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Abstract

Bound states in the continuum (BICs) are localized states coexisting with extended

and Communications, Institute of waves inside the continuous spectrum range, which have infinite lifetimes without
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China BIC for practical applications, symmetry-breaking approaches are usually exploited,

either by slightly breaking the excitation field symmetry or structure symmetry.
Here, we introduce an all-dielectric superlattice metasurface that can symmetry-
compatibly convert BIC states into high-Q quasi-BIC modes based on the guided-
mode resonance coupling by relative displacement tuning. The metasurface is
composed of a superlattice of multiple nanobeams, supporting both magnetic
mode and toroidal mode with large tunability. Both modes can interact with the
incident continuum by mediating the displacement between nanobeams, which
empowers dual asymmetric Fano resonances with high Q-factors. The bandwidth
of the toroidal mode under y-polarized incidences and that of the magnetic mode
under x-polarized incidences can be readily tuned by the local displacement
between nanobeams in each unit cell. Such displacement-mediated BIC resonance
is promising for various applications such as bio-molecule sensing and low
threshold lasing.

Keywords: Bound states in the continuum, All-dielectric metasurfaces, Superlattice,
Fano resonance

Introduction

Metasurfaces, which consist of periodic arrays of carefully designed nanostructures, pro-
vide a versatile platform to accurately control the properties of light, including phase,
amplitude, polarization and frequency spectrum of light [1]. In recent years, metasurfaces
based on dielectric materials with high refractive index have been used to develop numer-
ous compact optical devices due to their low loss properties, including flat lenses [2—4],
beam deflectors [5, 6], holograms [7, 8], etc. Searching for the ultra-high Q-factor reson-
ant structures with strong mode coupling has attracted much attention recently [9-11].
In this respect, bound states in the continuums (BICs) emerged as a novel method of light
confinement with infinity Q-factor [12, 13]. BICs are highly localized states embedded
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inside the continuous spectrum coexisting with radiative modes, which can carry energy
away, without any radiations like discrete and spatially bounded states [12, 13]. True BICs
are unavailable and can only exist in a mathematical model. When the system is disturbed
a little bit from the ideal situation, the BIC mode would couple to the extended waves and
leak into reachable Fano resonance with finite high Q-factor, which is the so-called
“quasi-BIC” [14—17], or supercavity mode [18-20].

There are basically two types of BICs [12—43], namely, the symmetry-protected BICs
and the resonance-coupled BICs [28-30]. The symmetry-protected BICs originate from
the forbidden excitation of certain modes governed by the in-plane symmetry of the
structure [13, 14]. Ultra-high Q-factor resonance modes can be obtained by slightly
breaking the symmetry of the structure, convert the BIC to ultra-sharp Fano reso-
nances. The Fano resonances are ascribed to the asymmetric mode supported by the
asymmetric structure, of which the electromagnetic field distribution slightly deviates
from that of symmetric modes. And the Q-factor can be readily tuned by the degree of
asymmetry [14]. Based on the symmetry-protected BIC, most of the previous work con-
verts the BIC into high-Q resonances by either slightly breaking the excitation field
symmetry through oblique incidences [31, 32] or introducing structural asymmetry in
the T' point [14, 21-27]. In principle, those symmetry-protected BICs could also be
originated from the bound states located in other high symmetry points beyond I point
(such as X or M points), which yet could be transferred to I' point through band fold-
ing. By perturbing multiple unit-cells in the lattice, it can fold high symmetry points
below the light cone (bound sates) to above the light cone (in the continuum) [25, 42,
43]. On the contrary, the resonance-coupled BICs are originated from the linewidth
vanishing by destructive interference of anti-crossing coupled resonance modes [15, 28,
29], which does not rely on the symmetry operations. However, most present
resonance-coupled BICs are based on the engineering of multiple resonance modes
supported by the unit-cell structure, which has multiple geometry degree of freedom
and needs tedious researching procedure of proper parameters.

