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Generalized Simple Theory for Estimating
Lateral Leakage Loss Behavior in

Silicon-on-Insulator Ridge Waveguides
Kuniaki Kakihara, Kunimasa Saitoh, Member, IEEE, and Masanori Koshiba, Fellow, IEEE

Abstract—In this paper, we numerically investigate the lateral
leakage loss behavior for TM-like modes in silicon-on-insulator
ridge waveguides. If the waveguide width is set to satisfy a certain
condition, the leakage loss of the TM-like mode leads to be a
minimum. When utilizing TM-like modes in the ridge waveguides,
it is the main drawback that the tolerance for the variations in
the waveguide width and operation wavelength is too small. In
this paper, we propose a novel ridge waveguide structure, where
a dimple is introduced at the ridge region. It is shown from the
finite-element analysis that the ridge waveguide with a dimple is
both low loss and fabrication tolerant.

Index Terms—Finite-element method (FEM), leaky waves,
optical losses, optical waveguides, silicon-on-insulator (SOI)
technology.

I. INTRODUCTION

H IGH-INDEX-CONTRAST (HIC) waveguides, which are
usually fabricated on a silicon-on-insulator (SOI) wafer,

have been under intensive study for the past several years since
they offer a number of unique and useful properties not achiev-
able in standard silica-based waveguides. HIC waveguides fall
into three categories, depending on their core profile. The first
one, a photonic wire waveguide [1]–[3], is usually formed by a
silicon core surrounded by a silica cladding, and can have tight
optical confinement due to the large refractive index contrast be-
tween the core and the cladding. It is therefore possible to reduce
the bending radii to several micrometers, leading to ultra-small
optical ICs. On the other hand, the second and the third ones,
in which the etch depth does not penetrate the waveguide core,
are called rib waveguide [4]–[6] and ridge waveguide [7]–[13],
respectively. These waveguides are expected to be applied to
voltage-controlled active optical devices such as modulators and
light-emitting sources, since it is easy to impose an electric field
across guided-mode region. In this paper, if the ratio of the sil-
icon thickness in the core region to the silicon thickness in
the cladding region is relatively
small, we call this structure rib waveguide. If the thickness ratio
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Fig. 1. Schematic representation of the SOI ridge waveguide with a dimple at
the ridge region with a bird’s-eye view.

is almost 1, we call this structure ridge waveguide. In the case
of , they are, respectively, corresponding to a photonic
wire waveguide and a slab (2-D) waveguide, which does not
confine the light in the lateral direction. In particular, by em-
ploying the ridge structure, the scattering losses related to the
lateral surface roughness can be reduced due to their low ridge
height in the current fabrication technique. Recently, several
kinds of optical devices based on SOI ridge waveguides have
been reported [11]–[13].

SOI ridge waveguides possess these attractive characteristics;
however, it is known that TM-like mode in ridge waveguides in-
trinsically leaks in the lateral cladding region for practical wave-
guide geometries, yet, this lateral leakage loss of the TM-like
mode is minimized for particular waveguide width [10], [14],
[15]. The lateral leakage loss dependence on the waveguide
width for the TM-like mode in the SOI ridge waveguides has
been observed experimentally [10], and it has shown that the
tolerance to the variation in wavelength and waveguide width
is very low. Therefore, it is necessary to improve these leakage
loss properties to utilize the TM-like mode. Recently, to improve
the leakage loss properties, a ridge waveguide structure, where
a dimple is introduced at the ridge center as shown in Fig. 1, has
been proposed [16]. However, the dimple position is only lim-
ited to the center of the ridge region.

The purpose of this paper is to discuss the lateral leakage
loss characteristics for the TM-like mode in SOI ridge wave-
guides. We derive a simple theory for estimating lateral leakage
loss behavior in SOI ridge waveguides. It is shown from fi-
nite-element-based [17] and effective-index-based analyses
that SOI ridge waveguides with low-loss operation over a wide
wavelength range and good fabrication tolerance could be
designed for TM-like modes. And we discuss the application of
this design procedure to ridge-type horizontal slot waveguides
[18]–[20].

0733-8724/$26.00 © 2009 IEEE
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Fig. 2. (a) Cross section of the SOI ridge waveguide with a dimple at the ridge
region and (b) propagation process of the TM-like mode in a ridge waveguide
with a top view, where the main field components of the TM-like hybrid mode
are the � component of electric fields � and the � component of magnetic
fields � , and the TE- and TM-slab modes (intrinsically propagating in 2-D,
planar waveguides) have no � component of electric and magnetic fields, �
and � , respectively.

