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As one of the core components of quantum photonics, optical filtering devices play a pivotal role in the manipula-
tion of photonic signals. Conventional filters are generally limited to single-function operations, such as bandpass
or bandstop filtering, which fall short of addressing the demand for coordinated control of broadband transmission
and narrowband suppression in complex optical systems. To overcome this challenge, we propose a valley pho-
tonic crystal (VPC)-based bandpass notch filter that integrates the dual functionalities of bandpass filtering and
notch filtering. The core structure of this device is constructed by coupling a topological straight waveguide with
a triangular resonant cavity, enabling highly efficient optical signal transmission across a broad frequency spec-
trum while achieving precise suppression of targeted narrowband noise. By breaking the symmetry of a hexagonal
lattice, we designed an all-dielectric silicon-based VPC structure supporting topological edge states, achieving
a wide TE-polarized bandgap spanning 171.97–194.06 THz and a high-Q resonant mode (Q ≈ 3.5226 × 108)
at 185.77 THz via the spin-valley locking effect. Through single- and dual-cavity coupling configurations, we
demonstrate flexible filtering characteristics in the frequency ranges of 178.0–178.8 THz and 185.4–186.0 THz,
with a notch bandwidth as narrow as 0.01 THz. Simulation results validate the flexibility of this design principle
and provide an innovative approach for realizing frequency-selective notch filters with high precision. This design
can be readily integrated with quantum photonic chips, offering promising potential for applications in on-chip
optical communications and integrated photonic devices. © 2025 Optica Publishing Group. All rights, including for text

and datamining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.
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1. INTRODUCTION

As one of the fundamental building components of micro–
nano optical devices, the photonic crystal filter [1–3] plays an
indispensable role in numerous optical scientific research and
application scenarios. Due to its photonic bandgap effect, it can
selectively block optical signals in non-target wavelength bands
without interfering with the entire passband. By introducing
defects into the photonic crystal, researchers can fabricate trans-
mission waveguides and micro-ring resonators, thus enabling
the selective transmission of light at specific wavelengths [4–
11]. However, when the optical signals propagating within the
micro-ring resonators encounter sharp bends, an inevitable
and non-negligible reflection always occurs, reducing the trans-
mission efficiency. In addition to the issue of reflection at sharp
bends, in experiments, the surface roughness of the micro-ring
resonators can give rise to the backscattering of light. Moreover,
the coupling between the forward and backward transmission
modes may also lead to the splitting of resonant modes and
the distortion of the Lorentzian-shaped spectrum [12]. With
the continuous advancement of micro–nano processing tech-
nologies [13–17], avoiding some of these situations is possible.

However, due to the inherent working principle of micro-
ring resonators, the backscattering of light waves is inevitable.
Despite the progress in fabrication techniques that can mitigate
certain negative effects, the fundamental nature of the micro-
ring resonator operation dictates that backscattering remains an
inescapable factor that affects the device’s performance.

In recent years, topological photonic crystals have garnered
extensive attention due to their unique light control mecha-
nisms, such as scattering-immune light propagation and defect
modes within topological bandgaps. High-performance on-
chip topological photonic crystal devices, including topological
power splitters [18–22], wavelength division multiplexers and
demultiplexers [23–26], topological rainbows [27–30], and
topological filters [3,31–33], have been successfully realized.
Many related papers have deeply discussed topological filters
based on topological photonic crystals. For example, they men-
tioned add/drop filters with low-power tuning using silicon’s
thermo-optic effect [34], and band-stop filters (BSFs) with
different bandwidths by changing the liquid crystal’s refractive
index [35]. Additionally, based on the topological protection
properties, light waves can effectively resist interference from
sharp angles, bends, and other complex geometric structures
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during transmission, allowing for the design of compact optical
topological cavities of arbitrary shapes [36–38]. This lays a solid
foundation for constructing large-scale, highly robust photonic
circuits on a single chip and opens up significant potential for
developing integrated photonic systems.

In this work, we propose a topological photonic crystal-based
bandpass notch filtering structure [39], which integrates both
bandpass and notch functionalities into a single optical filter.
The core of the device consists of a topological straight wave-
guide and a triangular resonant cavity. The topological straight
waveguide and the triangular resonator are designed based on
two distinct edge states, incorporating both single-cavity and
dual-cavity configurations. By designing the coupling mode
between the topological straight waveguide and the triangular
resonator, the structure realizes the notching function for the
optical signal of a specific frequency and, at the same time,
presents the selective passage characteristics of the optical signal
of other frequencies. By simulating the transmission process of
light waves in the structure, the results fully verify that the struc-
ture can accurately filter the optical signal at a specific frequency
as a bandpass-notch filter. It is worth noting that through the
reasonable combination of triangular resonators with different
side lengths, multiple resonant frequencies can appear in a rela-
tively short band, and the emergence of these multiple resonant
frequencies effectively improves the filtering performance of the
filter, so that it can selectively filter the light waves of a specific
frequency more accurately and greatly improves the frequency
selectivity and resolution of the filter. These research results can
provide diversified and valuable research ideas and implementa-
tions for improving the performance of topological band notch
filters.

