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ABSTRACT

Thermal, deformation, and optical simulations are performed on polymer PMMA waveguide at
different temperatures by using FEM (Finite Element Method). The models which are used in the
simulations aim to calculate the heat distribution and thermally induced mechanical stress. The
microheater isimplemented at the top of the waveguide and inside the top cladding to analyze the
thermo-optic effect on the waveguide. We found that the microheater is more effective and causes
auniform thermal distribution inthe core. Also, thisthermal effect results in achange of refractive
index which is analyzed in this paper. It is found that the mechanical stress on the waveguide
affects the shape and the index of refraction of the waveguide. Hence, it plays arole in the optical
performance. Shear stress has little effect on the waveguide along the propagation axis, because
we fixed the waveguide from the sides.

Keywords. Polymer waveguide, monomer, microheater, thermo-optic effect, thermal
simulation, optical smulation, FEM, stress, stress-Optical Effect
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Chapter 1

| ntroduction

Planar polymer waveguides have attracted extensive attention for their applications in
telecommunication and data communication [1,2], because of the low cost, ssimple processes,
and high thermo-optic coefficient of polymers. Various photonic devices, such as the thermal
optical switches (TOS) [3,4], variable optica attenuators (VOA) [4-6], optica
couplers/splitters [7], and arrayed waveguide gratings (AWG) [8,9], were fabricated using
polymer waveguides. While the basic optical properties of polymers, including optical loss,
refractive index, birefringence, are critical for using polymers to fabricate quality waveguide
devices, the thermo-optic (TO) coefficient of polymers plays a vital role in determining the
device performance [10]. On the other hand, it causes a major drawback for thermal stability
in some devices, such as an AWG. In such devices, the operating conditions may easily drift
with the change of device’s refractive index due to the exposure of environmental changes
during field service [11].

In many cases, the overall device performance can be of limited by the thermal response of the
structure. For example, the switching time depends on the rate of heat dissipation generated by
the heating electrode. Such heat dissipation not only depends on the waveguide materials but
also on the size and shape of the waveguide and heater [12].

Thermal properties of polymers are rather different compared to glasses. Service temperature
limitsfor polymers (60 to 250 °C) are substantially less than for optical glasses (400 to 700 °C)
[13]. Thethermal expansion coefficient is about one order of magnitude greater than glass. For
example, the linear thermal expansion coefficient of Acrylic has average value of 7*10° K
[14] while for the N-BK 7 glass the corresponding value is 0.71* 10-5 K [15]. Now-a-days
many approaches are used to control light beams in optical waveguide devices which are
ground based on thermo-optic (TO) effects. According to Nishihara et al. [16], TO effect isa
way in which the material refractive indices depend on the temperature. It utilizes the
temperature dependence of the refractive index dn/dT. The change of this parameter depends
on two counteracting effects: the change in density caused by positive coefficient of thermal
expansion and the increase in polarizability with temperature. Evaluation of dn/dt is possible
by differentiation of the Lorentz-Lorenz equation with respect to temperature. The temperature
gradient of refractive index dn/dt is referred in literature as a thermo-optic coefficient [17] or
temperature coefficient of refractive index [14]. The absolute values of dn/dt of polymer
materials are with orders of magnitude larger than those for optical glasses and exhibit usually
negative deviations compared to the positive thermo-optic coefficients for most of glasses.
Small thermally-induced changes of the refractive index can significantly ater the light-
intensity distribution within waveguides, especialy in coupled systems[18]. A large refractive
index change for low input power is critical for creating practical devices[19]. Also, low cost
materials can be made, even though it is difficult, out of the polymer material which have
sufficiently large nonlinear susceptibilities [20-21].

