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Metasurfaces have attracted a lot of attention in recent years due to the alternative methods they provide
for the efficient wavefront control and engineering of resonant transmission. We discuss an approach that
allows the effective control of the appearance of sharp Fano resonances in metasurfaces associated with
the bound states in the continuum. We demonstrate that by breaking the symmetry transversely, in the
direction perpendicular to a metasurface with a complex unit cell, we can control the number, frequency,
and type of high-Q resonances originating from bound states in the continuum. As an example, we demon-
strate experimentally the metasurfaces with magnetic dipole and toroidal dipole responses governed by the

physics of multipolar bound states.
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I. INTRODUCTION

Bound states in the continuum (BICs) are waves that
remain localized in dynamic systems even though they
coexist with a continuous spectrum of radiating waves.
Although BICs were first introduced in quantum mechan-
ics [1,2], it is a general wave phenomenon that has been
found in many physical systems, such as electromag-
netic, acoustic, water, and elastic waves [3—6]. Specif-
ically, these states have also been identified in a wide
range of optical systems, including dielectric gratings
[7], optical waveguides [8—11], photonic crystals [12,13],
graphene quantum-dot structures [14], and hybrid
plasmonic-photonic systems [15] (see a comprehensive
review on BICs in Ref. [16] and references therein).

One interesting type of BIC relies on the symmetry
properties of both discrete-mode and coexisting radiative
continua. When a discrete mode is characterized by a par-
ticular symmetry class, radiative continuum belonging to a
different symmetry class completely decouples from such
a discrete state [12,17]. The coupling between the bound
states and continuum band is forbidden as long as their
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symmetry properties are preserved, and they are classified
as symmetry-protected BICs [12].

A particular signature of symmetry-protected BICs
in the field of optical metasurfaces is the observation
of exceptionally narrow resonances (sometimes called
trapped modes) in the optical spectra of metasurfaces com-
posed of in-plane asymmetric structural elements [18,19].
The appearance of ultrahigh-Q resonances are attributed
to the excitation of asymmetric modes whose electro-
magnetic field distributions are slightly deviated from
the, otherwise inaccessible, symmetric modes. The corre-
sponding quality factors of leaky resonances depend on
the degree of the introduced structural asymmetry [20].
The concept of manipulating the transition between the
symmetry-protected BICs and leaky resonances was first
proposed for plasmonic metasurfaces composed of metal-
lic split-ring resonators [21], and then it was developed for
all-dielectric metasurfaces [22—31].

The recent development in topological photonics has
demonstrated a wide class of topologically protected states
[32]. It has been demonstrated that, depending on the char-
acteristics of the topology of the bulk bands, topological
edge modes can be protected to certain classes of defects
[33]. It is revealed [34] that there is a correspondence
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between electromagnetic BICs and a wide range of
topologically related phenomena including Berry phases
around Dirac points [35], topological defects [36], and
general vortex physics [37]. There are prospects in the
field of topological photonics with the use of cluster-based
all-dielectric metasurfaces [38,39] mediated by BICs.

In general, BIC modes transform into leaky resonances
when the symmetry of either eigenmodes of the structure
or radiative continuum is broken. As a result, one needs
to break the symmetry of either discrete mode or radia-
tive continuum in order to access such symmetry-protected
multipolar BICs. To date, all the mechanisms reported
so far for manipulating the transition between BICs and
radiative continuum can be classified as in-plane symme-
try breaking. No effort has been paid to manipulate the
transition between BICs and leaky resonances utilizing the
out-of-plane symmetry, which will provide a more flexible
approach to engineer and control the resonant properties of
metasurfaces.

In the present paper, we introduce an approach that
allows the effective control of high-Q Fano resonances,
which originate from the BICs of optical metasurfaces, by
utilizing out-of-plane symmetry breaking in the unit cell of
an all-dielectric metasurface. We demonstrate that our idea
is quite general, and has been validated in metasurfaces
composed of lattices of particle clusters corresponding to
different symmetries. By introducing this unique degree of
freedom beyond the in-plane symmetry, one can efficiently
control the symmetry of the discrete mode and thus manip-
ulate its interaction with the continuum. Employing this
approach, we realize access to various kinds of multipolar
BIC-associated leaky modes existing in the cluster-based
all-dielectric metasurfaces. We further perform proof-of-
principle microwave experiments by demonstrating leaky
resonances associated with the toroidal dipole BICs in both
far-field and near-field measurements.

