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ABSTRACT: We present an on-chip filter with a broad tailorable
working wavelength and a single-mode operation. This is realized
through the application of topological photonic crystal nanobeam
filters employing synthesis parameter dimensions. By introducing
the translation of air holes as a new synthetic parameter dimension,
we obtained nanobeams with tunable Zak phases. Leveraging the
bulk-edge correspondence, we identify the existence of topological
cavity modes and establish a correlation between the cavity’s
interface morphology and working wavelength. Through experi-
ments, we demonstrate filters with adjustable filtering wavelengths
ranging from 1301 to 1570 nm. Our work illustrates the use of the
synthetic translation dimension in the design of on-chip filters, and
it holds potential for applications in other devices such as
microcavities.
KEYWORDS: topological photonics, synthetic parameter dimensions, photonic crystal nanobeam, on-chip filter

On-chip filters are integrated components in various
nanophotonics devices, including wavelength division

multiplexers and spectrometers. Their integration into these
devices facilitates the precise control of light within specific
wavelength ranges.1−11 Photonic crystals (PCs) have emerged
as a prominent platform for designing on-chip filters. PCs are
artificial optical materials with periodic structures that exhibit a
band gap in which the propagation of light is forbidden.12,13

Via the introduction of defects into the bulk PCs, photonic
cavities can be formed, enabling the selective transmission or
blocking of certain wavelengths.14−21 PC-based filters offer the
advantage of miniaturization and precise control over the
transmission spectrum by adjusting the structural parameters
of the introduced defects. This tailorable spectral response
enables customized filtering characteristics. However, it is
important to note that the tailorable spectral response of PC-
based filters is constrained by the available parameters, which
may limit the range of achievable filtering capabilities.
In the past few years, topological photonic crystals (TPCs)

have attracted a great deal of attention with exciting prospects
for controlling light in novel ways.22−27 For example,
unidirectional backscattering-immune propagation of light
and topological midgap defect modes have been demon-
strated.28−32 High-performance nanophotonic on-chip devices,
such as robust waveguides and topological cavities,33−38 have
also been proposed and realized. However, the realization of
topological nanophotonic crystal devices remains challenging,
primarily due to material constraints and the complexity of
their design. Recent advancements in the field have introduced

the concept of synthetic dimensions, which allows for the
exploration of topological physics in higher-dimensional spaces
beyond the traditional geometrical dimensionality of the
structures.39−48 This innovative approach simplifies the design
of on-chip TPC devices by eliminating the reliance on specific
symmetry protection or stringent material requirements.49−51

By incorporating synthetic dimensions, researchers have
opened up new possibilities for realizing practical topological
nanophotonic crystal devices.
In this work, we realize on-chip TPC nanobeam filters based

on the synthetic parameter dimension. Our design approach
involves the utilization of Zak phases to engineer the
topological properties of the PC nanobeams. The Zak phase
quantifies how the wave function changes as the momentum
varies across the Brillouin zone and helps to determine
whether a PC nanobeam is topological (see eq 1 for details).
Additionally, we consider the translation of the air holes as an
additional degree of freedom, enabling the realization of PC
nanobeams with different Zak phases. Leveraging the bulk-
edge correspondence principle, we identify the presence of
topological cavity modes and establish a relationship between
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the wavelength of topological cavity modes and the translation
of the PC nanobeam’s air holes. To validate our findings, we
fabricate nanophotonic samples and record transmission
spectra. By checking PC nanobeams with varying translations,
we observe distinct filtering wavelengths in the spectra,
showcasing the broad tailorable working wavelength spanning
the entire band gap and the achievement of single-mode

operation. Our work demonstrates the implementation of on-
chip TPC nanobeam filters by leveraging the concept of
synthetic parameter dimension and opens up new possibilities
for the development of advanced nanophotonic devices with
tailored spectral responses.
To illustrate our concept, we present a schematic of the

designed TPC nanobeam filters under translational deforma-

Figure 1. Schematic of topological photonic crystal (TPC) nanobeam filters. (a) Schematic of three different TPC nanobeam filters. The air holes
in the left part of the nanobeam (highlighted in yellow) are untranslated, leading to a trivial PC nanobeam with a Zak phase of zero. On the
contrary, the air holes in the right part (highlighted in green) are translated by Δx, creating a PC nanobeam characterized with a non-zero Zak
phase. From top to bottom, the translation of air holes (i.e., Δx) at the right part is 0.25a, 0.5a, and −0.25a, respectively. (b) Schematic of the
topological cavity that is composed of two PC nanobeams with different translations. Structural parameters: lattice constant a = 380 nm, width w =
500 nm, height h = 220 nm, and side length of square air hole d = 170 nm. (c) Top view of the scanning electron microscope image of a fabricated
topological cavity with Δx = 0 and Δx = −0.3a.

