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Abstract—Si photonic wire waveguides are attractive for con-
structing various optical devices that are extremely small because
the waveguides can be bent with extremely small curvatures of
less than a few micrometers of bending radius. We have fabri-
cated optical directional couplers with the waveguides and demon-
strated their fundamental characteristics. Their coupling length
was extremely short, several micrometers, because of strong opti-
cal coupling between the waveguide cores. We have also demon-
strated wavelength-demultiplexing functions for these devices with
a long coupled waveguide. Optical outputs from a device with a
100-µm-long coupled waveguide changed reciprocally with a
20-nm wavelength spacing between the parallel and cross ports.
We also demonstrated the operation of ultrasmall optical add-
drop multiplexers (OADMs) with Bragg grating reflectors made
up of the waveguides. The dropping wavelength bandwidth of the
OADMs was less than 0.7 nm, and these dropping wavelengths
could be precisely designed by adjusting the grating period. Using
the Si photonic wire waveguide, we have also demonstrated thermo-
optic switches. Metal thin-film heaters were evaporated onto the
branch of a Mach–Zehnder interferometer that incorporated the
waveguide to achieve switching operations by thermo-optic effects.
In these switching operations, we observed more than 30 dB of
extinction ratio, less than 90 mW of switching power, and less than
100 µs of switching speed.

Index Terms—Integrated optics, lightwave circuit, optical add-
drop multiplexer (OADM), optical directional coupler, optical
interconnection, optical switch, optical waveguide, silicon-on-
insulator (SOI), Si-wire thermo-optic effects.

I. INTRODUCTION

S ILICON photonics is receiving much interest because it
enables the use of well-developed Si processing technolo-

gies as well as Si substrates that are cheaper than the com-
pound semiconductor (GaAs or InP) substrates to fabricate a
broad range of optical devices (light emitters, photodetectors,
optical switches, optical passive components, and nonlinear
optic devices) [1]–[4]. Furthermore, the Si photonics creates
many possibilities such as photonic integration on Si substrates,
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monolithic integration of both electronic and photonic devices,
and optical interconnection between electronic logic circuits
on large-scale integrations. For the integration of photonics
with a Si substrate, optical waveguides made up of Si and
compact photonic devices that can be densely integrated on
a Si substrate are essential. Thus far, Si-rib waveguides based
on silicon-on-insulator (SOI) substrate have been studied for
more than ten years [5], [6], and many optical components with
waveguide structures have been demonstrated [1]. However, the
Si-rib waveguide could not be bent to a small curvature be-
cause the bending losses became large when the bending radius
was less than several hundred micrometers. Therefore, optical
components constructed with the waveguides were not always
compact. High-index contrast (high-∆) optical waveguides are
needed to achieve sharp bends in waveguides.

A search for the high-index contrast waveguide led us to the
Si-channel waveguides [7]–[11] that consist of an Si core with an
extremely small cross section and have a surrounding cladding
of SiO 2 materials or air. Their basic characteristics have been in-
vestigated, and many functional devices have been demonstrated
by using these waveguide structures such as channel-dropping
filters with small ring waveguide resonators [10]–[12], lattice
filters [13], optical switches [14], [15] or arrayed-waveguide
gratings [16].

In this paper, we describe the characteristics of Si-channel
waveguides with a nanoscale cross section that we therefore call
“Si photonic wire waveguides.” We will also describe various
functional optical devices [directional couplers (DCs), wave-
length demultiplexers (DEMUXs), optical add-drop multiplex-
ers (OADMs), and optical switches] that we have developed
based on this waveguide structure.

II. SI PHOTONIC WIRE WAVEGUIDE

The Si photonic wire waveguide is a channel waveguide con-
sisting of a Si core with an extremely small cross section and
a surrounding SiO2 cladding material. Fig. 1(a) is a schematic
of the waveguide structure. The cross-sectional Si-wire core is
made as small as 300× 300 nm in order to obtain a single-mode
condition. The fabrication process is as follows. We used an SOI
wafer with a 300-nm-thick single-crystal surface Si layer and
a 1-µm-thick buried oxide (BOX) layer on a (100)Si substrate.
First, we made a resist of the waveguide-core pattern on the
surface Si layer by using electron-beam lithography. Next, with
a resist mask, the surface Si layer was etched down to the BOX
layer with an inductively coupled plasma (ICP) dry etcher, and
this formed the Si-wire core. Finally, the Si-wire core that had
been formed on the BOX layer was buried under a 1.0-µm-thick
SiO2 layer. Fig. 1(b) is a micrograph of a cross section of the
waveguide. In this waveguide structure, we obtained an index
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Fig. 1. Si photonic wire waveguide. (a) Structure. (b) Picture of the cross
section.

