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Optical bound states in the continuum (BICs) exist commonly in periodic structures with strong local
resonances. Merging multiple BICs provides an excellent way to further enhance the Q factor of nearby
quasi-BICs compared with isolated BICs. Here, we report on the giant and angle-insensitive transmitted optical
Goos-Hinchen shift (GHS) through a photonic crystal slab, assisted by the ultrahigh-Q quasi-BICs on a quasiflat
band with embedded tunable merging BICs at a nearly arbitrary wave vector in the reciprocal space. Even at
large angles of incidence, GHS can also be enhanced to >4 orders of wavelength by the designed tunable off-I"
merging BICs. Empowered by the angle-insensitive ultrahigh-Q resonances, the wide-angle giant GHS within
an extremely narrow bandwidth is realized. Furthermore, we propose an ultrasensitive environmental refractive
index sensor and a temperature sensor based on the enhanced GHS by merging BICs. Our work reveals the
tremendous potential of tunable merging BICs for various applications based on angular selectivity, such as

beam steering, directional vector beams, and angle-multiplexed sensors.
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I. INTRODUCTION

When a light beam launches onto an interface between two
different media, it may undergo a lateral shift in the inci-
dence plane. This peculiar shift was observed experimentally
by Goos and Hinchen [1], the so-called Goos-Hénchen shift
(GHS). Artmann [2] utilized the stationary phase method to
explain this phenomenon. Since then, due to its profound
physical significance, GHS has attracted tremendous attention
in various potential applications, such as optical information
storage [3], sensors [4,5], optical switches [6,7], and beam
splitters [8]. However, without any external resonance en-
hanced assistance, the GHS is tiny and usually comparable
with the wavelength, which is difficult to monitor. Up to
now, there are two main physical mechanisms to significantly
enhance the GHS. The first is based on the Brewster effect
[9-11]. According to the stationary phase method, the GHS
is proportional to the partial derivative of the reflection phase
to the incident angle [2]. Thus, using the dramatic changes in
the reflection phase angular spectrum near the Brewster angle,
the GHS can be enlarged to >1 order of the wavelength [11].
Another common mechanism to enhance GHS is using the
optical resonance effect [12], which can also lead to dramatic
phase change with incident angle near the resonance angle.
According to this resonance mechanism, various resonant
microstructures have been proposed to achieve giant GHS,
including surface plasmon resonators [13], one-dimensional
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photonic crystals with defects [14], epsilon-near-zero meta-
material slabs [15], and gradient metasurfaces [16].

Recently, a spatially confined resonance with its energy
embedded in a continuous spectrum of propagative modes
called the bound state in the continuum (BIC) has attracted
researchers’ great interest [17-19]. Friedrich and Wintgen
[20] proposed the concept of BICs in the context of quantum
mechanics. As a result of the universal nature of waves, the
BICs have been explored in various fields including quantum
mechanics [21,22], acoustic waves [23-25], water waves [26],
and electromagnetic waves [27-33]. Various optical platforms
such as photonic crystals [34—36] and metamaterials [37] have
been used to extensively investigate BICs, due to their struc-
tural flexibility and size-dependent spectral scalability. The
surprise feature of BICs in photonic crystals and metamate-
rials is their infinite Q factors even located above the light
cone, which is generally considered a leaky mode. Generally,
BICs can be divided into two categories: symmetry-protected
BICs and accidental BICs. The symmetry-protected BICs
usually exist at high-symmetry points in the Brillouin zone
[38,39], i.e., the I" point, where the eigenstate is decoupled
with continuous spectra due to symmetry mismatch between
the incident plane wave and the structure. An accidental BIC
is caused by the destructive interference between the radiation
channels of the system and usually occurs at an off-I" point
[40—42]. Therefore, an accidental BIC is no longer depen-
dent on structural symmetry like a symmetry-protected BIC
but is sensitive to the geometric parameters of the structure.
A perfect BIC can be transformed into a quasi-BIC with a
finite Q factor and a finite narrow resonance width, which
is also known as a supercavity and can be utilized in many
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applications, including sensors [43,44], nonlinear optical de-
vices [45-47], absorbers [48,49], and surface-emitting lasers
[50-52]. Due to the presence of quasi-BIC with a sharp
asymmetric Fano line shape, the reflection phase undergoes
a dramatic change around the incident angle of resonance,
offering an efficient approach to enhance the GHS [53-59].
Wu et al. [54] exploited a compound grating waveguide struc-
ture supporting quasi-BICs to realize giant GHS with unity
reflectance. Zheng et al. [56] realized enhanced GHS assisted
by a symmetry-protected BIC. Du et al. [57] observed large
transmitted optical GHS in photonic crystal slabs. Although
giant GHS can be achieved by a quasi-BIC, the incident
angle is strongly limited to a small range. When the inci-
dent angle slightly increases, the peak value of GHS will
sharply decrease, which is determined by the Q factor of the
quasi-BIC [39].

It is worth noting that, even though BICs in optical res-
onators theoretically exhibit the ideal ability to confine light,
in practice, the inevitable scattering losses caused by fabri-
cation imperfections will greatly limit their performance. An
excellent way to overcome this shortcoming is to utilize the
topological configuration of BICs, which controls the radia-
tive loss of all nearby quasi-BICs [60]. Jin et al. [60] revealed
that resonances with ultrahigh-Q factors can be achieved
through merging multiple BICs, which provides an excellent
mechanism to enhance the local field. However, most research
on merging BIC has been focused on the I' point [61,62].
This is not suitable for some applications that require a certain
angle of incidence, such as the GHS that occurs when the
incident angle is oblique. Kang et al. [63,64] implemented
merging BICs at the off-I" point by designing a photonic
crystal slab (PhCS) supporting different types of BICs. Very
recently, Chen et al. [65] demonstrated a remarkable enhance-
ment of GHS assisted by an off-I" merging BIC. Compared
with an isolated BIC, the maximum shift has increased by two
orders of magnitude.

