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Abstract

This thesis investigates an evanescent held refractive index sensor based on a planar 

waveguide silicon-on-insulator (SOI) unbalanced Mach-Zehnder interferometer struc

ture. The key element used for enhancing the sensitivity of the device is a waveguide 

structure that contains perforations through its core guiding layer.

Three-dimensional numerical solution of the wave equation was used to determine 

optimal device dimensions and model device behavior. Devices were then fabricated 

in 3.4 pm thick SOI material and optically characterized. It was found that the 

perforations in the waveguide increased its sensitivity to refractive index changes in 

the cladding by a factor of two. The sensitivity was calculated to be 2.2 nm shift in 

the interferometer output spectrum per unit refractive index change of the cladding. 

It is expected that further optimization of the perforated waveguide structure will 

result in a significant increase in sensitivity.
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Chapter 1

Introduction

The importance of sensor technology stems from the many applications of sens

ing in environmental, medical, agricultural, military and other industries. Sensors 

translate quantities to be measured into signals that can be readily transmitted and 

processed to provide information needed to support a diversity of systems. The re

quirements for a specific sensor vary largely depending on its application, however, 

some common desired properties include high sensitivity in the required range of op

eration, geometric versatility, immunity to environmental noise, small size and low 

cost.

This chapter begins by introducing optical sensors and outlining their advantages 

compared to other, more-established sensor technologies. The operation of planar 

waveguide-based evanescent field sensors is explained, with special emphasis on sen

sors implemented on a silicon-on-insulator (SOI) platform. The different approaches 

to measuring the changes detected by the sensor are briefly introduced, and latest 

developments in SOI evanescent field sensors are presented. Section 1.2 ties the cur

rent project into the recent work on planar waveguide-based evanescent field sensors, 

and outlines the goals of this project. Lastly, Section 1.3 describes the organization 

of this thesis and the material presented in the following chapters.

1
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CHAPTER 1. INTRODUCTION 2

1.1 O ptical Sensor Technology

Research and development in the optical sensor field is motivated by the following 

significant advantages of optical sensors compared to conventional sensors [1]:

• immunity to electromagnetic interference means that heavy shielding, which is 

often used for conventional electrical sensors, is not required;

• all-passive dielectric structure allows for elimination of conductive paths in high- 

voltage environments and electrical isolation of the measured system;

• environmental ruggedness allows for usage in high voltage, electrically noisy, 

high temperature, corrosive and other stressing environments;

• geometric versatility allows for all-solid configuration capable of withstanding 

extreme vibration and shock levels;

• small geometry and light weight of the sensing element allow for minimal foot

print;

• inherent compatibility with standard optical fiber telecommunication technol

ogy allows for efficient transport of the optical signals;

• compatibility with large commercial telecommunication and optoelectronics mar

kets allows for a substantial reduction in cost.

Modern optical sensors typically rely on fiber optics or planar waveguide optics. 

Fiber optic sensors allow the physical parameter to be measured, known as the mea

surand, to interact with the fiber or some device attached to the fiber to modulate the 

optical characteristics of a transmitted signal. One of the major advantages of fiber 

optic sensors is that they are inherently compatible with the optical fibers that are 

used for telecommunication, thus avoiding the need to develop advanced structures 

for efficient light coupling into and out of the sensor devices.

Planar waveguide-based optical sensors refer to structures in which the measurand 

interacts with light that is guided in a thin film optical waveguide. The great promise
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CHAPTER 1. INTRODUCTION 3

of integrated optics is the ability to combine various optical components such as 

light sources, detectors, modulators, switches, optical sensors, etc. on a common 

substrate, and to link all the components by optical waveguides. In contrast to fiber 

optics, planar waveguide-based optics has greater flexibility in choosing the materials 

and structures of the optical system, thus giving additional freedom in the design 

process. Moreover, high-density integration of multiple components allows one to 

build sensor arrays on a single optical chip, creating a multi-purpose sensing system. 

However, efficient light coupling between a typical waveguide and a standard optical 

fiber, which is used to transmit the optical signal in and out of the waveguide-based 

device, has proven to be a major practical challenge.

In planar waveguide implementations of optical sensors, silicon technology has 

been of special interest for three main reasons. First, silicon processing techniques 

are mature and well-characterized thanks to the decades of research, development and 

manufacturing in the microelectronics industry. Second, the silicon platform has the 

potential for monolithic integration of optical and electrical components on the same 

substrate. Third, the high index contrast in silicon systems allows for compactness 

and high functional density, an important aspect for sensor array applications.

The majority of silicon photonic devices have been fabricated using the SOI plat

form. SOI is a generic term used to describe structures which consist of a thin layer 

of crystalline silicon on top of an insulating layer. The most common SOI struc

ture is silicon-on-silica, in which a uniform layer of Si0 2  is sandwiched between a 

thick silicon substrate and a thin surface layer of crystalline silicon [2], as shown in 

Figure 1.1(a). SOI material was originally developed to improve the performance of 

electronics, where the buried oxide layer reduces junction capacitance to the silicon 

substrate, enabling operation at higher speeds with reduced power consumption [3]. 

For optics, the high index contrast of SOI allows for very small devices compared 

to other material systems, such as silica-on-silicon or III-V semiconductors. Optical 

waveguides in SOI allow propagation of light with photon energy below the bandgap 

of silicon (~1.12 eV [4], thus silicon is transparent for wavelengths greater than ~1.1 

/im -  the infra-red range and beyond), and the buried oxide layer provides optical 

confinement of the light in the thin high-index silicon film.
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CHAPTER 1. INTRODUCTION

silicon guiding layer

SiO,layer

silicon substrate

silicon core

SiO layer

silicon substrate

(a) Silicon-on-insulator wafer structure. (b) Silicon-on-insulator rib waveguide.

Figure 1.1: Silicon-on-insulator material for optical waveguides.

In order to realize an SOI waveguide that can guide an optical signal along a 

specified path, a three-dimensional rib waveguide structure, shown in Figure 1.1(b), 

is commonly used. In a rib waveguide, vertical confinement of the light signal is 

achieved by the higher refractive index of the core silicon layer compared to the 

indices of the Si0 2  and the upper cladding layers, and horizontal confinement is 

achieved by patterning a thicker rib region, as illustrated in Figure 1.1(b). This 

confinement in both vertical and horizontal directions keeps the optical signal within 

the silicon rib region as it propagates along the waveguide. In general, the waveguide 

geometry and the appropriate boundary conditions allow only a certain number of 

specific solutions to the wave equation that governs the propagation of light in the 

waveguide structure. These solutions are referred to as the modes of the structure. 

Each mode is characterized by its effective index, a parameter that can be thought of 

as the index of refraction that governs the electromagnetic wave as it propagates along 

the waveguide. It can be shown that the profiles of the mode fields must oscillate in 

the core guiding region and decay in an exponential fashion in the cladding regions. 

The portion of the mode that decays exponentially in the cladding of the waveguide 

structure is called the evanescent field of the mode.

Evanescent field sensing has been one of the most widely used methods for sensing 

in both fiber and planar waveguide-based optical sensor implementations. Because the
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CHAPTER 1. INTRODUCTION 5

evanescent field travels outside the waveguide core, it can interact with the surround

ing environment. When the cladding material undergoes a change in its refractive 

index, the evanescent field ’detects’ this change, inducing a variation in the optical 

properties of the guided mode. Although only a fraction of the modal power actu

ally experiences the change of the optical properties of the cladding, long interaction 

lengths allow for a significant cumulative effect. The effect of the measurand on the 

properties of the optical system is proportional to the fraction of the modal power 

which propagates through it. It is therefore desirable to increase the evanescent field 

in order to achieve greater sensor sensitivity.

Evanescent field sensing may rely on a change in one of three optical proper

ties: the refractive index, the absorption coefficient or the emission properties of the 

measurand [5]. A change in the refractive index is expressed as a change in two pa

rameters -  the real part of the effective index and the mode field profile. A change 

of an absorption coefficient is expressed in the imaginary part of the effective index 

and thus in optical attenuation. The measurand material may also show lumines

cent properties, where part of the absorbed power is emitted as photons of another 

wavelength, generating a new mode.

The great majority of evanescent field sensors detect the change in the real part 

of the effective index of the propagating mode due to the introduction of the measur

and into the optical system. The measurand can take different forms, from aqueous 

solutions of uniform refractive index to a thin layer of biological material on the 

waveguide surface. In order to measure the changes induced by the measurand, a 

number of structures can be exploited. One approach is to place the evanescent field 

sensor in an interferometer-based configuration, which relies on the interference be

tween two signals, of which one is exposed to a variation in the optical properties 

of the cladding material, while the other is kept in a constant reference state. The 

interferometer-based structure that is most often used for evanescent field sensing 

is the Mach-Zehnder interferometer [6] [7] [8] [9], while other examples utilize the 

Young [10], Michelson [11] or difference [12] interferometer structures. Another ap

proach that can be used to measure the change in the effective index induced by 

the measurand is to use a resonator-based system, where the optical signal passes
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CHAPTER 1. INTRODUCTION 6

the sensing region multiple times, thus typically leading to larger effects than in 

interferometer-based structures. Examples of resonator-based evanescent field sensors 

include Fabry-Perot [13], ring [14] and disk [15] resonator implementations. Changes 

in the modal effective index can also be measured by observing the coupling between 

different modes, an approach used in grating assisted sensors [16] and sensors based 

on the surface plasmon resonance method [17].

At the time of writing, a number of research groups are working on SOI-based 

evanescent field sensors, however full description of the implementations has not yet 

been published. Although SOI-based sensor structures provide a number of advan

tages as outlined above, they also have the disadvantage that due to the high index 

contrast of the structure, the optical mode is tightly confined to the silicon guiding 

layer, and the fraction of the mode that is evanescent is very small. The general 

tendency in the current work on SOI evanescent field sensors has been to try and find 

a way to increase the interaction between the evanescent field and the measurand.

In [18] a sensor based on an SOI optical micro-ring resonator was presented. 

The resonator design allows the optical signal to pass the sensing region multiple 

times, thus resulting in greater interaction between the signal and the measurand. 

It is reported that the fabricated sensor is capable of detecting bulk refractive index 

changes of 7 x 10-3.

In [19] high evanescent field was achieved by significantly reducing the size of the 

waveguide structure, at which point the guided mode becomes less confined within 

the waveguide core. Mach-Zehnder interferometer structures have been fabricated, 

achieving 411 nm per refractive index unit (RIU) wavelength shift in the transmission 

peak of the MZI for an interaction length of 1.5 mm, with ~1CT6 minimum detectable 

refractive index change. Note however that because of the very small waveguide 

dimensions (0.45 /rm width, 0.26 //m thickness) of the fabricated sensors, challenges 

related to efficient coupling of light into and out of the devices are expected.
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CHAPTER 1. INTRODUCTION 7

1.2 T hesis C ontribution

The goal of this thesis is to design, fabricate and characterize an evanescent field 

refractive index sensor on silicon-on-insulator platform. One of the key design deci

sions of the proposed sensor is to keep the waveguide dimensions relatively large to 

facilitate efficient light coupling into and out of the sensor device. Since the evanes

cent field of such a large waveguide is very small, the expected sensitivity to variations 

in the refractive index of the cladding is also low, thus some mechanism is required 

to increase the interaction between the optical signal and the measurand, which is 

introduced as the cladding material of the waveguide. For this purpose, a randomly 

perforated waveguide structure is proposed, where the perforations are designed such 

that a larger portion of the mode held travels through the cladding material as evanes

cent held compared to a standard waveguide of the same dimensions. An unbalanced 

Mach-Zehnder interferometer has been chosen as the sensor device due to its relatively 

simple implementation and the availability of an appropriate mask for its fabrication. 

The sensor was realized by perforating the two arms of the interferometer, exposing 

one of the arms to different measurands while keeping the second arm in a constant 

reference state, and observing the intensity of the output signal. The effects of the 

perforations on the sensitivity of the sensor and the optical characteristics of the 

device are investigated using three-dimensional optical simulations and experimental 

measurements.

