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SUMMARY We theoretically and experimentally demon-
strate low loss branches in a Si photonic wire waveguide. Approx-
imate calculation by the two-dimensional finite-difference time-
domain (2-D FDTD) method and detailed design by the 3-D
FDTD method indicate that low excess loss less than 0.2 dB is ex-
pected for a µm-size bend-waveguide-type branch at a wavelength
of 1.55µm. This branch is fabricated in a silicon-on-insulator sub-
strate and the loss is evaluated to be 0.3 dB. This value is small
enough to construct a very compact branching circuit.
key words: integrated optics, optical waveguide, branch circuit,

SOI, FDTD

1. Introduction

For a dense wavelength division multiplexing sys-
tem with several hundred channels, the size reduction
and high-density integration of optical circuits such
as wavelength multi/demultiplexers and cross connect
switches are crucial. The most fundamental issue is to
miniaturize optical waveguides. However, conventional
silica-based waveguides have small flexibility in optical
wirings because of large bends and branches, each oc-
cupying mm2–cm2 area. To realize a compact optical
circuit of mm2 in total area, the bend radius must be
of µm order. The photonic crystal waveguide [1] is one
of the candidates that clear this issue, so it is attract-
ing much attention. However, it requires a complex
design theory and a fine fabrication process. Another
simpler solution is an ultra-high ∆ waveguide, where
∆ is the relative refractive index difference defined as
(n2

1 −n2
2)/2n2

1 for core index n1 and cladding index n2.
A commercially available silicon-on-insulator (SOI)

substrate is usable for such a high-∆ waveguide. The
Si slab (n1 ∼3.5) is used as a core and the SiO2 (n2

∼1.45) layer is used as a cladding in the transparent
wavelength range of λ = 1.3–1.55µm. Therefore, ∆
of this waveguide is as large as 45%. Of course, this
wafer is used for electronic circuits. Thus, the SOI sub-
strate can be a platform of functional opto-electronic
circuits. So far, rib-type waveguides in an SOI sub-
strate have been demonstrated with a low propagation
loss less than 0.5 dB/cm [2], [3]. However, the bend
radius was of mm order because of the weak optical
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confinement. For µm order bends, Si layer must be the
completely etched down to be the rectangular shape, as
shown in Fig. 1.

Such rectangular waveguide has also been reported
[4]. However, only the propagation loss of the straight
waveguide was discussed, and other components such
as bends and branches have not been investigated yet.
In a previous work, we fabricated this type of wave-
guide, which satisfies the singlemode condition, and
showed that 1) the propagation loss is ∼10 dB/mm at
λ = 1.55µm and it is dominated by the scattering loss
caused by the high-∆, 2) the group index is larger than
the material index, and 3) the bend loss can be less than
1 dB, when the bend radius is only 1µm [5]. Based on
these results, we designed and fabricated ultra-small
branches in an SOI substrate, and demonstrated the
low excess loss in this work. We first estimated the
excess loss in several branches by the 2-dimensional (2-
D) finite-difference time-domain (FDTD) method [6].
For two structures showing low loss in this calculation,
we designed the structural detail by the 3-D FDTD
method. Then, we fabricated a bend-waveguide-type
branch, the best structure for low excess loss, and eval-
uated its characteristics.

