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Birefringence Control Using Stress Engineering in
Silicon-on-Insulator (SOI) Waveguides

Winnie N. Ye, Dan-Xia Xu, Siegfried Janz, Pavel Cheben, Marie-Josée Picard, Boris Lamontagne, and N. Garry Tarr

Abstract—We demonstrate that stress engineering is an effective
tool to modify or eliminate polarization dispersion in silicon-on-
insulator (SOI) waveguide devices, for a wide range of waveguide
cross-section shapes and dimensions. The stress-induced effects
on the modal birefringence of SOI waveguides are investigated
numerically and experimentally. Finite-element simulations show
that while the birefringence of ridge waveguides with both slanted
and vertical sidewalls can be effectively modified using cladding
stress, the birefringence becomes much less sensitive to dimen-
sion fluctuations with decreasing sidewall slope. To efficiently
simulate the stress-induced effects we propose a normalized
plane-strain model which can achieve comparable accuracy as
a fully generalized plane-strain model but requires significantly
less computational resources. Excellent agreement is achieved
between the calculated and measured birefringence tuning using
SiO. cladding induced stress. Finally, both calculations and
experiments confirm that cladding induced stress can be used to
eliminate the birefringence in SOI waveguides of arbitrary shapes,
for typical SiO; film stress values (og1,, =~ —100 to —300 MPa)
and cladding thicknesses of the order of 1 zzm or less.

Index Terms—Arrayed waveguide grating (AWG), birefrin-
gence, silicon-on-insulator (SOI), strain, stress, waveguides.

I. INTRODUCTION

ILICON-ON-INSULATOR (SOI) is a promising platform
Sfor making multifunctional and high-density integrated
optic devices. The mature silicon microfabrication technologies
have established a firm foundation for making low-cost and
compact integrated photonics devices. Furthermore, the high re-
fractive index contrast between the cladding and the waveguide
core facilitates the confinement and guiding of light in struc-
tures with micron or submicron dimensions. However, the high
index contrast makes the control of waveguide birefringence
extremely challenging. The research in birefringence control is
driven primarily by the requirement of polarization insensitivity
in interferometric devices such as arrayed waveguide gratings
(AWGs) and switches for telecommunication applications.

In an SOI waveguide, light is guided in a silicon core sepa-
rated from the silicon substrate by an SiO, layer acting as the
lower cladding. Fig. 1 shows the geometry of a typical SOI
trapezoidal ridge (with slanted-sidewalls) waveguide with an
SiOy upper cladding layer. Simulations have shown that the
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Fig. 1. The cross section of a ridge waveguide in an SOI platform. The upper
SiO; cladding has a thickness t, the ridge height is H, the etch depth D is
(H - h), Wi, and W are the top and bottom ridge widths, respectively, and 6
is the ridge sidewall angle.

thickness of the lower SiO» cladding does not have a significant
effect on the effective index of the waveguide. The “cladding”
in this paper refers to the upper cladding, unless specified
otherwise.

Waveguide birefringence is defined as the difference between
the effective indexes of the two orthogonally polarized wave-
guide modes: the out-of-plane polarized TM mode (electric
field along y axis in Fig. 1) and the in-plane polarized TE
mode (electric field along z); that is, Aneg = nl! — nlr.
Waveguide birefringence consists of geometrical birefringence
(Angeo) and stress-induced birefringence (Anstress) : Aner =
Angeo + Angiress- The former is the consequence of an axi-
ally asymmetric waveguide cross section [1], while the latter
is produced by an anisotropic stress in the core due to the
photoelastic effect. The waveguide core geometry influences
not only the modal birefringence, but also other critical per-
formance parameters such as the number of modes, mode
sizes, and minimum bend radius. Although in principle, the
birefringence-free and single-mode conditions can be simul-
taneously achieved for waveguides with large cross sections
by adjusting the core geometry [2], previous studies ([3], [4])
have shown that such technique is not practical for waveguides
with dimensions in the order of a micron. The low tolerance
to dimensional fluctuations arising from fabrication processes
poses a challenging technical problem. This paper describes the
use of cladding stress to control the waveguide birefringence.
We demonstrate that by incorporating stress into the waveguide
design, the waveguide birefringence can be decoupled from the
geometrical constraints.
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TABLE 1
MATERIAL PARAMETERS OF Si (SUBSTRATE AND WAVEGUIDE CORE) AND SiO2 (UPPER AND LOWER CLADDINGS)

Young’s modulus,  Poisson’s Thermal expansion Refractive index?  Photoelastic tensor elements? [5]
Material E (GPa) ratio, v coefficient, o (K‘l) n P11 P12
Si 130 0.27 3.6 x 10~6 3.476 -0.101 0.0094
SiO2 76.7 0.186 5.40 x 10~7 1.444 0.16 0.27

“Measured at wavelength A = 1550 nm
bMeasured at wavelength A = 1150 nm

This paper is organized as follows. In Section II, the photoe-
lastic relations in waveguides are reviewed, and the generalized
plane-strain and ordinary plane-strain approximations for stress
calculations are compared. We also present the derivations of a
normalized plane-strain calculation scheme: a new model that
is much simpler than the generalized model, yet yields more
accurate results than the ordinary plane-strain model. In Sec-
tion III, the stress-induced effects on modal birefringence are
investigated for two types of waveguide profiles: the rectangular
(vertical-sidewalled), and the trapezoidal (slanted-sidewalled)
SOI ridge waveguides. The numerical results of birefringence
tuning for these two profile types are compared. Section IV
presents the experimental results which confirm that stress en-
gineering is an effective and practical tool to control waveguide
birefringence.