II. THEORY FOR ESTIMATING LATERAL LEAKAGE LOSSES

We consider an SOI ridge waveguide with a dimple at the
ridge region, as shown in Fig. 2(a), where the refractive in-
dexes of the core and the cladding are taken as
and , respectively, assuming Si and SiO . The
structural parameters, , and , represent the wave-
guide width, the dimple width, the central core thickness, the lat-
eral slab cladding thickness, and the distance between the ridge
center and the dimple center, respectively.

The ridge waveguides can be assumed to be perturbation of
the planar waveguides, and the modes in the ridge waveguides
are hybrid in nature, namely TE-like or TM-like hybrid mode.
In the planar waveguides, the transverse field component of the
TM-slab/TE-slab mode is only . In the ridge waveguides,
the main transverse field component of the TM-like mode is
the (TM-slab component), and the minor transverse field
component is (TE-slab component).

The lateral leakage phenomenon in ridge waveguides is
explained by the mode conversion between TE- and TM-slab
modes at the ridge boundaries and an effective index method
[10], [14], [15]. In this method, we regard an effective refractive
index of the guided mode in the slab (2-D) waveguide as a
refractive index of the lateral cladding region. Fig. 3 shows the
effective refractive index of the TE and TM modes in the slab
waveguide as a function of the slab thickness.

We consider a case that a TM-slab wave is incident on the
ridge boundary, as shown in Fig. 2(b). If the lateral cladding
thickness is zero or small enough, the TM-like mode is con-
fined to the core region without leakage loss, since the effective
index of the TM-like mode becomes larger than that of not only
the TM-slab, but also the TE-slab mode in the lateral cladding.
In this case, both the TM-slab wave and the TE-slab wave in the
cladding region are always evanescent. On the other hand, if
is large enough, lateral leakage of the TM-like mode occurs be-
cause the effective index of the TM-like mode becomes smaller
than that of the TE-slab mode. In this case, only the TM-slab

Fig. 3. Effective refractive index of the TE and TM modes in the slab wave-
guide as a function of the slab thickness.

wave is evanescent and the TE-slab wave radiates in the lateral
direction, as shown in Fig. 2(b).

At the ridge and dimple boundaries, the mode conversion
from the TM-slab wave to the transmitted and reflected TE-slab
waves can be occurred. Suppose that the transmitted and re-
flected TE-slab waves [dashed line as shown in Fig. 2(b)] are ap-
proximately equal in magnitude with a relative phase differ-
ence of [10], [14], [15], which is also described in

. All the transmitted and reflected TE-slab waves at the step
discontinuities, as shown in Fig. 2(b), are expressed as follows:

(1a)

(1b)

(1c)

(1d)

with

(2a)

(2b)

where is the wavenumber in vacuum, is the effective
refractive index of the TM-like mode in the ridge waveguide,
and is the effective refractive index of
the TE-slab mode in the planar waveguide with thickness .
The total optical intensity of the transmitted TE-slab wave is
approximately expressed as interference between the TE-slab
waves generated at the four-step discontinuities

(3)
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Fig. 4. Waveguide width dependence of: (a) the normalized intensity � of
the transmitted TE-slab waves obtained from (4) and (b) the leakage losses of
the TM-like mode obtained from FEM simulation in the ridge waveguide in
Fig. 2(a), where the dimple position is fixed as � � � and the dimple width �

is taken as a parameter.

If , the following simple equation is derived:

(4)

To evaluate the leakage losses of the TM-like mode in SOI ridge
waveguides and the normalized intensity of the transmitted
TE-slab waves, a full vectorial numerical approach is necessary.
In this study, the vector finite-element method (FEM) with per-
fectly matched layer [17] is used.

III. NUMERICAL RESULTS

Fig. 4(a) and (b) shows, respectively, the normalized in-
tensity of the transmitted TE-slab waves calculated from
(4) and the leakage losses of the TM-like mode calculated
by using the FEM as a function of the waveguide width for
several incremental values of the dimple width , where the
operating wavelength is m, the central core thick-
ness is nm, and the lateral slab cladding thickness
is nm [10]. We can clearly see that the waveguide
width for the minimum/maximum intensity of the transmitted

Fig. 5. (a) � component, (b) � component, and (c) �-component of the elec-
tric field distributions of the TM-like mode in the conventional �� � �� ridge
waveguide.

