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Abstract: In this study, we propose a defect structure that enhances the vertical coupling
efficiency of circularly polarized light incident on topological waveguides consisting of triangle
nanoholes with Cg, symmetry arranged in honeycomb lattice. The defect structure was formed by
removing triangle nanoholes from a certain hexagonal unit cell around the topological waveguide.
As a result of comparing the coupling efficiency with and without the defect structure through
three-dimensional finite-difference time-domain analysis, significant improvement in the vertical
coupling efficiency was observed over the entire telecom C band (4460% @ 1530 nm). In addition,
it was also found that the wavelength showing maximum coupling efficiency can be controlled
over the entire C band by changing the arrangement of the dielectric around the defect structure.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tracing the topology of electronic systems represented by topological insulators [1-4] to photon
systems is called “topological photonics” which has been progressing rapidly in recent years
[5-22]. Topological photonic systems can be realized by constructing a unit cell of periodic
photonic nanostructure with multiple dielectrics, and it is possible to produce photonic bands
with topological features by controlling the interactions within and between the unit cells [9,23].
Photonic crystals [24-28] and metamaterials [29-36] have been widely studied as similar periodic
nanostructures, but the former primarily uses interactions between the cells, whereas the latter
uses interactions within the cells. In contrast, topological photonics systems have a greater degree
of freedom for interactions, making it possible to design photonic bands more flexibly [37—40].

The most prominent phenomenon in topological photonics systems is the existence of edge
states that transport electromagnetic waves in a unidirectional way. In the honeycomb-type
semiconductor photonic crystals (PhCs) the topological edge states are governed by the pseudospin-
momentum locking mimic the quantum spin Hall effect in electron systems, where the optical
pseudospin degree of freedom is defined based on the phase winding of eigen modes in the
photonic structures [9,41-43]. It is intriguing to ask whether these topological waveguides can
be exploited as on-chip and passive multiplex/demultiplex devices for lights carrying on phase
winding such as spin (i.e. polarization of light) and vortex (i.e. orbital angular momentum)
[44,45], which are considered as indispensable elements for large-capacity optical transmission
in future [46—49].

There is an obvious hurdle to be overcome for achieving this goal. The pseudospin in the
topological PhC is defined in two dimensions based on TM or TE modes [9,23], whereas the
light polarization and optical vortex are generally considered in three dimensions, which do
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not have high affinity with each other. Therefore, it is necessary to clarify how to direct lights
carrying on spin and/or vortex from free space vertically to the topological waveguide in an
efficient way. For horizontal coupling it has been reported that a topological converter [50] and
a polarity-matching structure [51] can allow highly efficient coupling from a normal optical
waveguide to a topological waveguide.

In this study, we report that highly efficient vertical coupling can be achieved by introducing
a defect structure around the topological waveguide. We first discuss whether the vertical
coupling efficiency depends on a defect structure (Section 2). Next, we evaluate how the coupling
efficiency changes depending on the location of the defect structure (Section 3). Finally, we show
that the wavelength showing the maximum coupling efficiency can be controlled by tuning the
arrangement of the dielectric around the defect structure (Section 4). The details of these are
described below.

2. Improvement of vertical coupling efficiency by introducing a defect structure

The proposed device structure is shown in Fig. 1(a). In this study we constructed a topological
waveguide by interfacing a topological PhC and a trivial PhC, both formed by triangle nanoholes
arranged in honeycomb-type structures respecting Cg, symmetry [9]. For the sake of simplicity,
an air bridge structure is assumed in which a dielectric layer with a high refractive index is
sandwiched between air clads.

In the above structure, the vertical coupling efficiency can be improved by removing triangular
nanoholes from a hexagonal unit cell, thus forming a defect for the PhC, around the topological
waveguide, as shown in Fig. 1(b) (hereinafter referred to as ‘defect structure’). In this defect
structure, as the air holes are filled with dielectrics having a higher refractive index than air, it
becomes a cavity that firmly traps the vertical incident light. At the same time, the trapped light
can couple with the topological waveguide with high efficiency depending on defect position
relative to the interface between two PhCs.

