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Oligomer metasurfaces have attracted a lot of attention in
recent years because of their ability to drive strong reso-
nance effects. In this work, by perturbing the symmetry of
the structure, we find that there are a large number of res-
onance modes in the oligomer metasurfaces associated with
the optical bound states in the continuum (BICs) near the
communication wavelength. When the positions of two nan-
odisks of the hexamer oligomers are moved along the x- or
y-directions at the same time, the mirror symmetry is bro-
ken, and an electric quadrupole BIC and three magnetic
dipole BICs are excited. The results of near-field distribu-
tion of three-dimensional nanodisks and far-field scattering
of multiple dipoles in each quasi-BIC reveal that the four
BICs present different optical characteristics. It is noted that
the method of symmetry breaking by moving the position of
nanodisks can accurately control the asymmetric parameter
of symmetry-protected BICs, which provides a route for the
realization of ultrahigh quality (Q)-factor oligomer meta-
surfaces in experiment. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.453076

In recent years, dielectric oligomers regarded as the building
blocks for an important type of resonant interactions at the
nanoscale show great potential in electromagnetic manipula-
tion. In 2012, Miroshnichenko et al. theoretically studied the
Fano resonances in silicon oligomers, and their work showed
the resonances were different from their plasmonic counterparts
[1]. Since then, the resonance characteristics and applications
of all-dielectric oligomers have been widely studied. The exper-
imental Fano resonances in all-dielectric nanodisk oligomers
were demonstrated by Chong et al. in 2014 [2]. Then Hopkins et
al. studied the interaction between collective resonance and indi-
vidual optically induced responses of all-dielectric quadrumers,
revealing the physical mechanism of magnetic Fano resonances
in dielectric quadrumers [3]. In addition to magnetic dipole
and electric dipole resonances commonly found in nanoparti-
cle oligomers, toroidal dipole [4–9] and higher-order octupole
[10] resonances have also been found. It is noted that the reso-
nant dielectric oligomers have also been widely used in various
application of nanophotonics. For example, Shcherbakov et al.
experimentally demonstrated the strong enhancement of third
harmonic generation in resonant oligomers composed of three

silicon nanodisks [11]. Yesilkoy et al. studied the imaging and
biodetection in asymmetric dimer metasurfaces [12].

The quality factor (Q-factor) is an important parameter to
improve the performance of oligomer nanodevices. As is well
known, the regulation of dielectric oligomers holds a high
degree of freedom, such as the change of size and position
of each nanoparticle. Therefore, it may easily achieve an ultra-
high Q-factor by exciting some abnormal optical modes, like
bound states in the continuum (BICs) that is an optical non-
radiating mode [13–22]. Recently, many related works have
been reported, for example, the chiral BIC metasurfaces were
excited in the dimers of dielectric bars [23]; and the strong
optical trapping in a quasi-BIC (QBIC) dimer system were stud-
ied by Yang et al. [24]. The toroidal dipole BICs in silicon
nanodisk dimers were achieved by controlling the position of
nanodisks [25]. In addition, the BICs of three-nanodisk [26] and
four-nanodisk [27–30] oligomers have also been widely stud-
ied. Notably, compared with the BIC metasurfaces holding only
one nanoparticle per unit cell [31–35], oligomer metasurfaces
provide a greater possibility to excite BICs. Such metasurfaces
will become an extremely important platform to obtain more
flexible and stronger electromagnetic wave manipulation by
exciting BICs. Moreover, when the number of nanoparticles
of the oligomer is more, there will be more choices to engineer
BICs.

In this work, we studied the excitation and properties of multi-
ple BICs in silicon hexamer metasurfaces. By slightly breaking
the in-plane symmetry of the structures through moving the
position of nanodisks, four BICs are degenerated to QBICs. The
optical near-field trapping and far-field scattering characteristics
of the QBICs are discussed in detail. Our work provides a pow-
erful approach for oligomer metasurfaces to facilitate the light
trapping and manipulation at the nanoscale.