TE-slab waves corresponds to that for the minimum/max-
imum leakage losses of the TM-like mode. Therefore, we
can easily estimate the waveguide width corresponding to the
minimum/maximum leakage loss of the TM-like mode from
(4).

For the conventional ridge waveguide structure , (4)
is reduced to

(5)

and thus, the waveguide width that makes leakage loss min-
imum/maximum is estimated from the relation [10],
[14], [15], where is a positive integer. If is even (or odd),
the leakage loss becomes minimum (or maximum). The leakage
loss behavior of the conventional structure obtained
by the FEM simulation agrees approximately with the exper-
imental one [10]. Figs. 5 and 6 show, respectively, the elec-
tric field distributions of the fundamental TM-like mode in the
conventional ridge waveguide and the proposed ridge
waveguide with nm at the operating wave-
length of 1.55 m. We can clearly see that the TE-slab compo-
nents ( and ) leak to the lateral cladding region for the
conventional ridge structure. On the other hand, the TE-slab
components do not leak to the lateral cladding region for the
proposed ridge structure. In the proposed ridge waveguide struc-
ture , the waveguide width that makes leakage loss min-
imum varies with the dimple width, while the waveguide width
corresponding to the maximum leakage loss hardly depends on
the dimple width variation. If the waveguide width is set to
around 1783 and 3229 nm , the leakage losses
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Fig. 6. (a) � component, (b) � component, and (c) � component of the electric
field distributions of the TM-like mode in the proposed ridge waveguide with a
dimple.

are maximized in the case of , whereas by increasing the
dimple width, the leakage losses at these waveguide widths can
be reduced, as shown in Fig. 4(b). We can clearly see that the
tolerance of the waveguide width to the leakage loss can be
improved by introducing the dimple at the ridge region.

Fig. 7(a) and (b) shows, respectively, the normalized inten-
sity of the transmitted TE-slab waves calculated from (3) and
the leakage losses of the TM-like mode calculated by using
the FEM as a function of the waveguide width in the asym-
metric waveguide structure , where m,

nm, nm, and nm. We can see
that the waveguide width for the minimum/maximum inten-
sity of the transmitted TE-slab waves agrees with that for the
minimum/maximum leakage losses of the TE-like mode. In the
asymmetric waveguide structure , the lateral leakage of
the TM-like mode is not suppressed to zero.

Fig. 8 shows the leakage losses of the TM-like mode as a
function of the waveguide width for several incremental values
of , where m, nm, and nm.
We can clearly see that if exceeds 146 nm, the leakage losses
do not drop to zero, and if is less than 134 nm, the waveguide
width range with the leakage loss less than 0.1 dB/cm is divided
into two sections. In the case of nm, low leakage loss
operations less than 0.1 dB/cm are realized for waveguide width
variations from to 1840 nm. It means that the vari-
ation of the waveguide width has a small effect on the leakage
losses of the TM-like modes compared with the variation of .

Fig. 9(a)–(c) shows the waveguide width dependence of the
leakage losses with the central core thickness , the lateral

Fig. 7. Waveguide width dependence of: (a) the normalized intensity � of the
transmitted TE-slab waves obtained from (3) and (b) the leakage losses of the
TM-like mode obtained from the FEM simulation in the ridge waveguide in
Fig. 2(a), where the dimple width is fixed as � � ���nm and the dimple position
� is taken as a parameter.

Fig. 8. Waveguide width dependence of the leakage losses with the dimple
width � and variations for the wavelength � � ���� 	m.

cladding thickness , and the lateral shift of the dimple for
the operating wavelength m and the dimple width of

nm. The leakage losses are very sensitive to the varia-
tion of these structural parameters; therefore, these waveguides
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Fig. 9. Waveguide width dependence of the leakage losses with: (a) the central
core thickness � , (b) the lateral slab cladding thickness � , and (c) the lateral
shift of the dimple � variations for the dimple width � � ��� nm and the wave-
length � � ���� �m.

should be controlled by the fabrication process of nanometer
order.