2. 2-D FDTD Analysis of Various Branches

The FDTD method is very powerful for simulating elec-
tromagnetic properties in arbitrary structure with a
high index contrast. In a 3-D FDTD calculation, how-
ever, a large computer memory and a long CPU time
are required. The 2-D FDTD method with the equiva-
lent index approximation significantly reduces the load
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Fig. 1 Schematic of Si rectangular channel photonic wire
waveguide and the coordinate system.
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of calculation and gives a rough but reasonable esti-
mation. In all calculations of this paper, wavelength
λ is fixed to 1.55µm. In this section, the polariza-
tion is fixed to that having the electric field parallel
to the yz plane and the magnetic field in the x direc-
tion. This corresponds to the transverse electric (TE)
-like polarization in a 3-D channel which will be dis-
cussed in Sect. 3. The equivalent index neq of the Si
slab is assumed to be 2.6, and the channel width is
0.3µm. Lateral claddings are air with an index of 1.0.
They satisfy the singlemode condition at λ = 1.55µm.
One side of the square Yee cell is 20 nm (∼ λ/30neq).
The time step is 0.04 fs, which satisfies Courant’s sta-
ble condition. The magnetic field distribution of the
analytically-derived guided mode is continuously ex-
cited around the channel. The excess loss of a branch is
estimated from the ratio of total power from two waveg-
uides beyond the branch (Pout ≡ Pout1 + Pout2) to the
input power observed near the excitation (Pin). Here,
the excitation source locates 18µm from the branch.
This is long enough to avoid that the reflected power
from the branch is counted as the input power. To
estimate Pout accurately, two waveguides beyond the
branch are bent, so it looks like a T-branch, as illus-
trated in Fig. 1. The analytical space is terminated
by Mur’s second-order absorbing boundary condition.
Since the reflection at waveguide ends is not perfectly
suppressed even with these boundaries, Pout1 and Pout2

are evaluated at points 16µm apart from the absorb-
ing boundary. This is distant enough to estimate them
before reflected waves reach these points.

Table 1 summarizes various branches modeled.
The excess loss of simple Y branch (a) is estimated
to be 2 dB when the branching angle is 15◦. Although
the excess loss may be reduced by a smaller angle, it
makes the branch long, so it is not suitable for the pur-
pose of this study. For modified antenna-coupled-type
branches (b)–(d) [7], [8], the loss is less than 0.5 dB. Es-
pecially, (d) marks a minimum value of less than 0.1 dB.
In branch (e), two fans with 0.9-µm-radius are con-
nected to the input waveguide with a small taper. This
structure is similar to a reported one [9], in which two
corner mirrors are used at the branch. However, we
rather employed the fans to avoid the unwanted reflec-
tion. The minimum loss is 0.3 dB, when guided modes
are efficiently coupled to whispering gallery modes in
each fan [10]. In branch (f), two bent waveguides are
connected, so we call it bend-waveguide-type. When
the bend radius is 5.85µm, the loss is less than 0.1 dB.

3. Design by 3-D FDTD Method

For branches (d) and (f) showing < 0.1 dB loss in
Sect. 2, structural details are designed using the 3-D
FDTD method. The thickness of Si and SiO2 layers
are assumed to be 0.32µm and 1.0µm, respectively, to
simulate the SOI wafer used in the experiment. The

Table 1 Various branch structures.

(a)

Schematic Loss

0.5 dB

2.0 dB

θ = 15

< 0.1 dB

0.5 dB

< 0.1 dB

0.3 dB

(b)

(c)

(d)

(e)

(f)

0.3µm

0.84µm

0.84µm

5.85 µm

0.9 µm

0.42µm

0.42µm

air above the Si core and Si substrate below the SiO2

layer are also included in the analytical space. Indexes
of Si, SiO2 and air are assumed to be 3.45, 1.44 and
1.0, respectively. One side of the cubic Yee cell ∆x is
enlarged to 40 nm (∼λ/11n1) to save the CPU time.
The time step is 0.06 fs, which satisfies the Courant’s
stable condition. Although the polarization cannot be
defined rigorously in a 3-D waveguide, the y component
of the electric field is excited to simulate the TE-like
mode. The waveguide width w is fixed to be 0.44µm
(= 11∆x). This width satisfies the singlemode condi-
tion at λ = 1.55µm and the peak of the electric field
of the guided mode locates just at the center of the
waveguide.