Internal stress into optical waveguides is introduced by this research. Compressive or
tensile stress can be introduced in a direction which is either parallel or perpendicular to
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the direction of optical propagation. The existence phenomenon as the stress-optical effect
can cause changes in the polymer refractive index through the photo-elastic effects. The
waveguide becomes strained during the fabrication processes. This is caused, because of the
difference of the thermal expansion coefficients of the core and the cladding of the materials.
This stress will cause the indices to become anisotropic and increases the birefringence in the
waveguide. In modern optical systems, more and more components are integrated (or hybrid-
packaged) in a single chip, where optical waveguides serve as interconnects for photonic
components. Dueto fabrication and packaging, stresses cannot be avoided in these complicated
structures with many diverse materias. These stresses can change the refractive indexes of the
waveguide by the acousto-optic (el asto-optic or photoel astic) effect [22] (Xu and Stroud, 1992;
Sapriel, 1979), which may affect the optical performance which has been observed in
photoel ectric devices. [ 23]

Internal stress into optical waveguides is introduced by this research. Compressive or
tensile stress can be introduced in a direction which is either parallel or perpendicular to
the direction of optical propagation.

In our study, thermal, deformation, and optical simulations are carried out for the top and the
buried models accomplished by using finite element method (FEM) via FEATool and
COM SOL multiphysics softwares. Many articles around 50 about the ssmulations and analysis
mentioned above are examined and the most important points taken as references to the study.
In section 1, thermal simulation for the upper and the buried micro-heaters are carried out by
using FEM viaFEATool. Analysis of temperature distributions in the waveguide as aresult of
applied heat or known as thermal analysisis performed. The thermal distribution is used asan
indicator to how the refractive index changes in the waveguide structure as demonstrated by
Moller et a. [24], Sircilli et al. [25] and Wang et a. [26]. The basic idea of thermal analysisis
to solve the heat equation as described by Kokkas [25] in hiswork on multiple-layer structure.
Various methods have been used to solve this equation which include the finite difference
method [24], finite element method [27] and Fourier Transform method [26]. Electric heating
is chosen to be the driving method because electric microheaters can be easily fabricated into
a switching structure using microfabrication techniques, which alows for smple and accurate
control. [28] The deformed waveguide is drawn visually in section 2. Also, deformation in the
x axis and elongation in the z propagation axis are calculated and plotted. The thermo-optical
simulation is performed and the relationship between the temperature and the index of
refraction of the cladding and the core for certain points is examined and illustrated by the
graphs and images in section 3, after obtaining the refractive index distribution through the
thermo-optic effect where the temperatures of the heater is set from 20 to 200 °C range.
Ambient temperature surrounds the waveguide. By this research, it is aimed to tune the index
of refraction. So, in thisway, thermally tunable devices can be made.

8|Page



1.1. Theoretical Background

In this part, the theoretical background of the thermal, stress, and optical simulations utilized
in the project will be explained.

1.1.1. Heat Conduction Analysis

Conduction is the heat transfer through an object by the means of its molecules. A temperature
gradient or slope is settled down by the energy which is constantly being transported in the
direction of decreasing temperature.

Fig. 1.1 A model wall [29]

Now, alaw can be formulated which helps us to determine the rate of heat through conduction.
A wall is considered as shown in the figure 1.1. The coordinate system starts from the bottom
left corner which is (0, 0). The temperature of the surface of the wall on the left is To and the
other sidetemperatureis T. Thewall thicknessis L and the surface areais A. The other surfaces
are assumed as insulated and the direction of the heat isin the x-direction only. Assume steady
state and gx be the rate of heat transfer. It is obtained from the experiments that gx is directly
proportional to A and (To- T) and inversely proportional to L

)

X

Proportionality constant is added and the formula below is obtained

=L ) (1.1)

Where k is the thermal conductivity. In order to use equation (1.1), 3 conditions must be met.
They are steady state, constant k, and conduction in one dimension. The formula should be re-
written which containsthese limitations. If equation (1.1) isimplemented to the element dx, To
becomes T(x), T turnsinto T(x+dx), and L isreplaced by dx. The new formulais

—Tx+dx) T(x + dx) —

Thechangein T isdT which can be found by T(x+dx)-Tx, so the formula become
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=—- — (1.2)
Theterm heat flux, g which indicates the amount of heat per unit area normal to x. So,
Q =— (13)
Now, equation (1.2) can re-written as below
Q =-k— (1.4)

Despite equation (1.4) is made for the conduction in one dimension, it can be generalized for
three dimension and also for transient conditions. It should be noted that heat flow is a vector
quantity. In order to reflect the direction of the heat flow, the derivation in the equation (1.4)
is converted into a partia derivation asfollows:

