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Abstract: Replacing part of a conventional optical circuit with a topological photonic system
allows for various controls of optical vortices in the optical circuit. As an underlying technology
for this, in this study, we have realized a topological converter that provides high coupling
efficiency between a normal silicon wire waveguide and a topological edge waveguide. After
expanding the waveguide width while maintaining single-mode transmission from the Si wire
waveguide, the waveguides are gradually narrowed from both sides by using a structure in which
nanoholes with C6 symmetry are arranged in a honeycomb lattice. On the basis of the analysis
using the three-dimensional finite-difference time-domain method, we actually fabricated a
device in which a Si wire waveguide and a topological edge waveguide were connected via the
proposed topological converter and evaluated its transmission characteristics. The resulting
coupling efficiency between the Si wire waveguide and the topological edge waveguide through
the converter was –4.49 dB/taper, and the coupling efficiency was improved by 5.12 dB/taper
compared to the case where the Si wire waveguide and the topological edge waveguide were
connected directly.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tracing the topology of electronic systems in topological insulators and Weyl semimetals into
photon systems is called ‘topological photonics [1]’ and has rapidly progressed in recent years.
The methods for expressing a topological phase in the field of photonics can be largely classified
into three categories, namely an approach that makes use of time-reversal symmetry-breaking
induced by a magneto-optical effect [2–5], a Floquet-like approach with periodic modulation in
both space and time domains [6–9], and a time-reversal invariance approach using the spatial
symmetry of an internal structure [10,11]. In particular, for a typical photonic structure of the
third approach in which multiple dielectrics having C6 symmetry are arranged in a honeycomb
lattice, unprecedented optical phenomena can be realized because the unit cell has a higher
degree of freedom in that configuration than that of a conventional photonic crystal whose unit
cell comprises one dielectric.

The most well-known phenomenon is the topological edge state created by the aforementioned
photonic structure, which enables the propagation of optical vortices in optical circuits [12–16].
The optical vortex carries the orbital angular momentum (OAM) of light and can be used to
multiplex signals by assigning each signal to a light wave of different momentum. Even though
the optical vortex is expected to be a large-capacity transmission technology in the future [17–22],
conventional waveguide devices used in optical communication basically operate in TE/TM
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Fig. 1. TPICs: Topological photonic integrated circuits. By replacing part of the
conventional optical circuit with a topological photonic system, various controls including
optical vortex propagation can be performed in the optical circuit.

mode light and are not suitable for optical vortex transmission [23–26]. For this reason, as
shown in Fig. 1, we are aiming to perform various optical vortex controls in optical circuits
by replacing parts of conventional optical circuits with topological photonic systems (TPICs:
topological photonic integrated circuits) [27]. In TPICs, possible applications include lasers that
excite specific optical vortex modes and optical vortex multiplexer/demultiplexer that can operate
without any power consumption. The former one can be realized by using a III-V semiconductor
air bridge topological structure [28], and the latter one can be realized by using a designed
topological edge waveguide that allows a specific optical vortex mode [29].

One of the indispensable elements of TPICs mentioned above is the highly efficient coupling
from a normal waveguide to a topological edge waveguide (efficient conversion from TE/TM
mode to optical vortex mode). However, it is difficult to realize appropriate coupling because
the shape of the normal waveguide is significantly different from that of the topological edge
waveguide [30–32] formed at the interface between a trivial photonic structure and a topological
photonic structure.
In this study, we have proposed a topological converter to realize high-efficiency coupling

between a silicon wire waveguide and a topological edge waveguide. After outlining the proposed
device including operation principles, we analyzed the propagation characteristics using the
finite-difference time-domain (FDTD) method (Section 2). On the basis of the theoretical analysis,
we then fabricated the actual device and investigated its coupling characteristics (Section 3). The
details are described in the following sections.

