PHYSICAL REVIEW B 110, L081401 (2024)

Bound states in the continuum based on controlling the phase
difference in dielectric corrugated structures

Bo Yan®,” Sigi Zhang ®,” Bing Zhang, and Xianggian Jiang"
School of Physics, Harbin Institute of Technology, Harbin 150001, China

® (Received 5 June 2023; revised 8 July 2024; accepted 16 July 2024; published 1 August 2024)

Bound states in the continuum (BICs) with an infinite quality factor (Q factor) and lifetime are demonstrated
as far-field polarization singularities in momentum space. Unidirectional guided resonances (UGRs) are only a
V point (vortex polarization singularity) in the upper or lower half space to block the radiation channel. In
photonic systems, the evolution between BICs and UGRs can be achieved by adjusting the structure parameters.
However, the coexistence of BICs and UGRs has not been realized so far. Here, we propose a dielectric
corrugated structure and find that the far-field radiation of the structure can be controlled by changing the
phase difference between the upper and lower surfaces. The coexistence of BICs and UGRs can be achieved
at a specified phase difference. Interestingly, as the V points evolve with the phase difference, a high Q factor
platform is realized. Our results provide a means to achieve the high Q factor platform and the coexistence of
BICs and UGRs in momentum space, which promotes greatly the study of far-field radiation manipulation and

high Q factor resonance.
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Introduction. Bound states in the continuum (BICs) are
the nonradiating states of an open system with a spectrum
embedded in the continuum of the radiating modes [1-6],
which have an infinite lifetime and an infinite quality factor
(Q factor) [7-14]. BICs have attracted considerable interest
as they can boost electric field enhancement and have been
employed in many applications, such as light-emitting devices
[15], sensors [16,17], and enhanced nonlinear phenomena
[18-21]. In the past few years, BICs have been constructed
by various mechanisms such as symmetry mismatch [22-24],
parity-time symmetry [25,26], environment engineering [27],
and topological charge evolution [28-33]. BICs are mainly
divided into symmetry-protected BICs and accidental BICs
[33-38]. The symmetry-protected BICs are generated from
a mismatch between the resonance mode and the radiative
channel, which makes outward radiation impossible. As for
accidental BICs, the accidental disappearance of coupling
coefficients of radiation waves is due to the destructive inter-
ference effect of multiple radiation channels [4,30,31,39-50].
The existence of BICs breaks the coupling between resonant
modes and all outward radiation channels compatible with a
given frequency and momentum, providing an important way
to enhance and extremely localize the light field [40,51-56].

The BICs in an optical system have been widely discussed
since they were realized for the first time in 2008 [57].
Subwavelength dielectric nanostructures such as grating, pho-
tonic crystal slabs, and metasurfaces provide efficient ways to
manipulate light through BICs [2,58-63]. As we know, the
symmetry of structures affects strongly the light radiation.
Yin et al. proposed a one-dimensional silicon grating assem-
bled of rectangular bars [29]. Introducing an angle between
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the vertical direction and sidewall of the bars, the structure
supports BICs when the angle is zero. When the sidewall
is tilted from the vertical direction for a specific angle, the
up-down mirror symmetry is broken and the BICs convert
to unidirectional guided resonances (UGRs), radiating only
towards one side of the grating. In contrast, for a double-
layer structure consisting of two identical one-dimensional
silicon gratings with misalignment, the dynamics of topolog-
ical polarization singularity and synthetic topological nodal
phase have been studied [31,64]. The misalignment breaks
the up-down mirror symmetry and C, symmetry, leading to
high-contrast directional radiation and BICs. We noted that
the evolution from BICs to UGRs can be achieved in momen-
tum space via adjusting the angles of sidewall or misalignment
of double-layer grating, however, the coexistence of BICs and
UGRs still is a challenge.

In this Letter, we propose a silicon corrugated structure,
and introduce the phase difference between the upper and
lower surfaces. Different varieties of BIC points were ob-
tained at phase differences with different symmetries. We
simultaneously study the properties of far-field radiation in
the upper and lower half spaces of topological polarization
singularities, and observe the coexistence of BIC and UGRs.
Moreover, by tuning the phase difference, the V points asso-
ciated with BICs and UGRs can be alternatively distributed,
which generates a uniform high Q factor platform. Our results
provide a means to achieve the high Q factor platform and the
coexistence of BICs and UGRs in momentum space.

