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It is well established that for symmetry-protected bound states in the continuum (BICs),
introducing the broken geometry symmetry in a dielectric metasurface transforms such
a BIC into a quasi-BIC (QBIC) with high-quality factor (Q-factor). Typically, the smaller
the asymmetry parameter, the larger the Q-factor. However, it is very challenging to
fabricate such nanostructures with an ultra-small asymmetry parameter in the
experiment due to the limitation of fabrication, thus limiting the measured Q-factor of
QBIC. In this work, we demonstrated that BICs can be sustained at I" point in an
asymmetric dielectric metasurface, where the disturbance parameter of quasi-BIC is
accurately controlled in the experiment. The unit cell of the metasurface is composed of a

dielectric cuboid with an off-centre hole inside it. Such a BIC can be found by moving the
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air-hole position in this metasurface. Multipole decompositions and near-field
distributions indicate that the toroidal dipole dominates the nature of such a QBIC.
Furthermore, we found that such a BIC is robust against the shape of the hole. Besides,
two BICs at different wavelengths can be achieved by applying either a rectangular hole
or a rectangular lattice. Finally, we presented experimental verifications of BIC types by
fabricating asymmetric silicon metasurfaces. Measurement results show that the Q-factor
of QBIC can reach almost 5,000. Our results may enrich the library of BICs and find
exciting applications in developing high-performance photonics and optoelectronic

devices, such as nanolasers, biosensors and enhanced nonlinear harmonic generation.

1. Introduction
Light trapping and manipulation play an important role in developing high-performance
nanophotonic-based devices!, such as ultra-low threshold nanolasers(?, and solar cellsl.
Recently emerging bound states in the continuum (BICs) provides an effective way of achieving
perfect light trapping™ 1. BIC is a non-radiative mode embedded in the radiation continuum
with an infinite Q-factor and zero line width[®®l, From the practical application perspective,
BICs must be transformed into quasi-BICs (QBICs) with a high Q-factor so that they can be
excited by external excitations. Due to extreme field confinement enabled by QBIC, they have
been widely used to enhance the light-matter interaction at the nanoscale and led to many
exciting applications, such as in nanolasers®14, biosensors*>'7, electro-optic modulators!*él,
nonlinear optical devices™® 22, and strong coupling!?>-?71. Also, the topological nature of BIC[?®!
enables researchers to design chiral metasurfacel?®2%l with nonlocality and generate orbital
angular momentumt4l,

Among the BIC family, the symmetry-protected BIC (SP BIC) is the most common and is

easy to realize experimentallyt®l. For practical application, one should break the unit cell’s
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symmetry by removing or adding part of the geometric structure in the metasurface to transform
such a BIC into a QBIC with a high Q-factor. Typical examples of broken-symmetry in unit
cell include split-ringst®31 asymmetric nanorods!?:3-4% notched cubes?>#*4 and notched
disks**431 It is noted that the smaller the asymmetry parameter, the larger the Q-factor. Thus
a larger asymmetry parameter is always accompanied by a lower Q-factor. In practical
experiments, fabricating nanostructures with an ultra-small asymmetry parameter is very
challenging thus limits the measured Q-factor. Although significant progress has been made on
both fundamentals and applications of BICs in the past ten years, some open questions remained
unanswered: Can non-radiative BIC sustain in a dielectric metasurface if its symmetry is broken?
Can the perturbation parameter that governs the Q-factor of QBIC be precisely controlled?

