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Abstract—Stress application can be used to modify the
optical properties of a device. The stress-optic effect has been
experimentally measured in strained silicon, making it a
promising candidate material for realizing active photonic
devices, such as optical modulators and switches. In this paper,
we investigated the stress-optic effect induced by applied strain
gradient in the silicon optical waveguides. The relation between
stress-optic effect, strain, birefringence and the change in the
optical properties is investigated. The structure of nanometer
waveguide is analyzed by using the Multiphysics modeling to
show the effects of stress analysis. The stress effects are then
evaluated by the Structural Mechanics modules.

Index Terms— Birefringence; Silicon Photonics; Strain;
Stress-Optical Effect,

I. INTRODUCTION

Recently, the study of stress-optic effect in silicon photonic
structures has gained remarkable interests in a wide field of
applications. Essentially, the characteristic of light is
representative of its amplitude, phase, frequency and
polarization. Any of these parameters may be changed due
to the external influences of stress, strain, temperature and
so on. This may lead to an anisotropic change in the material
refractive index and thus, material birefringence. The
possibility of controlling the refractive index is necessary
for some optical applications. In recent years, strain silicon
photonics have been growing attention by many researchers
working in the photonic integrated circuits (PICs), mainly
for devices fabricated on the silicon-on-insulator (SOI) [1]-
[6]. SOI is widely utilized due to the wide range of
advantages, such as low cost and easy integration with the
conventional CMOS technology. However, the controlling
of birefringence becomes challenging due to the SOI high
index contrast material. Therefore, current researches have
been focusing on analyzing the stress-optical effect in order
to reach the minimum birefringence value [7]-[8]. It is a pre-
requisite to accurately analyze the residual thermal stress
generated in the SOI waveguide in order to control the
existence of birefringence during fabrication. Thus,
adversely affecting the transmission of light and
performance of the devices. In contrast, birefringence can
also be used to improve the physical properties of
nanometers waveguide, such as microelectromechanical
(MEMS) [9-10]. The stress-optic effect in the optical
waveguides, which is great enough to adjust the refractive
index profile, significantly, is eventually required in
designing an active photonic device, such as optical

modulators. A suitable core size of SOl waveguides should
be compromised between the low birefringence and the
competitively compact device size [11]-[13]. Therefore, in
this research paper, the effect of variation waveguide
geometry to the stress-induced birefringence will be studied,
demonstrated and analyzed on a 0.3-um thick SOI
waveguide. A fundamental knowledge of the effect of
stress-optic is crucially important in photonic device
modeling, as well as to help reducing birefringence during
fabrication by optimizing the device design geometry.
Therefore, a quantitative understanding of stress
distributions in SOl waveguides and their impact on the
optical properties of devices is mandatory to the design
engineers.

Commercially available FEM solver software by
Comsol® Multiphysics was utilized to solve the strain and
modal distribution in the waveguide. Under proper boundary
conditions, Comsol® solves the static equilibrium equation
that satisfies stress-strain relations, thermal effects and
strain-displacement relations.

Il. THEORY

The existence phenomenon as the stress-optical effect can
cause changes in the silicon refractive index through the
photo-elastic effects. During the fabrications process, due to
the different thermal expansion coefficients of core and
cladding material, the waveguide will become strained. This
stress will cause the indices to become anisotropic and
increases the birefringence in the waveguide.

It is crucial to understand the method of stress analysis
where it started with the calculation of stress distribution
and changes in the refractive index due to the stress-optic
effect. Then, the birefringence and propagation properties
are obtained and performed by the new refractive index. In
this research, the effect of induced stress in the waveguide is
determined by using generalized plain strain [14]. The new
refractive indices are given by:

Nx=no - Ca0x — C1(oy+07) @)
Ny =no- Caoy — Cl((Tz+(7x) (2)
Nz= No- Cz0; — Ca(oxtoy) ©)

where C; and C; are the stress-optic coefficients and ng is
the isotropic refractive index of the unstressed waveguide
material. Meanwhile, ny, ny and n; are the principal diagonal
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components of the anisotropic refractive index tensor when
stress-optic effect is united. For the mode analysis, the Wave
Optics Module’s Electromagnetic Waves, which is the
Frequency Domain is used and the wave is assumed as:

E=E (xy) 7= (Edxy), By (xy), Bz (xy)) & (4)

where o is the angular frequency, g is the propagation
constant and the effective mode indeXx, ner=f/ko. The
simulation is set up with the electric field components E=E
(x,y, 2) as dependent parameters.