Fig. 2. Measured transmission losses for the Si photonic wire waveguides of
various lengths.

contrast between the Si core and silica cladding (∆) of 40%.
Therefore, the strong optical confinement in the Si core makes
it possible to bend the waveguide with a curvature of micrometer
order.

First, we measured the propagation loss in the waveguide
and also the coupling loss for a tapered single-mode fiber. The
losses were measured using the cutback method, with tapered
fibers optically coupled to both end facets of the waveguide, and
introducing a light beam with 1.55-µm wavelength. Fig. 2 plots
transmission losses measured for the Si photonic wire waveg-
uides of various lengths. From the plot, we estimated the values
of propagation loss and coupling loss, and found them to be
1.89 dB/mm and 6.1 dB/facet, respectively, when the polariza-
tion of the electric field vector was perpendicular to the sub-
strate. The corresponding losses for the other polarization (i.e.,
the electric field vector parallel to the substrate) were a little
higher than these values; they were 2.56 dB/mm and 8 dB/facet,

Fig. 3. Measured bending losses for the Si photonic wire waveguides with
right-angled bends of various curvatures.

Fig. 4. Infrared image from the top of a coil pattern of the waveguide when
propagating the light beam.

respectively. We think the higher propagation loss for the po-
larization electric field parallel to the substrate was caused by
sidewall roughness of the waveguide, and we can further reduce
both propagation losses by introducing a sidewall smoothing
process with thermal oxidation [11]. The propagation loss and
coupling loss were almost constant in the measured wavelength
range of 1510–1640 nm.

Next, we measured the bending losses of the waveguides. We
fabricated various waveguides with various numbers and curva-
tures of right-angle bends. Fig. 3 plots bending losses measured
for the waveguides with various curvatures of right-angle bend.
In this case, we measured only for the polarization electric field
perpendicular to the substrate. The bending loss increased with
reducing bending radius, and it was practically zero when the
bending radius of the waveguide was larger than 5 µm. Fig. 4 is
an infrared image from the top of the coil pattern of the waveg-
uide when a light beam was propagated through it. The coil
pattern includes 28 right-angle bends with a bending curvature
of 10 µm. We clearly observed the light output from the end
facet, and this shows that the bending loss of the waveguide was
small.

A beam spot-size converter can improve the coupling loss
between the waveguides and the optical fibers and this has also
been investigated. Such a converter for the Si photonic wire
waveguide with a tapered core and a polymer cladding structure
was previously demonstrated and reported [17]. Less than 1 dB
of low coupling loss for a thermal-diffusion expanded core fiber
was achieved with the converter.

We employed a very simple structure with only a tapered
core as shown in Fig. 5(a). The length of the tapered core was
200 µm and its tip width was 100 nm. Fig. 5(b) represents the
measured transmission loss spectra for a total 1.63-mm-long
waveguide with beam spot-size converters for both end facets.



YAMADA et al.: Si PHOTONIC WIRE WAVEGUIDE DEVICES 1373

Fig. 5. 1.63-mm-long waveguide with spot-size converter. (a) Structure.
(b) Transmission loss spectra.

The total losses of the waveguide including coupling losses
to tapered fibers were about 7 dB for the polarization electric
field perpendicular to the substrate and about 10 dB for the
other polarization (electric field parallel to the substrate) at a
wavelength of around 1.55 µm. Therefore, we estimated the
coupling losses per facet to be 2.0 dB and 2.9 dB, respectively,
for the two polarizations with these measured loss values and
previously described propagation loss values per unit length of
the waveguide.

Although the spot-size converter is simple and effective for
reducing coupling loss, further study is needed regarding control
of the tip position because the coupling loss strongly depends
on the distance between the end facet and the tip position of the
tapered core. Therefore, some method should be developed for
truing up the tip position to the end facet.