Figure 2 shows the x component of the magnetic
field distribution in the antenna-coupled-type branch.
Here, lengths l of the taper in both input and output
waveguides are the same. For l = 0.8µm, the field ex-
hibits the winding motion in the output waveguides.
This motion is smaller for l = 2.8µm, but it still re-
mains. This indicates that the rapid change of the
structure at the branch excites radiation modes, which
should be the excess loss, as shown in Fig. 3. The loss
deceases monotonically with increasing l. However, it
cannot be less than 1 dB. This result is different from
that for the 2-D model shown in Table 1. We think
that this difference comes from different zigzag paths
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Fig. 2 Top view of the 3-D FDTD calculation model and the
x component of magnetic field in antenna-coupled-type branches
with w = 0.44µm. (a) and (b) are for l = 0.8µm and 2.8µm,
respectively.
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Fig. 3 Excess loss with taper length l in antenna coupled type
with w = 0.44µm, which is calculated by the 3-D FDTD method.

of light in the waveguide, which give different group
indexes, i.e., 4–5 for 3-D model [5], while ∼3 for the
2-D model. The different zigzag paths cause different
excitations of multimodes at the branch and results in
different optimum structures.

The x component of the magnetic field distribu-
tion in the bend-waveguide-type is shown in Fig. 4. The
light is smoothly separated without any serious scatter-
ing at the branch and winding motion in output waveg-
uides. The excess loss calculated with bend radius r is
shown in Fig. 5. A similar 3-D calculation indicates that
the bend loss is estimated to be 0.2–0.4 dB for radius
assumed in Fig. 5. This figure shows the excess loss
including the bend loss at the bend. It is estimated
to be less than 0.4 dB for all radius assumed, and the
minimum value is 0.20 dB for r = 1.38µm.

We investigated the influence of asymmetry in the
bend-waveguide-type. Figure 6 shows the change of
the power branching ratio Pout1/Pout calculated with
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Fig. 4 Top view of the 3-D calculation model and the x com-
ponent of magnetic field in bend-waveguide-type branch with r
= 1.78µm, w = 0.44µm, g = 0.28µm, and ∆w = 0µm.
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Fig. 5 Excess loss with bend radius r in bend-waveguide-type
branch with w = 0.44µm, which is calculated by 3-D FDTD
method.
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Fig. 6 Branching ratio with normalized shift ∆w/w of input
waveguide for parameter g in bent-waveguide-type branch with
r = 2.18µm and w = 0.44µm.

the normalized shift ∆w/w of input waveguide mea-
sured from the center axis. The power branching ra-
tio is strongly influenced by overlapping length g. For



1036
IEICE TRANS. ELECTRON., VOL.E85–C, NO.4 APRIL 2002

0 10 20 30 40 50

∆w/w  [%]

0

0.2

0.4

0.6

0.8

1.0

1.2

E
x

c
e
ss

 L
o

ss

Fig. 7 Change of excess loss with ∆w/w in bend-waveguide-
type branch with r = 2.18µm, w = 0.44µm and g = 0.32µm.
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Fig. 8 SEM view of fabricated Si rectangular channel.

g ≤ 0.68µm, Pout1/Pout decreases as ∆w/w increases.
On the other hand, for g ≥ 0.84µm, it increases as
∆w/w increases. The critical point giving Pout1/Pout

= 0.5 for any ∆w/w can be expected for g ∼ 0.80µm.
The loss change with ∆w/w is shown in Fig. 7. It is rel-
atively insensitive to ∆w/w, e.g., the loss is still 0.3 dB
for ∆w/w = 20%.

4. Fabrication and Measurement

We prepared a unibond-type SOI wafer (SOI TEC
Inc.), which had a SiO2 layer of 1.0-µm-thickness and
a top p-type Si layer of 0.32µm thickness. The fluc-
tuation in the Si thickness was less than 20 nm inside
a 7× 7mm2 cleaved piece. The free carrier absorption
loss is negligible compared with the scattering loss at
rough sidewalls, since the resistivity of the Si layer is
as high as 14Ωcm. We used a field-emission-type elec-
tron beam (EB) lithography and CF4-based inductively
coupled plasma (ICP) etching to fabricate the Si rect-
angular channel. After the EB-drawn pattern of the
positive resist was transferred to a metal mask, the top
Si layer was completely etched down by the ICP etch-
ing. Figure 8 is a scanning electron micrograph (SEM)
of a cleaved end facet of the waveguide. Considering the
retreat of the mask, the pattern width was designed to
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Fig. 9 Measurement setup of light propagation characteristics.