Q =-k—,q =-k—,q =—k— (1.5)

where X, y, and z represent the coordinates. The equation above Eq. 1.5 is known as Fourier’s
law of conduction. Three observations are worth making: (i) the negative sign indicates that
when the gradient is negative, heat flow isin the positive direction, i.e., towards the direction
of decreasing temperature, as dictated by the second law of thermodynamics. (ii) The
conductivity k need not be uniform since equation (1.5) applies at a point in the material and
not to afinite region. In reality the thermal conductivity varies with temperature. However,
equation (1.5) islimited to isotropic material, i.e, k isinvariant with direction. (iii) Returning
to our previous observation that the focal point in conduction is the determination of
temperature distribution, we now recognize that once T(x, Y, z, t) isknown, the heat flux in any
direction can be easily determined by simply differentiating the function T and using equation
(2.5) [29].

1.1.2. Stress Analysis

The finite element method was originally developed for the stiffness analysis of airplane [30].
Stress analysis is one of the most used modules of FEM. Consequently, stress analysis is the
most typical application of FEM. Generadly, it is well known that the total potential energy

should be a minimum when thermal stress and/or an external force is applied to the body. In
other words, the strain distribution that is actually generated among all possible strain profiles
is the distribution that makes the potential energy a minimum. This is called the energy
principle [31]. Thetotal potential energy of the body is given by

[T = (internal work) — (external work) = U -V (1.6)

where U and V denote strain energy and work done by the external force; respectively Strain
energy U iswork generated during the process of releasing strain; that is, U is a summation of
{local force generated under certain strain condition} x {displacement by the force}. Since
potential energy decreases by the amount of work done by the externa force, V in equation
(1.6) hasaminussign [32].

The method where stress analysis is based on energy principle known as energy method.
Energy method’s calculation procedures are summarized by the steps as follows:
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1. Shows the potential energy I in terms of the displacement by strain and an external force.
2. Find the approximations of the displacement and the external force in the inward or outward
directions for each element by the help of analytical functions using values at nodal points.

3. Apply the energy principle to the potential energy 'l which makes I partially differentiated
with the respect to the displacement and form an equilibrium equation called as linear
simultaneous equation.

4. Determine the displacement for each nodal point by solving the simultaneous equation.

5. Calculate the strain and the stress for each element by using displacements at the nodes
which surrounds the element.

In three-dimensional FEM analysis, it is necessary to have a computer with a large memory,
because it takes along processing time for the calculations. That iswhy two-dimensional FEM
analysisis often preferred to be used. An appropriate assumption is made for each problem.

Now, an object will be taken which is longer in its y-axis than its cross-sectiona area. This
suits the waveguide used in the project perfectly. Then, the strain in the object along the y-axis
istaken asO.

Ey:O (17)

Stress analysis based on the assumption used above s called as plane strain problem. Beside
this, the stress component gy which is normal to the plane is considered as zero

0,=0 (1.8)

The basic equations for the displacement, stress, and strain will be discussed now where u and
v are the displacement along the x- and z-axis directions respectively, &, €y, and €; are the
principa strains along x-, y-, and z-axis directions respectively, yx. is the shear strain in the x-
z plane, ox, 0y, and 07 are principal stresses along x-, y-, and z-axis directions respectively, Tx;
isthe shear stressin the x-z plane, f and g are the external forces along x- and z-axis directions
respectively. E and v are the Young’s modulus and Poisson’s ratio respectively.

The relationship between displacement and strain is given by [33]

=" (lga)
= (1.9b)
=—4+—. (1.9c)

= - + + (1.10a)
- -+ )+ (1.10b)
— -+ o+, (1.200)

11|Page



=—=— (1.11)

where G is the shear modulus, a is the thermal expansion coefficient, and AT is the change in
temperature respectively. The plain stress problem can be found if the equation (1.7) in the
eguation (1.10) is substituted. So, the plane strain problem is found by

= + )— A, (1.12b)
= T [(1 - ) + ] - (—) . (1.120)

On the contrary, in order to find the relationship between stress and strain in the plane stress
problem, equation (1.8) is substituted in equation (1.10)

- R (1.13a)

- + - (1.13b)

1.1.3. Thermo-optic Smulation Theory

The optic processes where thermal energy exists can result significant nonlinear effects. The
origin of the nonlinearity might be the incident laser power itself absorbed when it passes
through the material and a heater mounted on the waveguide. The change in the temperature
affects the refractive index of the material as well. For gases, the refractive index typically
decreases with increasing temperature (at constant pressure), but for condensed matter its
refractive index can either increase or decrease with changes in temperature, depending upon
details of the internal structure [34].

