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Tailoring topological nature of merging bound states in the continuum by manipulating structure
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Photonic bound states in the continuum (BIC) promise a versatile platform for construction of optical
resonators with highly confined electromagnetic fields and ultralong radiative lifetime. Merging multiple BIC
can enable suppression of out-of-plane radiative losses and further boost the quality (Q) factor of the resonance
state. However, current studies on merging BIC (M-BIC) are primarily restricted to the elementary BIC with
topological charge £1, which hinders further improvement of the performance of optical resonators. Here, an
all-silicon terahertz metasurface (THz-MS) is investigated that supports the symmetry-protected BIC (SP-BIC)
with topological charge —2 and accidental BIC (A-BIC) with topological charge 41 simultaneously. Empowered
by the topological nature of BIC, we merge twelve A-BIC with a higher-order SP-BIC at the I" point. By tailoring
in-plane mirror symmetry of the THz-MS, we achieve M-BIC at almost arbitrary position in the momentum
space. Unlike original isolated BIC, M-BIC manifests the dramatic enhancement of the Q factors of nearby
resonances and are robust against radiation losses introduced by fabrication imperfections. Our work presents a
paradigm for realizing higher-order at-I' M-BIC and momentum-steerable M-BIC that can substantially enhance

light-matter interaction and further improve the performance of terahertz optoelectronic devices.
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I. INTRODUCTION

The ability to confine and localize light is of particu-
lar importance for miscellaneous photonic applications that
require strong light-matter interaction, such as lasers [1,2],
higher-harmonic generation [3-5], and nonlinear and quantum
effects [6-9]. Conventional light-trapping schemes, includ-
ing total internal reflection, photonic band gap, and highly
disordered media, rely on materials or systems that forbid
outgoing waves to achieve light localization [10,11]. One
particularly promising approach to trap light is to exploit
the so-called bound states in the continuum (BIC) [12,13].
Photonic BIC refers to a special class of nonradiative electro-
magnetic eigenstates with infinite lifetime and zero resonance
linewidth, even though their frequencies lie inside the contin-
uous leaky radiation spectrum above the light cone and below
the diffraction limit [ 14—16]. All-dielectric metasurfaces (MS)
have emerged as a powerful photonic platform for the experi-
mental investigation of BIC due to their high refractive index
and intrinsic low dissipation loss [9,11,12,17]. BIC-driven
MS holds considerable application potential in ultrasensitive
biochemical sensing [18,19], enhanced lasing [20,21], vortex
beams [22,23], and nonlinear enhancement [24,25].

BIC are demonstrated as vortex singularities (V point) in
polarization directions of far-field radiation defined in the
k space which carry conserved and quantized topological
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charges [14,26,27]. The generation, evolution, and annihi-
lation of BIC was predicted by their unique topological
features [26]. Nevertheless, in practical photonic systems,
BIC inevitably appear as quasi-BIC (supercavity mode) with
a superhigh but decaying quality (Q) factor due to material
absorption, fabrication imperfections, structure disorders, and
finite-size effects [28]. Exploiting the topological features of
BIC, multiple BIC on the same photonic band can be tuned
to a chosen k point to form a merging BIC (M-BIC), for
example, accidental BIC (A-BIC or off-I" BIC) merge with
a symmetry-protected BIC (SP-BIC) at the I point or with
a Friedrich-Wintgen BIC at the off-I" point [1,25,28-30]. M-
BIC can suppress the out-of-plane scattering losses and thus
enhance the Q factors of nearby resonance compared with
original isolated BIC. To date, most of the reported M-BIC
are primarily limited to the elementary BIC with topological
charges %1 [1,25,28,29]. Higher-order BIC have topological
charge greater than 1 and are excited on higher energy bands
or in the system with high-symmetry point groups. From the
perspective of topological charge conservation, higher-order
BIC can be considered as the collection of several elemen-
tary BIC, and thereby it is naturally predicted that merging
higher-order BIC undoubtedly further enhances the robustness
of the merging state against the ineluctable manufacturing
imperfections. In addition, higher-order at-I" BIC can be split
into two off-I" BIC by reducing the symmetry of the system
from Cg, to Cy, point groups [31], which makes it possible
to form M-BIC at an off-I" point on the isolated lower band.
Off-I" M-BIC have enabled an array of applications requiring
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angular (wave-vector) tunability, such as on-chip beam steer-
ing [32], directional vector beams [33,34], angle-multiplexed
ultrasensitive sensors [35,36], and diffraction-free beams [37].
Herein, we employ the topological physics of BIC for
constructing M-BIC with higher-order topological charge in
an all-dielectric THz-MS and realize M-BIC at an arbitrary
k point in the momentum space. To be more specific, we
consider the THz-MS composed of silicon (Si) as the pho-
tonic platform because of its low loss characteristics in the
spectral region of interest. We analyze the Cg, characteristics
of the proposed THz-MS and reveal that it can excite the
SP-BIC with topological charge —2 at the I" point and several
A-BIC with topological charge £1 at the accidental in-plane
wave vector. Under the variation of structural parameters, the
higher-order SP-BIC is fixed at the I" point, while A-BIC
moves toward the I" point due to their sensitivity to the struc-
tural parameters and then merge with the higher-order SP-BIC
at the I' point. When break Cg, symmetry but preserve Cy,
symmetry, the initially higher-order SP-BIC splits into two
off-T" BIC with topological charges of —1. By tuning the THz-
MS thickness, these two split BIC (S-BIC) remerge with each
other at the I" point or merge with A-BIC at the off-I" point.
Under different combinations of thickness and rotation angle,
the broken all in-plane inversion symmetries enable M-BIC to
appear at an arbitrary position in the momentum space.