2. THEORY AND MODEL

The structure of the valley photonic crystal is composed of
triangular air holes with two different side lengths, which are
arranged in a honeycomb lattice, as shown in Fig. 1(a). By
destroying the size of the two cell sizes, the lattice symmetry
is changed from C6v symmetry to C3v symmetry, and the
symmetry of the structure is reduced so that the degeneracy of
the K point and the K′ point energy valley is opened, and the
topological phase transition occurs [40]. The side lengths of the
triangular air holes are adjusted from the initial dA = dB = 0.6a
to dA = 0.6a and dB = 0 (or dB = 0.6a and dA = 0), where
the lattice constant a = 350 nm. After the above structural
adjustments, Fig. 1(b) shows that the Dirac points are opened,
generating a TE polarization bandgap ranging from 171.97
to 194.06 THz. A wide topological photonic bandgap is a
prerequisite for achieving a wide operating bandwidth for the
valley photonic crystal structure. In view of this, this study
delves deeply into the relationship between the operating band-
width of the VPC 1 structure and the side length dB of the air
column. The research results show that as the side length dB of
the air column gradually increases, the topological photonic
bandgap exhibits a blue shift phenomenon, and simultaneously,
the operating bandwidth also shows a tendency to gradually
narrow, as depicted in Fig. 1(c). When left-handed circularly
polarized light (LCP) and right-handed circularly polarized
light (RCP) excite the VPC 1 and VPC 2 structures, respectively,

Fig. 1. Schematic and operation principle of the VPCs. (a) The
green dashed hexagon in the figure represents the unit cell of the
valley photonic crystal (dA = dB = 0.6a ), where the lattice constant
a = 350 nm. (b) The band structures of VPC 1 (dA = 0.6a and
dB = 0) and VPC 2 (dB = 0.6a and dA = 0) are shown, with the TE-
polarized bandgap ranging from 171.97 to 194.06 THz. (c) A diagram
illustrating the relationship between the photonic bandgap and the
center frequency of VPC 1 as a function of the air column side length
dB. (d) The phase distribution of the magnetic field component Hz

[i.e., arg(Hz)] corresponding to the K′ valley for both VPC 1 and VPC
2 is depicted.

the phase distributions of the magnetic field Hz component
at the K′ valley and K valley are shown in Fig. 1(d). Light with
different polarization states demonstrates distinct phase vortex
characteristics in the aforementioned valleys. This discovery
provides a new perspective for a deeper understanding of the
optical properties of valley photonic crystals.

Based on the k · p model [41,42], the effective Hamiltonian
around the K/K′ valleys can be expressed as

HK/K′ =±
(
vDδkxσx + vDδkyσy

)
±mv2

Dσz, (1)

where νD is the group velocity, δki = k − kK/K′(i = x , y , z)
is the inverted spatial displacement from the wave vector to
the valley, σx , σy , and σz are the Pauli matrix, and m is the
effective mass [41]. The Chern number of K/K′ valley is
CK/K′ =±sgn(m)=± 1

2 . The topological protection char-
acteristics of the VPCs system are defined by Cv =CK −CK′ ;
i.e., Cv1 = 1 for VPC 1 and Cv2 =−1 for VPC 2 [43]. The two
edge states are respectively locked to the K and K′ valleys, which
refers to the “valley-locked” chirality.

The two types of edge states, VPC 1 and VPC 2, are edge
states with different topological attributes, edge state 1 (red)
and edge state 2 (blue). To compare the performance of the
two types of edge states, as shown in Figs. 2(a) and 2(b), in this
study, a supercell is extracted from the VPCs system to analyze
the properties of the edge states. The finite element software
is used to apply periodic edge conditions in the x -direction
of the supercell, and the lattice length is a = 350 nm. In the
y -direction, the length is approximately 10 µm (10 layers).
By calculating the eigenmodes of the supercell with the wave
vector (ranging from 0 to π

a ), we obtain the corresponding band
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Fig. 2. Schematic and simulation results of edge states in topo-
logical photonic crystals. (a) and (b) are the basic structures of edge
state 1 and edge state 2 in a period in the x -direction, with gray and
white areas representing silicon and air, respectively. The inset shows
the electric field amplitude patterns for edge state 1 and edge state
2. (c) Dispersion curves for the two edge states supported by edge
states 1 (red) and 2 (blue). (d) and (e) Electric field amplitude patterns
of Z-type transmission waveguides with different edge states at a
centre frequency of 183.02 THz. (f ) Transmittance curves of Z-type
transmission waveguides in different edge states.

