INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment

can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materiais (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with small overilaps. Each original is also photographed in
one exposure and is included in reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

®

UMI

Bell & Howell Information and Leamning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600






University of Alberta

Passive and Electrooptic Polymer Photonic Devices

David Weldon Boertjes ©

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment
of the requirements for the degree Doctor of Philosophy.

Department of Electrical and Computer Engineering

Edmonton, Alberta

Spring, 1999



(Ld |

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliotheque nationale
du Canada

Acquisitions et )
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre rélérence
Our fila Notre raldrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neither the droit d’auteur qui protege cette these.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre impnmeés
reproduced without the author’s ou autrement reprodutts sans son
permission. autorisation.

Canadi

0-612-39506-5



University of Alberta

Library Release Form

Name of Author: David Weldon Boertjes
Title of Thesis: Passive and Electrooptic Polymer Photonic Devices
Degree: Doctor of Philosophy

Year this Degree Granted: 1999

Permission is hereby granted to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for private, scholarly, or scientific
research purposes only.

The Author reserves all other publication and other rights in association with the
copyright in the thesis, and except as hereinbefore provided, neither the thesis nor any
substantial portion thereof may be printed or otherwise reproduced in any form whatever

without the author’s prior written permission.
- ¢
s

~ z /
477 Terrace Street,
New Glasgow, NS B2H 5J6

Date: lééef‘ 23/ / 70/'/?



University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty of Graduate
Studies and Research for acceptance, a thesis entitled Passive and Electrooptic Polymer
Photonic Devices by David Weldon Boertjes in partial fulfillment of the requirements for
the degree of Doctor of Philosophy.

y./ F. Vaneldik

/% m@q/

F. E. Vermeulen

e
S. K. Dew
J.L. meold
~ \¥
ez ™~

D. Irvine-Halliday, External Examiner

Date: éd 22 [fﬂ .



to my family



Abstract

Polymeric materials are of great interest in current photonic research for reasons
of cost and versatility. This thesis presents a collection of work in three research topics
that are unified through the use of polymers in photonic devices. The topics covered are:
a unique formulation of the beam propagation method for the accurate simulation of
waveguide bends; the analysis of a novel graded effective index polymer waveguide
structure; and the design, fabrication and testing of a 2X2 polymer electrooptic

modulator/switch.

The beam propagation method described is a three-dimensional simulation tool
whose novel aspect is the retention of the full form of the wave equation in cylindrical
coordinates. The result is an increase in the predicted losses of bent waveguides over the
methods previously reported, which are significant for bending radii much less than one
millimeter. Previous methods make simplifying approximations that are only valid for

large radii of curvature.

The graded effective index planar polymer waveguides presented are novel
structures that have not been previously analyzed. The theory and subsequent
simulations of the structures match well to the experiments that were performed, and,
having no free parameters, demonstrate that the underlying phenomenon is well
understood. Applications of these waveguides are proposed in coarse wavelength
division multiplexing and waveguide optical amplifiers. Both of these applications
employ the useful capability of these structures to tailor waveguide dispersion to offset

material dispersion.



The design and fabrication of a novel polymer electrooptic modulator/switch is
presented herein. The device employs a unique combination of optical materials, namely,
fused silica and electrooptic polymer. The electrical portion of the device uses coplanar
waveguide electrodes to both pole and drive the device. The device geometry is novel in
that the coplanar waveguides are velocity matched to the optical waveguides creating a
travelling wave modulator. Optical loss in the fabricated devices was high (>60dB) due
to problems in the fabrication process. Modulation was measurable only at low
frequencies because of the high optical loss; however, electrical measurements suggest
that the devices would meet the design criterion for modulation bandwidth, being able to

transmit >10Gb/s signals.
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1. Introduction

The world we live in requires communication on many levels, the most basic of
which is human-to-human. Indeed the invention of the telegraph and the telephone were
answers to this need that irrevocably changed our world and resulted in the creation of
widespread telecommunications networks. A similar revolution has occurred in
electronic computing devices that has resulted in the need for communications from
computer-to-computer. Today, these needs are echoed in the demand for higher
bandwidth telecommunications and similarly in computing as a demand for higher

processing speeds.

Light is undoubtedly a most attractive means for communication. The photons of
which light is comprised do not readily interact with each other except by means of an
intervening particle, and therefore, to a large degree, are immune to the effects of
electromagnetic interference. The invention of optical fibres has revolutionized
telecommunications and their potential bandwidth is only now beginning to be exploited.
Wavelength Division Multiplexing (WDM) is a maturing technology that allows multiple
wavelength channels to be carried on a single fibre span. Optical amplification is another
technology that is expanding the capability of fibre optic networks. Maximizing the
speed of transmission and the number of wavelength channels carried on a fibre is a step
along the way to full utilization of the existing fibre base and a response to the increasing

demand for network bandwidth.

Computing devices too may experience a revolution in the near future as
processing speeds place higher demands on conventional electronics. Communications
inside a computer on a board-to-board or perhaps a chip-to-chip level may benefit from
the implementation of optical interconnection, because, as frequency increases electrical

interconnections experience higher losses and crosstalk [1]. Optical interconnection



provides a means to achieve the same function while consuming less power which
alleviates some of the problems of heat dissipation in integrated circuits. In addition, the
higher integration densities can be achieved in optical interconnects because of the
reduced electromagnetic coupling between adjacent channels compared to electrical
connections. For these reasons, photonic devices are under intense research for

application in computing devices.

Optical devices implemented in planar structures are of current interest in
photonics research. Planar waveguides are attractive, as they are compatible with
integration into conventional electronics. Many levels of integration can be identified:
monolithic integration combines optical waveguides and electronic components in the
same semiconductor material system; hybrid integration employs different materials for
the optical and electronic devices which are integrated onto a single substrate; and
integrated optics incorporates the necessary waveguide structures onto a single substrate
to perform some optical function. The types of devices integrated into these structures
can be divided by function into the categories passive and active. For example, passive
waveguide devices provide such functions as power splitters/combiners, filters, etc.
Active devices, sometimes termed integrated optoelectronic devices, include modulators,
switches, amplifiers, etc. Having a framework for the applications of photonics, it is then
important to develop tools for the efficient design and simulation of the types of

structures used in such devices.

1.1. The Beam Propagation Method

One aspect in the design of photonic devices is the prediction of the optical fields
throughout the waveguide structures. Properties such as losses, phase information, mode
distributions, etc. must be ascertained in order to predict the performance of a device.

The Beam Propagation Method (BPM) is the tool of choice for the simulation of optical



waveguides. Figure 1.1 shows a schematic of the type of problem which can be solved
using the BPM. The structure shown is a dielectric optical waveguide in which the
propagation of light will be dominantly in the z-direction. The method used a step-wise
approach which “propagates” the solution from calculation plane to calculation plane. A
known light distribution, or in particular electric field distribution, is the starting point
introduced on the first calculation plane on the left-hand side. This known “solution” is
then used to find the solution on the next calculation plane a distance Az away. In this
way, the method is computationally efficient as it only needs to work on a single
calculation plane at a time which drastically reduces the amount of storage needed as

compared to methods which must store the entire calculation volume, i.e. all planes along

? [y

T )
- {
fm;

.//

Z.
calculation planes

H
1

l {
7~ ]
propagation direction’

Figure 1.1: An example of a simulation which could be performed by the BPM. The
light enters the structure on the left-hand side and is “propagated™ in a step-wise manner
through the structure using the solution from the previous calculation plane to obtain the
solution on the following calculation plane.

A problem of particular interest for integrated optic devices is that of bent
waveguides. In order to fabricate devices in the smallest space possible it is often
necessary to use bent waveguides. The minimum radius of curvature that can be
tolerated depends on the waveguide structure and the acceptable loss for propagation
through the structure. Chapter 2 presents a novel formulation of the BPM that is
implemented in cylindrical coordinates which is therefore able to model waveguide
bends. In addition, by introducing a variable radius of curvature, which is made to match
the local radius of curvature of a waveguide structure, the BPM can model arbitrarily
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bent planar waveguide structures as the concatenation of small circular arcs. The
described method is unique in that it retains the full form of the scalar wave equation

unlike the methods that have been reported previously.

1.2. Planar Polymer Waveguides

As mentioned previously, optical waveguides have applications as interconnects
for electrical components. In particular, step index multimode (MM) waveguides have
been extensively researched for this purpose as they are easy to fabricate, exhibit low loss
and have good coupling properties to sources and detectors. For board-to-board scale
interconnects, where propagation distances can be on the order of a meter, dispersion

may limit the bandwidth (BW) of the optical connection.

In the early days of optical fibre, before the widespread use of singlemode (SM)
fibres, graded index fibre was employed to reduce the dispersion penalty associated with
step-index structures. In fibre with the appropriate gradation of the index, the dispersion
can be reduced by three orders of magnitude when compared to a step-index structure of
similar dimensions. In Chapter 3 a novel type of waveguide structure which exhibits
graded index behaviour is presented [2]. This structure has the potential to increase the
BW of board-to-board scale interconnects in the same way as graded index optical fibre

has increased the BW of multimode fibres.
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Figure 1.2: (a)top: typical step-index profile and bottom: corresponding realization in a
planar waveguide. (b) top: typical graded-index profile and bottom: corresponding
realization in a planar waveguide.

Figure 1.2 shows a schematic representation of the two types of MM waveguide.
The curved boundary of the waveguide shown in Figure 1.2(b) tends to confine the light
to the center of the waveguide in a way similar to the effect of a graded index in an
optical fibre. Since these waveguides were fabricated in polymer, they have been termed
graded effective index planar polymer waveguides. The applications of these waveguides
are not only in interconnects but also have been identified in coarse WDM and

waveguide optical amplifiers.

1.3. Electrooptic Polymers

Polymeric materials are currently the focus of a great deal of photonic device
research. Among the reasons for this is their intrinsic versatility. They can be cast into
shapes that may be difficult to achieve in other optical materials. Another attraction to
polymers is cost. Not only does polymer often cost less than other optical materials but

also the patterning of the polymer is compatible with standard photolithographic
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techniques. Polymers can also be functionalized through the addition of active
components that permit the material to exhibit a wanted effect such as the modulation of
light intensity with the application of an electric field, i.e. the electrooptic effect. A

polymer can be made electrooptic through the addition of an organic dye molecule.

Chapter 4 details the design, fabrication and testing of a novel electrooptic
polymer device. An electrooptic polymer is used to form a generalized Mach-Zehnder
waveguide interferometer that has two inputs and two outputs. The switching function is
achieved using voltages applied to gold electrodes fabricated in the form of microwave
coplanar waveguides. The velocities of the signals on the electrical and optical

waveguides are then matched to achieve high BW.

This device has direct application to telecommunications as an external
modulator. The high-speed signals needed in transmission networks can prohibit the use
of direct current modulation of a laser diode. Even when it is possible to use this form of
modulation, it is often the case that a better modulated optical signal is obtained by using
an external modulator. The external modulation also allows the laser to operate in a
constant current mode which improves the stability and extends the lifetime of the device.
Stability, especially of the emitted wavelength, is increasingly important as WDM
systems compress more channels into the relatively small wavelength window offered by

Erbium-Doped Fibre Amplifiers (EDFAs).



