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Abstract: A defect structure is proposed for enhancing the coupling efficiency of vertically
incident circularly polarized light in a topological waveguide. In the topological edge-state
waveguide based on triangle lattices of hexagons consisting of six nanoholes respecting Cgy
symmetry in a silicon optical circuit, the vertical coupling rate is improved by removing the
nanoholes from one hexagonal cell near the line. The coupling efficiency was evaluated with
and without the defect structure. The introduced defect structure operates suitably for focused
beams of left- and right-handed circularly polarized light, enhancing the optical communication
wavelength bandwidth by up to 10dB.
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1. Introduction

Topological physical phenomena have attracted significant attention from researchers in recent
years. The expectations for the discovery of new physics associated with topologically protected
surface states and the development of devices using such phenomena are constantly increasing
[1-3]. Therefore, recent investigations have focused on topological photonics, which traces
the topology of electronic systems to that of photonic systems [4—6]. Topological photonic
systems are characterized by the ability to realize photonic structures distinct in topology by
simultaneously controlling the interactions within and between the cells in photonic nano-periodic
structures. This enables more flexible photonic band engineering than is observed in conventional
photonic crystals [7-10], which primarily involve cell-to-cell interactions, and metamaterials
[11-17], which involve intra-cell interactions.

One of the most attractive phenomena in topological photonic systems is the topological
edge state generated at the interface of two photonic structures distinct in topology, whereby
the direction of the propagating light is uniquely determined with respect to the spin direction
(i.e., left or right circular polarization) [18-21]. This means that vertically incident light can
be automatically split according to the type of circular polarization [19,22], which can be an
important element toward a fully passive demultiplexer in optical polarization multiplexing
system [23]. However, the modes of circular polarized light propagating in free space and light
propagating in a topological waveguide are significantly different, and it is not easy to achieve
high vertical coupling efficiency while maintaining chiral coupling performance. Therefore, until
now, no versatile structure has been proposed to realize highly efficient vertical coupling from
free space to topological waveguides.

With the above background, we reported that a high vertical coupling rate can be obtained by
introducing a defect structure close to the topological waveguide [24]. In this study, we fabricated
an actual device based on the previous proposal and evaluated its vertical coupling rate. The
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details of the experimental analysis and the corresponding findings are described in subsequent
sections.

2. Device fabrication and experimental analysis

Figure 1 depicts the structure of the device used in this study. We employed triangle lattices of
hexagons consisting of six nanoholes respecting Cg, symmetry on a silicon-on-insulator (SOI)
wafer as a photonic structure with Z; topology. A topological waveguide was then constructed
by combining two photonic structures with distinct topologies. Additionally, to improve the
vertical coupling rate, the triangular nanoholes were removed from a specific triangle lattice of
hexagons near the topological waveguide; hereafter, this arrangement is referred to as the “defect
structure.” The triangle lattices of hexagons in the defect structure was filled with a dielectric
material exhibiting a high refractive index to form a cavity; the vertically incident light could be
strongly confined in this cavity. In our previous reports [24], we predicted that by introducing
a defect structure at a specific location near the topological waveguide as shown in Fig. 1(a),
the confined light can be easily coupled to a topological waveguide that exhibits high efficiency.
In this situation, the mode distribution inside the defect is almost the same as that of a plane
wave with circular polarization focused by a lens. This mode matching facilitates an efficient
conversion from the circularly polarized beam propagating in free space to the guided wave
passing through the topological waveguide.
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Fig. 1. (a) Schematic of the topological vertical coupler with the defect structure. (b) Unit
cell of a topological photonic crystal.

During device fabrication, ZEP520A (film thickness: 500 nm) was applied on the SOI substrate,
with the Si core thickness and the SiO; cladding thickness set to 220 nm and 3 um, respectively.
Subsequently, a device pattern was formed using electron beam lithography. The ZEP520A was
used as a mask, and the Si layer was etched by inductively coupled reactive ion etching using SFg
mixed gas. The period ag of the honeycomb lattice and the length L of one side of the nanohole
were set to 800 and 210 nm, respectively. Two photonic structures distinct in topology were
implemented by changing only the distance R from the center of the triangle lattices of hexagons
to that of the nanohole. Based on the band structure analysis performed using the plane wave
expansion method and various experimental rules [25], we employed two structures with R =244
and 284 nm. The band gaps in these two topological photonic structures were close to the C-band.

Figure 2(a) depicts an optical microscope image of the fabricated device. Figure 2(b) shows
a scanning electron microscope image with the area surrounded by the yellow dotted line in
Fig. 2(a) enlarged. These images reveal that the values of the aforementioned device parameters
are close to the described design with the defect structure appropriately fabricated. Furthermore, a
topological converter [26] was inserted to increase the coupling efficiency between the topological
waveguide and the silicon wire waveguide.
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Fig. 2. (a) Optical microscope image of the topological vertical coupler with the defect
structure. (b) Scanning electron microscope image of the area within the yellow dotted line
in Fig. 2(a).

