
48 NTT Technical Review

1.   Introduction

A future optical network system requires economi-
cal multifunctional optical devices with low power
consumption. The key to achieving multiple func-
tions 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 to below that of ordinary-sized devices.
Therefore, mass production techniques for small
devices are necessary to make optical devices eco-
nomical. Microphotonic devices based on Si-wire
waveguides could satisfy these requirements [1]. 

Si-wire waveguides exhibit strong light confine-
ment, which allows the core size for single-mode
propagation to be less than 1 µm, and a sharp bend
with a bending radius of only a few micrometers is
possible [2]. These features should enable us to minia-
turize optical circuits and integrate them. Further-
more, we can use existing silicon fabrication technol-
ogy and SOI (silicon-on-insulator) substrates for Si
electrical circuits. This will make waveguide pattern

formation easy, and it will be advantageous for mass
production, resulting in economical optical devices.
Silicon microphotonics technology has recently been
developed in many organizations. Many kinds of opti-
cal circuits are being fabricated and evaluated [3].
Furthermore, electrically controlled MOS (metal
oxide semiconductor) high-speed modulators [4], [5],
silicon Raman lasers [6], and other such devices are
being developed. If the fabrication technology for
these devices becomes practical and integrated, it will
have a strong impact on telecommunications systems
and on many industries. That is why we have been
developing Si microphotonics technology. 

2.   Si-wire waveguides

A Si wire wave-
guide is fabricated
on an SOI wafer,
as shown in Fig. 1.
The structure con-
sists of a silicon
core and silica-
based c ladding
that have refrac-
t i ve  ind ices  o f
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Fig. 1.   Structure of Si-wire waveguide.
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3.48 and 1.44–1.50, respectively, yielding a refrac-
tive index contrast as high as 40%. The core must be
about 300-nm-square or 200 nm × 400 nm to provide
single-mode propagation at communication wave-
lengths around 1500 nm. These waveguides are much
smaller than silica-based ones whose core sizes are
about 7 µm. They confine light strongly in the core
and this strong confinement allows sharp bends with
radii of only a few micrometers. These features
should enable us to make very small optical circuits
and integrate them. They should also make it easy to
achieve a power density of over 100 MW/cm2, which
is high enough to induce nonlinear effects, such as
four-wave mixing (FWM) and carrier creation in sil-
icon by two-photon absorption. Therefore, Si-wire
waveguides can be used to make passive functional
optical elements, and they also have the potential to
be used in active optical components based on carrier
or nonlinear effects. 

3.   Problems in Si-wire waveguide systems

There are two serious problems for systems using
Si-wire waveguides. One is the large propagation
loss, which greatly reduces the intensity of transmit-
ted light, making it almost impossible to construct
optical circuits. In the early stages of this study, the
propagation loss was about 60 dB/cm. The other
problem is the large coupling loss when Si-wire
waveguides are connected to external circuits, which
generally use optical fibers. The waveguide core is
much smaller than the mode field size of an ordinary
optical fiber (about 9 µm in diameter). This large dif-
ference produces a coupling loss as high as 20 dB per
connection. Moreover, high facet reflection at the
connection causes a fatal Fabry-Perot resonance,
which degrades the wavelength characteristics. 

4.   Solutions 

4.1   Reduction of propagation loss
The main cause of the propagation loss is scattering

at the sidewall of the waveguide’s core. Because the
light is strongly confined in the small core, the
nanometer-scale roughness of the sidewall scatters
the light and causes propagation loss. Therefore, we
improved the fabrication method to reduce the side-
wall roughness.

These waveguides are fabricated by etching Si.
The etching process uses resist mask patterns that
correspond to the waveguide. The sidewall roughness
is mainly introduced by imperfections in the resist