2. The Coordinate Transform Beam Propagation Method

2.1. Introduction to the Beam Propagation Method

The beam propagation method (BPM) has become one of the most popular tools
for the design and analysis of integrated optical devices. The method was first developed
using a split-step fast Fourier transform technique (FFT-BPM) to solve the scalar wave
equation and was applied to graded index optical fibres [3]. Since then, many
modifications to this algorithm have been made, such as the finite difference BPM (FD-
BPM) which allows semi- [4] and full- [S] vectorial formulations, and the application of
transparent boundary conditions [6]. Vectorial FD-BPMs have been implemented in 3D
simulations. However, this extension is simple only for the paraxial approximation.
Even wide-angle propagators, which require no extra computation in the FFT-BPM,
become cumbersome in 3D FD simulations. These problems are usually overcome by
using a series expansion of the propagator, the terms of which are applied in succession.
Even for modest sized grids (with NX by NY points), 3D FD-BPMs require the solution
of a matrix equation containing (NX*NY)? elements which is best handled using sparse
mairix linear algebra. After considering these complications, the computation time

advantage of FD-BPMs for 3D simulations is all but lost.

There are also classes of problems well suited to the FFT-BPM; i.e. structures
having small index differences [7]. For example, there are material systems which are
currently being investigated for use in integrated optics, such as glasses and polymers,
which, when used to construct singlemode waveguides typically have index variations of

only a few percent [8]. In addition, the design of integrated optical devices usuaily

A version of this chapter has been submitted for publication in Microwave and Optical
Technology Letters in August of 1998.



employs bent waveguides. It is therefore important to model the propagation

characteristics of these bends, such as losses and mode shapes.

The problem of bent waveguides has been treated in numerous ways. Many non-
BPM analyses have focused on slab waveguides (2D case) [9-11] while others have
concentrated on a particular geometry of interest such as optical fibres [12-14]. The
simplest method of including a radius of curvature in a BPM is to transform a curved
waveguide into an equivalent straight waveguide by introducing a modified refractive
index profile. This method has been applied in 2D simulations resulting in an Index
Modification-BPM (IM-BPM) [15-18]. Other 2D BPMs have departed from the IM-
BPM by using methods such as: a rotating grid at each step [19], the Galerkin method in
polar coordinates [20], or finite differences in polar coordinates [21]. 3D IM-BPMs have
been demonstrated using paraxial [22,23] and wide-angle propagators [24]. The method

of lines has also been applied to 3D modeling of curved waveguides [25].

In this chapter, an adaptation of the 3D wide-angle FFT-BPM to cylindrical polar
coordinates is presented. In addition, by introducing a continuously variable radius of

curvature, the grid is allowed to follow arbitrary paths.

2.2. Simulation Model

2.2.1 FFT-BPM in Cylindrical Coordinates

The usual starting point to derive the FFT-BPM is the scalar wave equation,

a(_ o 9? 9’ )
[ra—r(ra—r)+ Y +r2—a?+ rzkjn-JE =0, (2.1)

given here in cylindrical coordinates where n is the index of refraction and k, =27/4. It

is convenient to set up a local coordinate system for the computation space of the BPM, a



distance R from the origin along the r axis (see Figure 2.1). Therefore, let r = y + R and

Z=R86.

A0 two successive
planes in calculation

path for simulation
to follow

Figure 2.1: An example of an arbitrary path for the simulation to follow. The shaded
area shows the calculation window for a single step in the propagation. The local
coordinate system, shown to the side of this area, is centered on the centerline path.

In two dimensions, it is possible to find a conformal mapping which transforms
the polar wave equation into a Cartesian-like wave equation for which the form of the
BPM is well known [10]. This is equivalent to the coordinate transformations:

u=RIn(r/R) (2.2a)
z=R6. (2.2b)
Using the same coordinate transformations in the 3D case, equation (2.1) can be rewritten

as

[:; + aauzz + aaxzz +[e% ~ 1]%%3;?“;:2]5 =0. (2.3)
This equation has the same form as the Cartesian wave equation with the exception of an
extra factor, exp(2u/ R), in front of the index of refraction, and an extra term,
[exp(2u/R)—1]0% /9x*. This extra term is dropped in the IM-BPM and the
approximation « = y is made which is only valid for large radii of curvature. The extra
factor, exp(2u/ R), is then taken together with the index of refraction to create a

modified index profile.
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Figure 2.2: Schematic representation of the effect of curvature on the mode in a
waveguide. The dashed line is the modified index profile which results from the bending
radius, and the solid line represents the electric field of a mode. This mode experiences a
loss due to radiation (shown as the sinusoidal portion) leaking out of the guide into the
higher index region.

Figure 2.2 shows a schematic representation of the effect of curvature on the modified
index profile of a waveguide and the resulting leaky mode which loses light to radiation

on the outside of the bend.

The method described herein differs from the IM-BPM in that it retains the fuil
form of (2.3) to derive a Coordinate Transform BPM (CT-BPM). The assumed equation
given below can be shown to be consistent with equation (2.3) and is the form necessary
for use in a BPM algorithm:

§£=—i.13+RE (2.4)
0z

where the choice of sign implies that one direction of propagation has been assumed and

2 2
b= a"’u ! +a%2‘+ K2 (2.5)
R=W+X (2.5b)
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and

W= k:(e:‘?nz —nlz] (2.5¢)
u 2

)2:(& —1jaaz. (2.5d)
X

A uniform background index, n,, has been chosen where k, =k n,. D is the usual
diffraction operator and R is our new refraction operator. R is composed of two parts,
W and X , where W is the usual refraction operator with a modified index of refraction
X is an extra diffraction operator, acting in only the x-direction, which accounts for the
increased size of the grid cells as u increases. The conventional R of the split-step FFT-

BPM is regained as R — oo (straight propagation). Following the usual approach, the

formal solution to (2.4) is
E(z+A2) =exp(—iV D + RA2)E(2), (2.6)
where the exponential is called a propagator because, through its application, it

“propagates” the solution from one plane in z to the next. The square root can be

expanded in the approximate form

2.7)

The problem at this point is to find a way of finding the solution, (2.6), in steps using
(2.7). In the conventional FFT-BPM, it is recognized that the D operator is diagonal in
Fourier space and the R operator is diagonal in real space. Since the two do not

cominute, the splitting of steps is done in the following way:

exp[(\/_ﬁ_ +-2R—;—)Az] - exp[J_D“_ %} exp|:£l- Az} exp[\/—b_ %] rola]. 8

11



The repeated application of (2.8), to propagate through multiple steps, allows the collapse
of two half steps of diffraction for each step in z; this is the classic split-step FFT-BPM

[3].
The final form of (2.7) has three operators, thus, an expansion similar to (2.8)

must be found:

exp| —i \/—DT+—K+—X— Az | =exp|—i DAAZ-}exp —iiE exp ——ilAz
2k, L 2 i 2k

2k, 2k, 2 .
_ . ~ (2.9)
. X Az J':Az 3
Xexp| ~i——|expl —ivD — |+ O|Az
o i o] /B2 |1 olsc']

There are two advantages to this order of expansion. Firstly, the original propagation
formula, (2.8), is regained directly for straight propagation. Secondly, the X operator
requires only one-dimensional FFTs (and inverse FFTs) and is therefore best applied
adjacent to the D operator which is applied in Fourier space. To see the benefit of this

expansion, it is useful to show how the transforms fit into the evaluation of a single step;

] _[Z Az X Az W
Zexp| —iVD —|Z, exp| —i—— |Z exp| —i— Az
vy p[ 2} ) p[ 2%, 2J p[ 2%, J

A~

xF™ exp[—iiiz}@." exp[—i 5$A_z_:|§ .
¥ 2 £y

(2.10)
2%k, 2

where & denotes the forward and reverse Fourier transferms with respect to the
specified variables, and the tilde on an operator indicates that it has been appropriately
transformed. Repeated application in the main loop of the program, allows the
cancellation of the two 2D transforms and the collapse of the two half steps of diffraction
into a single full step. When using the row-column method to perform the 2D FFTs, this
algorithm devotes the same number of computation steps to the FFTs as does the classic
BPM (inside the main loop). The only extra computations are the multiplications needed

for the application of the X operators (for constant radius bends).
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2.2.2 Derivation of the Propagator

An electric field defined at a point, z, on a plane perpendicular to the direction of

propagation, can be propagated through a step of Az using (2.9)

E(z+02) =exp| Bz ]exp[-z——ﬂ exp[—ilAz]

2,
"~ @.11)
X exp —ii—AziJexpl:—i\/DT% E(z)

The form of each of the operators must be found starting with the diffraction operator,
along with which the slowly varying envelope approximation is applied, i.e.

E(2) = exp|— ik, z]F (z) (2.12)

and

E(z+Az) =expl— ik, (z + A2)|[F(z + Az), (2.13)

where F is like the E-field but with the fast variation removed. Applying a full step of

diffraction using (2.5a) to E and substituting F, the exponential can be written

v
exp| iAz A (2.14)

k, +/V? +k}

where

, 9 9?7
V.= ;
" ou? +8x2

(2.15)

By taking a 2D Fourier transform, V> — —¢q?, where §, is the variable used in the
transform to replace 7, (the position vector in the x-u« plane). Then a full step of

diffraction is evaluated (in Fourier space) as the following:

(2.16)

. @ |
exp| iAz .
[kl +Vk|2 _‘1:2 }
A full step of refraction using (2.5c) is similarly applied (in real space) as:
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2u
exp[i koA [nf —e anﬂ. (2.17)
2n,

The X operator from (2.5d) also requires the use of the Fourier transform, though only
in one dimension, having the effect of replacing d*/dx* with —g2. Thus, a full step of

x-diffraction is applied (in x-Fourier, u-real space) as:
Az 2

expli—1|e® —1|g:|. 2.18

fis ] s

2.3. Numerical Implementation

The BPM is evaluated on a 3D grid, which is able to follow an arbitrary path,
such as that of a curved waveguide. This is achieved in two steps; first, a centerline path
is defined, and second, the cross-sectional refractive index profile at each point is
determined. The path is used to find the local radius of curvature, R. As R changes so
does the spacing of u along y. For each step R is changed, the E-field is interpolated onto

the new grid using a cubic spline.

The Fourier transforms used in the derivation of (2.16) and (2.18) are
implemented using the fast Fourier transform (FFT) algorithm. The effect of discretizing

the transform must be considered, and can be lessened by substituting:
ey o 2\ . ,(q.Ax 2\ . L q.Au)
P 5 gi=gl+ 2=(—) sin?| 22— +(——) sin?| 22— 2.19
4 =4, =4, t4, Ax 2 A > (2.19)
in all previous expressions [26].

The cyclic nature of the FFT causes fields leaving the simulation window through
one side of the grid to reenter on the opposite side. Absorbing boundary conditions are
used to remove this unwanted radiation from the calculation area. The following

simulations used a raised cosine absorber function, ¢, defined as [24]
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2 \ Tmax — Xg2
olx,y) =1 [~ 3 2.20
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—_— cos| 7| ———=— +a area3
2 \ Yoax — Ya2
r r ( 3
1— ) 2 —_—
2T win {1 4 cos| n] o X +a,, area4
2 \ %al ™ Xrmin
|1 area5

where @, is the smallest value @ may attain, X,;,%,2, Ya1» Y2 » Xmin » Xmax » Yerin » 204 Y
are boundaries for the grid and the absorber as shown in Figure 2.3. At each step the E-

field is multiplied by this matrix to achieve the proper attenuation.
A

Yimax
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xu ! X,

Figure 2.3: Geometry of the absorber used to eliminate radiated fields. The darker the
shading, the higher the attenuation.