In this paper, we theoretically realize giant and angle-
insensitive GHS based on tunable merging BICs on a quasifiat
band of photonic crystal slab. Empowered by an ultrahigh-Q
quasi-BIC on a quasiflat band, the wide-angle giant GHS
can be realized as >4 orders of wavelength within an ex-
tremely narrow bandwidth. We start from a photonic crystal
slab supporting a symmetry-protected BIC at the I" point and
several isolated accidental BICs at an off-I" point. Then we
move four accidental BICs toward the center of the Brillouin
zone by varying the periodicity until they merge into a single
symmetry-protected BIC, which is pinned at the I" point if the
in-plane inverse symmetry is not broken. When BICs merge
at the I' point, the Q values of nearby resonances (quasi-
BICs) are orders of magnitude higher than those of an isolated
symmetry-protected BIC. Correspondingly, the robustness of
the enhanced GHS assisted by quasi-BICs has also been
improved.

One can also force two accidental BICs with opposite
topological charges to merge at an off-I" point by suitably
varying the periodicity. Similarly, the merging BICs enhance
the Q factors for nearby states compared with the original two
isolated BICs. The scaling property changes from Q o< k=2 to
0« k4. Therefore, the angle-insensitive GHS enhancement
effect can be realized even under large-angle incidence. It

is worth noting that just by finetuning the geometry of the
unit cell that does not destroy the symmetry, the position of
the off-I" merging BIC can be moved arbitrarily in the I'X
direction, which means that the giant and robust GHS can be
achieved at any incident angle. More interestingly, different
from the previous works, the manipulation of a BIC and the
formation of merging BICs occur on a quasiflat band. Ow-
ing to the quasiflat dispersion of a quasi-BIC, the enhanced
GHS has a relatively stable operating wavelength in a wide
incident angle range. Finally, based on off-I" merging BICs,
we propose an ultrasensitive environmental refractive index
sensor and a temperature sensor with a maximum sensitiv-
ity of 8.67 x 10> um/RIU and 2.8 x 10 um/°C, respectively.
This paper opens an avenue for the deployment of merging
BICs in building high-performance photonic devices, such as
nonlinear metadevices, sensors, and lasers.

II. DESIGN AND MECHANISM

To reveal the topological nature of BICs, we design a
square lattice consisting of a Cy, dielectric cylinder in a pe-
riodic array, as shown in Fig. 1(a). The dielectric cylinder has
a height of 7 = 338 nm and a radius of » = 106 nm with the
refractive index of n = 3.48 in the spectral region of interest.
The PhCS has a lattice constant of a = 422 nm. The band
structure of this PhCS is calculated based on the finite-element
method (see Appendix A). As shown in Fig. 1(b), there are
six bands for the TE mode in which the electric field is
confined in the x-y plane in our interested wave band. We
will focus on three of them (referred to as TE;: black, TE;:
red, and TEj3: blue). These bands above the light cone (gray
dotted line) show where a continuum of radiative modes in
the surrounding material exists. In addition, the mode profiles
(H;) at the T" point for three bands are shown in the insets.
The field distribution of the TE, mode we mainly focus on
is highly localized in the dielectric column, exhibiting out-of-
plane magnetic dipole (MD) resonances. The system has C7
rotation symmetry and up-down mirror symmetry, which al-
together ensure that the system supports symmetry-protected
BICs and accidental BICs. The red circles in Fig. 1(c) indicate
that TE, has five BICs with infinite Q factors along YT'X
direction, one of which is a symmetry-protected BIC pinned
at the I' point, while the other four are accidental BICs derived
from destructive interference. In comparison, there is only
one symmetry-protected BIC on the TE; band, as shown in
the blue circles. It is also observed that the TE, band shows
a quasiflat dispersion compared with the nearby TE; band;
resonance-trapped BICs are associated with flat bands on a
band diagram because they have been generated from local
resonances, which can be excited via different plane waves
and are consequently less sensitive to the direction of the light.
The symmetry-protected BIC will remain at the I" point if the
system symmetry is not reduced, whereas the accidental BIC,
which does not rely on system symmetry, is easily movable
in momentum space by altering structural parameters. Thus,
merging BICs may be constructed at any wave vector thanks
to the simultaneous existence of multiple different types of
BICs on an isolated band, like TE,. The key for obtaining
several BICs and an ultrahigh Q on a single line in & space
is to look for multiple accidental BICs on an isolated band.
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FIG. 1. Band structure and bound state in the continuum (BIC) distribution. (a) Schematic of a unit cell of the proposed photonic crystal
slab (PhCS) with the lattice constant a = 422 nm. The radius and height of the cylinder are r = 106 nm and & = 338 nm, respectively. (b)
Simulated band structure for TE modes. The TE,, TE,, and TE; bands are marked in black, red, and blue, respectively. The insets show the
mode profiles (H,) at the I" point on the z = 0 mirror plane. The dashed gray lines represent the light cone. (c) Simulated Q factors of modes
for three bands. The Q factors of the TE, band show five divergent points along the I'X direction, which represent one symmetry-protected
BIC and four accidental BICs. For band TEj3, there is only one symmetry-protected BIC at the I point.

Hu et al. [33] proved that an accidental BIC is formed by the
interference of the FP and guided modes. The FP modes were
previously considered only as background of the spectrum in
PhC because of their low-Q factors. There, an accidental BIC
is no longer accidental but a common phenomenon associated
with the FP mode, providing the possibility to regulate merg-
ing BICs.