II. RESULTS AND DISCUSSION
A. Merging higher-order BIC at the I point

We begin with considering a THz-MS composed of a hon-
eycomb array of circular air holes patterned in a freestanding
Si membrane with lattice constant @ = 200 um, hole diameter
D = 100 um, and thickness = 210 um, as shown in Fig. 1(a).
The refractive index of Si was set as 3.45 in the THz frequency
region. All the eigenmodes supported by the THz-MS can
be categorized as transverse electric (TE-like) and transverse
magnetic (TM-like) modes; here we focus only on TE-like
modes. The eigenmode analysis was performed by using the
finite-element method provided by commercial software COM-
SOL MULTIPHYSICS. A numerically simulated TE-like band
structure above the light cone along the M-I"-K direction is
shown in Fig. 1(b), and the lowest band (referred to as the TE;
band) we focus on hereafter is marked with a red line. The cal-
culated normalized radiation loss along the highly symmetric
M-T'-K direction is shown in Fig. 1(c), where the TE; band
exhibits a BIC state at the origin (I" point) and A-BIC at the
accidental wave vector (kgic = +0.2727 /a) away from the
I" point. The inset shows a mode profile of the z component
of the magnetic field, H;, highlighting that the eigenmode on
the TE; band at the I" point belongs to the B; irreducible
representation of the Cg, point group and hence excites an
at-I" SP- BIC with topological charge g = —2 + 6n [26,31].
The calculated scattering powers of electromagnetic multi-
pole decomposition inside the unit cell (see Fig. S2 of the
Supplemental Material [38]) demonstrates that the SP-BIC is
dominated by the in-plane electric quadrupole, which results
from forbidden coupling due to symmetry mismatch between
the eigenmode and the incident plane wave. For A-BIC, the
dominant in-plane electric quadrupole interferes destructively

M
K
0.36
‘m.%/ Sty /\
M~I'-K
0.34
-0.2 -0.1 0.0 0.1 0.2
kal2n

(c) (d)
210 to
108
102 -BIC SP-BIC  A-BI
s _
= () 107
2 10* S
S »
= g 10°
S =
NS £ 5
E @ £ 10
10
'\o 10¢
Q

0.2 -0.1 OTO 0.1 0.2 -0.1 0.0 0.1
M-T'-K (ka/2m) M-TI'K (ka/2m)