Since the BPM will be used in the calculation of losses, numerical attenuation (or
gain) must be minimized. The source of numerical loss in the FFT-BPM is the wide-
angle diffraction operator, as given in equation (2.16). When small transverse grid
spacings are chosen, g, can be greater than k, for a portion of the grid, causing the
square root in (2.16) to become imaginary. This introduces an artificial loss into the

calculation. The simplest method to correct for this loss is to perform a renormalization
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of the diffraction step. For numerical efficiency, a renormalization factor is accumulated
over many steps and applied later. Since the other operators are unitary (for the
simulation of lossless structures, i.e. n is real), this method ensures conservation of
power. Note also that this renormalization is applied in the implementation of the IM-

BPM for the simulations described in the following section.

It is important to note that the split-step BPM algorithm has an advantage over FD
methods for the elimination of numerical attenuation in that the source of this attenuation
can be uniquely identified. Although renormalization could be used in a FD algorithm it
would be difficult to differentiate between power loss due to material absorption
(included through a complex refractive index), light exiting the calculation window
(using transparent boundary conditions) and unwanted numerical loss. The split-step
method differs since the contributions of material loss or gain and the absorbing
boundary conditions are applied in the refraction step, the operator for which contains no
unwanted numerical loss. Only the diffraction operator is problematic and the diffraction
step is applied in “free space” of a uniform background refractive index. This step is
separated from any material properties or boundary conditions and can be renormalized

to guarantee the elimination of numerical loss for the entire method.

2.4. Results

2.4.1 Bent fibre

This section presents previously published simulations of bent fibre [24]
recalculated here for comparison to the CT-BPM. The fibre is singlemoded at the
simulation wavelength, A =1.55pum, having a core radius, @ =5 um, and refractive
indices of 1.503 and 1.500 for the core and cladding areas respectively. The calculation

window has 128x128 points and grid spacing Ax = Au =0.833um. Each step in the
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propagation direction is of length Az =0.2um. The fibre considered is the concatenation

of straight and bent sections, where the bends are of constant radius of curvature, R.
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Figure 2.4: Differential power loss vs. bend radius for a singlemode fibre as calculated
by the CT and IM BPMs.

There are two sources of loss, namely, transition loss and bending loss. The
transition loss (TL) is due to the change in the mode shape at the junction of straight and
bent sections and the bending loss is manifested as a constant differential power loss
(DPL). Figure 2.4 shows the DPL as calculated by both methods for varying radius of

curvature. The two methods agree for this case, due to the large R’s.

2.4.2 Rectangular channel guides

In this section, simulations of singlemoded rectangular waveguides useful for the
construction of integrated optic devices are presented. These guides typically have
smaller cross-sections and higher index differences than fibres to increase integration
density and thereby decrease overall device size. It is therefore important to accurately
calculate the minimum acceptable bend radius. The particular case chosen here is a
square guide 2.5 pm on a side and having refractive indices 1.56 and 1.50 for the core

and cladding areas respectively. This waveguide is singlemoded for the simulation

wavelength, 4 =1.55um.
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Figure 2.5: (a) differential power loss and (b) transition loss vs. bend radius for a
singlemode waveguide calculated by both the CT and IM BPMs.

Figure 2.5 shows the results of simulations giving the two sources of loss as a
function of bend radius. As expected, the difference between the two methods becomes
more pronounced as R decreases. In addition, the results of the CT-BPM show higher
losses than the results of the IM-BPM. Significant differences between the results of

these two approaches can be expected for R << Imm.

2.5. Discussion

A novel approach for the simulation of bent waveguides using the BPM has been
presented. The method entails a coordinate transform to simplify the formulation of a
three dimensional wide-angle BPM in cylindrical coordinates. The calculations have
been implemented on a path-based grid, which can follow arbitrarily bent waveguides.
This new method, which includes the complete diffraction term in the out of bend-plane
direction, predicts higher bending and transition losses than the earlier IM-BPM,
especially for small, singlemode waveguides, which may also have small radii of
curvature. A verification of these calculations by experiment is difficult because other
sources of loss will tend to limit the precision with which the experiment can be
performed. Examples of the types of losses which would be difficult to separate form the

contributions of the DPL and the TL are material losses, side-wall roughness, coupling
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losses, etc. To the best of the author’s knowledge, there have been no reports of loss

measurements on similar singlemode waveguides with such small bending radii.
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3. Graded Effective Index Planar Polymer Waveguides

3.1. Introduction to Passive Waveguide Devices

Polymer waveguides are of current interest for low-cost optical interconnects
between electronic processing chips in hybrid optoelectronic integrated circuits [27].
Most of the work to date has been in multimode (MM) step index structures which are
easy to produce, have good coupling properties to sources and detectors, and whose loss
and dispersion characteristics are adequate for wafer-scale applications. Some of the
methods for fabricating polymer waveguides are selective curing (either
photolithographically [28] or by laser writing [29]), similar selective exposure of

photorefractive materials [30], and direct dispensing of UV-curable adhesives [31].

Another potential application for polymer waveguides is in guided wave optical
buses in digital equipment such as computers or switches where the required transmission
distance would be up to 0.5 meter. Terabit bus capacity could be achieved with 100
waveguides each carrying 10 Gb/s of information. One hundred waveguides on 250 um
centers would occupy a 2.5 cm or 1 inch strip, notwithstanding extra space required for
connector housings, etc. Current waveguide losses of 0.2 dB/cm [32] result in an
acceptable end-to-end loss of 10 dB but dispersion in step index waveguides may not be
acceptable. For example, assuming an index of refraction n = 1.5 and a relative index
difference between core and cladding, A = 1%, the worst-case dispersion-limited distance
for a 10 Gb/s signal is 0.5 m [33] leaving no margin for other system rise-times.
Lowering the bit rate and increasing the number of waveguides would only be a stopgap

solution since, ultimately, higher capacities would be required.

This chapter is based on “Graded Effective Index Planar Polymer Waveguides” by D.
W. Boertjes, J. N. McMullin, and B. P Keyworth which appeared in the Journal of
Lightwave Technology; Vol. 14, No. 12. pp. 2714-2718. © 1996 IEEE.
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3.2. Graded Effective Index Guides

Modal dispersion can be eliminated completely by using singlemode (SM)
waveguides and conceivably, 0.5 m long, low-loss SM waveguides could be fabricated.
Another option, used in fibre optics before SM fibres became commonplace, is to use
graded-index (GRIN) MM waveguides. With the proper profile, such waveguides can
have modal dispersion nearly 3 orders of magnitude smaller than that of step-index MM
waveguides [34]. There have been reports of GRIN planar waveguides [35,36] and some
analysis has appeared in the literature [37,38]. There have also been reports of polymer
waveguides with the index graded in the out-of-plane direction, for the purpose of

replacing a cladding layer [39].

This section presents novel planar graded effective index waveguides that are
easy to fabricate and have properties similar to quadratic index waveguides. They are
essentially polymer slab waveguides with parabolic surfaces that lead to near-quadratic
effective indices of the slab mode. In Section 3.2.1, the fabrication of the waveguides
and measurements of the waveguide loss are described. Images are shown of side-scatter
from propagating light along with simulation results that are in excellent agreement. A
simple analysis is given in Section 3.2.2 to explain the origin of the graded index
behaviour and some details of the computer simulations are also explained. Concluding

remarks and a summary of the work are given in Section 3.2.3.

3.2.1 Fabrication and measurement

The waveguides were made by direct dispensing from a pressurized syringe under
computer control [31] of a UV-cured polymer optical adhesive (NOA 81 [40]) with index
of refraction np= 1.56. Of the many different adhesives available, this one was chosen
because its very low viscosity leads to a low height:width ratio of the waveguide. The

substrate was a silicon wafer with a 5 pum surface layer of silica grown by chemical

21



vapour deposition. This layer acts as the lower cladding of the waveguide and has index
of refraction ng = 1.45. From experience with dispensed optical elements, it has been
found that the most consistent results are obtained when the dispensed liquid is allowed
to come to equilibrium before curing. Then each polymer has a unique contact angle
with the glass surface, which is determined by the liquid/air and liquid/glass surface
tensions. Due to the minimization of surface energy, the surface profile is a circular arc,
which for small height:width ratios of the polymer is very close to parabolic. Figure 3.1
shows the cross-section of one of the waveguides along with a parabolic least squares fit.
The height:width ratio is approximately 1:100. If necessary, an upper cladding can be

dispensed over the core.

a
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Figure 3.1: Typical cross-section of a parabolic waveguide. The dots are points measured
with a profilometer and the solid line is a parabolic fit to the data.

Propagation experiments were carried out by butt-coupling a singlemode fibre
carrying 672 nm light to the input facet of the waveguide as shown in Figure 3.2. By
measuring the intensity of the transmitted light as a function of guide length, waveguide
losses were inferred. Figure 3.3 shows linear fits to the relative power measured in dB of
several waveguides. The losses ranged from 0.69 dB/cm to 0.48 dB/cm. An upper
cladding of lower index polymer could be applied which was observed to reduce
scattering losses; however, this was not done for the waveguides reported here since the
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side-scattered light became too dim to observe. Such an upper cladding would be

expected to alter the details of the propagation characteristics reported here, though not in

a fundamental way.

Figure 3.2: The experimental setup. The input fibre carries 672 nm light and is held in a
3-axis positioner. The waveguide is on a SiO, coated silicon substrate. The camera
detects the light scattered out of the top of the guide.
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Figure 3.3: Cut-back measurement of transmitted light from dispensed graded effective
index waveguide, and determination of the propagation losses for two sample waveguides
giving .48dB/cm and .69dB/cm respectively.

Different launching conditions were set up by changing the lateral position of the
fibre at the input face and the propagation paths of the light in the waveguide were
recorded by capturing images of the side-scattered light with an electronic camera. The
graded index behaviour of these waveguides is best illustrated when the light is launched
off-axis. Figure 3.4(a) shows a typical side-scatter pattern near the input when the light is

launched approximately 110 um off-axis into a waveguide with the profile shown in
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Figure 3.1. The corresponding computer simulation results, described in the next section,
are shown in Figure 3.4(b). The input beam splits into several oscillating beams each
with its own period and each beam propagates several millimeters without showing
appreciable spreading in size. Figure 3.5(a), another side-scatter pattern approximately 2
mm down-stream, shows the oscillating beams still confined as before. The
corresponding computer simulation results, again in excellent agreement, are shown in

Figure 3.5(b).

Figure 3.4: (a) Picture taken of experiment starting from the launch, and (b) beam
propagation simulation on the same scale showing the dependence of the oscillation
length on the mode number. The fibre is off-axis by approximately 110 pm.

Figure 3.5: (a) Picture taken of experiment approximately 2 mm from launch, and (b)
beam propagation program output shown on the same scale. The three modes with
measurable lateral oscillation period are indicated on both images. The fibre is off-axis
by approximately 80 pm in this case.

As shown in the next section, each of these beamlets corresponds to a different
vertical mode of the asymmetric polymer slab, and each has its own laterally graded
effective index. Table 3.1 shows the measured and predicted periods for each mode, with
the larger mode numbers having the smaller periods. The periods of the first and second

modes (m = 0 and 1 respectively) can not be measured using the image of Figure 3.5 for
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two reasons: (1) they are too long for an appreciable number of oscillations to be seen in
the limited field of view of the camera; and (2) the size of the mode in the lateral
direction throughout most of the guide is large making the average power density too low

to be picked out among the brighter high order modes.