1.3 T hesis O rganization

This thesis is divided into six chapters. Chapter 2 provides the theoretical back

ground required to understand the material presented in the thesis, including the 

propagation of electromagnetic waves, the principle of operation of the Mach-Zehnder 

interferometer, and the behavior of liquids in perforated structures. Chapter 3 de

scribes the design process used to obtain the chosen device parameters, and the 

simulations used to model the device behavior. In Chapter 4 the process and the 

equipment used in the fabrication of the device are outlined. Chapter 5 presents
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CHAPTER 1. INTRODUCTION 8

the experimental measurements of the sensor, compares the experimental evidence 

to simulation results, and suggests a number of improvements to the current design. 

Chapter 6 concludes this thesis by summarizing the main results and providing rec

ommendations for future work.
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Chapter 2 

Theoretical Background

This chapter provides the theoretical background required to understand the de

sign and the operation of a perforated Mach-Zehnder interferometer sensor. Sec

tion 2.1 presents the fundamentals of light propagation, and the structures that can 

be used for one and two dimensional confinement of electromagnetic waves. Sec

tion 2.2 outlines the principle of operation of a Mach-Zehnder interferometer, and 

explains how the basic device is utilized for sensing in this project. Finally, Sec

tion 2.3 describes a two-stage model that can be used to characterize liquid behavior 

as it pertains to the proposed sensor device.

2.1 O ptical W aveguide T heory

2.1.1 E lectrom agn etic  P rop agation

Propagation of light in a non-conducting, non-magnetic, isotropic, linear, dielectric 

and homogeneous medium can be described by the simplified Maxwell’s equations

9
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CHAPTER 2. THEORETICAL BACKGROUND 10

given by [20]:

X7 v  F! =  — n.n
dt

dH
V x E  = - / j, o—  (2.1)

9E
V x i i  =  e ° n 2 ~ f o  (2-2)

V • E =  0 (2.3)

V ■ H  =  0 (2.4)

where E and H are the time-dependent vectors of the electric and magnetic fields, 

respectively, t is the time, is the magnetic permeability of free space, e0 is the 

dielectric permittivity of free space, n  is the refractive index, and V is the del operator, 

defined as:
_  / d x  dy  <9z\

= { l h ' d y ' l h )
where x, y  and z are the unit vectors in the x, y and z directions, respectively.

Equations (2.1) -  (2.4) can be combined to obtain the following equations for the 

electric and magnetic fields:

V2E =  e0n2fio^£-  (2.6)

V2H  =  e0n 2/i0^ y -  (2.7)

where V2 is the Laplacian operator, given by:

V2 =  ( A  + A  . <2S)
dy2 dz2)

Equations (2.6) and (2.7) describe the propagation of electromagnetic waves, and thus 

are known as the wave equations. The general solutions to the wave equations for a 

wave propagating in an arbitrary direction r  =  (xx +  yy + zz) are given by [21]:

E(r,t)  =  E 0e ^ “kr) (2.9)

H (r,t)  =  H 0eiM - k'r) (2.10)

where E 0 =  (Exx +  Eyy +  Ezz) is the electric field amplitude of the wave, H 0 = 

(II.jA +  Hyy +  Hzz) is the magnetic field amplitude, k is the wave vector, and uj is 

the angular frequency.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. THEORETICAL BACKGROUND 11

2.1.2 O ne-D im ensional C onfinem ent

While Subsection 2.1.1 described electromagnetic propagation in an unbounded 

region, in practice it is important to understand how electromagnetic radiation can 

be guided. Consider a three-layer slab waveguide shown in Figure 2.1, where ncore, 

nudad and niciad are used to denote the refractive indices of the core guiding layer, the 

upper cladding layer and the lower cladding layer, respectively. The slab waveguide 

provides one-dimensional confinement of the electromagnetic radiation. That is, the 

wave is free to travel along the infinite direction of propagation z and along the infinite 

direction of x, while it is confined in the y-direction.

upper cladding uclad

guiding core

lower cladding k ind

Figure 2.1: Slab waveguide structure.

When the electromagnetic wave is propagating along the +z  direction, equations 

(2.9) and (2.10) take the form:

E (r,t)  = E 0ej(a;W3z) (2.11)

H (r,t)  =  H o e ^ * - ^  (2.12)

where /3 is the z-component of the wave vector k and is known as the propagation 

constant.

Because the slab structure is infinitely wide along the x-axis, both E  and H  are 

x-independent. Therefore, Maxwell’s equations result in two distinct sets of linearly 

polarized solutions [20]:

1. Transverse electric (TE) solution -  solution in which the electric field only exists

perpendicular to the direction of propagation z. In this case Ez =  Ey =  0, and
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CHAPTER 2. THEORETICAL BACKGROUND 12

Ex satisfies:

+  (n*kl -  (52)Ex = 0 (2.13)

2. Transverse magnetic (TM) solution -  solution in which the magnetic field only 

exists perpendicular to the direction of propagation z. In this case Hz = Hy = 0 

and Hx satisfies:
j2 tt
- ^  + ( n X - P 2)Hx = 0 (2.14)

The profile of the various mode fields can now be derived by solving equations 

(2.13) and (2.14) for the three layers shown in Figure 2.1. The solution shows that the 

longitudinal fields must oscillate in the core guiding region, while they must decay in 

exponential fashion in the two cladding regions. The tails of the mode that propagate 

through the cladding regions are known as the evanescent fields.

An important parameter that is related to the propagation parameter @ is the 

effective index, defined as:

««// =  r  (2.i5)

where ko is the free space vector, given as:

r 2tf
k0 = -T- (2.16)

Ao

where Ao is the wavelength in free space.

The effective index of the mode can be thought of as the index of refraction that 

governs the mode as it propagates along the ^-direction. When a mode is guided, its 

effective index must satisfy:

THtXX.{nUclad) Iclad) ^ ^e// <' W'core (2.17)

The value of the effective index for a given mode can be calculated by using the 

eigenvalue equation arising from the solution of the field profile equations and the 

corresponding boundary conditions. The normalized form of this equation for TE 

modes is given by [20]:

2 V V l — b = m-n + tan 1 \ +  tan 1 \  ----   (2.18)
l  —  o  V I  —  o

b + 5
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and for the TM modes:

2VVTZrb = m , + tan-1 ( + ta n -  (2-19)

where m  is an integer, b is the normalized propagation parameter, 5 is the asymmetry 

parameter of the waveguide, and V  is the normalized frequency parameter, defined 

as:
trp* _

b =  -&■ ^  (2.20)
^core  ^Ic lad
rn2   -V}2

^  _ Iclad uclad fey 91  ^
n core ^ Iclad,

v  =  k 0 d \ J n l o r e - n 2ldad (2 .22 )

where d is half the thickness of the guiding core layer. It is important to realize that 

the only unknown in equations (2.18) and (2.19) is 6, which is a function of n eff.  

The integer term m  is called the mode number. It can be shown that solutions to the 

eigenvalue equations (2.18) and (2.19) exist only for m  =  0 , 1 , . . . ,  m crit, and that for 

each allowed m  there is only one solution. These solutions are the optical modes of 

the structure. Therefore, if the waveguide parameters are known, the effective index 

of a given mode can be obtained numerically from equation (2.18) for a TE mode or

from equation (2.19) for a TM mode. Figure 2.2 shows the normalized b-V diagram

for the first three TE modes for several values of the asymmetry parameter 5, where 

the curves are numerically derived from equation (2.18). Note that for a symmetric 

slab waveguide (i.e. nuciad = niciafi and thus 5 =  0), there exists a solution for all 

values of V ; that is, there is always at least one mode that is guided in a symmetric 

slab waveguide. However, for an asymmetric slab waveguide, there exists a cut-off 

value for the normalized frequency, given by:

Vo = tan~l \f5  (2.23)

i.e. for V  < Vo the fundamental (/// — 0) mode is not guided in the slab waveguide. 

In general, if the normalized frequency parameter V  ranges over Vrn < V  < VTn+\ . 

where:

Vm = Vo +  m-K (2.24)
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then m + 1 modes (TEo, TE] , . . . ,  TEm) are supported. Curves similar to those shown 

in Figure 2.2 can also be numerically derived for the TM modes of a slab waveguide.

3

.6

.4

.3

0 2 4 6 8 (0 12 14 16V

Figure 2.2: Normalized b-V diagram for the first, three TE slab waveguide modes for 
several values of the asymmetry parameter. Taken from [22].

The analysis of the three-layer slab waveguide can be further extended to slab 

waveguides with multiple layers, such as the four-layer model of a silicon-on-insulator 

slab waveguide, as shown in Figure 2.3. An important difference between the SOI 

slab structure and the three-layer slab structure shown in Figure 2.1 is that SOI 

slab waveguides do not support lossless guided modes, since the thickness of the 

buried oxide layer is finite, and the same material is used for the guiding layer and 

the substrate of the slab waveguide. Thicker buried oxide layer will provide higher 

isolation and thus lead to lower optical losses.

2.1.3 T w o-D im ensional C onfinem ent

Most practical applications require confinement of light in two dimensions, such 

that an optical signal can be routed along a specified path. The additional horizontal 

confinement can be achieved using a rib waveguide structure as shown in Figure 2.4(a). 

It is important to note that strictly speaking the modes of a rib waveguide are not
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upper cladding ft...,.,

Si core n = 3.48core

Si02 lower cladding nklad = 1-44

Si substrate

Figure 2.3: Silicon-on-insulator slab waveguide.

purely TE or TM modes, as is the case with a slab waveguide. The modes can be 

divided into two sets of hybrid modes: quasi-TE modes, for which all field components 

are assumed to exist except for Ez, and quasi-TM modes, for which all components 

are assumed to exist except for Hz.

An analytical solution to the two-dimensional wave equations of a rib waveguide 

is generally not possible due to the complexity of the boundary conditions. However, 

several techniques for numerical and semi-analytical solutions have been studied. The 

simplest semi-analytical approach is the effective index method (EIM), which ob

tains the approximate modes of a rib waveguide by treating the problem as four 

one-dimensional slab waveguide problems. The method divides the rib waveguide 

structure into three regions, as shown in Figure 2.4(b). To solve for the quasi-TE 

modes of the rib waveguide, first each of the regions is treated as an individual slab 

waveguide, resulting in the corresponding effective indices of the TE modes in each 

region. Second, the overall effective indices are found by solving for the TM solutions 

of a slab waveguide in a horizontal direction as shown in Figure 2.4(c), whose material 

refractive indices are replaced with the effective indices found in the first step. Note 

that in the second step the TM mode indices are being solved for to account for the 

rotated frame of reference [23]. Similar reasoning is used to find the quasi-TM modes 

of the rib waveguide.

Similarly to the slab waveguide, it is important to define the condition under 

which a rib waveguide is single mode (i.e. guides only the fundamental modes).
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ture. the effective index method. equivalent slab waveguide

structure.

Figure 2.4: Rib waveguide analysis.

The effective index method and experimental evidence were used by a number of 

researchers ( [24] [25] [26]) to predict that single-mode operation could be achieved if 

the waveguide dimensions were selected such that the following empirical relationship 

is obeyed:

< - A.-r - -  0.05 (2.25)
w
H ~  y/T r

where r  is the ratio between h and H . and the dimensions are defined in Figure 2.4(a).

The thickness of the buried oxide layer in a SOI rib waveguide must be sufficiently 

thick to prevent optical modes from penetrating the oxide layer and coupling into the 

silicon substrate. The required thickness will depend on the waveguide dimensions 

and on the optical mode, since each mode penetrates the cladding to a different depth. 

Figure 2.5 shows the required buried oxide layer thickness as a function of waveguide 

thickness such that the leakage losses to the substrate are below 0.001 dB/cm for the 

fundamental TE and TM modes at a wavelength of 1.55 fim.

2.2 M ach-Zehnder Interferom eter

A Mach-Zehnder interferometer (MZI) is a well known structure that is widely 

used as the core mechanism for modulators, optical filters, switches, and other devices. 