II. TOROIDAL QUASI-BIC MODES

Without loss of generality, we consider an all-dielectric
metasurface whose unit cell consists of different types of
particle clusters [Fig. 1(a)]. The simplest configuration of
the unit cell is a disk dimer arranged in a square lattice, as
shown in Fig. 1(b). Therefore, we start from the demonstra-
tion of our approach by evaluating how the out-of-plane
symmetry breaking affects the transition between vari-
ous BIC modes and the corresponding leaky resonances
in a dimer-based metasurface. Then it is generalized to
a more complex trimer-based metasurface composed of
equilateral triangular unit cells [Fig. 1(c)].

All notations and parameters related to the geometry of
the metasurface under study are summarized in Fig. 1. The
disks are made of a nonmagnetic material with relative
permittivity &; and the metasurface is placed on a dielec-
tric substrate with relative permittivity &;. We consider

FIG. 1. (a) Symmetry breaking in all-dielectric metasurfaces
composed of cluster-based unit cells; two typical examples are
(b) dimer and (c) trimer clusters of dissimilar subwavelength
dielectric disks.

that the metasurface is illuminated by a normally incident
(l; = {0,0, —k}) linearly polarized plane wave with_the
electric field vector directed either along the x axis (£ =
{Ex, 0,0}, x-polarized wave) or the y axis (£ = {0, £}, 0},
y-polarized wave).

For the metasurface under study we can recognize the
BIC modes by performing an eigenvalue analysis using
the rf module of the commercial COMSOL Multiphysics®
finite-element electromagnetic solver [40]. We use this
solver also to calculate electromagnetic patterns of the
modes. The BIC modes can be distinguished from the
other ones by their real-valued eigenfrequencies. In accor-
dance with our experimental possibilities, we consider
the BIC modes in the microwave part of the spectrum
(8-12 GHz). From the known set of modes we select sev-
eral BIC modes, which appear in the chosen frequency
band for the given parameters of the structure. We denote
the modes of interest by symbols D1-D4 [Fig. 2(a)]. These
BIC modes manifest themselves by distinct displacement
current geometries, which can be regarded as specific com-
binations of magnetic dipole (MD) and electric dipole
(ED) moments inherent to an individual disk [Fig. 2(b)].

Without making a change in the material composition
of the metasurface, accessing the BIC modes can be real-
ized by unit-cell symmetry breaking with the help of the
modification of the particles’ geometry inside the cluster.
Such a modification can be done in either, or both, in-plane
and out-of-plane directions of the metasurface, where dis-
tinct sensitivities can be expected referring to different
symmetry-protected BIC modes. The required change in
the geometry can be determined from the analysis of the
electromagnetic field pattern of the corresponding mode.
For the BIC modes in which the MD moment lies in plane
(x-y plane), their turning to leaky modes can be effectively
achieved by breaking the out-of-plane symmetry.
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FIG. 2. (a) Set of the BIC-type eigenstates and (b) the cor-

responding electromagnetic near-field distribution for metasur-
faces with the unit cell composed of a pair of disks (dimer).
(c) Access to leaky resonance originated from BIC mode D2
of the dimer metasurface via out-of-plane symmetry breaking.
(d) Dependence of the quality factors of leaky resonances orig-
inated from BIC modes D1-D4 on the out-of-plane asymmetry
parameter 6 [in (mm)]. Parameters of the metasurface are r; =
4dmm, hy =3.5mm,d =20mm, /= 0.5mm, g; =22, &, = 1.