Mode Number, Experiment Model
m (mm) +5% (mm)
launch conditions shown in Figure 3.4
0 - 10.
1 - 5.0
2 3.3 3.6
3 2.7 2.7
4 2.2 2.3
I[_aunch conditions shown in Figure 3.5
0 8.3 8.1
1 3.6 4.0
2 2.4 2.7

Table 3.1: The comparison of oscillation lengths for different modes from the
experiment and model for the two different launch conditions corresponding to Figure 3.4
and Figure 3.5.

3.2.2 Theory and simulation

In this section, we explain the theory behind the simulation results presented
above. Polarization effects were ignored and the electric field E(x,y,z) in the central
region of the dispensed polymer-on-glass waveguide was assumed to satisfy the scalar

wave equation
d’E 9’E  J’E
2 + 2 + 2
ox*  dy* oz

+n*(x, y)kE(x, y,2) =0. 3.1

Here, ko =27/ A (A is the wavelength of the light in vacuum) and n(x,y) is the refractive
index. The polymer core has width w and slowly-varying thickness A(x) given by

h(x) = h(O)(1—4x* /w?) (3.2)
while n(x,y) is given by
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n_ for y<0

n(x,y)=4qn, for 0<y<h. (3.3)
I for y>h
Here n; and n,, are the indices of the substrate and polymer respectively. At each lateral

position x, the guided field may be expanded in terms of a set of M local guided

asymmetric slab waveguide modes as

M
E(x,y,2)=Y E,(x,2)S,(y)exp(—jB,z) (34)

where S,,(y) are orthogonal functions of the form {41]
exp(«,, y) for y<O0
S.(y)=N_,scos(K,,y—¢,) for O<y<h (3.5)

exp(=Y.(y—h) for y>h
K., 06, @m and 7, are propagation constants chosen to satisfy the boundary conditions at
the interfaces y = 0 and y = A(x), and N, is a normalization constant. Therefore S,(y)
depends on the lateral coordinate, x, explicitly through A(x) and implicitly through the
propagation constants. Substituting (3.4) into the wave equation and using the

orthogonality of the slab modes, an equation for each E,(x,z) is obtained:

2
P ka

3’E, N 0’E, o2 K2(x)
ox* 9z>

}kam (x,z) +extra terms =0 (3.6)
The extra terms are quite complicated, containing first and second derivatives of A2(x) and
the propagation constants with respect to x, as well as integrals over y of different
combinations of the orthogonal functions and their derivatives. Fortunately, these terms
will be small, since the core thickness varies slowly in x, and are neglected here. If
included, these terms would cause coupling between the various slab modes. The

quantity in square brackets in (3.6)

n2(x)=I[n) — K5 (x)/k]] 3.7)
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is the graded effective index of the m™ slab mode. Since each slab mode has a different
Kn(x), each will see a different graded effective index leading to different periods of

oscillation about the waveguide axis.

57 1.567 =0
4 m=1
4 1.547
m=3 m=2
— 3_ i
g m=2 g1.52 m=3
= |~
; 2 m=1 1.501
11 m=0 1,481
0 T T ~T" T T T 1_4° /. Y T T T —
-150 -100 -50 0 50 100 150 150 -100 -50 0 50 100 150
x (um) x (um)
(a) (b)

Figure 3.6: (a) The solution for K,(x), defining the effective index profile, as a function
of x in a parabolic height waveguide having height 3.6 pm and width 340 um for a
wavelength of 672 nm. The solution is shown for several modes (m=0 through 3). (b)
The graded effective index n,(x) for each mode determined from K, (x) Note that each
mode sees a different effective index profile.

Equation (3.6) was solved by a scalar beam propagation code originally written to
simulate multimode polymer waveguides [42] and modified to accommodate an index
graded in x. First, the functions K,(x) and n,(x) were found by numerically solving the
asymmetric slab waveguide equations with the measured parabolic profile given by

h(x) = (3.60um)1 —4(x/340um)* ] (3.8)

and a wavelength of 672 nm. Plots of K,,(x) and n,,(x) as functions of x and mode

number, m, are shown in Figure 3.6. A gaussian input of the form

(x—dx)2+(y-—d_‘.)2:l

(3.9

E(x,y0)=E, exp[—- 252

was assumed. The launched light was then split up into vertical modes using each field
pattern, E,(x,0), as determined numerically from the overlap integral of the input and the
m™ slab mode about x =d_ which was picked to correspond to the experimental

27



launching condition. The beam size, o, was set to 3 um to correspond to the output of the
singlemode fibre delivering the light to the waveguide. The only unknown parameter is
the vertical offset d, which could not be determined and which affects the relative

amplitudes of the modes.

(a)

] 2 4 3 8 10 12 14 16 18 20
2 (mm)

Figure 3.7: (a) Simulation results for the demultiplexing of multiplexed 980 nm and 1550
nm beams. The modeled waveguide is singlemoded in the vertical direction having
height 2.75 pum and width 260 um. (b) Similar simulation showing the same graded
effective index effect for the two wavelengths. The two wavelengths are launched on
opposite sides of the axis. This waveguide has height 2.18 um and width 400 pm.

The graded effective index will also be a function of the wavelength A. Figure
3.7(a) shows the simulation results of two multiplexed beams of light at 980 nm and 1550
nm launched off-axis into a 2.75 pum high by 260 um wide waveguide which supports
only one slab mode at both wavelengths. This was achieved by assuming a polymer
substrate with an index slightly lower than that of the core. The material dispersion was
included by using the following values (obtained from the supplier): 1.546 and 1.541 at
980 and 1550 nm, respectively, for the core polymer and 1.529 and 1.525 at 980 and
1550 nm, respectively, for the substrate polymer. After a distance of 19 mm, the two
signals are separated and could be channeled in different directions by pickup
waveguides, possibly laser-written in polymer. This calculation demonstrates that such
waveguides are an alternative to step-index multimode interference waveguides that have

been proposed for coarse wavelength division multi/demultiplexing devices [43].
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It should be noted that normal material dispersion, that is, dn/dA <0, lessens the
wavelength dependence of the graded effective index effect described above. Figure
3.7(b) shows a similar calculation in a waveguide 2.18 pm high by 400 um wide, but
with the two wavelengths launched on opposite sides of center to make the result more
visible. The two beams now have approximately the same period. This would be
advantageous in situations were the two wavelengths should follow the same paths in the
waveguide. For example, in an Er-doped waveguide amplifier carrying 980 nm pump
light and 1550 nm signal light, the performance would be degraded by misalignment of

the input fibre if the two beams were to spatially separate in the waveguide.

Further work has been performed using these waveguides which were dispensed
onto a bulk Erbium/Ytterbium co-doped glass [44]. The result was a waveguide that
exhibited the properties of optical amplification. The waveguide structure was not
optimal but was able to reach the “break-even” point, i.e., the signal enhancement was

enough to overcome the propagation losses in the waveguide.

Future work is planned to fabricate graded effective index waveguides and step
index waveguides with lengths of one meter. Using femptosecond laser pulses, the aim is
to experimentally measure dispersion in the two structures. This experiment should
verify the hypothesis that the graded effective index structure can be used to lessen the

dispersion penalty on this length scale.

3.2.3 Discussion

We have demonstrated graded index behaviour in thin dispensed polymer
waveguides. The theoretical analysis of these waveguides, which has no free parameters,
is in excellent agreement with the measured properties indicating that this phenomenon is
well understood. The waveguides demonstrated in this paper have several modes, each

of which sees a different graded effective index. By applying another polymer with
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index slightly lower than the core as an upper cladding, the waveguides could be made to
have only a single vertical mode. Because these waveguides are easy to fabricate and
show low loss (which should be reduced even further with an upper cladding), they are
candidates for ultrahigh speed board-scale interconnects where dispersion will be a
factor. Also, because they are wavelength-dependent, they may be used as coarse WDM

devices.
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4. Polymer Electrooptic Modulator/Switch

The device that will be discussed in this chapter is a polymer electrooptic
modulator/switch (POEMS). It is configured as a 2x2 optical switch; however, if only
one input is selected, it can be used as a modulator with a complementary output.
Versions of the device have been designed to work at wavelengths of 1320 nm and 1550
nm. The target performance is a bandwidth suitable to transmit 10 Gb/s and an insertion
loss of no more than 6 dB. This device has many unique features, which will be

discussed in turn.

A polymeric 2x2 EO switch has been reported by Hwang et al. [45]; however, it
lacks many of the important features of the POEMS device. This previous device was
created using asymmetric Y junctions to achieve the necessary coupling at the input and
output of the device. These junctions require branching waveguides that intersect at very
small angles (~0.2°), which can cause problems in fabrication such as fill-in between the
waveguides. The POEMS device employs multimode interference (MMI) couplers to
achieve the needed coupling. These couplers have the advantages of being easily
designed [46], having reasonable fabrication tolerances [47], and being rectangular in
shape they have fewer problems with fill-in during fabrication as do asymmetric Y

junctions.

Two additional important features of the POEMS device not present in the Hwang
device involve the electrical drive. The POEMS device uses coplanar electrodes to both
pole and drive the device, resulting in the two arms of the interferometer being driven in
a push-pull fashion by a single applied signal. Also, the electrical signal on the coplanar

electrodes is velocity-matched to the optical signal, producing a travelling wave device.

The use of coplanar electrodes has also been reported [48-51]. All of these

papers, except [51], report on the measurement of the EO coefficients of polymer films in
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which there is no waveguiding action, i.e. the direction of light propagation is normal to
the surface of the substrate and the coplanar electrodes. Reference [51] describes a
waveguide device having coplanar electrodes in the plane of the light propagation. The
device could be poled to produce a push-pull interferometer but the electrical signal could
not be velocity-matched to the optical signal. This device was a simple modulator,

having one input and one output, and was limited to 4 MHz bandwidth.

4.1. Introduction to Electrooptic Polymers

Before the advent of electrooptic (EQ) polymers, the most common materials
used in the study of the linear EO effect were anisotropic crystals, in particular, lithium
niobate because of its large EO coefficient. The restriction to anisotropic materials is
problematic for most polymers, as the material is a group of randomly oriented chains of
molecules. The random nature of the structure on a molecular scale produces an isotropic
material for optical considerations. The solution is to introduce a highly EO component,
such as an organic dye molecule, into the polymer. These molecules must then be

aligned to produce the needed asymmetry.

The dye molecules are natural dipoles, which can be aligned using an electric
field. If the polymer dye combination is heated, the polymer will go through a glass
transition, so that the dye molecules can move more easily. An electric field is then
applied to the structure, and the temperature is lowered, effectively freezing the dye
molecules in their ordered orientation. This process is known as poling the polymer [52].
The problem in this process is that at any finite temperature, the random motion of the
molecules, although restricted, will tend to destroy the orientation of the dye molecules,

causing decay in the performance of the device [53].
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Figure 4.1: Chemical composition of DR1-PMMA EO polymer

The EO polymer chosen for this research has the dye molecule chemically bonded
to a monomer unit as a side chain and is shown diagrammatically in Figure 4.1 [54]. The
polymer is poly(methylmethacrylate) (PMMA) with 10% of the monomer blocks having
a side chain dye molecule called Disperse Red 1 (DR1) and will be referred to as DR 1-
PMMA.

An improvement in the side chain polymers is possible by modifying the polymer
to allow cross-linking. This gives the polymer chains the ability to chemically bond to
each other, further limiting the mobility of any side chains. Cross-linked polymers are
more durable, more resistant to chemical attack and have higher glass transition
temperatures than their non-cross-linked counterparts. Cross-linked EO polymers show

promise for the long-term stability of device performance [55,56].