Results and discussion. Figure 1(a) shows schematically
the structure of the dielectric corrugated grating surrounded
by air. The refractive index of the dielectric is n = 3.53, and
the thickness of the grating is # = 2000 nm. The upper and
lower surfaces can be given by z;(x) = Asin(kx + ¢) and
2p(x) = A sin(kx), respectively. Here, k = 27 /a is the grating
vector (with lattice constant ¢ = 3000 nm), and A = 300 nm

©2024 American Physical Society


https://orcid.org/0009-0001-1550-9753
https://orcid.org/0000-0001-9814-8035
https://ror.org/01yqg2h08
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.L081401&domain=pdf&date_stamp=2024-08-01
https://doi.org/10.1103/PhysRevB.110.L081401

YAN, ZHANG, ZHANG, AND JIANG

PHYSICAL REVIEW B 110, L081401 (2024)

(a) H./TE ©) 10
kA 8 A F
E05
§ — 0.02;
z = 0 o
k 3250 3300 3350 3400
X Wavelength (nm)
(b) (d) 1.0 —— 098]
E tn
3400 7 |
E05 ,J
g B
~ 3360 & i
£ 0.0 N
£ ] 3250 3300 3350 3400
= 5
= Wavelength (nm)
g 3320 © 10
S g w
Z 3280 05
5 I——-0.05851
= [——-0.07851
3240 0.0
o -n2 0 3250 3300 3350 3400

Phase difference Wavelength (nm)

FIG. 1. BIC formation in the dielectric corrugated grating.
(a) Schematic diagram of the dielectric corrugated grating under
investigation. (b) Transmission spectrum of the dielectric corrugated
as a function of the phase difference ¢ between the upper and lower
surface at the normal incidence. The A and B points indicate two
symmetry-protected BICs at the phase difference of 0 and +m,
respectively. The C point indicates the accidental BIC at phase differ-
ence of ¢ = —0.07857x. The transmission coefficient of a dielectric
corrugated structure with the phase difference between the upper and
lower surface of (¢) 0.027r and 0 (d) —0.987 and £ (e) —0.05857
and —0.0785z, where black arrows point from collapse with sharp
Fano line-shape resonances to BICs.

represents the amplitude of the grating. In the simulation, we
hold the lower surface still and move the upper surface to
change the phase differences between the upper and lower
surfaces. The schematics of the structure with a phase differ-
ence are shown in Fig. 1(a). When ¢ = 0 the structure shows
C, symmetry. The structure is of C; and up-down mirror
symmetry when ¢ = £m. For the general case, the structure
has an inversion symmetry (P symmetry). The simulation of
the transmission property of the structure was accomplished
by numerically solving Maxwell’s equation using a finite-
element method. Perfectly matched layers (PMLs) in the z
direction and Floquet periodic boundary conditions in the x
direction are used.

The transmission spectrum as a function of the phase dif-
ference ¢ between the upper and lower surfaces is shown in
Fig. 1(b). There are a few discontinuous points in the spec-
trum. We can get high transmission at the breakpoints A and
C, and when the phase difference deviates from the break-
points, ultranarrow transmission peaks appear. Breakpoint B
corresponds to a lower transmission, and the deviation from
the breakpoints leads to ultranarrow transmission peaks. The
symmetry-protected BICs (A, B) and the accidental BIC (C)
are shown in Fig. 1(b), inside the green, black, and white
dotted circles. In order to get the spectral line of the BIC point
characteristics under a specified phase difference, the trans-
mission spectra at phase differences ¢ =0 and ¢ = 0.027
(p =mand ¢ = 0.987, ¢ = —0.07857 and ¢ = —0.05857)

are shown in Figs. 1(c)-1(e), respectively. In Figs. 1(c)-1(e),
there is no narrow transmission peak at the breakpoints shown
in the red curve. However, when a little phase shift ¢ = 0.027
is introduced, sharp Fano resonant peaks appear suddenly,
shown in the blue curve. This is a distinctive feature near the
BIC points.