Symmetry-protected BICs, a type of BIC, can be perturbed
through symmetry breaking of structures by building a radiation
channel between eigenmodes and the free space, and trans-
formed into a QBIC [32,34,36–41], whose Q-factors satisfy the
following formula [32,36]:

Q ∝ α−2, (1)

where α is the asymmetry parameter. From Eq. (1), we know
that the smaller the α is, the larger is the Q-factor. It is a common
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method to excite symmetry-protected BICs by destroying sym-
metry in the geometric structure, such as split rings [38,42],
asymmetric nanorods [43,44], notched cubes [34], and nan-
odisks [31,35,45]. Generally, to obtain a high Q-factor, the α is
much smaller than 0.1 [36]. Due to the limitations of micro-nano
fabrication, it is difficult to obtain small asymmetric parame-
ters in experiment, that is, it is difficult to achieve an ultrahigh
Q-factor [46]. In addition, to excite BICs by destroying the geo-
metric structure, the introduction of symmetry breaking changes
the volume of the material part in the metasurface, so the reso-
nance wavelength of QBICs usually changes significantly when
the asymmetry parameter α gradually increases. Herein, we look
for a method that can accurately control the asymmetric param-
eters in experiment, and obtain a relatively stable resonance
wavelength at the same time. Namely, by moving the relative
position of the composite nanodisks. Herein, We introduce the
symmetry breaking of the device by moving the position of
the oligomer nanodisk to excite the BIC widely existing in the
oligomer metasurface.

An oligomer metasurface composed of six silicon nanodisks
is designed. The period of the unit cell P is 1500 nm, wherein
the radius of each silicon nanodisk r is 180 nm and their height is
100 nm. The centers of six nanodisks are located at the vertexes
of the inner hexagon of a circle with a radius of 500 nm, and we
mark the nanodisks as D1–D6. The COMSOL Multiphysics and
FDTD Solutions software are employed to analyze the optical
properties of oligomer metasurfaces (for details, see Section 1
of Supplement 1). Figure 1(a) shows the top view of the unit
cell on the x–y plane. By moving the positions of D1 and D4
simultaneously, we introduce a symmetry disturbance in the y-
direction of the original structure. Herein, parameter a represents
the displacement of nanodisks D1 and D4 moving together, and
we specify that if moving to the right, a is positive (a>0), if
moving to the left, a is negative (a<0), and a is 0 when not
moving. When moving the D1 and D4 nanodisks, we find that
two new modes appear in addition to the first resonance mode
discussed earlier. Figure 1(b) shows the transmission spectra at
different a values. We can find that when a =0, corresponding
to the symmetric case, there are two radiating free BICs at
wavelengths of approximately 1574.5 nm and 1589 nm which are
marked as BIC-1 and BIC-2. When a changes from 0 to Â±100
nm, the symmetry of the y-axis is broken, and ideal BICs are
transformed to leak modes, namely QBICs. As a increases, the

Fig. 1. (a) Top view of moved nanodisks D1 and D4, a is the
distance the nanodisks move. (b) Transmission spectra as functions
of wavelength and parameter a. (c) Transmission spectra for a =
0 and a = 100 nm. Q-factors of (d) QBIC-1 and (e) QBIC-2 as
functions of parameter a.

Fig. 2. Scattered power of different multipole moments for (a)
QBIC-1 and (d) QBIC-2. Dashed-dotted curves, EQ; long dashed
curves, MD; short dashed curves, MQ, top solid curve, ED; bottom
solid curve, TD. Electric and magnetic field distributions for (b),(c)
QBIC-1 and (e),(f) QBIC-2.

modes leak more, and the QBIC transmission spectra gradually
widen. To see the spectral lines of the two QBICs more directly,
we give transmittance spectra under the conditions of a = 0 and
a = 100 nm, as shown in Fig. 1(c). For the case of a = 0, a
sharp resonance is found, and its resonance characteristics are
discussed in detail in Section 3 of Supplement 1. By comparison,
we can obviously see the emergence of two QBICs near 1581.5
nm and 1595.5 nm which are marked as QBIC-1 and QBIC-2.
The result reveals that symmetrical metasurface (a = 0) supports
two symmetry-protected BICs. When the symmetry breaking of
the nanodisk oligomer is introduced, the obvious asymmetric
Fano resonances are produced, demonstrating the emergence of
the QBIC. The Q-factors satisfy Eq. (1); here, the asymmetry
parameter is defined as α = 2a/P and the period of unit cell P
is a constant. So, the Q-factor can be finally expressed as

Q ∝ a−2, (2)

where parameter a represents the displacement of nanodisks. It
is noted that these Fano profiles of QBICs originate from the
interference between discrete bound states supported by nan-
odisks and the free space continuum. The resonance curve can
be described by the Fano formula, and the Q-factor can be also
evaluated by the Fano formula (for details, see the Section 4 of
Supplement 1). As shown in Figs. 1(d) and 1(e), we give the
relationship between different a and Q-factors of QBIC-1 and
QBIC-2. The gray lines show an inverse quadratic dependence
of a, as described in Eq. (2), matching well with the variation of
the calculated Q-factors.