Here, we report a displacement-mediated superlattice metasurface that supports
symmetry-compatible quasi-BICs based on the resonance coupling between the
backward/forward guided modes through lattice transformation. The metasurface is
composed of multiple parallel nanobeams with tailored global and local displace-
ments, which are defined by the distance between nanobeams in adjacent unit cells
and the distance between nanobeams within each unit cell, respectively (Fig. 1a). It
can interplay with the incident continuum by transferring the simple lattice to a
superlattice through relative displacement engineering of individual nanobeams.
High Q-factor quasi-BIC resonance can be extracted from the ideal BIC by
symmetry-compatibly making a slight difference between the local and global dis-
placements. The bandwidth of the toroidal mode for y-polarized incidences and
the magnetic mode for x-polarized incidences can be readily tuned by the local
displacement between nanobeams in each unit cell. The resonance peak position of
the toroidal quasi-BIC is linearly dependent on the local displacement, while that
of the magnetic quasi-BIC remains unchanged with the local displacement, due to
different mode characteristics. We envision that the displacement-mediated super-
lattice metasurfaces with BICs may facilitate many applications including high fig-

ure of merit bio-molecule sensing and low threshold lasing.
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Fig. 1 a Schematic of the all-dielectric superlattice metasurface supporting displacement-mediated quasi-
BICs. The unit cell consists of three silicon nanobeams with different local displacement (d;) and global
displacement (d.). Three representative unit cells with different 2d are shown on the right panel: 2d=—
200 nm (green circle), 2d =0nm (red circle), and 4d =100 nm (blue circle). b The transmission spectra with
respect to 2d. The color circle symbols represent the resonance peak of quasi-BIC with three different 2d as
indicated in (a). ¢ Dependence of the Q-factor and resonance wavelength of the quasi-BIC mode on ad

Results and discussion

Figure 1a shows the unit cell of the considered all-dielectric superlattice metasurface. It
is composed of three identical nanobeams made of silicon (n =3.47) with a length of
700 nm, width of 150 nm and height of 110 nm. The periods along the x- and y-direc-
tion are p,=700nm, py,=750nm, respectively. The displacement between adjacent
nanobeams within each unit cell is defined as the local displacement (d;), while the dis-
placement between nanobeams in adjacent unit cells is defined as the global displace-
ment (d,). Here, we demonstrate the manipulation of quasi-BIC by introducing a
displacement difference parameter (4d =d;-d,) to open a leaky channel of the BIC,
which originates from the band folding of guided mode to the continuum. Figure 1b
shows the transmission spectra with respect to different 2d for the metasurface embed-
ded in free space for y-polarized normal incidences. For the 2d = 0 (denoted as the red
circle) case, the metasurface supports a BIC state with infinitely high Q-factors. The
transmission spectrum manifests a smooth profile without a sharp dip due to the un-
coupling between the external environment and the ideal BIC state. When 2d = 0 (de-
noted as green and blue circles), a narrow dip arises in the transmission spectra, which
means the excitation of quasi-BIC state with a finite Q-factor. Noteworthily, another
Fano resonance originated from magnetic dipole (MD) mode at shorter wavelengths
does not vanish no matter how the spacing changes, and the bandwidth and the reson-
ance peak position remain almost unchanged during the variation. The possible reason
is that for y-polarized incidences, the MD Fano resonance at shorter wavelengths is
produced by the mutual coupling between adjacent nanobeams with each unit cell,
which is only related to the local displacement, while the quasi-BIC resonance at the
longer wavelength is caused not only by the coupling between nanobeams within each
unit cell, but also the coupling between the three-nanobeam unit-cells, which are
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governed by both the local and global displacements, respectively. Similarly, the trans-
mission spectra with variations of other structural parameters (py, py, Wy, Wy and h) are
shown in Fig. S1 of Supplementary Information. As can be seen, those parameters only
affect the peak position of double asymmetric Fano resonances, but cannot tune the
linewidth to infinitesimal. Only by adjusting the relationship between local and global
displacements (2d or p,) can we control the linewidth or even make it vanish. Figure
1c manifests the Q-factor and the resonance wavelength of the quasi-BIC as functions
of 2d around a BIC state. One can see that the linewidth of the quasi-BIC dwindles
rapidly as 2d approaches zero, while the resonance peak shifts to the longer wavelength
with the increasing of 2d. The Q-factor of the BIC mode tends to infinity at 4d = 0. We
also calculated the band diagram and the Q-factor map of eigenmodes supported in the
Ad = 0 metasurface (See Fig. S2 in Supplementary Information for more details). As we
can see, the BIC is originated from the resonance decoupling between the forward and
backward guided modes, reach their highest Q-factors at the I' point where they inter-
sect with each other. To consider the practical conditions, results of the superlattice
metasurface with measured refractive index on a glass (n = 1.5) substrate are shown in
Fig. S3 of Supplementary Information. It can be seen that the Q-factor decreases with
the existence of a substrate, since the substrate converts the BIC into a resonant state,
leaking through the radiation channel in the substrate [38]. However, it remains high
Q-factors and can be easily adjusted to the desired values by the displacement differ-
ence Ad.