In this work, we present a theoretical prediction and experimental demonstration of the
existence of BIC at I" point in asymmetric metasurfaces, and the disturbance parameter of
excited quasi-BIC can be accurately controlled in the experiment. Such metasurfaces are made
of an off-centre hole that is embedded in a square Si nanodisk. It is found that BIC can be
constructed at a critical position when the air-hole moves along the x-axis, y-axis and diagonal,
respectively. Multipole analysis and the near-field distribution confirm that such a BIC is
mainly governed by toroidal dipole (TD). Moreover, we find that such a BIC is robust against
the shape of the air hole, providing an alternative way of realizing high Q-factor resonances.
We also demonstrated that two BICs at different wavelengths can be attained under different
polarization illumination by using a rectangular hole inside the square nanodisk or rectangular
lattice. Finally, we fabricated such asymmetric silicon metasurfaces and demonstrate high-Q
resonances enabled by TD-dominated QBIC. The highest Q-factor observed in the experiment
can reach almost 5,000. Our results extend the existence form of BIC and provide new routes

for enhancing light-matter interaction with such a high Q-factor optical resonance.
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2. Results and discussion

The metasurface is composed of silicon nanodisks with an air hole arranged in a square lattice,
as shown in Figure 1. The period of unit cell P is 800 nm, the side length of nanodisk L is 700
nm, thickness h equals 220 nm, and the radius of air-hole r equals 125 nm. The air hole's offset
distance from the nanodisks' centre is marked d. The optical properties of the metasurface are
evaluated by the finite element method with commercial software COMSOL Multiphysics,
rigorous coupled-wave analysis (RCWA) and finite-difference time-domain method (FDTD
Solutions). The refractive index of n=3.48 is used for silicon. In previous studiest*5-1, we have
demonstrated that such metasurfaces support a number of leaky mode resonances that govern
their optical response (i.e., reflection, transmission, absorption). These resonant modes are
characterized by the complex eigenfrequencies w = w, — iy, where w, and y correspond to
the resonant frequencies and radiative decay rates, respectively. According to previous studies,
such metasurfaces supports magnetic dipole QBIC when the air-hole moves away from the
center of cuboid*®*°l. However, in this work, we mainly focus on the leaky mode, whose
eigenfield profile is shown in Figure 1(b). In addition to that, Figure 1(c) shows the Q-factor
of this mode versus off-set distance for dielectric metasurfaces without and with the substrate.
For the free-standing metasurface, it can be seen the Q-factor increases with the increasing
offset distance, and reaches a maximum value of 3.16x10° at d=95.1 nm. The Q-factor can
reach infinity for the extremely enhanced numerical resolution, confirming the existence of a
non-radiative BIC. The eigenfield profile of this ultrahigh-Q mode is shown in Figure 1(b).
Further increasing d results in a decreased Q-factor. If a glass substrate (n=1.45) is introduced
underneath, the Q-factor's maximum value drops almost three orders due to the reduced
refractive index contrast between the metasurface and substrate, bringing energy leakages into

the glass substrate.
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To confirm the existence of such a BIC, we calculate the reflection spectra mapping for the
free-standing metasurface versus offset distance and incident wavelength under x-polarized
plane wave illumination, as shown in Figure 1(d). Indeed, it can be seen that the resonant peak
shows vanished linewidth at d=95.1 nm due to the negligible coupling between the incident
wave and the BIC. The existence of BIC is also confirmed in the glass substrate case by plotting

the reflection mapping (see Figure S1).
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Figure 1. (a) Schematic of the proposed metasurface. The period P is 800 nm, the side length of nanodisk L
is 700 nm, thickness h is 220 nm, and the radius of air-hole r equals 125 nm. The air-holes offset distance
from the nanodisks' centre is marked d. (b) The eigenfield distribution and field vector for BIC mode. (c)
The Q-factors with respect to the off-set distance d for free-standing (black) and glass substrate (red) cases,
respectively. (d) The reflection mapping versus both the offset distance and wavelengths for free-standing
metasurface.