In this study, the dielectric layer was made of Si with a thickness of 220 nm. The two PhCs
distinct in topology were realized by changing the distance R from the center of the hexagonal unit
cell to the center of the nanoholes, and the length L of one side of the nanohole. In particular, we
used the two structures (R, L) = (250 nm, 250 nm) and (290 nm, 250 nm), for the trivial PhC and
topological PhC respectively, with a common lattice constant ag = 825 nm (See Fig. 1(c)), which
share the same frequency band gap at 1500-1600 nm based on the band diagram calculations
using plane wave expansion (PWE).

AN LZANILS
Trivial
photonic structure

Defect cavity

(a) (b) (d)

Fig. 1. (a) Schematic image of vertical coupling from free space to a topological waveguide.
(b) Defect structure for improving vertical coupling efficiency where triangular nanoholes
are removed from a hexagonal unit cell close to the topological waveguide. (c) and (d)
Schematic image of defect structure where geometrical parameters are shown.
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In simulations (using R-soft) for the transmission along the topological interface channel under
an incident light, we used the three-dimensional finite-difference time-domain method (FDTD),
and light was made to fall on the center of the defect structure with a beam waist diameter of
1.25a¢ by placing a focal lens 1.5 um above the device. Here, the incident light was composed by
a gaussian beam. Figure 2(a) shows the calculated output intensity at port 1 when right circularly
polarized light was incident on the device. As a result, a significant improvement in the vertical
coupling efficiency upon introducing a defect cavity (See Fig. 1(d)) was observed for the entire
band ranging from 1500 nm to 1600 nm, where the topological edge state occurs, and a maximum
increase of 4460% in output intensity was confirmed at a wavelength of 1530 nm.

In order to understand these results, we performed computer simulations on the topological
edge state propagating from right to left which is launched by a source located at the interface far
away from the defect, whereas the vertical incident beam is absent. Figure 2(b) shows the mode
distribution of out-of-plane magnetic field (H,) of a topological edge state at a wavelength of 1530
nm. As can be seen in Fig. 2(c), a zoomed-in picture at the defect structure in Fig. 2(b), and 2(d),
the distribution of H, inside the defect is almost the same as the distribution of the magnetic field
H, of aright circularly polarized beam incident to the topological waveguide shown in Fig. 1(a).
This mode matching facilitates an efficient conversion from the right circularly polarized beam
propagating in free space to the guided wave passing through the topological waveguide, as
displayed in Fig. 2(a).

Figure 3 shows the mode distributions of the propagating light at several typical wavelengths
given in Fig. 2(a). At wavelengths within the band where the topological edge state occurs,
the vertically incident light coupled more strongly to the waveguide with the defect structure
as compared to the case without the defect structure, and unidirectional propagation for the
circularly polarized light was confirmed (propagation in the opposite direction along the interface
was almost completely blocked). On the other hand, at wavelengths outside the band where the
topological edge state occurs, we found that the light spreads over the entire structure, which is
natural since the two PhCs are transparent at those frequencies.

Figures 4(a) and 4(b) show the wavelength dependence of the output intensity at the two
ports when left and right circularly polarized light is incident, respectively, on the device as
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Fig. 2. (a) Calculated output intensity at port 1 when right circularly polarized light was
incident to the device as shown in Fig. 1(b). (b) Calculated out-of-plane magnetic distribution
(H,) of the topological interface state at a wavelength of 1530 nm launched by a source
located at the interface and far away the defect structure in the x direction when incident
beam is absent. (¢) Distribution of H, inside the defect shown in (b). (d) Distribution of
the magnetic field of a right circularly polarized beam in the plane perpendicular to the
propagating direction. (See Visualization 1, Visualization 2, and Visualization 3 for the
changes in one cycle divided into 16 steps in (b), (c), and (d).)


https://doi.org/10.6084/m9.figshare.14724105
https://doi.org/10.6084/m9.figshare.14724102
https://doi.org/10.6084/m9.figshare.14724108

