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Giant Goos-Hénchen shifts with high reflection driven by Fabry-Perot quasibound states
in the continuum in double-layer gratings
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Herein, we achieve giant Goos-Hanchen (GH) shifts driven by Fabry-Perot quasibound states in the continuum
(quasi-BICs) in double-layer gratings. Based on the hybrid coupling model, the linewidths of two resonant
modes in a double-layer grating are determined entirely by the far-field coupling strength. When the vertical
distance between two single-layer gratings satisfies the Fabry-Perot resonant condition, the linewidth of one of
the resonant modes vanishes, giving rise to a Fabry-Perot BIC. The Q factor of the Fabry-Perot quasi-BIC can be
tuned over a wide range by the vertical distance between single-layer two gratings. Driven by the angle-sensitive
and ultrastrong resonant properties of the Fabry-Perot quasi-BIC, the GH shift can be significantly enhanced to
the order of 10°A, together with high reflection. Compared with the reported works on giant GH shifts assisted
by momentum-mismatch-driven quasi-BICs in dimerized gratings [Phys. Rev. Appl. 12, 014028 (2019); Phys.
Rev. A 104, 023518 (2021)], the proposed scheme greatly reduces the difficulty in experiments. Our work not
only provides a feasible recipe to observe quasi-BIC-driven giant GH shifts, but also facilitates the development

of high-performance sensors and optical switches.

DOLI: 10.1103/PhysRevB.109.125411

I. INTRODUCTION

When a light beam is totally reflected by an interface be-
tween two media, it experiences a lateral displacement relative
to its incident position. This displacement is known as the
Goos-Hiénchen (GH) shift [1]. The physics [2-13] and appli-
cations [14-24] of the GH shift have been widely explored
over the past decades. Particularly, the enhancement of the GH
shift has been a long-standing goal in physical optics. In the
light of the stationary-phase approach, the GH shift is propor-
tional to the change rate of the reflection phase with respect
to the incident angle [25]. Consequently, the GH shift can be
enhanced by optical resonances. In the past two decades, re-
searchers have exploited the Brewster effects [26-28], surface
plasmon polaritons [29-32], Fabry-Perot resonances [33-35],
Bloch surface waves [36,37], and Tamm plasmon polaritons
[38—40] to effectively enhance the GH shift. Nevertheless, the
resonant strengths of the above optical resonances are limited.
As a result, the GH shift in the above reported works can only
be enhanced to smaller than or equal to the order of 10°A
[26—40]. It is hard to observe giant GH shifts empowered by
the conventional optical resonances in experiments.

Bound states in the continuum (BICs), singular states
embedded in continuous spectra, open a new chapter in
nanophotonics [41-44]. After introducing parameter perturba-
tion, BICs convert into quasi-BICs with ultrastrong resonant
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strengths [45]. Over the last decade, various nanostructures
have been designed to support quasi-BICs, including photonic
crystal slabs [46-50], metasurfaces [51-57], and gratings
[58-64]. In addition, quasi-BICs have disclosed applications
in high-performance sensors [65,66], chiralities [67—70], and
nonlinear devices [71-73]. Recently, researchers theoretically
enhanced the GH shift to the order of 10*A driven by the quasi-
BICs in dimerized gratings [74-77]. This special category
of BICs in dimerized gratings can be called as momentum-
mismatch-driven BICs since they originate from momentum
mismatch [78]. The unit cell of the dimerized gratings is
composed of two dielectric ridges and two air grooves. Never-
theless, the Q factor of the quasi-BIC in the dimerized grating
is determined by the in-plane distance between two dielectric
ridges or two air grooves [74—78]. In the etching process, it
is difficult to accurately control the in-plane distance, which
greatly hinders the observation of giant GH shift in experi-
ments. In 2023, Jin ef al. fabricated the dimerized gratings
and experimentally observed the quasi-BICs at near-infrared
wavelengths [79]. However, the measured Q factors of the
quasi-BICs in the dimerized gratings in Ref. [79] are only on
the order of 10 (<250) [79]. So far, no literature has observed
giant or large GH shifts driven by quasi-BICs in dimerized
gratings or other structures.