To reveal the nature of such a QBIC, we perform the multipole decomposition®-% (See

Section 1 in the SI). For the sake of simplicity, the offset distance d=30 nm is used as an example

5



WILEY-VCH

to discuss the resonance properties of QBIC, the calculated reflection spectrum is shown in
Figure 2(b), and the resonance wavelength is 1464 nm. Figure 2(c) exhibits the scattered power
of multipole components. It is obvious that the TD response dominates this mode. Also, a mild
contribution comes from the magnetic quadrupole (MQ), because pair of counter-oriented
magnetic dipoles induce TD and MQ. Further analysis of the TD indicates that the x component
of TD plays a major role, as confirmed in Figure 2(d). In fact, the TD response nature is also
evidenced by its near-field distribution shown in Figure 1(b). The two field vector distributions
with opposite directions, observed in the x-y plane, excite opposite magnetic dipoles along the
z-axis. Combining the incident light with x polarization, a circular magnetic loop in the y-z plane

excites a strong magnetic TD along the x-axis.

()
- P 1.0
0.8-
[
S
g 0.6
0 3
E 0.4
0.2-
0.0 . :
y 1450 1460 1470 1480
A (nm)
(d)
1.0x10%2F 23
o = 8.0x10
S 8.0x10% ¢ < »
= = 6.0x10°
£ 6.0x10% E
a & 4.0x10%
T 4.0x107} g
E é 23
g 2 0x10%3 - g 2.0x10
wn wn
0.0 . : :
1463 1464 1465 1463 1464 1465
A (nm) A (nm)

Figure 2. (a) Top view of the unit cell with off-centre hole. Here, the P is still 800 nm, L is 700 nm, h is 220
nm, r equals 125 nm, and d=30 nm. (b) The corresponding reflection spectrum. (c) The calculated scattering
power of different multipole moments. (d) The scattered power of multipole components of the toroidal

dipole.



WILEY-VCH

It is interesting to note that such a BIC mode is robust against the shape of the air hole.
When the circular hole is replaced by a square hole with a side length of 220 nm [Figure 3(a)],
this BIC is still discovered, as shown in Figure 3(b), and the Q-factor reaches 3.8x10° at
d=112.4 nm. Its eigenfield distribution is similar to the case of the circular hole, therefore this
QBIC mode is also dominated by TD response. Further, we consider an even more general case
by rotating 30 degrees of the square hole, as schematically drawn in Figure 3(d). Still, one can
observe this BIC from Figures 3(e)-(f) when the rotated square hole moves along the x-axis.
Multipole analysis indicates that all of these QBICs are dominated by TD (See Figure S2).
Thus, we can safely conclude that such a BIC is insensitive to the air-hole shape, and the Q-
factor of the BIC only depends on the relative position of the air-hole, which can be precisely
controlled in a real sample fabrication, and provides an effective route for the realization of a
high Q-factor resonator.

Excerpt for weak-shape dependence, we find that such a BIC also exists when the air-hole
moves along the diagonal of the square lattice, as shown in Figure 3(g). From Figure 3(h), it
can be found that Q-factor reaches a maximum of 2.5x10° at dx=70.9 nm. Its eigenfield and
field vector, as shown in Figure 3(i), are symmetrically distributed along the diagonal. However,
compared to the previous BIC, the electric field vector shows a very distinct circular distribution
in the lower-left region of the air hole, indicating that magnetic dipole (MD) plays a critical role
in forming of this BIC. In addition, there is an unobvious and inverted circular field vector
distribution in the upper right corner, signifying that TD also makes significant contributions to
the BIC. Multipole decompositions show that MD and TD’s contributions compete with each
other in this mode. TD plays a dominant role when the air hole is close to the nanodisk’s centre.
MD’s contribution gradually increases when the hole is gradually moved away from the center
along the diagonal. Their contributions are comparable at dx=45 nm, and the response of MD

gradually dominates as dx increases (see Figures S3 and S4). It is noted that TD always
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dominates this mode for moving air hole along the x-axis due to stable symmetric field
distributions (see the comparison from Figure S4). In addition, the extinction ratio of the
resonance peak reaches maximum under -45° polarization light when the air-hole is moved
along the diagonal. Only part of the light is coupled into the device for other angles of incident

light (see Figure Sb).
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Figure 3. (a),(d) Schematic diagrams of the square hole and rotated 30 degrees moving. (b),(e) Variation of
Q-factor with offset distance d. (g) Schematic diagram of the air-hole moving along the diagonal with dx=dy.
(h) Variation of Q-factor with dx. (c),(f),(i) The eigenfield and field vector distribution for BIC position. Here,
the P is still 800 nm, L is 700 nm, h is 220 nm, r equals 125 nm, and the side length of the square-hole | is