EO polymers have several advantages as materials for devices over crystalline
materials. Since the polymer can be dissolved, it can be cast into almost any shape.
Also, EO polymers have an additional degree of freedom; the poling field defines the
direction of the optic axis. Unique devices having twisted optic axes have been
demonstrated [57], a possibility which did not exist before EO pclymers. EO polymers
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also promise extremely fast devices, such as a recently reported intensity modulator with

a bandwidth of 110 GHz [58].

4.2. Phase Modulation and the Mach-Zehnder Interferometer

EO polymers exhibit the linear electrooptic or Pockels effect, which is a linear
change in the index of refraction of a material as a function of applied electric field. EO
polymers are uniaxial anisotropic materials such that they exhibit two values of refractive
index depending on the polarization of light with respect to a direction in the material
called the optic axis. The two indices of refraction, are given by

n,(E)=n, +inlr,E (4.1a)
and

n(E)y=n,+inlr,E, (4.1b)

where n, is the base ordinary refractive index (for light polarized perpendicular to the
optic axis), n, is the base extraordinary refractive index (for light polarized along to the
optic axis), the r;’s are the non-zero elements of the tensor that describes the EO effect
and E is the applied electric field (assumed to be applied along the optic axis) [59]. The
material properties of the EO polymer result in r3; being three times larger than r, [54];
therefore the device will be constructed to exploit the effect described by equation (4.1b).
This equation corresponds to the refractive index for light polarized along the optic axis.
The direction of the optic axis in EO polymiers is defined by the direction of the poling
field, thus, all of the electric fields (optical, poling and modulation) point along the optic
axis in this case. The magnitude of the EO coefficients of the polymer is proportional to
the applied poling field. In the case of DR1-PMMA the relevant coefficient can be

determined from the following relation which was supplied by the manufacturer:

r,; =0.050E (4.2)

poling *

where ry; is given in units of pm/V if E_ . is the poling field in units of V/um .
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The usual change of index in EO polymer is very small, making it necessary to
construct devices that are sensitive to the change in phase of light propagating through
the polymer. An interferometer is the device of choice for this purpose. Of all the
varieties of these, the Mach-Zehnder interferometer, shown schematically in Figure 4.2,

is the most versatile for implementation in waveguide devices.
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Figure 4.2: Schematic of a waveguide Mach-Zehnder interferometer.

Mach-Zehnder interferometers work by splitting the light from a single source,
propagating the light along two separate paths and then interfering the light from these
two paths to produce a modulated output. The modulation depends on the light from the
two arms incurring different phase changes, in this case provided by a change in the

index of refraction through the EO effect.

4.3. Optical Properties of the Materials

The optics of the POEMS device are constructed in a unique combination of
materials, namely, EO polymer and fused silica. Traditionally, EO polymer devices have
been constructed in a combination of passive and EO polymers to produce the optical
waveguide structure. This approach allows a great deal of flexibility in the design of a
device, such as vertically stacking waveguides to produce multilevel devices [60]. This
flexibility comes at the expense of fabrication difficulties. Photolithography followed by
reactive ion etching (RIE) is often used to produce EO polymer waveguides [61]. Since

the photoresist used in photolithography is a polymer, the RIE will affect both the resist
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layer and the EO polymer layer. The choice of solvents used to remove the photoresist
and to dissolve other polymers to be spin cast into cladding layers can also be

problematic.

There are many reasons for choosing fused silica as the substrate and cladding
material. It is highly transparent in the wavelength region of interest and has an index of
refraction less than that of the EO polymer. It provides structural strength and is easily
patterned using RIE. Fused silica has been proven to withstand fields as large as 370
V/um during in plane poling of EO polymer, [62]. In addition, as will be discussed in
Section 4.6, it has electrical characteristics that make velocity-matching simple using

coplanar electrodes.

O air
h=(1.5+0.3)ym [] fused silica
w=(2.0+0.2)ym EO polymer

AN
AN

Figure 4.3: Cross-sectional view of the singlemode EO polymer waveguides. The guide
is singlemoded throughout the range of height and width values specified by the
tolerances at both A=1.55 pm and 1.32 pm.

The geometry of the singlemode waveguides used throughout the device is shown
in Figure 4.3. The dimensions of the waveguides have been assigned tolerances to allow
for fabrication errors while keeping the guides singlemoded for both wavelengths of
interest. Table 4.1 summarizes the refractive index values for each material as well as the
range of effective propagation index defined by the extremes of the waveguide

dimensions.
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Wavelength n, fused n, DR1- ng
(nm) silica PMMA
1320 1.447 1.555 1.488-1.513
1550 1.444 1.550 1.469-1.497

Table 4.1: Material indices for both design wavelengths (the index given for the polymer
is after poling). The range of effective index, N, . is determined from the extremes
given the tolerances provided on the dimensions of the waveguides for light polarized
with its E-field horizontal.

4.4. Multimode Interference Waveguide Couplers

The interferometer shown in Figure 4.2 is constructed using waveguide Y-
branches, and therefore has a single input and a single useable output. There are actually
two outputs, the second of which is radiated or unguided light. If, instead of Y-branches,
multimode interference (MMI) couplers are used, one can construct a 2X2 optical switch
using the same two-arm interferometer. Figure 4.4 shows a schematic of the POEMS

device employing MMI couplers for both the input and output sections.

7
| % 9

optical P 7TIIITTIZ. '--.'; |
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2x2 input coupler // / 2x2 output coupler

Figure 4.4: Schematic top view of the POEMS device. MMI couplers are used at the
input and output to produce the 2X2 optical switch. The electrodes shown are used to
apply both the driving and poling fields. The driving signal is applied to the electrodes
using special coplanar probes that can be mounted above the substrate (see Section 4.11).

MMI couplers, as their name suggests, rely on the interference of multiple modes
to produce images of an input field pattern. For example, one input waveguide may
image to several output guides or vice versa. The implementation of these couplers in
planar waveguides has a similar cross-section to the singlemode waveguide shown in
Figure 4.3. The height, 4, remains the same, but the width, W, of the MMI coupler
section will be much greater, allowing multiple modes to propagate in that direction.
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MMI couplers are sensitive to the phase of the light in the input guides such that an input
can be imaged to one, both or the other of the two output guides of the 2x2 couplers
(Figure 4.4) depending on the phase of the light exiting the two arms of the

interferometer.

Design of these couplers makes use of an imaging length defined as [46]

L = dn W}

4.
32, “-3)

where n, is the effective index of the slab waveguide in the vertical direction, A, is the
wavelength of the light, and W, is the effective width of the MMI section given by

W=W e (4.4)

mynk—n’
where W is the width of the MMI section and n, is the index of the cladding material on

either side.

Although the inputs of the MMI coupler can be placed at arbitrary positions along
its edge, it is useful to restrict the positions to even intervals in W, . This produces what
is termed “restricted interference” and has the effect of reducing the needed coupler
length by a factor of 3 [46]. For a 2X2 coupler, having inputs and outputs at £W, /6, the

total coupler length is given by
Ly =5L,. 4.5)

To design the couplers, it is convenient to start by choosing a width for the MMI
section. This section must support a sufficient number of modes to produce good images
and keep the input and output guides separated by a reasonable distance. The rest of the
parameters can then be calculated. Table 4.2 summarizes the results for a 2X2 MMI
coupler having guide height, A =1.5um, and width, W =30um composed of unpoled
EO polymer having refractive index n = 1.545 and 1.539 at wavelengths of 1320 nm and

1550 nm respectively.
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Wavelength n, W, .
(nm) (im) (Hm)
1320 1.513 31.0 732
1550 1.499 31.2 629

Table 4.2: Design results for the 2X2 MMI coupler sections.

These results were fine-tuned using the BPM to give, in each case, a maximum
excess coupler loss of 1.5 dB and minimuri contrast between output guides of 20 dB.
Figure 4.5 shows the results of a BPM simulation to determine the excess loss of a MMI
coupler when the same tolerances are used for the width of this section as were specified
for the singlemode waveguide sections.
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excess loss (dB)

23 T T T T \
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width of MMI (um)

Figure 4.5: Calculation of the excess loss of an MMI coupler vs. the width of the MMI
section using the BPM. The MMI coupler was 630 pm long and the simulation
wavelength was 1550 nm. The tolerances assigned to the fabrication of the singlemode
waveguides (£ 0.2 pm) result in a maximum excess loss of 1.5 dB when applied to the
width of the MMI sections.

4.5. Minimum Waveguide Bend Radius

The waveguides in the POEMS device must have a variable separation throughout
different sections of the device. To achieve this, bends of some minimum radius of
curvature can be used. These bends are s-shaped sections which are realized using

rotated sine curves such that there is zero curvature at both ends where they match to
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straight waveguides. The minimum acceptable radius of curvature for these bends was

estimated using constant radius bends in the CT-BPM described in Chapter 2.

DPL (dB/mm)
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Figure 4.6: Results of BPM simulations of the singlemode waveguides used in the
POEMS device showing the DPL vs. bend radius for constant radius bends.

All of the bends used in the design of the POEMS devices have minimum radii of

curvature greater than 400 um which ensures that bending losses will be insignificant

compared to losses due to material absorption and side-wall roughness in the waveguides.

4.6. Microwave Coplanar Waveguides

There are many choices of transmission lines that can be fabricated on planar

substrates to carry high-speed electrical signals, some of which are shown in Figure 4.7.

Of these, slotline is rarely used for EO devices as it is difficult to couple to and is usually

used for high power applications.
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Figure 4.7: Cross-sectional view of three different planar transmission lines.
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Microstrip is the most commonly used transmission line for EO polymer devices.
When utilized in a Mach-Zehnder interferometer, the optical waveguides are placed
directly underneath the top electrodes, such that the maximum field is applied to the EO
polymer. The remainder of the dielectric is composed of a passive polymer; however,
typical polymers have high loss in the near infrared due to vibrational overtones of C-H
bonds. Replacing the hydrogen in the cladding polymer with deuterium has been shown

to lower the loss in the optical waveguides [60].

To achieve the minimum drive voltage, both arms of the interferometer must be
driven by electrical signals, creating two choices. In the first case, different signals are
used, where one may simply be the inverse of the other to achieve the opposite phase
shift on each arm. If applied using microstrip, the electrodes must be separated by
enough distance to reduce the coupling of fields from one line to the other. The structure
of microstrip results in large fringing fields that make this difficult. This approach has
the advantage that the EO polymer in both arms of the interferometer is poled in the same
direction. In this configuration, the polymer can be poled by corona [63] or liquid
contact [64] poling before the waveguides are formed. Both of these methods have been
shown to produce very high poling fields with relatively little damage to the polymer film

as compared to electrode poling using microstrip.