structure, as shown in Fig. 2(c). The band structure of edge state
1 (edge state 2) is marked with red (blue). To further verify the
topologically robust transmission of the valley edge states, this
study constructs a Z-shaped waveguide structure with edge
states bent at two sharp angles of 60◦, as shown in Figs. 2(d) and
2(e). Numerical simulations reveal that within the topological
photonic bandgap, waveguides with two distinct edge types
exhibit exceptional light-field localization characteristics. As
shown in Fig. 2(f ), electromagnetic energy remains tightly
confined to the interface region and propagates along the het-
erostructure boundary without scattering losses. At the central
frequency of 183.02 THz, the structure achieves a high trans-
mission efficiency with an insertion loss (IL) of only 0.67 dB,
directly demonstrating the defect immunity of valley-edge states
through energy transport metrics. These results confirm the
topological robustness of the valley-edge states and validate the
effectiveness and reliability of the proposed waveguide design.

Unlike the transmission in traditional waveguides, the trans-
mission of topological edge states is hardly affected by sharp
corners. Therefore, we designed and constructed a triangular
resonant cavity composed of VPC 2 outside the cavity and VPC
1 inside the cavity, as shown in Fig. 3(a). In this triangular reso-
nant cavity, the side length (L = 24a ) significantly impacts the
number and position of the resonant frequencies of the cavity.
The corresponding eigenfrequencies of the combined structure
are displayed in Fig. 3(b), with the red and gray points repre-
senting the edge and bulk states, respectively. The electric field
profiles of the eigenmode of the edge states at 178.36, 178.56,

Fig. 3. Simulation of electric field distributions in a triangular
resonator based on edge state 2. (a) A schematic diagram of the struc-
ture of a triangular resonator based on edge state 2. (b) The intrinsic
frequencies of the structure in (a). (c)–(f ) The electric field ampli-
tude intensity distributions of the triangular resonator at frequencies
178.36, 178.56, 183.67, and 185.77 THz, respectively.

185.67, and 185.77 THz are displayed in Figs. 3(c)–3(f ),
respectively.

These electric field distribution images show that these edge
state patterns are topologically protected, resulting in very
weak light scattering even at the sharp corners of the triangular
resonator. These edge state modes all have high Q values of
6.673× 107, 7.6809× 107, 3.4502× 108, and 3.5226× 108

at the resonant frequencies of 178.36, 178.56, 185.67, and
185.77 THz, respectively. It should be noted that the Q value
(λ/1λ) is defined as the ratio of the operating wavelength (λ) to
the half-height width of the formant peak (1λ) [44–46], which
is an important indicator of the performance of the resonator.

We further combine a triangular resonator (edge state 2) and
a topological straight waveguide (edge state 1) into a bandpass
notch filter system, as shown in Fig. 4(a). In this system, the
effective coupling of edge state 1 and edge state 2 is realized.
According to the time-domain coupling mode theory (CMT)
[47,48], the relationship between the amplitude of the nor-
malized mode a0 in the resonator cavity and the time t is as
follows:

da0

dt
=

(
jω0 −

1

τ0
−

1

τ1
−

1

τ2

)
a0 +

√
2

τ1
S+1 +

√
2

τ2
S+2,

(2)
where τ0 is the amplitude decay time of the internal loss of
the resonant cavity; τ1 and τ2 are, respectively, the ampli-
tude decay times of the losses generated by the coupling
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Fig. 4. Schematic and simulation results of the bandpass notch
filter. (a) A schematic diagram of the structure of a bandpass notch filter
composed of a triangular resonator and a topological straight wave-
guide. (b) The transmittance curve of the bandpass notch filter. (c) and
(d) Transmittance curves of the bandpass notch filter within B and A
(178.0–178.8 THz) and Band B (185.4–186.0 THz), respectively.

between the resonant cavity and the two ends of the wave-
guide; S+i (i = 1, 2) are, respectively, the input waves at the two
ports of the waveguide; and ω0 is the frequency of the localized
light in the micro-cavity. According to time reversal and power
conservation, it can be obtained that