Thetemperature and the refractive index are related. Thermal effect is mathematically described
asfollows

+ — ( = ) (1.14)

where nisthe final refractive index, no isthe initial refractive index, on/dT is the thermo-optic
coefficient, T is the fina temperature, and To is the initial temperature. The quantity of on/oT
shows dependency of the refractive index, n to a materia given and the (T-To) indicates the
change of the temperature in the waveguide. It should be noted that the thermal effects often
cause a strong time-dependent nonlinear optical phenomenon, even though the change of the
temperature is quite long (in seconds).
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Chapter 2

Modd & Method

The Finite Element Method (FEM) has developed into a key, indispensable technology in the
modelling and simulation of advanced engineering systems in various fields like housing,
transportation, communications, and so on. In building such advanced engineering systems,
engineers and designers go through a sophisticated process of modelling, simulation,
visualization, analysis, designing, prototyping, testing, and lastly, fabrication. Note that much
work is involved before the fabrication of the final product or system. This is to ensure the
workability of the finished product, as well as the cost effectiveness. The processisillustrated
asaflowchart in Figure 2.1. This processis often iterative in nature, meaning that some of the
procedures are repeated based on the results obtained at a current stage, so as to achieve an
optimal performance at the lowest cost for the system to be built. Therefore, the techniques
related to modelling and simulation in arapid and effective way play an increasingly important
role, resulting in the application of the FEM being multiplied numerous times because of this.
Brief information about the software used for the simulations is given and the technical details
such as mesh, boundary conditions etc. about them will be discussed in this section [35].

Fig. 2.1 Processes leading to fabrication of advanced engineering systems. [35]

2.1. What isFEAT ool Multiphysics?

It is the abbreviation of “Finite Element Analysis Toolbox for Multiphysics” and contains
physics, finite element analysis (FEA), and partial differential equation (PDE) simulation
toolbox [36]. The simulations from the numerous fields in physics such as heat transfer, fluid
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https://www.featool.com

dynamics, chemical engineering, structural mechanics, fluid-structure interaction (FSI), and
electromagnetics can be fully modeled. The physics modules embedded in the software can be
used or a PDE equation can be customized via FEATool in 1D, 2D, or 3D [37]. Six buttons
which are located in the upper side of the left panel of the main window of the software
FEATool as shown in figure 2.2. This main graphical user interface (GUI) window is used in
the modeling process. FEATool is employed and used by the academic researchers for, [38]
[39] teaching, [40] [41] and also in the industrial engineering simulation works [42].

Fig. 2.2: Main graphical user interface (GUI) window

In addition, FEATool fully integrates state-of-the-art open source solvers such as FEniCS,
OpenFOAM, and SU2, external mesh generators Gmsh, Netgen, and Triangle, and the post-
processing and visualization tools ParaView and plotly. This enables anyone to use these
solvers and simulation tools without much effort, which otherwise would take a significant
time to understand and learn how to use [43]. Figure 2.2 shows the steps of the model
processing.

Fig. 2.3: Typical data and methods in the procedure of finite element analysis modeling [35]
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2.2. MultiphysicsMode

The equations and coefficients are defined for each domain of the model. Numerous equations
are pre-defined for many topics as the ones, heat transfer and plain stress that are used in the
simulations. Also, FEATool allows to describe and enter the customized the equations
manually.

FEATool Multiphysicsis a fully integrated physics and PDE simulation environment where
the modeling process is subdivided into six steps;, preprocessing (CAD and geometry
modeling), mesh and grid generation, physics and PDE specification, boundary condition
specification, solution, post-processing, and visualization [44].

The simulations for heat transfer and stress analysis in the project are made simultaneously by
FEATool under the mode called as multiphysics environment which is the combination of heat
transfer and plain stress modules in this study. Now, the steps made before running the
simulations will be explained.