The second choice to drive the two arms of the interferometer is to use the same
signal on both arms. This requires that the EO polymer in the two arms be poled in
opposite directions to achieve the opposite phase shift on each arm. A technique called
pulse-poling [65] can be used to achieve the correct poling directions while avoiding the
breakdown of the air above the electrodes while the large poling fields are in place. The
two electrodes used to pole the polymer can be designed to be 1002 transmission lines

which can be connected in parallel to maintain a S0Q overall impedance [66].
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Several problems exist in the use of microstrip electrodes for EO polymer Mach-
Zehnder interferometers: (1) Most of the field surrounding the microstrip transmission
line is concentrated in the dielectric resulting in a high effective index for the propagating
electric field. (2) In order to velocity match the electrical and optical signals, the
dielectric material must have very low dispersion from the electrical to the optical
frequency range. This requirement essentially restricts the cladding material for the EO
polymer to other polymer materials. 3. Electrode poling is the simplest way to pole the
EO polymer; however, damage to the surrounding polymer effectively restricts the
magnitude of poling field which can be applied. 4. The characteristic impedance of the
microstrip transmission line is strongly affected by the thickness of the polymer cladding
layer which can be difficult to control precisely. 5. The need to drive both arms of the

interferometer creates added complexity in the design and fabrication of the electrode

layout.
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Figure 4.8: Cross-sectional view of the POEMS device. The critical dimensions of the
metal electrodes are shown. They define the propagation characteristics of the coplanar
waveguide transmission line.

The POEMS device employs coplanar wave guide (CPW) transmission lines as
shown in Figure 4.8. These electrodes are used both to pole the EO polymer and to apply
the driving signal. When poling the device, the poling potential is applied to one ground
plane while the other is maintained at ground. The poling field is therefore applied in the
same direction to both of the optical waveguides. During poling, the electrodes are
temporarily covered over with a silicone dielectric fluid that is removed after the poling

process. When driving the device, the signal is applied to the center conductor while
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both of the ground planes are held at ground. In this way, the driving field is applied to
each of the optical guides in the opposite direction causing a push-pull effect in the
interferometer. This design is very simple in comparison to the implementation of a

push-pull device using microstrip electrodes.

Another advantage of the CPWs is that approximately half of the electric field is
in the air above the metal, which results in a reduced effective index seen by the electrical
drive signal. This gives some flexibility to the choice of cladding materials, allowing a
higher material dispersion from the electrical to the optical frequency range. Fused silica
was chosen because of its moderate material dispersion and its optical transparency in the

near infrared.

An approximate calculation to show the suitability of fused silica can be done as
follows. The relative electrical permittivity of fused silica in the GHz region is
€, =3.82. The effective permittivity, £, , of a CPW is defined as the permittivity of a
material, which, when used to replace the materials above and below the CPW, results in
the transmission line having the same characteristics as the original line. It is maximum
when the metal layer is of negligible thickness. It can be shown for this case that Ey IS
the average of the substrate permittivity and the permittivity of the air above the CPW
[67], giving £, =2.41. The propagation of the electrical signal on the CPW is described
by a quasi-TEM mode which has an effective index of propagation, ng, = JE; =1.55.
Thickening the metal layer will raise the proportion of the field in the air thereby
lowering the effective index. The effective index of a singlemode optical waveguide
constructed in fused silica with a core of EO polymer, as given in Table 4.1 lies between
1.47 and 1.51 for the wavelengths of interest. The effective index of the CPW is only
slightly higher than the range of the optical effective index providing the possibility of
simple velocity-matching through the choice of metal thickness used to construct the

CPW transmission lines.
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4.6.1 Determination of Transmission Line Characteristics

There are three important characteristics of the CPW transmission line that impact
the performance of the POEMS device. They are the characteristic impedance, Z_, the
effective index, n,; , and the frequency dependent loss. The process used to pattern the
electrodes includes a wet-chemical etch of the metal layer. This results in a curved side-
wall at each conductor edge, as shown in Figure 4.9, owing to the isotropic nature of the
etching process. The important dimensions are the metal thickness, ¢, the gap size, s,
and the width of the center conductor, w,.. Both w, and s, are determined by the

distances to the bottom of the cusps defined by the etching process.
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Figure 4.9: Cross-sectional view of the right hand side gap between the center conductor
and the ground plane.

For the purposes of an EO modulator, it is advantageous to have a small gap
between the conductors. If the gap size is comparable to the radius of the arc on the side-
walls, it may not be valid to use expressions formulated for rectangular conductors, like
the ones shown in Figure 4.8, to calculate the transmission line characteristics. Since
CPW has a quasi-TEM mode, the impedance and effective permittivity can be

determined solely from the capacitance per unit length, C/ L, of the line [68]. The



capacitance per unit length can be determined for an arbitrary transmission line by
evaluating the following integral

C/L= §dieE -7 (4.6)

where E is the electric field produced by a 1V potential applied to the line, £is the local
electrical permittivity, 7 is the outward pointing perpendicular unit vector to the path and
dl traces out a closed path around the center conductor. The relative effective
permittivity is then found by

—_ (C/L)actual (4 7)

T (CIL)

where the numerator is the C/L with all of the materials in place and the denominator is

the C/L with all materials replaced by vacuum (&, =1). Then the characteristic

impedance can be calculated using

&
Z —__ N7
c(C/L)

actual

. (4.8)

To evaluate the integral (4.6), a finite element package called PDEase?2 was used
to determine the electrostatic field distribution surrounding the CPW. This approach,
called the quasi-static approximation, is valid for electrical wavelengths much greater
than the cross-section of the CPW. The quasi-static approximation has been reported in
the literature applied to the problem of optimizing the electrodes of travelling wave
electrooptic modulators [69]. By symmetry, only half of the structure needs to be
calculated and the integral from one half can be doubled to get the total C/L. A
rectangular integration path is used for simplicity such that the unit normals single out the
contribution of E, and E, on the horizontal and vertical segments respectively. Figure

4.10 shows one such solution for the right hand side of a CPW.

The free parameter, which was varied for the design of the POEMS device, was
the gap size, s.. The other CPW dimensions are then fixed by the choice of the
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transmission line characteristics, namely the characteristic impedance and the effective
index. The design requires 50S2 characteristic impedance transmission lines and velocity-
matching of the electrical and optical signals. Velocity-matching occurs when the
effective indices of the optical and electrical waveguides are equal. The width, w_,
strongly affects the impedance, while the thickness, ¢,, strongly affects the effective
index. Three sets of calculations were carried out to assign tolerances to the CPW
dimensions for nominal gap widths of 10, 15, and 20 microns respectively. Table 4.3

summuarizes the results.
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Figure 4.10: Plots of equal field contours resulting from driving the coplanar waveguide
as solved by finite element analysis: (a) field in the horizontal direction and (b) field in
the vertical direction.

sc Wc tc neﬂ' Zc
(um) (um) (um) ()
10+3 70+3 2.75+0.25 | 1.520+0.011 52+5
15+3 134+3 2.75+0.25 | 1.529+0.005 502
20+3 185+3 2.75+#0.25 | 1.533+0.006 502

Table 4.3: Design results for the CPW electrodes.
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4.7. Expected Bandwidth Calculations

There are two mechanisms that determine the theoretical bandwidth (BW) of the
devices. First is the degree of velocity-matching which can be achieved. Second is the
electrical loss incurred on the CPW (see Appendix A). Table 4.4 shows the results of the
expected BW calculations for the different designs of POEMS device to be fabricated.
Along with the iterations of gap size, s_, the length of the CPW, L_, takes on two values
(5 cm and 2.5 cm), and the design wavelength also takes on two values, namely 1.55 pm
and 1.32 pm. All of the designs meet the design specification of being able to transmit
10 Gb/s. The calculations in Table 4.4 employ the quasi-static approximation to calculate
the electrical effective index and therefore ignore the small effect of increasing frequency

on the velocity matching.

5. BW BW
nominal A=1.55pm A=1.32pm
L_=5cm L =2.5cm L, =5cm L =2.5cm
(um) (GHz) (GHz) (GHz) (GHz)
10+3 4 55" 14" 55"
15+3 41 82 42" 115
203 38 76 52 104

Table 4.4: Calculated BW for all of the different designs of POEMS device. L_ is the
length of the CPW and denotes that the limit is due to electrical loss, otherwise the limit
is due to velocity-matching.

4.8. Expected Drive Voltage Calculations

The drive voltage required by the modulators is determined by the relative phase

difference of the light exiting the two arms of the interferometer given by

4min, ;. L
AQ=——— 4.9)
Ao
where An_; is the change in the effective index of the optical waveguide given by
Ang =LInl.r,E (4.10)
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where E is the applied electric field and I is the confinement factor (the fraction of the
optical power that is inside the core of the waveguide). I appears in the calculation
because only the core of the guide contains EO polymer. The waveguides in the POEMS
device have a confinement factor of approximately 85%. In order to switch between the
maximum and minimum amplitude level of the output there must be a phase difference of
rrradians. The voltage required to effect this change is therefore called V. Setting A
in (4.9) equal to 7 and substituting (4.10), the switching voltage-length product can be

found as

v, L= _ 4.11)
2ngry, 7

where the approximation £ =V /s, has been made. Table 4.5 summarizes the results of

this calculation.

E poling Se L Vpaling Ve
(V/micron)|(microns)] (cm) kV) V)
100 10 2.5 2.0 24
100 10 5.0 2.0 12
200 10 2.5 4.0 12
200 10 5.0 4.0 6
300 10 2.5 6.0 8
300 10 5.0 6.0 4
100 15 2.5 3.0 36
100 15 5.0 3.0 18
200 15 2.5 6.0 18
200 15 5.0 6.0 9
300 15 2.5 9.0 12
300 15 5.0 9.0 6
100 20 2.5 4.0 48
100 20 5.0 4.0 24
200 20 2.5 8.0 24
200 20 5.0 8.0 12
300 20 2.5 12.0 16
300 20 5.0 12.0 8

Table 4.5: Results of approximate drive voltage calculations as a function of poling field
and device length for each different electrode gap size at a wavelength of 1550nm.
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4.9. Mask Layout

The photolithography required for the fabrication of the POEMS devices can be
split into two layers, one that defines the optical waveguides and a second that defines the
metal electrodes. Each of these layers is shown in Figure 4.11 along with the composite
structure and the locations of each of the design types. There are a total of 30 devices

and 6 test structures on the mask.
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Figure 4.11: The top half of this diagram shows the two layers of the mask set
separately. Note that the shaded areas of the optical waveguide mask translate to
trenches in the fused silica substrate (the polarity of the actual mask is therefore
reversed). The shaded areas of the metal electrode mask translate to metal left behind on
the surface.
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4.10. Fabrication

The fabrication of the POEMS devices occurs in four phases. Each phase consists
of several steps that are detailed in Figure 4.12. Phases 1 and 3 were performed at the

Alberta Microelectronics Corporation while phases 2 and 4 were performed at TRLabs.
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Figure 4.12: Flow diagram showing the process used to fabricate the POEMS devices.
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4.10.1 Problems Encountered During Fabrication

During the etching of the fused silica, Phase 1 of the process shown in Figure
4.12, some of the singlemode waveguide sections developed a ripple in their depth which
is responsible for high optical loss in the affected guides. The cause of this is unclear but
may be due to anisotropy in the substrate material, residual photoresist on the surface or

hot-spots during the RIE processing.

Phase 2 requires manual processing of the EO polymer both to apply the polymer
solution and to remove the unwanted material. This procedure had to be repeated several
times for each sample in order to achieve an acceptable yield. In the end, an average
yield of 19 good devices out of 30 was achieved for six substrates. This processing was
performed at TRLabs where there are no clean-room facilities available. Contamination
of the polymer was therefore a problem. Automation and clean-room facilities could

conceivably further increase the yield of this step.