A. Merging BIC at the I' point

Figure 2(a) shows the Q factors and polarization vector of
far-field radiation on TE, in the process of BICs merging at
the I' point. Here, BICs are the bright points in the Q-factor
distribution. In addition to the symmetry-protected BIC at the
I' point, several accidental BICs appear surrounding the T’
point at period a = 422 nm, as shown in the left panel of
Fig. 2(a). The topological charge (¢q) is defined as the winding
number of the polarization vector (Cy, C,) surrounding a BIC
[66], i.e.,

1 ?g dk - Vio(k). 1)
2 C

Here, ¢ (k) = arg[Cy(k) + iCy(k)] is the angle of the polariza-
tion, where C, (k) and C, (k) denote the electric fields along the
x and y directions, respectively, and C is a closed simple path
in K space that surrounds the vortex center along the counter-
clockwise direction. Thus, the vortex or antivortex exhibits a
positive or negative topological charge, which is represented
by corresponding red or blue solid circles, respectively, as
shown in the bottom panels of Fig. 2(a). It can be observed
that polarization vortexes emerge around BICs, and the topo-
logical charges of the symmetry-protected BIC and accidental
BICs are ¢ = +1 and +£1, respectively. It is worth noting that
the far-field polarization of a BIC cannot be defined, and there
may be calculation errors for the polarization of the ultrahigh-
Q states very close to the BIC, as the FEM method does not
reach enough convergence (the calculated polarization states
for these states around the I" point in Fig. 2 are inconsistent
with Cy, symmetry due to the calculation errors). Fortunately,
it does not affect the observation of vortex and antivortex
phenomena through the polarizations around the BICs. To

show the far-field polarization diagrams more clearly, we
show the distribution of far-field polarization in an enlarged
k space (see Appendix B). The momenta (wave vectors) of
topologically protected accidental BICs are tunable under the
variation of period a, whereas the symmetry-protected BIC
is fixed at the I" point. As shown in the middle panel of
Fig. 2(a), by increasing the period from a = 422 to 423.2 nm
while maintaining # and r unchanged, four accidental BICs
near the I point with topological charge ¢ = —1 are tuned
to merge with the symmetry-protected BIC. The other four
BICs, which are far away from the I' point, move in the
opposite direction and deviate from the center of the Brillouin
zone. By further increasing period a to 472 nm, the isolated
symmetry-protected BIC remains at the I' point, while these
accidental BICs participating in the formation of merging
BICs bounce to the I'M direction, as shown in the right panel
of Fig. 2(a). The Q-factor distribution along with the high-
symmetry I'X direction corresponding to different periods a
are shown in Fig. 2(b). When the symmetry-protected BIC and
accidental BICs coexist at @ = 422 nm, the Q factor decays
roughly as Q oc k~2(k* — k]23ICl)72(k2 — k%IC2)72 away from
the I' point. Herein, kgjc; and kgjc; are the wave vectors of
two accidental BICs with ¢ = %1 in the I'X direction. With
the increase of period a, accidental BICs with ¢ = —1 grad-
ually approach symmetry-protected BICs and merge at a =
423.2 nm. In contrast, a merging BIC has a different scaling
rule as Q o k=0 (k? — kélc)fz, which has been significantly
enhanced over a broader wave vector range (|k| < 0.47 /a).
When the symmetry-protected BIC is the only preserved BIC
near the I' point, the Q factors decay as Q o k~2 away from
the I' point. Note that the accidental BICs with g = 4-1 are far
from the I" point, and thus, the contribution of this accidental
BICs to Q factors in the area discussed above can be ignored
in this case.

B. Robust GHS by I'-merging BIC

By utilizing a merging BIC on a flat band, robust enhanced
GHS can be achieved. At a = 423.2 nm, several BICs merge
at the I' point on the TE, band, while there is a single
symmetry-protected BIC on the TE; band [see in Fig. 1(c)].
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FIG. 2. Merging bound states of the continuum (BICs) at the I point. (a) Three panels on top present the simulated Q factors of the TE,
band for photonic crystal slabs (PhCSs) with different periods a. The white circles and arrows indicate the accidental BICs and their moving
direction with increasing a, respectively. Below are the corresponding far-field polarization diagrams. The blue and red dots represent BICs
with topological charges of —1 and +-1, respectively. When a is tuned from 422 to 423.2 nm, four accidental BICs with topological charge —1
merge with a symmetry-protected BIC with charge +1. Further increasing a, accidental BICs will deflect in the I'M direction. (b) Simulated Q
factors (dotted lines) and the corresponding fitting curves (solid lines). The Q factors before (@ = 422 nm) and after (a = 472 nm) BICs merge
are marked as blue and magenta, respectively. The intermediate transient process (a = 423.2 nm) is merging BICs, marked as red. Compared
with isolated BICs, the merging BICs significantly enhances the Q factors of the nearby states, which satisfy the rule Q oc k~° in the vicinity

of the I" point.

The numerically simulated reflectance spectra of a quasi-BIC
by sweeping the incident angle 6 are given in Figs. 3(a) and
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FIG. 3. Angle-insensitive ultrahigh-Q resonance. (a) Simulated
reflection spectra of an isolated symmetry-protected bound state in
the continuum (BIC) on TE; by sweeping incident angle 6 from 0°
to 20°. (b) Simulated reflection spectra of merging BICs at the I’
point on TE, by sweeping 6 from 0° to 20°.
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3(b). The incident wave is an oblique incident TE plane wave
whose polarization direction is in the y direction. The quasi-
BICs evolved from an isolated BIC are almost obscured by
the surrounding background when 6 reaches 15°, while those
evolved from merging BICs maintain an extremely narrow
linewidth, which exhibits an excellent ability for wide-angle
GHS enhancement. According to the stationary phase method,
the lateral GHS for the reflected beam with a sufficiently large
beam waist can be determined by [2,54]

AO a@r

SgH=———1, 2

GH 7 30 (2)

where ¢, denotes the reflection phase, and the GHS is propor-
tional to the partial derivative of the reflection phase.