Meanwhile, the stress depends on
temperature, given by:

the operation

o =0t + i (5)

where oy is the thermal stress created by the mismatch
Aa of the thermal expansion coefficient of silicon and
silicon dioxide at the process where the reference
temperature cools down to the operating temperature. Thus,
the stress increases with temperature. The om can be
measured by:

Oy = E AcAT

1-v (6)
where E is the Young modulus and v is the Poisson ratio.
I11. DESIGN AND SIMULATION

In order to alter the optical properties of the photonics
devices, the strain is introduced into the device. In this
research, a strain layer, which is silicon dioxide was created
on top of the device. Figure 1 shows the schematic diagram
of a planar waveguide where the core and waveguide layers
are made of silica, which is deposited onto a silicon wafer.

Air
Cladding
Buffer

(o

/L

Core

Silicon wafer

Figure 1: Schematic model of planar waveguide

Table 1 lists the design parameters of the proposed model
of planar waveguide model. The cross-section of the core is
set as 0.3 x 0.3 um. The optical core and cladding are made
of silicon and silicon dioxide where the refractive indices
are 3.47 and 1.47, respectively. The other material
properties, such as thermal expansion coefficient, Young’s
modulus and Poisson’s ratio are listed in the table. The
waveguide configuration is assumed to be deposited at the
temperature  1000°C and cool down at usual room
temperature, 20°C.

Table 1
Design Parameter of Planar Waveguide

Symbol Design parameter Value
um Core cross-section 0.3x0.3
Refractive index of
Silicon 3.47
Refractive index of
Silicon dioxide 1.47
1/K Thermal expansion
coefficient of Silicon 2.5
1/K Thermal expansion
coefficient of Silicon
dioxide 0.35¢®
GPa Young’s modulus of
Silicon 110
GPa Young’s modulus of
Silicon dioxide 78
Poisson’s ratio of
Silicon 0.19
Poisson’s ratio of
Silicon dioxide 0.17
°c Operation temperature 20
°c Reference temperature 1000

IV. RESULTS AND DISCUSSION

As shown in Figure 2, when strain is present in a structure
(resulted in the cladding surface), the system deforms to
reduce the stress. From Figure 2, it can be clearly seen that
the stress relief occurs through wafer bending and through
elastic deformation from edges and waveguide core. The
edge of the waveguide experienced more bending as
compared to the waveguide core, therefore the stress
distribution inside the waveguides is less affected by the
edge effect. Since the transmittance of the optical signal is
highly determined by the waveguide core, the optical
calculations were only conducted in a small area in the
vicinity of the waveguide. By simulation, with the induction
of different temperature condition, it causes different
thermal strain effect over the structure and the stress value
due to the reaction of the structure as listed in Table 2.

Surface: von Mises stress (N/m?)

x10° F T T : ' ! T = A 3.37x10°
x10°

3

2.5

2

1.5

o & A N o N
— T T T T

1

a0f

0.5

12+

. A . ) " ) L
15 10 5 0 5 10 x10™ ¥ 7.01x10°

Figure 2: Deformed shape of planar waveguide

The induced temperature determines the amount of stress.
The situation affects the waveguide structure and contributes
to the change in optical properties in the core, mainly the
refractive index. Figure 3 presents the study of the
temperature sensitivity of the stress within the operation
range from 10°C to 80°C. It shows that higher temperature
leads to a higher stress level with the rate of change of ~0.4
MPa/1°C. It is noted that the optical performance of the

102 ISSN: 2180 — 1843 e-ISSN: 2289-8131 Vol. 9 No. 3



Stress-optical Effect Analvsis on Silicon-on-Insulator Planar Waveauide

waveguide device can significantly change for large
temperature variations. Therefore, in the next section, a
study will simulate and evaluate to understand the influence
of the temperature sensitivity, the effect of induced stress to
the effective index and wavelength shift.