As a special class of BICs, Fabry-Perot BICs in double-
layer gratings have attracted extensive attention [80-87].
Interestingly, the Q factor of the Fabry-Perot quasi-BIC in a
double-layer grating can be tuned by the out-of-plane distance
between two single-layer gratings [80-87], which greatly re-
duces the difficulty to observe higher Q factors in experiments

©2024 American Physical Society
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compared with quasi-BICs in dimerized gratings. In 2020,
Xu et al. fabricated the double-layer gratings and experi-
mentally observed Fabry-Perot quasi-BICs at near-infrared
wavelengths [88]. The measured Q factors of the Fabry-Perot
quasi-BICs in the double-layer gratings reaches the order of
10® (>5000) [88], which is at least one order of magnitude
higher than those of quasi-BICs in dimerized gratings. It in-
dicates that Fabry-Perot quasi-BICs in double-layer gratings
may be a better candidate for experimentally observing giant
GH shifts compared with quasi-BICs in dimerized gratings.
In this paper, we explore the possibility to achieve giant
GH shifts driven by Fabry-Perot quasi-BICs in double-layer
gratings. Based on the hybrid coupling model (HCM), the
linewidths of two resonant modes in a double-layer grating
are determined entirely by the far-field coupling strength. Our
results show that the Q factor of the Fabry-Perot quasi-BIC
can be tuned over a wide range by the out-of-plane distance
between two single-layer gratings. Specifically, as the out-
of-plane distance between two single-layer gratings changes
from 100 to 240 nm, the Q factor of the Fabry-Perot quasi-
BIC rapidly increases from 2.14 x 10! to 7.02 x 10*. Driven
by the angle-sensitive and ultrastrong resonant properties of
the Fabry-Perot quasi-BIC, the GH shift can be significantly
enhanced to the order of 10°1, together with high reflection.
Compared with the reported works on quasi-BIC-driven giant
GH shift in dimerized gratings [74—77], the proposed scheme
greatly reduces the difficulty in experiments. Our work not
only provides a feasible route to observing quasi-BIC-driven
giant GH shifts in experiments, but also facilitates the devel-
opment of high-performance sensors and optical switches. It
is worth pointing out that researchers achieved BICs in triple-
layer structures composed of two epsilon-near-zero layers and
a dielectric layer recently [89,90]. The double-layer grating
proposed in this work can also be viewed as a triple-layer
structure when considering the middle air layer.

The rest of this paper is organized as follows. In Sec. II,
we discuss the Fabry-Perot BICs in the double-layer gratings
based on a HCM comprising near- and far-field couplings.
In Sec. III, we achieve giant GH shifts driven by the Fabry-
Perot quasi-BICs in the double-layer gratings. Eventually, the
conclusion is given in Sec. IV.

II. FABRY-PEROT BICS IN DOUBLE-LAYER GRATINGS

In this section, we discuss the Fabry-Perot BICs in the
double-layer gratings based on a HCM comprising near- and
far-field couplings. In Sec. II A, we give the hybrid coupling
model comprising near- and far-field couplings. In Sec. II B,
we realize a Fabry-Perot BIC in the double-layer grating
at oblique incidence. In Sec. II C, we investigate the angle-
dependent property of the Fabry-Perot BIC.

A. Hybrid coupling model for double-layer gratings

Figure 1(a) schematically shows the double-layer grating
consisting of two identical single-layer gratings. Suppose that
a plane wave obliquely launches onto the double-layer grat-
ing with an incident angle 8. The period and height of the
single-layer grating are denoted by p and h, respectively.
The refractive indices of the high- and low-index materials
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FIG. 1. (a) Schematic of the double-layer grating consisting of
two identical single-layer gratings. (b) HCM comprising near- and
far-field couplings.

denoted by ny and np, respectively. The filling ratio of the
high-index material is denoted by «. The vertical distance
between two single-layer gratings is denoted by d. Owing to
the guided mode resonance, each single-layer grating can be
treated as a resonator with a resonant angular frequency wy
and a radiative loss yy [91]. Therefore, the optical response of
the double-layer grating can be described by a HCM com-
prising near- and far-field coupling, as shown in Fig. 1(b).
First, we view the double-layer grating as a closed system,
the Hamiltonian can be expressed as [41]

wy K I » yoe k4
H = + . , 1
|:K 600:| l|:7/0€’kzd Yo )

where k represents the near-field coupling strength and
yoe % represents the far-field coupling strength. It should
be noted that the overlapping of localized evanescent fields of
two single resonators contributes to the near-field coupling.
Hence, the near-field coupling strength is pure real [92-94].
Besides, the near-field coupling strength decreases as the dis-
tance between two resonators increases [92-94].

