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SINGLE MODE AND POLARIZATION
INDEPENDENCE IN THE STRAINED
SILICON-ON-INSULATOR RIB WAVEGUIDES*

In this paper we investigate the most popular silicon waveguide structures in
the form of a silicon—on—insulator (SOI) rib waveguide. Single mode and bi-
refringence free conditions in these relatively small waveguides are discussed

UK and the influence of the top oxide cladding stress is analyzed. Field profiles
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In the last few years there has been increased
interest in silicon photonic devices due to performan-
ce and cost reasons. Silicon—on-Insulator (SOI) plat-
form has shown the ability to provide all ever
increasing demands and became today the most po-
pular choice for waveguide systems [1,2]. As SOI is
extensively used in microelectronics industry, it is al-
so one of the most promising materials for opti-
cal/electrical integration. After research activities in
planar [3] and large rib waveguides [4] a lot effort has
been placed into investigation of small compact devi-
ces and that’s why both small cross sectional rib and
strip waveguides were studied extensively [5,6]. Typi-
cal wavelengths for SOI applications are 1.3 pm and
1.55 pm, but longer wavelengths are not suitable (ex-
cept in the 3-3.5 um range) due to absorption spectra
in silicon dioxide [7]. Highly desirable and complex
devices such as Bragg gratings [8], optical modulators
[9] and light sources [10] prove that this is an ideal ti-
me to be working on silicon photonics.

In an SOI waveguide, light is guided in a silicon
core separated from the silicon substrate by a buried
Si0; layer (BOX) acting as the lower cladding. High
index contrast between the cladding and waveguide
core facilitates the optical confinement and guiding
of light. Large rib waveguides have been studied by a
number of researchers [11-14] to find single mode
behavior and low loss propagation. Soref et al. [15]
first proposed a simple equation to describe the mo-
nomodal condition of these waveguides:
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for a wide range of waveguide cross section shapes and dimensions are syste-
matically considered. Design guidelines for this type of SOI waveguides are
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where r is the ratio of slab height to overall rib height,
and W/H is the ratio of waveguide width to overall rib
height. Their analysis of the waveguides was limited
to shallow etched ribs ( > 0.5) and the waveguide di-
mensions were assumed to be larger than the opera-
ting wavelength. Chan et. al. [5] proposed the design
guidelines for small rib waveguides (0 < r < 0.5 and
1.0 < H < 1.5 pm), but only with air top cladding;:
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Dumin = 0.06 x 107 + 0.556 H. (3)

Equation (2) defines the quasi-TM single mode bo-
undary, and hence provides guidance on the geome-
tric limitations to retain single mode behavior, whilst
equation (3) defines the minimum etch depth Dpyin
required to obtain polarization independence. The
influence of the top oxide cover on waveguide bire-
fringence has been analysed for larger rib waveguides
with height of 2.2 um [16].

This paper reports on simulations for relatively
small cross sectional rib waveguides. The influence of
top oxide cladding stress on waveguide birefringence
and single mode behaviour is systematically presen-
ted. Field profiles for a wide range of waveguide
cross section shapes and dimensions are given. We
were primarily interested in fundamental mode and
first higher order mode to define the boundary
between single mode and multimode behaviour. It is
also described the influence of waveguide sidewall
angle to the optical mode confinement.

The paper is organized as follows. In the first
section, the stress theory and its influence to the total
birefringence is presented. Then, calculation of field
profiels and single mode behavior is explained, and
the concluding remarks are summarized in the last
section.
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STRAIN THEORY AND MODAL WAVEGUIDE
BIREFRINGENCE

The cross section view of analyzed rib wavegu-
ide is shown in Figure 1. Stress in the upper SiO,
layer produces a stress distribution within and near
the Si rib, which in turn causes a change of the refra-
ctive index in both materials due to the photoelastic
effect. We assume that the thickness of the upper
cladding film on the rib sidewalls is 70% of that on
the top to simulate the film deposition used in experi-
ments. Simulations were performed at an operating
wavelength of & = 1.55 um, while the waveguide he-
ight was kept constant and was equal 7 = 1.35 um.
We assumed waveguide sidewalls to be vertical (6 = 90°)
except it is said contrary.

Modal waveguide birefringence is defined here
as the difference between the effective indexes of the
two orthogonally polarized modes, horizontally pola-
rized mode (quasi-TE) and vertically polarized mode
(quasi-TM) AN = NeﬁTE — N,#™_ To achieve zero—
birefringence, an optimisation of rib waveguide di-
mensions is necessary [17]. The total birefringence is,
however, the sum of the geometrical birefringence
(ANge,) and stress induced birefringence (ANgyess)
[18]: ANett = ANgpo + ANgyess. The stress induced bi-
refringence can be expressed as:

AN, =N, -~ Ny=-Cio: - C; (Gy+Gz)

4)
ANy ZNy —No= —Cle — C2 (Gx + GZ)

Here, oy, oy and o, are the principal compo-
nents of the relative stress tensor, N, and N, are the
components of the material’s refractive index, Ny is
the refractive index without stress, and C; and C, are
the stress—optic constants related to the Young’s mo-
dulus (F), Poisson’s ratio (v), and the photoelastic
tensor elements (p1; and pyy) as:

N3
Cy= 55 Pu- 2vp12)
)
N3
C2 = E (—Vp11 + (1 — V)p12).