We calculate the Q factor along the k, axis at different
phase differences ¢ =0, ¢ = 7, and ¢ = —0.07857 in
Figs. 2(a)-2(c). The Q factor tends to infinity from the BIC
points. The transverse magnetic (TM; and TM,) band struc-
tures of our corrugated structure are shown in Figs. 2(d) and
2(f), and the insets show magnetic field profiles (y component)
at the I' point, respectively. More importantly, we discuss
the coupling between TM; and TM, modes. When the phase
difference is %, the structure has C, and up-down mirror
symmetry, and odd (TM;) and even (TM;) modes cannot
couple because they are orthogonal in the symmetric structure,
as shown in Fig. 2(e). When the mirror symmetry is broken,
the odd and even modes will couple and generate eigenmodes
with rich dispersion properties [Figs. 2(d) and 2(f)].

In order to obtain the clear influence of the phase difference
on BICs, we select a horizontal plane above and below the
structure, with the distribution of far-field polarization states
(left) and phase (right) in upward [Figs. 3(a) and 3(b) and the
top panel of Fig. 3(c), where Figs. 3(a) and 3(b) have the same
upward and downward polarization states and polarization
orientation angle maps due to symmetry of the structure] and
downward [bottom panel of Fig. 3(c)] radiation. From Fig. 3
we find that all the BICs are vortex centers in the polarization
vector of the far-field radiation, which can be described by a
topological charge g,

1
4= 5 75 dky - Vi0(k,), )

where k; is the in-plane wave vector, 6(k)=
%arg[S 1(K) +iS>(k)] is the argument of the polarization
vector of far-field radiation projected into the x-y plane,
and L is a closed path that goes counterclockwise around
the polarization singularity [33,65]. S;(k;) is the Stokes
parameter.

The topological charges of all breakpoints obtained by
using Eq. (1) are labeled in Fig. 3. The polarization orientation
angle maps of the projection of far-field radiation in an x-y
plane above (top panel) or below (bottom panel) the structure
are given in Fig. 3. From the polarization orientation angle
maps, we can determine easily the topological charges of each
V point. We can see that the Q factor becomes infinite at
all the breakpoints. When the phase difference is ¢ = 0 and
¢ = %, the polarization state distribution associated with
points A and B is shown in Figs. 3(a) and 3(b). For a phase
difference ¢ = —0.0785s, it can be dynamically manipulated
via shifting of the phase difference without breaking the P
symmetry of the structure. We find two V points in the po-
larization state distribution of upward (downward) radiation
[Fig. 3(c)]. The two V points at the I' point correspond to BIC
and have infinite Q factors, however, the Q factor of V points
at kya/2m = F0.0111 is finite, which means the existence of
radiation there. From Fig. 3(c) we can see the Q factor of the V
points at kya/(2w) = F0.0111 is much less than that of BIC
points, which implies the existence of far-field radiation.

L081401-2



BOUND STATES IN THE CONTINUUM BASED ON ...

PHYSICAL REVIEW B 110, L081401 (2024)

(a) ¢=0 (b) p=1n (©) p=-0.0785n
1010 10]0 1010
108} 108} 108
g g g
2 2 g
a1 6 “— 6 (o
10%¢ 10%F
o o S
10%} 10%}
L L 104 L
-0.05 0.00 0.05 -0.05 0.00 0.05 -0.05 0.00 0.05
kal2n kal2n kal2n
(d) (e) ®
0.92 0.92 0.92
—_ N L1 ~ —~
$091 ™ Soot | = S091f ™,
3 S & 2 M 2 | TM2 || g S -
) | ) B ) C
2.0.90 ™ 5,090+ 2.0.90+ ——
=3 =3 1 ™~ =
o8 o l— - T . ]
~-0.05 0.00 0.05 '-8.05 0.00 0.05 '-(0).05 0.00 0.05
kal2n kal2n kal2n

FIG. 2. (a)-(c) The Q factor along the k, axis at the BIC points, and (d)—(f) the calculated band structures along the k, axis for various
phase differences ¢ = 0, ¢ = £ and ¢ = —0.0785x. The right and left insets show the magnetic field profile (y component) of the TM; and

TM, bands at the I" point, respectively.