Then, two complex eigen angular frequencies can be ob-
tained:

wi =y £k +ip(l e ™). )

The angular frequency positions of two resonant modes are
determined by the real parts of two complex eigen angular
frequencies, i.e.,

Re(ws) = wo =+ [k + yo sin (k.d)]. (3a)

The linewidths of two resonant modes are determined by
the imaginary parts of two complex eigen angular frequencies,
ie.,

Im(w.) = o[l £ cos (k.d)]. (3b)

For oblique incidence, the propagating phase between two
single-layer gratings can be expressed as

kd = kodcosd = 22d cosh. o
C

Substituting Eq. (4) into Egs. (3a) and (3b), we have

Re(w+) = wg £ |:K + o sin (ﬂd cos0>:|, (5a)
c

Im(ws) = ¥ [1 + cos (@d cos@):|. (5b)
C
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According to Eq. (5b), the vertical distance between two
single-layer gratings strongly determines the linewidths of
two resonant modes. Particularly, when the vertical distance
between two single-layer gratings satisfies

@dcose =, (6)
c

the angular frequency positions and linewidths of two reso-
nant modes become

Re(w+) = wy  «, (7a)

Im(w+) = yo(1 F D). (7b)

According to Egs. (7a) and 7(b), the resonant mode w. is
located at the angular frequency position wg + « with a van-
ishing linewidth, leading to a Fabry-Perot BIC. The resonant
mode w_ is located at the angular frequency position wy — k
with the linewidth 2yy.

Now, we view the double-layer grating as an open system
to obtain the expression of the reflectance spectrum. Suppose
that an electromagnetic wave Sy impinges on the double-layer
grating. According to the temporal coupled-mode theory [95],
the dynamic equations for two resonant modes (a7 and a3) can

be given by
d(T . ~ .o~ . o —ip~
d_tl = (iwg — yo)a1 + ikar + i/YSo — yoe “az,  (8a)
da; ~ ~ 0 0 ~
% = (iwg — yo)az + ikay +iy/yoe "*So — yoe™“ai,

(8b)

where k represents the near-field coupling strength and yye ™
represents the far-field coupling strength with ¢ being the

phase term.
For the time-harmonic case, we have
= Ape™ (m =1, 2), (9a)
S0 = Soe™, (9b)

where w and ¢ represent the angular frequency and time, re-
spectively. Under the steady-state condition, i.e., dA,,/dt = 0,
Egs. (8a) and (8b) reduce to

[i(wo — @) — yolA1 + (ik — yoe™)As + i /%S0 = 0,

(10a)
(ik — yoe ")A; + [i(wo — ) — yolA2 + i/Yoe *Sp = 0.
(10b)

The solutions of Egs. (10a) and (10b) are

A i/voe ik — yoe ) — i /yli(wy — w) — VO]S
1= ; X ; 0,
li(wo — ) — yol* — (i — yoe=i#)*

(11a)
L/ Yolik — yoe™) — i /yoe ¥ [i(wo — w) — yo]

A - —
[i(wo — w) — yol° — (ik — yoe™'%)

So.

(11b)

Hence, the reflection coefficient of the double-layer grating
can be determined by [95]

L LToAL + i Vol A, -

r(w) 5,

Finally, the reflectance of double-layer grating can be given
by

2
i/YoA1 + i\/yvoe %Ay

— 2 _
R(w) = |r(w)|” = S

13)

By fitting the reflectance spectrum, we can obtain the val-
ues of the near-field coupling strength « and the phase term of
the far-field coupling strength ¢.

B. Fabry-Perot BICs in double-layer gratings
at oblique incidence

In this subsection, we realize a Fabry-Perot BIC in the
double-layer grating at oblique incidence. The incident an-
gle is set to be 6§ = 3°. To make the reflectance spectrum
of the single-layer grating satisfies the symmetric Lorentz
line shape, the refractive indices of the high- and low-index
materials are set to be ng = 2 and n, = 1.8, respectively. The
filling ratio of the high-index material is set to be = 0.5.
The period and height of the single-layer grating are set to
be p =332 nm and & = 134 nm, respectively. Based on the
rigorous couple-wave analysis (RCWA) [96], we calculate
the reflectance spectrum of the single-layer grating at oblique
incidence (6 = 3°) for transverse electric (TE) polarization, as
shown by the blue solid line in Fig. 2(a). To extract the values
of wy and yy, we fit the reflectance spectrum by the following
single resonator model (SRM) [97]:

Ve

R =
) (0 — wo)* + ¥¢

(14)

The pink dashed line in Fig. 2(a) represents the fitted re-
flectance spectrum. Then, we obtain wy = 3.7025 x 10'° Hz
and yy = 0.0033 x 10" Hz.