II. WAVEGUIDE STRESS AND STRAIN: THEORY

Stress in a waveguide is determined by both the mismatch in
the thermal expansion coefficients of the different layers (among
upper and lower claddings, core, and substrate) and the wave-
guide geometry. In an SOI ridge waveguide as shown in Fig. 1,
the stress in the SiO» upper cladding film produces a stress dis-
tribution within and near the embedded Si ridge, which in turn
causes a change in the refractive index in both the Si and SiO,
layers via the photoelastic effect. The stress-induced change in
material refractive index can be described by the following re-
lations [1], [6]

Ang =ngz —ng = —Croy — Ca(0y + 02)
Any :ny—TLo:—ClUy—CQ(O'z—FUZ) (1)

where 0., 0, and o, are the principal stress tensor components
along the z, y, and z axis directions, respectively; n is the re-
fractive index of the material without stress; and C; and C5 are
the stress-optical constants, related to the Young’s modulus (),
Poisson’s ratio (v), and the photoelastic tensor elements (p11
and pi12) [1], [6] as

n3
Cy = E(Pn — 2up12)
n3
Cy = ﬁ[—l/pu + (1 = v)p12]. )

Both the material refractive index and the photoelastic tensor el-
ements depend on the wavelength; hence, the stress-optical con-
stants C7 and C are also wavelength dependent. In this paper,
the operating wavelength is assumed to be A = 1550 nm. Table I
summarizes the material parameters used in our simulations.
Since the photoelastic tensor elements (p;;) were measured at
1150 nm, the stress-optical constants derived from them may

not be accurate at 1550 nm. However, the dispersion in p;; is
expected to be weak since the strong electronic transitions occur
at much shorter wavelengths for both Si and SiOs.

The modeled SOI waveguide system consists of a silicon sub-
strate, a buried SiOs layer, an Si waveguide layer including
an etched ridge waveguide, and an overlying SiO5 cladding.
The structure is assumed to be invariant along the waveguide
propagation direction. The model system was set to be 100 um
wide—large enough that edge effects do not distort the stress
distribution in the vicinity of the ridge waveguide. The boundary
conditions are chosen such that the top, bottom, and sides of the
model system are surfaces that can move freely in response to
internal stresses. In our calculations, we assume that all the ma-
terial layers are at equilibrium at a reference temperature (7yef),
which corresponds to the deposition temperature for an ideal-
ized oxide film on a silicon system. As a result, there is no in-
trinsic stress in any layer at the reference temperature.

The strain and stress components are related as follows, given
the difference between the operating and reference temperatures
(AT =Ty — Tref)

Ex 1 1 —-v —v Oz

ey | == —-v 1 —v oy + aAT  (3)
FE

€. v —v 1 o,

where €,,¢,, and ¢, correspond to the principal strain along
the x,y, and z directions, respectively. According to (3), the
strain consists of two parts: the elastic strain (first term) and the
thermal-induced strain (second term). By inverting (3), an ex-
pression for the stress distribution tensors (o;) can be obtained
as in (4).

O E 1—v v v Ex
oy |l =————+—-— 1—-v v I
0: (1+v)(1-2v) y 1— E:
aEAT
S
1—2v

The stress field in the waveguide is numerically solved by
the finite-element method (FEM) using a commercial software
package (FEMLAB). FEMLAB solves the static equilibrium
equation, which simultaneously satisfies the stress—strain rela-
tion, the thermal effects, and the stain-displacement relation,
with proper boundary conditions, for the displacement variables
in the z, y, and z directions. Once the stress distribution in the
vicinity of the ridge waveguide is known, the local refractive
index distribution can be evaluated using (1). The FEM is also
used to solve Maxwell’s equations for both the TE- and TM-like
waveguide mode distributions and the corresponding effective
index values n.g. The mesh density (the number of elements)
used in simulations is over 38 000 for a computation window
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Fig. 2. The x and y components of the stress distributions in an SOI ridge waveguide. (a) Stress field 0. (b) Stress field o,. The buried oxide layer thickness is
0.37 pem, the upper oxide cladding thickness is 1 xm, and Si ridge height and width are 2.2 and 1.83 zm, respectively.

size of 8 pm x 3 pm, with a maximum element area of around
625 nm?2.

We define o5,y as the in-plane stress component (in = di-
rection, o) that is present in the uniform upper cladding film,
far away from the ridge. In this paper, o1y, is chosen to charac-
terize the stress in the cladding. The value of the stress level o)y,
can be obtained experimentally from the bow radius of a wafer
coated with a stressed film. In comparisons of theoretical results
with experiments, the experimentally measured og)y, is used as
the target stress level in the simulation analysis by varying AT’
in the model system. In the next subsections, we discuss three
different plane-strain calculation schemes.