200 nm.
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As can be seen in the above discussion, TD-dominated BIC is observed when the air hole
is moved along the x-axis. Since the current metasurface has a square lattice and square
nanodisk with an air hole, one should expect the same BIC with identical resonant wavelength
and Q-factor at the same position dy=dx=d if air-holes move along the y-axis. We employ two
strategies, applying either a rectangular air-hole or rectangular lattice, to distinguish the BICs
at different wavelengths with two different configurations. Figures 4(a)-(c) show the case of a
rectangular hole inside a square nanodisk arranged as a square lattice. Figure 4(b) shows that
one BIC appears at dx=34 nm when the air hole is moved along the x-axis. However, the other
BIC occurs at dy=102 nm for y-polarized light. Besides, their corresponding resonant
wavelengths are obviously different, as shown in Figure 4 (c). It is worth pointing out that
when adjusting the relative lengths and widths of rectangular air holes, the positions of the BIC
and the resonance wavelengths will keep approaching, and the modes overlap completely when
the lengths and widths are the same. We also discuss the properties of QBIC for the rectangular
hole, and calculate the resonance spectra, multipole contributions, eigenfields and field vectors
for dx and dy of 160 nm, respectively. The results confirm that QBIC indeed arises from the
same BIC (see Figure S6). Another strategy for implementing two BICs at different
wavelengths is to replace the square lattice and square nanodisk with rectangular lattice and
rectangular nanodisk while keeping the gap between the nanodisks still at 100 nm. The
structural diagram is shown in Figure 4(d). The BICs are observed at different offset distances
when moving the circular hole in the x and y directions, respectively. The resonant wavelengths
are also obviously different, as illustrated in Figure 4(e) and (f). The multipole and eigenfield
of the QBIC modes are also calculated for the two schemes, confirming the TD nature of the
two BICs (see Figure S7). Here, it is necessary to comment that two BICs with different
wavelengths happening at different polarization may suggest a way of realizing two high-Q

resonances at two wavelengths.
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Figure 4. (a) Schematic diagram of the unit cell of the rectangular hole, the length of the hole is 250 nm, the
width is 160 nm, the width of the nanodisk is still 700 nm, and the period is 800 nm. (b),(c) Q-factors and
resonance wavelengths when the hole is moved along the x or y direction, respectively. (d) Schematic diagram
of the unit cell of a rectangular nanostructure with Px=850 nm, Py=800 nm, the long side of the nanodisk
Lx=750 nm, the short side Ly=700 nm, and the radius of the air hole r=125 nm. (e),(f) Corresponding to the

Q-factors and resonance wavelengths when the hole is moved along the x or y direction, respectively.

Finally, we perform a relevant experiment to confirm these TD BICs, and the device
schematic is shown in Figure 5(a). The metasurfaces are fabricated through electron-beam
lithography (EBL) and inductively coupled plasma (ICP) etching techniques (see Methods
Section). We fabricate six samples of nano-holes moving from d=50 nm to d=150 nm along the
x-axis in steps of 20 nm. The scanning electron microscopy (SEM) image of the fabricated
sample is shown in Figure 5(b). Compared to the free-standing metasurface, the maximum Q-
factor for a glass substrate case reduces three orders of magnitude due to mode leakage into the

substrate. Cross-polarization measurement is applied to measure high-Q resonancel®*** (See
10
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methods section). The measured scattering spectra are plotted in Figure 5(d). The resonance
spectra are in excellent agreement with the calculated results in Figure 5(e). By applying the
standard Fano fitting procedurel®®, the experimental Q-factors of different off set distances are
retrieved and shown in Figure 5(f). All of the measured Q-factors are between 1,000 and 5,000.
The largest value is up to 4.99x10°. The lower observed Q-factor compared to theoretical
prediction can be mainly attributed to the imperfect vertical sidewall of the air-hole (see Figure
S10 and Table S1). In addition, the residual difference of the Q-factor may be contributed by
the roughness, nonuniformity of the nanodisks and some incidence angles. We expect to
achieve a higher Q-factor when the fabrication process and characterization system are further