Substituting wy = 3.7025 x 10 Hz and 6 = 3° into
Eq. (6), we can obtain the vertical distance between two
single-layer gratings for the Fabry-Perot BIC at oblique in-
cidence (6 = 3°)

cm

dBIC = = 254.9 nm. (15)

wpcosd

Then, we calculate the reflectance spectra of the double-
layer gratings with different distances between two single-
layer gratings at oblique incidence (@ = 3°) for TE polar-
ization based on the RCWA, as shown in by the blue solid
lines in Fig. 2(b). As demonstrated, a Lorentz resonance and
a Fano resonance occur in the reflectance spectrum, which is
consistent with Ref. [98]. The broad Lorentz resonance corre-
sponds to the resonant mode w_. The narrow Fano resonance
corresponds to the resonant mode w,, i.e., the Fabry-Perot
quasi-BIC. As the vertical distance between two single-layer
gratings increases from 160 to 220 nm, the linewidth of the
Fabry-Perot quasi-BIC reduces rapidly. According to the finite
element method via commercially available software COM-
SOL Multiphysics, we simulate the electric field distributions
at the reflectance peaks of the Fabry-Perot quasi-BICs, as
shown by the insets in Fig. 2(b). The intensity of the local
electric field is normalized to that of the incident electric field.
As the vertical distance between two single-layer gratings
increases from 160 to 220 nm, the maximum electric field
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FIG. 2. (a) Reflectance spectra of the single-layer grating at oblique incidence (6 = 3°) for TE polarization. Blue solid line represents the
reflectance spectrum calculated by the RCWA. Pink dashed line represents the reflectance spectrum fitted by the SRM. (b) Reflectance spectra
of the double-layer gratings with different distances between two single-layer gratings at oblique incidence (9 = 3°) for TE polarization. Blue
solid line represents the reflectance spectrum calculated by the RCWA. Pink dashed line represents the reflectance spectrum fitted by the HCM.

Inset represents the electric field distribution at the reflectance peak
normalized to that of the incident electric field.

intensity increases rapidly, indicating that the resonant
strength of the Fabry-Perot quasi-BIC increases rapidly.

To obtain the values of the near-field coupling strength «
and the phase term of the far-field coupling strength ¢, we
fit the reflectance spectra with the HCM [i.e., Eq. (13)]. The
fitted reflectance spectra are shown by the pink dashed lines in
Fig. 2(b). The reflectance spectra fitted by the HCM agree well
with those calculated by the RCWA. The fitted parameters of
the HCM are given in Table I.

As we mentioned in the introduction section, the Q factor
of the quasi-BIC in the dimerized grating is determined by
the in-plane distance between two dielectric ridges or two air
grooves [74—78]. On the contrary, the Q factor of the Fabry-
Perot quasi-BIC in the double-layer grating proposed in this
work demonstrates a superior robustness when shifting one of
the single-layer gratings in plane (details can be seen in Sec. I
of the Supplemental Material [99]).

Next, we give the dependence of the Q factor of the
Fabry-Perot quasi-BIC on the vertical distance between two
single-layer gratings at oblique incidence (6 = 3°) for TE
polarization, as shown in Fig. 3. When the vertical distance
between two single-layer gratings d = 100 nm, the Q fac-
tor of the Fabry-Perot quasi-BIC is only 2.14 x 10!. As the
vertical distance between two single-layer gratings gradually
approaches dgic, the Q factor of the Fabry-Perot quasi-
BIC increases rapidly. When the vertical distance between
two single-layer gratings d = 240 nm, the Q factor of the

TABLE 1. Fitted parameters of the HCM.

d K 17
160 nm 0.0344 x 10" Hz 0.640m
180 nm 0.0254 x 10" Hz 0.7287
200 nm 0.0187 x 10" Hz 0.811x
220 nm 0.0138 x 10" Hz 0.8907

of the Fabry-Perot quasi-BIC. The intensity of the local electric field is

Fabry-Perot quasi-BIC reaches 7.02 x 10*. The frequency of
the Fabry-Perot BIC at oblique incidence (6 = 3°) for TE
polarization can be obtained as fgic = 590.94 THz.

