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Low-Loss Si Wire Waveguides and their Application to Thermooptic Switches
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We demonstrate low-loss Si wire waveguides with good thermal stability and thermooptic (TO) switches made from them.
The propagation losses of the fabricated waveguides were around 2 dB/cm and the coupling losses to an external fiber were
0.4 dB. These values were achieved by improving the fabrication process and introducing spot-size converters made from
inorganic materials. Using these waveguides, we made two types of TO switches, a 1� 1 switch with a multimode
interference (MMI) branch and a 2� 2 switch with a 3-dB directional coupler. Both switches exhibited a high extinction ratio
of more than 30 dB at a low electric power of 30mW and a switching time shorter than 200 ms.
[DOI: 10.1143/JJAP.45.6658]
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1. Introduction

Future optical network systems will require economical
multifunctional optical devices with a low power consump-
tion. The key to achieving multiple functions is to
miniaturize and integrate various kinds of passive and
functional optical devices. Reducing the size of optical
devices will also lower their power consumption.

Silicon wire waveguides based on silicon-on-insulator
(SOI) structures are a promising for highly integrated,
ultrasmall optical devices.1–5) Due to their very high
refractive-index contrast and strong confinement, they have
a core size of less than 1 mm for single-mode propagation
and sharp bends with bending radii of only a few micro-
meters are possible. These features should enable us to make
optical circuits that are ultrasmall and have high integration
densities, and also to utilize nonlinear effects that are
enhanced by high power density. It is also possible to
integrate Si wire waveguides with Si electronic circuits. This
could lead to new functional optical devices that are
electrically controlled, and could yield convergent electron-
ic-photonic devices.

However, the key handicaps of Si wire waveguides were
their high coupling loss with external fibers and high
propagation loss. We have resolved the high coupling loss
problem by introducing a spot-size converter that consists of
a Si inverse taper and a low-index polymer waveguide.6) The
propagation loss has been improved largely by reducing the
sidewall roughness of the Si core.5,7) Optical devices with
advanced functionality can now be designed using the Si
wire waveguides.

In this paper, we demonstrate Si wire-based microswitch-
es utilizing a thermooptic (TO) effect. The TO effect of Si is
about tenfold larger than that of silica. This means that the
refractive index of Si is highly dependent on temperature.
Therefore, the Si-based TO switch can be expected to
significantly reduce the electrical power consumption of
switching operations.8) First, we describe the fabrication of
low-loss Si wire waveguides with spot-size converters made
from inorganic materials to improve thermal stability. Then,
we show the results from fabricated branches that constitute
the basic part of a TO switch, and finally discuss the
switching characteristics.

2. Experimental Procedure

2.1 Waveguide structure
Si wire waveguides were fabricated on SOI wafers with a

200 nm Si top layer and a 3 mm buried SiO2 layer. The cross-
sectional structure of the waveguide is shown in Fig. 1. The
core size is 380–480 by 200 nm which can provide a single-
mode propagation for practical use at communication
wavelengths of around 1.5 mm. The thick buried SiO2 layer
works as the undercladding and reduces losses due to
leakage to the Si substrate. For efficient connection to an
external fiber, we placed spot-size converters at each end of
the Si wire waveguide. Figure 2 shows the structure of the
spot-size converter. The converter consists of a Si taper that
gradually becomes thinner toward the end and a second low-
index waveguide that covers the taper. The Si taper is
300 mm long, and the tip of the taper is 80 nm wide. In this
study, the low-index waveguides were made from a SiOxNy

core and a SiO2 cladding. We changed the material of low-
index waveguides from polymer to inorganic materials to
achieve high thermal stability. The core size is about 3 mm
square and the index contrast is about 3%. This converter
also has high durability to high-power optical inputs with
high thermal stability because it is made of inorganic
materials.9)

2.2 Fabrication process
The following is the fabrication process for Si wire

waveguides. First, a SiO2 film is deposited on the surface Si
layer of the SOI wafer by plasma-enhanced chemical vapor
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Fig. 1. Structure of Si wire waveguide.

