3a), and the experimental results confirm
that spectra of the slotted designs have a narrower line width
and shift to a larger wavenumber compared with the “0 slots”
structure. However, the broadband light source (a glowbar
lamp) used in FTIR caused unavoidable beam divergence: the
spectral responses acquired are an integration of responses at
different incident angles. As reported in ref 27, the resonant
response of this zigzag quasi-BIC metasurface is highly
sensitive to the incident angle. Therefore, the beam divergence
broadens and damps the resonance, and the slotted designs are
more sensitive to it, damping the resonances more severely
(see the SI, section S3 for more discussions). Although the
FTIR results do not provide quantitative line width
information, they still qualitatively validate our numerical
simulations that adding slots would increase the Q and shift
the resonance to larger wavenumbers (Figure 3e).
To obtain the spectral response of samples without the

influence of such large beam divergence, we performed
transmission laser-based spectroscopy with a tunable quantum
cascade laser (QCL). The experimental setup is shown in
Figure 1d. More measurement details are provided in the SI,
section S3. The beam divergence of the QCL is only 2 mrad,
which can be safely neglected, allowing us to determine the
line shape of the quasi-BIC resonances more precisely. Indeed,
we find that the full-width at half-maximum (fwhm) of all
samples measured with the QCL is smaller than the values

Figure 3. Spectroscopy measurements on fabricated samples. (a) FTIR transmission measurements for “0 slots” to “2 slots” samples. The measured
transmission is defined as Power /Powermetasurface MgF substrate2

. (b−d) Normalized transmission of “0 slots” to “2 slots” samples measured with the
home-built laser spectroscopy, respectively. The FTIR measurements in the frequency range of interest extracted from panel a are normalized and
plotted in corresponding figures as a comparison. The curve fittings are all performed with Lorentz fitting by commercially available software Origin
2021b. (e) Simulated spectra for “0 slots” to “2 slots” designs.
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observed via FTIR measurements. Note that the trend of the
QCL measurements remains consistent with the FTIR
measurements, and the slotted designs exhibit higher Qs
than the “0 slots” designs. More specifically, the Q of the “0
slots” structure is determined to be 84 with a fwhm of 18 cm−1

(Figure 3b), which agrees well with our numerical simulation
(Q of 93 and fwhm of 16 cm−1). The Q of the “1 slot” sample
is increased from 84 to 197 (Figure 3c). Furthermore, the Q of
the “2 slots” design is even higher (373 ± 80), and the line
width (4.2 ± 0.9 cm−1) is approaching our instrumental limits
(∼1 cm−1), as shown in Figure 3d. The extracted resonance
properties are tabulated in Table 2. We assume the relatively
large difference between the QCL measurement and the
numerical simulation for the “2 slots” sample comes from the
sample loading process and/or fabrication imperfections.
Therefore, the laser spectroscopy measurements as well as
the FTIR measurements validate that the slotted designs
manifest narrower line widths and shift the resonances to larger
wavenumbers. Moreover, we anticipate comparable field
enhancements in the actual samples considering the good
agreements between simulations and experiments.
To understand and predict the spectral response of the

slotted design, we implement an effective impedance model by
regarding each silicon resonator as a nanoantenna based on the
optical nanoantenna theory.53−59 For simplicity, we assume
that the dominant contribution of the near-field electric
polarization comes from the electric dipole moment. The
resonator only has radiative loss and is positioned in a

homogeneous background (i.e., air in this work). When only
considering the radiative loss, generally a single dipolar
nanoantenna can be approximated with a series RLC circuit,
associated with the intrinsic impedance of the system
expressed as25

= =Z R jX R j L
j C

1
int int int int int

int (2)

where j is the imaginary unit, and R int is the intrinsic resistance
and is contributed by the radiative loss. According to ref 53, a
dipolar nanoantenna with one loaded gap at the center can act
as the series combination of the intrinsic impedance and the
load impedance when excited by an external plane wave with
the electric field parallel to the nanodipole axis. For positive
values of the real part of permittivities for dielectric materials,
the optical impedance is capacitive. Since the silicon resonator
is approximated as a dipole antenna with the direction of the
main dipole moment along the long axis of the ellipse, it is
reasonable to regard the original “0 slots” resonator as a
nanoantenna with a gap loaded with silicon ( = 10.30r ), as
shown in Figure 4a. The load nanocapacitance is expressed
as54,57

=C Hb w/rslot
0

01 (3)

When introducing a slot (i.e., the “1 slot” resonator), part of
the gap is unloaded (i.e., filled with air) and then the gap can
be equivalent to a parallel connection of three capacitors, also

Table 2. Comparison between Measurements and Simulationsa

resonance frequency (cm−1) resonance fwhm (cm−1) Q max[|E|/|E0|] at apex

number of slots sim. exp. sim. exp. sim. exp. sim.