Figure 2. Design scheme of the topological PC nanobeam cavity. (a) Bulk bands of the TE-like mode of the PC nanobeam. A band gap is
highlighted in gray. The Zak phase of first band is marked with blue letters. (b) |Hz| field of the topological cavity mode of a representative interface
between the PC nanobeam with Δx = 0 and the PC nanobeam with Δx = 0.5a. (c) Zak phase as a function of translation (Δx). The inset shows
unit cells of PC nanobeams with different translations, i.e., (I) Δx = −0.3a, (II) Δx = −0.15a, (III) Δx = −0.1a, (IV) Δx = 0.2a, (V) Δx = 0.35a,
(VI) Δx = 0.5a, and (VII) Δx = 0.5a. (d) Band dispersion of topological cavity modes as a function of the translation of the air hole (i.e., Δx). (e
and f) Band dispersions of cavity modes as a function of size length d0 and refractive index n0 of the center air hole, respectively.
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tions (Figure 1a). The considered PC nanobeam has periodic
air holes along the propagation direction of light (x), but it has
finite sizes along other directions (y and z). The structural
parameters, namely, a, w, h, and d, correspond to the lattice
constant, the width of the nanobeam, the thickness of the
nanobeam, and the size length of air holes, respectively. To
create a cavity, we introduce a translation (Δx) to the air holes
within the right PC nanobeam (highlighted in green) and
subsequently connect the untranslated and translated PC
nanobeams (Figure 1b). Because these two PC nanobeams are
characterized by different Zak phases (see more details in
section 1 of the Supporting Information), the interface
between them will support a localized topological cavity
mode due to the bulk-edge correspondence. By considering
interfaces with different translations, we can realize TPC
nanobeam filters that filter out specific wavelengths. In contrast
to conventional nanobeam filters, the designed TPC nanobeam
filters exhibit several advantages. One key advantage is their
tunability of the working wavelength, crossing the entire band
gap, allowing for flexibility in choosing the desired operating
wavelength. Additionally, TPC nanobeam filters operate in a
single-mode regime, ensuring a clean and well-defined output
signal. The following paragraphs provide further demonstra-
tions and evidence of these advantages.
For the sake of concreteness, we consider a PC nanobeam

with a = 380 nm, w = 500 nm, h = 220 nm, and d = 170 nm.
The unit cells of two representative structures, namely,
nanobeams with Δx = 0 and Δx = 0.5a, are shown in the
insets of Figure 2a. They have identical bulk bands, featuring a
band gap spanning from 1284 to 1612 nm (i.e., a very large
bandwidth of 328 nm, covering a majority of the O band, the
entire E band, the entire S band, the entire C band, and a
majority of the L band of optical communication). However,
these two bulk bands have different topological properties that
are characterized by the Zak phases:52,53

= *i u x x u x x k( ) ( ) ( ) d d
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where ε(x) is the relative permittivity and ukdx
(x) is the

normalized periodic part of the electric field of Bloch wave
function with wave vector kx. On the basis of eq 1, we
determine that the Zak phase of the first band for PC
nanobeam with Δx = 0 (Δx = 0.5a) is 0 (π). Due to the
topological difference between these two PC nanobeams, the
existence of a cavity mode located at the center of bulk band
gap is guaranteed by topology. To verify this, we construct an
interface by placing the nanobeam with Δx = 0 at the left and
the nanobeam with Δx = 0.5a at the right. Numerical results
show that there is a cavity mode with its wavelength (1483
nm) located within the bulk band gap and its |Hz| field
localizing at the interface (Figure 2b).
To present the tunability of the wavelength of the

topological cavity mode, we introduce translational deforma-
tion to the PC nanobeam at the right of the interface. Here, we
consider six unit cells with different translations (insets of
Figure 2c), and these unit cells correspond to the experimental
samples, which will be discussed in Figure 3d. For each PC
nanobeam with a different Δx, the Zak phase of the first bulk
band is defined as
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where the translated ε(x, Δx) = ε(x − Δx), and ukdx
(x, Δx) =

uk dx
(x − Δx)e−ikxΔx. The calculated results show that each

nanobeam is characterized by a non-zero Zak phase, which is
linearly proportional to Δx. As Δx changes by one lattice
constant, the PC nanobeam goes back to itself and the Zak
phase evolves 2π (Figure 2c):