For comparison, we first calculate the GHS enhanced by

a single BIC on TE; with fixing the incident wavelength
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FIG. 4. Enhanced Goos-Hinchen shift (GHS) assisted by an isolated symmetry-protected bound state in the continuum (BIC). The
reflectance angular spectra (orange line) and phase angular spectra (blue line) for (a) Ay = 566.98 nm, (b) Xy = 566.04 nm, and (c)
Ao = 566.13 nm. The GHS angular spectra around the incident angle (d) 8 = 2° for Ay = 566.98 nm, (e) 6 = 4° for 1, = 566.04 nm, and

(f) 6 = 6° for Ay = 566.13 nm.

(denoted by Ag) near resonance. By sweeping the incident
angle, we obtain the reflectance angular spectra (red line)
and reflection phase angular spectra (blue line), as shown
in Figs. 4(a)-4(c). The reflection phase changes drastically
around 6 = 2°, 4°, and 6°, respectively, which is located at
the minimum of reflectance, indicating a transmitted opti-
cal GHS. The corresponding peak value of the GHS caused
by acute change of phase is achieved at incident angles
0 = 2°, 4°, and 6°, as shown in Figs. 4(d)—4(f), respectively.
It is obvious that the peak value (absolute value) of GHS
decreases sharply from ~1495) to 1714y as 6 increases
from 2° to 6°. The significant weakening of the enhance-
ment effect is due to the rapid decline of the Q factor of a
quasi-BIC.

For the case of merging BICs on TE, (when a =
423.2 nm), the reflectance angular spectra and phase angular
spectra are similarly calculated with different Ay’s, as shown
in Figs. 5(a)-5(c). One can see that the reflection phase
changes drastically around incident angles 6 = 5°, 10°, and
15°, respectively, when Ao = 618.6, 618.3, and 617.8 nm. The
position where the phase drops sharply corresponds to the
minimum value of reflection, which also means a transmitted
optical GHS. Due to multiple BICs merging at the I" point, the
Q factors of quasi-BICs have been greatly improved, enabling
sharp reflection resonance to be achieved in a wide range of
incident angles. The corresponding GHS angular spectra are
subsequently calculated, as shown in Figs. 5(d)-5(f), respec-
tively. Compared with shift enhancement effect assisted by a
single BIC [see in Figs. 4(d)—-4(f)], giant GHS empowered by
merging BICs is no longer sensitive to incident angle. When
incident angle 6 starts at 5°, the maximum GHS is ~4530A.
As 6 increases to 10°, the maximum GHS remains at 33551.
Finally, when 6 comes to 15°, the maximum GHS reaches as

high as 2442, which can still be enhanced to >3 orders of
wavelength.

Insensitivity to the incident angle is not only manifested
in the maximum value of GHS but also in the operating
wavelength. Since a merging BIC is designed on a flat band,
the resonance wavelength has very small dispersion, which
makes the incident wavelength of realizing huge GHS basi-
cally unchanged at different incident angles. As 6 increases
from 5° to 20°, the relative shift of quasi-BIC mode AML/X,
is equal to 0.2%, as shown in Fig. 3(b), where AA is the
resonance wavelength shift, and A; is the wavelength when
6 = 5°. Therefore, enhanced GHS over a wide-angle range is
achieved with very little changes in the operating wavelength.

To show the robustness of enhanced GHS clearly, we give
the variation of the peak value of the GHS as incident an-
gle 6 changes under different BICs in Fig. 6. For a single
symmetry-protected BIC, when 6 = 10°, the peak value of
GHS is just ~6.7 x 10' 19, as shown by the blue circles in
Fig. 6. As 6 gradually approaches zero, the peak value of
GHS increases greatly. For example, when 6 = 1°, the max-
imum GHS reaches ~3.6 x 103A,. It is indicated that the
enhancement of the GHS is directly related to the Q factor
of the quasi-BIC. Unlike the enhancement effect of a single
BIC, the GHS enhanced by a merging BIC does not decrease
sharply with increasing incident angle (see the red circles in
Fig. 6). The gray area in Fig. 6 represents the range of merging
BICs. When the incident angle increases to a certain extent,
such as 6 = 4°, the merging BICs transform into a quasi-BIC
with ultrahigh Q, which results in a giant GHS ~5.2 x 1034,.
Even if the incident angle 6 increases to 20°, the peak value
of GHS remains >3 orders of wavelength as ~2 x 10°1,
which is much higher than the almost vanishing enhancement
assisted by a single BIC.

035420-5



XIN QI et al. PHYSICAL REVIEW B 110, 035420 (2024)
(a) 1 Ay = 618.6 nm (b) 1 Ay = 618.3 nm 1 (C) 4 Ay = 617.8 nm 1
0.5 ° 0.5 o _ 05 )
o 0 058 @ 0 052 8 0 0.5%
e S 8 & 8 =
S Je= e
£ s & s & g
0.5 2 0.5 = -0.5
-1 0 -1 0 -1 0
4.5 5 5.5 9.5 10 10.5 14.5 15 15.5
0 (degree) 0 (degree) 0 (degree)
(d) 5000 (€) 4000 () 4000
~4530 A, ~3355 1, ~2442 A,
_ 4000 _. 3000 — 3000
(=] (=] (=]
< 3000 S =
@ % 2000 % 2000
G 2000 ° 1000 ° 1000
1000
4.5 5 5.5 9.5 10 10.5 14.5 15 15.5
0 (degree) 0 (degree) 0 (degree)

FIG. 5. Enhanced Goos-Hinchen shift (GHS) assisted by merging a bound state in the continuum (BIC) at the I' point. The reflectance
angular spectra (orange line) and phase angular spectra (blue line) for (a) Ay = 618.6 nm, (b) Ay = 618.3 nm, and (c) Ay = 617.8 nm. The GHS
angular spectra around the incident angle (d) 6 = 5° for Ap = 618.6 nm, (e) 6 = 10° for Ay = 618.3 nm, and (f) & = 15° for A,y = 617.8 nm.