Research Article Vol. 29, No. 21/11 Oct 2021/ Optics Express 32758 |
Optics EXPRESS : \ \

. . Topological
‘Wavelength w/o cavity w/ cavity opologica
. edge band |
-1
e e
EES R~~~ A~~~ PR ]
= -l
E
S UUTTSURUSTY L SSIIRS OO L SRR
U RARSARARAAAERASARRRAR] s o o 0 T NUNRRAR
g -l
| DUJKRXTIIT: STIOCEROSES | TIIICTTOL . ARSI
R e R e o
1
e
e PR L EAMEA
) -5 0 s 10 -10 -5 0 s 10 -10
X axis (pm) x axis (um)

Fig. 3. Calculated mode distribution of propagating light at typical wavelengths shown in
Fig. 2(a). The white line is the interface between trivial and topological PhCs.
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Fig. 4. (a) and (b) Wavelength dependence of the output intensity at each port when right
and left circularly polarized light is incident on the device, respectively. (c) Ratio between
output intensities at the two ports for incident lights with right and left circular polarizations.

shown in Fig. 1. The output at port 1 became dominant when the incident light had right
circular polarization, while the output at port 2 became dominant when the incident light had
left circular polarization. It was confirmed that the ratio between output intensities of port 1
and port 2 was completely reversed when the direction of circular polarization is switched, the
spin-moment-locking characteristics of the topological waveguide.

3. Defect position dependence of vertical coupling efficiency

In the previous section, we mentioned that the vertical coupling efficiency of light with circular
polarization to the topological waveguide can be improved by introducing a defect structure at the
position A shown in Fig. 5(a) (See also Fig. 1(b)). In this section, we analyze how the coupling
efficiency depends on where the defect structure is placed in the device, with the results displayed
in Fig. 5(b). While, as mentioned in Sec. 2, the defect at position A induces a large improvement
in coupling efficiencies over the band (1500-1550 nm) where the topological edge state occurs,
the improvements induced by the defect at position B and C are much smaller. For position D,
the coupling efficiency was extremely low no matter whether the defect was introduced on not.

These results can be understood from the wavefunction distribution of the topological interface
state in the present device. As shown in Fig. 2(b), the topological interface state transporting a net
leftwards energy flow is associated with the up pseudospin [9], where the electromagnetic (EM)
energy flows counterclockwise in individual unit cells. In order to compose the net interface
energy flow from locally whirling energy flows, the wavefunction amplitude is stronger/weaker
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Fig. 5. (a) Positions of the defect close to the topological waveguide used in simulations. (b)
Coupling efficiency with the defect, when light is incident in the vertical direction at position
A to D shown in (a). (c) Mode distributions (H;) around the defect at typical wavelengths
when the defect was at position A to D. (See Visualization 4 for the changes in one cycle
divided into 16 steps in (c).)

on the side of unit cell close to the interface in the topological/trivial PhC, as can be read from
Fig. 2(b). Because the defect is a dielectric hexagon, it attracts EM fields and thus enhances the
wavefunction amplitude around it. This enhancement matches the wavefunction distribution of
the topological interface state when the defect is placed at position A. While energy flows in
individual unit cells are counterclockwise, the enhanced EM fields create a clockwise energy flow
surrounding the defect at position A, which contributes positively to the leftwards topological
interface energy flow. Therefore, the defect at position A is not harmful for the topological
interface state. Inside the dielectric defect, the wavefunction takes a p-mode, since a d-mode
would take a higher energy caused by additional nodes, whereas a s-mode obviously cannot
match with the phase winding associated with the energy flow, which can be clearly seen in
Fig. 2(b) (See also Fig. 2(c)). As shown in Figs. 2(c) and 2(d), the defect p-mode takes a mode
distribution almost same to the incident beam of right circular polarization with size same as the
unit cell. Therefore, an incident beam with right circular polarization creates a strong leftwards,
pseudospin-up topological interface state, as shown in Fig. 3.