A. Generalized Plane Strain Model

A generalized plane—strain model assumes that the strain
along the waveguide propagation z direction is independent of
z but can vary with x and y. This model holds for waveguides
that are invariant along the propagation direction and are much
longer than their cross-section dimensions. In this formulation,
the wafer is allowed to deform in response to film stress in the
x,y, or z direction. The strain in the z direction, in the simplest
approximation, is constrained to vary linearly in the z—y plane.
That is

€, =¢€o+ ax + by ®)]

where €, a, and b are constants. €9 depends mainly on the ma-
terial’s thermal expansion coefficient () and the temperature
change (AT). The value of b is usually much larger than that of
a since wafer bending requires that the in-plane strain varies in
the y direction across the wafer thickness, while bending should
be independent of x and z far from the wafer edges.

Stress distributions in an SOI ridge waveguide, calculated
from the generalized plane-strain model using FEM are shown in
Fig. 2. The = and y components of the anisotropic stress distri-
bution in the core area contribute to the change in the refractive
index in the Si core, as described in (1). The positive and negative
values of the stress represent the tensile and compressive forces,
respectively. The stress in a uniform SiO, film deposited on Si
typically ranges from og),, = —100 to —400 MPa, depending

on deposition conditions and film thickness. As shown in Fig. 2,
a compressive cladding stress along the x direction induces an
anisotropic stress in the core: a compressive stress in the x direc-
tion and a tensile stress in the y direction. The influence of stress
on waveguide birefringence will be discussed in Section III.

B. Ordinary Plane Strain Model

One of the main drawbacks associated with using the fully
generalized plane-strain model is that for a system large enough
to avoid edge effects, but with a fine enough mesh to accurately
calculate the stress fields, the calculation takes a long time and
requires a large computation memory. This model can be sim-
plified by assuming that the strain component along the prop-
agation z direction is negligible compared to strains in = and
y directions [7]. Under this plane-strain assumption, the model
system is not allowed to either expand or contract in z direction
(i.e., €, = 0). The three-dimensional (3-D) stress analysis (4) is
reduced to the equations

E aEAT
%= Ar ol e el - T7

E aBEAT
= Tr et mval -7
0, =v(0y +0y) — aEAT. 6)

Here the equations for o, and o, are decoupled from o, re-
sulting in a simpler 2-D problem for the stress distribution in
the z—y plane. Although this model has been used to calculate
stress in waveguides ([1], [8]-[10]), it introduces a strong ten-
sile stress o, into the waveguiding Si core and the substrate, but
lower compressive stress in the cladding layers along the z axis.
These changes in stress cause a uniform shift in the calculated
material refractive indexes n,, and n,;, which in turn changes the
effective indexes of the waveguide modes. This can be impor-
tant in modeling interference based polarization control devices
employing stress.

The artificial stress levels in the Si and the SiO5 layers along 2z
also changes their relative thermal expansion in the z—y plane.
For example, in the case of a uniform SiOs film on a thick Si
substrate, the expression obtained from (4) (i.e., the general-
ized plane-strain model) for the in-plane stress ogiy, in the SiO5
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TABLE 1I
COMPARISON OF OXIDE FILM STRESS 01, AND WAVEGUIDE BIREFRINGENCE CALCULATIONS FROM GENERALIZED, ORDINARY, AND NORMALIZED PLANE
STRAIN MODELS. THE STRESS VALUES ARE TAKEN AT THE MIDDLE OF THE OXIDE FILM, 4 ;sm AWAY FROM THE CENTER OF THE RIDGE WAVEGUIDE.

THE SOI WAVEGUIDE HAS THE FOLLOWING DIMENSIONS: H = 2.2 pum, W =

1.8 pm, AND ¢ = 1 pum. THE STRESS CALCULATION WINDOW IS

100 g#m WIDE X 100 gem THICK. MATERIAL PARAMETERS LISTED IN TABLE I WERE USED FOR THESE CALCULATIONS

Etch Depth Model oz (MPa) oy (MPa) o0, (MPa) Birefringence Aney % change in An
D =12 pum Generalized Plane Strain (GPS) Model -269 0.02 =273 0.002334 -
Ordinary Plane Strain (OPS) Model -291 0.02 -13.5 0.002597 (+11.27%)
Normalized Plane Strain (NPS) Model -269 0.02 -280 0.002327 (-0.31%)
D =1.34 pym GPS Model -269 0.02 =273 0.003651 -
OPS Model -291 0.02 -13.5 0.003960 (+8.47%)
NPS Model -268 0.02 -280 0.003643 (-0.22%)
D =15 pum GPS Model -269 0.02 =273 0.004903 -
OPS Model -291 0.02 -13.4 0.005254 (+7.16%)
NPS Model -268 0.02 -280 0.004894 (-0.18%)

cladding, allowing unconstrained thermal expansion in all di-
rections is

E

1—v

Ofilm = Ogx = (Ozs — a) AT (7)
where o, and « are the thermal expansion coefficients of the Si
substrate and SiOs, respectively. On the other hand, in the ordi-
nary plane-strain model described by (6), the effective in-plane
stress in x axis is given by

1 s E
Ofilm = < T o —a> 7 AT.

8

1+v —v ®)
Evaluating these two expressions, the ordinary plane-strain
model overestimates the film stress of, by approximately
10%, and therefore the stress induced birefringence by a similar
amount.

