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ARTICLE INFO ABSTRACT

Keywords:

We propose and numerically demonstrate the existence of bound state in the continuum (BIC) in silicon-based

BIC one-dimensional photonic crystal nanobeam (1D-PCN). The 1D-PCN is formed by introducing rectangular air

One-dimensional photonic crystal nanobeam
quasi-BIC
Refractive index sensing

nanoholes in a simple 1D nanobeam waveguide. By engineering the structure parameters, an ideal BIC with
infinite quality (Q) factor is demonstrated in 1D-PCN. On this basis, we further investigate the refractive index
sensing performance with quasi-BIC by introducing defects into the aforementioned 1D-PCN structure, and an

ultrahigh Q factor of ~ 4.1 x 107 is obtained. Compared to the conventional sensing mechanism based on the
shift of forbidden bands modes, the 1D-PCN sensor based on quasi-BIC has a comparable figure of merit (FOM)
higher than 10°. It is worth mentioning that the quasi-BIC can be directly excited by external light sources
without the special coupling mechanism, which provides a new method for ultrasensitive refractive index

sensing.

Introduction

For the past few decades, the 1D-PCN has attracted great interests for
their potential applications in lasing [1], optical sensing [2], filtering
[3], modulating [4] and nanoparticle trapping [5], with intriguing
features of ultra-compact footprint, easy integration with bus wave-
guide, and CMOS compatibility. Particularly, the 1D-PCN sensors with
various geometries have been designed to achieve ultrahigh FOM, which
provides promising platforms for ultrasensitive optical sensing [6-9].
For example, the 1D-PCN sensors have demonstrated the ultrahigh
FOMs over 10° by designing air modes or introducing a slot structure
into dielectric modes [10-14]. Despite their achievements of ultrahigh
FOMs, the conventional mechanism of 1D-PCN sensing, for instance, by
tracking the shift of forbidden bands modes, usually requires extra
couplers (such as fiber lens, grating coupler) and precise nano-
positioning systems to assist coupling [15-18].

In contrast, BIC can be directly excited via external light source
without special coupling mechanism, providing a new method for

ultrasensitive optical sensing. It is a kind of embedded state with an
infinite Q factor, and its frequency locates within the radiation contin-
uum [19-23]. In the recent years, BIC has been demonstrated in meta-
surface, optical waveguide, grating and photonic crystal [24-32], which
has facilitated many promising applications, such as the enhancement of
nonlinear optical response [33-38], ultrasensitive sensing [39-41], and
low threshold laser [42-44]. Although BIC provides an ideal confine-
ment of light in the continuum, it can only exist in theory and is un-
available in practical sensing applications. Quasi-BIC with ultrahigh Q
factor provides an alternative for sensing applications, which can be
obtained via symmetry-breaking [45-47]. Liu et al. have achieved a high
FOM over 10° based on quasi-BIC mode in coupled bi-layer photonic
crystal slabs [46]. Wang et al. have reported an asymmetric grating
refractive index sensor based on quasi-BIC, demonstrating a FOM higher
than 5.1 x 10° [47]. However, the quasi-BIC modes have not been fully
explored in 1D-PCN.

In this paper, we report the existence of BIC resonances in 1D-PCN.
The Q factors can be tailored in the ranges of hundreds to infinity by
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adjusting the incident angles of light. When the incident angle ap-
proaches 0°, the BIC with infinite Q factor appears. In order to promote
the practical applications of BIC, a quasi-BIC with ultrahigh Q factor of
~ 4.1 x 107 is achieved by breaking symmetry. Furthermore, we
demonstrate the performance of refractive index sensing by monitoring
the shift of quasi-BIC. A high FOM of ~ 3.2 x 10° is obtained, which is
comparable to the conventional sensing mechanism based on forbidden
bands mode shift. The proposed free-space coupled 1D-PCN sensor
based on quasi-BIC does not require special coupling mechanism,
providing a promising platform for ultrasensitive refractive index
sensing.