The basic structure of a MZI is shown in Figure 2.6(a). The first junction splits the
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Figure 2.5: Buried oxide layer thickness versus silicon-on-insulator waveguide thick
ness for achieving leakage losses below 0.001 dB/cm for the fundamental TE and TM 
modes. Taken from [2],

input signal in two parts, and the resulting two signals take physically different paths, 

before recombining at the second junction. Depending on the difference between the 

optical path lengths in the two arms, the two parts of the signal may acquire different 

phase shifts, which causes the signals to interfere constructively or destructively at 

the second junction, producing a sinusoidal variation in the intensity of the output 

signal. In general, the two junctions need not be identical and can have different power 

splitting fractions, however in most practical applications the MZI is made using two 

identical 3-dB couplers or Y-splitters. When the two arms of the interferometer have 

nominally the same optical path length, the structure is known as a balanced MZI; 

otherwise an unbalanced MZI results.

The usefulness of the MZI in various applications is based on its ability to produce 

large changes in its output with small changes in the optical path length of one of its 

arms. The optical path can be changed by varying the physical length of one of the 

arms (e.g. by using a membrane that deforms under pressure variations [27]) or by 

changing the effective index in one of its arms (e.g. by changing the refractive index
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(b) Normalized output intensity of a MZI as a function of 

phase difference.

Figure 2.6: Balanced Mach-Zehnder interferometer structure.

of the guiding layer [23] or the refractive index of the cladding [28]).

Assuming the first Y-junction splits the input signal Ein into two equal parts, the 

two signals in the arms of the interferometer are given by:

E arm i  —

E‘arm2 —

Ejn

E-*LJm

(2.26)

(2.27)

The two signals propagate along different paths, until reaching the second Y- 

junction. Let A<f> be the additional optical phase introduced in one of the inter

ferometer arms. Thus just before the second Y-junction, the two signals have the
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form:

'arml

'injGt+&4>)
1arm2 (2.28)

At the output, the two signals recombine to result in signal Eout, given by:

Kout ■ E armi -f- E arm2

(2.29)

Therefore, the time-averaged intensity of the output signal can be expressed as:

where the horizontal bar denotes time-averaging.

Figure 2.6(b) shows the normalized intensity of the MZI output signal as a function 

of A(j>, as described by equation (2.30). The maximum output amplitude occurs when 

the phase difference between the two arms of the interferometer is an integer multiple 

of 27r, while the minimum occurs when the phase difference satisfies A<p = (l + 2m)n, 

where m  is an integer. Moreover, the maximum slope and thus the maximum variation 

in the output signal intensity for a given change in A<p occurs when A<p =  (1 +  2 m) | .

Note that for a perfectly balanced MZI, the output signal intensity will remain 

constant at its maximum value irrespective of the input signal wavelength. However, if 

even a slight imbalance is introduced into the structure, the phase difference between 

the two arms becomes wavelength dependent, which in turn causes the MZI output 

signal to be wavelength dependent. Figure 2.7(a) shows a MZI structure, in which 

the arms are designed to be of different physical lengths. The wavelength dependency 

of the output signal of such unbalanced MZI structure is shown in Figure 2.7(b).

Note also that the transmission spectrum as shown in Figure 2.7(b) can be used 

to approximate the physical path length difference between the two arms of an un

balanced MZI. The phase accumulated by a signal is given by:

(2.30)

(2.31)
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(a) Unbalanced MZI structure.
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wavelength (jam)

(b) Normalized output intensity of an unbalanced MZI as a 

function of wavelength.

Figure 2.7: Unbalanced Mach-Zehnder interferometer structure.

Assuming that the propagation constants of the modes in the two arms are identical, 

the phase difference between the two signals at the second junction can be expressed 

as:

A0 =  (5{Larml -  Larm2) = ^ l l A L (2.32)

thus the change in A d  with respect to change in wavelength can be expressed as:

<9 A  cj) 2 imef f A L
dX (2.33)

Now, when Ao changes enough to go from, e.g. one constructive interference peak to 

the neighboring one, the corresponding change in A<p is 2ir, and equation (2.33) takes 

the form:

27t 2imef f A L  
AX ~  ~

(2.34)
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where A A denotes the wavelength difference between two adjacent peaks. Finally, 

equation (2.34) can be rearranged to obtain:
\2

AL « -------------------------------------------------(2.35)
neff A A

i.e. for a given modulation spectrum of an unbalanced MZI (similar to one shown in 

Figure 2.7(b)), the actual path length difference can be estimated by measuring the 

horizontal difference between adjacent peaks and using equation (2.35).

A Mach-Zehnder interferometer can be used as an evanescent field sensor when 

phase difference between the two arms is induced by the measurand, which is in

troduced as the cladding material in one of the interferometer arms, known as the 

sensing arm. The second arm, the reference arm, is not exposed to the measurand, 

thus remaining in a constant reference state. The induced phase difference between 

the two signals causes them to interfere such that the output signal shows a sinusoidal 

variation that is directly related to the change in the refractive index of the measur

and. In the case of the unbalanced MZI as shown in Figure 2.7, when the measurand 

changes the effective index of the mode in the sensing arm of the interferometer, the 

entire spectrum as shown in Figure 2.7(b) either compresses (in the case when \A(f>\ 

decreases) or stretches (in the case when | A<p\ increases) relative to the wavelength 

axis. Note, however, that if the spectrum is observed over a short wavelength range, 

the effect of the stretch /  compression appears as a nearly constant shift of the spec

trum with respect to the wavelength axis. This shift (or the wavelength shift of one 

of the spectrum peaks [5]), can be used as an indication of the refractive index of the 

measurand.

Mach-Zehnder interferometer-based evanescent field sensors typically require single

mode operation. If several modes are propagating through the structure, a change 

in the measurand would affect the phase of each mode and may cause intermodal 

coupling. As a result, the intensity of the output signal can no longer be used as an 

indication of the refractive index of the measurand; instead, complex modal pattern 

image processing techniques are required [29].

A common difficulty in achieving high sensitivity with evanescent field sensing 

is that there is little interaction between the mode and the introduced measurand,
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since only a very small portion of the mode’s field travels as evanescent field in the 

cladding material. Thus to achieve significant cumulative effect, long interaction 

lengths are usually required. The device studied in this project explores an approach, 

where in order to increase the evanescent field perforations are introduced in the 

arms of the interferometer. The perforations cause larger portion of the wave field to 

travel through the cladding region, thus potentially increasing the evanescent wave 

sensitivity of the MZI-based sensor structure. The design of the perforations and their 

effect on the effective index of the propagating mode were studied mainly through 

simulation, and thus will be discussed in detail in Chapter 3.

2.3 Liquid D ynam ics

The initial testing procedure for prototype refractive index sensors typically in

volves using water-based solutions. Since in this project the perforated region is the 

key element used for sensing, some characterization of liquid penetration into the 

perforations is provided.

The mathematical model presented here follows the analysis published in [30] (with 

background information taken from [31]), where a model is developed for the liquid 

uptake into porous particles during the process of iron sintering for the steel-making 

industry. Although the application is very different than the one in this project, the 

model describes liquid penetration rate into pores in general, and can at least be used 

to qualitatively explain the liquid behavior in the studied sensor structure.

In the case of an open pore, i.e. a pore which has two open ends as shown in 

Figure 2.8(a), as the liquid flows in, the replaced air is free to exit from the other end. 

However, if the pore has only one entrance (a closed pore) as shown in Figure 2.8(b), 

the air inside the pore cannot escape. This air will be compressed as liquid flows into 

the pore, thus slowing down the flow.

The rate of liquid flow into a closed pore is governed by two mechanisms: capillary- 

driven and diffusion-driven pore filling. The two processes occur simultaneously, 

however, at first, the capillary-driven mechanism dominates and causes rapid initial 

filling of the pore. This process slows down when an equilibrium between the capillary
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(a) Open pore. (b) Closed pore.

Figure 2.8: Examples of pore structures.

pressure generated by the fluid and the pressure of the air trapped by the fluid is 

reached. The pore filling process continues as a result of a much slower diffusion- 

driven mechanism, in which the trapped air slowly dissolves in the liquid and diffuses 

to the surface, eventually allowing the pores to become completely filled.

The switch in dominance between the two mechanisms occurs when I (defined as 

the length of the pore already filled with the liquid as shown in Figure 2.8(b)) is equal 

to l awitch, which is given by:

- l
Iswitch = L 1 + Hatrn'T (2.36)

27 cos

where 7  is the fluid surface tension, ji is the liquid viscosity, 9 is the contact angle 

(0° < 9 < 90°), r is the radius of the pore, Patm is the surrounding atmospheric 

pressure, D  is the diffusivity of the gas (air) in the liquid, R  is the ideal gas law 

constant, H is the Henry’s law constant, T  is the air temperature and L is the total 

length of the pore.

Thus for 0 < I < ISWitch, the pore filling time is governed by the capillary-driven 

process, which is given by:

'I2 
~2 '

''stage 1
8(i
~A

B
A

L I In(B -  Al) (2.37)

where A  =  (2rj cos 9 + r2Patm) and B  = (2rLj cos 9)). Depending on the parameters 

of the pore and the liquid, l SWitch  may be smaller than L, i.e. portion of the pore 

remains unfilled when the capillary-driven process reaches equilibrium. At this time,
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the second diffusion-driven mechanism becomes dominant, where the time it takes 

for the liquid to travel a distance I (lswuch < I < L) down a closed pore can be 

approximated by:
H

tstage2 ~  2 £ ) R T ^  ^switch)  (2.38)

Therefore, the total time it takes for a liquid to fill a closed pore of length L is 

given by the sum of tstagei and t stage2- An example of the predicted time-dependency 

of the pore filling process is shown in Figure 2.9.

switch

‘"f 1 1 . 1 turn.

10 100 
Tim e, t (sec)

1000 10000

Figure 2.9: Example of the two-stage pore filling process for a 1 mm long, 0.455 fim 
radius pore filled with water. Taken from [30].

Note that experimental evidence described in [30] indicates that the presented 

model underestimates the time it takes for the pores to fully fill, and thus can only be 

used to predict qualitatively the effects of variations in the pore or liquid properties. 

The predictions of this model and experimental observations related to the closed 

pore-like perforations in this project will be further discussed in Chapter 5.
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Chapter 3

Design and Simulation

This chapter presents the design process used to arrive at the dimensions of 

the perforated Mach-Zehnder interferometer structure, and the simulation work per

formed to model its optical behavior. Section 3.1 describes the chosen dimensions of 

the basic rib waveguide structure. In Section 3.2 the design of the perforated waveg

uide region is presented. This includes the design of the perforations themselves, and 

the analysis of their effect on the average effective index of the propagating mode and 

the power loss of the structure. Section 3.3 combines the mathematical model of a 

Mach-Zehnder interferometer with the simulated behavior of the perforated waveguide 

to model the expected optical behavior of the perforated Mach-Zehnder interferome

ter structure. In Section 3.4 a concise summary of the chosen device parameters and 

the simulation results is provided.

Unless otherwise stated, all simulations were done for an input wavelength of 1.55 

/rm. Table 3.1 shows the materials used in the simulations and their corresponding 

refractive index values at 1.55 /rm [32] [33].

3.1 W aveguide Structure

Due to financial considerations, an existing mask was used for the waveguide-based 

devices fabricated in this project (for details of the mask see Section 4.2). Therefore, 

the width of the waveguides was set at 5 jim. Moreover, SOI material with 3.4

25
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Material Refractive index
silicon n Si = 3.48
silica n Si02 — 1-44
air 'H'air 1.00
water Tlwater 1.32

Table 3.1: Refractive index values used in simulations (A0 =  1.55 fan).

/an thickness silicon film was used to fabricate the devices due to its availability in 

the Carleton microfabrication laboratory. As a result, in determining the waveguide 

dimensions for single-mode operation using the condition described in equation (2.25), 

the width of the waveguide (w ) and the silicon film thickness (H) parameters were 

fixed. Although equation (2.25) is often quoted as the single-mode condition for a 

rib waveguide, it is important to note that it is a fit for a set of experimental results, 

and is not a sufficient condition for single-mode operation. Simulations using a mode 

solver for a given rib waveguide structure typically give a better indication on whether 

the structure supports any higher order modes.

Unfortunately, during the hrst stages of fabrication the thickness of the silicon 

film in the SOI material was mistakenly taken as 4 fan due to an incorrect label. 

With this thickness it was found that rib depth of 0.74 ftm (h =  3.26 fan) satisfies 

equation (2.25), and mode solver simulations were used to confirm that the structure 

indeed forms a single-mode waveguide.

