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We propose and numerically analyze a unique optical waveguide crossing based on a silicon-on-insulator (SOI) slab waveguide structure. The
optical waveguide crossing consisting of four curved mirrors made of silica walls and beam spot-size converters formed in a silicon core layer of the
SOI slab waveguide. Based on our design with a device footprint of 15 × 15 μm2, we obtained excellent device performances such as insertion
loss of −0.3 dB, crosstalk of less than −35 dB in the wavelength range from 1.25 μm to 1.6 μm with the 3D-FDTD simulation.

© 2020 The Japan Society of Applied Physics

I
ntegrated optical circuits realized on silicon-on-insulator
(SOI) wafers consisting of channel waveguides with
silicon (Si) core and silica (SiO2) cladding are promising

platform to integrate various optical waveguide devices, such
as optical switches,1–3) optical resonators,4–8) optical direc-
tional couplers,9–11) polarization splitters,12,13) and grating
couplers,14–18) with extremely small size. However, different
from multi-layer electrical interconnections used in comple-
mentary metal oxide semiconductor (CMOS) integrated
circuits, single-layer optical interconnections with channel
waveguides are required in standard planer optical circuits.19)

Especially in optical matrix switches, many optical wave-
guide crossings are used for connecting optical switch
elements.20) Thus, optical waveguide crossing is one of the
essential elements for realizing optical interconnection in
various integrated optical circuits.
However, a simple silicon waveguide crossing yields an

inter-waveguide cross-talk above −10 dB level.21) To solve
the issue, various waveguide crossing structures have been
reported, such as the mode size expansion type,22,23) the
multimode interference (MMI) type,24–27) and the wavefront
matching type.28,29) However, in those structures, side-wall
roughness of Si-channel waveguides generated in the fabrica-
tion processes causes the propagation loss of light,30) which
leads to the insertion loss of the waveguide crossing.
In this letter, we propose a unique structure of optical

waveguide crossing based on a slab waveguide. Since there is
no optical confinement mechanism in planer direction in slab
waveguides, propagation field in the slab is not affected by
side wall roughness of the Si core layer. We describe a design
rule of the waveguide crossing element and show the device
performance using the 3-D finite-difference time-domain
(FDTD) simulation.
Figures 1(a) and 1(b) show the schematic illustrations of

the proposed optical waveguide crossing. Four input/output
(I/O) ports made of Si channel waveguide are arranged as the
swastika shape. A lightwave input from an I/O port is
adiabatically expanded by a beam spot-size converter
(SSC) and directed to a curved mirror in the SOI slab
waveguide section. Then, the optical beam is reflected by a
curved mirror, which consists of a refractive index boundary
between the silicon slab core and a silica wall, via total
internal reflection (TIR). The curved mirror also focuses the
beam on the center point of the crossing. The whole device
has four identical set of a curved mirror and a SSC, whose
layouts are arranged in the 90-degrees rotational symmetric
fashion with respect to the center point of the device. Thus,

the focused light on the center point is directed to the I/O port
on the opposite side of the device, after having been reflected
at the second curved mirror. The lightwave input from two
different I/O ports cross each other at the center of the
crossing.
In slab waveguides, lightwave is confined along only one

direction perpendicular to the slab (or substrate) and propa-
gates freely in planer directions because there is no optical
confinement in the planer direction. This structure has
essentially zero crosstalk by controlling the divergence angle
of the lightwave. Furthermore, lightwave propagation in the
slab plane can be regarded as free-space propagation of a
Gaussian beam. Wavefronts of Gaussian beams are almost
circular, and they are assumed as circular wave from point
wave sources. Therefore, we can design the curved mirror
reflectors for focusing Gaussian beams with curved surfaces.
In Fig. 1(b), we show the design structure and structural

parameters of the Si core layer of the waveguide crossing. The
design method of the body part of the waveguide crossing is as
follows. First, we choose the operational center wavelength λ

of the crossing, and calculate the corresponding effective
wavelength λeff in the SOI slab waveguide. For example, for
λ= 1.55 μm, λeff is obtained as 1.55/neff μm, where neff is
about 2.85 for the transverse-electric (TE) mode of an SOI slab
waveguide with 0.22μm thick Si core. Next, the distance d
between the output port of an SSC and the reflection center on
the curved mirror is set equal to Rayleigh length, namely
d= πw2/λeff, where w is the halfwidth of the output port of the
SSC. Then, the radius of the curved mirror r is determined as
=r d2 2 . The distance between the reflection center on the

mirror and the device center point is also set as d.
The value of w is decided by considering the balance

between the performances and the device size because they
are in a trade-off relation. For example, by decreasing w, we
can reduce the device size, which is essentially determined by
d. However, the decrease in w simultaneously increases the
fraction of light that cannot be captured by the curved mirror.
To find an optimal w, we calculated the power transmittance
between output ends of paired SSCs as a function of w using
2-D FDTD. According to the results shown in Fig. 2, we see
that the transmission intensity decreases for w< 0.75 μm.
Hence, we choose w to be 0.75 μm in the following
simulation. In this case, the distance d and the curvature
radius of the mirror r are calculated to be 3.2 μm, and 9 μm,
respectively.
Then, we optimized the shape and length of the SSC. We