C. Merging BIC at an off-I" point

Compared with the merging BICs at the I" point, the merg-
ing BICs at an off-I" point are more meaningful for GHS,
which requires oblique incidence. If we decrease period a
from 422 nm, two off-I" accidental BICs located at the TE,
band [see in Fig. 2(a)] will approach each other along the I'X
(I'Y) direction. When a = 421.1 nm, they meet at an off-I"
point, and merging BICs occur, as indicated in the left panel
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I
= | @
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: | i
o | )
3 2000 °
~ e
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O
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0 10 20
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FIG. 6. Dependence of peak value of Goos-Hénchen shift (GHS)
enhanced by (a) a single bound state in the continuum (BIC) and (b)
merging BICs on incident angle 6.

of Fig. 7(a). The white arrows denote the moving direction
of accidental BICs. Note that, whether constructing merging
BICs at the I' or an off-I" point, only changing the period
does not break the symmetry of the structure. Two accidental
merged BICs have opposite topological charges. The polariza-
tion field near the BIC characterizes the positive and negative
topological charges [see the bottom panel of Fig. 7(a)]. With
further decreasing a to 420.5 nm, these two accidental BICs
will undergo annihilation. BICs transform into quasi-BICs,
where the Q factors are not infinite but remain large, which
can be regarded as a supercavity, as shown by the dash circle
area in right panel of Fig. 7(a). We also give the corresponding
simulated Q-factor distribution in the I'X direction, as shown
in Fig. 7(b), indicating that the Q factors near merging BICs

(left panel) follow the scaling rule as Q o< k~2(k> — kélc)_4,
which is significantly enhanced over a broad wave vector
compared with either an isolated symmetry-protected BIC or
an isolated accidental BIC. To further verify the authenticity
of the abovementioned merged BIC, we calculated the reflec-
tion angle spectrum to ensure that the two accidental BICs
did annihilate each other. The specific results are shown in
Appendix C. The Q factors are dominated by the intrinsic
loss of materials at merging BICs, and thus, high-refractive-
index dielectric material with ultralow intrinsic loss is an
appropriate choice to create a high-Q cavity (see Appendix
D). We also discuss the impact of perturbations in lattice
constant a on the quality factor of the merging quasi-BICs
(see Appendix E).

Next, we show that off-I' merging BICs can be achieved
at an arbitrary point along the I'X direction in the reciprocal
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FIG. 7. Merging bound states in the continuum (BICs) at an off-I" point. (a) Above is the simulated Q factor of the TE, band in different
periods a. The white arrows indicate the moving direction of accidental BICs. Below is the corresponding far-field polarization diagram.
The blue and red dots represent BIC with topological charges of —1 and +1, respectively. When a is tuned from 422 to 421.1 nm, the two
accidental BICs with opposite topological charges approach to each other and form merging BICs at an off-I" point. Further decreasing a, the
two BICs annihilate and evolve into a quasi-BIC. (b) Simulated Q factors (dotted lines) and fitting curves (solid lines). The Q factors before
(a = 422 nm) and after (@ = 420.5 nm) BICs merge are marked as red and magenta, respectively. The merging BICs case has considerably
enhanced Q factors for nearby states compared with the isolated BIC case as the dependence of the Q factor on the wave vector near BICs
changes from k=2 to k~*. Even if the two BICs collide and annihilate with each other, the converted quasi-BIC still maintains a high-Q factor.

space by concurrently modifying the period a and height A
while maintaining C; symmetry. The sensitivity of two ac-
cidental BICs with opposite topological charges to different
parameter tunings is different (see Appendix F). Specifically,
the two accidental BICs move in the momentum space at
nearly the same speed for changes in period a. However,
compared with the accidental BIC with topological charge

+1, the accidental BIC with

topological charge —1 is much

more sensitive to the height 4, which means that, by varying
the height A, different accidental BICs have different mov-
ing scales Akgic. That could be explained by the fact that,
when changing the height of dielectric pillar, the resonance
frequency shift of FP modes is different. The frequency shift
of the higher-order FP mode is more sensitive to height 4, so
the asymmetric moving speeds are present in the accidental
BICs originating from the coupling of the MD mode and
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FIG. 8. Tunable merging bound states in the continuum (BICs). Simulated polarization vectors (white arrows) around the accidental BICs
at different wave vectors with the Q factors as the background color for the TE, band. The wave vector of merging BICs at (a) 0.2 /a, (b)
0.37 /a, and (c) 0.47 /a; corresponding (a, i) parameters are (421.38 nm, 338.4 nm), (432.1 nm, 340 nm), and (445 nm, 342.8 nm), respectively.
By properly selecting parameters a and &, merging BICs can be realized at almost any wave vector position. (d) Simulated Q factors (dotted
lines) and fitting curves (solid lines) corresponding to merging BICs at different wave vectors. The merging BICs located at arbitrary wave

vector follow the scale ruling as Q oc k=2(k* — kélc)_4.

different orders of the FP mode [33]. Therefore, the merging
BICs can be designed at an arbitrary off-I" point if the proper
period a and height % are chosen. For example, when (a, t)'s
are equal to (421.38 nm, 338.4 nm), (432.1 nm, 340 nm), and
(445 nm, 342.8 nm), merging BICs are tuned to k, = 0.27 /a,
0.3 /a, and 0.47 /a, respectively [see in Figs. 8(a)-8(c)].
The Q factors in these three scenarios satisfy the scaling
rule Q o< k=2(k? — k&), which proves the existence of a
merging BIC, as shown in Fig. 8(d).