We recognize the BIC modes by utilizing multipole expansions [44—50] and near-
field electromagnetic patterns of the modes. Figure 2a shows the simulated transmit-
tance and reflectance spectra of the superlattice metasurface with the displacement dif-
ference parameter 2d=-70nm, embedded in free space for y-polarized normal
incidences, where double asymmetric Fano resonances with high Q-factors can be ob-
served at A =847 nm and 1148 nm. Mode 1 refers to the MD Fano resonance at 847
nm. Mode 2 refers to the quasi-BIC mediated by the parameter 2d at 1148 nm. The
spectral curves in Fig. 2a correspond to the specific case indicated by the dashed line of
Fig. 1b. Figure 2b and c depict the extinction cross-section spectra by multipole expan-
sions of the MD Fano resonance (resonance 1) and quasi-BIC resonance (resonance 2),
respectively. We found that MD Fano resonance is indeed dominated by the MD mode,
with smaller contributions from the electric quadrupole (EQ) mode, considering the
lattice interaction and the influence of periodicity. The quasi-BIC resonance is com-
pletely different, which is dominated by the toroidal (TD) mode, with smaller contribu-
tions from the magnetic quadrupole (MQ) mode, representing the radiation channel
coupled to the external waves in our system. The locations of the strong scattering in-
tensity of the multipoles are consistent with the spectra in Fig. 2a. By analyzing the
near-field electromagnetic patterns of the modes, shown in Fig. 2d and e, we further
confirm that the MD mode with antisymmetric distributions of polarization currents,
accompanied by the coexistence of EQ mode with different strengths at \ = 847 nm.
Furthermore, the quasi-BIC resonance corresponds to TD mode with the dominant dir-
ection perpendicular to the incident light, accompanied by MQ mode with different
strengths at A = 1148 nm.

At the condition of 24d # 0, another symmetry-protected BIC is accompanied with our
previous mentioned displacement-mediated quasi-BIC in the superlattice metasurface,
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Fig. 2 a Transmission (red curve) and reflection (blue curve) spectra of the superlattice metasurface under y-
polarized normal incidences. Parameters of the structure: p, =700 nm, p, = 750 nm, w, = 150 nm, w, = 700 nm,
h=110nm, d; =60 nm, and d, =130 nm. b and ¢ Extinction cross-section spectra by multipolar expansion of
the superlattice metasurface as a periodical array at the two resonant modes shown in (a). ED (red line) denotes
electric dipole; MD (blue line) denotes magnetic dipole; TD (yellow line) denotes toroidal dipole; EQ (green line)
denotes electric quadrupole; MQ (violet line) denotes magnetic quadrupole and the gray line denotes total
scattering intensity. d and e The electric near-field distribution at A =847 nm. f and g The electric near-field
distribution at A= 1148 nm. The xy plane is at z= 55 nm (The middle of the nanobeams) above the base of the
silicon nanobeams. The yz plane passes through the center of the unit cell