Japanese Journal of Applied Physics

Vol. 45, No. 8B, 2006, pp. 6658–6662

#2006 The Japan Society of Applied Physics

6658

http://dx.doi.org/10.1143/JJAP.45.6658


deposition (PECVD) as a hard mask for Si etching. Next, the
resist patterns that will become the Si core and taper for the
spot-size converter are formed by e-beam (EB) lithography,
in which a variable-shaped EB writer, EB-X3, was used.10)

Then, the SiO2 hard mask pattern for Si etching is formed by
reactive ion etching (RIE), and is transferred to the Si layer
using electron cyclotron resonance (ECR) plasma etching
with fluoride gases. Next, a 3-mm-thick SiOxNy film for the
spot-size converter is deposited on the Si waveguide by
PECVD. Then, the SiOxNy core is formed on the Si taper by
photolithography and RIE. The SiOxNy film on the Si wire
core was not etched off so that the Si core would not be
damaged during SiOxNy etching. Finally, the wafer is coated
with 5-mm-thick PECVD SiO2 as the overcladding. In
addition, for TO switch fabrication, a thin metal film is
deposited on the overcladding by ion beam sputtering and
thin film heaters are fabricated by ion milling.

3. Results and Discussion

3.1 Fundamental characteristics of Si wire waveguides
We measured the insertion losses of the Si wire wave-

guides of different lengths to evaluate the propagation and
coupling losses. Figure 3 shows the insertion loss of the Si
wire waveguide for the transverse electric (TE) mode (the
electric field vector parallel to the substrate), as a function
of the waveguide length. Lines (a) and (b) are for the
conventional single-mode fiber with a 9 mm mode-field
diameter and the fiber with a 4.3 mm mode-field diameter,
respectively. The waveguides have 420� 200 nm2 core
sizes and spot-size converters at both ends. The fibers were
butt-coupled to the SiOxNy low-index waveguide of the spot-

size converter for these measurements. The slope of these
lines yields the propagation loss of the Si wire waveguide.
The propagation loss was calculated to be 2.6 dB/cm from
the slope of the fitted line. This low propagation loss was
obtained because the sidewall roughness of the Si core was
reduced. To form very smooth sidewalls, we improved the
EB data preparation and writing methods because the
sidewall roughness is mainly introduced due to imperfec-
tions in the resist pattern.11) Using a transmission electron
microscopy (TEM) image, the rms roughness of the sidewall
was estimated to be less than 2 nm.12) The y-intercept of the
line in this figure shows the coupling loss for two converters.
We estimated the coupling loss for one converter to be 0.4
dB for the 4.3 mm mode-field fiber, and 3.0 dB for the 9 mm
mode-field conventional fiber.

Figure 4 shows how the propagation loss of the Si wire
waveguide with the 200-nm-high core depends on core
width. Propagation loss decreases with increasing core
width, and was reduced to less than 2 dB/cm at a 480 nm
core width. This result indicates that propagation loss can be
reduced by adjusting the shape of the core. An increase of
core width yields an increase in the distance to the sidewalls
such that the influence of the sidewall should decrease. We
think this is the reason the loss is reduced in the extended
core. The loss of about 2 dB/cm is low enough for practical
applications, because Si wire-based photonic devices can be
constructed with very short waveguides.

Figure 5 shows the transmission spectrum of a Si wire
waveguide with spot-size converters made of SiOxNy. The
absorption near 1500 nm due to NH in SiOxNy is weak.
Therefore, the applicable bandwidth of the Si wire wave-
guide with the SiOxNy converter is larger than 250 nm.
Moreover, there are no significant Fabry–Perot ripples in the
transmission spectrum, which means that there is little
reflection at the spot-size converter. The dip near 1500 nm
due to NH can be excluded by making the converter of Si-
rich oxide, SiOx, instead of SiOxNy.

3.2 Branches
Branches in optical waveguiding systems are indispen-

sable for constructing interferometers. First, we have
developed two types of branches on the basis of multimode
interference (MMI) and a directional coupler, which are used
to make thermooptic switches.