FIG. 1. (a) Left panel: Schematic view of a conventional THz-
MS with a hexagonallattice of etched circular holes standing in
free space. Right panel: Top view of the hexagonal-lattice unit cell.
(b) Numerically simulated TE-like band structure. The inset shows
the first Brillouin zone of the triangular lattice and irreducible con-
tour for circular-hole THz-MS (shaded triangle area). (c¢) Calculated
radiation loss (y) normalized by the value near the light cone (yy),
¥ /vo, along both M-I" and I'-K direction as a function of k(a/2m).
The inset shows mode profile of the z component of the magnetic
field H,, highlighting B; irreducible representation for the SP-BIC
and B irreducible representation for the A-BIC on the TE; band, re-
spectively. (d) Simulated 2D brightness map of evolution of radiative
Q factor for the TE; band along the M-I"-K direction wave vector
with the variation of the THz-MS thickness.

with weak in-plane electric dipole, in-plane magnetic dipole,
in-plane toroidal dipole and in-plane magnetic quadrupole in
the far field. These multipole decomposition results agree well
with the fundamental nature of the lowest TE-like mode of the
MS with Cg, photonic lattice [1,26].

To reveal the topological nature of the BIC state, we can
project the two-dimensional (2D) polarization vector of far-
field radiation in the sp plane, c(k) = ¢, (k)X + ¢,(k)y, onto
structure plane (xy plane) and map it into the momentum
space (k.k, plane). Topological charge ¢ carried by the BIC
state for polarization vector ¢(Kk) is defined as the number
of times that the polarization vector winds around the vor-
tex [26,39,40]:

1
9= 5= }lgdk - Vkp(K). (H
T JL

Here L is a closed loop around the polarization singularity
in the k space, traversed in the counterclockwise direc-
tion. ¢(k) = %arg[S 1(K)+iS>(k)] denotes the angle that the
long axis of the polarization ellipse makes with the x axis,
where S; represents the Stokes parameters of c(k), with
So = lesl? + ey 81 = leslPley P, S2 = 2Relcley), 3=
—2Im(cycy). Topological charge ¢ must be an integer if a
closed trajectory L encloses a V point where S| = S, = S3 =
0 [31,41]. Because the magnitude of S3 is extreme small
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FIG. 2. Numerically calculated Q factors (a), polarization vectors of far-field radiation (b), and the distribution of absolute value of the
nodal lines of ¢, (c) and ¢, (d) near the V point in the momentum space at ¢ = 210 um (before merging), t = 197.5 um (at merging), and
t = 190 um (after merging). When the slab thickness is reduced from 210 to 190 um, twelve A-BIC with topological charge £1 at distance
|kgic| = 0.2727 /a from the origin are gradually merge into an isolated SP-BIC with topological charge —2.

in the wave-vector range of interest (see Fig. S3 of the
Supplemental Material [38]), the polarization vector is al-
most linear and thus the polarization angle becomes ¢(k) =
arg[cx(k)+icy(K)] [30]. The calculated radiative Q factor and
polarization vector of far-field radiation for the TE; band at
t = 210 um are plotted in Figs. 2(a) and 2(b), left panel. The
diverging Q factor indicates that the TE; band has a SP-BIC
and a ring-shaped envelope of A-BIC in momentum space.

The polarization vector winds twice around the I" point and
once around the kpic point, respectively. A resonance turns
into a BIC when the outgoing power is zero, which happens
if and only if ¢, = ¢, = 0 [26]. Therefore the true BIC states
correspond to the intersections between nodal lines of ¢, = 0
and ¢, = 0 in the k space. We also calculate the 2D color map
of nodal lines of ¢, and ¢, for = 210 um shown in Figs. 2(c)
and 2(d), left panel, and find nodal lines of ¢y =0 and ¢, =0
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FIG. 3. Simulated radiative Q factors (dotted lines) and the corre-
sponding fitting curves (solid lines) at + = 210 um (before merging),
197.5 um (at merging), and 190 um (after merging). The Q factors of
M-BIC configuration (blue) are orders of magnitude higher than the
other isolated BIC design (red and dark green) along both the I'-M
and I'-K directions due to the scaling rule changes to Q o 1/k%.