2.2.1. Selecting the Dimension

The models are made as 2-dimension (2D) which don’t require a very advance computer and
alarge memory space.

2.2.2. Geometrical Design

This is the step where the shape of the model is created by the geometrical objects such as
rectangles, circles, blocks, and cylinders. Also, more complex shapes can be formed by
extracting or adding the objects each other.

Two models are chosen to be examined. Model 1 shown in figure 2.4 where the microheater
with 20 pym height and 1200 pym width was placed at the top of the waveguide. The core was
chosen as PMMA material with 40 ym width and 1600 pym width, the cladding as monomer
with 20 pym height and 1600 ym width. Model 2 is shown in figure 2.5 where the microheater
had a 20 ym height and 1200 uym width. The heater is buried inside the middle of the top
cladding. It is also made up of the polysilicon materia. The coreis chosen as PMMA materia
with 40 pym height and 1600 um width. The cladding as monomer had an 80 um height and
1600 ym width. The coordinate system starts from the bottom left corner which is taken as (0,
0) for the x- and z- axis. The shorter side is taken as x-axis and the longer side where aso the
light propagates is the z-axis.

X
A

v
N

Fig. 2.4: Geometry of model 1
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Fig. 2.5: Geometry of model 2

2.2.3. Mesh Generation

Mesh can be generated for the domains created in
geometry or imported models. The fast and efficient 2D
mesh and grid generator, Triangle, by J.R. Shewchuk’s is
fully integrated with FEATool Multiphysics [45][46][47].
Advantages of using Triangle compared to other built-in
grid generation functions is firstly the overall speed, as it
is one of the fastest 2D unstructured mesh generators
available (completely written in C code). Moreover,
Trianglefeatures better support for specifyingthe grid size
in different subdomains and geometry regions, as well as
on boundaries, allowing for greater flexibility and higher
quality grids adapted to specific problems and geometries
[48].

Figure 2.6 shows an example of unstructured grid for a
finite element analysis mesh where Triangle method by
J.R. Shewchuk’s is used.

Fig. 2.6: An example of unstructured grid
for afinite element analysis mesh

The denser or finer grids lead to a more accurate solution. The information from two
neighboring points on the domain might be the same or not distinguishable if the mesh is not
set well. In order to get the most accurate results for the parameters needed (e.g. Temperature,
stress, strain, deformation). The grid size of the models shown in the previous part is chosen as
6.1e-6 m which is smallest possible in the software. Figure 2.7. a, model 1 and 2.7. b, model 2

show the meshes.

Fig. 2.7. a Mesh of model 1
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Fig. 2.7. b: Mesh of model 2

2.2.4. Definition of the Equations

Equations (PDEs) and model coefficients are specified in subdomain/equation mode to
describe the physical phenomena to be modeled. Equations are pre-defined for many types of
physical phenomena like for example heat transfer, structural strains and stresses, and fluid
flow. In addition, FEATool also alows arbitrary and custom systems of PDE equations to be
described and entered [49]. Now, the equations used for the ssmulations in this project will be
explained.

Heat is transferred by the conduction for our case. Therefore, we extracted the parts for
convection and radiation from the equation. We used the Mathematical equation below in the
thermal simulation is

+ V(= V)= [50] 2.1)

where T is the temperature, p is the density, Cp is the specific heat, and k is the thermal
conductivity. To istheinitial temperature at each point of the waveguide which is taken as 20
°C. The parameters used in the simulation are as followed

p [kg/m?] Cp [Jkg*°C] | k[W/m*°C]
Monomer 940 1890 0.147
PMMA 1190 1500 0.25
Microheater (Polysilicon) | 2320 678 34

Table 1: The parameters used in the thermal simulation

Mathematical equations are used as below for the plain stress simulation.
pu-E/(1-vd) ((uk+vvy-(1+v)aT)+(1-v)/2(uy+vy)) =0, (2.29)

pV -E/(L-v) (Vuc+vy-(1+v)aT)+(1-v)/2(uy+vy))=0[51] (2.2b)