IV. APPLICATION TO THE RIDGE-TYPE HORIZONTAL

SLOT WAVEGUIDES

The proposed design procedure can be applied to the ridge-
type horizontal slot waveguides [18]–[21], as shown in Fig. 10.
In the slot waveguide, the guided mode whose major electric
field component is perpendicular to the material interface in the
slot region (in this paper, polarized along the -axis, namely
TM-like mode) is strongly confined in the low refractive index
material sandwiched by the high refractive index materials. In

Fig. 10. Schematic representation of the ridge-type horizontal slot waveguides
with a dimple at the ridge region.

order to satisfy that the electric flux density is continuous, the
electric field amplitude in the low refractive index region is
much higher than that in the high refractive index region. Aside
from horizontal slot waveguides, vertical slot waveguides have
also been investigated, and some of the optical devices were
proposed such as ring resonator, directional coupler, and all-op-
tical logic gate [22]–[24]. Compared to the vertical slot wave-
guide, there are some advantages to the horizontal slot wave-
guide. The horizontal slot structure can reduce the scattering
losses related to the surface roughness since the horizontal slot
surface is easier to control than the vertical one in the current
fabrication technique, and consequently, it is easy to control the
slot width in the order of several tens of micrometers with minia-
turized surface roughness.

In a recent work [19], Muellner et al. have investigated the
lateral leakage loss characteristics of the TM-like mode in the
ridge-type horizontal slot waveguides. The principle of lateral
leakage phenomenon in the ridge-type horizontal slot wave-
guide is more complex than the simple ridge waveguide. The
slot waveguide is regarded as a perturbation of a five-layer slab
(2-D) waveguide. These waveguides consist of coupled system
of two slab/ridge waveguides, which result in two (even/odd)
modes for TE- and TM-like modes, respectively. In the even
mode, the major electric field components are symmetrical with
respect to the -axis. In the odd mode, on the other hand, the
major electric field components are antisymmetrical with re-
spect to the -axis. If is large enough, the TM-like mode
in this slot waveguide leaks in the lateral cladding region, which
is explained in much the same manner as shown in the pre-
vious section. In the case of perfectly symmetric structures, the
TM-like mode leak in the lateral cladding region coupled to
only odd TE-slab mode because of the same parity between odd
TE-slab mode and TM-like modes.

In order to improve the leakage loss properties, we consider
the ridge-type horizontal slot waveguide with a dimple at the
ridge region, as shown in Fig. 10. The total optical intensity of
the transmitted TE-slab wave in this slot waveguide is the same
as (3), but only (2a) and (2b) should be replaced with

(6a)

(6b)
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Fig. 11. Waveguide width dependence of the normalized intensity � of the
transmitted TE-slab waves obtained from (4) in the ridge-type horizontal slot
waveguide for: (a) � � ��� nm, (b) � � ��� nm, and (c) � � �� nm.

Figs. 11 and 12 show, respectively, the normalized intensity
of the transmitted TE-slab waves calculated from (3) and the
leakage losses of the TM-like mode calculated by using the
FEM as a function of the waveguide width for several incre-
mental values of the dimple width , where the operating wave-
length is m, nm, and nm
for different slot width . We can clearly see that the wave-
guide width for the minimum/maximum intensity of the trans-
mitted TE-slab waves corresponds to that for the minimum/
maximum leakage losses of the TM-like mode. If we set the
waveguide width corresponding to , the tolerance of
the waveguide width to the leakage loss can be improved as well
as the case of simple ridge waveguides. However, as the slot

Fig. 12. Waveguide width dependence of the leakage losses of the TM-like
mode obtained from FEM simulation in the ridge-type horizontal slot waveguide
for: (a) � � ��� nm, (b) � � ��� nm, and (c) � � �� nm.

width becomes smaller, the difference between the width that
minimizes/maximizes the leakage loss and the width that min-
imizes/maximizes the intensity of transmitted TE-slab waves
becomes larger, which indicates the limit of application of the
estimation formula for the small value of .

Fig. 13(a)–(d) shows, respectively, the waveguide width de-
pendence of the leakage losses with the dimple width , the cen-
tral core thickness , the lateral cladding thickness , and the
lateral shift of the dimple for m, nm, and

nm. The leakage losses are very sensitive to the varia-
tion of these structural parameters; therefore, these waveguides
should be controlled by the fabrication process of nanometer
order.
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Fig. 13. Waveguide width dependence of the leakage losses with: (a) the
dimple width �, (b) the central core thickness � , (c) the lateral slab cladding
thickness � , and (d) the lateral shift of the dimple � variations for the wave-
length � � ���� �m.

V. CONCLUSION

We have proposed generalized simple theory for estimating
lateral leakage loss behavior in SOI ridge waveguides with a
dimple at the ridge region. The theory is based on the mode

conversion between TE- and TM-slab modes and the inter-
ference between the TE-slab waves generated at the ridge
boundary. The comparison with losses calculated from FEM
simulation supports the validity of the present approach. The
presented approach can be applied to the horizontal ridge-type
slot waveguide.
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