= +x a( ) (0) 2 /Zak Zak (3)

As translation Δx varies from −a/2 to a/2 and is independent
of other variables, it can be treated as a synthetic parameter
and understood as a pseudomomentum.49,54,55 Therefore, we
can define a two-dimensional (2D) parameter space spanned
by one Bloch momentum (kx) and one pseudomomentum
(Δx). In this closed 2D parameter space (kx, Δx), the
topological invariant, i.e., Chern number, is related to the
evolution of the Zak phase when Δx changes by a period, as

Figure 3. Observation of the cavity mode of TPC nanobeam filters.
(a) Optical micrograph of the fabricated TPC nanobeam filter
between PC nanobeams with Δx = 0 and Δx = 0.5a. The inset shows
a close-up SEM image of the suspended topological cavity with a
period N of 8. (b) Schematic diagram of the experimental setup. (c)
Transmission spectrum of the TPC nanobeam filter in panel b. The
green dashed line represents the simulation result, with the inset
displaying the calculated |Hz| field of the topological cavity mode. The
green dashed line corresponds to the measured transmission
spectrum, while the green solid line represents the transmission
spectrum obtained by fitting the raw data with a Gaussian filter. (d)
Simulation transmission spectra of the TPC nanobeam filter with
different translations. (e) Measured transmission spectra of the TPC
nanobeam filter with different translations. The dashed line represents
the raw data, while the solid line corresponds to the data after the
Gaussian filter. The transmission spectrum for the TPC nanobeam
filter with Δx = 0.5a is shown as an example in panel c.
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shown by = =C x x( ) d 1x
1

2
Zak . In this context,

the translated and untranslated PC nanobeams manifest
topological and trivial structures, respectively. Due to the
principle of bulk-edge correspondence, gapless cavity modes
traverse the bulk band gap when Δx completes a period. This
intriguing phenomenon enables the emergence of a tunable
topological cavity mode when two PC nanobeams with
differing Zak phases are combined.
The proposed topological cavity offers several advantages

over traditional PC nanobeam cavities designed by other
alternative methods. Specifically, it enables a broader tunable
working wavelength range and single-mode operation. To
clearly demonstrate these advantages, we compare the
wavelength dispersions of cavity modes designed by using
three different methods. First, we consider the interface
between two PC nanobeams with different Zak phases (Figure
2d). When translation Δx varies from −a/2 to a/2 (i.e., −190
to 190 nm), the topological cavity mode gradually traverses the
entire gap, akin to conventional topological pumping.49

Moreover, at each specific translation, the topological cavity
exclusively supports a single mode, ensuring a clean and well-
defined output signal. As a comparison, we also investigate two
alternative cavity design methods. To be fair, we consider the
PC nanobeam with identical structural parameters (lattice
constant, width, thickness, and air hole size) and introduce the
defect by disturbing the center air hole in the middle of
nanobeam (top panel of panels e and f of Figure 2). In Figure
2e, we create a cavity by modifying the size (d0) of the center
air hole in the PC nanobeam. By considering d0 from 0 to 500
nm, we analyze all possible defect cases and observe that the
cavity modes cover the entire band gap. Once d0 gradually
increases, the cavity modes become insufficiently localized.
Consequently, energy within the cavity will leak from the

sidewall into the surrounding air (more details in section 2 of
the Supporting Information). In Figure 2f, the other kind of
cavity is created by filling the center air hole of the PC
nanobeam with a dielectric material with refractive index n0. By
varying n0 from 1 to 3.5 (corresponding to the refractive index
range of the standard on-chip materials), we find that the
wavelengths of the cavity mode cover only 33% of the band
gap. Additionally, these two design methods cannot ensure
single-mode operation, while our topological cavity can. Note
that one-dimensional arrays with two quantized Zak phases
(i.e., 0 or π) and their associated topological interface mode
have been reported,52,53 but our work introduces a unit cell
that breaks the mirror symmetry, resulting in Zak phases
spanning any real number within the range of [−π, π]. The
topological cavities constructed through the translation
method support cavity modes spanning the entire band gap
and enable single-mode operation. This is topologically
protected, because the Chern number within the 2D synthetic
space is inherently non-zero. It cannot be achieved in other
cavities constructed through the hole or dielectric defection
insertion methods (another example in section 3 of the
Supporting Information). Therefore, in the following experi-
ment, we focus on the topological cavity under translation
deformation.
To confirm the theoretical findings, we conducted