3. Results and discussion

Figure 3(a) illustrates the band diagrams of the two photonic structures used in the device, which
were obtained using a photonic band microscope via hyperspectral Fourier image spectroscopy
[27]. During the measurement, light from a broadband white light source was incident on
the device, and a Fourier image of the scattered light was captured using an infrared camera
through a 4f optical system. A tunable filter was placed in front of the infrared camera, and the
three-dimensional (3D) photonic band was obtained by stacking the Fourier images captured
at each wavelength in the 3D direction. Figure 3(a) indicates that the band gaps in both band
diagrams are close to 1.55 um, which is the optical communication wavelength band; however,
their intensities at the upper and lower bandgap edges are reversed near the I" point. In general,
due to the difference in mode shape and phase distribution between p- and d-wave, the reflectivity
of the electromagnetic mode of the d-wave tends to be weaker than that of the p-wave [19].
Therefore, the obtained experimental results indicate that the p-wave and d-wave electromagnetic
modes are band-reversed, implying that the two photonic structures exhibit distinct topologies.
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Fig. 3. (a) Measured band structure of photonic crystals with different topologies. (b) Basic
transmission characteristics of the topological waveguide used in this study.
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Figure 3(b) depicts the wavelength dependence of the propagation characteristics of the
topological waveguide (without the defective structure) formed by the aforementioned two
photonic structures. In the obtained band of the photonic structure (Fig. 3(a)), low-loss
propagation of up to 0.10 dB/cell was recorded. Additionally, the spin—spin scattering resulted
in an increase in the propagation loss in the vicinity of 1580-1590 nm near the bandgap center.
These results indicate that the topological waveguide was appropriately configured.

We then measured the changes in vertical coupling efficiency with and without the defect
structure based on the aforementioned topological waveguide. Figure 4 depicts the experimental
setup. During the experiment, the light from a tunable laser was passed through a polarization-
maintaining fiber and collimating lens. Subsequently, a plane wave of left or right circular
polarization was generated using a polarizer and A/4 wave plate. The light was then input from
the top of the device by an objective lens (Olympus MPLFLNS50 X; numerical aperture = 0.8).
The incident light was aligned with the center of the defect structure by monitoring the infrared
camera placed above the device. The light propagated through the topological waveguide was
output to a polarization-maintaining fiber via a ball-tip fiber from the end face of the device.
Subsequently, the propagation characteristics were evaluated using a spectrum analyzer and
power monitor. To eliminate stray light and extract only the light that has propagated through the
topological waveguide, an in-line polarizer was inserted into the polarization-maintaining fiber
on the output side to slice the Ey component. This component could not maintain the propagation
mode at the interface between the two photonic structures with different topologies.
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Fig. 4. Experimental setup. The circular polarization state of the vertically incident light is
controlled using a linear polarizer and A/4 wave plate.

Figure 5(a) illustrates the wavelength dependence of the output intensity of port 2 when
left-handed circularly polarized light is incident. Here the output intensity was obtained by
subtracting the coupling loss of the topological converter, the propagation loss of the Si wire
waveguide, the coupling loss between the tip end face and the lensed fiber, and the insertion loss
of the measurement system from the intensity actually measured with the power monitor, thereby
extracting only the properties of topological waveguides with defect structures. In the band region
with the topological edge state, the vertically incident light was more strongly coupled with the
waveguide that comprised the defect structure compared with the one without the defect structure.
Based on the results in Fig. 5(a), we plotted the wavelength dependence of the coupling efficiency
enhancement ratio induced by the defect structure (Fig. 5(b)), which was determined by dividing
the coupling efficiency obtained for the waveguide with the defect structure by that obtained for
the waveguide without the defect structure. The figure indicates a performance improvement
of up to 10 dB in the operating wavelength band of the defect structure (1550-1580 nm). The
theoretical details on wavelength dependence of defect structures are presented in [24].
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Fig. 5. (a) Wavelength dependence of output intensity with respect to the vertically incident
light and topological waveguide with and without the defect structure. (b) Output intensity
enhancement ratio induced by the defect structure.

Figure 6 depicts the wavelength dependence of the output intensity considering the loss of
the measurement system from both ports when right- and left-handed circularly polarized lights
are incident on the device. Figure 6(a) indicates that the observed output intensities from the
same port reveal a phenomenon unique to topological waveguides in the case of both right- and
left-handed circularly polarized lights. Here, the outputs to ports 1 and 2 are dominant when
the incident light is right- and left-handed circularly polarized, respectively. In the operating
wavelength band of the defect structure, the output intensity ratio between ports 1 and 2 was
up to approximately 20 dB. Note that there is no change in the directionality of coupling with
or without defects, and that the contrast ratio for left and right circular polarization is almost
identical. Figure 6(b) depicts the output intensities from the ports where both the left- and
right-handed circularly polarized lights are dominant. As the propagation characteristics obtained
for both circular polarizations are similar, these results indicate that the introduced defect structure
operates well for both circular polarizations.
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Fig. 6. Propagation characteristics of the topological waveguide with the defect structure
when left- and right-handed circularly polarized lights are incident. Measurement results for
(a) portl only and (b) both ports.
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4. Conclusions

In this study, we introduced a defect structure to achieve highly efficient vertical coupling
in a topological waveguide. The topological waveguide was constructed by triangle lattices
of hexagons consisting of six nanoholes respecting Cg, symmetry. The defect structure was
introduced by removing the triangular nanoholes from one cell near the waveguide and by adding
a dielectric material with a high refractive index. We fabricated an actual device to evaluate
its coupling efficiency with and without this defect structure. Our analysis determined that the
introduced defect structure operates suitably for both left- and right-handed circularly polarized
lights, enhancing the performance in the optical communication wavelength bandwidth by up to
10dB. The proposed uniform structure provides highly efficient coupling in the vertical direction
when light is incident from free space to the topological photonics region in waveguides, aiding
the implementation of TPICs.
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