However, for a 3.4 ftm thickness silicon film, a rib depth of 0.74 fan supports 

not only the fundamental TE and TM modes, but also the hrst order TM mode, 

as shown in Figure 3.1. The mode solver used to obtain the modes in Figure 3.1 

is FIMMWAVE by Photon Design, which uses the Film Mode Matching (FMM) 

method [34], FIMMWAVE mode solver results were conhrmed with an equivalent 

simulation in FEMLAB, a finite element method (FEM) simulation program [35], 

however these results were not included here to avoid redundancy. The mistake was 

realized at a much later stage in the project, at which time an additional fabrication 

round was not possible because of unavailability of equipment and time limitations.

However, although the waveguide with the chosen dimensions supports a hrst
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(a) Fundamental T E  mode. (b) Fundamental TM  mode. (c) F irst order TM  mode.

Figure 3.1: FIMMWAVE two-dimensional mode solver simulation results, showing 
the intensity distribution of the supported modes of the waveguide structure (input 
wavelength Ao =  1.55 pm).

order mode, with proper alignment the experimental setup that was used in the 
measurement stage of the project (described in detail in Chapter 5) does not easily 
excite higher order modes. This is due to the fact that the mode profile of the input 
fiber matches much more the fundamental waveguide mode, rather than any higher 
order modes. Yet, if the input fiber is not perfectly aligned to the center of the input 
waveguide, there is a possibility that the higher order mode will also be excited, or 
the optical signal will evolve into the higher order mode as it propagates through the 
interferometer structure. This issue will be discussed further in Section 3.3.

3.2 Waveguide Perforations

The perforated waveguide region is the key mechanism that is used to extend the 
evanescent field of the propagating mode in order to enhance the sensitivity of the 
sensor. In order to avoid any periodic effects, the perforations are placed in a random 
manner in the waveguide core, as illustrated in Figure 3.2(a). The random placement 
of the perforations also eases the fabrication process, as their exact placement is not 
critical.

Because the perforated waveguide structure varies in three-dimensions, a three- 
dimensional optical simulation setup was required. To ease the simulation setup, the 
perforations were placed in a pseudo-random pattern on a 1 x 1 /xm grid. In this initial
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investigation of the perforated waveguide structure, no specific algorithm was used 

for the pseudo-random distribution. The placement of the perforations was generally 

configured such that they are uniformly distributed between the available positions 

on the l x l  fim grid. The basic building block of the grid that was used in the 

simulations is shown in Figure 3.2(b), and the block is repeated for longer lengths of 

the perforated waveguide.

x
A

,-o
-+z

4—cj>
lum

o
o

(b) Basic building block for pseudo-random 

placement of the perforations.

(a) Perforated waveguide structure.

Figure 3.2: Simulation setup of the perforated waveguide.

The objective of the three-dimensional simulations of the perforated waveguide 

structure is to answer the following three questions:

1. What should the dimensions of the perforations be in order for the perforated 

region to enhance the sensitivity of the sensor? Subsection 3.2.1 discusses the 

relevant simulations and the chosen dimensions for the perforations.

2. What effect do the perforations have on the average propagation constant of 

the structure? Subsection 3.2.2 presents the simulations done to answer this 

question, and the results obtained.

3. What is the predicted power loss due to the light scattering as a result of the 

waveguide perforations? Subsection 3.2.3 describes the optical power simula

tions of the perforated waveguide structure.
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Note that because three-dimensional optical simulations are very resource inten

sive and time consuming, the length of the perforated waveguides simulated is limited 

to 9 fim, consisting of two building blocks shown in Figure 3.2(b). As will be described 

in Chapter 4, the actual length of the perforated region was set at 100 fim, thus the 

obtained simulation results for the 9 fj,m long structure are used to infer the effects 

of the perforations over a 100  fim waveguide length.

The main optical simulation tool chosen to simulate the perforated waveguide 

structure was OptiFDTD, a finite-difference time-domain (FDTD) simulation pack

age developed by Optiwave Systems Inc. The FDTD approach is based on a direct 

numerical solution of the time-dependent Maxwell’s equations, and its model is set up 

without any pre-assumptions of field behavior [36]. The FDTD method was chosen 

because it does not use any assumptions and thus is able to simulate any structure, 

including three-dimensional small-scale structures like the perforated waveguide stud

ied in this project. On the other hand, because FDTD solves the simulated problem 

by brute-force direct numerical solution, OptiFDTD simulations are extremely time 

consuming and resource intensive. Moreover, it proved to be a much more difficult 

task compared to other simulation tools to set up OptiFDTD simulations such that 

they converge to a valid solution.

In order to verify the validity of the simulation results obtained with OptiFDTD, 

an additional simulation tool, FIMMWAVE (and its three-dimensional extension 

module FIMMPROP) developed by Photon Design, was used. This software uses 

the eigenmode expansion algorithm, where the optical properties of a structure are 

fully characterized by the local modes of the structure and by coupling matrices 

between different local modes [34]. Since OptiFDTD and FIMMPROP use two com

pletely different methods to model a three-dimensional structure and solve for its 

optical properties, if their results agree, then one can be reasonably confident that 

the simulations were set up correctly and the results are valid.

In addition to using two different simulation tools to model the behavior of the 

perforated waveguide, another precautionary step was taken to verify the simulation 

setup. A standard SOI waveguide (without any perforations) was simulated with both 

OptiFDTD and FIMMPROP using the same simulation setup as for the perforated
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waveguides. Although a standard waveguide could be simulated using much simpler 

and less time consuming two-dimensional simulation methods, this structure was 

simulated in three-dimensions primarily as a sanity check for the simulation setup. 

A cross-check of the three-dimensional results with simpler and more stable two- 

dimensional simulation methods allowed a confirmation that the three-dimensional 

results are reasonable. Moreover, the standard waveguide structure was used as a 

reference for understanding the results obtained with a perforated waveguide, as will 

be further discussed in Subsection 3.2.2. It is important to note that for all three- 

dimensional simulations, grid convergence tests were performed to ensure that the 

simulation setup produces results that are consistent up to the sixth decimal digit of 

the calculated values.

Note also that the simulation work in this chapter and the experimental mea

surements in Chapter 5 concentrate only on the TM modes of the structure. While 

obtaining results for both the TE and the TM modes was not feasible in the given 

time frame due to long simulation times, the TM mode was chosen because, as was 

shown in [37], for most practical cases the TM mode is more sensitive to the refractive 

index variations of the upper cladding material than the TE mode.

3.2.1 D im en sion s o f th e  P erforations

The waveguide perforations act as a means to increase the interaction of the 

optical mode with the surrounding medium that acts as an upper cladding. In order 

to quantify the effects of the perforations, the average effective index, or equivalently 

the average propagation constant, of the mode that propagates through the structure 

is studied. That is, it is the effective index that the mode experiences on average 

while propagating through the perforated rib waveguide. Since the structure varies 

in three dimensions, no known simulation tool can provide the average effective index 

experienced by the mode. Therefore, the following approach to obtain it has been 

developed.

A mode propagates in an optical waveguide with a certain propagation constant 

6, defined as the phase delay per unit propagation distance. Equivalently, this can
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be expressed as:

(3-1)

i.e. the wave accumulates 2 tt phase delay while traveling distance equivalent to its 

wavelength Am. As previously mentioned in equations (2.15) and (2.16), 0  is also 

defined as:

where k0 is the free space vector, n ef f  is the effective index and A0 is the wavelength 

in free space. Combining equations (3.1) and (3.2), the following relationship is 

obtained:

i.e. for a known free space wavelength Ao, if one can observe the wave pattern at a 

fixed time and measure the wavelength Am, equation (3.3) can be used to calculate 

the effective index of the propagating mode. Following the same logic, if one were to 

find the average Am then the average nef f  can be obtained.

Therefore, for all three-dimensional simulations, the electrical field oscillation pat

tern was analyzed using Fourier analysis to find the dominant frequency component. 

The inverse of the dominant frequency component represents the average wavelength 

of the mode, which is then used to calculate the average effective index of the mode 

using equation (3.3).

A number of factors controlled the placement and the profile of the perforations:

1. The perforations were placed in a pseudo-random manner on a 1 x 1 fim grid 

as was previously shown in Figure 3.2(b). Note that because of very time 

and resource-consuming simulations, it was not possible to obtain an optimized 

value for every single parameter within the available time frame. It was therefore 

decided that the placement of the perforations on a 1 x 1 fim grid will not be 

varied throughout the project.

2. The goal of the perforations is to increase the interaction between the mode 

field and the cladding material. However, the perforations also cause the un

desired effect of light scattering. In order to avoid excessive light scattering,

0  — koTlef f  — n eff (3.2)

_n eff ~  >Am.ira
(3.3)
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the diameter of the perforations should be small, such that the perturbations 

that they create are much smaller than the wavelength of operation. Due to 

the restrictions of the fabrication process as will be described in Chapter 4, the 

smallest achievable diameter was found to be 0.3 /jm.

3. The depth of the perforations affects the profile of the mode. Deeper perfo

rations cause greater sensitivity to the cladding material, while also causing 

larger power loss due to scattering of light. Keeping the placement of the per

forations constant, the diameter set at 0.3 nm and the input wavelength set at 

1.55 /mi, a number of simulations were done to study the effect of perforation 

depth on the optical characteristics of a 9 /im long waveguide. Figure 3.3 shows 

the average effective index of the propagating mode and the power remaining 

in the waveguide as functions of perforation depth. As can be seen from the 

figure, waveguides with deeper perforations have lower average effective index, 

indicating greater evanescent field and thus higher sensitivity to the cladding 

material. However, deeper perforations also cause greater scattering of light, 

thus a trade-off exists between the sensitivity of the guide and the resultant 

power loss, which in practice limits the length of the perforated region. As 

a compromise between these two factors, a perforation depth of 0.9 /im was 

chosen.

3.2.2 A verage P rop agation  C onstant

Two important questions were set during the simulation work in order to assess 

the feasibility of using the perforated waveguide for evanescent field sensing. First, do 

the perforations cause a larger fraction of the mode field to act as the evanescent field 

in the cladding material? And second, is the perforated waveguide more sensitive to 

changes in the refractive index of the cladding material than a standard waveguide? 

To answer these questions, four waveguide structures were studied using the three- 

dimensional simulations:

1. Standard waveguide with air cladding -  this structure was used to verify the
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Figure 3.3: The effect of perforation depth on the average effective index of the 
fundamental TM mode and the optical power remaining at the end of a 9 gm long 
perforated waveguide.

simulation setup, and to serve as a reference when studying the effects of per
forations in case 2 below. The average effective index of a mode propagating 
through this waveguide is denoted as neff_stfi_wg_air.

2. Perforated waveguide with air cladding -  this structure was used to study the 
effects of waveguide perforations on the propagation of an optical mode. The 
average effective index of a mode propagating through this waveguide is denoted

Tic f  f -p e r  f-w g -a ir  •

3. Standard waveguide with water cladding -  this structure was used to study the 
effect of changing the cladding material of a standard waveguide from air to 
water on the propagation of an optical mode. The average effective index of a 
mode propagating through this waveguide is denoted as neff.std-wg-water•

4. Perforated waveguide with water cladding -  this structure was used to study 
the effect of changing the cladding material of a perforated waveguide from air 
to water on the propagation of an optical mode. The average effective index of 
a mode propagating through this waveguide is denoted as ne/ f - perf-w g -w a ter ■
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If the perforated waveguide structure is indeed successful in having greater evanes
cent field, the four relationships described in Table 3.2 between the average effective 
indices of the above four structures are expected.

horizDntoVfm tarizonlal/iSTt

(a) Standard waveguide cross-section, 

air cladding (ne/ /  =  3.470829).

(b) Perforated waveguide cross-section 

along one of the holes, air cladding 

(nef f  =  3.469631).

hcrizcniol/nm harnontol/(jm

(c) Standard waveguide cross-section, (d) Perforated waveguide cross-section

water cladding (nef f  =  3.470856). along one of the holes, water cladding

(nef f  =  3.469673).