III. OPTICAL DCS

In optical interconnections, waveguide junctions or branches
are essential. Optical DCs can be used for the waveguide
branches, and they also work as power combiner/dividers with
arbitrary power dividing ratio. Furthermore, they are also the
most fundamental elements for constructing various optical de-
vices. They are used to construct power combiners/dividers,
wavelength multiplexers (MUXs)/DEMUXs, add-drop multi-
plexers, and optical switches. In Section III, we describe optical

Fig. 6. Coupled waveguide portion of DC. (a) Top-view structure. (b) Cross
section.

Fig. 7. Measured light output powers from both the output ports of the DCs
with various coupled waveguide lengths from 0 to 10 µm. (a) Electric field
perpendicular to the substrate. (b) Electric field parallel to the substrate.

DCs based on Si photonic wire waveguides and discuss their
characteristics.

Fig. 6 presents the top and cross-sectional views of the cou-
pled waveguide portion of the DC. The Si cores had 0.3-µm2

cross sections and were 0.3 µm apart at the coupled waveguide
portion. The S-shaped waveguides were connected to both the
input and output ports of the coupled waveguides to separate
the light beam delivered to the two waveguide cores and to sep-
arate it again as it excited the waveguide cores. The radius of
curvature for the S-shaped waveguide was 10 µm, so the over-
all lengths of the DCs were 40 µm longer than the lengths of
coupled waveguides. We fabricated various lengths of the DC
samples with different coupled waveguide lengths L.

The light output power from both output ports of the DCs was
measured when a 1.55-µm-wavelength laser beam was directed
into one of the input ports. The output powers measured for DCs
with various coupled waveguide lengths from 0 to 10 µm are
plotted in Fig. 7. As the characteristics depend on the polariza-
tion, we measured the output powers for both the polarizations.
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Fig. 8. Calculated optical intensity in the cores of the coupled waveguide
plotted against their positions in the waveguide.

In the figure, “parallel” and “cross” mean the plots of optical
powers from the same and different waveguide cores, respec-
tively, as the lightwave was launched. The powers from both the
output ports were complementary, and for both the polarizations
they changed sinusoidally according to the coupled waveguide
length. Although the values measured for L = 0 do not corre-
spond to an actual coupled waveguide length of zero (because
the S-shaped waveguides at the entrance sections act as part of
the coupled waveguide), the coupling length was estimated to be
about 10 µm for polarization of the electric field perpendicular
to the substrate and to be 11 µm for polarization of the electric
field parallel to the substrate. The coupling from the S-shaped
waveguides was estimated by extrapolation to correspond to a
coupling length L of 2 µm.

We also calculated the characteristics of the coupled waveg-
uide by using a three-dimensional (3-D) finite-difference time-
domain method. Fig. 8 is a plot of the optical intensity in the core
of the waveguides. In this figure, the respective solid and broken
lines describe the plots for polarizations of electric field perpen-
dicular and parallel to the substrate. The coupling length was
about 10 µm when the polarization of the electric field was per-
pendicular to the substrate, and it was found to be a little longer
(11 µm) when the electric field was parallel to the substrate.
These results were in good agreement with the experimental
results.

We also fabricated DCs with longer coupled waveguides.
Fig. 9(a) plots the wavelength dependence of transmittance mea-
sured for the two output ports (parallel and cross) of a DC with
a 100-µm-long coupled waveguide. We found a strong depen-
dence on the wavelength: at 1549 nm, most of the light power
was output from the parallel port, and at 1569 nm, most of the
light power was output from the cross port. The extinction ratio
was greater than 20 dB, and the insertion loss around 1550 nm
was about 15 dB. We think that most of the loss was the cou-
pling loss of the tapered fibers (6.1 dB ×2 for both facets) and
the rest was propagation loss. The wavelength dependence of
the calculated light output power [Fig. 9(b)] was similar to that
observed in the measured light output power. We also measured
for DCs with longer coupled waveguides (L = 800 µm). The

Fig. 9. Wavelength dependence of the light outputs from a 100-µm-long DC.
(a) Measured transmission losses. (b) Calculated light output powers.

optical output powers from the parallel and cross ports of an
800-µm-long device changed reciprocally with a 2.5-nm wave-
length periodicity [18].