C. Normalized Plane Strain Model

In this section, we present a modified form of the ordinary
plane-strain model that correctly reproduces the stress com-
ponent along the propagation z axis. This simple normalized
plane-strain model achieves comparable accuracy as the fully
generalized plane-strain model presented in Section II-A. If
we neglect wafer bending along the z axis (the bending effects
will be discussed later) and assume that the top layers conform
to the substrate during cooling, the strain component in the z
direction takes the form of ¢, = «a,AT, without the = and ¥y
dependency in (5). This approximation assumes the waveguide
displacement in the z-direction is determined by the thermal
expansion of the substrate. This plane-strain model yields the
stress—strain relation as follows:

, E
T (14 v)(1-2v)

o [(1 = v)ex +ve,]

v EAT
—|a— g
1+v 1—-2v
FE
!
= T N/1 e~ T 1-— 1
Uy (1+V)(1—21/) [VE-» +( V)EJ]
v EAT
—|a— g
1+v 1—2v

&)

Comparing (9) to (6), the equations for o7, and 0; are again
decoupled from o”. Furthermore, the normalized plane-strain
(9) for o7, and o are identical to the ordinary plain strain equa-
tions for the stress fields o, and o, as in (6), if a normalized
thermal expansion coefficient in each layer o’ is adopted

, v
d=a— —u«
1+v

s (10)
Solving an ordinary plane-strain problem using (6) with o’ will
shift the value for o, in each layer by a constant amount. How-
ever, since the resulting difference in o, is just a uniform con-
stant in each layer, the correct value for ¢, is obtained by adding
a constant correction term to o,

oL =0.,+ iozSAT
14+v
where the stress field o, is calculated as in (6), with the inclusion
of (10) as the thermal expansion coefficients. This means that the
ordinary plane-strain algorithm can be used as before to evaluate
the x and y components of the stress distribution in the wave-
guides, using the normalized thermal expansion coefficients.
Table II compares the numerical results of the waveguide
birefringence and the stress og)y, in a 1-pm-thick upper cladding
film obtained from the different plane-strain models. The simu-
lated ridge waveguide has a core height of 2.2 ym and width
of 1.8 um. The upper and lower oxide cladding has a thick-
ness of 1 and 0.37 pm, respectively. The results are compared
for different ridge etch depths D, assuming AT = —980°.
Using the generalized plane-strain model as the benchmark, it
is shown that the ordinary plane-strain model overestimates the
birefringence by about 10% for all the three cases, as expected
from (7) and (8). When modeling birefringence in interfero-
metric devices such as AWGs, this birefringence error would
produce a wavelength shift ranging from A\ = 0.07 to 0.15 nm,
which represents up to 20% of the WDM channel spacing in
an 100 GHz (or 0.8 nm) spaced AWG device. The normalized
model, on the other hand, produces virtually identical stress
levels and birefringence as the fully generalized model, yet re-
quires an order of magnitude less computation time. This is
to our knowledge, the first time this extension of the ordinary
plane-strain model has been presented for stress calculations in
optical waveguides.

(11
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TABLE III
COMPARISON OF OXIDE FILM STRESS i1, AND WAVEGUIDE BIREFRINGENCE CALCULATIONS FROM GENERALIZED AND NORMALIZED PLANE STRAIN MODELS.
THE STRESS VALUES ARE TAKEN AT THE MIDDLE OF THE OXIDE FILM, 4 ;#m AWAY FROM THE CENTER OF THE RIDGE WAVEGUIDE. YOUNG’S MODULUS
OF THE SUBSTRATE WAS SET TO E/ = 103 E,. THE SOI RIDGE WAVEGUIDE HAS THE SAME DIMENSIONS AS IN TABLE II. THE STRESS CALCULATION
WINDOW IS REDUCED TO 40 pem WIDE BY 5 pem THICK (FROM 100 g#m X 100 gem AS IN TABLE 1)

Etch Depth Model oz (MPa) oy (MPa) o0, (MPa) Birefringence Anegr = ngg{ — nzflé
D =12 pum  Generalized Plane Strain (GPS) Model -281 0.05 -282 0.002859
Normalized Plane Strain (NPS) Model -281 0.05 -282 0.002858
D =1.34 pm GPS Model -282 0.02 -283 0.004162
NPS Model -282 0.02 -283 0.004161
D =1.5 ym GPS Model -282 0.04 -282 0.005407
NPS Model -282 0.04 -282 0.005407

D. Stress Relief and Calculation Window Size

Stress relief is an important factor in determining the accuracy
of numerical stress calculations for finite systems, and also in
comparing theoretical results with experimental measurements.
When internal stresses are present, both real and model sys-
tems will deform to reduce stress. In the SOI waveguide system,
stress relief will occur through bending of the wafer, and through
elastic deformations extending inwards from the edges of the
wafer and the ridge itself. The magnitude and range of these
effects must be understood to correctly choose the calculation
window size of the model system, and to assess measurements
of film stress and waveguide birefringence on finite substrates.

For a slab SOI system, assuming a substrate with thickness
d much larger than the film thickness ¢ (i.e., d > t), the stress
relief in the SiOs cladding is given by [11]

£:_4tE(1—1/5) (12)
09 dEs;(1 —v)
where Ao is the change in stress associated with bending,
and og is the stress in the cladding film with no substrate
bending. Although this equation is derived for a single layer
on a substrate, it is approximately correct for our SOI system
provided the film thickness includes both the buried oxide and
oxide cladding thickness.