D. Robust GHS by off-I' merging BIC

To demonstrate the enhancement of GHS by an off-I"
merging BIC, we designed merging BICs at 15° with a =
442 nm, r = 106 nm, and 7 = 342 nm. Figure 9(a) shows
the variation of Q factors with incident angle. The Q factor
diverges at 0° and 15°, which is due to the existence of a
symmetry-protected BIC and off-I" merging BICs. From the
reflection angular spectrum, it can be clearly observed that
the linewidths at two places disappear, as shown in Fig. 9(b).
The quasi-BIC near merging BICs has an ultrahigh O, which
makes it possible to realize giant GHS in a larger angle range.
At different wavelengths X, we calculated the GHS of the

peak at 5°, 10°, 20°, and 25°, as shown in Figs. 9(c) and 9(d),
respectively. The reflectance angular spectra and reflection
phase angular spectra are also given in Appendix G. The peak
values of GHS are all ~3.0 x 10°%,, demonstrating great
robustness to angles. This is consistent with the characteristic
that a merging BIC can enhance the Q factors of nearby
quasi-BICs. Moreover, when the resonance peak shifts from
5° to 25°, the relative shift of the resonance wavelength is
only 0.26%. Therefore, off-I" merging BICs can achieve wide
angle GHS enhancement at a larger incident angle within an
extremely narrow bandwidth.

As mentioned above, off-I" merging BICs can be designed
at an arbitrary wave vector by choosing a suitable period
a and height h. This provides an excellent mechanism for
realizing enhanced GHS at arbitrary angles. Figure. 10(a)—
10(c) show the enhancement of GHS by a merging BIC at
5°, 10°, and 15°, respectively. The corresponding structure
parameters (a, h) are (425.78 nm, 339.04 nm), (440.08 nm,
341.12 nm), and (453.25 nm, 343.06 nm), respectively. The
radius equals 106 nm and remains unchanged. Regardless of
the angle at which the merging BICs are designed, the peak
value of GHS remains >3.0 x 1034, within a range of 10°
near the merging BICs. It is worth mentioning that there is a
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FIG. 9. Angle-insensitive Goos-Hénchen shift (GHS) enhanced by off-I" merging bound states in the continuum (BICs). (a) Dependence
of the peak value of GHS on the incident angle. (b) Reflection spectra of merging BICs at an off-I" point by sweeping 6 from 0° to 25°. The
GHS angular spectra around the incident angle (c) 8 = 5° for Ag = 621.05 nm, (d) & = 10° for Ay = 620.71 nm, (e) 6 = 20° for Ay = 619.82

nm, and (f) & = 25° for Ag = 619.38 nm.

symmetry-protected BIC at the I" point, which can improve
the Q factors of quasi-BICs near I'. Therefore, the smaller
the angle of off-I" merging BICs (closer to the I' point), the
greater the influence of a symmetry-protected BIC on the
GHS enhancement near it. Specifically, the peak value of GHS
near the merging BICs at 10° in Fig. 10(a) is slightly higher
than that at 15° and 20°, as shown in Figs. 10(b) and 10(c),
respectively.

E. Refractive index sensor based on giant GHS

Utilizing the exceptional sensitivity of GHS, an ultrasensi-
tive refractive index sensor was designed based on ultrahigh-Q
quasi-BICs near off-I" BICs. Here, we consider the PhCS with
off-I" merging BICs at 10°, as above [see in Fig. 10(a)].

The structural parameters are a = 425.78 nm, r = 106 nm,
and & = 339.04 nm. We investigate the influence of a slight
change of the refractive index n around PhCS on its reflectivity
under the oblique incidence of a TE-polarization wave, as
shown in Fig. 11(a). The calculated reflection angular spectra
at a fixed wavelength Ao = 619.17 nm demonstrate that a tiny
change of the surrounding refractive index leads to an offset
of the reflectance peak in angular spectra. Moreover, the peak
value of GHS also deviates around the incident angle of reso-
nance. Figure 11(b) shows the dependence of the peak value
of GHS on the environmental refractive index n. As n varies
from 1 to 1.001, the peak value of GHS reduces from 3571
to 213819, which can serve as a basis for designing sensors.
The maximum GHS with the variation of refractive index is
visually depicted in Fig. 11(c). The sensitivity of the proposed
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sensor can be defined as the derivative (absolute value) of the
maximum GHS concerning the refractive index, that is,

dScu
dn |
We can perform a linear fit of the dependence of the maxi-
mum GHS on refractive index n, as denoted by the red dashed

line in Fig. 11(c). The proposed sensor has a maximum sen-
sitivity of 8.67 x 103 um/RIU, indicating that it can be used

(€)

(@ (b)

to detect extremely tiny variation of environmental refractive
index, such as climate monitoring [67], biochemical detection
[68], and foreign object detection [69].