IV. OADM

Wavelength MUXs/DEMUXs are key devices for
wavelength-division multiplexing (WDM) in photonic
networks. Many types of wavelength MUX/DEMUX devices
have been studied. Examples are a ring-resonator channel-
dropping filter (CDF) [10]–[12], a lattice-filter CDF [13],
and OADMs with a Bragg-grating reflector composed of a
Mach–Zehnder interferometer (MZI) [19] or a directional
coupler [20]. Among these, the Bragg-reflector OADMs are
promising for wavelength MUX/DEMUX because of their
flat-topped bandpass spectra and wide free spectral ranges as
well as their flexible wavelength selectivity. In Section IV,
we describe an ultrasmall Bragg-reflector OADM based on Si
photonic wire waveguides.

As illustrated in Fig. 10, the OADMs we made were composed
of two Si photonic wire straight waveguides with Bragg grat-
ings and two 3-dB couplers based on Si photonic wire waveg-
uide DCs. The 3-dB coupler was about 5-µm long because the
effective coupling length of the DC was about 10 µm when
the distance between the waveguide cores was 300 nm [18].
The Bragg gratings were formed by making small fins on the
sidewall of the straight waveguides as shown in the figure.
The projections of the fins were 10 nm, and the grating was
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Fig. 10. Structure of the OADM based on the Si photonic wire waveguide.

Fig. 11. Transmission loss spectra of the OADM and the straight waveguide.

500-µm long. We tested four types of gratings with periods Λ of
346-, 350-, 354-, and 358 nm. We connected S-shaped waveg-
uides with a 10-µm radius to both the input and output ports
of the 3-dB couplers to separate the light output from the two
waveguide cores of the 3-dB coupler. The net length of the
OADM devices was about 600 µm. For measurement, the de-
vices were cut from the wafer in a sample bar that included
many of these devices. The total length of the devices used
for the measurement, including the simple straight waveguides
bringing light to the devices, was about 800 µm [21].

The characteristics were measured with tapered optical fibers
coupled to the input and output ports of the OADMs. Because the
measurement depends on the polarization of the electric field, we
controlled the polarization of the incident light beam by keep-
ing the electric field perpendicular to the substrate. Fig. 11 plots
the transmission loss spectra for the through port and drop-out
port of the OADMs. The dropping center wavelength was about
1527 nm when the grating period was 358 nm, and the 3-dB
bandwidth was 0.7 nm. The extinction ratio for the through out-
put at the dropping wavelength was about 8 dB. The extinction
ratio can be improved by increasing the reflectivity of the Bragg
grating by increasing the height of its fins. The insertion loss
was 22 dB for the through port and 24 dB for the drop-out port.
The 2-dB difference in the through port and drop-out port losses
is because the output waveguide for the drop-out port was about
700 µm longer than that for the through port. The loss spectrum

Fig. 12. Relation between the dropping wavelength and the grating period.

Fig. 13. Relation between the wavelength and the modal equivalent index
calculated with a mode solver (lines) and estimated experimentally (squares).

measured for a simple straight waveguide with the same length
as the OADM is also given in Fig. 11. From a comparison of the
measured loss values between the straight waveguide and the
OADM, we can estimate the excess loss caused by the device
structures to be less than 2 dB. We have not yet designed the de-
vice to have characteristics independent of polarization; hence,
for the other polarization (electric field parallel to the substrate),
we observed a broad dip in the transmission spectrum for the
through port at a wavelength that was about 20 nm longer than
the drop wavelength for the primary polarization (electric field
perpendicular to the substrate).

The relation between the grating period and the dropping
wavelength is shown in Fig. 12. The dropping wavelength in-
creased with increase in the grating period. The relation between
the dropping wavelength (λ) and the grating period (Λ) is de-
scribed by

λ = 2neqΛ. (1)

Here, neq is the modal equivalent index of the propagating
lightwave in the Si photonic wire waveguide. We estimated the
values of neq with this equation, and plotted them against the
wavelength (Fig. 13). In this wavelength range, the estimated
neq values decreased with increasing wavelength.
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Also shown in the figure is a line indicating neq values. We
calculated these values using a mode solver tool assuming the re-
fractive indices of the Si core and silica cladding are 3.5 and 1.46,
respectively. This calculated line is in good agreement with the
neq values estimated from the measurement. We can therefore
use this relation between neq and the wavelength to precisely
design the dropping wavelengths of the devices, although we
need to control the device temperature precisely because a 6-K
temperature change causes the dropping wavelength to shift by
0.7 nm.