2. Overview and theoretical analysis of the topological converter

2.1. Outline of the proposed topological converter including operation principles

Figure 2(a) shows a schematic of the topological converter. In this study, we consider creating
the TPICs on a silicon-on-insulator (SOI) wafer that is normally used in optical circuits. First,
the waveguide width is gradually increased while maintaining single-mode transmission from
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Fig. 2. (a) Overview of the proposed topological converter. (b) Operating principles of the
proposed topological converter: The two sides of the waveguide (Regions A and B) are a
trivial photonic structure and a topological photonic structure, respectively. There is a slight
misalignment in the dielectric placement, which causes the equiphase plane of the TE/TM
mode to incline with propagation.

the Si wire waveguide. After that, by using a structure in which nanoholes with C6 symmetry
are arranged in a honeycomb lattice [33–35], the waveguide is gradually narrowed from both
sides to achieve high-efficiency coupling to the topological edge waveguide. Here, each side
of the waveguide (region A and B in Fig. 2(a)) has a trivial photonic structure or a topological
photonic structure, and the dielectrics on both sides are displaced by half a lattice with each
other. This causes a wavefront tilt of the TE/TM mode depending on the propagation distance
(Fig. 2(b)). Finally, when the wavefront tilt matches the optical vortex mode, the device achieves
high-efficiency coupling to the zigzag topological edge waveguide.

2.2. Design of the photonic structure used in the topological converter

We first designed the photonic structure to place in each domain. In this study, for a photonic
structure having a Z2 topological phase, we adopted a structure where triangular nanoholes with
C6 symmetry are arranged in a honeycomb lattice on a SOI wafer (see Fig. 3(a)). In this structure,
we assumed that a Si core layer with a film thickness of 220 nm, which is normally used in silicon
photonics circuits, was sandwiched between a 1.5-µm-thick SiO2 cladding and an air cladding.
In a simulation, the period of the honeycomb lattice a0 was fixed to 800 nm, and the distance r
from the center of the honeycomb lattice to the center of the nanohole, and the length l of one
side of the nanohole, were used as parameters for analysis.
Figure 3(b) shows the TE-mode band diagrams for each structure calculated by using the

3-dimensional plane wave expansion (PWE) method. By gradually changing the parameters
from r= 243 nm, l= 245 nm to r= 291 nm, l= 250 nm, the electromagnetic mode of the p-wave
and d-wave was inverted near the center of the Brillouin zone, causing the transition from a
trivial photonic band to a topological photonic band (see [31] for more information about p-wave
and d-wave). As two photonic structures used in the topological converter must be a typical
trivial photonic structure and a topological photonic structure, respectively, the parameters in
regions A and B shown in Fig. 2(a) were set to r= 243 nm, l= 245 nm and r= 291 nm, l= 250 nm,
respectively. Here, the center of the bandgap of each photonic structure corresponds to the
wavelength of the input light (= 1550 nm).
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Fig. 3. (a) Photonic structure used in the topological converter. (b) TE-mode Band diagrams
for each structure calculated using the plane wave expansion (PWE) method: By gradually
increasing r and l, the electromagnetic mode of the p-wave and d-wave underwent band
inversion near the Γ point of the band diagram, causing the transition from a structure with a
trivial photonic band to a structure with a topological photonic band.

Fig. 4. Propagation characteristics of the topological transmission line analyzed by the
FDTD method. (a) Electromagnetic field mode distribution (Hy) of the optical vortex mode
excited by the topological transmission line at a certain point (b) Energy flow (®E × ®H) of the
optical vortex mode excited by the topological transmission line at a certain point.

2.3. Positioning of input and output ends of the topological edge waveguide in the
topological converter

In this section, we determine the position of the input and output ends of the topological edge
waveguide used in the topological converter. Unlike the TE/TM mode in the Si wire waveguides,
the direction of the energy vector is non-uniform for the optical vortex mode in the topological
edge waveguide. For this reason, the input and output ends of the topological edge waveguide
need to be placed in an appropriate position to achieve high-efficiency coupling.
Using the photonic structure designed in the previous section, we analyzed the propagation

