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Bound states in the continuum (BICs) are notable in photonics for their infinite Q factors. Perturbed BICs, 
or quasi-BICs (QBICs), have finite but ultra-high Q factors, enabling external coupling. So far, most studies 
have focused on the momentum-space properties of BICs and QBICs, with few discussions on their prop-
erties in real space. Here, we experimentally demonstrate that QBICs can induce abrupt lateral beam 
shifts. By applying Brillouin zone folding to a compound grating waveguide, we form a QBIC band where 
all states become QBICs. When excited at specific incident angles, these QBICs produce sudden lateral 
beam shifts, rapidly disappearing as frequencies deviate from the QBIC band. Using terahertz imaging, 
we capture these beam shifts at different incident angles, characterizing the QBIC band. This work offers 
alternative insights into QBIC behaviors and supports the development of advanced sensors and wave-
length division (de) multiplexers.

© 2025 The Authors. Published by Elsevier B.V. and Science China Press. This is an open access article 
under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
1. Introduction 

Bound states in the continuum (BICs) lie inside the continuum, 
perfectly confine without any radiation, and exhibit infinite Q fac-
tors, thereby garnering remarkable attention in photonics [1–4]. 
With slight perturbations, BICs that are unresponsive to external 
incidence can evolve into quasi-BICs (QBICs), which exhibit finite 
but ultra-high Q factors, enabling external coupling [5–10]. QBICs 
have been extensively utilized for unidirectional guided resonance 
[11], intrinsic chirality [12–14], complete polarization conversion 
[15,16], and others [17–21]. So far, considerable research on QBICs 
is mostly focused on their corresponding BICs’ momentum-space 
properties [22–25], such as polarization vortices or topological 
charges defined in momentum space. However, studies have 
shown that momentum-space polarization vortices can be absent 
in QBICs or certain types of BICs [26], prompting explorations of 
QBICs’ real-space properties, such as beam shifts [27,28]. 

Real-space shifts of light beams occur at interfaces between dif-
ferent media [29–32], manifesting as lateral shifts (LSs) [33] and 
transverse shifts (TSs) [34,35]. LSs, including Goos-Hänchen shifts, 
have been extensively studied in optical systems such as subwave-
length gratings [36], waveguides [37], multilayers [38,39], and 
photonic crystals [40–43], and have also been predicted and
observed in electronic systems [44–46]. From the perspective of
the physical mechanism, the enhancement of the LSs in Refs.
[36–43] originates from the conventional bound states with dis-
crete frequencies, such as Fabry-Perot cavities and Bloch surface
modes. LSs typically depend on the strength of light-matter inter-
actions, thereby serving as a measure of these interactions [41,43].
Given the high-Q factors of QBICs, which indicate strong light-
matter interactions, understanding the interplay between QBICs
and LSs remains an important area for experimental discussions.

Here, we report the experimental demonstration of QBIC-
induced abrupt LSs of a terahertz beam. Using a compound grating 
waveguide with a folded Brillouin zone, we establish a QBIC band 
where all states become QBICs. Significant LSs emerge across a 
wide range of incident angles when the frequency falls within 
the QBIC band; these shifts rapidly vanish with slight deviations 
in frequency or angle, as illustrated in Fig. 1. We capture these 
shifts with a terahertz field-scanning imaging system, introducing 
a novel method for QBIC band characterization. Notably, at an inci-
dent angle of 21°󠇣, we observe a maximum LS of 41.16 times the 
wavelength at 1.0774 THz, nearly 3.35 times larger than previously 
reported LSs in the terahertz regime [47–49] (Note S1 online). Our 
findings provide fresh insights into the real-space behaviors of 
QBICs and pave the way for developing high-efficiency LS-based 
devices such as advanced sensors and wavelength division 
(de)multiplexers.
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Fig. 1. Schematic of the abrupt LS induced by the QBIC. When a broadband pulse is 
incident onto an optical interface hosting QBICs, the reflected beam at the QBIC 
frequency can exhibit a significant LS at a specific incident angle, h. This LS is 
directly related to the Q factor of the QBIC. As the frequency or incident angle 
slightly deviates from the QBIC conditions, the LS rapidly diminishes. 
2. Methods 