V. THERMO-OPTIC SWITCH

Optical switches are also key devices for nodes in pho-
tonic networks. So far, a lot of research has been devoted to
optical switches [14], [15], [22]–[24] and/or optical modula-
tors [25], [26] fabricated on SOI substrates. However, the de-
vice sizes for the MZI-type optical switches [14], [15], [22]–[24]
and/or optical modulators [25] were not always small enough for
integration. However, the ring-resonator-type optical switches
(modulators) [26] were very small. Also, the wavelength of the
switched optical signal must be fixed, which means the switch-
ing bandwidth is very narrow. Therefore, from the application
point of view, the ring-resonator type optical switch is difficult
to use. In Section V, we describe very compact MZI-type opti-
cal switches based on Si photonic wire waveguides and discuss
their characteristics.

We fabricated the MZI-type 1 × 1 and 1 × 2 optical switches.
Microscopic views of the switches are shown in Fig. 14(a) and
(b), respectively. The 1 × 1 and 1 × 2 switches were composed
of a Y-splitter for dividing the input light beam, a thermo-
optically controlled MZI for tuning the phase of the propagating
light beam, and a 3-dB coupler with a Y-splitter for the 1 × 1
switch or with a DC for the 1 × 2 switch [27]. All of them
were based on Si photonic wire waveguides on an SOI sub-
strate. The cross section of the Si photonic wire waveguides
was 300× 300 nm. The coupled waveguide length of the DC
for the 3-dB couplers was 5 µm, and the length of the MZI
branches was 40 µm. Metal thin-film heaters were evaporated
on the top silica cladding layer just above the MZI branches
for providing thermo-optical control. It should be noted that the
metal heaters were formed on both the MZI branches to provide
a structural symmetry between them, but only one of the two
heaters on the two MZI branches was connected to the electrode
pads, while the other one was only a dummy heater. The electric
resistance of the active heater was 30Ω for the 1 × 1 switch and
100Ω for the 1 × 2 switch. Excluding the electrode pads, the
net device footprints were 140× 65µm for the 1 × 1 switch and
85×30 µm for the 1 × 2 switch, respectively. The 1 × 2 switch
was more compact than the 1 × 1 switch because the design of
the Y-splitter used in the 1 × 2 switch was optimized, compared
with that used in the 1 × 1 switch. The optical switches were
characterized by the tapered fibers used for coupling light in the
devices. To measure the response speed of the switch, we also
used a pulse power supply.

First, we characterized the 1 × 1 switch. At 1550 nm, we mea-
sured the transmission loss while changing the heating power,

Fig. 14. Thermo-optic switch based on the Si photonic wire waveguides. (a)
1 × 1 switch. (b) 1 × 2 switch.

Fig. 15. Transmission loss of the 1 × 1 switch as a function of the heating
power.

as plotted in Fig. 15. We measured it for both the polarizations
of the incident lightbeam: the electric field vector perpendicular
and parallel to the substrate. As shown in Fig. 15, the maxi-
mum and minimum transmissions did not appear at the same
heating power for both the polarizations due to the polarization-
dependent propagation constant of the waveguide. This polariza-
tion dependence might be reduced by using properly controlled
stress-induced birefringence with silica cladding, as is done
for the Si-rib waveguides [28]. The maximum transmittance in
Fig. 15 shows a device insertion loss of 15 dB for the polarization
electric field perpendicular to the substrate and 22 dB for the
polarization electric field parallel to the substrate. The insertion
losses were mainly caused by the propagation losses and the
coupling losses between the fibers and the waveguides. They
were about 2 dB/mm and 6 dB/facet for the polarization electric
field perpendicular to the substrate and about 2.5 dB/mm and
8 dB/facet for the polarization electric field parallel to the sub-
strate as mentioned earlier. The obtained maximum extinction
ratio for the 1 × 1 switch was 27 dB for the polarization electric
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Fig. 16. Wavelength detuning characteristics of transmission loss for the
1 × 1 switch.