Here, p is the density, u is the displacement along the x axis, E is the Young’s modulus, v is
the Poisson’s ratio, v is displacement along the y axis, a is the thermal expansion coefficient,
T isthe temperature. Initial temperature is considered as 20 °C. The left and the right sides of
the modelsin Fig. 1 are fixed in the simulation. The parameters used in the simulation are as
followed.
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p [kg/m?] | E[GPd] |v o [KY
Monomer 940 3.3 040 | 72.22e6
PMMA 1190 2.76 037 | 22.25e6
Microheater (Polysilicon) | 2320 160 022 |26e6

Table 2: The parameters used in the stress and deformation analysis

RF module in COMSOL multiphysics software with the appropriate boundary conditions is
used to make the optical simulation. Also, we used the heat transfer module simultaneously In
order to see the effect of temperature on the index of refraction. The equation below is used to
make the simulation of the mode analysis and get the effective modal index.

V +V + — (,) = — [52] (23)

derived from Maxwell’s equations, where E is the transverse electric field, A is the wavelength,
n(x,y) is the refractive index distribution and net is the effective index (wave equation
eigenvalue). The initial refractive index, no of the core and cladding are taken as 1.4885 and
1.412 respectively.

2.2.5. Boundary Conditions

They must be prescribed on the geometrical boundaries to account for interactions with the
surroundings outside of the modeled domain. For time dependent problems initial conditions
must also be given at the start of the simulations. Figure 2.8 and 2.9 illustrates the boundaries
for the upper and buried microheater models and the boundary conditions used in the softwares
will be explained for each simulation.

Fig. 2.8: Boundaries of model 1

The boundary conditions for the heat transfer module are set as T= Ty for all the boundaries
related to monomer and PMMA materias, numbered from 1to 8 infigure2.8and 1to 5, 7, 8,
9, 10, in figure 2.9 and T=T microheater fOr the microheater for the boundaries numbered as 9, 10,
11, and 14 in the first figure and 6, 13, 14, and 15 in the second figure. Interior boundaries of
the claddings and the core numbered as 12 and 13 in thefirst model and 11 and 12 in the second
model are set as continuity which accepts the core and the cladding parts as whole for the heat
transfer.

Fig. 2.9: Boundaries of model 2
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The boundary conditions for the plain stress modul e are made for the upper microheater model.
In order to get the boundaries on the left and the right sides of the waveguide shown in figure
2.7 fixed, the displacements of the boundaries 2, 3, 4, 5, 6, 8, and 9 are set asu und v for x- and
Z- axis. Hence, the waveguide is not able to elongate in the | eft or right directions.

Impedance boundary condition for RF module of the optical simulation is applied to boundary
5infigure 2.8 in order to mode analysis.

2.2.6. Solving/Computing of the Problem

In the previous steps, the problem is specified completely. Now, asuitable solver mentioned in
the first part of this chapter can compute the discretized system and solve the simultaneous
equations for the field variables at the nodes of the mesh. Thisis the most computer hardware
demanding process. Different software packages use different algorithms depending upon the
physical phenomenon to be simulated. There are two very important considerations while
selecting an algorithm for solving a system of equations. one is the storage required, and
another isthe CPU (Central Processing Unit) time needed [53]. FEATool doesthiswork either
by default MATLAB linear solvers or use an external one such as FEniCS, SU2 CFD, or
OpenFOAM solvers.

2.2.7. Visualization/Postprocessing of the Result

The digital data which is obtained by solving the equation in the previous section is usually a
large volume. The results have to be visualized in such a way that it is easy to interpolate,
analyze and present. The visualization is performed through a so-called post-processor, usualy
packaged together with the software. Thisthe place where any information such astemperature,
deformation etc. for any point or a 2D cut line chosen can be obtained. The object can be
displayed in the form of wire-frames, group of elements, and groups of nodes. The user can
rotate, translate and zoom into and out from the objects. Field variables can be plotted on the
object in the form of contours, fringes, wire-frames and deformations. Usually, there are also
tools available for the user to produce iso-surfaces, or vector fields of variable(s). Tools to
enhance the visua effects are also available, such as shading, lighting and shrinking.
Animations and movies can aso be produced to simulate the dynamic aspects of a problem.
Outputs in the form of tables, text files and x-y plots are also routinely available. [53] The
examples can be seen in the last chapter of the report.
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Chapter 3

Results

The project outcomes for the simulations will be presented in this section.