are singly degenerate at kgjc = £0.2727 /a and doubly de-
generate at the I point. These results manifest that a SP-BIC
with charge g = —2 excites at the I" point, and six A-BIC
with charge ¢ = +1 located on the I'-M direction and six
A-BIC with charge ¢ = —1 reside at the I'-K high-symmetry
lines. To visually observe the merging process of BIC, we
also plot the 2D brightness map of the Q factor for the TE,
band as a function of THz-MS thickness ¢ along the highly
symmetric M-I"-K direction, as shown in Fig. 1(d). As the
thickness decreases from 210 um, the twelve A-BIC gradually
move towards the I" point from the M-I" and K-I" directions,
respectively, while SP-BIC is always fixed at the I' point.
The SP-BIC and A-BIC collide at t = 197.5 um, which cor-
responds to the M-BIC configuration, as illustrated in Fig. 2,
middle panel. When ¢ further decreases to 190 um, A-BIC
with opposite topological charges annihilate each other, leav-
ing only a SP-BIC with charge ¢ = —2, as shown in Fig. 2,
right panel.

The geometrical decay of Q factors in the momentum
space can be theoretically derived from the expansions of a
Taylor series of ¢, and ¢, according to Q o< 1/ lpK)|* [28].
Therefore, for isolated BIC with a topological charge g = +n,
the scaling rule of the Q factor follows Q o 1/k*". Obviously,
the decay rate of the Q factors in the vicinity of isolated
BIC states can be significantly reduced by selecting BIC with
higher-order topological charge. Furthermore, when multiple
off-T' BIC with g = +£1 exist at high-symmetry direction in
the k space and have equal distances kpjc from the isolated
SP-BIC, the scaling rule is modified to Q o 1/ [k”(kz-kélc)]z.
In the limit kg;c — 0, namely, the special case of topological
transition, the scaling rule of M-BIC asymptotically turns to
Q o 1/k?"**. Therefore, compared with the case of isolated
BIC, the merging of the SP-BIC and A-BIC with topolog-
ical charge g = 1 can theoretically increase the Q factor
by four orders of magnitude. Further detailed discussion on
the scaling rule of the Q factor can be found in Sec. S1 of
the Supplemental Material [38]. We calculate the Q-factor
distribution of the TE; band at different thicknesses to verify
the scaling rules in different topological configurations, as
shown in Fig. 3, where the Q factor in a merging-BIC design
(green) is tremendously enhanced over those in an isolated
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FIG. 4. (a) Schematic drawing of the unit cell with elliptic air
holes. The semimajor axis of the ellipse D; = 120um and the
semiminor axis D, = 100 um. (b) Numerically simulated dispersion
relation for a symmetry-reduced THz-MS at r = 210 um. (c) Cal-
culated radiation loss (y) normalized by the value near the light
cone (¥o), ¥ /Yo, along the highly symmetrical M-I"-K direction as a
function of k(a/2m). Owing to the reduced symmetry of the system,
the SP-BIC at the I" point splits into two off-I" BIC in the I'-M
direction. (d) The evolution trajectory of BIC in momentum space
with variation of the slab thickness.

BIC design (red and blue). When the SP-BIC and A-BIC
coexist at + = 210 um, the Q factor geometrically decays as
Q o< 1/[k*(k*-k,)]* away from the T point. A topological
transition occurs as the charges merge at r > 197.5 um, and
A-BIC annihilate and only the SP-BIC is preserved. The
Q o< 1/k* scaling rule in the vicinity of the I' point is restored
after merging and being kept with the decreasing thickness
even to t = 190 um. In contrast, for the M-BIC configura-
tion at = 197.5 um, kgjc — 0 and the scaling rule become
Q o 1/k8. Previous work has theoretically and experimentally
demonstrated M-BIC in a photonic crystal slab with a square
lattice of cylindrical air holes, where the SP-BIC possesses a
charge ¢ = 41, thus improving scaling rule of Q value from
1/k* to 1/k® [28]. Here we further enhance the scaling rule
of the Q factor to 1/k%, which verifies the distinct advantage
of higher-order at-I" SP-BIC compared with fundamental at-I"
SP-BIC in constructing M-BIC.