One source of birefringence, however, is strain due to
the temperature difference before and after manufa-
cturing processes (between the operating temperatu-
re Ty and the reference temperature T, AT = Tj —
T.f). The stress and strain are related as follows:

Ex 1 1 =Y —V|| G

=—|-v 1 V|G |+aAT I, 6
Z E|l_v v 1 Gz ()

where &, s, and &, are the principal strain compo-
nents along the x, y and z direction, respectively, o is
thermal expansion coefficient and [ is the unit vector.
As it can be seen from (6) the stress consists of the
photoelastic strain and thermal induced strain. By in-
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Figure 1. The cross section of an SOI rib waveguide (t is the
top oxide layer thickness, H is rib height, D (D = H — h) is
etch depth, W is waveguide rib width and 0 is sidewall angle).

verting (6) the stress distribution can be obtained and
further, according to (4) the material refractive index
distribution. Now, we can solve Maxwell’s equations
and obtain the effective mode indexes for both
quasi-TE and quasi—TM modes [17].

Table 1. Material parameters used in the calculations for
wavelength of 1550 nm

Material Si SiO;
P11 -0.101 0.16
P12 0.0094 0.27
Youngs Modulus, E (GPa) 130 76.7
Poisson’s ratio, v 0.27 0.186
(Tflfz)r_rélalg_fi))(pansmn coefficient, o 36 0.54

Table 1 summarizes all material parameters
used in numerical computations. The difference
between the operating and reference temperature is
assumed to be AT = -980 K. Figure 2 shows the si-
mulated stress distribution in x and y direction of
waveguide cross section. Computation window size
for stress calculation is set to be 100 pmx100 pm, lar-
ge-wide enough that the edge effects do not distort
the stress distribution in the vicinity of the ridge
waveguide. This provides good enough accuracy and
calculation time. Simulations were performed by the
finite element method (FEM) on a nonuniform mesh
of triangular elements [17]. At the waveguide center,
we get o, ~ 60 MPa, o, ~ 120 MPa, while for SiO,
upper and lower cladding g, ~ 290 MPa (o, re-
presents the in—plane stress component in the uni-
form film far enough from the ridge). The primarily
in—plane (x) stress in the oxide film compresses Si
ridge resulting in a compressive strain in the x directi-
on and higher tensile strain in the y direction. This
anisotropy is the main reason for stress—induced bire-
fringence.

Figure 3 represents the influence of waveguide
parameters to the modal waveguide birefringence.
The effective indexes for both quasi-TE and
quasi—-TM modes and their difference were calcula-
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Figure 2. Stress field distribution (a) in the x direction, cx and
(b) in the y direction, oy,

ted while keeping the waveguide height and etch
depth constant during the simulations. Once again,
we assumed an operating wavelength of A = 1.55 pm
and vertical waveguide sidewalls. For a certain value
of top oxide cover thickness a series of points for mo-
dal birefringence were evaluated for a number of
waveguide rib width values. It can be remarked that
for a certain D and ¢, two zero birefringence points
exists. In both cases, for a certain value of etch depth,
curves are more separated when waveguide rib width
increases. Increase in upper oxide thickness shifts the
ANy curve to down. If we compare the Figure 3a
with Figure 3b, it can be noticed that lower value of
etch depth for a certain t shifts up the curves. We can
conclude that only a certain values of etch depth will
provide birefringence free operation and that the ca-
refull design of waveguide parameters need to be im-
posed during the fabrication to match the
polarization independence.

SINGLE MODE CONDITION (SMC)

Besides polarization independence, an interes-
ting research topic in silicon photonics is to find ap-
propriate waveguide parameters that will satisfy
single mode operation. Simulations were performed
by the FEM method because it can easy incorporate
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Figure 3. Modal waveguide birefringence as a function of

waveguide parameters and upper oxide cladding thickness for

waveguide etch depth of (a) D = 0.85um and (b) D =

0.95um. (H = 1.35 pm, ). = 1.55 pm, and © = 90°).

the change in material effective index caused by the
upper oxide layer via photoelastic effect. Two cases
were studied, one represents the waveguide with an
air cover, and other is the waveguide with an oxide
cover of 0.3 um in thickness. Like in previous case,
for a certain value of waveguide parameters we calcu-
lated the field profiles for both quasi-TM and
quasi—-TE modes.