In order to reveal the radiation properties for ¢ =
—0.0785m, we give more details about the polarization vector
distribution of far-field, radiation loss, magnetic field profiles,
and polarization orientation angle maps in Fig. 4. The cor-
responding upward and downward radiation losses are given
in Fig. 4(a). For the V point P, the upward radiation loss
tends to zero, which means the upward radiation is almost
forbidden. The downward radiation loss tends to be a finite
value, which means that there is a downward radiation. Sim-
ilarly, the V point Q corresponds to an upward radiation.
Our analysis is reconfirmed by the magnetic (y component)
distributions [Fig. 4(b)], in which we can find an obvious
downward radiation at k.a/(2wr) = —0.0111 (P point) and
an upward radiation at kya/(27) = 0.0111 (Q point), indicat-
ing that two UGRs generate. In contrast, a pair of V points
blocks both upward and downward radiation, and the I" point
[kxa/(27) = 0] becomes a BIC. Therefore, we obtain the BIC
at the I point and the UGRs at k,a/(27) = F0.0111 simul-
taneously, which implies the coexistence of BIC and UGRs is
realized when ¢ = —0.07857 in momentum space. Different
from previous studies where the evolution between BICs and
UGRs is achieved via adjusting the structure parameters, we
can achieve the light controlling from the BICs to UGRs under
a specified phase difference without changing the structure
parameters.

In addition, the radiation loss can be controlled by chang-
ing the phase difference. When ¢ = —0.08057x, two V points

of UGRs with upward and downward radiation move far away
from each other, as shown in Fig. 4(c). At the same time
the V points associated with BICs shift too, which results in
the vanishing of BIC at the I point. From the polarization
state distribution in Fig. 4(d), we can see four V points in the
upward and downward radiation. Due to the moving of the V
points, the BIC point turns into two UGR points, while the
Q factor is no longer infinite. The continuous changing of the
phase difference simultaneously generates four V points after
breaking the C, symmetry of the structure. From Fig. 4 we find
that BICs (UGRs) are due to the presence of V' points blocking
the upward and downward (upward or downward) radiation
channels. The V points can be moved by adjusting the phase
difference. When only one radiation channel is suppressed the
UGR is generated, and when upward and downward radiation
channels are suppressed the BIC is achieved.

In Fig. 4(e) we give the comparison of the Q factor for
¢ = —0.07857 and ¢ = —0.08057. The magenta line shows
the BIC at the I" point leads to the infinite Q factor when ¢ =
—0.0785x. Interestingly, for ¢ = —0.08057 the BIC turns
into UGRs, and the superposition of four UGRs (V points)
leads to the generation of a high Q factor platform as shown
by the green curve. The polarization orientation angle maps of
the projection of upward (top panel) and downward (bottom
panel) radiation when ¢ = —0.08057 are shown in Fig. 4(f).
From the polarization orientation angle maps, the V points
and their topological charge can be obtained clearly. The total
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FIG. 3. The far-field polarization states and Q factor distribution
(left), and polarization orientation angle maps (right) of the upward
and downward. The Q factor is shown as the background color. The
phase difference between the upper and lower surfaces is chosen as
(@)p =0, (b)p ==xm,(c) p = —0.0785x.

topological charge remains compared with ¢ = —0.07857x.
The realization of a high Q factor platform and the coexistence
of BICs and UGRs have important significance for manipulat-
ing light radiation.

Conclusion. In conclusion, BIC points are supported in
a corrugated structure whose symmetry can be controlled
through adjusting the phase differences between the upper
and lower surfaces. When the up-down mirror symmetry is
broken the odd and even modes will couple, which results
in the coexistence of BICs and UGRs at a specified phase
difference. The phase difference can lead to the moving of
V points, and the rearrangement of the four V points results in
the generation of a high Q factor platform. Our findings offer a
unique approach to manipulating far-field radiation including
different radiative channels and high Q factors of resonances,

for potential applications in sharp spectral filters, optical vor-
tex generators, and the enhancement of nonlinearity.
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FIG. 4. Radiation properties of the dielectric corrugated grat-
ing with phase difference ¢ = —0.07857 and ¢ = —0.08057x.
(a) Radiation losses along the k, axis of the structure with
¢ = —0.0785x. (b) The magnetic field profiles (y component) of
eigenmodes at k,a/(2mw) = —0.0111 and k,a/(27) = 0.0111 (P and
Q points). (c) Radiation losses along the k, axis of the structure
with ¢ = —0.08057. (d) The far-field polarization states of upward
and downward radiation with ¢ = —0.08057. (e) Comparison of Q
factors. (f) The polarization orientation angle maps of upward and
downward radiation with ¢ = —0.08057.
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