To schematically describe the unit cell of the proposed com-
pound grating waveguide, Fig. 2a illustrates a configuration com-
prising a silicon (Si) grating layer and a Si waveguide layer. The 
Si grating layer is characterized by a dual-period grating layer with 
a period P  =  120 lm and a thickness h  =  35 lm. The widths of adja-
cent Si ridges are identical, denoted as wH = 0.275P. 
In contrast, the widths of adjacent air grooves vary, denoted as 
wL1 = 0.225P(1 dw) and wL2 = 0.225P(1 + dw), respectively. Here, 
dw [ 1, 1] represents a tunable geometric parameter indicating 
the width difference between these two adjacent air grooves. The 
Si waveguide layer has a thickness of t  =  480 lm, and the refractive 
index of Si is nSi = 3.42.

Here, we consider a TE-polarized (electric field parallel to the 
y-direction) light incident onto the compound grating waveguide 
at an incident angle h. In the case of dw – 0, the grating layer is 
a dual-period structure with a period of P. According to the guided 
mode resonance theory, the momentum-matching condition is 
given by [27,50] 

Kx i k0sinh i 
2p 
P 

bm i 1 2 1 

where Kx,i represents the tangential component of the wavevector 
in the dual-period grating layer, k0 = 2p/k0 is the wave vector in 
air with the wavelength k0 in air, i is the diffraction order, 2p/P is 
the reciprocal lattice vector, and bm is the propagation constant of 
the TEm mode in the waveguide layer. For simplicity, we ignore 
the band distortion induced by the Bloch scattering of the grating 
layer (Note S2 online). Eq. (1) is applicable to all guided mode 
orders; we specifically focus on the TE9 guided mode. Fig. 2b depicts 
the folded dispersion relation of the TE9 guided mode, with the first 
Brillouin zone boundary at kx = p/P. When normally incident light 
interacts with the compound grating waveguide, the tangential 
wavevector component in the grating layer for the –1st order 
diffraction is Kx, 1 = 2p/P. The momentum-matching condition 
Kx, 1 = 2p/P  =  b9 predicts a momentum-matching point denoted 
by A (at 1.0886 THz) in Fig. 2b. For the –2nd order diffraction, 
Kx, 2 = 4p/P  =  b9, presenting a momentum-matching point denoted 
by B (at 1.6766 THz). At these two momentum-matching points, the 
TE9 guided modes are excitable, giving rise to two Fano resonances. 

In the case of dw  =  0, the grating layer reduces to a mono-period 
grating with a period of P’ = P/2. The reciprocal lattice vector dou-
bles accordingly. Thus, the momentum-matching condition turns
into
883
K x i k0sinh i 
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4p 
P 
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where K’x,i represents the tangential component of the wavevector 
in the mono-period grating layer, and i’ denotes the diffraction 
order. Fig. 2c gives the folded dispersion relation of the TE9 guided 
mode. With the grating period halved, the first Brillouin zone 
boundary becomes kx = p/P’ = 2p/P. When normally incident light 
interacts with the compound grating waveguide, the tangential 
component of the wavevector in the mono-period grating layer 
for the –1st order diffraction is K’ x, 1 = 4p/P, identical to the – 
2nd order diffraction in the dual-period grating layer Kx, 2 = 4p/P. 
Consequently, only the momentum-matching point B (at 
1.6766 THz) remains excitable. As the geometric parameter dw 
changes from a non-zero value to zero, the guided mode at point 
A switches from being excitable to unexcitable due to momentum 
mismatch. Such an unexcitable mode at point A in the case of dw 
= 0 is termed a momentum-mismatch-driven BIC, while the excita-
ble mode at point A in the case of dw – 0 is referred to as a 
momentum-mismatch-driven QBIC [50]. Note that dw  =  0 causes 
a discrete change in the lattice constant compared to cases where 
dw – 0, resulting in a discontinuous variation in the size of the Bril-
louin zone. Similarly, the Q factor of the QBICs should exhibit a dis-
continuous dependence on dw. The Q factor near the discontinuity 
at dw  =  0 can be evaluated as implying that QBICs on 

the QBIC band can transition into BICs. In contrast, the guided mode 
at point B remains consistently excitable, leading to a conventional 
Fano resonance with a finite Q factor.