optimized.
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Figure 5. (a) Schematic of silicon metasurface, P=800 nm, L=680 nm and r=135 nm. (b) The top-view SEM
image of the fabricated nanodisk array, the scale bar in white is 300 nm. (c) The Q-factors with respect to the
off-set distance d for free-standing (black) and glass substrate (red) cases, respectively. (d),(e) The measured
and calculated (SiO; substrate) reflection spectra, change the offset distance from 50 nm to 150 nm. (f) The

measured and calculated Q-factor for different parameters d.
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3. Conclusion

In summary, we demonstrated the BIC in the asymmetric all-dielectric metasurface, which is
composed of a square array of Si nanodisks with an off-centred penetrating air hole. Such BICs
are sustained only when the air-hole moves along the x-axis, y-axis, and diagonal axis.
Multipole decomposition on the QBIC suggests that this mode is dominated by the X(y)
component of TD if the air-hole is moved along x(y)-axis. Besides, we found that this type of
BIC shows great robustness against the air-hole shape, which may remove the obstacles of
fabricating a high-Q resonator due to fabrication imperfection. In addition, we demonstrated
that it is possible to build two BICs at two different wavelengths by transforming a square lattice
or square hole into a rectangular lattice or rectangular hole. Finally, we also experimentally
demonstrate this type of BIC in asymmetric silicon metasurfaces based on the SOI wafer. The
Q-factor reaches a maximum value of 4.99x103, which is limited mainly by scattering losses
arising from fabrication imperfection. Higher Q-factors may be achieved by optimizing
fabrication processes and characterization systems. Our results provide a route to achieve the
high Q-factor resonator with better performance applied in nanolasers, optical switching,

biosensing, and so on.

4. Experimental Section

Electromagnetic Simulations: The Q-factors and eigenfield of the metasurface are calculated
by commercial software Comsol Multiphysics based on the finite-element method (FEM). The
reflection mappings are calculated by rigorous coupled-wave analysis (RCWA). And the finite
difference-time-domain method (FDTD Solution) is used to calculate the reflection spectra and
scattered power of different multipoles.

Fabrication: The metasurfaces are fabricated on a silicon-on-insulator (SOI) wafer with a 220-

nm top silicon layer and 2-um-thick buried layer, and the thickness of the Si substrate is about
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700 pum. Firstly, a clean SOI wafer is coated with a resist layer (ZEP520). Then, the patterns
are defined in the resist by the EBL tool. After being carefully developed and fixed, the patterns
are transferred to the silicon diaphragm by the ICP technique. Finally, the remaining resist is
removed with the Nmethyl-2-pyrrolidone (NMP) liquor (see Figure S8).

Optical Characterization: Spectroscopic measurements are made using a home-built
microscope spectroscopy system (see Figure S9). Cross polarization measurement is applied
to measure the high-Q resonant modes from the fabricated metasurfaces. A super-continuous
laser (NKT SuperK COMPACT), which has a broad spectrum ranging from 450 nm to above
2000 nm, first passes through the long pass filter, linear polarizer, and beam splitter and then is
focused on the sample with an objective lens 10X. A long-pass filter is used to eliminate the
impact of light on unused wavebands. The reflected signal from the sample is collected by a
spectrometer (ANDOR SR750) with a grating of 900l to reach a theoretical resolution of 0.06
nm. A pair of strictly orthogonal polarizers are placed at the front and the end of the light path,
to introduce cross-polarization, which can efficiently decrease the impact from background

reflection and promote the relative intensity of the signal.

Supporting Information

Additional supporting information may be found in the online version of this article at the
publisher’s website.
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