3.1. Thermal Simulation

Heat transfer module with appropriate boundary conditionsin FEATool multiphysics software
is used to make the simulation which is explained in the previous chapter. Thermal simulation
is performed on the models for the different temperatures from 20 °C to 200 °C and the time
range until the thermal equilibrium is reached in the fiber optic. Line 1(L1) isaong the central
axis of the core where the analysis of temperature, stress, and the refractive index are made.
Figure 3.1. aand b illustrate the models, those were used in the simulations.

Fig. 3.1. a Model 1 Fig. 3.1. b: Model 2

It isseen invideo 3.1.aand video 3.2.athat the heat energy propagates through the waveguide
in the downward direction until the thermal equilibrium is established for both of the models.

Video 3.1. a Thermal distribution for model 1

Video 3.1. b: Thermal distribution for model 2
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The points as a reference in the core along L1 at the coordinates, (1000um, 40um) and
(1000pm, 100um) for the models respectively are chosen at the right down posititon of the
mid-point of the microheater in order to observe the temperature change over the time. The
figure 3.2. aand b illustrate it. From the data which is obtained for the time increments of 0.25
msfor thefirst and 0.1 msfor the second models. It isinteresting that even though, the models
have al the materials same except the design, they don’t have the same temperature profile.
For the first model, the profile has an increase in temperature for 3.75 ms until 108 °C. The
change is not significant after this point for 3 ms until the thermal equilibrium is established
whichisat 110 °C. This happens at 6.75 ms + 0.25 ms. Temperature increases for 4.3 ms until
141 °C for model 2. The changes after this temperature are is not significant and achieved the
equilibrium. It isonly 2 °C increase for 2.7 ms until the thermal equilibrium which is 143.688
for the model. This occurs at 7 ms £ 0.1 ms. This model’s temperature profile changes
uniformly between 0.7 msand 1.9 ms. The changeisabout 5 °C for each 0.1 mstimeincrement.
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Fig. 3.2. a& Temperature-Time graph for model 1 Fig. 3.2. b: Temperature-Time graph for model 2

In figure 3.3 blue and orange lines represent
the model 1 and the model 2 respectively 160
which show the temperatures along L1 140
where there is a sharp inclination in the
temperatures for the microheater at the top
and in the other hand, uniformly
temperature distribution can be obtained
where the heater is buried. The temperature
distribution in vertical direction is gradient 40
and inhomogeneous, because the 20
microheater is only on one side of the
waveguide. 0 200 400 600 800 1000 1200 1400 1600
Length along L1 in um
Figure 3.4. a and b show the thermal Fig. 3. 3: Thermal distribution along L1 for model 1 and
distributions for the polymer waveguides model 2
when the microheater is placed at the top and inside the upper cladding, respectively. The
temperatures on the temperature contours along the line which is perpendicular to L1 and the
propagation are obtained for the line from the mid-point of the microheater. Note that the x
axis and the z axis have different scales. The dark red color and the dark blue color in the color
schemeindicate the highest and the lowest temperatures respectively and the room temperature
isequal to 20 °C.
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Fig. 3. 4 aand b: Temperature distributions for model 1 and model 2

3.2. Stressand Deformation Analysis

Stresses can cause anisotropic and inhomogeneous distribution of the refractive index. [23]
Commercidly available Finite Element Anaysis solver software by FEATool Multiphysics
was utilized to get generated stress and the modulation solves the stress and the modulation in
the index of refraction for the waveguide. The data about the stress is obtained by FEATool
Multiphysics plain stress module with proper boundary conditions for the models which are
shown in thefigure 3.5. aand b.

Dark red color and dark blue color show the maximum and the minimum deformations regions
in the waveguide respectively and the red arrows indicate the magnitude and the direction of
the deformation. On the left and the right sides, the deformation occurs very dlightly in the
downward direction and very strongly in the upward direction from the middle in the first
model. In the second model, the waveguide is stretched in the downward direction from the
left and theright side very slightly and in the upward direction from the middle part profoundly.
The scales of the models in the figures are exaggerated by the tool in the software in order to
see the deformation effectsin the regions of the waveguides clearer.