As shown in Figs. 2(a) and 2(d), we explore the multipoles
interference characteristics of the QBICs by calculating the mul-
tipoles far-field scattering power of the two modes with a fixed at
100 nm (for details, see Section 2 of Supplement 1). Figure 2(a)
shows the calculation result of QBIC-1. It is shown that the elec-
tric quadrupole is the main contributor, and the magnetic dipole
and electric dipole are secondary contributions, while the other
dipoles are suppressed. Figure 2(d) shows the far-field scattering
diagram of QBIC-2. Magnetic dipoles play a dominant role and
other dipoles is strongly inhibited. The results reveal that the
two QBIC modes have significant differences in multipole cou-
pling. The results are consistent with the displacement current
distributions (see Section 5 of Supplement 1).

We also study the local fields distribution within the nanodisks
of both modes. Figures 2(b) and 2(c) show the distribution of
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Fig. 3. (a) Top view of moved nanodisks D2 and D3. (b), (c)
Transmission spectra and Q-factors of oligomer metasurfaces under
different a values. (d) Far-field scattering energy of different multi-
pole moments for QBIC-3. Dashed-dotted curves, EQ; long dashed
curves, MD; short dashed curves, MQ, top solid curve, ED; bottom
solid curve, TD. (e), (f) Distribution of electric and magnetic fields.

electric and magnetic fields of QBIC-1, and it can be seen that the
electric fields for D1 and D2, D3 and D4 are weaker in the farther
parts of the two disks, and the magnetic field is concentrated in
the distant parts of the two disks. The electric fields of D5 and D6
are weaker in the nearer parts and the magnetic field is stronger
in the nearer parts of the two disks. Figures 2(e) and 2(f) show
the distribution of electric and magnetic fields of QBIC-2. It
is found that the electric fields of D1 and D2, D3 and D4 are
mainly distributed between the two disks, and there are also a
small number of electric fields at the edge. The magnetic field
is mainly distributed near the two disks, but weaker near the
edge of the two disks. The electric fields of D5 and D6 are weak
in the closer part, and the magnetic field is concentrated in the
closer part of the two disks. Therefore, the local electric field
distribution of the two modes is obviously different.

Next, we move the nanodisks D2 and D3 to introduce the
same symmetry breaking in the y-direction. Figure 3(a) shows
the top view of the changed unit cell. We set the two nanodisks
away from and close to each other at the same time, and specify
the displacement direction of the two nanodisks away from each
other to be positive, that is, the two away from each other as a>0,
the two closer to each other as a<0, and a = 0 without moving.
As shown in Fig. 3(b), in addition to the first resonances we
mentioned above, a new Fano resonance appears as |a| increases,
which reveals the existence of another BIC when a = 0 that
is labeled BIC-3. The excited leakage mode is called QBIC-3.
With the increase of a, the resonance spectra of QBIC-3 narrows
first, disappears at a = 0, then appears and gradually widens. As
shown in Fig. 3(c), we also calculate the Q-factor corresponding
to different a to explore their dependence. It is found that the
Q-factor decreases as |a| increases, and the Q-factor tends to
infinity at a = 0. When the nanodisks are close to or far away
from each other, different coupling effects will occur between
multiple nanodisks, which disturbs the field distribution of the
resonance mode and the intensity of the local field, thus affecting
the Q-factor to a certain extent. The Q-factor will be different
in the two moving cases. It is noted that the leakage mode is
generated by symmetry-protected BIC, so the Q-factor excited
by the two moving modes still meets Q ∝ a−2.

Fixing a = 150 nm, we also explore the far-field radiation
and near-field trapping characteristics of the QBIC-3. As shown
in Fig. 3(d), magnetic dipole and electric quadrupole radiation
dominate, while radiation from other dipoles is inhibited. In
addition, the distributions of the electric and magnetic fields are
also shown in Figs. 3(e) and 3(f). It is clear that the electric

fields of D1 and D4 are mainly concentrated on the farther side
pointed to by the x-axis arrow, and the magnetic fields are all
concentrated inside the nanodisks. The electric fields of D2 and
D3 are concentrated on the nearer parts along the x-axis, and the
magnetic fields are concentrated on the farther parts. The local
field trapping of nanodisks D5 and D6 is relatively weak. The
results reveal that BIC-3 differs from BIC-1 and BIC-2.