In particular, for mode D2, the magnetic field vector
is antiparallel located in the x-y plane, whereas displace-
ment current flows inside the particles in the y-z plane and
has a solenoidlike behavior enclosing the magnetic field.
It resembles the typical out-of-plane toroidal dipole (TD)
BIC mode, which was theoretically studied recently [17].
Rather than enabling the coupling between TD BIC mode
and the obliquely incident plane wave, we show that this
TD BIC mode can be turned to a TD leaky resonance
by breaking the out-of-plane symmetry, as shown in Fig.
2(c) (we use the cCOMSOL Multiphysics solver to calculate
the transmission characteristic of the metasurface as well).
Specifically, such a coupling to mode D2 can be realized
for the y-polarized incident wave as soon as a difference
in the thicknesses of disks forming a dimer is introduced
[we denote this difference as the asymmetry parameter 6
introduced in the units of length, see Fig. 1(b)]. Notice that
the group of symmetry in the x-y plane of the nonperturbed
dimer with 0 = 0 is Cy,, and of the perturbed dimer with
0 # 01is Cs.

Indeed, while the symmetry of the dimer is preserved,
there are no peculiarities in the transmitted spectra of the
metasurface under study at the frequencies of the BIC
modes [the eigenfrequency of mode D2 is denoted as f;c,
see Fig. 2(c)]. As soon as the asymmetry is introduced,

there is a leaky resonance (the resonant frequency of the
leaky mode originated from mode D2 is denoted as f1 ) in
the transmission spectrum and such a resonance acquires
a peak-and-trough (Fano) profile, which is typical for the
metasurfaces composed of in-plane asymmetric structural
elements [19]. The Fano resonance is highly asymmetric,
in which the asymmetry depends on the parameter 6.

The Q factor of the Fano resonance is further defined as
0 = fim/Af, where Af is the full width half maximum
of the mode [41]. By controlling the asymmetry factor, we
can manipulate the Q factors of the leaky resonances. The
lower the out-of-plane asymmetry, the higher the quality
factor of the leaky mode resonance [Fig. 2(d)]. At the same
time, the corresponding frequencies fgic and fi\ related
to mode D2 are found to be different but they are rather
closely spaced to each other. The difference between them
also depends on the degree of the out-of-plane symmetry
breaking. Therefore, breaking the out-of-plane symmetry
of the unit cell in the metasurface presents an efficient way
to manipulate the quality factor of resonances related to the
BIC modes.

It should be pointed out that breaking the out-of-plane
symmetry of the cluster composed of disks has fundamen-
tally different effects on the quality factor of the BIC modes
compared with the case of breaking the in-plane symme-
try. One can anticipate that introduced asymmetry in the
thicknesses of disks forming the dimer has a stronger effect
on its out-of-plane ED moment and in-plane MD moment,
since the polarization currents are parallel to such a plane.
In contrast, breaking the in-plane symmetry by changing
the radius of one disk has a more pronounced effect on
the in-plane ED moment and out-of-plane MD moment.
For instance, among the selected BIC modes of the dimer,
mode D2 is considered as a TD BIC composed of two
antiparallel in-plane MD moments. Therefore, symmetry
breaking in the out-of-plane direction turns such a TD-BIC
into a leaky resonance much more efficiently compared
with other types of BIC modes. At the same time, the
decrease of Q factor for mode D4 consisting of the in-
plane MD moments is also faster than that for modes D1
and D3, as shown in Fig. 2(d). As a result, the out-of-plane
symmetry breaking can be regarded as a new degree of
freedom and an efficient way to tailor the resonant prop-
erties of the symmetry-protected BIC modes, especially
for the out-of-plane TD BIC and in-plane magnetic BIC
modes.

I1I. QUASI-BIC MODE MANIPULATION

We further present an example utilizing the out-of-
plane symmetry-breaking induced transition between the
symmetry-protected BIC modes and the corresponding
leaky resonances in an all-dielectric metasurface based on
trimers [Fig. 1(c)]. The existence of the TD mode in the
metasurface whose lattice is formed by trimers arranged in
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square unit cells was examined in Ref. [31]. Here we intro-
duce some modifications to the structure of the unit cell
studied earlier to provide a further degree of freedom for
resonance manipulation in both near and far fields. First,
we consider that the unit cell has the form of an equilateral
triangle. Second, two triangle unit cells are paired together
in such a way that a rhomboid cluster appears, i.e., gener-
ally, the metasurface under study is constructed from the
twin-trimer super cells.