Since the strain ¢, is virtually identical in the Si waveguide
layer and the cladding for large bend radii, the stress relief Ao,
in the Si waveguide layer is related to the stress relief in the
cladding by a ratio of the elastic constants

Es(1-v) _ 4too
E(l—v) "~ a

Equations (12) and (13) shows that the film stress in the
cladding and waveguide layer may vary significantly if the
substrate thickness d is comparable to the film thickness ¢.
Stress relief also arises from nonuniform strain relaxation at
the edges of our finite model system. In a real system, the Si
substrate is thick enough (e.g., 500 pm) and the edges are so far
away from the waveguide that stress relief due to edge effects
and wafer bending can be neglected.

In numerical simulations, however, the model system should
be as small as possible so that the FEM calculations can be
completed in a reasonable amount of time and within the avail-
able memory allocation. In the conventional calculation of stress
fields using FEM, the model wafer height and width must be
large enough that stress relief due to strain relaxation at the sides

Aoy, = (13)

of the wafer is negligible at the ridge waveguide, and the sub-
strate is thick enough that stress relief from bending does not
significantly modify the calculated film and waveguide stresses.
Simulations show that the edge induced distortion of the stress
field extends almost 50 pm from the edge of the wafer for a
1-pm-thick oxide film, requiring that the calculation window
be at least 100 pm wide. Similarly, to minimize stress relief, the
wafer thickness must be at least 90 pum or larger. The typical
100 pm x 100 pm window required for an accurate stress cal-
culation is about 400 times larger than the window required for
the calculation of the waveguide modes.

The normalized plane-strain model can effectively account
for thermal expansion along the z axis (¢, = a;AT), but both
the ordinary and normalized plane-strain models do not allow
bending of the wafer along the z axis because the strain com-
ponent €. has no dependence on either = or y. Therefore stress
relief due to wafer bending will not be correctly evaluated (see
deviations in calculated stress levels and birefringence from the
generalized model in Table II). We can reduce wafer bending
and the range of lateral edge effects by artificially setting the
Young’s modulus of the substrate wafer to a large value E’. In
the limit of a large Young’s modulus, the edge distortion of the
stress fields extends only about 15 um from the edge, while the
bending contribution to stress relief is effectively eliminated and
the wafer behaves as if it is absolutely rigid. Our calculations
confirm that the stress relief effects are negligible for typical
substrate thicknesses. Using a Young’s modulus of 130 TPa for
the substrate (103 times higher than the typical E,, no wafer
bending), the film stress value differs by less than 1% of the ex-
pected value for a 500-pm substrate with typical F,, and less
than 5% for a 100-pm substrate, for oxide thickness of 1 pm.
Since the film stress values are independent of the substrate
thickness when a large E! is adopted, the model substrate thick-
ness may be reduced from the initial 100 gm to 5 pm with no
effect on the calculated stress fields in the ridge waveguide.

By using alarge E’, with a thin substrate to reduce system size,
the effect of stress relief cannot be reproduced. However, for a
given substrate thickness, (12) and (13) can be used to determine
a value for E’, that will produce the same stress relief as for a
wafer of a given thickness. Therefore, by using (12) to estimate
the bend induced strain that would occur for the real wafer, the
effect of stress relief can be modeled by choosing the right com-
bination of model substrate thickness and Young’s modulus.

Table III makes a similar comparison as in Table II, except the
Young’s modulus of the substrate F; is increased by three orders
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of magnitude to 130 TPa. The 100 pm (wide) by 100 pm (thick)
window for stress calculations used for Table II is reduced to
a smaller computation window of 40 ym x 5 pm. The FEM
calculations confirm that in the absence of wafer bending (i.e.,
high Young’s modulus Ej), the results of the fully generalized
plane-strain model and the normalized plane-strain model are
in excellent agreement. The increase in birefringence of about
14% in Table III compared with the results in Table II is due to
the absence of stress relief (Ao,,) in the Si waveguide layer, in
the calculations using a stiff substrate.

We conclude that, by using the normalized thermal expansion
coefficient («') in (10) for each layer, combined with the correc-
tion term to o, from (11), the accuracy of the plane-strain model
is equivalent to that of the generalized model. By combining the
normalized plane-strain model with a high E’ for the substrate
to eliminate stress relief effects, we have been able to reduce
the computation time and memory usage required for FEM cal-
culations of the stress induced birefringence by more than two
orders of magnitude, while retaining the accuracy of the fully
generalized plane-strain model. This model is used for the anal-
ysis presented in the next sections.

III. GEOMETRICAL AND STRESS-INDUCED EFFECTS ON
WAVEGUIDE EFFECTIVE INDEX AND BIREFRINGENCE

Although the stress-induced effects have been studied exten-
sively in glass waveguides, they were only recently investigated
systematically in SOI ridge waveguides of rectangular cross sec-
tions [12], [13]. In this paper, we compare the SOI rectangular
ridge waveguides (with vertical sidewalls) with the trapezoidal
ridge waveguides (with slanted sidewalls), typically obtained by
using dry and wet etching, respectively. Dry-etch processing,
due to its high cost, is usually used when the feature resolution
in thin film structures is of a major concern or when deep vertical
sidewall etchings are required. Wet-etching, on the other hand, is
simple, yet yields resolution sufficient for many waveguide de-
vices. Another important advantage is that the wet-etching tends
to produce smoother sidewalls as compared to RIE (reactive ion
etching) and thus scattering loss is significantly reduced [13],
[14].