Figure 3.4: FIMMWAVE two-dimensional mode solver simulation results, showing 
the intensity distribution of the fundamental TM mode in selected waveguide cross- 
sections for air and water upper cladding (input wavelength Ao =  1.55 fim).
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Expected relationships and corresponding reasoning

f-std-wg-air ■ ^ e f  f-perf-wg-air  

^e ff - s td -w g-w a ter  -:> Tleff-perf-wg-water

The effective index of a mode that propagates through a standard 
waveguide can be obtained using a two-dimensional mode solver (see 
solution of the TM fundamental mode in Figure 3.4(a)). Since the 
waveguide profile remains constant along the propagation direction, 
the obtained effective index is also the average effective index of the
m o d e  { f ie f f - s td -w g -a ir ) •

For a perforated waveguide, however, the average effective index is a 
function of the effective indices of all the different cross-sections of the 
waveguide along the propagation direction -  i.e. cross-sections along 
one of the holes (see Figure 3.4(b) for one solution) and cross-sections 
that do not intersect any holes (Figure 3.4(a)). Since the effective 
index of the case in (b) is lower than in (a) (i.e. in case (b) larger 
portion of the mode extends outside the silicon guiding layer), it can 
be concluded that the average effective index for a perforated waveguide 
{neff-perf-wg-air) must be smaller than the effective index for a standard 
waveguide (neff -std-wg-air)  •

The same reasoning can be used to explain the relationship between the 
average effective indices for the standard and the perforated waveguides 
with water cladding.

^e ff - s td -w g-a ir  <'-  f^eff-stdrwg-water  

f-perf-wg-air  <'- ^ e f f -p e r f -w g -w a te r

When the cladding material is changed from air to water the effective 
index of the mode is subjected to two effect: it tends to increase because 
the refractive index of the cladding is increased, and it tends to decrease 
because the mode becomes less confined to the silicon waveguide.

Two-dimensional mode solver simulations indicate that the former ef
fect is dominant and thus the effective index increases when cladding 
material is changed from air to water (see Figure 3.4 part (c) versus (a), 
and (d) versus (b)). Therefore, the net effect for the average effective 
indices is that they also grow when the refractive index of the cladding 
is increased from nair =  1 to nwater — 1.32.

Table 3.2: Expected relationships between the average effective indices for the four 
simulated waveguide structures.
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Parts (a) and (b) of Figure 3.5 show the setup used for the OptiFDTD simulations 

of a standard and a perforated waveguide (note that the figures are not drawn to 

scale). As previously mentioned, the waveguide lengths are limited to 9 ftm due to 

long simulation times. In all cases, continuous wave excitation is used with Ao =  1.55 

/rm as the input wave wavelength.

The last stage of the OptiFDTD simulation is a Discrete Fourier Transform (DFT) 

of the field propagation results, therefore the simulated data is stored in complex form. 

The magnitude of the propagated field for both the standard and the perforated 

waveguides is shown in Figure 3.5 parts (c) and (d), respectively. As expected in 

the standard waveguide case, no light scattering is evident as the mode propagates 

along the waveguide. In the perforated case, however, it can be clearly seen that the 

perforations cause light scattering into the surrounding regions.

In order to obtain information about the wavelength Am of the light in the waveg

uide, it is necessary to observe the spatial periodic modulation of the wave, which 

can be done by displaying only the real or only the imaginary part of the simulated 

DFT results. Figure 3.5 parts (e) and (f) show the real part of the propagated field 

in the standard and the perforated waveguides. Fourier analysis of the periodic na

ture of the data in parts (e) and (f) were then used to find the wavelength Am of 

the wave, and the average effective index of each structure was obtained using equa

tion (3.3). Table 3.3 summarizes the calculated average effective index results based 

on the OptiFDTD simulations.

Index Value
Tie f  f-std-wg-air 3.470293
Tie f f  -per f-wg-air 3.469213
He f f -  std-w g-vjater 3.470322
Tlef f-perf-wg-water 3.469361

Table 3.3: Average effective index results based on OptiFDTD simulations.
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(a) S tandard waveguide cross-section (red region represents (b) Perforated waveguide cross-section along one of the holes

silicon material) and top  view.

x 10

(red region represents silicon material) and top view.

2 3 4 5 6
Z(m)

(c) Standard waveguide, m agnitude of the D FT results. (d) Perforated waveguide, magnitude of the D FT results.

x 10"

3 4 5 6
Z(m)

(e) S tandard waveguide, real part of the D FT results. (f) Perforated waveguide, real part of the D FT results.

Figure 3.5: OptiFDTD three-dimensional simulation results for 9 fim. long waveguide structures. co
-r
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(a) Standard waveguide cross-section (red line superimposed 

to  indicate the outline of silicon material) and top  view.

(b) Perforated waveguide cross-section along one of the holes 

(red line superimposed to  indicate the outline of silicon ma

terial) and top view.
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(c) Standard waveguide, time-averaged intensity results. (d) Perforated waveguide, time-averaged intensity results.
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(e) Standard waveguide, field amplitude results. (f) Perforated waveguide, field amplitude results.

Figure 3.6: FIMMPROP three-dimensional simulation results for 9 /um long waveguide structures.
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As a first check of the results, note that the four index values in Table 3.3 agree 

with the conditions outlined and explained in Table 3.2, which indicates that the 

results are at the very least sensible. As a second check, the question on whether 

the perforated structure is more sensitive to the variations in the cladding material 

than the standard waveguide should be addressed. Note that when the cladding 

material is changed from air to water, for the standard waveguide case the change 

in the average effective index is A n sLd = 2.9 x 10~5. The equivalent change for 

the perforated waveguide is Anperf  =  1.48 x 10~4, i.e. ~5 times larger than the 

standard waveguide case. This indicates that based on the OptiFDTD results, the 

perforated structure is indeed more sensitive to variations in the cladding material 

than a standard waveguide with the same dimensions.

An equivalent simulation setup was created in FIMMPROP -  Figure 3.6 parts 

(a) and (b) show the standard and the perforated waveguide structures (the figure 

is not drawn to scale). Note that because FIMMWAVE constructs its simulation 

model from rectangular geometries, the 0.3 pm diameter perforations were modeled 

as 0.2 x 0.2 pm square perforations. As with OptiFDTD, the structures were limited 

to a length of 9 pm, and the input wavelength was set to Ao =  1.55 pm.

The time-averaged intensities of the propagating fields are shown in parts (c) and 

(d) of Figure 3.6. In the perforated waveguide, the intensity diminishes after each 

encounter with a perforation, while in the standard waveguide case, the intensity 

remains constant, as expected. The periodic nature of the field amplitude, as shown 

in parts (e) and (f) of Figure 3.6, was analyzed using Fourier analysis to result in the 

average effective index values shown in Table 3.4. In this case, too, the four index 

values agree with the conditions outlined and explained in Table 3.2. Moreover, 

based on the FIMMPROP results, the perforated waveguide structure is ~8 times 

more sensitive to variations in the cladding material than a standard waveguide with 

the same dimensions.
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Index Value
Tie f  f-std-wg-air  

n e f f - p e r f  -wg-air 

Tlef f-std-wg-water  

He f  f-perf-wg-water

3.471699
3.465519
3.471736
3.465820

Table 3.4: Average effective index results based on FIMMPROP simulations.

3.2 .3  O ptical Loss

An undesirable effect of the waveguide perforations is the scattering of the light 

as it hits the perforations. It is important to quantify this loss, as it can limit the 

length of the perforated region that can be used in practice.

To obtain information about the power loss due to the perforations in OptiFDTD, 

input overlap integral (IOI) calculations were used. The IOI computes the power 

overlap between the simulated results in a selected x-y plane and the input wave 

to the structure. As a sanity check it was verified that the standard waveguide 

case had nearly 100% of the power remaining at the end of the 9 /iin structure. 

For the perforated waveguide, the percentage of power remaining at the end of the 

9 y m with air cladding was found to be 94.8%. Based on this information, for a 

perforated waveguide of length 100 ym, 55.6% of power will remain in the waveguide, 

or equivalently, the perforations cause loss of ~2.6 dB. For water cladding, loss of 

~2.52 dB is obtained (about 3.2% lower than air cladding).

In FIMMPROP, the power loss of a 9 ym  perforated waveguide with air cladding 

was found to be 8.1%, which for a 100 ym  long structure implies that 39.5% of the 

mode power remains in the waveguide (~4 dB loss). For a water cladding, the loss for 

a 100 jum long waveguide is ~3.8 dB, i.e. about 3.3% lower than with air cladding.

3.3 M ach-Zehnder Interferom eter

The design of the Mach-Zehnder interferometer device was not a part of this 

project due to the availability of an existing mask that included waveguide and Mach-
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Zehnder interferometer structures (more details on the mask are given in Section 4.2). 

This section describes the unbalanced Mach-Zehnder structure utilized for sensing in 

this project, and presents simulations related to insertion loss, modulation of the 

output signal and expected sensing behavior.

A schematic of the unbalanced MZI structure used in this project is shown in 

Figure 3.7. The geometrical dimensions of the structure are given in Table 3.5. Note 

that the length of the phase shifting region L is set to 100 /im for reasons that will 

be described in Section 4.2.

Parameter Value
Splitter profile cosine-bend
Splitter length A 8 mm
Splitter width B 300 pm
Interaction length L 100 pm

Table 3.5: Geometrical parameters of the unbalanced Mach-Zehnder interferometer.

A L

Figure 3.7: The unbalanced Mach-Zehnder interferometer structure used in this 
project.

OptiBPM, a beam propagation method simulation tool developed by Optiwave 

Inc. [38], was used to simulate the light propagation in the unbalanced MZI device, 

as shown in Figure 3.8. The simulation was set up in two-dimensions, where the 

effective indices of the core and the cladding regions were determined by the effective 

index method. Note that when the signals recombine at the second junction, the 

ripple in the output waveguide indicates that the undesirable second order mode that 

is supported by the waveguide may be excited. Although this is an undesirable effect 

that should not have happened if the waveguide depth was designed correctly, it 

does not invalidate the preceding analysis, since at the first junction the fundamental
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modes of the split waveguides seem to be excited, as was assumed in the simulations 
described in Section 3.2, and the higher order mode is excited only at the output 
waveguide of the interferometer. OptiBPM models 4.2% loss as the mode propagates 
through the unbalanced MZI, within reasonable agreement with the ~  2.3% insertion 
loss per power splitter as predicted in the original design of the mask [23].

Figure 3.8: OptiBPM simulation of field propagation in the unbalanced Mach-Zehnder 
interferometer.

In order to observe the modulation of the output signal as a function of the input 
signal wavelength, a similar simulation setup was constructed in Apollo Photonic 
Solutions Suite (APSS) simulation package made by Apollo Inc. [39]. While the 
simulation setup is very similar to OptiBPM (two-dimensional beam propagation 
method simulation based on indices computed using the effective index method), 
APSS allows the computation of the relationship between the input and output modes 
at the device ports, which allows one to construct a normalized output intensity curve 
as a function of the input wavelength, as shown in Figure 3.9. From the spectrum 
shown in the figure, the physical path length difference between the two arms of the 
interferometer can be estimated using equation (2.35) to be 13.61 pm.

In order to obtain a better estimate of the geometric path length difference be
tween the two arms of the unbalanced MZI structure, the curvature profile of the 
interferometer power splitters was analyzed. The power splitter was designed using 
an S-bend cosine waveguide [23], which can be parameterized as [40]:

where x  is the transverse coordinate, z is the coordinate along the axis of propagation, 
A is the amplitude, P  is the period, and za and xs are the coordinates of the bend 
starting position. A scan of the path defined by equation (3.4) using very small

0.005 0.01 0.015 0.02 0.025
Z(m)

(3.4)
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Figure 3.9: APSS simulation of output intensity as a function of input wavelength in 
the unbalanced Mach-Zehnder interferometer.

increments was used to obtained the length of the S-bend waveguide as 8.006935 

mm, resulting in 13.87 pm total path length difference between the two arms of the 

interferometer (total length of the straight arm is exactly 17 mm, while the length of 

the curved arm is 17.01387 mm).

Apollo simulations can also be used to predict the behavior of the unbalanced MZI 

as a sensor device. However, its simulations are time consuming and the software 

is not very stable. Therefore, to obtain results in a more reasonable amount of 

time, MATLAB simulations based on the mathematical model of a MZI as derived 

in Section 2.2 were used instead.