After the eigenvalue analysis of this metasurface with
the coMsoL Multiphysics electromagnetic solver, a set
of BIC modes existing in the frequency band of interest
are selected. We denote these modes by symbols T1-T3
[Fig. 3(a)]. All these modes present fruitful electromag-
netic near-field distributions manifested as electric and
magnetic hotspots in the near field [Fig. 3(b)]. Specifically,
these BIC modes are composed of various MD moments
in each disk, which are arranged in the x-y plane. When
all disks are identical, the symmetry of the twin-trimer
super cell is C,, and it belongs to the rhomboid system [see
Fig. 3(c), upper part]. As seen from this figure, neither the
x-polarized nor the y-polarized normally incident plane
wave can access these BIC modes. As the in-plane MD
moment is more sensitive to the out-of-plane asymmetry
for the all-dielectric metasurface under consideration, all
these BIC modes can be effectively turned into leaky res-
onance by increasing the thickness of certain disks. For
example, perturbation of the unit cell by two disks with
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different thicknesses reduces the symmetry to C, of the
monoclinic system [Fig. 3(c), middle part]. This perturba-
tion allows one to excite the MD leaky resonance origi-
nating from BIC mode T1. It should be pointed out that
although this metasurface has a polarization-dependent
response, the corresponding resonance may be excited by
the x-polarized as well as the y-polarized plane waves
[Fig. 3(c)] (a polarization-independent design should be
sought in the metasurfaces composed of hexagonal unit
cells considering symmetries of the group Cg [42]).

At the same time, the out-of-plane symmetry break-
ing can also be used to tailor the frequency and Q factor
of the leaky Fano resonance. By changing the asymme-
try factor 6 from 1 to —1 mm, one can observe the shift
of the resonant frequency of the leaky mode fin com-
pared with the eigenfrequency fr; of mode T1, as shown
by Fig. 3(d). The electromagnetic field distributions at the
resonant frequency under the excitation of the y-polarized
plane wave are shown in Fig. 3(e) for two typical asymme-
try parameters 0 = 1 mm and 6 = —1 mm, respectively.
It can be observed that the Q factor of this resonance can
also be manipulated accordingly by using different degrees
of out-of-plane symmetry breaking. More importantly, the
electromagnetic near field can also be manipulated by
using the asymmetry parameter 6.

It is noticed that the leaky mode fi\ appears to be
robust when 6 is negative [Fig. 3(d)], thus showing a weak
renormalization of the BIC frequency when converted to
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(a) Set of BIC-type eigenstates and (b) their electromagnetic near-field distributions for metasurfaces with the twin-trimer

unit cell. (¢) Schemes of access to mode T1 in the trimer-based metasurface. (d) Evolution of the transmission spectra vs the asymmetry
parameter 6 [in (mm)]. (e) Electromagnetic near-field distribution of the leaky mode at the resonant frequency corresponding to the
manifestation of mode T1. d = 31.1 mm, all other parameters are the same as in Fig. 2.
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a quasi-BIC as a result of the symmetry breaking. This
effect is due to the difference in the electromagnetic field
localization and distribution in the particles forming the
cluster. From Fig. 3(e) it can be seen that for & = 1 mm the
field is largely localized in perturbed particles, where per-
turbation in that particle results in more sensitivity in the
resonant frequency of the quasi-BIC mode, whereas when
6 = —1 mm it is in the nonperturbed ones.

Therefore, varying parameter 6 can result in different
electromagnetic near-field distributions, though the corre-
sponding leaky mode originates from the same BIC mode
T1, which validates the ability to manipulate the vector
near fields by out-of-plane symmetry breaking. It should
be pointed out that our approach is quite general and
can be easily generalized to resonant metasurfaces oper-
ating at the optical spectrum. The ability to control the
electromagnetic near field by utilizing out-of-plane sym-
metry breaking provides the possibility to precisely tailor
both the emission of the ED and MD types of dipole
emitters [43].