We use the FEM to calculate the stress distribution and the
effective indexes of the TE- and TM-like polarized modes with
and without stress. The thickness of the upper oxide film cov-
ering the ridge sidewalls is assumed to be 70% of that on the
top of the waveguiding layer, as measured in our upper oxide
cladding film deposited by plasma enhanced chemical vapor de-
position (PECVD) [13], [15].

A. Waveguide Cross Section

SOI waveguide cross section can be chosen such that only a
single mode is supported by the waveguides. The single-mode
condition for SOI ridge waveguides is given by the well-known
relationship [16]

LAY T > 0.5
— B34+ —, r>05
H ~ V1—r2
where r = h/H is the ratio of the slab height (h) adjacent to
the ridge, to the Si ridge height (H ), and W is the ridge width
(see Fig. 1). This condition constrains the available ridge width

(14)
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birefringence (Ang.,) for a geometry shown in the inset.

and etch depth ratios in keeping the waveguide single-mode. The
technique of tailoring waveguide cross-section aspect ratio has
alsobeen used to eliminate the birefringence for waveguides with
relatively large cross sections [2]. However, as shown in Fig. 3,
the geometrical birefringence, arising from different boundary
conditions for orthogonally polarized modes in an asymmetric
waveguide, increases exponentially and becomes very sensitive
to the errors in the waveguide dimensions, as the waveguide
core size scales down below about 2 pm. This finding can be
generalized also for waveguides of arbitrary cross sections. Fig. 3
illustrates that controlling birefringence by tailoring waveguide
cross-section aspect ratio becomes difficult in waveguides with
small cores. It is noted that our analyses are not limited to single
moded waveguides [W/ H ratio may not satisfy the relationship
in (14)]. The waveguide bending radius can be designed to filter
out the unwanted higher waveguide modes [3].

For waveguide structures with similar etch depth and core
thickness but different cross sections (e.g., rectangular or trape-
zoidal), the optical properties can still be significantly different.
For example, the birefringence of a rectangular ridge waveguide
is more susceptible to changes in the ridge geometry (width and
etch depth) as compared to a trapezoidal waveguide with sim-
ilar cross-section area. Fig. 4 shows the electric field contours
of the fundamental TE mode in a rectangular [Fig. 4(a)] and a
trapezoidal [Fig. 4(b)] ridge waveguide. The abrupt changes in
the mode shape due to the sharp inner corners of the rectangular
waveguide core contrast distinctively with much smoother field
contours in the trapezoidal waveguide.

In Fig. 5, the geometrical birefringence is plotted as a func-
tion of ridge sidewall slope for varying etch depths of 1.3, 1.5,
and 2 pym. The sidewall slopes of a fabricated waveguide are de-
termined by the specific etching technique and waveguide ori-
entation with respect to the crystallographic planes. In practice,
it is not trivial to tune the sidewall angles. Here we limit our
discussion to a theoretical influence of sidewall slope angles
on waveguide birefringence. For a given etch depth, the rate of
change in waveguide birefringence (O(An)/00) increases with
the ridge sidewall slope 6. Waveguides with smaller sidewall
slopes have better birefringence stability to etch depth errors;
however, these waveguides have relatively large birefringence.
As shown in Fig. 5, the etch depth plays a critical role in deter-
mining birefringence, especially for ridges with large sidewall
slopes.
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Fig. 4. Fundamental TE mode shapes with equal electric field contours (0.5, 0.1, and 0.01 of the maximum fields) in SOI ridge waveguide The ridge height is
2.2 pm, the etch depth is 1.5 gm. (a) Rectangular ridge with a width of 2 gzm. (b) Trapezoidal ridge with a top width W/, of 1.5 ym and a sidewall angle of 54°.
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of 2.2 pm and a top ridge width W; of 1.5 pm (bottom ridge width W, varies
according to slope 8).

The influence of etch depth on birefringence is further shown
in Fig. 6 for four different sidewall angles: 54°, 72°, 87°, and
90°, with a fixed upper ridge width W7 of 1.5 yum and ridge
height H of 2.2 um. Dry-etching generally produces nearly ver-
tical sidewalls (90° & 3°), while the wet-etching yields approxi-

mately 54° sidewalls (angle between Si crystal (111) and (100)
planes). In the calculations, we use the experimentally measured
87° and 90° sidewall angles for rectangular ridge waveguides,
and 54° (and 72°) for trapezoidal waveguides.

Again, it is observed that the birefringence is less sensitive
to changes in etch depth for waveguides with trapezoidal cross
sections as compared to the rectangular ridge waveguides. How-
ever, the trapezoidal ridge waveguides have large negative bire-
fringence, and for the given upper ridge width, the birefrin-
gence-free point cannot be reached for any choice of etch depth.
This is not the case in waveguides with nearly vertical sidewalls,
whereas optimal etch depth can be found to satisfy the birefrin-
gence-free condition (zero birefringence at ~1.3 pm). Because
itis difficult to precisely control the etch depth due to limitations
of the fabrication techniques, methods of controlling birefrin-
gence other than modifying waveguide geometry are preferred.