As the incident angle can be mapped to the tangential wavevec-
tor in momentum space, sweeping the angle h from 0°󠇣 to 90°󠇣 shifts 
the position of the momentum-mismatch-driven QBIC (i.e., point A 
with h = 0°󠇣) across momentum space, delineating the QBIC bands 
illustrated by the pink lines in Fig. 2b. Correspondingly, the posi-
tion of the conventional Fano resonance (i.e., point B with h = 0°󠇣) 
in both cases of dw – 0 and dw  =  0 shifts across momentum space, 
forming the conventional Fano bands, as shown by the orange lines 
in Fig. 2b and c. Comparing Fig. 2c with Fig. 2b, the bands in the 
momentum region p/P kx 2p/P in the case of dw  =  0 fold into 
the momentum region 0 kx p/P in the case of dw – 0, thereby 
forming QBIC bands. Unlike symmetry-protected and accidental 
QBICs found within narrow incident angle ranges [5], 
momentum-mismatch-driven QBICs are situated across wide inci-
dent angle ranges. 

Next, we investigate the real-space behavior of the momentum-
mismatch-driven QBICs. When a light beam is obliquely incident 
onto the compound grating waveguide and induces the waveguide 
mode with a non-zero group velocity (vg – 0), the LS at the surface 
can be estimated as L  =  vgs, where s denotes the lifetime. It is 
known that the Q factor is defined as Q  =  2pf0s, where f0 is the res-
onance frequency. The lifetime is associated with losses arising 
from two parts: the radiation loss and the dielectric loss 
namely The dielectric losses from the silicon grat-
ing and waveguide slab are quite small and can be ignored in the 
terahertz regime. Therefore, we consider that Combining 
with the definition of Q factor, we finally have L  =  vgQ/(2pf0). This 
implies that the LS is proportional to the Q factor. As illustrated in
Fig. 1, an abrupt LS emerges at the QBIC frequency with an ultra-
high Q factor. Conversely, the LS nearly vanishes when the fre-
quency deviates from the QBIC frequency. Driven by the QBIC 
band, abrupt LS can be observed over a wide range of incident 
angles. 

Fig. 2d illustrates the dependences of the QBIC’s Q factor on the 
inverse quadratic of the geometric parameter dw for different inci-
dent angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣, respectively. The 
circles denote the simulated Q factors, while solid lines depict the 
corresponding linear fitting curves. The Q factor of a QBIC is known

lim 
dw 0 

Q ,

s 
sr sd, 

s 1 s 1 r s 1 d . 