pattern. The etching process can also add roughness
depending on the etching conditions. Therefore, lith-
ography and etching are the keys to making a smooth
sidewall. We used improved EB (electron beam) lith-
ography and ECR (electron cyclotron resonance)
plasma etching methods. The waveguide patterns
were delineated on the resist with the EB-X3, a vari-
able-shaped EB writer with an acceleration voltage of
100 kV developed as an X-ray mask writer [7].
Although this EB writer has a high throughput, it is
generally unsuitable for making smooth patterns,
especially curved lines. Therefore, we had to improve
the writing method. To form smooth patterns with
uniform widths, we optimized the EB shot size to
reduce fluctuations and developed a multiple-expo-
sure method in which the EB shot is shifted incre-
mentally. Moreover, we reduced proximity effects in
the EB data. These improvements significantly
reduced the roughness of the resist patterns. To trans-
fer the smooth resist pattern to the Si faithfully with-
out adding roughness, we used ECR plasma etching
with a fluoride gas. ECR plasma etching with the
SF6-CF4 gas mixture can make Si patterns with verti-
cal sidewalls [8]. This process can be performed at
low gas pressures of 0.1 Pa or less. Moreover, the
wafer is irradiated with only low-energy ions, which
is a big advantage for making smooth sidewalls
because little damage is caused and hardly any rede-
position of reaction products occurs during etching.
For smooth sidewall etching, it is important to select
appropriate plasma conditions and an appropriate
material for the etching mask. We found that an SiO2

hard mask gave us good results.
Scanning electron microscope (SEM) images of Si

wires and the tip of the Si taper obtained after the fab-
rication process improvements had been made are
shown in Fig. 2. The straight and curved patterns
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Fig. 2.   SEM images Si-wire waveguide.
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were both very smooth, as can be seen in the figure.
We also achieved smooth vertical sidewalls with a
width error of less than 10 nm from the designed
value.

Some recent propagation loss values measured for
waveguides with a core size of 400 nm × 200 nm are
shown in Fig. 3. We measured the insertion loss for
the TE (transverse electric) mode using waveguides
of different lengths at the wavelength of 1550 nm. We
obtained a loss of 2.8 dB/cm. The rms roughness was
estimated to be less than 2 nm [9]. Although this loss
is very large compared with that of a silica wave-
guide, Si-wire waveguides can be used to make ultra-
small circuits in an area less than 1 cm square, so the
loss is small enough to make practical devices. 

4.2   Reduction of coupling loss
To solve the problem of large coupling loss caused

by the large mode field size difference, we developed
a spot-size converter [10]. Its structure is shown in
Fig. 4. The converter has a Si adiabatic taper that
gradually becomes narrower toward the end and a
second low-index waveguide that covers the taper [2].
Typically, the Si taper should be longer than 200 µm,
and the tip of the taper should be less than 100 nm
wide. The second waveguide has a core about 3 µm
square and an index contrast of about 3% relative to
the overcladding. To improve the durability and
reduce the loss, we used inorganic materials for low-
index waveguides because they have advantages in
terms of optical absorption and humidity resistance.
For the inorganic spot-size converter, we chose SiON
and SiO2 films as the second core and cladding mate-
rials, respectively. These films were grown by plas-
ma-enhanced chemical vapor deposition. The refrac-
tive index of the SiON film was controlled over a
wide range by adjusting the flow rate ratio of O2 and
N2 while maintaining a fixed flow rate of SiH4. The
deposition rate was about 100 nm/min. 

This spot-size converter enabled us to conduct
experiments under severe conditions in which high
power light was input to the waveguide. The convert-
er did not deteriorate even when the input power was
23 dBm.

The coupling loss per connection can be estimated
by subtracting the propagation loss of the Si-wire
waveguide from the total insertion loss. The coupling
loss per connection was derived as 0.5 dB for the con-
verter made of SiON when optical fibers with a mode
field diameter of 4.3 µm were connected to the wave-
guide ends [2], [11]. We also evaluated the coupling
loss for a conventional fiber with a mode-field diam-
eter of 9 µm and found it to be about 2.5 dB per con-
nection. The transmission spectrum was flat between
1450 and 1700 nm. Moreover, no significant ripples
were found in either transmission spectrum, indicat-
ing the absence of fatal reflections in this experimen-
tal system.

5.   Passive optical components

After solving the serious problems with propaga-
tion and fiber coupling losses, we fabricated and eval-
uated passive optical components having a very small
size and basic optical functions [2].

5.1   Branches
Optical waveguide branches are indispensable for

constructing various optical devices. We developed
two types of branch: a multi-mode interference
(MMI) branch and a directional coupler. An SEM
image of a fabricated MMI branch is shown in Fig.
5(a). The branch consists of a simple rectangle with
three waveguide ports. The device has no high-angle
structures, so accurate fabrication is possible. More-
over, the sensitivity to geometrical errors is essential-
ly low in MMIs. The transmission spectra are shown
in Fig. 5(b). They were calibrated using a neighbor-
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ing simple Si-wire. The spectra of the two output
ports agreed very well and were very flat within a
wavelength range of 100 nm. Moreover, the mea-
sured excess losses were as low as about 0.4 dB.