Finally, we discuss the BICs for the case of symmetry break-
ing in the x- and y-directions. The nanodisks D3 and D5 are
moved simultaneously. Figure 4(a) shows the schematic dia-
gram of nanodisks’ movement. D3 and D5 move to the left or
right at the same time, and the distance to the left is specified
to be positive, that is, a>0. If they move to the right, a<0, and
a = 0 if they do not move. The mirror symmetry along the x- and
y-directions is destroyed at the same time for the case of |a|>0.
Figure 4(b) shows the transmission spectra when the a value is
changed. For a = 0, a new BIC appears near 1575 nm, labeled
BIC-4. When |a|>0, the symmetry of the structure is disturbed
and BIC-4 is converted to radiation QBIC-4. Figure 4(c) shows
the Q-factor of QBIC-4 under different a values. When |a|=1 nm,
the Q-factor exceeds 107, which still satisfies the following rela-
tionship Q ∝ a−2. Figure 4(d) shows the transmission spectrum
and multipole scattering spectrum lines when a = 100 nm. The
magnetic dipole plays a major role, the electric quadrupole plays
a minor role, and the contributions of other dipoles are strongly
inhibited. In Figs. 4(e) and 4(f), the distribution of electric and
magnetic fields at the resonant wavelength is shown. It can be
seen that the electric fields of D1 and D4 are mainly distributed
at the edge of the disk in the negative direction of the x-axis, and
the magnetic field is localized at the center of the disk. The elec-
tric fields of D2 and D3 are localized in the middle of the disk,
and the magnetic fields are distributed in the left and right edges
of the disk. The main electric field and magnetic field of D5 and
D6 are distributed on the edge of the disk. The electric field is
in the positive direction of the x-axis, and the magnetic field is
in the negative direction of the x-axis. The multipole radiation
contributions of QBIC-3 and QBIC-4 are similar, their differ-
ence also can be understood through the displacement current
distribution (see Section 5 of Supplement 1).

The symmetry breaking of the nanostructure is introduced by
moving the position of the nanodisks. In general, in the fabri-
cation process, the specific position parameters of nanodisks

Fig. 4. (a) Schematic of moving nanodisks D3 and D5, where a is
the distance the disks move. (b) Transmission spectra corresponding
to the change of a from −120 nm to 120 nm. (c) Q-factor of QBIC-4
changing with parameter a. (d) Transmission spectrum and scattered
radiation contributions of different multipole moments at a = 100
nm. Key same as in Fig. 3. (e), (f) Electric and magnetic field
distribution of nanodisks at resonance wavelength when a is 100
nm.
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are fixed, and then their lithographic patterns are drawn by
L-Edit software. Finally, the sample is fabricated by electron
beam lithography and inductively coupled plasma techniques.
The fabrication process only changes the uniformity and rough-
ness of the nanodevice, the position of the nanodisk does not
move. So, the asymmetry parameter could be accurately con-
trolled in experiment. Meanwhile, with this method to excite the
BICs, the volume of the material part in the metasurface does
not change, so the resonance wavelength shows minor change
which is usually caused by the difference of the coupling between
the nanodisks. Generally speaking, the resonant wavelength of
QBICs excited in this way is relatively stable. In addition, this
also has a large fabrication tolerance, and a detailed discussion
can be found in Sections 6–9 of Supplement 1.

In summary, we investigate the abundant BICs in oligomer
metasurfaces. By slightly breaking the inplane symmetry of
the structures through moving the position of nanodisks, the
multiple BICs can be transformed into QBICs. The multipole
decomposition is carried out and the far field contribution and
near field analysis are performed to reveal the difference of
these BICs. In this way, the asymmetric parameter of symmetry-
protected BICs can be accurately controlled in experiment, and
the resonant wavelength of the excited QBICs is relatively stable.
In addition, this method also has a large fabrication tolerance.
This result provides a route for the realization of an ultrahigh
Q-factor oligomer metasurface, which provides great potential
for application in various micro-nano devices such as nonlinear
devices, lasers, and sensors.
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