s sr. 
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Fig. 2. Schematic of QBIC bands and LSs induced by QBIC bands. (a) Schematic of a unit cell of the compound grating waveguide. Folded dispersion relations of the  TE9 guided 
mode in the waveguide layer for the dual-period (b) and mono-period gratings (c). The red and orange lines represent the QBIC bands and Fano bands, respectively. (d) 
Dependences of the Q factor of the QBIC on the inverse quadratic of the geometric parameter dw 2 for different incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣, 
respectively. The circles denote the simulated Q factors. The solid lines denote the linear fitting curves. (e) Dependences of the calculated LSs on the frequency for different 
incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣with the geometric parameter dw  =  0.3, respectively. (f) Dependences of the maximum LS on the inverse quadratic of the 
geometric parameter dw 2 for different incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣, respectively. (g) The electric field intensity distribution of the beam reflected by 
a PEC (the gray region) at an incident angle of h = 15.75°󠇣 at 1.0644 THz. The blue lines represent the average centers of the incident beams. The red dashed lines represent the 
normal lines of the interface between a grating waveguide and air. (h) The electric field intensity distribution of the beam reflected by the compound grating waveguide at an 
incident angle of h = 15.75°󠇣 at 1.0644 THz. The region between two white dashed lines represents the compound grating waveguide structure. The green dashed and solid 
lines represent the average centers of the beams reflected by the PEC and compound grating waveguide structure, respectively. (i) The electric field intensity distributions of 
the incident beam, the reflected beam by PEC, and the reflected beam by the compound grating waveguide at a height of z  = 15 mm, respectively.
to be proportional to the inverse quadratic of the geometric param-
eter dw [5,51], a relationship consistent across different incident 
angles. As previously discussed, the QBIC band enables the obser-
vation of abrupt LSs across a range of incident angles. Fig. 2e shows 
the frequency-dependent behavior of LSs for incident angles 
h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣with the geometric parameter 
dw  =  0.3, as calculated by the stationary phase approach [52]. 
884
Abrupt LSs emerge precisely at the QBIC frequencies under specific 
incident angles, sharply decreasing to near zero with slight devia-
tions from the corresponding QBIC frequencies, attributable to 
the QBIC band’s effect. In Fig. 2f, the dependence of calculated max-
imum LSs on the inverse quadratic of the geometric parameter dw 
is presented for different incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 
19.25°󠇣, and 21°󠇣. Circles indicate calculated maximum LSs, with
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solid lines representing corresponding linear fits. These maximum 
LSs scale proportionally with the inverse quadratic of dw, namely, 
LS dw 2 . Thus, as the Q factor of the QBIC approaches infinity, 
the LS also approaches infinity exclusively at the QBIC frequency, 
while LSs at other frequencies diminish to nearly zero.

Next, we numerically simulate the LS in the case of a Gaussian 
beam incidence (Note S3 online). The incident angle is 15.75°󠇣, cor-
responding to a QBIC frequency of 1.0644 THz. The beam waist is 
approximately 170.30k0 (48 mm). Fig. 2g and h display the inten-
sity distribution of the beam reflected by a perfect electric conduc-
tor (PEC) and by the proposed compound grating waveguide with a 
geometric parameter dw  =  0.3, respectively. Red dashed lines rep-
resent the normal lines of the interface between the PEC or grating 
waveguide and air. In Fig. 2g, the blue and green lines indicate the 
average center of the incident beam and the beam reflected by the 
PEC, respectively (Note S3 online). In Fig. 2h, the region between 
two white dashed lines indicates the position of the compound 
grating waveguide. The average centers of the reflected beams 
for the PEC and compound grating waveguide are indicated by 
the green dashed and solid lines, respectively. The LS is determined 
by calculating the distance between the green dashed and solid 
lines at the height of z  =  15 mm, as shown in Fig. 2i. The simulated 
LS is approximately 28.12 mm ( 99.48k0), slightly smaller than the 
LS calculated using the stationary phase approach, which is 
29.74 mm ( 105.21k0). 

3. Experiments and discussion 

We fabricate a compound grating waveguide with a geometric 
parameter dw  =  0.3 by etching a Si wafer. Fig. 3a depicts a 
Fig. 3. Angular transmittance spectra of the compound grating waveguide. (a) Schema
grating waveguide with a geometric parameter dw  =  0.3. (c) Simulated and measured a
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schematic of a 4-f terahertz time-domain system, and Fig. 3b 
shows a microscope image of the sample, highlighting the different 
widths of two adjacent air grooves in a unit cell. Fig. 3c presents 
the simulated and measured angular transmittance spectra of the 
compound grating waveguide, where the transmittance dips reveal 
the QBIC bands. The measured spectrum aligns well with the sim-
ulated one, although a slight deviation from the two dispersion 
relations of the TE9 guided mode in Fig. 2c is observed due to the 
Bloch scattering of the grating layer (Note S2 online) [21]. The lim-
ited frequency resolution of the system causes the measured line 
widths of the QBIC bands to be larger than those simulated (Note 
S4 online). The wave-like nature of the QBIC bands indicates both 
positive and negative group velocities, resulting in corresponding 
positive and negative LSs (Note S3 online). Specifically, for the 
upper QBIC band (with frequencies ranging from 1.05 to 
1.08 THz), the group velocities are negative for incident angles 
ranging from 8°󠇣 to 13°󠇣 or greater than 22°󠇣, resulting in negative 
LSs. Due to the real-space measurement restrictions, we focus on 
measuring the abrupt positive LSs induced by QBICs within the 
incident angle range of 13°󠇣 to 22°󠇣. 