characteristics of the topological edge waveguide formed at the interface between the trivial
photonic structure and the topological photonic structure. Figure 4 shows the results calculated
by the three-dimensional FDTD method. Figures 4(a) and 4(b) show the electromagnetic field
distribution (Hy) and energy flow (®E × ®H) of the optical vortex mode excited in the topological
edge waveguide at a certain time. In Fig. 4(a), we can see that the p-wave and d-wave are equally
mixed in the propagating optical vortex mode, which means the optical vortex modes of l= 1 and
l= 2 are mixed at a ratio of 1:1. This is because the bandgap center wavelength of all photonic
structures that form this device is the same as that of the input light, and the transition ratio of
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the electromagnetic mode (p±, d±) is the same. As the energy flow at this time is concentrated
in the z direction at the position A, as shown in Fig. 4(b), the input and output ends of the
topological edge waveguide were placed in these positions. This enables the high-efficiency
coupling between the Si wire waveguide and the zigzag topological edge waveguide.

2.4. Propagation characteristics and coupling efficiency of the topological converter

Next, using the structure established in Sections 2.2 and 2.3, we designed the whole structure
of the topological converter shown in Fig. 2(a) and investigated its propagation characteristics.
In the simulation, we changed the distance L between the Si wire waveguide and input end of
the topological edge waveguide, and the narrowing angle θ formed by two photonic structures.
With respect to the distance L, the Si wire waveguide was gradually widened with a length of L/2,
and then narrowed with a length of L/2 by two photonic structures arranged on both sides of the
waveguide. In addition, the angle θ was set to 30° or 60° in consideration of the fact that the
photonic structure has nanoholes having C6 symmetry arranged in a honeycomb lattice.

Figure 5 shows a typical propagationmode field near the topological converter, calculated by the
three-dimensional FDTD method (assuming L= 4.0 µm and θ = 45° as parameters). Figure 5(a)
shows the magnetic field distribution (Hy) viewed from directly above the device, and Figs. 5(b)
and 5(c) show cross-sectional views of the magnetic field distribution (Hy) along a–a’ and b–b’
in Fig. 5(a), respectively. For comparison, propagation analysis was also performed for a device
in which a Si waveguide was directly connected to a topological edge waveguide without using
the topological converter (see Figs. 5(d)–5(f)). From Figs. 5(a)–5(c), TE-mode light propagating
in the Si wire waveguide was efficiently coupled to the optical vortex mode of the topological
edge waveguide while suppressing reflection and scattering through the topological converter.
On the other hand, as evident from Figs. 5(d)–5(f), in the case without the topological converter,
significant reflection and scattering occurred at the interface due to the large mode mismatch
between the Si wire waveguide and topological edge waveguide.
In order to calculate the coupling efficiency of the topological converter, we analyzed its

propagation characteristics using the model shown in Fig. 6(a). The analysis model consists of
[Si wire waveguide – topological converter – topological edge waveguide – topological converter
– Si wire waveguide], and the transmission intensity was calculated by changing the length
of the topological edge waveguide (i.e. number of cells of the honeycomb lattice). In the
simulation, input and output ports were placed in the Si wire waveguides. Figure 6(b) shows
the coupling efficiency of the topological converter analyzed by changing the parameters L and
θ. Figure 6(c) also shows the coupling efficiency of the topological converter as a function
of θ, where L is fixed at 4.0 µm, which corresponds to the white dashed line in Fig. 6(b).
These results indicated that there is a significant improvement in coupling efficiency when the
topological converter is introduced to the device, compared to when the Si wire waveguide and
the topological edge waveguide were connected directly. Furthermore, the parameter L had a
greater effect on the coupling efficiency than the parameter θ, and the device with θ = 45° showed
an increase in coupling efficiency of 1.8 dB and 4.1 dB compared to the devices with θ = 30° and
60°, respectively. Finally, a maximum coupling efficiency of –0.4 dB/taper was obtained for the
topological converter with parameters of L= 4.0 µm and θ = 45° (here, the propagation loss of
the topological edge waveguide was 0.25 dB/cell).
Figure 6(d) shows the coupling efficiency as a function of wavelength, for the topological