experimental demonstrations in the optical wavelength range
based on the silicon-based nanophotonic structure. The
fabricated PC nanobeam has a number of periods (N) of 8,
and the top panel of Figure 3a shows the SEM image of one
sample. To ensure efficient coupling between modes in the
optical fiber and waveguide, we integrate two grating couplers
at both the input and output ends of the PC nanobeam filter
(bottom panel of Figure 3a). Between the grating coupler and
the topological cavity, a tapered waveguide is designed to

Figure 4. Optical characterization of TPC nanobeam filters. Filtering wavelengths of TPC nanobeam filters with periods of (a) 8 and (c) 10. Blue
circles represent simulation results of TPC nanobeam filters, and red circles represent measured results. The red arrows indicate the trend of the
wavelength variation. Line widths, quality factors, and insertion losses of the TPC nanobeam filters with periods of (b) 8 and (d) 10. Blue dashed
lines represent simulation results, while red solid lines represent measured results.
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improve the coupling efficiency and reduce reflection losses.
The experimental setup is depicted in Figure 3b. As an
example, we consider the sample between PC nanobeams with
Δx = 0 and Δx = 0.5a (i.e., the structure depicted in Figure
3a). Figure 3c illustrates the simulated and experimental
transmission spectra. In the simulated spectrum, a transmission
peak is observed at 1467 nm. We also analyzed the excitation
field at this wavelength, as shown in the inset of Figure 3c. The
analysis reveals that the energy is primarily concentrated near
the interface, which aligns well with our theoretical prediction
in Figure 2f. Notably, the leftmost energy localization within
the PC nanobeam corresponds to the entrance of the incident
light. Considering the experimental results, we apply a
Gaussian filter (more details in section 4 of the Supporting
Information) to the raw spectrum (the green dotted line) to
remove the Fabry−Peŕot fringes resulting from the reflections
at the grating couplers. Note that in the experiment one
method for reducing the fringes of the measured transmission
spectra is to improve the coupling efficiency between the
incident fiber and the grating coupler. This can be done by
modifying the coupling angle between the fiber and the on-
chip grating coupler. The resultant transmission spectrum is
represented by the green solid line, and it shows one
transmission peak at 1467 nm, which coincides with the
simulated one.
To extend the wavelength coverage within the band gap, we

fabricated TPC nanobeam filters with different translations.
Simultaneously, we conducted simulations for the transmission
spectrum of TPC nanobeam filters under various translations
(Figure 3d). Note that as the working bandwidth of the input
and output grating couplers is ∼100 nm and the bandwidth of
the band gap is 328 nm, we design three grating couplers with
different center working wavelengths for TPC nanobeam filters
with different working wavelengths (more details in section 5
of the Supporting Information). The transmission spectra of
TPC nanobeam filters with varying Δx values are presented in
panels d and e of Figure 3. Upon comparing the simulation and
measured results, we observed a wavelength shift, which could
be attributed to variations in the size of the air holes in the
samples during fabrication, differing from the intended design.
As Δx varies, we observe a corresponding shift in the measured
wavelength of the transmission peak, from 1300 to 1570 nm.
Moreover, we conducted a comparison with the TPC

nanobeam filter with an N of 10 (see Figure S4). For the sake
of clarity, we summarize the relation between the translation of
air holes and the corresponding transmission peak at different
periods (Figure 4a,c). As Δx increases from −0.5a to 0 (or
from 0 to 0.5a), the transmission peak experiences a red-shift,
irrespective of whether the periodicity is 8 or 10. This behavior
is consistent in both the simulation and experimental results.
Additionally, we evaluate the performance of the TPC
nanobeam filters by analyzing the line width, quality factor
(Q), and insertion loss (Figure 4b,d). With an increase in the
number of periods, we observe a reduction in the line width of
the TPC nanobeam filter, while Q tends to increase for
periodicities of both 8 and 10. The line width/Q competes
with insertion loss, and this trend is also observed in both
simulation and experimental results. The minimum insertion
loss of our designed TPC nanobeam filter reaches 0.65 dB for
Δx = −0.15a, and the minimum filtering line width is 3.2 nm
for Δx = 0.35a. In our work, the quality factor of the
transmission peak is not large (∼300), the bandwidth is not
narrow (∼3 nm), and the insertion loss is large. This is because