S−1 = S+2 −

√
2

τ1
a0, (3)

S−2 = S+1 −

√
2

τ2
a0, (4)

where S−i (i = 1, 2) represents the reflected wave. When there is
only input from one port, that is, S+1 = 0 or S+2 = 0, the cou-
pling transmission efficiency between the straight waveguide
and the micro-cavity is expressed as

T =

∣∣∣∣∣∣
j (ω−ω0)+

1
τ
−

√
4
τ1τ2

j (ω−ω0)+
1
τ

∣∣∣∣∣∣
2

, (5)

where 1
τ
=

1
τ0
+

1
τ1
+

1
τ2

.
As expected, the bandpass notch filter exhibits high trans-

mittance over the operating bandwidth, as shown in Fig. 4(b).
The transmittance spectrum clearly shows that the resonant
frequency is mainly concentrated in two specific bands, namely
Band A (178.0–178.8 THz) and Band B (185.4–186.0 THz).
In order to analyze the filtering characteristics of these two bands
in more detail, we plotted the correlation transmittance spectra
of Band A and Band B, respectively, as shown in Figs. 4(c) and
4(d). As shown in Fig. 4, key performance parameters of the
photonic crystal filter can be derived, including the suppression
ratio (SR), roll-off rate (ROR), and shape factor (SF), as summa-
rized in Table 1. It has been discovered that the coupling spacing
N between the triangular resonator and the topological straight

Table 1. Calculated Parameters of the Bandpass
Notch Filter

Parameter Symbol Typical Value Unit

3 dB bandwidth BW3 dB 0.01–0.03 THz
Suppression ratio SR 9.38–15.85 dB
Roll-off rate ROR 648.18–1294.4 dB/THz
Shape factor SF 1.34–1.67 –
Insertion loss IL 0.67–2.68 dB

waveguide exerts a significant influence on the coupling effect
of light waves. When the coupling spacing N is within a specific
range, compared with the eigenfrequency of the previous tri-
angular resonator with an edge length of L = 24a , the number
of resonant peaks remains unchanged, yet the positions of the
resonant peaks exhibit slight shifts. This phenomenon shows
that at this spacing, the system is close to a critical coupling
condition [49]. Consequently, the coupling spacing between
the triangular resonator and the topological straight waveguide
can serve as a parameter for adjusting the filtering performance
of the bandpass notch filter.

To conduct an in-depth and comprehensive exploration of
the coupling effect between the topological straight waveguide
and the triangular resonator, we simulated the electric field
strength distributions at the resonant frequencies and the trans-
mitted frequencies, as illustrated in Fig. 5. It can be observed
that, in the electric field intensity distributions of the resonant
frequencies f1, f3, f4, and f6, most of the light field is confined
to the triangular resonator, which is attributed to the fact that
the coupling between the topological straight waveguide and the
triangular resonator reaches the proximity coupling condition
at these specific resonant frequencies. In contrast, in the electric
field intensity distribution of the transmitted frequencies f2

and f5, the light wave will return to the topological straight
waveguide again through coupling into the triangular resonator
after being coupled to the topological straight waveguide and
finally output to the outlet port on the right. This light field
distribution characteristic shows that the coupling mechanism
of the system changes at the transmission frequencies f2 and
f5, and the light can be smoothly transmitted and exchanged
between the topological straight waveguide and the triangular
resonator, and the effective transmission of the optical signal is
realized. Based on the above analysis, the bandpass notch filter
structure realizes the filtering effect in the working frequency
range, which shows that the structure can accurately filter out
the optical signal transmission of a particular channel without
interference from other channels. This feature stems from the
system’s selective coupling and transmission mechanism for
different frequency optical signals, which changes the cou-
pling efficiency and transmission path of the light between the
waveguide and the resonator by adjusting the frequency of the
light.

In order to improve the performance of the filter, we consider
the method of combining resonant cavities with different side
lengths. Due to the unique geometry of resonators with different
side lengths, the corresponding resonant frequency positions
are also different. Based on this characteristic, the structure
formed by combining resonators with different side lengths is
expected to allow multiple resonant frequencies to occur in a
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Fig. 5. Electric field distributions of a bandpass notch filter at
various frequencies. (a)–(f ) The electric field amplitude intensity
distribution of the bandpass notch filter at frequencies 178.35, 178.45,
178.55, 185.67, 185.70, and 185.77 THz.