chose the cross-section size of input Si waveguide to be

© 2020 The Japan Society of Applied Physics052010-1

Applied Physics Express 13, 052010 (2020) LETTER
https://doi.org/10.35848/1882-0786/ab887a

https://crossmark.crossref.org/dialog/?doi=10.35848/1882-0786/ab887a&domain=pdf&date_stamp=2020-04-27
https://orcid.org/0000-0001-6014-3570
https://orcid.org/0000-0001-6014-3570
mailto:yamada@ecei.tohoku.ac.jp
https://doi.org/10.35848/1882-0786/ab887a


0.45× 0.22 μm2, which is routinely used in SOI photonic
integrated circuits. We studied three different shapes for the
adiabatic taper of the SSC to efficiently convert the optical
field between the Si core size of 0.45× 0.22 μm2 and 1.5
(=2w)× 0.22 μm2. Figure 3 shows the 2D-FDTD calculation
results of the mode conversion efficiency of the SSCs. We
found that we can obtain the mode-conversion efficiency
above 99% by using 3.5 μm long parabolic-taper SSC, which
we adopt in the following calculation.
Finally, we used 3-D FDTD simulation to analyze the

whole device performance of the waveguide crossing. In the
simulation, the structure was discretized as a cubic grid of
20 nm size, and the domain including the entire structure was
surrounded by perfectly matched layers (PMLs). Gaussian
optical field with the TE polarization, namely the polarization
of the electric field is parallel to the slab plane, was launched
for analysis. In the FDTD simulation, we found that the
actual convergence position of the beam will be slightly
shifted from the theoretical convergence point because of the
Goos–Hänchen effect on the dielectric mirrors based on TIR.

Effective position of the TIR mirror surface is displaced
toward the silica side with an offset value associated with
Goos–Hänchen shift31)
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where nSi and nSiO2 are the refractive indices of silicon and
silica, respectively, and θ= 45° is the beam incident angle.
We have compensated for this effective offset by displacing
the input SSC position by Δd.
Figures 4(a) and 4(b) show the Hy field distribution of the

propagating beams (at a 1.55 μm wavelength) through the
device for the optical fields input from I/O ports 1 and 4,
respectively. In both cases, we see that the incident beams are
guided to the desired output port without a visible optical
leakage into the unused ports. Next, we launched the light-
wave from port 1 and monitored the transmittance and the
cross talk at the three other ports. Calculated transmittance
(from port 1 to port 3) was about 94% (−0.28 dB), while the
cross talks from port 1 to port 2 and from port 1 to port 4
were both −35 dB. With the same structure, calculated
transmittance for 1.31 μm wavelength was 93% (−0.32 dB)

(a) (b)

Fig. 1. (Color online) Schematic illustrations of the proposed optical waveguide crossing with curved mirrors based on SOI slab waveguides. (a) Bird’s eye
view. (b) Top view of the waveguide crossing in the core layer of the silicon slab with structural parameters.

Fig. 2. Calculated power transmittance between output ends of paired
SSCs as a function of halfwidth w of the SSC output ends.

Fig. 3. (Color online) Calculated mode-conversion efficiencies of SSCs
with various taper shapes as a function of taper length. Schematic illustra-
tions of the investigated taper shapes are also shown.
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from port 1 to port 3, and cross talk from port 1 to port 2 and
from port 1 to port 4 were −36 dB and −37 dB, respectively.
In our design, the device footprint is 15× 15 μm2.
Figure 5 shows the wavelength dependence of transmittance

and crosstalk of the light input from port 1 as a function of
wavelength. From the results, we found that the waveguide
crossing element we proposed has low wavelength-sensitivity
over the optical communication wavelength range from O-band
to L-band. The optical reflection by the TIR-based dielectric
curved mirror does not always bring ideal focusing of the
lightwave propagating in a 2-D slab waveguide. Thus, a fraction
of reflected light fails to arrive at the output port, causing the
device transmittance to degrade. Also, the generated stray light
is output from unwanted ports as the crosstalk.
In conclusion, we proposed a unique waveguide crossing

with curved mirrors based on the Si slab waveguides. The
negligible cross talk, low insertion loss and wide operational
bandwidth of the waveguide crossing were verified by
3D-FDTD simulation. It is foreseeable that the proposed
waveguide crossing will be useful in complex multi-device
interconnect SOI systems.
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Fig. 4. (Color online) Hy field distributions of the propagating fields in the waveguide crossing calculated by 3D-FDTD, for the optical field input from
(a) port 1 and (b) port 4.

Fig. 5. (Color online) Calculated spectra of transmission intensity and
cross-talks for the light input from port 1, in the wavelength range from 1.25
to 1.6 μm.
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