Fig. 10 Top view and NFP of light output for sample with
r = 2.75µm, w = 0.47µm and g = 0.4µm.

be 0.5µm. The fabricated one is 0.47µm, which is close
to the modeled value in Sect. 3. The sidewall angle of
the waveguide is over 85◦ and the sidewall roughness is
20 nm in maximum value and 11 nm in deviation. For
the Si layer in the unibond-type SOI wafer, the perfect
crystal facet cannot be obtained by the cleavage. As
shown in Fig. 8, however, the waveguide facet is smooth
enough due to small cross sectional area.

The measurement setup is shown in Fig. 9. The
light of λ = 1.55µm from a semiconductor laser is con-
trolled to be TE-polarized and focused on the wave-
guide facet. The output end of the waveguide is ter-
minated inside the wafer by the lithography and the
etching. The light from this output end is detected by
a vidicon camera from the top of the waveguide. Fig-
ure 10 shows the near field pattern (NFP) of the light
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Fig. 11 Measured excess loss for r = 2.75µm (circle) and
calculated results for r = 2.78µm (curves).

output from the bend-waveguide-type branch with r =
2.75µm. As expected from the FDTD calculation, the
light passes through the branch and is extracted from
two output ends. Such NFP can be observed from the
top without any irregular scattering at waveguide ends,
since the mode size in the Si waveguide is smaller than
the diffraction limit in air, and the radiation angle of
the light output is over 180◦ [11]. This allows the eval-
uation of relative output power by the vidicon cam-
era with the compensation of its nonlinearity. First,
the waveguide loss was evaluated to be ∼10 dB/mm by
comparing output powers from different length straight
waveguides. This value is almost the same as that eval-
uated previously by the Fabry-Perot resonance method
[7]. Next, the excess loss at the branch was specified by
comparing the output power from a simple bent wave-
guide and that from the branch, as shown in Fig. 11.
Here, r is fixed to be 2.75µm and the overlap length
of two output waveguides g is changed. The loss takes
the minimum value 0.3 dB for g = 0.4µm. This result
almost agrees with the 3-D FDTD calculation. The
0.3-dB-loss is small enough and difficult to explain its
origin. One reason considered is the reflection at the
input end of the branch. We expect a further low loss
less than 0.1 dB by the slight modification of the input
end.

Measured and calculated branching ratio are plot-
ted with length g in Fig. 12. Nearly 60% data lienear
Pout1/Pout = 0.5. Other data show larger values 0.7–
0.8. This is thought to be due to the complex depen-
dence of the branching ratio on ∆w/w and g.

5. Conclusion

Ultra-small branches in a Si photonic wire waveguide
were studied theoretically and experimentally. From
the FDTD calculation, it was shown that the bend-
waveguide-type branch achieved a low excess loss of
0.2 dB under the singlemode condition at λ = 1.55µm.
This branch was fabricated into an SOI wafer, and the
excess loss was evaluated to be as low as 0.3 dB. This
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Fig. 12 Measured branching ratio for ∆w/w = 0–13% (circle)
and 16–22% (square) with r = 2.75µm. Calculated results for
∆w/w = 0% (solid curve), 9% (dashed curve) and 18% (dotted
curve) are also shown with r = 2.78µm.

branch was constructed by 2.75-µm-radius bends, so
the total area of the branch occupied only (5µm)2 area.
We can expect this waveguide and branch to drasti-
cally miniaturize some optical circuits such as H-tree
branches.
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