F. Ultrasensitive temperature sensor based on giant GHS

Similarly, an ultrasensitive temperature sensor can also
be designed based on the above off-I" merging BIC-assisted
giant GHS. As an alternative temperature-sensitive dielectric
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FIG. 11. Design sensors with merging bound states in the continuum (BICs). (a) The reflectance angular spectra and (b) Goos-Hinchen
shift (GHS) at different environmental refractive index n. (c) The GHS of the proposed sensor as a function of the environmental refractive
index n. The red dashed line represents a linear fit. (d) The reflection phase and (e) GHS at different temperatures. (f) Temperature-dependent

sensitivity of the proposed sensor.
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FIG. 12. Computational domain of the proposed structure with
r = 106 nm and /& = 338 nm, lattice constant a = 422 nm, and cor-
responding boundary conditions used. The color scheme represents

the material choice, air, and dielectric material, simulated with their
respective refractive index.

material, GaAs has relatively high index [70] and thermo-
optical coefficient [71]. Here, we choose it as the high-index
medium for a cylinder and still choose the PhCS with off-
I' merging BICs at 10°, as above [see in Fig. 10(a)]. The
temperature-dependent refractive indices of GaAs can be
expressed in n(T) = n(Ty) + «(T — Tp), where Ty = 25°C
is the room temperature, n(7p) = 3.48 [70], and o = 2.3 x
10~*/°C is the thermo-optical coefficient. The geometric pa-
rameters at room temperature are designed to be r(7p) =
106 nm and A(7p) = 339.04 nm. Considering the thermal
expansion effect, the temperature-dependent geometric pa-
rameters can be given by r(T) = [1 + B(T — Ty)]r(Tp) and
W(T) = [1+ B(T — Ty)Ih(Ty), where B =7 x 1076/°C [68].
We investigate the influence of a slight change of the
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FIG. 13. The far-field polarization plotted along the long axis of
the ellipse polarization in an enlarged k space.
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FIG. 14. Reflection angle spectra before merge by sweeping in-
cident angle 6 from 0° to 25°.

temperature T on the reflection phase under the oblique in-
cidence of a TE-polarization wave, as shown in Fig. 11(d).
The calculated reflection phases at a fixed wavelength Ay =
619.17 nm indicate that the position where the phase sharply
drops shifts in the angular spectrum with slight increase of
temperature. Figure 11(e) shows the dependence of the peak
value of GHS on the temperature. As n varies from 25 to
25.01°C, the peak value of GHS will change nonlinearly,
which can serve as a basis for designing sensors.

The sensitivity of a temperature sensor can be defined as
the derivative (absolute value) of the maximum GHS con-
cerning the temperature, that is, |dSgy/dT|. The maximum
GHS with the variation of temperature and the sensitivity of
the proposed sensor are visually depicted in Fig. 11(f). The
proposed ultrasensitive temperature sensor has a maximum
sensitivity of 2.8 x 10% um/°C, which means that it can be
used to monitor very small temperature changes.

III. CONCLUSIONS

In summary, we proposed a feasible mechanism to con-
struct merging BICs at almost arbitrary points in momentum
space on a quasiflat band. Compared with an isolated
symmetry-protected BIC, the GHS assisted by merging BICs
at the I" point can be further greatly enhanced in a wide range
of incident angles. Moreover, because the movement of BICs
and the formation of merging BICs occur on a quasiflat band,
the tiny dispersion makes the operating frequency of enhanced
GHS also insensitive to the incident angle. Therefore, the
wide-angle giant GHS in extremely narrow bandwidth is real-
ized. We have also implemented this robust and giant GHS
by constructing tunable off-I" merging BICs, which allows
the GHS enhancement to occur at larger oblique incident
angles. Finally, based on the giant GHS assisted by merging
BICs, an environmental refractive index sensor and a tem-
perature sensor are proposed with a maximum sensitivity of
8.67 x 10° um/RIU and 2.8 x 10% um/°C, respectively. This
paper has opened a path for the application of merging BICs
in the construction of high-performance photonic devices such
as nonlinear metadevices, sensors, and lasers.
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APPENDIX A: COMPUTATIONAL METHODS

The dielectric pillars were designed to have radius of
r =106 nm and & = 338 nm, and the PhCS has a lattice
constant of a = 422 nm in Fig. 1. The simulation domain is
given by the unit cell, as shown in Fig. 12. The boundary
conditions applied to the sides of the system were periodic
boundary conditions with Floquet periodicity to perform cal-
culations in the reciprocal space, while perfectly matched
layers were applied to the top (air side) and bottom (air side),
as depicted in the color scheme is Fig. 12. The numerical sim-
ulations were performed by commercially available software
COMSOL, using the “Wave optics module” with “Electro-
magnetic waves, frequency domain” physics coupled to an
eigenfrequency study with a direct solver (MUMPS). We set

the mesh width in the dielectric cylinder to 3.38 x 1071 m
and an air box height much larger than the period a (~
10a) to ensure model convergence. For each electromagnetic
mode found in the solutions, we analyzed the polarization
of the fields to distinguish between TE and TM modes. The
dielectric pillars refractive index was 3.48, which can be se-
lected experimentally in silicon, gallium arsenide, and other
materials.