0 1488 1511 (0.3) 16 18 (1.2) 93.3 84 (5.6) 19.5
1 1513 1535 (0.2) 9 7.8 (0.9) 170 197 (23) 24.1
2 1519 1567 (0.3) 7 4.2 (0.9) 219 373 (80) 27.9

aStandard deviation of the resonance frequency and fwhm are extracted from Lorentz fitting, which is included in the parentheses, and the
corresponding errors of the Q are calculated by the error propagation equation.

Figure 4. Equivalent circuit models and size-dependent resonant responses of the “1 slot” design. (a) Load nanocapacitance before and after
introducing a slot to the resonator. Here w and l are the width and length of the air slot, respectively. (b) Equivalent circuit model for the “1 slot”
design. (c) Equivalent circuit model for multislots design. Here letters R, L, and C stand for resistance, inductance, and capacitance, respectively,
and “int” means intrinsic. (d) Spectra with different slot lengths l and the fixed width w = 180 nm. The solid lines correspond to l = 300 nm to l =
700 nm from left to right. (e) Field enhancement at the center of the slot with respect to different slot lengths in panel d. (f) Spectra with different
slot width w and the fixed length l = 600 nm. The solid lines correspond to w = 100 nm to w = 400 nm from left to right. (g) Field enhancement at
the center of the slot with respect to different slot widths in panel f.
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seen in Figure 4a. The equivalent circuit model for the “1 slot”
design is sketched in Figure 4b, and the load nanocapacitance
is now given by

= + + = [ ]C C C C
H

w
b l( 1)r rslot Si air Si

0
1

(4)

When =l 0 (i.e., the air slot is not introduced), =C Cslot slot
01 1

. The resonance peak is achieved when the optical frequency
equals 0, where 0 is the open-circuit resonance frequency
expressed as55

=
X C

1
0

int slot1 (5)

When the slot length l is not 0, Cslot1 is always smaller than
the nanocapacitance of the “0 slots” design Cslot

0
1. The

resonance frequency 0 thus increases, indicating the
reflectance peak shifts to a larger wavenumber. For this series
R L C c i r c u i t , t h e Q i s d e fi n e d a s

= R L C CQ / 1/int
1

int system system . Here,Csystem is the series
connection of Cint and Cslot1 expressed as

= +C C C(1/ 1/ )system int slot
1

1 (6)

With a decreased Cslot1 by introducing an air slot, the Q
increases, explaining the narrower line width of the reflectance
spectrum of the “1 slot” design. For multislot designs (i.e., “2
slots” and “3 slots”), the equivalent circuit model for the load is
a series connection of capacitors (see Figure 4c) with part of
the load material changing from silicon to air by introducing air
slots, leading to the decrease of the load nanocapacitance Cslot.
Therefore, the reflectance peaks shift to larger wavenumbers,
and the Qs are higher when we introduce more slots, as
observed in Figure 2a.
Next, we investigate the impacts of the slot size on both

spectra and local field responses by exemplifying the “1 slot”
design with the effective impedance model. The continuous
evolution of the spectra and the electric field enhancement at
the center of the slot are shown in Figure 4. When increasing
the slot length l with a fixed width w, the reflectance peak shifts
to a larger wavenumber while the Q slightly increases as well,
as shown in Figure 4d. When we increase the slot width w with
a fixed length l, the reflectance peak shifts to a larger
wavenumber while the Q still slightly increases, as shown in
Figure 4f. Both behaviors are well predicted by the effective
impedance model. According to eq 4, a wider gap w and/or a
longer length l would decrease Cslot1, leading to a higher
resonance frequency and a larger Q. Notably, length and width
play different roles in the field enhancement at the slot, as
shown in Figure 4e and g. A longer slot induces a higher Q,
thus having a higher field enhancement, while a wider slot has
a lower field enhancement at the center of the slot, mainly
attributed to the continuity of the normal component of the
electric displacement field. We note that the electric field at the
apex of the resonator arises when the Q increases, i.e., when w
or l increases.
In summary, we have proposed and experimentally

demonstrated a new mechanism for tuning the resonant
response of a quasi-BIC-governed all-dielectric metasurface
composed of elliptical silicon resonators arranged in a zigzag
array by symmetrically introducing slots into each resonator.
We show that by introducing slots, the quality factor and
electric field intensity can be enhanced by as much as 3.3-times

and 2.1-times compared with the original structure without
slots, while the quasi-BIC mode is still preserved. Moreover,
the enhanced and spatially confined field in the slots provides
extra electromagnetic “hot spots” for field-target interaction. By
implementing an effective impedance model based on the
optical nanoantenna theory, we analytically explain the spectral
responses of the slotted metasurface. We envision that these
results may find many applications in low-threshold lasing,
sensing, biomolecular trapping, nonlinear optics, and engineer-
ing spontaneous emission. Our presented design methodology
is also readily extendable to other dipole-based single and
periodic nanostructures.
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