Fig. 6. Dual-cavity bandpass notch filter and transmission char-
acteristics. (a) A schematic diagram of a dual-cavity bandpass notch
filter composed of upper and lower dual-cavity and topological straight
waveguide coupling. (b) Transmittance spectra of a dual-cavity band
notch filter. (c) and (d) Transmittance spectra of the dual-cavity
bandpass notch filter in Band A (178.0–178.8 THz) and Band B
(184.8–186.0 THz).

short wavelength band. Based on the above ideas, we place tri-
angular resonators with different side lengths above and below
the topological straight waveguide, as shown in Fig. 6(a). When
the triangular resonator with the side lengths L = 24a and
L = 21a is combined with the topological straight waveguide,
we find that the transmittance at the original resonant frequency
is closer to zero than in the case of a single resonator because the
resonance effect between the triangular resonators with different
side lengths is partially overlapped, which makes the coupling
of the system closer to the adjacent coupling condition [49], as
shown in Fig. 6(b).

In addition, the transmission spectra of Bands A and B
were plotted separately to analyze their properties, as shown in
Figs. 6(c) and 6(d). Analysis of the spectrogram shows that a new

Fig. 7. Electric field distributions of a two-Cavity bandpass notch
filter at different frequencies. (a)–(c) Electric field amplitude intensity
distribution of the two-cavity bandpass notch filter at frequencies
185.00, 185.06, and 185.77 THz.

set of resonant frequencies ( f3 and f5) emerges in the composite
structure without changing the original resonant frequencies,
while the frequencies in the bandgap still maintain high trans-
mittance, as shown in Figs. 7(a)–7(c). As shown in Fig. 6, it is
evident that the 3 dB bandwidths of resonant frequencies f1,
f2, f6, and f7 remain unaffected. The newly observed resonant
frequencies f3 and f5 exhibit 3 dB bandwidths of 0.03 and
0.02 THz, respectively, with corresponding suppression ratios
of 7.43 and 11.23 dB. Compared with the filter with a single
resonator structure, the filter with this combined structure not
only has a significant improvement in the filtering effect, which
can more effectively suppress the optical signal of a specific
frequency (the suppression ratio of the resonant frequency f7 is
measured as 17.38 dB.) but also significantly increases the num-
ber of notches as a whole, which greatly enriches the frequency
selection diversity of the filter. Therefore, the combination of
resonators with different side lengths on topological straight
waveguides can realize the flexible control of the number of
resonant frequencies, positions, and filtering performance, and
then significantly improve the filtering performance of the filter.

3. CONCLUSION

In summary, we designed a kind of bandpass notch filter based
on a valley photonic crystal with topological properties. The
filter is composed of a topological straight waveguide and a tri-
angular resonator, and its design concept makes clever use of the
principle of topological photonics, which is of great significance
for effectively reducing the light scattering problem caused by
large-angle turning in the integrated optical path. Based on
a fully dielectric silicon material operating in the communi-
cation wavelength range, we designed a triangular resonator
with topological properties, which achieves a high Q value
(3.5226× 108) at a resonant frequency of 185.77 THz due
to the unique spin-valley locking effect of the valley photonic
crystal. In order to further expand the performance and func-
tionality of the filter, we construct different combinations of
bandpass notch filter structures, including the combination of
single cavity and topological straight waveguide, and the com-
bination of double cavity and topological straight waveguide.
The simulation results show that multiple resonant frequencies
can appear in a relatively short band by reasonably combining
triangular resonators with different side lengths, which effec-
tively improves the filtering performance of the filter, so that it
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can selectively filter the light waves of a specific frequency more
accurately and greatly improves the frequency selectivity and
resolution of the filter. Due to their unique advantages, bandpass
notch filters based on topology protection can be widely used
in more complex integrated optical devices. For example, cas-
caded high-order filters and low-crosstalk wavelength division
multiplexing (WDM) devices have broad application prospects
and great development potential in optical communication
and on-chip integrated optical devices. They are expected to
promote technological progress and industrial development in
related fields.

However, we also recognized that there were some limitations
and challenges to the design. First, the manufacturing complex-
ity of triangular resonators presents practical challenges. The
precise control of the size and position of the triangular air holes
places high demands on microfabrication technology. Second,
the coupling optimization between the triangular resonator
and the topological straight waveguide requires fine tuning, and
the coupling spacing can only be taken as an integer multiple of
√

3
2 a due to the geometry of the valley photonic crystal. Finally,

the results presented in this article are based on simulations. In
practice, factors such as material dispersion, propagation loss,
and the effects of environmental conditions are more complex
and can affect the actual performance of the equipment. These
factors need to be further verified and studied experimentally
to ensure the robustness and reliability of the filter in real-world
scenarios.
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