which can be transferred to finite-linewdith quasi-BICs by varying the incident angle.
The transmission spectra with respect to the angle and wavelength of y-polarized inci-
dence is depicted in Fig. 3a. The curve indicated by the green circle is the
displacement-mediated quasi-BIC and the curve indicated by the blue circle is the
symmetry-protected quasi-BIC mediated by the incident angle. Several appealing fea-
tures can be observed from Fig. 3a. First, the linewidth and position of the green circle
are determined by the parameter 2d, which is also the largest linewidth of the quasi-
BIC in the whole transmission spectra. If the parameter 2d =0, the quasi-BIC will not
emerge at any angles, which is completely confined. Second, for quasi-BICs (the blue
circle) mediated by the incident angle, the line width of the quasi-BIC resonance abso-
lutely vanishes because the system is completely symmetrical at normal incidences and
does not couple with the external environment. We note that the maximum linewidth
of the quasi-BIC produced by the incident angle is also determined by the parameter
Ad. If 2d = 0, the quasi-BIC mediated by the incident angle will not appear in the trans-
mission spectrum. With the increase of 2d, this quasi-BIC (the blue circle) appears in
the case of oblique incidences, and the maximum linewidth of this quasi-BIC in the
transmission spectrum increases. In other words, the quasi-BIC mediated by incident
angles has the same resonance wavelength of the quasi-BIC caused by the displace-
ment, with large angular dispersion. Moreover, the maximum linewidths of two types
of the quasi-BICs appear at different positions in the transmission spectra, but their
maximum linewidths are nearly identical and determined by the parameter 2d. Figure
2b shows the Q factors of two different quasi-BIC modes at different incident angles.
When the incident angle is 0°, the Q-factor of quasi-BIC (mode 2b) caused by the inci-
dent angle is infinite. With the increase of the incident angle, the Q-factor decreases,
and then increases when the incident angle approaches grazing incidence. The quasi-
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Fig. 3 a Transmission spectra with respect to the angle and wavelength of incidence of the superlattice
metasurface with the same parameters as Fig. 2a. b Dependence of the Q-factor and resonance wavelength of
the quasi-BIC mode on the incident angle. ¢ and d The electric near-field distribution at two different quasi-
BICs resonances at the incident angle of 2°. e, f and g The simulated transmission spectra for varying incident
angles 2°, 15°, and 30°, respectively

BIC (mode 2a) caused by the displacement increases with the incident angle. Since the
displacement-mediated quasi-BIC regulates Q-factor to infinity by 2d, the incident
angle only changes the Q-factor, but does not lead to infinity. Figure 3¢ and d show
their electric near-field patterns at the incident angle of 2°. Although the positions of
the two quasi-BICs are very close to each other, the electromagnetic modes of the two
quasi-BICs are different, which can be accurately analyzed by multipole expansions.
Therefore, the extinction cross-section spectra by multipole expansions of the two
quasi-BICs at the angle of 2° are presented in Fig. S4 of Supplementary Information, re-
vealing that the absorbing phenomenon can be largely attributed to the coexistence of
dominant multipoles. The displacement-mediated quasi-BIC is dominated by the TD
mode, coupled with concomitance of other multipoles including MD and MQ modes
with distinct strengths, while the angle-mediated quasi-BIC is produced by the con-
comitance of predominant multipoles including MD and EQ modes with unequal
strengths. Figure 3e-g show the transmission spectra at angles of 2°, 15° and 30°, re-
spectively, demonstrating that the two quasi-BICs mediated by the incident angle shift
in the opposite directions with the increase of incident angles, which are promising to
develop multiple angular dispersion applications.

Apart from the y-polarized incidence, now we show that the displacement-mediated
quasi-BIC is also applicable for the x-polarized incidence (Fig. 4). Figure 4a shows the
transmission and reflection spectra with parameter 2d = — 70 nm, revealing that one of
the double asymmetric Fano resonances can be completely confined and converted into
BICs with infinite Q-factors (Fig. 4b). Resonance 3 refers to the quasi-BIC mediated by
the parameter 2d at 785 nm. Resonance 4 refers to another TD Fano resonance at 955
nm. The spectral curves in Fig. 4a correspond to the specified case indicated by the
dashed line of Fig. 4b. The quasi-BIC near the wavelength of 785 nm can be obtained
when the local displacement is tuned to be not equal to the global displacement(2d =
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Fig. 4 Quasi-BIC modes for x-polarized normal incidences. a Transmission (red curve) and reflection (blue
curve) spectra of the superlattice metasurface with the same parameters as Fig. 2a. b The transmission
spectra with varying displacement 2d. ¢ and d Extinction cross-section spectra by multipolar expansion of
the superlattice metasurface with different modes for x-polarized normal incidences. e and f The near-field
distribution of resonant mode 3 at A=785nm. g and h The near-field distribution of resonant mode 4