An SEM image of a fabricated directional coupler
is shown in Fig. 5(c). The coupler is 13.75 µm long
and the coupler gap is 310 nm. The bending radii are
ultrasmall (2 µm) to reduce excess coupling. The cou-
pler’s transmission spectra, shown in Fig. 5(d), are
typical of those for directional couplers. At the wave-
length of 1538 nm, the coupler worked as a 3-dB cou-
pler. As a result of the ultrasmall bending radii, the
excess loss was about 0.5 dB.

5.2   Filters
5.2.1   Ring resonator

The add/drop filtering device is one of the most
attractive passive optical components. As a narrow-
band add/drop device, we have developed high-Q
ring resonators. The measured drop port spectrum is
shown in Fig. 6. The resonance bandwidth was very
narrow (80 pm) and the quality factor Q was as large
as 20,000. In spite of its very high-Q value, the ring
had a practical transmittance of -3 dB. A device with
such a high Q value and high transmission might be
used as a channel drop filter for dense WDM systems. 

5.2.2   Lattice filters
Since the free spectral range (FSR) of the ring res-

onator is small, around 10 nm, as shown in Fig. 6, we
developed lattice filters [12], [13] as add/drop filters
with a large FSR. However, their channel crosstalk
was around -10 dB, so we had to greatly reduce this.
To reduce the crosstalk, we developed an apodized
lattice structure. Part of the apodized lattice structure
is shown in Fig. 7(a). A snake-like delay line was
made with an arc having a radius of 2.5 µm that peri-
odically encounters a straight section containing the

Fig. 6.   Drop port spectrum of ring resonator filter.
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directional couplers. The lengths of the couplers were
modified for apodization*. The measured transmis-
sion spectra of the drop ports for apodized and non-
apodized filters are shown in Fig. 7(b). These filters
exhibited beautiful channel dropping characteristics.
The extinction ratio of the main to side-lobe peaks,
which determines the crosstalk, was greatly reduced
by the apodization, so this is a very important tech-
nique for achieving low-crosstalk filters for practical
WDM systems.

6.   Switching and active optical devices

Here, we describe some active optical devices in
which output light is controlled by an external input
such as electrical or optical signals. These devices
exploit the advantages of Si, which enabled us to
achieve multiple functions and low power consump-
tion.

6.1   Micro thermo-optic switch
The first example is a thermo-optic (TO) switch

controlled by external heating. The TO effect is about
ten times larger for Si than for silica, so a Si-based TO

switch can be expected to significantly reduce the
electrical power needed for switching operations
compared with the conventional silica-based ones.
The structure of our fabricated Si-based TO switches
is shown in Fig. 8. The design is a Mach-Zehnder
interferometer consisting of two 1 × 2 MMI branches
or directional couplers and two waveguide arms
equipped with thin-film heaters. The transmission
characteristics of the TO switch for TE mode opera-
tion when electrical power was applied to the heater
of one arm are shown in Fig. 9(a). The power
required to change the transmittance from maximum
to minimum was 70 mW. At that power, the extinc-
tion ratio was 34 dB. We estimated the power con-
sumed by the waveguide heaters to be 30 mW. The
power consumed by the wiring was 40 mW. This TO
switch has the potential to provide switching opera-
tions with low power consumption below 10 mW if
the additional structures such as heat insulating
grooves are added. The optical switching response
when a square-wave pulsed voltage of 3.5 V with a
600-µs width was applied is shown in Fig. 9(b). The
rise and fall times were both less than 200 µs. Fast
switching was achieved mainly because the cladding
of the Si-wire waveguide was thin, so the heat flowed
rapidly to the Si substrate. We also fabricated 2 × 2
TO switches by using two 3-dB directional couplers,

Fig. 7.   Apodized lattice filter.
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as shown in Fig. 8, and we obtained similar switching
characteristics to those described above.