To experimentally observe the abrupt LSs, we utilize a terahertz 
field-scanning imaging system, as shown in Fig. 4a. The translation 
stage, with a maximum travel range of 20 mm, provides a view of 
both incident and reflected beams. Different incident angles are 
achieved by rotating the sample. The directly measured spatial 
shifts (L0) are determined through the spatial difference between 
the average center of the reflected beams along the x-direction 
and then transformed to obtain the corresponding LSs (Note S4 
online). Fig. 4b–j illustrate the measured electric field intensity 
distributions of the reflected beams from 1.0481 to 1.0881 THz,
tic of a 4-f terahertz time-domain system. (b) Microscope image of the compound 
ngular transmittance spectra of the compound grating waveguide.
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Fig. 4. Measured LS under an incident angle of 17.5°󠇣. (a) Schematic of the terahertz field-scanning imaging system for the measurement of LSs. Periodically poled lithium 
niobate (PPLN). (b–j) Measured electric field intensity distributions of the reflected beams from 1.0481 to 1.0881 THz with an increment of 0.005 THz under an incident angle 
of 17.5°󠇣, respectively. The green solid lines and green dashed lines represent the measured average centers of the reflected beams for working and reference frequencies 
(1.050 THz), respectively. The electric field intensity distributions are normalized by the maximum value of the electric field intensity distributions in the corresponding 
figures. 
with an increment of 0.005 THz at an incident angle of 17.5°󠇣. The 
green dashed lines in Fig. 4b–j indicate the average center of the 
reflected beam at 1.050 THz (Note S5 online). Since 1.050 THz devi-
ates from the QBIC frequency at 17.5°󠇣, its LS is zero, making it a ref-
erence position. At 1.0681 THz, the average center of the reflected 
beam shifts significantly along the x-direction, marked by the 
green solid line, indicating a substantial LS, as illustrated in 
Fig. 4f. The L0 at 1.0681 THz is approximately 9.90 mm, corre-
sponding to an LS of about 8.50 mm ( 30.26k0). In contrast, the 
average centers of the reflected beams for frequencies from 
1.0481 to 1.0631 THz are nearly aligned with the green dashed line 
in Fig. 4b–e, indicating near-zero LSs. Similarly, the LSs are near 
886
zero for the reflected beams for frequencies ranging from 1.0731 
to 1.0881 THz, as illustrated in Fig. 4g–j. 

The measured LSs from 1.05 to 1.09 THz are shown in Fig. 5a. 
The frequency range of the significant LSs is 0.0075 THz, which is 
only 0.7% of the QBIC frequency. The measured results demon-
strate that an LS induced by a QBIC is highly sensitive to frequency 
changes under a specific incident angle, rapidly decreasing to near 
zero when the frequency deviates from the QBIC frequency, as 
illustrated in Fig. 1.

We measured LSs at incident angles ranging from 13°󠇣 to 21°󠇣, 
which excite QBICs with positive group velocities (the upper QBIC 
band in Fig. 3c). Interestingly, the group velocity of the QBIC

move_f0025
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Fig. 5. Measured LSs under different incident angles and the retrieved QBIC band. (a) The measured LSs of different frequencies at an incident angle of 17.5°󠇣. (b) Measured LSs 
at five QBICs’ frequencies corresponding to incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣, respectively. (c) The upper QBIC band of the compound grating waveguide 
(black line) and the frequencies of the measured peak LSs under different incident angles (red circles).