at A=955nm

0), that is, the simple lattice is transformed to a superlattice. When 4d # 0, a narrow
dip arises in the transmission spectra, which means the excitation of quasi-BIC state,
while the resonance position remains almost invariant. On the other hand, the spectra
width of the TD Fano resonance near the wavelength of 955 nm is nearly steady with
the change of 2d. While the resonance position locates at the shortest wavelength at
ad =0, and shifts to longer wavelengths with the increasing of |2d|. More interestingly,
we calculated extinction cross-section spectra by multipolar expansions for x-polarized
normal incidences as shown in Fig. 4c and d. It reveals that the dominant modes of the
shorter-wavelength resonance modes and long-wavelength resonance modes are identi-
cal for x- and y-polarizations, but the intensity distribution is slightly different, with dif-
ferent directions of the mode due to the different polarizations. Figure 4c shows that
the quasi-BIC near 785 nm mediated by the parameter 2d is dominated by the MD
mode, coupled with smaller contributions from the EQ mode, which is similar to the
modes of MD Fano resonance caused by the y-polarization in Fig. 2b. Then through
the analysis of the electromagnetic field distribution in Fig. 4e, it is found that the mode
is along the y-direction for the x-polarized incidence, while the mode in Fig. 2d is along
the x-direction for the y-polarization. Different polarizations lead to different electro-
magnetic directions with identical modes. In addition, for the x-polarization (Fig. 4d),
the Fano resonance near 955 nm is dominated by the TD mode, with smaller con-
tributions from the MQ mode. Similarly, it can be seen from Figs. 2e and 4f, the
electromagnetic modes of the two are almost identical, but the directions are per-
pendicular to each other in the xy plane. The variation of 4d can change the res-
onance position of the TD mode, but cannot change the resonance position of the
MD mode. To summarize, for x-polarized incidences, the resonance linewidth of
the quasi-BIC dominated by the MD mode changes with the parameter 2d, but the
resonance position is basically unchanged, while the TD Fano resonance does not
change the linewidth, but changes the position with the parameter 2d. The quasi-
BIC dominated by the MD mode under x-polarized incidences can not only be

controlled by 2d, but also by other parameters (px, py, Wx, Wy, h, 6), as shown in
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Fig. S5 of Supplementary Information, which demonstrates large tunability of the
x-polarized BIC modes.

Our structure not only satisfies the two-dimensional condition, but also can be sim-
plified to one-dimensional model. It can be seen from Fig. S6 of Supplementary Infor-
mation that when w, =p,, the system is converted from two-dimensional to one-
dimensional. In addition, our structure and design ideas are universal. We designed dif-
ferent types of structures, such as three identical cylinders, to control the linewidth.
Similarly, when d =0, the linewidth disappears and BIC appears, as shown in Fig. S7 of
Supplementary Information. No matter the materials (silicon, titanium dioxide, silicon
nitride, etc.), structures (square column, rectangular column, cylinder, elliptical column,
etc.), quantities (double rod, three rod, four rod, etc., different number will affect the
band) as long as the condition of spacing control is satisfied, the conversion between

quasi BIC and BIC can be realized.

Conclusions

In summary, we have proposed an all-dielectric superlattice metasurface composed of
multiple parallel silicon nanobeams that can extract high Q-factor quasi-BIC reso-
nances by transferring the simple lattice to a superlattice through displacement tuning
between nanobeams. The displacement-mediated BIC modes are originated from the
resonance coupling between anti-crossing guided modes of the metasurface and thus
are symmetry compatible. When the local displacement is tuned to be slightly different
from the global displacement, the superlattice metasurface supports both the TD quasi-
BIC for the y-polarization and the MD quasi-BIC for the x-polarization with extremely
high Q-factors. In our system, the resonance caused by MD mode does not shift in
spectrum with the change of the displacement difference parameter 4d, while the res-
onance caused by TD mode significantly shift with the change of 2d. Moreover, a
quasi-BIC with the maximum linewidth determined by the 2d emerges by changing the
incident angle. Our design is universal. As long as the structure is symmetrical and the
displacement is adjustable, the quasi BIC conversion can be realized. Due to the high
Q-factor of the quasi-BIC with its accessibility and controllability, our results provide a
unique opportunity for facilitating many applications requiring extremely high Q-
factors including ultra-high figure of merit sensing performance, nonlinear photonic
metasurface and high-performance lasing.

Abbreviations

BICs: Bound states in the continuum; ED: Electric dipole; MD: Magnetic dipole; TD: Toroidal dipole; EQ: Electric
quadrupole; MQ: Magnetic quadrupole
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