Fig. 3.5. a: Deformation distribution for model 1
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(@)

(b)

Fig. 3.5. b: Deformation distribution for model 2

In the deformation analysis, it is obtained in the plain stress ssmulation where the left and the
right sides of the waveguides are fixed that the waveguides are deformed by 831.29 nm and
488.112 nm in the y axis respectively which are shown in figure 3.6. aand b.
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Fig. 3.6. a: Displacement-L ength graph in x-axis for
model 1
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Fig. 3.6. b: Displacement-Length graph in x-axis for
mode 2

Theleft sides of the waveguides are fixed only to find the maximum possible el ongations along
L1 which reaches to the maximum values of 1.4 ym and 1.62 pm respectively. It is shown in
figure 3.7. aand b. Theright sides of the waveguides are free to get elongated.
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Fig. 3.7. a: Displacement-Length graph along L1 for
model 1
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Fig. 3.7. b: Displacement-Length graph along L1 for
model 2
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Infigure 3. 8. aand b and figure 3. 9. aand b, it can be inferred that refractive index and stress
act dependently. In order to find it out, the relationship between the change in the refractive
indices, An and stress along L1 are examined for the both of the models at 200 °C respectively.
This relationship can be seen where the changes are marked by the red circles. It is found that
they have astrong negative correlation. Thisisvalid for the modelsboth. But it isnot noticeable
in the second model as profound as the first one.
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Fig. 3. 8.a: Refractive index change-L ength graph Fig. 3. 8.b: Stress-Length graph along L1 for
along L1 for model 1 model 1
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Fig. 3. 9. a: Refractive index change-Length graph Fig. 3. 9. b: Stress-Length graph along L1 for
along L1 for model 2 modd 2

3.3. Thermo-Optic Simulation and Analysis

RF modulein COM SOL multiphysics software with the impedance boundary condition is used
to make the optical simulation. Also, we used the heat transfer module simultaneously in order
to see the effect temperature on the index of refraction. The data is obtained for TEM mode
anaysis as shown in figure 3.10. aand b. The results showed that a noticeable difference does
not exist on the waveguide by temperature. Therefore, theinitial values are taken here. It is not
seen by abare eye. But the difference can be seen in the effective mode indices of TEM modes.
The effective mode index values for eectric field and magnetic field are 1.1676 V/m or A/m
before heating 1.11322 V/m or A/m after the heating. The TEM modes with and without the
temperature are shown as same in the figures.
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Fig. 3.10. a Transverse electric mode without heating for model 1

Fig. 3.10. b: Transverse magnetic mode without heating for model 1

Figure 3.11. aand b illustrate the change in the refractive indices of the core and the cladding
for both of models of the waveguides which areinduced by the temperature. Asit is mentioned
inthethermal simulation part that the thermal distribution isuniform for the buried microheater
and thislowers the index of refraction more compared to model 1.
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Fig. 3.11. a Refractive | ndex-Temperature graph for Fig. 3.11. b: Refractive Index-Temperature graph for
the core and the cladding for model 1 the core and the cladding for model 2
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Chapter 4

Conclusion

Thethermal analysis, the stress analysis, and the optical characteristics of polymer waveguides
where the microheater is mounted at the top for the first model and inside the upper cladding
for the second model are studied in thiswork.

Temperature gradient is observed for the first model and the core and the surrounding regions
and the waveguide is heated uniformly in the second model. This shows that the buried model
is much suitable and faster for the heating uniformly. Also, the model is ideal to be used
between 25 °C and 90 °C. The temperature of the core increases uniformly in this range.

The deformation is less in the buried model than model 1. Also, stressis not effective on this
model as much as model 1.

Therefractive index decreases by temperature for both of the models. The refractive index can
be tuned in the broader range for model 2 than mode! 1.

Because of the reasons stated above, the second model is preferred to be used for awaveguide.
The model can serve as the platform for optical integration. The tunable Bragg filter can be
realized by it [54]. Also, it can be used for the tunable lasers.

This study has similar results to [55] in temperature distribution, [12] in T-t graph, [56] in
temperature contour distribution, [57] and [13] in refractive index change.
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