the band gap discussed in our work is extremely wide. If the
band gap is reduced, the performance of the filter will be
improved (more details in section 6 of the Supporting
Information). To expand the functionality of our TPC
nanobeam filters and cater to scenarios where filtering
information at multiple wavelengths is required, we explore
the possibility of cascading two PC nanobeam cavities (more
details in section 7 of the Supporting Information).
In summary, we have realized TPC nanobeam filters under

translational deformations. The introduction of translation,
serving as a synthetic parameter dimension, allows us to
establish a clear correlation between the topological cavity
morphology and the corresponding wavelength. Extensive
theoretical analysis and experimental investigations have
demonstrated the ability to tune the filtering wavelength
across the entire band gap by adjusting the positions of the air
holes within one period. We achieve a minimal insertion loss of
<1 dB and a minimum line width of 3.2 nm. These significant
achievements highlight the potential application of topological
physics in integrated nanophotonics. The topological method
based on synthetic dimensions imposes no restrictions on
lattice types, symmetries, or materials, making it adaptable for
on-chip device design. This work serves as an illustration of
incorporating synthetic translation dimensions in the creation
of on-chip filters, with potential applications extending to other
devices like microcavities.

■ METHODS
Numerical Simulation. The finite-element method solver

COMSOL Multiphysics is employed for the numerical
modeling of the PC nanobeam. The relative permittivity of
silicon is assumed to be constant at 12 across the entire
spectral range of interest. To calculate the band structures
(Figure 2a), eigenfrequency analyses are conducted in a three-
dimensional (3D) configuration. The 3D eigenmode solver is
utilized to numerically simulate the cavity mode of the PC
nanobeam cavity (Figure 2b). Furthermore, to validate the
transmittance spectra of PC nanobeams under different
translation and the excited cavity mode of the PC nanobeam
filter, finite-difference time-domain calculations are performed
by using Lumerical FDTD Solutions. We utilized FDTD to
acquire the transmission spectrum of the TPC nanobeam filter.
We put the incidence of the TE mode placed right before the
first air hole, and the monitor is placed right after the last air
hole (Figure 3d). Our calculation method for Q and insertion
loss (IL) follows a common approach. Q is calculated as the
resonant wavelength divided by the full width at half-
maximum, and IL is determined using the formula IL
(decibels) = −10 × log10(transmittance) (Figure 4b,d).

Sample Fabrication. The devices were fabricated on a
commercially available silicon-on-insulator (SOI) wafer. The
silicon layer had a thickness of 220 nm, while the buried silica
layer had a thickness of 2 μm. Initially, electron-beam
lithography (EBL) was employed to define the waveguides
and air holes on an electron-beam resist, called AR-P 6200.
Subsequently, these patterns were transferred to the silicon
layer through an inductively coupled plasma (ICP) etching
process, resulting in an etching depth of 220 nm. Next, grating
couplers were defined on the silicon layer by using the aligned
EBL and an ICP etching process, resulting in an etching depth
of 70 nm. Following this, the aligned EBL was used again to
define the region for wet etching on the electron-beam resist
[poly(methyl methacrylate) (PMMA)]. The resist was then
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subjected to development and hard-bake processes. Wet
etching with hydrofluoric acid was carried out in this defined
region to create the suspended structures. Finally, the resist
was removed entirely to conclude the fabrication process.

Optical Measurements. The optical sources used in the
experiment consisted of three tunable continuous wave (CW)
lasers (Santec TSL-550/710) operating in the telecom
wavelength range of 1260−1640 nm. To initiate the measure-
ments, the incident light was launched into the input fiber and
subsequently coupled to the waveguide by using the input
grating coupler. The light then traversed through the PC
nanobeam filter before exiting into the output fiber via the
output grating coupler. To capture the transmission spectra,
the wavelength of the CW laser was automatically tuned in
increments of 10 pm. The detection of these spectra was
achieved by using an optical power meter (MPM-210). During
the experimental measurements, reference samples were
prepared. In our measurements, we acquired transmission
spectra for both the reference sample and the TPC nanobeam
filter sample. Subsequently, the transmission spectrum of the
reference sample was normalized to derive the final trans-
mission spectrum for the TPC nanobeam filter (Figure 3e).
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