IV. EXPERIMENTAL DEMONSTRATIONS

To experimentally verify the out-of-plane symmetry
breaking effect as an effective means to trigger the tran-
sition between BIC modes and high-Q Fano resonance,
an all-dielectric metasurface is fabricated and studied in
the microwave range. A prototype of the twin-trimer meta-
surface is prepared. Two sets of dielectric disks are made
from Taizhou Wangling TP-series polymer-ceramic com-
posite, whose permittivity is &; = 21 and loss tangent is
tandy ~ 1 x 103 at 10 GHz. The dielectric particles have
the same diameter of 8 mm, while their thicknesses are 3.5
and 2.5 mm, respectively. To arrange them into a lattice, an
array of holes is milled in a custom holder made of a Sty-
rofoam material whose relative permittivity is 1.03. The
thickness of the holder is 20 mm and the depth of the hole
is 3.5 mm. The prototype of the metasurface is composed
of 15 x 26 trimers in total.

At the first step, the transmission spectra are mea-
sured. The common technique when the measurements
are performed in the radiating near-field region and then
transformed to the far-field zone is used [44]. During the
investigation, the prototype is fixed on the 2.5-m distance
from a circular linearly polarized horn antenna working
in the X frequency range (8—12 GHz). The antenna gen-
erates a quasi-plane-wave with required polarization. The
antenna is connected to the port of the Keysight ES071C
Vector Network Analyzer (VNA) by a 50-Ohm coaxial
cable. An electrically small dipole probe oriented in par-
allel to the metasurface plane and connected to the second
port of the VNA is used to detect the corresponding electric
field component. The sketch and photo of our experimental
setup can be found in Refs. [29] and [31].

To scan a certain area at the x-y plane, a Linbou NFS03-
type three-dimensional automatic scanning system is used.
The scan area (200 x 200 mm) is chosen a little smaller
than the sample size in order to reduce the effects of the
sample edges on the measurement results. During the mea-
surements the probe is automatically moved in the x-y
plane over the scan area with a 5-mm step at the dis-
tance of 50 mm above the prototype surface. At each probe
position both amplitude and phase of the transverse com-
ponent of the electric field are sampled in the frequency
range of interest. The same value of the electric field in
the absence of the prototype is measured as a reference
and the postprocessing procedure is performed to obtain
the transmission coefficient [44]. To reduce the undesired
reverberations between the horn and the metasurface, the
time-gating technique is applied.

For the near-field mapping measurement of the longi-
tudinal component of the electric field at the frequency
9.77 GHz, a Linbou NFS03-type three-dimensional auto-
matic scanning system is adopted to observe the elec-
tromagnetic near-field distribution directly at a distance
of 1 mm above the prototype surface. The same horn
antenna is connected to port 1 of the VNA and a monopole
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FIG. 4. Experimental results. (a) Transmission coefficient of
the trimer-based metasurface. The inset presents a fragment of
the metasurface prototype and several sets of particles. In the
simulation, actual material losses (tand = 1 x 1073) in ceramic
particles are taken into account, while the substrate is modeled
as a lossless dielectric. The asymmetry factor is 6 = —1.0 mm.
All other material and geometrical parameters of the metasur-
face are the same as in Fig. 3. (b) Simulated and (c) measured
near-field distribution of the real part of the normal component
of the electric field (E;) at the resonant frequency f; . The mea-
surement plane is | mm away from the metasurface. The field is
normalized to the maximum value of £..
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antenna perpendicularly oriented to the sample connected
to the second port. The probe is automatically moved in
the x-y plane over the scan area 94 x 54 with a 1-mm
step at a distance of 1 mm above the prototype surface.
At each probe position both amplitude and phase of the
longitudinal component of the electric field are measured.

The manifestation of the corresponding leaky resonance
is detected in the far-field measurement of the transmission
coefficient of the metasurface [Fig. 4(a)]. In order to pro-
vide a reference for experiment, we present the simulated
electric near-field distribution [Real(£,)] of the metasur-
face at the frequency fim. As seen from Fig. 4(b), the
electric field is mostly concentrated in the center of trimers,
being out of phase in the pair of trimers forming the super
cell. The electromagnetic near-field distributions are then
experimentally measured for the all-dielectric metasurface
at the same resonant frequency fy. Indeed, the simulated
[Fig. 4(b)] and experimental [Fig. 4(c)] results show excel-
lent agreement with each other, validating the excitation of
MD leaky resonance originated from BIC mode T1.