The perforated waveguide region, as was shown in Figure 3.2(b), is the key sensing 

element in the investigated MZI-based sensor. The perforated area is created in both 

arms of the interferometer to keep the optical differences between the arms as small as 

possible. Recall from equation (2.30) that in order to obtain the normalized intensity 

of the output signal one needs to know the effective indices in the arms of the interfer

ometer, which were calculated in Section 3.2, and the lengths of the two arms, which 

were found above. Figure 3.10(a) (red curve) shows the intensity spectrum obtained 

for the basic case when both arms of the perforated MZI have air cladding. The blue 

curve in the same figure shows the spectrum when the cladding material of the sens

ing arm (in this case the longer arm of the unbalanced interferometer) was replaced
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by water, while the reference arm was left with air cladding. While Figure 3.10(a) 
is based on the average effective indices calculated by OptiFDTD, Figure 3.10(b) 
repeats the same exercise with the indices as calculated by FIMMPROP.

Note that strictly speaking, the curves plotted in Figure 3.10 are only valid at A = 
1.55 pm because the average effective indices were simulated at this single wavelength. 
From equation (2.18) or Figure 2.2 it can be seen that ne//  is a function of A, although 
since only a short wavelength range is used (1.47 -  1.58 pm) the value of ne/ /  will 
not vary by much. Nonetheless, for this reason the curves are drawn in solid line only 
around 1.55 pm and traced elsewhere to indicate that it is only an approximation.

Based on the plots in Figure 3.10, around A = 1.55 pm OptiFDTD predicts spec
trum shift of 0.48 nm, equivalent to changing the phase difference between the two 
arms by 0.06 radians. FIMMPROP predicts a larger shift of 0.97 nm, equivalent to 
a change of 0.12 radians in phase difference.

0.8

c  0.4

0.2

1480 1500 1520 1540 1560 1580

0.8

I  0.4

0.2

1480 1500 1520 1540 1560 1580
wavelength (nm) wavelength (nm)

(a) Shift based on OptiFDTD simulations. (b) Shift based on FIM M PROP simulations.

Figure 3.10: MATLAB simulation of the unbalanced Mach-Zehnder interferometer 
spectrum shift when measurand is changed from air (red curve) to water (blue curve).
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3.4 Sum m ary o f Sim ulation R esults

A number of simulations were performed to model the behavior of the perforated 

sensing region and the unbalanced Mach-Zehnder interferometer sensor structure as 

a whole. The results obtained are summarized in this section.

Figure 3.11 shows the summary of the critical dimensions for the perforated rib 

waveguide and the unbalanced MZI structure. The unbalanced MZI loss due to the 

two splitters was modeled to be 4.2% (~0.2 dB), while the optical loss due to the 

perforations for a 100 /xm long waveguide region was predicted to be ~2.6 dB and 

~4 dB by OptiFDTD and FIMMPROP, respectively. The physical path difference 

between the two arms of the interferometer was calculated by analyzing the profile of 

the splitters to be 13.87 /xm.

5 Jim

3.4 Jim

]o99 nm

0.3 Jim 

silicon guiding layer

buried oxide layer

silicon substrate

0.74 nm

2.66 nm 

0.4 nm

(a) Perforated waveguide.

5 nm

300 nm

8 mm 100 nm

(b) Unbalanced Mach-Zehnder interferometer.

Figure 3.11: Summary of device dimensions.

The effect of the perforations on the average effective index of the optical mode was 

simulated by OptiFDTD and FIMMPROP, and the results obtained are summarized 

in Figure 3.12. Note that although the values obtained from the two simulation
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programs are not identical, they are reasonably close. It is not realistic to expect 

simulation programs that use two different methods for modeling a three-dimensional 

device to provide identical quantitative results. The best one can hope for is for the 

two simulations to qualitatively predict the same device behavior, as is the case here.
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Figure 3.12: Summary of OptiFDTD and FIMMPROP average effective index simu
lation results.

Finally, the shift in the modulation spectrum of the MZI due to the sensing be

havior of the device was modeled by combining the analytical model of a MZI and 

the simulation results obtained for the perforated waveguide structure. When the 

cladding of the sensing arm was changed from air to water, OptiFDTD simulations 

predicted a spectrum shift of 0.48 nm, while FIMMPROP predicted a shift of 0.97 

nm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4

Fabrication

The perforated Mach-Zehnder interferometer sensor was realized using a combi

nation of electron-beam and photo lithography processes. All fabrication was done 

in a Class 100 clean room at the Microelectronics Fabrication Facility at Carleton 

University.

In this chapter, the complete fabrication process is presented. Section 4.1 de

scribes the materials used in the device fabrication. Section 4.2 outlines the main 

steps performed to fabricate the perforated MZI device, including the making of the 

perforated region, the fabrication of the interferometer structure, and the patterning 

of the sensing windows. In addition, the equipment used in the fabrication of the 

device is described, and issues related to fabrication quality are discussed.

4.1 M aterials

Due to the relatively high cost of SOI wafers, initially standard p-type 10 Ocm 

100 mm silicon wafers were used to test the capabilities of the available fabrication 

equipment. Numerous experiments on the silicon test wafers enabled the establish

ment of the required fabrication parameters for the lithography and etch processes.

The actual sensor devices were fabricated on SOI wafers produced by the Smart- 

Cut process [41] by Soitec. The SmartCut process uses two standard silicon wafers to 

create a single SOI wafer. The first silicon wafer is thermally oxidized, and implanted

47
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with high dose of hydrogen to weaken silicon lattice bonds at a given depth, while the 

second wafer is left untreated. The two wafers are bonded together at room tempera

ture and subjected to thermal processing, which splits the implanted wafer along the 

peak of the hydrogen implantation profile and strengthens the bond between the two 

wafers. A fine chemical-mechanical polishing process is used to reduce the roughness 

of the resultant thin silicon film on top of the buried oxide layer. The process can be 

configured to obtain a wide range of silicon film and buried oxide thicknesses of high 

uniformity.

The SOI wafers used in the device fabrication have the nominal specifications 

shown in Table 4.1. Based on Figure 2.5, rib waveguide devices fabricated in these 

SOI wafers will have optical leakage losses below 0.001 dB/cm.

Specification Value
silicon film thickness 3.4 fj,m
buried oxide thickness 0.4 nm
wafer thickness 500 nm
silicon film crystal orientation (100)
silicon film resistivity 7 flcm

Table 4.1: Nominal specifications of the SOI SmartCut wafers used in device
fabrication.

4.2 Fabrication P rocess

The complete runsheet for the fabrication of the perforated MZI sensor device 

is included in Appendix B. The main steps in the fabrication process are described 

next:

1. Electron-beam  lithography to  pattern perforations

In order to create the perforations in the SOI sample, a JSM-840 scanning 

electron microscope (SEM) made by JEOL [42] was adapted for electron-beam 

lithography and was used to write a pattern directly on a resist-coated wafer. 

To prepare the sample for electron-beam lithography, it was subjected to a
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dehydration bake to eliminate adsorbed water, treated with the adhesion pro

moter hexamethyldisilazane (HMDS), and coated with a thin film of undiluted 

ZEP520A-7, a positive electron-beam resist produced by Zeon Corporation [43]. 

The spinning of the resist was typically done on an entire 100 mm wafer, since it 

produced a film of a more uniform thickness than smaller wafer sections. How

ever, due to the relatively high cost of SOI, after the application of the resist 

the 100 mm wafer was cleaved into smaller pieces, typically into about 25x25 

mm squares, which were used for the remainder of the fabrication process.

Figure 4.1 shows the designed pattern of pseudo-random perforations that 

was used as the input to the Nanometer Pattern Generation Software (NPGS), 

a control software for the scanning electron microscope. The total length of the 

pattern is 100 /xm, limited by the field of view of the SEM at the required mag

nification, and its width is 14 /rm, larger than the 5 //m width of the waveguides 

to account for translation errors of the SEM mechanical stage. The four lines 

above and below the perforations act as alignment marks when waveguides are 

exposed in a subsequent step.

100(im

’• . /•' Y- . V *•* ‘ Y 14 nm

Figure 4.1: Perforations pattern designed for the SEM control software.

As much as possible, the written pattern was aligned to one of the {110} 

planes of the SOI sample in order to facilitate a cleave that is perpendicular 

to the waveguides at a later stage. However, this goal was not always achieved 

due to the inability to see the sample edge at the writing magnification, as well 

as due to translation errors of the mechanical SEM stage. Table 4.2 shows the 

settings used for the SEM electron-beam lithography process.

After SEM write, the ZEP520A-7 resist was developed using o-xylene, fol

lowed by a rinse in isopropyl alcohol (IPA). Since resist development using wet
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Setting Value
magnification 900
acceleration voltage 39 kV
area dose 200 /rC/cm2
measured beam current 3 pA
coarse beam current 6 pA
emission current 100 pA
centre-to-centre spacing 97.4 A
line spacing 97.4 A
working distance 8 mm
tilt 0°
rotation 0°

Table 4.2: Electron-beam lithography SEM settings.

chemistry is likely to leave undesirable resist residue or scum on the uncovered 

areas, the sample was subjected to an oxygen plasma descum process using a 

Technics Planar Etch II plasma etcher. The oxygen plasma treatment is done 

for a short duration, such that any resist scum is removed, while the unactivated 

resist layers remain almost unaffected. For the perforations pattern the descum 

etch was done for 10 seconds with settings as shown in Table 4.3.

Setting Value
Power 100 Watt
Gas o 2
Gas pressure 0.3 Torr
Base pressure 0.045 Torr

Table 4.3: Descum oxygen plasma process settings.

2. Perforations etch

The perforations were etched using electron cyclotron resonance (ECR) Plas- 

maTherm SLR-772 etcher system with SF6/O 2 chemistry. Cryogenic ECR 

etching with fluorine based chemistries is an accepted technique for produc

ing anisotropic and fast etching of silicon [44], The sample is typically cooled
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using helium gas, which is cooled externally by liquid nitrogen. Oxygen gas is 

added to enhance anisotropy through the creation of a thin layer of SiOxF,y, 

which protects the sidewalls from being etched [45].

The PlasmaTherm SLR-772 system is designed to be used with 100 mm 

wafers. Therefore, for the etching steps, the SOI samples were temporarily 

attached to a 100 mm backing wafer using carbon adhesive tape. The carbon 

tape ensured that there is a good thermal contact between the sample and 

the backing wafer for proper sample cooling. Table 4.4 shows the ECR etcher 

settings used for the etching of the perforations.

Setting Value
base pressure 1.6 x 10-6 Torr
gas pressure 6 x 1CT3 Torr
temperature i i CO O

o Q

microwave frequency 2.45 GHz
microwave power 310 W
RF power 10 W
s f 6 3.65 seem
0 2 2 . 2 1  seem

Table 4.4: ECR etcher settings.

A number of experiments were performed in order to determine the smallest 

hole diameter achievable with the available equipment. Figure 4.2 shows a 

number of etched test patterns with different hole diameters. Below 0.3 /rm 

diameter, the etched holes did not have vertical sidewalls, and displayed varying 

depths. Therefore it was concluded that with the available equipment, the 

smallest etched hole diameter is limited to 0.3 /im. Note that to produce the

0.3 /im holes as shown in Figure 4.2(c), the SEM NPGS input file was designed 

with 0.2 fim diameter holes (see Figure 4.1). This disparity is likely due to 

undercutting of the resist mask. However, since this behavior was consistent for 

all etched perforations and reproducible across multiple experiments, in practice 

it did not present any significant problem.
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tv

V-

(a) 0.7 f j ,m diameter. (b) 0.5 j i m  diameter. (c) 0.3 f j , m  diameter.

Figure 4.2: SEM pictures of etched perforation test structures (scale bars in all pic
tures correspond to 1 /zm).

As discussed in Section 3.2, the perforations should be much smaller than 

the wavelength of operation in order to avoid excessive power losses. Therefore, 

the final diameter of the perforations was set at 0.3 [im, limited by the minimum 

diameter achievable with the available fabrication equipment. The depth was set 

at 0.9 nm  based on simulations presented in Section 3.2. To achieve perforations 

of 0.3 nm  diameter and depth of 0.9 /irn, the etching was done for 4.5 minutes.