Problems emerged during Phase 3 of fabrication. The first step in this phase is to
sputter metal onto the surface of the substrates. The energy of the metal hitting the
surface as well as the vacuum needed for sputtering could conceivably damage the EO
polymer. Then, during the etching of the metal layer, the polymer is exposed to the metal
etchant. Figure 4.13 shows the damage incurred by the EO polymer during this phase of
processing. The pinholes and voids in the polymer could be the result of air or solvent
trapped in the polymer that leaked out under vacuum. They could also be a result of the
exposure to the metal etchant. Cracking and shrinkage could be due to excess solvent left
in the polymer or due to thermal stress caused by heating and cooling during and after the

sputtering step.
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Figure 4.13: Examples of problems encountered during the metalization step, (a)
pinholes in the singlemode waveguides, (b) voids in the MMI couplers, (¢) cracks in the
polymer, (d) shrinkage and (e) liftoff of gold particles over polymer residue.

The main problem in Phase 4 of processing is electrical breakdown and the
resulting destruction of otherwise good devices. The cause of the premature breakdown
was metal debris in the dielectric fluid. EO polymer residue on the substrates caused
poor adhesion of the metal to the surface in small areas. When the substrates were heated
to the poling temperature, small bits of metal left the surface and were carried in thermal
currents in the dielectric fluid (see Figure 4.13(e)). When one of these particles was
observed entering the electrode gap, the resulting disturbance of the field caused
dielectric breakdown. To avoid this problem, the substrates were heated to 120°C in the
fluid and then cooled without being poled to allow the gold to lift off. The contaminated
fluid was then discarded and clean fluid was added to perform the actual poling of the
device. To eliminate this problem in the future, the surface of the substrates should be

thoroughly cleaned to remove the polymer residue.

Two probes were used to apply the poling field, each attached to one of the

ground planes of the CPW. This leaves the center conductor of the CPW to float at a
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potential between the two electrode gaps. Imperfections in the electrodes or conductive
material in one of the gaps will cause the field to be concentrated in one gap
preferentially. This effect lowers the maximum poling field that can be safely applied.
In the future, this problem could be alleviated by using three probes instead of two. One
of the probes could be connected to the center conductor and the other two to the ground
planes. A resistor network could be used to help keep the center conductor at a potential

of half that of the applied poling voltage.

4.11. Experimental Results

A visual inspection of all of the devices after fabrication identified only two
devices free of obvious defects in the optical waveguides. Both of these devices were 2.5
cm long and designed to have 15 um gaps between the center conductor of the CPW and
the ground planes. The devices were poled using the apparatus shown in Figure 4.14 and
characterized using the apparatus shown in Figure 4.15. A close-up of the CPW probes is
shown in Figure 4.16. One of the candidate devices was destroyed during poling and the

second was poled at a very low voltage to avoid a similar incident.

Figure 4.14: The poling station: The devices are poled using two electrical probes
attached to the ground planes of the CPW. The devices are submersed in silicone
dielectric fluid that is heated to 120°C using a hotplate.
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Figure 4.15: The probe station: The electrical probes and optical fibres are moved using
3-axis positioners which are mounted on rails running parallel to the devices. The fibres
have two extra axes of tilt for precise alignment to the waveguides. The device under test
is placed on a tilt and rotation stage that is mounted on a rail running perpendicular to the
devices to facilitate moving from one device to another on the same substrate.

Figure 4.16: Close-up view of a coplanar waveguide probe (at right). These probes have
two ground contacts on either side of the center conductor which are brought into contact
with the CPW from above the substrate. One probe is used on each end of the CPW in
order to launch and terminate the applied signal. The spacing between adjacent probe
tips is 150 um.
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4.11.1 Optical Characteristics

All optical waveguide dimensions were within the tolerances specified in the
design. The problems during fabrication had destroyed all but a few of the devices and
these exhibited high loss due to pinholes in the polymer acting as scattering centers.
Another problem for the optics of the POEMS devices was coupling light into and out of
the waveguides. The mode of the singlemode sections is very small in comparison to

standard singlemode fibre which made butt-coupling difficult and lossy.

Before light could be coupled into the waveguides, suitable end facets had to be
created. Several approaches were tried including wafer sawing followed by polishing
and cleaving. The polishing was slow and difficult and usually caused the polymer to
chip or crack. Cleaving fused silica requires removing a strip of material wider than 1-2
times the thickness of the substrate. It is also difficult to make an accurate scribe mark on
the back of the substrate manually. To circumvent these problems, a wafer saw cut was
made from the backside of the substrate leaving behind approximately 125 um of

material that could then be easily cleaved.

The optical loss of the single intact device was difficult to deduce. The fibre-to-
fibre loss was measured to be 60 dB. Any changes in the average light level while
changing the bias voltage could not be resolved by the receiver. The achievable
modulation depth was therefore very small. This may have been due to one arm of the
Mach Zehnder interferometer having substantially higher loss than the other. Another
possibility is that much of the light collected by the output fibre was scattered or
uncoupled light and therefore not subject to the EO modulation. In any case, one can

only assume that the optical loss of this device was greater than or equal to 60 dB.
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4.11.2 Electrical Characteristics

The dimensions of the CPW transmission lines were measured using an optical
microscope (for s, and w,) and a profilometer (for t.). The effective index was found
by measuring the time delay for pulse propagation through the length of the CPW

transmission line using a network analyzer. The results are summarized in Table 4.6.

design values measured values target values |calculated values
S, W, L, S, w, t, n.g Z, Nz Z,
(um) | (um) | (um) | (um) | (um) | (um) (L) (€
10+3 70£3  12.75+0.25] 14.6 62.7 2.26 1.512 525 1.515 59.3
1543 134+3 12.75+0.25] 17.5 128 2.26 1.534 49.8 1.524 52.6
2043 185£3 |2.75+£0.25] 21.8 178 2.26 1.539 49.8 1.540 51.1

Table 4.6: Comparison of measured and calculated transmission line characteristics for
the three different device designs.

These devices should meet the design criterion for velocity-matching. To test
this, one must first assume a practical minimum bandwidth for a device able to modulate
a 10 Gb/s signal, eg. 7 GHz. The bandwidth-length product formula, (A.22), can be
rearranged to yield a maximum allowable index difference between the electrical and

optical waveguides,

c

An__ = (4.12)
226BW_ L __

where the speed of light, ¢ =3x10° m/s, the maximum design length, L. =5 cmand
the minimum required bandwidth, BW,_; =7 GHz. Using these values, An__ =0.38.
Adding this to the minimum optical effective index from Table 4.1 gives the maximum
allowable effective index of the CPW transmission lines to be 1.85. All of the devices
exceed this design criterion for velocity-matching, and therefore have bandwidths

suitable to transmit at least 10 Gb/s signals.

A network analyzer was used to measure the forward transmission frequency
response, S,,, and the reflection characteristics, S;,, of the transmission lines. Figure
4.17 shows one of these measurements along with simulations using the measured
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dimensions. Electrical loss incurred on the CPW transmission line can limit the
modulation bandwidth of a device if it exceeds 6.43 dB (see Appendix A, Section A.2).
This device exhibits approximately 2 dB of loss at the maximum measurement frequency

of 18 GHz, which would not limit its performance to this point.

The §,, curve shows good coupling to the device as it reflects less than -10 dB of
the signal throughout the frequency range measured. The notches in this curve arise from
multiple reflections at the ends of the transmission line due to the impedance mismatch
between the 50 Q2 probes and the 59.3 Q characteristic impedance of the transmission line
itself. The frequency positions of these notches depend on the length of the line and the
effective index. The agreement between the measurement and simulations indicates that

the characteristics of these CPW transmission lines are well understood.
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Figure 4.17: (a) Measured frequency response, Sy; and S3;, of a 2.5 cm long CPW
transmission line originally designed to have a 10 pum gap and a 70 pm center conductor.
The actual dimensions differed due to over-etching, resulting in a 14.6 um gap and a 62.7
pm center conductor. (b) Simulation shown on the same scale of this transmission line
using the measured dimensions.

4.11.3 Modulation Characteristics

Poling of the single working device was performed at the relatively low voltage of

500 V because of the problems discussed in Section 4.10.1. The device was designed to
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have CPW dimensions s, = (15+£3) um, w, = (134+3) um, and ¢, = (2.75+0.25) um.
The actual dimensions were measured to be s, =23.6 um, w, = 122 um, and ¢, =2.21
um. The optics of the device were designed using y-branches as shown in Figure 4.2;
therefore the device had only one input and one output. The half-wave voltage, V,_, of
this device was calculated to be 540V using equations (4.2) and (4.11). This high voltage
along with the high optical loss incurred in the device necessitated the use of a discrete

component biasing circuit and a lock-in amplifier to measure the small modulation signal
as shown in Figure 4.18.

“®
DC
bias __I

circuit

1550 nm Q - _modulator | Q detector | 5to lock-in

laser polarization muitimode fibre amplifier
maintaining fibre

Figure 4.18: Block diagram of the experimental setup used to measure the output optical
modaulation as a function of the applied bias.

The modulation measurements were performed at a frequency of 1 kHz as the
biasing circuit was only able to pass relatively low frequencies. A constant 10 V peak-to-
peak modulation was added to the bias voltage that was varied between 0 and 200 V. A
constant amplitude light source with a wavelength of 1550 nm was coupled to the input

waveguide and the modulated output was collected at the output waveguide.

The modulation output obtained in the experiment can be described in the

following way. The transfer function of a Mach-Zehnder interferometer is [59]

I
—"occosz( ”V) (4.13)

I 2V

t n

where 7, is the light intensity at the output of the device, I, is the light intensity at the

input of the device and V'is the applied voltage. Since the modulation component of the
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electrical signal is small compared to V,_, the magnitude optical modulation, |5l , is

approximately proportional to the absolute value of the derivative of this transfer

) (n'V)
Siny ——
VJE

where A is an arbitrary magnitude chosen to fit this function to the data. The periodicity

function, i.e.

l6]=A4 (4.14)

of this function provides a means to measure V_.

40
35 - T
30 -
25 -
20 -
15 |
10 |
5 4

modulation (arbitrary units)

0 100 200 300 400 500
bias voltage (V)
Figure 4.19: Measurements of modulation (points with error bars) and least squares fit

(solid line) using the free parameter, A, and fixing the value of V, =540V as calculated
from the poling conditions.

Figure 4.19 shows the results of the modulation measurements along with a
theoretical fit using the calculated value of V. The signal contained a great deal of
noise; therefore multiple measurements were taken at each bias voltage. The average
value was then plotted and error bars were derived using + 1 standard deviation. The
data clearly shows an increase in the modulation with increased bias voltage. In order to
calculate a value for V_, points at higher bias voltage would need to be taken to show the
periodicity of the curve. Alternatively, if there was less uncertainty in the measurements,

a fit to the data could provide an estimate of V.
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4.12. Discussion

The main problem in the fabrication of the POEMS devices was the damage
caused to the EO polymer during the fabrication of the CPW transmission lines. A
possible method to prevent this problem would be to add a passivation layer over the EO
polymer waveguides. This layer could consist of a durable cross-linked polymer such as
a polyimide. The refractive index of this layer could also be chosen to be close to that of
the EO polymer thereby increasing the size of the singlemode waveguides. This would

further ease fabrication difficulties and facilitate better coupling to singlemode fiber.

An extra polymer layer, as described above, would lower the effective index of
the CPW. This could be corrected through the addition of a similar polymer layer over
the CPW electrodes, the thickness of which could be varied to ensure velocity-matching.
This top layer would also serve as a strong dielectric during poling, eliminating the

problems encountered while using a dielectric liquid.