Fig. 17. Light output waveform response to a heating current pulse.

field perpendicular to the substrate and 19 dB for the polariza-
tion electric field parallel to the substrate. The heating power
needed for complete switching was approximately 90 mW, and
this value was the same for both the polarizations. Although this
90-mW switching power is still high for integration, it can be
decreased by optimizing the device structure [22], [23].

We investigated the wavelength–detuning characteristics of
the 1 × 1 switch by tuning the wavelength of the incident light
beam while fixing the heating power at the maximum extinction
point for both the polarizations at 1550-nm wavelength. The
characteristics are presented in Fig. 16. As the figure shows, we
found that the wavelength can be detuned by over 15 nm for
both polarizations while maintaining an extinction ratio of more
than 20 dB for the polarization electric field perpendicular to the
substrate and 15 dB for the polarization electric field parallel to
the substrate. This means the switching bandwidth is more than
15 nm under the operating conditions described earlier.

The switching response time was measured at 1550-nm wave-
length. As plotted in Fig. 17, we found that the switching ON/OFF

time was typically around 100µs. However, further improving
the speed of the thermally controlled MZI switch to less than
10µs might be possible by reducing the thickness of the lower
silica cladding layers [22], [23], although using a cladding layer
that is too thin might increase the propagation loss.

Next, we measured the dependence of the transmittance of
the 1 × 2 switch at 1550 nm on the heating power. Due to the
polarization dependence of the device, we only conducted the
measurement for the polarization electric field perpendicular to

Fig. 18. Transmission loss of the 1 × 2 switch as a function of the heating
power.

the substrate. As can be seen in Fig. 18, as the heating power
was increased, the light outputs from both the ports (1 and 2)
alternately switched ON and OFF. The light output from port
2 was minimal at 80 mW, while that from port 1 was min-
imal at 170 mW. Therefore, the switching power needed to
change output ports was 90 mW. The device insertion loss was
about 15 dB, and the maximum extinction ratio obtained was
more than 30 dB. The switching response time and wavelength-
detuning characteristics of the 1 × 2 switch should be similar
to those of the 1 × 1 switch since the fundamental structures of
the devices are similar.

VI. SUMMARY

We have described the Si photonic wire waveguides and ul-
trasmall optical devices fabricated with this waveguide struc-
ture. We have reported our measurements of propagation loss
and bending losses for the waveguides. The bending loss was
practically negligible when the bending radius of the waveg-
uide was larger than 5 µm. We also fabricated optical DCs with
the waveguides and evaluated their fundamental characteris-
tics. We found that they had extremely short coupling lengths,
typically about 10 µm, which means that they can be used as
compact optical power dividers or combiners. We also demon-
strated wavelength-selective characteristics of light output from
long DCs. The optical outputs from the parallel and cross ports
of a 100-µm-long device changed reciprocally with a 20-nm
wavelength periodicity, and this indicates that this device could
be used as a wavelength MUX/DEMUX.

We have also demonstrated ultrasmall OADMs with waveg-
uides having Bragg grating reflectors. We found that the devices
have the potential of providing a dropping wavelength reso-
lution of less than 0.8 nm that satisfies the requirements for
dense WDM systems with 100-GHz channel spacing. We also
found that the dropping wavelength can be designed precisely
by adjusting the grating period.

Furthermore, using the waveguide, we have also demon-
strated the operation of very compact thermo-optic switches.
Metal thin-film heaters were evaporated on the branch of a
Mach–Zehnder interferometer that incorporated the waveguide
to accomplish switching operations by thermo-optic effects. In
these switching operations, we observed more than 30 dB of
extinction ratio, less than 90 mW of switching power and less
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than 100 µs of switching speed with footprints smaller than
100 × 50µm2 for the optical switches.

Therefore, we conclude that the Si photonic wire waveguides
are attractive platforms for constructing various optical devices
that are extremely small. We believe that large-scale optical-
integrated circuits incorporating Si photonic wire waveguide
devices will be in practical use in the near future.
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