 

approaches zero at an incident angle of 13°󠇣, resulting in an LS of 
nearly zero across the frequency range (Note S3 online). This is 
an exceptional case of the abrupt LSs induced by QBIC. Abrupt 
LSs are observed at incident angles ranging from 14°󠇣 to 21°󠇣. 
Fig. 5b illustrates the measured LSs at five QBICs’ frequencies cor-
responding to incident angles h = 14°󠇣, 15.75°󠇣, 17.5°󠇣, 19.25°󠇣, and 21°󠇣, 
respectively. Typically, when the incident angle deviates from 
17.5°󠇣, the measured abrupt LS at 1.0681 THz (QBIC frequency cor-
responding to the incident angle of 17.5°󠇣) drops from 30.26k0 to 
near zero. Thus, the abrupt LSs induced by QBICs are sensitive to 
both frequencies and incident angles. 

The frequencies of the measured peak LSs under different inci-
dent angles can reveal the QBIC band of the compound grating 
waveguide, as shown in Fig. 5c. Real-space measurements of LSs 
can reveal QBIC bands in momentum space, providing an alterna-
tive method to characterize QBICs. Given that LSs are nearly zero 
with only a 0.47% frequency deviation from QBICs, real-space mea-
surement offers high precision in characterizing QBICs. Generally, 
the entire QBIC band of the compound grating waveguide can be 
reconstructed by measuring abrupt LSs over a wide range of inci-
dent angles, including those below 13°󠇣 and above 22°󠇣. The LS 
measurements at these incident angles are limited by our current 
experimental setup (Note S4 online). 

Owing to the limited Gaussian-like beam size of the incident 
terahertz beam and imperfections in its profile, the measured LSs 
are smaller than the simulated LSs (Note S6 online). The difference 
can be minimized by increasing the beam waist of the incident ter-
ahertz beam. In our work, significant LSs remain observable, con-
sistent with simulations, and in alignment with the measured 
transmission spectra. Notably, the measured maximum LS reaches 
41.16 times the wavelength at 1.0774 THz with an incident angle 
of 21°󠇣, which is nearly 3.35 times larger than those reported in pre-
vious works in the terahertz regime [47–49]. Without the require-
ment of high power or high temperature, the abrupt LSs introduced 
by the QBICs may have applications in developing ultra-sensitive 
sensors, filters, and multiplexers for terahertz systems. 

Although some prior studies address related topics, such as 
beam shifts around BICs [28] and the formation of BICs through 
band folding [24], they primarily focus on BICs rather than the 
QBICs investigated in our work. It should be noted that the main 
point of this work is distinct from those in Refs. [27,50,53].  In
Ref. [27], the researchers enhanced lateral beam shifts based on 
QBICs. Nevertheless, Ref. [27] is a theoretical work in the near-
infrared regime. In addition, in Ref. [27], the researchers only 
noticed a QBIC in a compound grating waveguide at a specific 
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incident angle. In this work, we theoretically and experimentally 
reveal a QBIC band consisting of continuous QBICs in a compound 
grating waveguide in the terahertz regime. In Ref. [50], the 
researchers elucidated the formation of BICs in compound grating 
waveguides from the perspective of momentum mismatch. Never-
theless, Ref. [50] did not discuss lateral beam shifts. In our work, 
we reveal the relationship between abrupt lateral beam shifts 
and QBIC bands. In Ref. [53], the researchers theoretically discuss 
the enhancement of lateral beam shifts based on defect modes in 
one-dimensional photonic crystals containing dielectric defects. 
The lateral beam shifts are enhanced by conventional bound states 
with discrete frequencies. In this work, we theoretically and exper-
imentally enhanced lateral beam shifts by QBIC bands. 

4. Conclusion 

In conclusion, we experimentally demonstrate abrupt LSs 
induced by QBICs in a compound grating waveguide at terahertz 
frequencies. By exploiting the Brillouin zone folding, we obtain 
QBIC bands. To observe the abrupt LSs induced by the QBICs, we 
employ a terahertz field-scanning imaging system. At specific inci-
dent angles, the LSs emerge at the QBIC frequency and drop to zero 
with a frequency deviation of only 0.47% from the QBIC frequency. 
We experimentally observe abrupt LSs over a range of incident 
angles. The real-space measurement of LSs can provide an alterna-
tive characterization of QBICs. These results not only provide new 
insights into the real-space characteristics of QBICs but also 
advance the development of LS-based devices, such as high-
performance sensors and wavelength division (de)multiplexers. 
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