It should be noted that the Q factor of the symmetry-
protected quasi-BIC and asymmetric parameter § satisfy the
quadratic inverse law, i.e., Q o 1/ ,32 [51]. However, the
quasi-BIC achieved in this work belongs to Fabry-Perot quasi-
BICs instead of symmetry-protected quasi-BICs. Therefore,
the Q factor of the quasi-BIC and the vertical distance between
two single-layer gratings does not satisfy the quadratic inverse
law. According to Egs. (5a) and (5b), the Q factor of the
Fabry-Perot quasi-BIC and the vertical distance between two
single-layer gratings approximately satisfy the relationship

6 dBIC
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10* .
+
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10° o’
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o f
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FIG. 3. Dependence of the Q factor of the Fabry-Perot quasi-BIC
(Q4+) on the vertical distance between two single-layer gratings at
oblique incidence (6 = 3°) for TE polarization. Black dashed line

represents the vertical distance between two single-layer gratings for
the Fabry-Perot BIC dgic = 254.9 nm.
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FIG. 4. (a) Dependence of the frequency of the Fabry-Perot BIC on the incident angle. (b) Dependence of the vertical distance between

two single-layer gratings for Fabry-Perot BIC on the incident angle.

below:

. lRe(a)Jr) @+ K+ sin (%dcos@)
C 2Im(wy) 2y0[1 + cos (2dcost) ]

O+ (16)

Notice that the near-field coupling strength « in Eq. (16)
is a function of the vertical distance between two single-layer
gratings d.

C. Angle-dependent property of Fabry-Perot BICs
in double-layer gratings

In this subsection, we investigate the angle-dependent
property of the Fabry-Perot BIC in the double-layer grating.
Figure 4(a) gives the dependence of the frequency of the
Fabry-Perot BIC on the incident angle. As the incident angle
increases from 0° to 5°, the frequency of the Fabry-Perot BIC
gradually increases from 575.95 to 601.97 THz. According to
Eq. (6), we calculate the dependence of the vertical distance
between two single-layer gratings for the Fabry-Perot BIC on
the incident angle, as shown in Fig. 4(b). As the incident angle
increases from 0° to 5°, the vertical distance between two
single-layer gratings for the Fabry-Perot BIC gradually de-
creases from 261.0 to 250.8 nm. Clearly, the Fabry-Perot BIC
is angle sensitive. When the vertical distance between two
single-layer gratings deviates from dpgjc, the angle-sensitive
Fabry-Perot BIC turns into the angle-sensitive Fabry-Perot
quasi-BIC, which thus provides us a possibility to signifi-
cantly enhance the GH shift.

III. GIANT GH SHIFTS DRIVEN BY FABRY-PEROT
QUASI-BICS

In this section, we utilize the angle-sensitive Fabry-Perot
quasi-BIC to significantly enhance the GH shift at 6 = 3°
under TE polarization. For 6 = 3°, the vertical distance be-
tween two single-layer gratings can be calculated by Eq. (15),
i.e., dgic = 254.9 nm. In Sec. II, we ignore the material and
scattering losses of the high- and low-index materials of the
double-layer grating. However, the material and scattering
losses will be induced in the fabrication process. By fitting the
measured reflectance spectrum of a HfO, (hafnium dioxide)
grating in Ref. [91], the effective extinction coefficient of

HfO; contributed by the material and scattering losses can be
obtained as Im(n) = 3 x 107>. Now, we consider the material
and scattering losses and reselect the refractive indices of the
high- and low-index materials of the double-layer grating as
ng =243 x 107 and ny = 1.8 4+ 3 x 10774, respectively.

First, we set the vertical distance between two single-layer
gratings as d = 160 nm, which is far from dg;c = 254.9 nm.
Figure 5 gives the reflectance spectra of the double-layer grat-
ing at 8 = 2°, 3°, and 4° for TE polarization. As the incident
angle increases from 2° to 4°, the reflectance peak of the
Fabry-Perot quasi-BIC gradually shifts from 590.05 to 600.57
THz. When 8 = 3°, the reflectance peak of the Fabry-Perot
quasi-BIC is located at fy = 595.25 THz, which is denoted
by the purple dashed line.