To remove the sample from the backing wafer, both were soaked in acetone 

until the SOI sample could be easily lifted off the backing wafer. The resist and 

any remnants of carbon tape were then removed in Caro’s acid.

3. U V  lithography to pattern waveguide-based devices

MCMASTER-CARLETON-OPTENIA-VOA1 mask, originally designed by 

P. Waldron as part of a joint research project between McMaster University, 

Optenia Corporation and Carleton University, was used in this project to pat

tern the waveguide-based devices. The portion of the mask that is relevant to 

this project is reproduced in Figure 4.3. As can be seen from the figure, the
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mask contains straight waveguides, unbalanced Mach-Zehnder interferometers 

and balanced Mach-Zehnder interferometer structures. In the following sections 

of this report, the mask shown in Figure 4.3 is referred to as the ’waveguide- 

structures mask’, to distinguish from the ’sensing-windows mask’ that will be 

described in step 6. Table 4.5 shows the physical dimensions of the devices on 

the mask.

\wT

Figure 4.3: Layout of the waveguide-structures mask.

Dimension Value
waveguide width w 5 /mi
unbalanced MZI splitting length A u 8 mm
unbalanced MZI distance between arms Bu 300 /mi
balanced MZI splitting length Af, 7 mm
balanced MZI distance between arms Bf, 200 /im

Table 4.5: Dimensions of the devices on the waveguide-structures mask.

To pattern the waveguide and interferometer devices on the SOI samples, 

a UV lithography process was followed. The sample was again subjected to 

a dehydration bake, treated with HMDS, and coated with a thin film of MI- 

CROPOSIT S1811, a positive photoresist optimized for g-line (436 nm) expo

sure produced by Shipley [46].

The photoresist-covered sample was exposed using a Karl Suss MA6 hard-
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contact manual mask aligner system [47]. For this photolithography step, the 

mask must be aligned along the perforated regions on the SOI sample. However, 

due to the small size of the perforations, it is impossible to resolve them on the 

aligner system microscope. Therefore, special alignment marks were patterned 

along with the perforations (see Figure 4.1). While they are sufficiently far 

from the perforated regions to have no effect on the optical behavior of the 

waveguides, they are close enough to act as guidelines for the alignment of the 

waveguide-structures mask.

The SOI sample was exposed to UV light for 15 seconds with mask aligner 

settings as shown in Table 4.6.

Setting Value
UV light source mercury vapor arc lamp
exposure light wavelength 436 nm (g-line of the mercury spectrum)
lamp intensity 16 mW/cm2

Table 4.6:: Mask aligner settings.

After UV exposure, the SI811 photoresist was developed using MICROP- 

OSIT MF321 developer by Shipley [46], followed by a de-ionized water rinse 

and a post-bake to harden the inactivated photoresist. In order to ensure full 

removal of photoresist from uncovered areas, a 10 second descum process using 

a Technics Planar Etch II plasma etcher with oxygen chemistry was used once 

again (etcher settings shown in Table 4.3).

4. W aveguide devices etch

The waveguides-based devices were etched using electron cyclotron reso

nance (ECR) PlasmaTherm SLR-772 etcher system with SFe/CU chemistry, 

similar to the process described in step 2. Figure 4.4 shows SEM pictures of 

a test waveguide etched in the ECR etcher, illustrating typical characteristics 

of the etch patterns. As can be seen from the figure, the waveguide demon

strates vertical sidewalls and thus highly anisotropic etching. The noticeable
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surface and waveguide side-wall roughness is typical for patterns etched using 

dry reactive ion etching process. This roughness causes scattering of light, thus 

increasing the propagation losses of the waveguide-based devices. This issue 

will be discussed further in Section 5.2.

■ I

(a) Profile view. (b) Top view.

Figure 4.4: SEM pictures of a fabricated rib waveguide.

To perform the waveguide etch, the SOI sample was temporarily attached 

to a 100 mm backing wafer using carbon adhesive tape, and etched in the ECR 

etcher system for 2.4 minutes with settings as shown in Table 4.4 to produce

0.74 fim deep rib waveguide structures. Acetone was used to soak the wafer to 

break the adhesive in the carbon tape and remove the SOI sample, followed by 

a Caro’s acid treatment to strip the remaining photoresist.

Figure 4.5 shows an SEM picture of a waveguide with pseudo-random perfo

rations along its length. Note that since the perforations pattern was fabricated 

to be wider than the waveguide width (see Figure 4.1) to account for the trans

lation errors of the SEM stage, there are perforations not only in the rib of the 

waveguide, but also on both sides of the rib (a number of such perforations can 

be seen on the left side of Figure 4.5). However, since the optical mode is tightly 

confined to the rib waveguide, these perforations are expected to have minimal 

effect on the optical characteristics of the guide.
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Figure 4.5: SEM picture of a fabricated perforated rib waveguide.

5. Thinning and cleaving of the sample

Efficient coupling of light from an optical fiber to a waveguide and vice versa 

is an important problem in any practical system that utilizes planar waveguide 

optics. High coupling efficiency is difficult to achieve because of a large mis

match in the mode size between an SOI waveguide and an optical fiber. More

over, coupling is particularly problematic in semiconductors, since the refractive 

index of the silica fiber is very different from that of e.g. an SOI waveguide. 

Since light coupling efficiency is a major challenge that may limit practical 

application of planar waveguide-based optics, a number of advanced coupling 

structures have been researched and demonstrated in practice. One of the most 

popular methods of coupling light between an optical fiber and a, waveguide has 

been a three-dimensional taper from the fiber dimensions to the waveguide di

mensions in SOI [48]. Another technique involves using an inverted taper, where 

the taper decreases in size towards the optical fiber, thus the mode becoming 

less confined and more matched to the mode of the hber [49]. Alternative cou

pler structures use an inverted prism to couple light into the waveguide [50] or 

utilize grating-assisted optical couplers [51].

While the above techniques have been demonstrated in practice with rela

tively high coupling efficiencies, they require fabrication of advanced coupling
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structures. The simplest technique that can be used to couple light from an 

optical fiber to a waveguide is butt-coupling, where the optical fiber and the 

waveguide are brought end-to-end in close proximity. Therefore, the mode field 

of the transmitting device falls onto the end-face of the second device, which 

captures some of the transmitted light. Although this method introduces sig

nificantly larger optical losses compared to more advanced coupling techniques, 

it has the simplest setup and does not require fabrication of additional cou

pling structures. The butt-coupling technique was used to couple light into the 

waveguide-based devices during optical testing of the completed samples.

When a light beam is incident on the end-face of an optical waveguide, the 

efficiency with which the light is coupled into the waveguide is a function of 

three major factors [2]:

(a) Overlap of excitation and waveguide fields -  the large dimension mismatch 

between a typical waveguide (height /  width ~  1- 5 /rm) and a single-mode 

optical fiber (core diameter ~  8 //m) create a significant mismatch between 

the excitation and the waveguide modes. To reduce the power loss due 

to modal mismatch, the devices on the waveguide-structures mask have 

tapered input and output waveguides, starting from a waveguide width of 

15 jim and gradually narrowing to the designed width of 5 /i,m. However, 

because the sample was cleaved, the input and output waveguides have 

been trimmed, resulting in tapers that start from smaller widths.

(b) Reflections from the waveguide facets -  reflections of light at air /  silicon 

interfaces at the input and output facets of the waveguide can cause signifi

cant power loss. At normal or near-normal incidence, the power reflectivity 

can be approximated by:
2

R f l a i r  f l S i (4.1)
W 'a ir  i f l S i

Assuming nair =  1 and ris% — 3.48, the reflection is about 31%, which is 

equivalent to 1.6 dB power loss at each facet. The loss due to facet reflec

tions can be reduced by using an anti-reflection coating between the fiber
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and the waveguide. The anti-reflection coating thickness is designed such 

that it is equal to quarter of the light wavelength, resulting in destructive 

interference of waves that are reflected from the front of the coating and 

the facet itself, thus reducing the reflection. No anti-reflection coating was 

used in this project since equipment and processes to produce it were not 

available.

(c) Quality of the waveguide facet -  rough waveguide end-faces introduce op

tical scattering, which further increases power loss when light is coupled 

into or out of the waveguide. Three main techniques exist for obtaining 

a smooth facet to minimize optical scattering: cleaving, end-face polish

ing and etching. In this project, a cleaving process was used to obtain 

sufficiently smooth facets, which is described in detail below.

In order to be able to cleave the sample along one of the {110} planes, it 

was found necessary to thin the SOI wafer to a thickness of about 250 pm. The 

sample was attached to a metal block using Crystalbond 509 mounting adhesive 

made by Aremco Products Inc. [52] by heating the metal block to a temperature 

of about 90° C, melting a small amount of the adhesive on the metal surface, 

placing the sample on the melted adhesive, and cooling the metal block to 

room temperature. The silicon substrate of the SOI sample was thinned from 

the initial wafer thickness of ~500 pm to a final wafer thickness of ~250 pm 

using an EcoMet III Grinder /  Polisher made by Buehler [53] with settings as 

shown in Table 4.7.

Setting Value
motor speed 200 rpm (0.4 DC mA on speed meter)
metal block mass 1.85 kg
sand paper 220 grit silicon carbide
grinding time 20 minutes
water flow maximum

Table 4.7: Grinding wheel settings.
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It was found that the sand paper is efficient at grinding silicon for only the 

first 10 minutes (presumably after this time the paper becomes clogged with 

debris). Therefore, a new 220 grit sand paper was used at the start of the grind, 

and it was replaced once again after 10 minutes. In addition, since the metal 

block used is significantly larger than the sample being ground, in order to avoid 

wobbling of the block and thus uneven grinding of the silicon substrate, a few 

sacrificial pieces of standard silicon wafer were also mounted on the block. The 

sacrificial silicon pieces were used to monitor the remaining thickness using a 

micrometer with 10 pm resolution.

The thinned sample was removed from the metal block by reheating the 

block until the adhesive liquified, and gently sliding the sample off. To remove 

the adhesive from the device surface, the sample was soaked for a few minutes 

in acetone, followed by Caro’s acid treatment to ensure no adhesive remnants 

were present in the perforations.

As mentioned in Table 4.1, the crystal orientation of the silicon film in the 

SOI wafers used for device fabrication is (100). For (100) wafers there are two 

sets of {110} planes that intersect the surface, which can be used to obtain 

very clean cleaves. In order to cleave the sample, a diamond tipped scriber was 

used to make a small scribe along one of the {110} planes. Pressure was then 

applied precisely at the scribe until a crack along a {110} plane formed, creating 

a smooth cleave at the input /  output edge of the sample.

6. U V  lithography to pattern sensing windows

In order for the MZI to act as a sensor, only one of the interferometer arms 

must be exposed to the measurand. Therefore, an additional upper cladding 

layer has to be used to define ’sensing windows’, i.e. to create a structure that 

exposes only the necessary regions, while protecting the rest of the sample. In 

order to create the sensing windows, a dark-field mask was created on a high- 

resolution silver halide emulsion photographic plate using a David Mann 1600A 

pattern generator and a Jade 4M-10AXYL step-and-repeat camera. Figure 4.6
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shows the sensing-windows mask overlaid on top of the waveguide-based devices 

fabricated in steps 3 and 4 -  the shaded regions represent the dark areas of the 

mask, while the unshaded windows are the transparent mask areas.

Figure 4.6: Layout of the sensing-windows mask.

S1811 photoresist was chosen as the material to be used for the sensing 

windows structure due to its availability in Carleton fabrication facilities, ease 

of removal and prior experience in using it for standard UV lithography. Ex

periments with S1811-covered samples in de-ionized water have shown that the 

photoresist’s adhesion to silicon is sufficiently strong to protect selected regions 

from water-based solutions.

To pattern the sensing windows, UV lithography process was followed. After 

a dehydration bake, the sample was coated with a thin film of MICROPOSIT 

S1811 and exposed using a Karl Suss MA6 hard-contact manual mask aligner 

system [47]. The mask was aligned such that the windows expose the perforated 

waveguide regions on the SOI sample. The sample was exposed to UV light for 

20 seconds with mask aligner settings as shown in Table 4.6.