APPENDIX B: FAR-FIELD POLARIZATION
IN AN ENLARGED k SPACE

Here, we show the distribution of far-field polarization
in an enlarged k space, as shown in Fig. 13. The structure
parameters are @ = 435 nm, r = 106 nm, and & = 340 nm.
The white arrow is the far-field polarization plotted along the
long axis of the ellipse polarization. The vortex and antivortex
phenomena can be seen more clearly. The first accidental BIC
exhibits an antivortex with a topological charge of —1, while
the second accidental BIC exhibits a vortex with a topological
charge of 1.
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FIG. 16. The robustness of the merging bound states in the continuum (BICs) against intrinsic loss. (a) Influence of intrinsic loss on
merging BICs. Simulation for the evolution of Q factors with different intrinsic loss of materials at merging BICs. The Q factors with intrinsic
loss Im(n) = 1075 for merging BIC at (b) the I' point and (c) an off-I" point. Other structural parameters stay the same as Figs. 2 and 7 for

a = 423.2 and 421.1 nm, respectively.
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APPENDIX C: PROOF OF THE EXISTENCE
OF MULTIPLE ACCIDENTAL BICs

We prove the existence of multiple accidental BICs by
calculating the reflection angle spectrum. First, we calculated
the angle spectrum before the merger, and the structure used
the parameters in Fig. 1. It can be observed that a symmetry-
protected BIC and accidental BICs cannot be observed in
spectra with disappeared linewidths, as shown in Fig. 14. It
worth noting that the resonance linewidth between BICs on
the same band is very narrow and difficult to observe.

For clarity, the reflection spectra at different angles are
shown in Fig. 15(a). The resonance wavelength decreases with
increasing incidence angle. The resonance linewidth disap-
pears at certain angles (black circle), which corresponds to
different accidental BICs and symmetry-protected BICs. We
can further confirm that two accidental BICs have opposite
topological charges. Further reducing the periodic constant,
no vanishing resonance linewidth can be observed on the re-
flection angle spectrum, as shown in Fig. 15(b). This is due to
two incidental BICs approaching each other and annihilating,
corresponding to Fig. 7. This change also proves that two
accidental BICs have opposite topological charges.
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10° 338. 4 10°
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0 01 02
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FIG. 18. Evolution of merging bound states in the continuum
(BICs) at an off-I" point with different structural parameters: (a)
the periodic constant a, and (b) the height of cylinder 4. The dotted
circle represents the position of merging BICs. Other parameters are
h = 338.4 nm in (a) and a = 422 nm in (b). The position of merging
BICs can be steered by adjusting parameters a and h.

APPENDIX D: INTRINSIC LOSS OF MATERIALS

The loss of the system is mainly composed of intrinsic
loss caused by materials and radiation loss, following yro =
Yin + Vrad- For merging BICs, the radiation loss is eliminated
due to the destructive interference between radiation channels,
which means that Q factors are dominated by the intrinsic loss
of materials, as shown in Fig. 16(a). Therefore, dielectric ma-
terials with ultralow intrinsic loss, such as TiO, and Si3;Ny, are
ideal choices to form a high-Q cavity in optical frequencies.
In our designed merging BICs at I" and off-I" points, the O
factors are still sufficiently large in a broad wave vector range
with an unavoidable intrinsic loss [Im(n) = 107°], as shown
in Figs. 16(b) and 16(c).

APPENDIX E: ROBUSTNESS OF 0 UNDER NONIDEAL
FABRICATION CONDITIONS

Here, we discuss the impact of lattice constant perturba-
tions a on the merging quasi-BIC quality factor, as shown in
Fig. 17. When a changes from 421.1 to 420.5 nm, the two
accidental BICs annihilate each other to form an ultrahigh-Q
mode, called the supercavity mode. Further increasing the
period constant a to 418 and 415 nm, the Q of the super-
cavity mode is still an order of magnitude higher than that
of an isolated BIC (black dotted line; Q o k~2). Therefore,
the high-Q resonance caused by merging BICs is robust and
can maintain high performance of enhanced GHS and sensor
even if there is a disturbance of the lattice constant a due to
nonideal fabrication.

APPENDIX F: EVOLUTION OF BICs WITH THE
VARIATION OF STRUCTURAL PARAMETERS

The evolution of merging BICs at an off-I" point with
variation of the period a and the height /4 is shown in Fig. 18.
The height & is fixed at 338.4 nm, and the period a is fixed
at 422 nm in Figs. 18(a) and 18(b), respectively. When we
continuously change the parameters, the trajectory of BICs is
visible in the momentum space. With decreasing the period
or increasing the height, two accidental BICs approach each
other. If the parameters are further changed, they will be
annihilated and transformed into a quasi-BIC with a finite Q
factor due to the opposite topological charges of two BICs.
It is worth noting that the position of a merging BIC formed
by adjusting different parameters is slightly different, as indi-
cated of the dotted circle in Figs. 18(a) and 18(b). That means,
with changing different parameters, the moving speed of two
accidental BICs in momentum space is different. Thus, we
can adjust these two parameters (a and /) simultaneously to
realize merging BICs at any wave vector position, as shown
in Fig. 8.

APPENDIX G: REFLECTANCE ANGULAR SPECTRA
FOR QUASI-BIC

Here, fixing the incident wavelength Ao near the resonance
in Fig. 9(b), we calculate the reflectance angular spectra and
reflection phase angular spectra when the peak value of GHS
occurs at 5°, 10°, 20°, and 25°, respectively, as shown in
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FIG. 19. Enhanced Goos-Hinchen shift (GHS) assisted by off-I" merging bound states in the continuum (BICs). The reflectance angular
spectra (orange line) and phase angular spectra (blue line) for (a) A = 621.05 nm, (b) 1o = 620.71 nm, (c) Ao = 619.82 nm, and (d) o =

619.38 nm.

Fig. 19. At the reflectance dip, there will be a drastic change in
phase, resulting in a giant GHS. The Q factors of a quasi-BIC
in a large wave vector range near a merging BIC are very
high. Therefore, whether the giant GHS occurs at 5°, 10°,
20°, or 25°, the reflectance angular spectrum always keeps a

very narrow linewidth. Meanwhile, when the peak value of
GHS changes from 5° to 25°, the relative shift is only 0.27%.
Therefore, utilizing merging BICs at an off-I" point can also
realize wide-angle GHS enhancement within an extremely
narrow bandwidth.
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