converter with parameters of L= 4.0 µm and θ = 45°. When the structural parameters of the
topological converter were optimized for appropriate mode matching between the Si wire
waveguide and the topological edge waveguide, the wavelength dependence was almost constant
from 1540 nm to 1560 nm. This means the wavelength dispersion of the device is extremely
small in this wavelength range.
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Fig. 5. Typical propagation mode near the topological converter, calculated by the FDTD
method (assuming parameters of L= 4.0 µm, θ = 45° for the topological converter): (a)
Magnetic field mode distribution (Hy) from right above the device. (b)(c) Magnetic field
mode distribution (Hy) of the a-a’ and b-b’ cross-sections. (d)-(f) Results of analyzing the
device in which the Si wire waveguide is directly connected to the topological transmission
line without a topological converter.
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Fig. 6. (a) An analytical model to calculate the coupling efficiency of the topological
converter (the input/output ports are placed on the flanking Si wire waveguides). (b) Coupling
efficiency of the topological converter as a function of the parameters L and θ. (c) Coupling
efficiency of the topological converter as a function of θ (L is fixed at 4.0 µm), which
corresponds to the white dashed line in Fig. 6(b). (d) Wavelength dependence of coupling
efficiency of the topological converter with parameters of L= 4.0 µm and θ = 45°.

3. Fabrication and evaluation of the topological converter

Based on the design described in Section 2, we fabricated a device in which a Si wire waveguide
was connected to a topological edge waveguide via a topological converter and measured
characteristics of the device. First, ZEP520A (film thickness: 500 nm) was coated onto a SOI
substrate (Si core thickness: 220 nm, SiO2 clad thickness: 1.5 µm). After that, a device pattern
was formed by electron-beam lithography and inductively coupled plasma reactive ion etching
(ICP-RIE) with CF4-SF6 mixed gas (mixing ratio 8:1). We ensured that the parameters of the
trivial photonic structure and the topological photonic structure would be r= 243 nm, l= 245 nm
and r= 291 nm, l= 250 nm, respectively. In this study, two types of devices with parameters of
(L, θ)= (3.2 µm, 30°), (4.0 µm, 45°) were prepared. In addition, for comparison with the above
device, we also prepared a reference device on the same substrate whereby the Si wire waveguide
was connected directly to the topological edge waveguide, without a topological converter.

Figures 7(a) and 7(b) show scanning electronmicroscope (SEM) images of the fabricated device
near the topological converter and the topological edge waveguide, respectively. Figures 7(a)
and 7(b) indicated that each parameter of the device had a value close to the design dimensions
mentioned in Section 2. Furthermore, Figs. 7(c) and (d) show SEM images along a–a’ and b–b’
in Fig. 7(a), respectively. In this study, the upper cladding layer was air for both the Si wire
waveguide and the topological edge waveguide.

We measured the propagation characteristics of the device for 1550-nm-band incident light.
Light from a tunable laser (17 dBm) was transferred into and out of the device using lensed-fiber
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Fig. 7. (a)(b) Scanning electron micrographs (SEM) taken near the topological converter in
the fabricated device. (c)(d) SEM of the a-a’ and b-b’ cross-sections.

Fig. 8. Experimental system to calculate the coupling efficiency of the topological converter.
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couplers (See Fig. 8). The intensity of output light from the device was measured using the optical
spectrum analyzer and the power meter. At the same time, an Infrared camera (Hamamatsu
Photonics: C14041-10U) was used to observe the upward-scattered light from the device.

Figures 9(a)–9(c) show Infrared camera images at various incidentwavelengths, andFigs. 9(d)–(f)
show band diagrams of assumed photonic structures. In the wavelength range of 1520–1560 nm,
as incident light from the Si wire waveguide was transmitted to the trivial and topological
photonic structures, light energy was estimated to be above the bandgap of each photonic structure
(Figs. 9(a) and 9(d)). As the wavelength of the incident light varied to the long-wavelength
side, light leakage to each photonic structure was suppressed when reaching the vicinity of the
bandgap edge (Figs. 9(b) and 9(e)). When the wavelength of the incident light ultimately reached
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Fig. 9. Infrared camera images at each wavelength and the band diagrams of each photonic
structure estimated from these results. (a)(d) Wavelength of incident light: 1520–1560 nm.
(b)(e) Wavelength of incident light: 1580 nm. (c)(f) Wavelength of incident light: 1610 nm.
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1610 nm, we were able to observe the propagation of light from the Si wire waveguide to the
topological edge waveguide (Figs. 9(c) and 9(f)). In Fig. 9, the center wavelength of the bandgap
deviates from the value set at first (= 1550 nm). This is because the nanoholes in each photonic
structure were 190-nm-deep equilateral triangles with rounded corners, while in the theoretical
analysis, they were assumed to be ideal equilateral triangles with a depth of 220 nm.
Figure 10 shows the propagation characteristics of the device at an incident light wavelength