Figure 6(a) gives the reflectance angular spectrum of
the double-layer grating at the frequency of the reflectance
peak of the Fabry-Perot quasi-BIC fy = 595.25 THz for TE
polarization. Owing to the angle-sensitive property of the
Fabry-Perot quasi-BIC, an asymmetric Fano-like lineshape

fo = 595.25 THz

3
3 d =160 nm
: 6=2°
o 2
[&]
c
]
© f
K )
& 9=3°
‘ ] L e=#
g?O 580 590 600 610
Frequency (THz)

FIG. 5. Reflectance spectra of the double-layer grating at 6 = 2°,
3°, and 4° for TE polarization. The vertical distance between two
single-layer gratings is set to be d = 160 nm. Purple dashed line
represents the frequency of the reflectance peak of the Fabry-Perot
quasi-BIC fy = 595.25 THz.
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FIG. 6. (a) Reflectance, (b) reflection phase, and (c) GH shift angular spectra of the double-layer grating at the frequency of the reflectance
peak of the Fabry-Perot quasi-BIC fi, = 595.25 THz for TE polarization. The vertical distance between two single-layer gratings is set to be

d =160 nm.

occurs at the resonant angle & = 3° in the reflectance angular
spectrum. Based on the stationary-phase approach [34], the
GH shift when the incident light beam is a quasi-plane wave
can be calculated by

= — ﬁ % , (17)

2 96

where @, represents the reflection phase. In Fig. 6(b), we give
the corresponding reflection phase angular spectrum. Obvi-
ously, the reflection phase changes sharply at the resonant
angle 6 = 3°. According to Eq. (17), we calculate the cor-
responding GH shift angular spectrum, as shown in Fig. 6(c).
Owing to the sharp reflection phase change, the GH shift is en-
hanced to 188.3) at the resonant angle 6 = 3°. Importantly,
the GH shift reaches it maximum at the reflectance peak,
which can be more easily detected in experiments compared
with large GH shifts driven by conventional transmission-
type resonances. Specifically, the reflectance of the reflectance
peak reaches 93.0%.

Then, we investigate the GH shift when the vertical
distance between two single-layer gratings is d = 220 nm (de-
tails can be seen in Sec. II of the Supplemental Material [99]).
At the frequency of the reflectance peak of the Fabry-Perot

SGH

4 dBIC
(a) 10 :
6 =3° !
I
|
i
~ 10° R
~ 1
= |
= |
N |
o 10° |
I
I
I
I
I
I
101 : ‘ |
100 150 200 250

Distance (nm)

quasi-BIC fy =591.63 THz, the GH shift is significantly
enhanced to 1266.6A at the resonant angle 8 = 3°.

It should be noted that the stationary-phase approach [i.e.,
Eq. (17)] is only applicable when the incident light beam is a
quasiplane wave [34]. In Appendix, we perform the full-wave
simulation to study the GH shift in the case of a Gaussian
beam incidence via commercially available software COM-
SOL Multiphysics. Considering the limitation of the computer
memory, we select d = 100 nm to simulate a moderate GH
shift in the full-wave simulation. The simulated result shows
that the GH shift in the case of a Gaussian beam incidence
with a sufficiently large beam waist can reach the same order
of magnitude of that calculated by Eq. (17).

Finally, we investigate the dependence of the peak value
of the GH shift on the vertical distance between two single-
layer gratings at & = 3° for TE polarization, as shown in
Fig. 7(a). When the vertical distance between two single-layer
gratings d = 100 nm, the peak value of the GH shift is only
8.16 x 10'Ao. As the vertical distance between two single-
layer gratings gradually approaches dpjc, the peak value of
the GH shift increases rapidly. When the vertical distance
between two single-layer gratings d = 230 nm, the peak value
of the GH shift reaches 2.05 x 10°1,. The underlying reason
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FIG. 7. (a) Dependence of the peak value of the GH shift on the vertical distance between two single-layer gratings at = 3° for TE
polarization. Black dashed line represents the vertical distance between two single-layer gratings for the Fabry-Perot BIC dgic = 254.9 nm.
(b) Dependence of the peak value of the GH shift on the Q factor of the Fabry-Perot quasi-BIC at 6 = 3° for TE polarization.
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FIG. 8. (a) Reflectance, (b) reflection phase, and (c) GH shift angular spectra of the double-layer grating at the frequency of the reflectance
peak of the Fabry-Perot quasi-BIC fy = 603.85 THz for TE polarization. The vertical distance between two single-layer gratings is set to be

d =100 nm.