V. CONCLUDING REMARKS

Importantly, our approach for engineering metasurfaces
with BIC is rather general, and it can be readily applied to
silicon metasurfaces with BIC-driven resonant frequencies
in the optical spectral range (1100—1250 nm). To demon-
strate that, we show in Fig. 5 one example of optical
metasurfaces based on silicon dimer clusters arranged in
a square unit cell. Transmission spectra of the metasur-
face with nonperturbed and perturbed clusters clearly show
how the Q factors of leaky resonances originate from BIC
modes defined by the out-of-plane asymmetry parameter
6. One can see in Fig. 5(d) that the Q factor of mode D2
in the optical metasurface (Q ~ 107) is sufficiently higher
than the one obtained in the microwave prototype (Q ~
10%) [Fig. 2(d)]. Compared with actual material losses in
ceramic particles used in our microwave experiments, the
losses in silicon particles in the chosen wavelength range
are negligible [45], so it is reasonable to expect the quality
factor of the quasi-BIC resonance in silicon-based meta-
surfaces can reach several thousands in a finite structure.
This state with a high-quality factor provides strong field
confinement near the surface, making it potentially useful
for chemical or biological sensing, organic light-emitting
devices, and large-area laser applications.

In summary, we discuss a general approach for
the design of highly efficient metasurfaces with con-
trolled high-Q resonances via symmetry breaking in two-
dimensional planar lattices in the out-of-plane direction,
which essentially trigger the transition between symmetry-
protected BIC modes and leaky modes with quasi-BIC
resonances. We demonstrate that both the resonance fre-
quency and the value of the Q factor of the leaky res-
onances can be manipulated by changing the asymmetry

(a) OMode DI [OMode D2 (b)
s
So a
£
(c) ' '
O
g F
.S BIC
21 |
g ]
=
0 0 =30 nm
. T .
(d) 1100 Zim 1175 1250
. Wavelength (nm)
g D\D\D\D
Q
&
2
=
=
& O\O\O\O
102 T T T T T T
0 5 10 15

Asymmetry parameter © (nm)

FIG. 5. Metasurface with a dimer cluster in a square unit
cell. (a) Set of eigenstates behaving as BICs and (b) their
electromagnetic near-field distribution for the dimer unit cell.
(c) Schemes of access to mode D2 in the dimer-based meta-
surface. The transmission spectra of the metasurface with non-
perturbed and perturbed clusters. (d) Dependence of the quality
factors of leaky resonances originating from BIC modes D1 and
D2 on the out-of-plane asymmetry parameter 6 [in (nm)]. The
structure is constructed from silicon nanodisks (e; = 11.56) sep-
arated by a gap / = 30 nm. The thickness of nanodisks is 4; =
220 nm and the radius is a; = 160 nm. The period of metasurface
is p = 730 nm.

parameter 6. At the same time, the electromagnetic near-
field structure can also be tailored simultaneously to
address the electric and magnetic hotspots locally. As an
example, we present microwave experiments to validate
our general concept of the out-of-plane symmetry break-
ing for efficient metasurface engineering and their Q-factor
control.

Using trimer-based hexagonal unit cells with the sym-
metry of the group C¢ or Cg,, one can expect the
polarization-independent response of such a metasurface.
Verification of this statement, however, requires further
investigation.

In the present paper, we restrict ourselves to the metasur-
faces illuminated by linearly polarized waves. Therefore,
excitation of the quasi-BIC modes by waves of another
polarization or by structured light could be another degree
of freedom to tailor the quasi-BIC modes, which however
goes beyond the scope of our investigation and calls for
further study.

Finally, we would like to point out that, because both
the Fano resonance and bound state in the continuum are
general wave phenomena, the similar asymmetry-driven
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quasi-BIC resonances are expected to occur for other types
of waves, so we may find them in acoustic metamaterials
or elastic waves.
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