B. Merging BIC at the off-I'" point in momentum space

Next we introduce a scenario where the cylindrical air
holes are replaced by elliptic cylindrical air holes with the
semimajor axis along the x axis while keeping the other struc-
tural parameters of the THz-MS unchanged, as represented
schematically in Fig. 4(a). This perturbation breaks the Cg,
symmetry of the system but preserves the C,, symmetry. The
TE; band structure of the elliptic-hole THz-MS is similar
to that of the circular-hole THz-MS, except for some mi-
nor distortions that result from the reduction of the system
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FIG. 5. Numerically calculated radiative Q factors (a) and far-field polarization state distribution (b) around BIC in the k space at t =
210 um (before-merging), t = 221.4 um (at merging), and r = 225 um (after merging). As the slab thickness ¢ increases, two S-BIC with
topological charge —1 first approach each other along the I'-M direction, then merge at the origin for # = 221.4 um, and finally bouncing
off each other along the I'-K direction. (c) Calculated Q-k relationship (dotted lines) and the corresponding fitting curves (solid lines) for
three different THz-MS thicknesses. Compared to the original isolated BIC, M-BIC shows an ultrahigh Q-factor distribution over a broad

wave-vector range.

symmetry, as shown in Fig. 4(b). When r, is deviated from r,,
the symmetry of the eigenmode at the I point on the TE;
band is reduced from the Cg, to C,, point group and thus
no longer supports SP-BIC [26,31]. Owing to the topological
charge conservation, the original higher-order SP-BIC can-
not suddenly disappear and splits into two off-I" BIC with
same charge g = —1, as shown in Fig. 4(c). We calculate the
Q-factor distribution in the momentum space for the THz-
MS with triangular lattice of elliptic air holes, as shown in
Fig. 5(a), left panel. We can observe two divergent Q states at
kpico = £0.0947 /a in the I'-M direction because the system
still preserves o, mirror symmetry. The polarization vector,
as illustrated in Fig. 5(b), left panel, characterizes these two

high-Q states as carrying charges ¢ = —1, as can be verified
from the single degeneracy of the nodal lines of ¢, = 0 and
¢y =0 (see Fig. S4, left panel, of the Supplemental Mate-
rial [38]). Moreover, this reduction in symmetry also renders
eight A-BIC to annihilate each other. Thus only a pair of
A-BIC with charge ¢ = +1 located in o, mirror symmetry
and a pair of A-BIC with charges ¢ = —1 located in o}, mirror
symmetry are preserved.

Since the THz-MS of elliptic cylindrical holes preserves
inversion symmetry, two split BIC (S-BIC) derived from the
original higher-order SP-BIC are inversely symmetric with
respect to the center of the Brillouin region. Therefore by
tuning the structural parameters of the THz-MS, these two
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FIG. 6. Numerically calculated radiative Q factors (a) and far-field polarization state distribution (b) around BIC in the k space at r =
209 um (before merging), t = 207.1 um (at merging), and t = 200 um (after merging). When the slab thickness 7 is tuned from 209 to 207.1 um,
two S-BIC with topological charge —1 merge with two A-BIC with topological charge +1. Further increasing ¢, A-BIC and the S-BIC with
opposite topological charges annihilate each other and then transform into quasi-BIC modes with high Q factor. (c) Calculated radiative Q
factors (dotted lines) and the corresponding fitting curves (solid lines) for three difterent THz-MS thicknesses. Unlike the isolated BIC case,
the M-BIC case shows considerable enhancement of the Q factor for nearby states over a broad wave vector.

S-BIC will simultaneously return to the I point along the
I'-M direction to form a M-BIC with charge ¢ = —2. We plot
the evolution trajectory of BIC states in the momentum space
with slab thickness ¢ to visualize the merging phenomenon
of BIC, as shown in Fig. 4(d). As the THz-MS thickness
is increased from 210 to 221.4 wm, these two S-BIC move
towards the center of the momentum space along the k, axis
and meet at the I' point, as shown in Fig. 5, middle panel,
and Fig. S4, middle panel, in the Supplemental Material [38].
The merging of two S-BIC at the I" point makes it possible to
excite higher-order topological charge in the structures with a