B. Upper Oxide Cladding Stress

Adjusting the stress in the upper cladding layer may be used
to eliminate waveguide birefringence [4], [12], [15]. The thick-
ness of the upper cladding can be precisely controlled during
fabrication by deposition or etching. Alternatively, the stress in
the cladding material can be altered by thermal anneals [4], or
by modifying material properties.

Fig. 7 shows the influence of stress on waveguide birefrin-
gence for a trapezoidal ridge waveguide with 54° sidewalls for
different stress levels in the oxide cladding: og1,, = 0, —100,
—200, and —300 MPa (for this waveguide, the geometrical
birefringence remains at —0.0015 and it cannot be eliminated
by changing etch depths, see Fig. 6). The birefringence can
be effectively modified by varying either the cladding stress
(cfilm) or cladding thickness (t). The oxide cladding with a
compressive stress induces a positive offset to the geometrical
birefringence, giving a tuning range of 4.2 x 10~ for og)y, of
—300 MPa. The birefringence-free operation can be achieved
for a range of oxide thicknesses and film stresses. In the fol-
lowing, we will examine the influence of cladding stress on
ridge waveguide with different cross sections (etch depth and
waveguide width).
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Fig. 8. Etch depth influence on stress-induced birefringence (Ansness) for
rectangular (6 = 90°) and trapezoidal (6 = 54°) ridge waveguide. The 0.7 pm
upper oxide cladding film is under a compressive stress of —300 MPa. The
waveguide geometry is identical to that defined in Fig. 6.

1) Ridge Etch Depth and Stress: Fig. 8 shows the effects of
stress on birefringence with varying etch depths for both rect-
angular and trapezoidal ridge cross sections under a compres-
sive stress of —300 MPa in the upper oxide cladding. Here the
stress-induced birefringence (Angtyess) 18 calculated as the dif-
ference between the total waveguide birefringence and the geo-
metrical birefringence (shown in Fig. 6).

As compared to the geometrical birefringence, stress has less
influence in total birefringence for shallow etched ridge waveg-
uides. Similar to the geometrical birefringence, the stress-in-
duced birefringence is shown to be less sensitive to the fluctu-
ations in etch depth for deeply etched ridge waveguides. For a
core thickness of 2.2 m, the relative contribution of the stress-
induced effects on total birefringence becomes less sensitive to
changes in etch depth for D beyond 1.5 pm. This is due to the
misalignment between the maxima of the electric field (center
of the waveguide mode) and the stress field in the core.

2) Ridge Width and Stress: Fig. 9(a) compares the effec-
tive indexes of TE polarization (with and without stress) for
ridge sidewall slopes of 54° and 90°. The effective indexes of
TM polarization follow similar trend. The etch depth is fixed
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at 1.5 pum, and the core thickness is 2.2 pym. The effective in-
dexes of the TE modes are reduced under the influence of stress
for both the trapezoidal and rectangular ridge waveguides, re-
sulting in birefringence changes. For fluctuations of £0.1 um
in the top ridge width of 1.5 pum, the change for the dry-etched
waveguide (90° sidewall) in the effective index and in the bire-
fringence are 8.4 x 1073 and 1.2 x 1073, respectively. In con-
trast, the corresponding changes for the wet-etched waveguide
(54° sidewall) in n;ff;: and birefringence Ang are 1.5 x 1073
and 7.0 x 1075, respectively. Thus, the ridge waveguides with
a trapezoidal cross section are more tolerant to errors in wave-
guide dimensions.

Fig. 9(b) shows both the geometrical birefringence (dashed
curves) and the total birefringence including stress (solid
curves) as a function of the ridge width. The birefringence is
less sensitive to the ridge width fluctuations for trapezoidal
ridge waveguides compared with rectangular waveguides,
but trapezoidal ridge waveguides suffer from a large negative
geometrical birefringence. As shown in Fig. 9(b) a compressive
stress in the upper cladding produces a positive offset in the
birefringence profile. With the birefringence offset provided
by the stress, zero birefringence condition can now be satisfied
even for trapezoidal ridge waveguides. This figure emphasizes
that stress can provide an additional parameter in keeping the
waveguides free of birefringence.

IV. EXPERIMENTS

This section presents the experimental demonstration of the
modal birefringence control in SOI waveguides using stress in-
duced by the upper cladding. Experimental results measured in
SOI AWG demultiplexers are compared with the results calcu-
lated in the previous section.

Test AWG devices were fabricated on SOI (100) wafers,
with a 2.2-pm-thick Si core layer and a 0.37-pm-thick buried
oxide layer. The devices were designed to operate at a central
wavelength of A = 1550 nm. The waveguide arrays consist of
100 ridge waveguides with a length increment between adjacent
waveguides of 22.68 pm, corresponding to a grating order of
49. The AWGs had eight input and eight output channels. The
overall chip size was approximately 5 mm X 5 mm. The layout
of the eight-channel AWG demultiplexer and details of the
AWG design can be found in [4], [12], [17], and [18].

The value of the stress level in a blanket thin film (o1, ) was
obtained experimentally by measuring wafer’s curvature radius
and using the following relation

Eh?

