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Bending Characteristics of Asymmetric SOI
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Abstract—We examine polarization conversion and radiation
and transition losses in bending slanted-angle silicon-on-insulator
polarization rotators.

Index Terms—Beam propagation method, bending analysis,
finite-element method (FEM), polarization rotator (PR), silicon-
on-insulator (SOI).

I. INTRODUCTION

NTEGRATED polarization rotators (PRs) employ material

anisotropy or geometric asymmetry to couple light from
transverse-electric (TE) to transverse-magnetic (TM) polar-
ization states. Of these, asymmetrically loaded periodic [1],
[2] or single-section slanted-angle [3], [4] passive devices
are particularly compact and simple to fabricate. However,
as demonstrated in InGaAsP, full polarization rotation can be
achieved with low insertion loss in bent waveguides [5]. A
microring resonator realization was similarly performed in
[6]. Theoretical studies of bent-waveguide structures employ
a conformal transformation to map the refractive index profile
onto an equivalent straight waveguide [7]-[9]. Analyses based
on the finite-difference and coupled mode procedures are given
in [9] while finite-element field propagation programs were
employed in [10].

In this letter, we apply a full vectorial finite-element method
(FEM) to determine the effect of bending on the asymmetric
slanted-angle passive silicon-on-insulator (SOI) PR structures
discussed in [3], [4]. Our analysis demonstrates that such
waveguides are relatively insensitive to bending when the
slanted face is positioned at the outer radius of the bend.

II. WAVEGUIDE GEOMETRY

The SOI polarization rotating waveguide that we will ex-
amine is depicted in Fig. 1, where the slanted facet is etched
completely down to the insulating oxide layer along the (111)
crystal plane yielding an angle of 54.736° with respect to
the horizontal direction. The Si and SiO, refractive indexes
are ny = 3.48 and ny = 1.45, respectively, while the rib
waveguide height, width, and the thickness of the outer slab
are H = 2.8 ym, W = 2.7 um, and h = 1 pm, respectively.
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Fig. 1. Bend orientations for the slanted-angle SOI PR: (a) slanted facet at
outer bend radius; and (b) vertical facet at outer bend radius.

For these parameter values, the TE and TM components of the
two lowest-order modes have comparable amplitudes so that
the optical-axis, denoted by (u,, v, ), is rotated by ¢ = 46.24°.
The maximum polarization conversion efficiency [3] is PC =
99.81% so that a TE polarized input is nearly completely
converted to a TM field after a half-beat length [3] L, = =7/
(1 — B2) = 490.08 pum. Obviously, because of the asymmetric
geometry, the two possible bending orientations illustrated in
Fig. 1(a) and (b) yield physically different results.

III. COMPUTATIONAL METHOD

To analyze the bent SOI slanted-angle waveguide, we employ
the vectorial wave equation for the magnetic field
Lo 2
V x ﬁ[s] VxH)|—-kjlslH=0 (1
where H, kg, and n denote the magnetic field, vacuum wave
number, and refractive index, respectively. Near the boundaries
of the computational grid, we employ an anisotropic perfectly
matched layer (PML) such that [s] is a 3 x 3 diagonal matrix
insider the PML layer [11] and the identity matrix elsewhere.

Applying the Crank—Nicholson approach to the above equa-
tion leads to a propagation procedure of the form

(K] - w

Since the standard eigenmode equation is obtained by omit-
ting the z-derivative term, for the FEM with hybrid edge/nodal
mixed triangular elements, the matrices [K] and [M] are given
in [11]. Bent waveguides are then normally modeled by adding
the term ny(z,y) = n(x,y)(1 + 2/R) [7] to the index distribu-
tion. Our calculations employ adaptive mesh generation starting
from the nonuniform mesh of Fig. 2.

kgng[M){H} = 2jkono[M] 2
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Fig. 2. Nonuniform grid employed in the finite-element calculations for the
waveguide surrounded by anisotropic PML layers (units in micrometers).
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Fig. 3. Optical axis rotation angle ¢ and polarization conversion efficiency as
a function of bending radius.