Figure 6 shows a scanning electron microscopy (SEM)
image of a fabricated MMI branch for Si wire waveguides
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with 400� 200-nm2 cores. The branch consists of a simple
rectangle 2:6� 1:8 mm2 and three waveguide ports. As this
branch has no steep structure, an accurate fabrication can be
performed. Figure 7 shows the transmission spectra of a
MMI branch for a TE mode. The spectra were calibrated by
a neighboring simple Si wire sample whose length was the
same as that of the sample with the MMI branches. As
shown, the spectra of both ports agreed very well and were
almost flat within a 100 nm wavelength range. Furthermore,
the excess losses were as small as about 0.4 dB. This MMI
branch already exhibits excellent characteristics.

Figure 8 shows a SEM image of a fabricated directional
coupler. The coupler length is 13.75 mm, and the coupler gap
is 310 nm. The size of the waveguide core is 400� 200 nm2.
The ends turn sharply away from each other with a small

bending radius of only 2 mm in order to quickly separate the
waveguides and reduce excess coupling. Figure 9 shows the
transmission spectra of a coupler for a TE mode. As shown,
the spectra are typical for a directional coupler. At a 1538
nm wavelength, the coupler works as a 3-dB coupler. The
excess loss was about 0.5 dB, which was mainly caused by
the loss of the bend with the ultrasmall radius of 2 mm.5)

3.3 Thermooptic switch
We fabricated TO switches using the developed branches

and evaluated their characteristics. We made two types of
TO switches, a 1� 1 switch with an MMI branch and a
2� 2 switch with a 3-dB directional coupler using Si wire
waveguides with 400� 200 nm2 cores. Figure 10 shows the
structures of the fabricated TO switches. Each switch is
basically a Mach–Zehnder interferometer consisting of two
branches and waveguide arms equipped with thin-film
heaters to control the refractive index. One switch element
is about 650� 200 mm2. The electric heater on the wave-
guides is 450 mm long and the cross section is 5 mm wide and
0.2 mm high. It was made of a Au-based alloy. The heaters
are constructed on the overcladding, which is 8 mm thick.

Figure 11 shows output power versus applied electric
power for the 1� 1 and 2� 2 switches. These measure-
ments were performed for the TE mode at 1532 nm using the
fiber with a 9 mm mode-field diameter. The fiber was
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connected to the SiOxNy waveguide of the spot-size
converter with a 20 mm joint gap for movement. At an
applied power of 70mW, we obtained very high extinction
ratios of 34 dB for the 1� 1 switch and 27 dB for the 2� 2

switch. The electric power needed for this switching
operation was estimated to be as low as 30mW, because
the powers consumed at the heater and the wiring part were
estimated to be 30 and 40mW, respectively, from the ratio
of the electric resistance. These TO switches should have the
potential to provide switching operations with a low power
consumption below 10mW if additional structures such as
heat insulating grooves are added.13) The low-power switch-
ing operations are due to the high TO effect of the Si and the

reduction in switch size due to the Si wire waveguide. The
insertion losses were about 13 dB for both switches. These
losses were broken down into the propagation loss of the Si
wire waveguide (2 dB/0.6 cm), the coupling loss between
the fiber and the waveguide (10 dB/two connections) and the
branch loss in the switch device (1 dB/two branches).

Figure 12 shows the optical switching response of the TO
switch when a square-wave pulsed voltage of 3.5V with a
600 ms width was applied. For the 1� 1 and 2� 2 switches,
the rise and fall times are both less than 200 ms (Fig. 12).
This value is very fast for a TO switch and is about tenfold
faster than those for a conventional silica-based TO
switch.12) The fast switching operation of the Si wire-based
TO switch comes from the thinness of the cladding layer,
which enables the waveguide to quickly heat up and allows
heat to rapidly dissipate into the Si substrate.

4. Conclusions

We developed a low-loss Si wire waveguide with good
thermal stability by improving the fabrication processes and
using a spot-size converter made of inorganic materials. The
propagation loss was as low as 2 dB/cm and the coupling
loss to an external fiber was 0.4 dB. An MMI branch and a
3-dB directional coupler, which are the basic parts of an
interferometer, were made from the new waveguide. They
exhibited excellent branch characteristics with sufficiently
low excess loss. We used these branches to make TO
switches based on a Mach–Zehnder interferometer, and
examined the switching characteristics. For 1� 1 and 2� 2

switches, we obtained an extinction ratio of more than
30 dB, a low electrical power consumption of 30mW, and a
switching time shorter than 200 ms.
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