of 1610 nm. In this experiment, we prepared devices in which the length of the topological
edge waveguide was changed from 8 µm (10 cells) to 28 µm (35 cells). From the intercept
of the approximate line in Fig. 10, the coupling efficiency w/ the topological converter was
estimated to be -5.88 dB/taper for the parameters of (L, θ)= (3.2 µm, 30°) and -4.49 dB/taper
for the parameters of (L, θ)= (4.0 µm, 45°). On the other hand, the coupling efficiency w/o the
topological converter was estimated to be -9.61 dB/taper. These results indicated that there is a
significant improvement in coupling efficiency when the topological converter is introduced to
the device. Although the coupling efficiency improved by the topological converter is presently
smaller than that of the theoretical value, we believe that it would be possible to approach the
theoretical value of –0.40 dB/taper through optimization of the fabrication process.
In addition, from the slope of the approximate line in Fig. 10, the propagation loss of the

topological edge waveguide was -0.4 dB/cell in all cases. As mentioned in Section 1, it is ideal
that most of the optical functions are performed in the conventional low-loss optical circuit and
only the control related to the optical vortex is realized using the topological photonics system.
Since the size of the topological photonic region seems to be about 10×10 um2, the propagation
loss of the topological edge waveguide is not a significant problem within such a scale.

Finally, we measured wavelength dependence of the topological converter with parameters of
L= 4.0 µm and θ = 45°. Figure 11 shows the result. The wavelength dependence was almost
constant from 1590 nm to 1630 nm, which indicates that the wavelength dispersion of the device
is extremely small in this wavelength range.

Fig. 10. Propagation characteristics of the device at incident light wavelength of 1610 nm:
The coupling efficiency of the topological converter and the transmission loss of the
topological transmission line itself were estimated by varying the length of the topological
transmission line from 8 µm (10 cell) to 28 µm (35 cell), and comparing their transmission
intensities.
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Fig. 11. Measured wavelength dependence of coupling efficiency of the topological
converter with parameters of L= 4.0 µm and θ = 45°.

4. Conclusion

Various optical vortex controls in optical circuits can be performed by replacing part of a
conventional optical circuit with a topological photonic system. As an underlying technology for
this, we have proposed a topological converter to realize high-efficiency coupling between a Si
wire waveguide and a topological edge waveguide. In the topological converter, the waveguide
width was first gradually increased while maintaining single-mode transmission from the Si
wire waveguide. After that, by using a structure in which nanoholes with C6 symmetry are
arranged in a honeycomb lattice, the waveguide was gradually narrowed from both sides to
achieve high-efficiency coupling to the topological edge waveguide.

As a result of analyzing the propagation characteristics of the device by the three-dimensional
FDTDmethod, we found that introducing the topological converter led to significant improvements
in coupling efficiency compared to when the Si wire waveguide was connected directly to the
topological edge waveguide. Finally, we estimated that it would be possible to achieve a maximum
coupling efficiency of –0.40 dB/taper with this device.

On the basis of simulation results, we actually fabricated a device on a SOI substrate, whereby
the Si wire waveguide was connected to a topological edge waveguide via a topological converter.
As a result, the coupling efficiency between the Si wire waveguide and the topological edge
waveguide with and without the topological converter was –4.49 and –9.61 dB/taper, respectively
(the coupling efficiency was improved by about 5.12 dB with the topological converter).
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