The p-mode in the defect at position A is well localized for frequencies close to the upper
band edge, where bulk states are of the d-band feature [9], which enhances the coupling between
the defect and the topological interface state. For frequencies close to the lower band edge, the
defect wavefunction is more extended, since the defect mode and bulk states share the same
p-mode feature, which weakens the coupling efficiency between the defect and the topological
interface state. This is consistent with the wavelength dependence of coupling efficiency shown
in Fig. 5(b), where the maximum is taken at the frequency with a short wavelength in the bulk
bandgap.

While position D is dual to position A with respect to the zig-zag interface between the
topological and trivial PhCs (See Fig. 5(a)), the topological interface state takes a much weaker


https://doi.org/10.6084/m9.figshare.14724111

Research Article Vol. 29, No. 21/11 Oct 2021/ Optics Express 32760 |

Optics EXPRESS i NN

wavefunction around the dielectric defect D as can be seen clearly in Fig. 2(b)). This reduces
significantly the coupling between the incident wave and the topological interface state.

As for positions B and C, the defect attracts uniformly EM waves and thus disturbs substantially
the topological interface state for which non-uniformity in wavefunction amplitude is crucial for
the unidirectional transport EM energy as discussed above. This hampers a strong the coupling
between the vertical incident beam and the topological interface state.

Figure 5(c) shows the mode distributions (H;) around the defect for typical wavelengths
when the defect was at position A to D. In the wavelength range where coupling efficiency was
high, the mode distribution inside the defect was almost the same as that of the incident beam,
which allows efficient conversion from the incident circularly polarized beam to the guided wave
passing through the topological waveguide as mentioned in Sec. 2. In a sharp contrast, the mode
distribution was significantly different from that of the incident beam in the wavelength range
where the coupling efficiency was quite low.

4. Operating wavelength control

The above-mentioned device achieves a large vertical coupling efficiency at a wavelength of 1520
nm. It is ideal if one can obtain an enhanced coupling efficiency at the desired wavelength. In this
section, we show that the wavelength achieving the maximum vertical coupling efficiency (i.e.,
operating wavelength) can be tuned by adjusting the dielectric arrangement around the defect
structure.

A detailed model is described in Fig. 6(a). Here, we considered push away the centers six
hexagonal unit cells adjacent to the defect structure to a(>ag). Figure 6(b) shows the calculated
output intensity at port 1 when a right circularly polarized light is incident on a device with the
above modification to the device shown in Fig. 1(b). The operating wavelength and Q factor
(Q = wo/FWHM, with w for the frequency with maximum output intensity and FWHM for
the full width at half maximum) as functions of a are displayed in Fig. 6(c). Up to a = 880
nm, no significant change was observed in the operating wavelength, whereas the Q factor was
improved (a tendency similar to that of photonic crystal microcavities [52]). For a>880 nm, it
was found that the operating wavelength shifted towards longer wavelengths. This is because
lateral resonance occurs in the defect, and the resonance wavelength changes as the distance from
the nearest dielectric increases. In this way, we demonstrate that the operating wavelength can be
controlled over the entire C band.
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Fig. 6. (a) Modified defect structure for controlling the operating wavelength. (b) Calculated
output intensity at port 1 when a right circularly polarized light is incident on the device. (c)
Operating wavelength and Q factor as a function of the parameter a.
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5. Conclusions

In this paper, we have proposed introducing a defect structure at the judiciously chosen position
to realize highly efficient coupling of light beam with circular polarization vertically incident
from free space to topological waveguides. Specifically, we constructed a topological waveguide
by interfacing a topological photonic crystal and a trivial one, both formed by triangle nanoholes
arranged in honeycomb-type structures respecting Cg, symmetry, and introduced a defect structure
at the optimized position close to the topological waveguide where the six nanoholes in a specific
hexagonal unit cell were removed.

Based on three-dimensional FDTD analysis a significant improvement in the vertical coupling
efficiency was observed for the entire telecom C band (4460% @ 1530 nm). In addition, it was also
found that the wavelength showing maximum coupling efficiency can be controlled for the entire
C band by tuning the arrangement of the dielectric around the defect structure. These results are
considered to be promising for the future construction of topological photonic integrated circuits
(TPICs).
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