of the increase in the peak value of the GH shift can be
explained as follows. As the vertical distance between two
single-layer gratings increases, the Q factor of the Fabry-Perot
quasi-BIC increases rapidly (see Fig. 3). Hence, the full width
at half maximum of the reflectance peak in the reflectance
angular spectrum decreases, giving rise to larger GH shifts.
Figure 7(b) gives the dependence of the peak value of the GH
shift on the Q factor of the Fabry-Perot quasi-BIC. As the Q
factor increases from 2.14 x 10! to 1.13 x 10*, the peak value
of the GH shift increases from 8.16 x 104 to 2.05 x 10°A,.

IV. CONCLUSIONS

In summary, we describe the optical response in double-
layer gratings by a HCM comprising both near- and far-field
couplings. The HCM indicates that the linewidths of two
resonant modes in a double-layer grating are determined
entirely by the far-field coupling strength. As the vertical
distance between two single-layer gratings satisfies the Fabry-
Perot resonant condition, the linewidth of one of the resonant
modes vanishes, leading to a Fabry-Perot BIC. By changing
the vertical distance between two single-layer gratings, the
Q factor of the Fabry-Perot quasi-BIC can be tuned over
a wide range. Driven by the angle-sensitive and ultrastrong
resonant properties of the Fabry-Perot quasi-BIC, the GH
shift can be significantly enhanced to the order of 10°A,
together with high reflection. Our work provides a feasi-
ble recipe to observe quasi-BIC-driven giant GH shifts in
experiments.

Grating 1
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APPENDIX: FULL-WAVE SIMULATION IN CASE
OF GUASSIAN BEAM INCIDENCE

In this appendix, we compare the GH shift calculated by
the stationary-phase approach and that simulated by the full-
wave simulation in the case of a Gaussian beam incidence.
Considering the limitation of the computer memory, we select
d = 100 nm to simulate a moderate GH shift in the full-wave
simulation. Figure 8(a) gives the calculated reflectance an-
gular spectrum of the double-layer grating at the frequency
of the reflectance peak of the Fabry-Perot quasi-BIC f =
603.85 THz for TE polarization. Owing to the angle-sensitive
property of the Fabry-Perot quasi-BIC, an asymmetric

|Ey/1857]
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FIG. 9. Simulated electric field distribution in the case of a TE-polarized Gaussian beam incidence with an incident angle & = 3° and a
frequency fy = 603.85 THz. The beam waist of the Gaussian beam is set to be w = 120A.
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FIG. 10. Dependence of the simulated GH shift on the beam
waist of the incident Gaussian beam.

Fano-like line shape occurs at the resonant angle 6 = 3° in
the reflectance angular spectrum. In Fig. 8(b), we calculate the
corresponding reflection phase angular spectrum. Obviously,
the reflection phase changes sharply at the resonant angle
0 = 3°. In Fig. 8(c), we calculate the corresponding GH shift
angular spectrum. Owing to the sharp reflection phase change,

the calculated GH shift reaches 81.61 at the resonant angle
0 =3°.

Then, we perform the full-wave simulation in the case of a
TE-polarized Gaussian beam incidence with an incident angle
0 = 3° and a frequency fy = 603.85 THz. The beam waist of
the Gaussian beam is set to be w = 120Xy. The number of
the unit cells of the double-layer grating is set to be N = 500.
Figure 9 gives the simulated electric field distribution. The
intensity of the local electric field is normalized to that of the
incident electric field. The red arrows denote the central axes
of the incident and reflected light beams. As demonstrated,
the simulated GH shift can be extracted as 43.41y, which
reaches the same order of magnitude of that calculated by the
stationary-phase approach (i.e., 81.61¢). Besides, the electric
field is strongly localized inside two single-layer gratings,
which is consistent to the results in Fig. 2(b).

Finally, we give the dependence of the simulated GH shift
on the beam waist of the incident Gaussian beam, as shown
in Fig. 10. As the beam waist of the incident Gaussian beam
increases, the simulated GH shift becomes closer to that cal-
culated by the stationary-phase approach. Specifically, as the
beam waist of the incident Gaussian beam increases from
40X to 120, the simulated GH shift increases from 12.8X
to 43.4A.
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