BIC of 1D photonic crystal nanobeam

Fig. 1 illustrates the schematic of 1D-PCN. It is formed by introducing
rectangular air holes (n,; = 1.0) of length [ and width w into a silicon
(ng = 3.575) ridge waveguide with width of 800 nm (wy, = 800 nm). As
shown in Fig. 1(a), the incident angle () of plane wave is defined as the
propagation direction of the incident light, which represents the angle
between the incident beam and y-axis. Fig. 1(b) shows the top view of
1D-PCN. The period p is defined as the distance between the neighboring
holes, N is the number of air holes, and the thickness of the silicon
waveguide is 220 nm. The optimized structural parameters of 1D-PCN
are determined as follows: [ = 500 nm, w = 100 nm, p = 400 nm, N
= 5. Based on the Lumerical FDTD platform, the BIC modes of 1D-PCN
are simulated by using the broadband fixed-angle source technique
(BFAST). The boundary condition in x-direction is set as bloch period,
while the y- and z-directions are set as perfectly matched layer (PML).

Fig. 2 shows the transmission spectra of 1D-PCN at @ = 5° and 0 =
0° for plane-wave incidence. The transmission spectra exhibit a wide
range of high and low transmittance, which accommodate many sharp
resonance features. The four resonances in regions I, II, Il and IV reveal
the vanishing linewidth (black line) as 0 is 0°, which are BIC, as shown in
Fig. 2(a). When the incident angle of the plane wave is 5°, the trans-
mission spectra exhibit the sharp resonance characteristics (red line) due
to the mode leaking out and coupling to the radiation domain. Fig. 2(b)
is the enlarged views of regions I, II, III, and IV, respectively, and the
vanishing linewidth is evidently observed.

We further investigate the resonant wavelength dependence on
incident angles in IV region with the wavelength ranging from 1347 nm
to 1377 nm. Fig. 3(a) shows the wavelength variation as the incident
angle increases from 6 = -8° to 8°. As depicted in the black dashed box of
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Fig. 1. (a) Schematic of the silicon-based one-dimensional photonic crystal
nanobeam (1D-PCN). The incident plane of x-z is shaded grey, and the purple
arrow shows the incident wave. (b) Top view of the 1D-PCN in (a). Here, the
number of rectangular air holes is N = 5, the length and width of air holes are w
=100 nm and [ = 500 nm, respectively, the periodicity p = 400 nm, the width
of the 1D-PCN is wy,, = 800 nm, and the thickness of the silicon waveguide is
220 nm.
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Fig. 3(a), the resonance disappears when the incident angle is closer to
0°, which demonstrates the BIC and ultrahigh Q factor resonances.
Without the consideration of material loss, the Q factor of BIC resonance
can approach infinity. To illustrate these phenomena in detail, the
transmission spectra near the BIC state are calculated when the incident
angles are 0°, 0.3°, 1.0°, 2.0°, and 5.0°, respectively, as shown in Fig. 3
(b). It can be seen that the resonant linewidth becomes narrower when
the incident angle gradually decreases from 6 = 5.0° to 0.0°. Finally, the
linewidth disappears at & = 0°, and a BIC is excited. In addition, the
resonant wavelength experiences redshift with the increasing of incident
angles. Fig. 3(c) shows the electric field distribution when the incident
angle is 0.1° and the corresponding resonant wavelength is 1357.57 nm.
It is obvious that the 1D-PCN is axisymmetric along the x-axis and y-axis.
Therefore, when a plane wave is incident vertically on the structure, the
structure is excited and leaky radiation waves from modes interfere and
are cancelled by each other. So there are no any radiation loss from the
whole structure, and the BIC with an infinitely high Q appears. However,
the linewidth of BIC state tends to zero infinitely, we cannot observe it
from the transmission spectrum.

By inclining the incident plane wave, the BIC is tuned into quasi-BIC.
The Q factors of quasi-BICs at different incident angles are characterized,
as shown in Fig. 4. The Q factor is defined as Q = Ares/54, where A is the
resonant wavelength, 51 is linewidth. Note that the Q factor exhibits an
inverse square dependence on incident angles (red line), and exceeds
106 as the incident angle 6 = 0.1°. However, the ideal BIC can only exist
in theory and is inaccessible in practical applications. The quasi-BIC
resonance with an ultrahigh Q factor provides an alternative in prac-
tical applications.