The MMI coupler sections were also problematic during the deposition of the EO
polymer. These couplers prohibited the use of spin-coating and etching to fill the
trenches defined in the substrates, as the polymer layer would conform to the height
variation of the trench in the wide section of the coupler. A possibility to eliminate this
problem would be to use integrated waveguide directional couplers instead of MMI
couplers. These couplers are constructed using two singlemode waveguides running

parallel and close enough together to provide coupling from one guide to the other.

The devices were characterized both electrically and optically. The optical loss
was high (= 60 dB) and therefore did not meet the design criterion (< 6 dB). Electrical
measurements yielded results consistent with the calculations used to design the devices.
Although modulation measurements could not be done at high frequencies, all indications

were that the devices would exceed the design criterion for modulation bandwidth.
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5. Conclusions

5.1. The Coordinate Transform Beam Propagation Method

Chapter 2 presented a novel formulation of the BPM for 3D simulations of
arbitrarily bent optical waveguides. The algorithm employs a novel split-step Fast
Fourier Transform method to apply the propagator, which contains three operators. This
method requires little extra computation when compared to the conventional split-step
BPM and has the advantage of reducing directly to the conventional split-step BPM for
straight propagation. The problem of numerical loss has been solved through a simple
renormalization process to ensure power conservation in the computation window. This
new method, which includes the complete diffraction term in the out of bend-plane
direction, predicts higher bending and transition losses than the earlier IM-BPM,
especially for small, singlemode waveguides, which may also have small radii of
curvature i.e., less than 1 mm. This method is used subsequently in the design of

waveguide bends used in the POEMS device presented in Chapter 4.

5.2. Graded Effective Index Planar Polymer Waveguides

Chapter 3 presented the demonstration and modeling of a novel graded effective
index planar polymer waveguide structure. The experimental results and the model are in
excellent agreement suggesting that the underlying phenomenon is well understood. The
waveguides themselves are easy to fabricate and exhibit low loss. The graded index
nature of the structure reduces dispersion compared to multimode step-index waveguides
of similar dimensions. This lower dispersion may prove advantageous for application to
board-to-board scale interconnects. Applications in coarse WDM and in waveguide
optical amplifiers were also presented. Further work has been performed using these

waveguides in conjunction with a bulk Erbium/Ytterbium co-doped glass. The resulting
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waveguide was able to reach the “break-even” point, i.e., the signal enhancement was
enough to overcome the propagation losses in the waveguide. Future work is planned to
fabricate graded effective index waveguides and step index waveguides with lengths of
one meter for the purpose of experimentally measuring the difference in dispersion

between the two structures.

5.3. Polymer Electrooptic Modulator/Switch

Chapter 4 presented the design, fabrication, and testing of a novel electrooptic
polymer modulator/switch. The EO polymer used in this device is relatively inexpensive
and highly processable in comparison to other crystalline EO materiais. The design of
the device employs fused silica as the substrate and optical cladding material. The
primary advantages of the fused silica are its strength, optical transparency in the near
infrared and an electrical permittivity suitable for simple velocity-matching using
coplanar transmission lines. A velocity-matched EO polymer device using coplanar
transmission lines has not previously been reported. The major disadvantage of the fused
silica is the large refractive index difference between it and the EO polymer. This results
in the singlemode waveguides being very small and thereby difficult to couple to

standard singlemode fibre.

There are two additional advantages of using CPW transmission lines. First is the
simple creation of a push-pull device using ground plane-to-ground plane poling. Second
is the good control of the transmission line characteristics as the dimensions of the CPW

are independent of the polymer deposition.

The experimental characterization of the fabricated devices yielded results that
were in agreement with calculated values, thereby validating the approach used in the
design of the devices. Modulation measurements were taken using a single device which

exhibited a high optical loss (= 60 dB). Poling of the device was performed at the

62



relatively low voltage of 500 V resulting in a half-wave voltage, V.. =540 V. The high
optical loss along with the high required drive voltage prevented the measurement of the
device bandwidth. Electrical measurements suggest that the device would exceed the
design criterion for modulation bandwidth, i.e. a bandwidth suitable to transmit a 10 Gb/s

signal.

The major problem in the POEMS design is the exposure of the EO polymer to
vacuum, metal deposition, and metal etchant during the fabrication of the CPWs. The
problem could be alleviated by the addition of a passivation layer covering the surface
after the deposition of the EO polymer. A second polymer layer placed over the CPW
electrodes could be used to compensate for the reduced effective index of the CPW

caused by the passivation layer.
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Appendix A. Bandwidth-Length Product Calculations

This appendix presents the basic theory necessary to calculate the bandwidth-
length product of a travelling wave Mach-Zehnder interferometer. There are two
contributions that limit bandwidth, namely velocity-matching and electrical loss. Each of

these will be treated separately in the following sections.

A.1. Velocity-matching Considerations

The purpose of this section is to find the electrical -3dB bandwidth-length product
of a travelling wave Mach-Zehnder interferometer in the absence of any electrical loss on
the driving electrode(s). Figure A.1 shows a schematic representation of the interaction

of the optical and electrical signals on one arm of an interferometer.

A Ve ootical si
optical signal

% electrical
’ signal
/
@ --—b
N
[ ]
Figure A.1: Schematic diagram of the interaction of light and the electrical signal on one

arm of a Mach-Zehnder interferometer. The arm is of length L. Both signals start at x=0
at r=0 and propagate to x=L with their respective velocities.

The optical signal moves with a velocity v, and the electrical signal is assumed to be a

sine wave, with a velocity v, , of the form

E=E, sintk,x—w,t+6.) (A.1)

where E, is the maximum field strength, k, is the electrical propagation constant, @, is
the radial frequency and 6, is an arbitrary phase constant. The velocity of both waves is
related to their effective indices through

v,=c/n,, (A.2a)

v, =c/n (A.2b)

elec
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where c is the speed of light, n,, and n,,_ are the optical and electrical effective indices

respectively.

Using the EO index change given in (4.1b), the phase change of the light
travelling through this arm of the interferometer relative to the base phase change when
no field is applied can be found as

n’ E

L

nr.

Ap= Idx—”—f‘i—”—sin(kex—a)et+6e) (A.3)
o

G

where the integration variable, x, is made to follow the optical signal, thereby sampling

the electric field in the same way. Therefore, let

x= vot (A.4)
and, for simplicity, let
3
ar; 33 nopr E [
=— AS
2 (A.5)

o

Although n,, and consequently v, are functions of E, their change due to the EO effect

is much smaller than the allowable difference between 7, and n,,, for velocity-

r elec

matching. Therefore, n,, will be considered to be a constant. Substituting (A.4) and

(A.5) into (A.3)

A@= By, [dtsin(k,v,t ~@,t+8,). (A.6)
0

Usingthat 1, =n,,L/c and k, =a,n

e elec

/¢, the above integration can be performed

giving

Ap=-5¢ [cosﬁe —cos(Ana)‘L +0,H (A7)
Anw c

e

where An=n,, —n,, and the assumption has been made that n_,_ > N, » Which is true

for all cases of interest for the POEMS device.
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Since it is the maximum phase change that is of interest for calculating the
modulation bandwidth, 8, will be chosen accordingly. The maximum effect is achieved

when the light passes through the peak of the electrical signal symmetrically, i.e.

o,L
0. =.’£_1(A” ‘ ) (A-8)
2 2 c )
which gives the maximum phase change as
Anw_ L
Ag =-2B¢ sin( S ) (A.9)
Anw, 2c

This is a decaying cyclic function of frequency, having a maximum value at @, =0.

Now the problem is to find the electrical-out response of the interferometer to a
sinusoidally varying phase change for small signals. The small signal analysis gives the
worst case bandwidth for a Mach-Zehnder. Biasing the interferometer at the half-power

point, let

Ap= 12’-+ A%sin w,t (A.10)

where
A<l (A.11)
and A is determined from A@_ . The light intensity output of a Mach-Zehnder

interferometer is [59]

, =1I,cos?*(Ap/2) (A.12)

where I, is the light intensity at the input and I, is the modulated light output (ignoring
any constant loss in the waveguide structure). The current in a photodetector is
proportional to I, and, for the calculation of bandwidth, only relative differences in

current are important, thus one can ignore any proportionality constants, i.e., let

I, =%cosA(p (A.13)
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where I, is the current where the DC portion of the current has been subtracted off. The
average electrical power in the receiver is proportional to the square of the current and
can be found from (once again ignoring proportionality constants)

F=Lfar (A.14)
0
where 7 =27/ w, is the period of the electrical signal. Then substituting (A.13) and

(A.10) gives

jdtsmz(ézfsm ax) . (A.15)

For small signal analysis, sin x — x, giving

2.2 71
Az [dtsin® ax. (A.16)
167

P=

Now the integration can be performed resulting in

2.2
P= A3;” ) (A.17)

therefore, P o« A%. Thus, the -3dB modulation point occurs when A falls to 1/ \/5 of its
maximum value and since A o< A@_, , the -3dB point can be expressed in terms of the

phase change as

A, (@=27BW) = —=A¢_ (@=0) (A.18)

V2

which can be rewritten as

=0 (A.19)

AnBW -L . (AnirBW-LJ
—Sin

Ve

where the solution will be taken to be the first positive root of this equation. For

c

simplicity, let

_ AnmBW -L
C

1% (A.20)
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then the equation is

l/——sinV=O (A.21)

2

for which the solution is (approximately) V =1.39. The bandwidth-length product from
(A.20) is then

C

BW-L= .
2.26An

(A.22)

A.2. Electrical Loss Considerations

The frequency dependent electrical loss on a CPW contributes to the limitation of
the bandwidth-length product of a Mach-Zehnder interferometer by decreasing the phase
modulation of the exiting light. This loss arises from two different sources, namely,
material losses (both conductors and dielectrics) and radiation losses due to the
waveguide structure itself. Both of these losses increase with increasing frequency and
produce a long, slow roll-off in the modulation efficiency. The form of the loss is
difficuit to find analytically, therefore, a loss per unit length was solved for at selected
frequencies using a microwave structure simulation package called MDS. Table A.1

shows the values of the material properties used in these simulations.

Material Property value |unit
conductivity of gold 4x107| S
loss tangent of fused silica 0.0002
relative permittivity of fused silica | 3.823
thickness of substrate 1500 | um

Table A.1: Values of the material properties used in MDS simulations.

Once again, it is convenient to start with the EO index shift given in equation

(4.1b) to get the relative phase change of light exiting one arm of an interferometer (of

length L)

aran L
A@ =%"”’”- [axE ) (A.23)

o
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where the integral generalizes the equation to allow for an electric field which decays as a
function of the distance along the line. The peak electric field has the form

E, . (x)=E, exp(—c,x). (A24)

Integrating (A.23) after substituting (A.24) gives

mr.n’ E
. = altom 20 [1—exp(~e,L)] (A.25)
Ao

o e

Ap

which is a decaying function of frequency (implicitly through ¢, ) having a maximum at
@, =0 where no loss is incurred (i.e. &, =0). Taking the limit of the above expression
as o, — 0 gives

72'7-33’1311: Eo L
—_— A.26
= (A.26)

o

AP ., (0, =0)=

Then using (A.18) to find the -3dB modulation point one arrives at the following

equation

o L
< —l+exp(—a,L)=0 (A.27)
42 P

the non-trivial solution of which is (in Nepers)

a,L=0.738Np. (A.28)

Converting this to decibels, keeping in mind that the above describes the decay of electric
field, gives the maximum loss aliowable on a CPW electrode resulting in the half power

modulation point as
maximum loss = 6.43 dB. (A.29)
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