Figure 4 represents the influence of waveguide
dimensions to the quasi-TM mode shape. We calcu-
lated the fundamental quasi-TM mode and first hig-
her order mode. Simulations were performed for
vertical waveguide sidewalls (6 = 90°) and different
values of waveguide etch depth and rib width are ta-
ken into account. Narrower waveguide rib width will
squeeze the mode towards the center (Figure 4a, b, d, ¢),
but in the case for quasi-TM,o (Figure 4f) mode is
totally placed off center and we can expect to vanish
in the waveguide during the wave propagation.

Figure 5 shows the influence of waveguide si-
dewalls to the quasi-TE mode shape for a certain
waveguide rib width and etch depth. In all cases
energy density is concentrated in the core region and
decays rapidly in the top oxide cladding and buried
oxide region, similarly to Figure 4. We assumed slan-
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Figure 4. Field profiles for fundamental and first higher order quasi-TM mode. (Left panel). D = 0.85 ym, W = 1.4 pm. (a)
quasi-TM, (b) quasi-TMoy, and (c) quasi—TM1¢ (Right panel) D = 0.95 ym, W = 0.5 pym. (d) quasi-TMoq, (e) quasi-TMy;, and

(f) quasi—TMq.

ted waveguide sidewalls of 80° because of previous
experiments based on rib waveguides. It can be re-
marked that the field is much concentrated to the
core center when waveguide sidewalls are slanted. Fi-
eld is much stronger and one can not expect that hig-
her order modes will vanish during the propagation
through the waveguide.

Figure 6 represents the single mode conditions
for both quasi-TE and quasi-TM modes. We focused
one specific value of waveguide etch depth and chan-
ge waveguide rib width until first higher order mode

122

was found. This was done for a waveguide with an
upper oxide layer of 0.3 pm in thickness and for a
waveguide with an air top cladding. In both cases we
assumed vertical waveguide sidewalls. The case wit-
hout top cover corresponds to the isotropic case. He-
re, we found great difference compared to the
anisotropic case. Deeper etch depths provide that the
points calculated with including stress effects are be-
low the points calculated in isotropic case. This diffe-
rence is greater in the case for quasi-TM mode
(Figure 6b) than in the case for quasi-TE mode (Fi-
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Figure 5. Field profiles for fundamental and first higher order quasi-TE mode. (Left panel). Vertiacal sidewalls, © = 90°% (a)
quasi-TEoo (b) quasi-TEqy, and (c) quasi—TE1o (Right panel) Slanted sidewalls, © = 80°; (d) quasi-TEoq, (e) quasi-TEo, and (f)

quasi-TEg (in both cases D = 0.85 um, W = 1.4 um).

gure 6a). We can conclude that the both curves have
higher slope when stress effects are taken into acco-
unt. Like in the isotropic case, single mode quasi-TM
curve is more important because it sets the total bo-
undary between single mode and multimode
behavior.

CONCLUSION

Silicon photonics opens great opportunities for
wide range of applications in integrated optics, tele-
communications, data analysis, sensors applications

and imaging. Rib waveguide represents the basic bu-
ilding component of such systems. In this paper we
systematically discussed about stress engineering to-
ols in order to provide polarization independence
and single mode operation. We discussed about top
oxide cover and waveguide sidewall influence to total
birefringence and single mode condition. Field profi-
les for a large variety of waveguide cross sections and
waveguide dimensions were presented. Appropriate
design guidelines that will provide desirable demands
are explained and described.
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Figure 6. Single mode conditions as a function of waveguide
rib width, etch depth and top oxide cover thickness for (a)
quasi—-TE mode and (b) quasi-TM mode. (H = 1.35 um, h =
1.55 wm, and 0 = 90°).
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JEDNOMODNO PROSTIRANJE I POLARIZACIONA NEZAVISNOST

U SILICIJUMSKIM RIB TALASOVODIMA

(Naucni rad)

Milan M. Milosevi¢, Petar S. Matavuljl, Goran Z. Mashanovich?

'Elektrotehni¢ki fakultet, Univerzitet u Beogradu, Srbija

?Advanced Technology Institute, University of Surrey, Guildford, UK

U ovom radu su prezentovane strukture trenutno vrlo popularnih silici-
jumskih rib talasovoda. Proucavan je uslov jednomodnog prostiranja i
postizanja nultog dvojnog prelamanja sa razmatranjem uticaja naprezanja
usled nanoSenja tankog sloja oksida na jezgro talasovoda. Sistemati¢no su
analizirani profili polja za Siroki spektar dimenzija i poprecnih preseka ta-
lasovoda, i prikazana su odgovarajuca pravila dizajna ovakvih struktura.
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