C,, point group. When the slab thickness is further increased,
M-BIC splits into two isolated BIC with charge ¢ = —1 and
then is deflected on the k, axis, i.e., the I'-K direction, as
shown in Fig. 5, right panel, and Fig. S4, right panel, in
the Supplemental Material [38]. This rejection phenomenon
is inevitable because of the topological charge conservation:
annihilation cannot occur between two BIC with the same
topological charge. The Q factors of these two S-BIC decays
as Q o 1/(kK* — ki;cp)* with respect to the distance k, while
the scaling property changes to Q o 1/k* in the configura-
tion in which two S-BIC merge, as shown in Fig. 5(c). A
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FIG. 7. (a) Schematic drawing of a triangular-lattice THz-MS of elliptic-shaped air holes with the major axis rotated by 6. Numerically
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t =210um and 0 = 20°, M-BIC at (k, = £0.0687 /a, k, = £0.1647 /a) with t = 206.5 um and 6 = 20°, and M-BIC (k, = £0.0857 /a,

ky, = £0.1447 /a) with t = 205.5 um and 6 = 32°.

comparison between these two scenarios demonstrates that
the Q factor of M-BIC constructed from two S-BIC are always
orders of magnitude higher than those of the other two isolated
S-BIC design.

In the 2D brightness map of the evolution trajectory of
BIC states in Fig. 4(d), we find that when the slab thickness
t decreases from 210 um, the S-BIC gradually moves away
from the I' point along the I'-M direction, while the two
A-BIC gradually approach the I" point along the M-I" and K-T"
directions, respectively. The calculated Q factor [Fig. 6(a),
left panel], polarization vector [Fig. 6(b), left panel], and
nodal lines of ¢, and ¢, (see Fig. S5, left panel, of the
Supplemental Material [38]) for + = 209 um show that the
topological charge ¢ = +1 for the A-BIC and topological
charge g = —1 for the S-BIC are all located in the I'-M
direction. As the thickness ¢ is tuned to 207.1 um, S-BIC meets
A-BIC in the I'-M direction, and merging happens at k =
40.1687 /a, as illustrated in Figs. 6(a) and 6(b), middle panel,
and Fig. S5, middle panel, in the Supplemental Material [38].
By further reducing the slab thickness ¢, the two BIC with
opposite topological charges transform into quasi-BIC states
with pretty high but not divergent Q factors that subsequently
and eventually annihilate each other; hence only two A-BIC
with charge ¢ = —1 persist in the I'-K direction, as shown
in Figs. 6(a) and 6(b), right panel, and Fig. S5, right panel,
of the Supplemental Material [38]. Figure 6(c) shows the Q-
factor distribution along the high-symmetry I"-M direction for
various different slab thicknesses t. When the A-BIC and S-
BIC coexist at # = 209 um, the Q factor geometrically decays
as Q o 1/(k* — ki) > (K — kiye,)? away from the ' point,

where kpjc; and kgjco represent a wave vector of A-BIC and
S-BIC in the I'M direction, respectively. However, when these
two isolated BIC merge at r = 207.1 um, the scaling rule of
the Q value is modified to Q o 1/(k*-k;-)*. Compared with
the isolated A-BIC or the S-BIC configuration, the M-BIC de-
sign enhances the Q factor of nearby resonances over a broad
wave-vector range in the same band around the Q diverging
point, which is highly desirable for photonic applications that
are facilitated by strong light-matter interactions and momen-
tum selection.