IV. POLARIZATION CONVERSION

We first consider the influence of waveguide bending on the
optical axis orientation. In particular, Fig. 3 displays the optical
axis rotation angle ¢ as a function of the bending radius. As ex-
pected, the result depends critically on whether the sloped or the
vertical waveguide facet forms the outer radius of the bend. In
the first case, we adjusted the waveguide parameters to yield a
@ = 45° rotation-angle at the half-beat length L, = 400 um
and bending radius R = 450 pm. Then, at R = 200 pum, the
half-beat length is L, = 317.79 pm, corresponding to a 91°
bend. After 90°, the optical axis rotation is ¢ = 41.22° yielding
2 98.27% TE < TM conversion efficiency. Further decreasing
the bending radius to 100 pm still results in a maximum conver-
sion efficiency of 91.04% for a length of L. In contrast, if the
vertical facet is situated at the outer radius, the optical axis ro-
tation decreases rapidly with bending radius for R < 400 pm.
When a 45° optical axis rotation is attained at R = 470 pum
for this bend orientation, we find L, = 628 um. For the ra-
dius of curvature R = 264.76 pm at which the half-beat length
L, = 415.88 pum coincides with a 90° bend, the optical axis
rotation and polarization conversion are approximately 18° and
34%.

To understand the behavior of the bent waveguides, consider
the R = 50 pm magnetic field amplitudes of Fig. 4 (the
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Fig. 4. Magnetic field distribution of the first lowest-order mode in a bent
slanted-angle SOI waveguide with a R = 50 pm radius of curvature. In the
three diagrams on the left, the slanted facet constitutes the outer radius of the
bend, while in the right diagrams, the vertical facet is instead the outer radius.

corresponding field distribution in the straight waveguide is
illustrated in [3], [4]). When the slanted facet describes the
outer bending radius, the field shifts toward the facet, changing
the field patterns and propagation constants of both waveguide
modes by nearly the same amount. Hence, the bent waveguide
still functions as a single-section polarization converter [3].
However, if the vertical facet is located at the outer bending
radius, the electromagnetic field instead radiates into the slab
layer. As shown in the right side of Fig. 4, for R = 50 pum,
the first lowest-order mode is a radiating quasi-TM mode for
which H, is the nondominant component. Accordingly, at
small bending radii, acceptable polarization conversion is only
achieved with a sloped sidewall outer facet.

V. WAVEGUIDE LOSSES

Losses in optical waveguides are divided into stead-state
bending loss and transition loss. The first of these can be
calculated from the imaginary part of the propagation constant,
while the second results from the mismatch of the fundamental
field distributions of the bent and straight waveguides and is,
therefore, evaluated according to

| [ [ besprdS)?
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where ¢ and ¢ are the lowest-order similarly polarized field
distributions of the straight and bent waveguides, respectively.

In our waveguide structure, bends in which the vertical facet
is located at the outer radius yield a large bending loss into the
outer-slab waveguide for R < 300 pm, as evident from Fig. 5.
If, however, the slanted facet is on the outside of the bend, the
field is displaced toward the slanted wall, suppressing radiation
losses, as evident from Figs. 4 and 5.

We next display in Fig. 6 the transition loss as a function
of bending radius induced by butt-coupling our slanted-angle
SOI waveguide to straight input and output waveguides as in
Fig. 1. Evidently, the transition loss increases rapidly if the ver-
tical facet is located at the outer bending radius for R < 260 pm
(although in this case we are evaluating the overlap of the input
field with the radiation field which generates a somewhat spu-
rious result). If the slanted-angle facet instead is placed at the
outer boundary, the transition loss remains less than 1 dB for

Ly = 10log, (dB) (3)
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Fig. 5. Bending loss as a function of bending radius. The inset shows the
variation of the real part of the effective index of the lowest-order fundamental
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Fig. 6. Transition loss as a function of bending radius.

R > 100 pm, while for a 90° bend with R = 200 pm and
L, = 317.79 pm, the transition loss is only 0.24 dB.

VI. CONCLUSION

We have found that asymmetric SOI slanted-angle waveg-
uides can exhibit a high degree of insensitivity to bending
loss while maintaining a large coupling coefficient to external
waveguides and fibers. Such bent waveguides can be employed
to alter both the direction and the polarization of a propagating
field, and could be utilized in many integrated optic components
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such as polarization-insensitive arrayed-waveguide gratings
(AWGs). In this application, slanted-angle waveguides would
replace a half-wave plate, which typically is associated with
large (=5 dB) coupling losses [12]. While bent waveguides
with a constant slanted-angle [13], [14] are obviously difficult
to fabricate, this difficulty could eventually be surmounted by,
e.g., novel reactive-ion-etching techniques. Indeed, our general

design rules [3] work for arbitrary slanted-angle and relax
restrictions on fabrication requirements.
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