(1- v)6Rt (15)

Ofilm =
where F /(1 — v) is the biaxial elastic modulus of the substrate,
h is the substrate thickness, ¢ is the film thickness, R is the sub-
strate radius of curvature, and gy, is the average film stress.
The bow radii of the wafer before (R;) and after (R5) film de-
position were first measured. The effective radius of curvature
was then obtained by using R = R1Ro/(R; — Rs).

The birefringence of waveguides in the arrayed grating sec-
tion of an AWG is calculated from the measured polarization de-
pendent wavelength shift (AX) in the AWG demultiplexer [19]:
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Stress was determined from the measurements on wafer bow radius.

Aneg = ng - AN/, where ny is the group index of the wave-
guide. Here A\ = /\Eé\gk — /\Egak is the shift between the de-
multiplexer channel peak wavelengths measured for TM and TE
polarizations. In these calculations, A and n, are assumed to be
1550 nm and 3.476, respectively.

The ridge waveguides in the arrayed grating area were fab-
ricated using both dry and anisotropic wet etch methods, with
designed ridge widths of 1.5 and 2 um. The actual ridge di-
mensions for the waveguides were measured by scanning elec-
tron microscope (SEM) at several locations along the wave-
guide bends in the arrayed grating section. The average mea-
sured widths for the dry-etched ridges were W1 = 1.35 pum (top
width) and Wy = 1.5 pm (bottom width) for a nominal width
of 1.5 ym; and Wy = 1.85 um and W5 = 2.0 pm for a nominal
size of 2.0 um. The spread in measured ridge widths was within
5% of the average. The measured etch depths for these ridge
waveguides were D = 1.47 um £ 1%. The wet-etched ridge
waveguides, on the other hand, had average measured widths of
W1 = 1.1 um and W, = 3.8 um for a nominal ridge width

of 1.5 yum; and W; = 1.5 pum and W5 = 4.0 pym for a nom-
inal size of 2.0 pm. The variation in the width measurements
for the wet-etched waveguides can be up to +20, depending on
the angle relative to the major crystal planes. The etch depths of
the wet-etched ridges were measured to be 1.47 pum £ 2%.

The oxide upper cladding was then deposited by PECVD in
three steps, yielding oxide thickness of 0.3, 0.8, and 1 pm, re-
spectively. The oxide thickness nonuniformity is normally better
than 5%. The polarization dependent wavelength shift A\ was
measured after each deposition step. The compressive stress
measured in the oxide film was og;,, = —320 £+ 5 MPa for
both the dry- and wet-etched ridge waveguides. Fig. 10 plots
the measured wavelength shift data as a function of the upper
cladding thickness averaged over several AWG channels. The
dry-etched ridges have slightly slanted sidewalls, as indicated
in Fig. 10(a), and the wet-etched ridges have sidewall angles
of approximately 54° [shown in Fig. 10(b)]. The solid curves
shown in Fig. 10 were the FEM calculations based on the actual
measured ridge dimensions.
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The expected uncertainty in the calculated birefringence
based on the measured device parameters can be estimated
using the curves presented in Figs. 6 through 10. Fig. 9(b)
shows that small variations in width for narrow rectangular
(dry-etched) waveguides result in larger changes in birefrin-
gence. A 5% spread around 1.5 pm in dry-etched ridge widths
will result in a 15% spread in birefringence. In a dry-etched
ridge waveguide with a 1.5 pum etch depth, the 1% spread in
measured etch depth can result in a 5% spread in birefrin-
gence. In contrast, the trapezoidal (wet-etched) and wide (e.g.,
2.0 pm) rectangular ridge waveguides are relatively insensitive
to variations in ridge widths. Similarly, variations in etch
depth has almost no effect for trapezoidal and deep etched
rectangular ridge waveguides, as suggested in Figs. 6 and 8.
These considerations explain the close agreement between
the simulation results and the experimental data for the wide
dry-etched waveguides [bottom curve in Fig. 10(a)] and the
wet-etched waveguides in Fig. 10(b).

Overall, there is very good agreement between the simula-
tion results and the experimental data. The scatter in the ex-
perimental data is consistent with the small variations in width
(W1 and W5), etch depth (D) and stress (o1, ) in the fabricated
devices.

V. CONCLUSION

We have demonstrated that stress engineering is an effective
tool to control waveguide birefringence in SOI waveguide de-
vices, for a wide range of waveguide cross-section shapes and
dimensions. A normalized plane-strain model was proposed and
used to calculate the stress distribution and the corresponding re-
fractive index distribution in SOI ridge waveguides. Simulations
show that this model produces virtually identical results as the
fully generalized model, yet requires an order of magnitude less
computation time. We examined two types of waveguide cross
sections (rectangular and trapezoidal) and studied birefringence
as a function of the geometry profiles and stress effects induced
by the oxide cladding. Waveguides with trapezoidal ridge cross
sections or wider ridge widths offer improved birefringence tol-
erance to dimension fluctuations. The large geometrical bire-
fringence usually associated with the trapezoidal waveguides
can be eliminated by depositing stressed claddings. The numer-
ical simulations and the experimental results confirms that the
thickness and the stress level of the upper cladding layer are two
useful parameters for effective birefringence tuning. We also
demonstrated an application of this technique for the elimina-
tion of polarization dependent spectral shifts in SOI AWG de-
multiplexers. This technique is not restricted only to SOI waveg-
uides, it should be generally applicable for different types of
high index contrast platforms and devices.
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