6.2   All-optical path exchange switch
We also developed a path exchange switch con-

trolled by optical input. This kind of switch could be
an important device for future all-optical routing sys-
tems. The experimental setup and results are shown
in Fig. 10. The switch requires only a simple ring res-
onator with two resonant wavelengths, for example,
1554.66 nm for the pump light and 1536.54 nm for
the probe light. First, we coupled the probe light to
the ring resonator and propagated it to the drop port.
When intense pump light was injected into the wave-
guide and coupled to the ring resonator, carriers were
induced in the ring through a two-photon absorption
effect. The carriers modified the effective refractive
index of the resonator, which changed the resonant

frequency. As a result, the probe light could not res-
onate and propagate to the drop port, so it exited via
the through port. Thus, the pump light controlled the
path of the probe light.

6.3   Wavelength converters using four-wave mixing
All-optical wavelength conversion may be an

important technique in future all-optical routing sys-
tems. Although wavelength converters based on opti-
cal-to-electrical (O/E) and electrical-to-optical (E/O)
techniques provide good signal quality, all-optical
wavelength converters offer the advantages of modu-
lation-format and bit-rate transparency and simulta-
neous conversion of multiple wavelengths. Generally,
nonlinear effects in Si crystal are far weaker than in
III-V semiconductors and nonlinear optical crystals.
However, since even a 15-dBm laser can produce a
power density of 100 MW/cm2 in a Si-wire wave-

Fig. 8.   Optical microscope image of MZI TO switch.
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guide, the nonlinear effect is greatly enhanced due to
the strong light confinement. Thus, we can utilize
nonlinear effects in practical functional devices.

The experimental setup for wavelength conversion
based on the FWM effect [14] is shown in Fig. 11.
The signal light and pump light were coupled into the
same simple Si-wire waveguides. The signal light
was modulated by a 10-Gbit/s NRZ (non-return-to-
zero) data stream. The pump was operated in CW
(continuous-wave) mode. The peak power of the sig-
nal input was about 5 mW. The pump input was 160
mW CW. Both lights were adjusted to TE polariza-
tion and injected into a 2.8-cm-long Si-wire wave-

guide. The power density in the waveguide was
around 430 MW/cm2. The output spectrum at the
waveguide exit is shown in Fig. 12. The peak of the
converted light is obvious. The fine structures in the
peak are side lobes for 10-Gbit/s modulation. Con-
version efficiency, defined as the peak level ratio
between the signal and converted lights, was about
–10.6 dB. This conversion efficiency is large enough
for practical data processing. The eye diagram shows
that good eye opening was easily obtained for a 10-
Gbit/s PRBS (pseudo-random binary sequence) data
stream of converted light. At present, the main limit
on conversion efficiency is the propagation loss of the

Fig. 11.   Setup for wavelength conversion using the FWM effect.
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waveguide. 

7.   Conclusion

We demonstrated the feasibility of a Si-wire wave-
guide. Using Si microfabrication technologies that
we improved for optical waveguides, we were able to
make waveguides with very smooth sidewalls, very
accurate dimensions, and low-reflection spot-size
converters. By reducing the propagation and coupling
losses, we were able to make extremely small pho-
tonic devices with excellent characteristics. We also
confirmed active optical functions in a simple Si-wire
waveguide. We note that the nonlinear effects were
enhanced and carriers were created in the Si-wire
waveguide. These added dynamic functions to pho-
tonic circuits. Thus, various electrically or optically
controlled functional devices, such as fast optical
modulators and switches, can be constructed. We
should also emphasize that the most important fea-
ture of Si-wire waveguides is their applicability to
electronic-photonic convergence. These photonic
devices can be integrated on a common substrate with
electronic devices, such as power drivers for optical
modulators, amplifiers for photodetectors [15], and
various sophisticated CMOS (complementary metal
oxide semiconductor) logic circuits. This conver-
gence should create a revolution in micro-devices. In
addition, mass producibility is another great advan-
tage of Si-based photonic devices. The remaining
important problem in photonic circuits based on Si-
wire waveguides is polarization dependence; howev-
er, it should be possible to eliminate this problem by
using waveguides with square cores or by using
polarization diversity systems [16]. Applying a large
polarization dependence to a Si-wire waveguide

should make it possible to construct a compact polar-
ization diversity system. We believe that the Si-wire
waveguide is one of the most promising platforms for
highly functional, low-cost photonic circuits for
future telecommunications systems. 
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