Table 2
Temperature versus the amount of stress

Temperature Variation (°C) Stress (MPa)

10 -3.42¢®
20 -3.38¢®
30 -3.36e®
40 -3.33¢®
50 -3.29¢®
60 -3.25¢®
70 -3.21e®
80 -3.18e®

-3.15e-8

-3.20e-8

-3.25e-8

-3.30e-8 4

Stress, MPa

-3.35e-8 4

-3.40e-8

-3.45e-8

20 40 60 80 100

Teﬁwperature, °C

Figure 3: Temperature versus silicon dioxide film stress

The relationship between the geometrical parameters of
the waveguide, which is the upper-cladding thickness and
thermal expansion coefficient (TEC) doping amount to the
birefringence induced are investigated. This study is
important due to the fact that the film stress is highly
sensitive to the deposition conditions [15].

A. Effect of Temperature on the Effective Index and
Wavelength Shift

Similar simulation process has been performed to evaluate
the effective index change and wavelength shift and the
results are shown in Figure 4 and 5. The fluctuation in the
index of refraction is the reason why the pressure fields on
waveguides reflect linear birefringence. This investigation
specified that the change in temperature brings to the change
of the effective index. In this state, the change of material
properties contributes to the wavelength shifting as depicted
in Figure 5. The change of nes is in the order of -0.4x10
8/1°C where 1.465434 is shifted to 1.465430 from 10°C to
20°C. Specifically, the intensity of the output light is
significantly affected by this temperature. This analysis
proves the ability of the device to shift the operation
wavelength as temperature being applied, where it is
significantly important in optical modulator application.
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Figure 4: Effective Index versus wavelength
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Figure 5: Temperature versus wavelength

B. Effect of Upper-Cladding Thickness to Birefringence
Strain can be resulted from the waveguide fabrication
process and may also be intentionally included in device
modeling for specific reasons. As mentioned before, the
upper cladding made up from silica introduced strain to the
SOI planar waveguide. By changing the upper-cladding
thickness while maintaining the other parameters,
birefringence changes were observed. Figure 6 depicts the
effect of upper-cladding thickness, developed by increasing
the doping amount to the birefringence. The upper-cladding
thickness is directly proportional to the doping amount. The
low birefringence is obtained with bulky upper-cladding
size. For example, with the upper-cladding thickness of 0.7
and 0.8 pum, the birefringence produced is -3.5353e* and -
3.4535e, respectively. It means that every upper-cladding
width reduction of 0.1 pm increased the birefringence
value.
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Figure 6: Birefringence versus thickness of upper-cladding
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C. Effect of TEC doping amount to Birefringence

Figure 7 portrays the variation of upper-cladding TEC
to birefringence. From Figure 7, it can be concluded that
birefringence increases with the less amount of doping but
the TEC will increase as well. It can be seen that the stress
birefringence varies linearly with the TEC of the upper-
cladding. For example, 0.29¢* hirefringence was obtained
when the upper-cladding thickness and doping amounts are
0.55e® /K and 1.1 pum, respectively. Thus, the birefringence
is less in the case of a deeply etched upper-cladding.
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Figure 7: Birefringence versus thickness of upper-cladding and TEC

V. CONCLUSION

A quantitative analysis of stresses as well as induced
birefringence was shown for the SOI planar waveguide. The
stress induced birefringence in the silicon-on-insulator (SOI)
is investigated by using generalized plain strain. Stress-optic
effect analyzed the stress amount that was affected by
thermal, which was ~0.4 MPa/1°C distributed to the change
of nes in the order of -0.4x10%/1°C. Moreover, it was
demonstrated that the birefringence was greatly influenced
by the geometrical parameters of waveguide where the
experiment results strongly confirmed that the thickness of
upper-cladding and the amount of TEC are two useful
parameters for effective birefringence control. These studies
would be beneficial in optimizing the waveguide design
from the viewpoint of material selections, controlling the
fabrication process and modulation method.
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