Quasi-BIC for refractive index sensing

To achieve ultrahigh Q quasi-BIC resonance, we introduce defects
into the aforementioned 1D-PCN structure, which is symmetric with
respect to the center, as shown in Fig. 5(a). The lengths of rectangular air
holes are decreased linearly from center (lcenter = 500 nm) to the both
sides, i.e., l; = leenter-iq (i increases from 1 to (N-1)/2), while the peri-
odicity p, hole width w and the number of air holes N are constant. Here,
the o is defined as an asymmetric parameter. Fig. 5(b) shows the
transmission spectra of 1D-PCN at ¢y = 10 nm and o; = 0 nm. It is
observed that only one wide spectrum appears at o; = 0 nm, suggesting
the BIC state. The resonance is excited near 1050 nm when ¢; = 10 nm
and the BIC state is turned to the ultrahigh Q quasi-BIC, which can be
fitted by a Fano lineshape [48]:

(x+a)

B (e .

where M is constant, a is the asymmetric parameter, x = 2(f-fo)/Af, fo is
the resonant frequency, Af is the linewidth of resonance. To elaborate
this phenomenon, we further plot the transmission spectra at different
aj, as shown in Fig. 5(c). A redshift of the quasi-BIC is observed when o;
increases from 20 nm to 40 nm with steps of 5 nm, exhibiting the strong
dependence of resonant wavelength on ;. The near-field distribution in
x-y plane of the 1D-PCN at ¢; = 20 nm is plotted in Fig. 5(d). Compared
with Fig. 3 (c), the symmetry of the field distribution is broken, which is
mainly owing to the introduction of defects in the 1D-PCN. The Q factor
increases from 2161.51 to 4.1 x 107 when ¢ decreases from 50 nm to 1
nm, as shown in Fig. 6. Therefore, the 1D-PCN can support quasi-BIC
with ultrahigh Q factor by introducing defects, providing a feasible
platform for ultrasensitive optical sensing and detection.

Finally, we implement the refractive index sensing by monitoring the
shift of quasi-BIC. Here, the FOM of refractive index sensor is defined as
FOM = S-Q/Ares, where S and Q are the sensitivity and quality factor of
the 1D-PCN, respectively, A is the resonant wavelength. The Q factor of
the quasi-BIC used for refractive index sensing is 4.1 x 107, and the
resonant wavelength is 1048.26 nm (ny; = 1.0). The transmission
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Fig. 2. (a) Transmission spectra with incident angle of 0° and 5°.
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(b) The enlarged transmission spectra of regions I, II, III and IV, respectively.
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Fig. 3. (a) Transmission spectra in the wavelength ranges of 1347 to 1377 nm when the incident angles rang from — 8° to 8°. (b) Transmission spectra when 6 is 0°,
0.3°, 1°, 2°, and 5°. (c¢) Near-field distributions at 2 = 1357.57 nm and ¢ = 0.1° in x-y plane at the center of the silicon layer from 3D-FDTD simulation (z = 0).
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evolution is shown in Fig. 7 (a). It is observed that the resonant wave-
length suffers redshift with the increment of refractive index. Fig. 7(b)
shows the linear dependence of resonant wavelength shifts on refractive
index and the sensitivity of 83.3 nm/RIU is obtained. The calculated

FOM of the free-space coupled 1D-PCN sensor based on quasi-BIC is 3.2
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resonant wavelength of 1D-PCN sensor as a function of refractive index.

x 10°, which is comparable to the conventional 1D-PCN sensors based
on the shift of forbidden bands mode.

Conclusion

In summary, we numerically demonstrate the existence of BIC
resonance in silicon-based 1D-PCN. The Q factor is tailored in a wide
range of hundreds to infinity by simply tuning the incident angle of the
plane wave. When the incident angle of plane wave is 0°, the BIC with
infinite Q factor is excited. Furthermore, the BIC state is transferred to
quasi-BIC by introducing defects into the 1D-PCN structure. To illustrate
the sensing performance of the 1D-PCN sensors based on the quasi-BIC,
we investigate the dependence of resonant wavelength on refractive
index of the surrounding medium. By using the 3D-FDTD method, a
quasi-BIC with ultrahigh Q factor of 4.1 x 107 is used for refractive index
sensing, and FOM of 3.2 x 10° is achieved, which is comparable to the
conventional sensing mechanism based on the forbidden bands mode
shift. It is worth noting that the 1D-PCN sensor based on quasi-BIC does
not require special coupling mechanism, providing a new method for the
ultrasensitive refractive index sensing. Furthermore, this work exhibits
the potential for many applications requiring ultrahigh Q factor, such as
ultrasensitive optical sensors, nonlinear photonic hypersurface and low
threshold laser.
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