C. Merging BIC at the arbitrary points in momentum space

In-plane mirror symmetry restricts migration of BIC only
to be along the highly symmetric directions. BIC are topo-
logically stable as long as the Hermitian system maintains
both C3T and o, symmetry (up-down mirror symmetry in
the z direction), where C5 denotes a 180° rotation operator
around the z axis, and T indicates the time-reversal opera-
tor [26,29]. Therefore, in principle, by properly tuning the
structural parameters while breaking the system symmetry,
the M-BIC can be achieved at arbitrary desired wave vectors.
We break the all-in-plane mirror symmetries while only pre-
serving C3T and o, symmetry by counterclockwise rotation
of the elliptic air hole around the z axis with an angle 6, as
illustrated in Fig. 7(a). The numerically calculated TE-like
band structure of the THz-MS with thickness * = 210 um and
rotation angle 0 = 20° are similar to that of the THz-MS
of elliptic cylindrical holes (see Fig. S6 of the Supplemen-
tal Material [38]). The 2D Q map of normalized radiative
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lifetime [Fig. 7(a), left panel], the polarization vector field
plot [Fig. 7(b), left panel], and the single degeneracy of both
nodal lines of ¢y =0 and ¢, = 0 (see Fig. S7, left panel, of
the Supplemental Material [38]) all explicitly indicate that
isolated BIC are tuned to be away from the I'-M direction with
a specific angle. By varying the slab thickness # while keeping
the other structural parameters constant, the A-BIC are forced
to gradually approach the center of the k space, while the
S-BIC are tuned to gradually move away from the I" point.
As a result, A-BIC and S-BIC meet in off-high-symmetric
direction in the momentum space. As shown in Fig. 7, middle
panel, and Fig. S7, middle panel, in the Supplemental Ma-
terial [38], when the slab thickness ¢ is tuned to 206.5 um,
these two isolated BIC merge at the point (k, = £0.068r /a,
ky = £0.1647 /a). The M-BIC can be excited at almost an
arbitrary position in the reciprocal space as long as we select
the appropriate the thickness ¢ and rotation angle 6 simultane-
ously. For example, the resulting M-BIC are tuned to appear
at another wave vector (k, = £0.0857 /a, k, = £0.1447 /a)
in Fig. 7, right panel (also see Fig. S7, right panel, of the
Supplemental Material [38]), with = 205.5 um and 6 = 32°,
while the other geometric parameters of the THz-MS remain
unchanged.

III. CONCLUSION

In summary, we have theoretically proposed and numer-
ically demonstrated that M-BIC can be shifted at almost
arbitrary k points in the momentum space with a symmetry-
broken all-Si THz-MS. The Cg, point group of the THz-MS
ensures that the system supports the excitation of the higher-
order SP-BIC as well as fundamental BIC on the lowest
TE-like band. The topological nature of BIC renders the
higher-order SP-BIC pinned at the high-symmetry I" point,
while A-BIC can continuously move in the k space via
fine-tuning of the structural parameters. By decreasing the
thickness of the THz-MS, twelve A-BIC converge to the
center of the reciprocal space simultaneously and eventually
merge with the SP-BIC and form a higher-order M-BIC.
Furthermore, the rotational symmetry of the THz-MS is re-
duced to the Cy, point group by replacing circular air holes
with elliptical cylindrical air holes. Such perturbation leads to
the original higher-order SP-BIC with ¢ = —2 split into two
off-I" fundamental BIC with ¢ = —1 due to the topological

charge conservation. Under the increase of the THz-MS thick-
ness, these two S-BIC approach each other and then remerge
a higher-order BIC with ¢ = —2 at the I" point. In contrast,
if we reduce the slab thickness, the S-BIC and A-BIC car-
rying opposite topological charges meet and produce M-BIC
at a finite wave vector in the I'-M direction. By rotating the
elliptical cylindrical hole counterclockwise around the z axis,
the all-in-plane mirror symmetries are broken while and o,
symmetry is preserved, and the M-BIC can be realized at
almost arbitrary position in the momentum space by choosing
an appropriate thickness ¢ and rotation angle 6 simultaneously.

The M-BIC studied in this work can enhance the Q factor
of all nearby resonances over a broad wave-vector range com-
pared with the original isolated BIC and further improve the
robustness of the BIC state against fabrication imperfections
(see Figs. S8 and S9 of the Supplemental Material [38]).
In addition, we have also demonstrated that all BIC states,
such as at-I" SP-BIC, off-I" A-BIC, off-I" S-BIC, and M-BIC,
involved in this study, are topologically protected by robust
polarization vortices in the momentum space. Highly confined
electromagnetic fields at the M-BIC states because of the
robust superhigh Q factor can substantially boost many appli-
cations requiring strong light-matter interaction, for example,
ultrasensitive biochemical sensing, low-threshold quantum
cascade lasers, ultra-low-power switching, and the improve-
ment of optoelectronic device performance in the THz regime.
Moreover, off-I' M-BIC opens broad perspectives for many
BIC-related applications requiring momentum selectivity,
such as on-chip beam steering, directional vector beams,
angle-multiplexed ultrasensitive sensors, and diffraction-free
beams.

Data underlying the results presented in this paper are not
publicly available at this time but may be obtained from the
authors upon reasonable request
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