After UV exposure, the S1811 photoresist was developed using MICROP

OSIT MF321 developer by Shipley [46], followed by a de-ionized water rinse 

and a post-bake to harden the inactivated photoresist. In order to ensure that 

no photoresist residue is left in the exposed windows or in the waveguide per
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forations, an extended descum step using the Planar Etch II plasma etcher 

was performed with settings as shown in Table 4.3. A Nanometrics Nanospec 

AFT measurement system [54] was used to determine that the original thick

ness of the S1811 film is about 1.4 pm, and the etch rate is approximately

0.138 pm/minute. Therefore, a 3 minute long oxygen plasma etch was used 

to remove ~0.4 pm of photoresist, leaving ~1 pm thick protective layer in the 

covered regions, while eliminating any photoresist residues that may be present 

in the exposed windows or in the perforations.

Note that although S1811 completely covers the reference arm of the inter

ferometer, it is expected that a negligible amount of photoresist gets inside the 

perforations due to liquid penetration behavior as described in Section 2.3. It 

is also worth noting that while a clean silicon surface is hydrophobic, silicon 

oxides are hydrophilic (typical contact angles for native silicon oxides range be

tween 0° [55] and 43° [56]). Since the last two fabrication steps that the exposed 

regions of the device undergo are Caro’s acid treatment and oxygen plasma, the 

exposed silicon is expected to have a thin layer of native oxide. This makes 

the exposed surface and perforations in the sample hydrophilic and thus more 

readily wetted by water or other solutions.
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Experimental Results

This chapter presents optical test results for the perforated unbalanced Mach- 

Zehnder interferometer sensor devices, which were fabricated based on the parameters 

identified in Chapter 3 and the process outlined in Chapter 4. Section 5.1 describes 

the measurement setup used for optical characterization of the devices. In Section 5.2 

the measurements of straight waveguide structures are presented, while Section 5.3 

discusses the results obtained for the unbalanced Mach-Zehnder interferometer struc

ture with multiple measurands. The chapter concludes with Section 5.4, where the 

results obtained are summarized and extended through simulation, and suggestions 

for future improvements of the design are given.

5.1 M easurem ent Setup

Optical device testing was performed at the National Research Council optical 

testing laboratory. The measurement setup is shown in Figure 5.1. An Agilent 

81682A tunable laser with a 1470 -  1580 nm range was used as the light source 

during the measurements. The signal from the laser source is transmitted through an 

in-line polarizer set to TM polarization, and butt-coupled to the test device using a 

Namiki polarization-maintaining (PM) tapered single-mode fiber. The sample under 

test is positioned on a stage, and the output light from the sample is collected using 

a 20 x objective lens. The output power is measured using an Agilent 815224A

62
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high sensitivity InGaAs detector, or reflected to a Sensors Unlimited SU320M-1.7RT 

InGaAs near infra-red mini-camera for visual inspection.

□
cam era

single-mode
fiber

PM single-mode 
fiber y

taperedin-line
polarizer

laser
source S A M P L E n

20x
lens

/
m irror

(optional)

□
photo

detector

Figure 5.1: National Research Council optical measurement setup.

The positions of the tapered input fiber, the sample stage and the lens can be 

controlled using individual positioners in order to align the components such that 

light is properly coupled into the waveguide and captured by the photodetector. Note 

that although the setup is mounted on a vibration-isolated optical bench, the sample 

itself is not fixed on the stage. Therefore, any vibration or movement of the setup can 

potentially change the alignment between the components requiring a realignment of 

the system. Optimal alignment was obtained by first getting the waveguide device 

to guide light, which was visually confirmed by viewing the output power using the 

infra-red camera. Then the positioners of the input fiber and the lens were adjusted 

until maximum power was detected by the photodetector.

5.2 W aveguide M easurem ents

Straight waveguide structures were measured first to ensure that the fabricated 

devices guide light and to measure the additional power loss incurred due to the 

perforations. Typical straight waveguide losses were measured to be in the range 18 -  

26 dB for TM polarization. This loss is a combination of five main factors:

1. Losses due to the measurement setup -  a typical reference measurement of the 

system shows ~4 dB loss due to losses in fiber connectors, polarizing optics, 

output lens optics and other components.
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2. Fresnel reflection losses at the facets of the sample -  in Section 4.2 power loss 

due to the Fresnel reflections was calculated to be ~1.6 dB per facet, resulting 

in total loss of ~3.2 dB.

3. Mode mismatch between the input fiber and the waveguide -  as previously 

discussed in Section 4.2, the large mismatch in the mode size between an SOI 

waveguide and a single-mode optical fiber causes reduced coupling efficiency.

4. Propagation losses -  losses that occur due to fabrication defects such as waveg

uide surface and sidewall roughness, leakage of optical power to the silicon 

substrate, and other factors. Based on previous projects that have used the 

microfabrication facilities at Carleton University, the propagation loss can be 

estimated to be 2 dB/cm, or ~5 dB loss for the entire sample.

5. Quality of the waveguide facets -  although effort was made to create smooth 

end-face cleaves, successful cleaves were not achieved every time, resulting in 

rugged facets that cause significant light scattering.

The additional power loss due to the perforations was measured by comparing 

the optical power transmitted by a perforated waveguide to the power transmitted 

by a standard waveguide, as shown in Figure 5.2. Both waveguides have the same 

dimensions, and are located on the same sample. The reference standard waveguide 

compensates for any losses in the experimental setup, reflections of sample facets, 

and other factors. The spectra shown in Figure 5.2 indicate that the loss in the 

perforated waveguide is ~7.5 dB higher than the loss in the standard waveguide. 

In Subsection 3.2.3 the perforated waveguide loss was simulated by OptiFDTD and 

FIMMPROP to be 2.6 dB and 4 dB, respectively. The 3.5 -  4.9 dB higher loss in the 

measurements may be partially attributed to sidewall roughness of the perforations, 

a parameter that was not accounted for in the simulations. However, because of 

the small number of available samples and the presence of a number of mechanisms 

that may affect the losses in the fabricated waveguides (e.g. varying cleave quality, 

fabrication defects, etc.), the measurements shown in Figure 5.2 cannot be used as a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. EXPERIMENTAL RESULTS 65

conclusive indication of the extra losses incurred due to the perforations. A greater 

number of samples need to be fabricated to obtain statistically significant results.

-23
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-33
1480 1500 1520 1540 1560 1580
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Figure 5.2: Measured power spectra of a standard waveguide (red trace) and a per
forated waveguide (blue trace).

5.3 Unbalanced Mach-Zehnder Interferometer Mea

surements

The sensitivity of the perforated region to the refractive index of the upper 

cladding was studied by examining the output intensity of the unbalanced Mach- 

Zehnder interferometer as a function of wavelength. In all measurements the reference 

arm of the interferometer was covered with a protective layer of S1811 photoresist. 

Note, however, that it is expected that a negligible amount of S1811 gets into the 

perforations in the reference arm during the process of spinning of the photoresist 

due to the behavior of liquids as described in Section 2.3. Therefore, the reference 

arm has air in the perforations, and S1811 as cladding material elsewhere. Also, in 

all measurements the shorter arm of the imbalanced MZI was used as the reference 

arm, while the longer arm served as the sensing arm. The materials used as the upper 

cladding for the exposed sensing arm are air and de-ionized water.
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During the first few measurement attempts, the following measurement process 

was used:

1. Starting from a dry SOI sample with air as upper cladding, align the input and 

output of the unbalanced MZI with the measurement system components.

2. Measure the power spectrum of the unbalanced MZI for a range of wavelengths.

3. Place a drop of de-ionized water on top of the sensing arm of the interferometer.

4. Realign the input and output of the unbalanced MZI with the measurement 

system components.

5. Measure the power spectrum of the unbalanced MZI for a range of wavelengths.

Note that realignment of the sample after introducing water was required because 

the sample was not secured on the sample stage. In all cases, optimal alignment was 

achieved by visually aligning the input fiber and the output lens, and adjusting the 

system components such that maximum power is detected by the photodetector.

Although a shift was observed in the spectrum when a drop of water was placed 

on the sample, a question arose as to whether the water was able to fully fill the 

perforations in the sensing arm. As described in Section 2.3, trapped air inside the 

perforations slows down the flow of water, and complete filling of the perforations 

occurs only after the air slowly dissolves in the liquid. Note that the length of the per

forated region is only 100 fim, while the width of the sensing windows (see Figure 4.6) 

is 1 mm, thus there is a 0.9 mm interaction length between the cladding material and 

the evanescent field of a standard (i.e. non-perforated) waveguide mode. Therefore, 

although the predicted sensitivity of the non-perforated region is lower than that of 

the perforated region, because of the longer interaction length between the standard 

waveguide and the water cladding its effect may become significant, also causing a 

shift in the output spectrum.

To answer the above question, a method was needed to ensure that water fully fills 

the perforations. Following the advice of Professor J. Gaydos from the Department
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of Mechanical and Aerospace Engineering, the SOI sample was subjected to a cold- 

boiling process in de-ionized water. The boiling point is defined as the temperature at 

which the saturated vapor pressure of a liquid is equal to the surrounding atmospheric 

pressure [57]. For water, the vapor pressure reaches the standard sea level atmospheric 

pressure of 760 mmHg at 100° C. Since the vapor pressure increases with temperature, 

it follows that the boiling point varies with pressure. When the surrounding pressure 

is reduced to 24 mmHg, the boiling point of water occurs at room temperature (25° 

C), a process referred to as ’cold-boiling’. The boiling process allows the trapped air 

to rise up to the surface, thus letting the water to fully fill the perforations.

The sample measurement process was thus refined as following:

1. Starting from a dry SOI sample with air as upper cladding, align the input and 

output of the unbalanced MZI with the measurement system components.

2. Measure the power spectrum of the unbalanced MZI for a range of wavelengths.

3. Submerge sample in de-ionized water at room temperature, and place the con

tainer in a vacuum chamber. Reduce the chamber pressure to ~24 mmHg, until 

the water begins to cold-boil. Continue boiling for about 5 minutes.

4. Leave sample in de-ionized water until measurement time (typically overnight).

5. Remove sample from water and align the input and output of the unbalanced 

MZI with the measurement system components. Add a droplet of water on the 

sample every few minutes to keep water cladding from evaporating.

6. Measure the power spectrum of the unbalanced MZI for a range of wavelengths.

Figure 5.3(a) shows the power spectrum obtained with a perforated unbalanced 

MZI device with air as the upper cladding in the sensing arm. The experimental 

measurement shows modulation depth of ~8.5 dB. An ideal low-pass Fourier filter 

(cut-off frequency 32.82 MHz) implemented in MATLAB was used to remove the 

high-frequency noise from the waveform in Figure 5.3(a), allowing one to see the 

modulation due to the interference between the two arms of the interferometer more 

clearly, as shown in Figure 5.3(b).
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Equation (2.35) was used to estimate the path length difference between the 

two arms of the interferometer based on the spectrum in Figure 5.3(b), resulting 

in AL & 17.39 //,m. To determine a more precise figure for the path difference, a fit 

between a mathematical expression for the transmission power of an unbalanced MZI 

(equation (2.30)) and the filtered experimental modulation waveform shown in Fig

ure 5.3(b) was performed. A least-squares method was used to find the path length 

parameter AL in the mathematical model that best fits the wavelength locations of 

the minima and the maxima points of the filtered spectrum. The best fit was found 

with path length difference AL =  17.40 pm, shown in Figure 5.3(c).

Note that although the path length difference between the two arms of the interfer

ometer should be closer to 13.87 pm (calculated from the mask layout in Section 3.3) 

rather than 17.40 pm, it is not unusual to find effective path length differences even 

between two nominally symmetric arms of an interferometer device [23]. Effective 

path difference may be introduced due to defects during fabrication, such as imper

fect power splitters, variations in the waveguide profile, uneven sidewall roughness 

and local variations in the thickness of the guiding silicon layer. Even a small imbal

ance in the optical loss of the two arms could increase or decrease the imbalance of the 

MZI. In the current design, the slightly different distribution of the pseudo-random 

perforations in the two arms of the interferometer can also contribute to an additional 

imbalance of the MZI.

Figure 5.4(a) shows again the power spectrum obtained with a perforated un

balanced MZI device with air as upper cladding (case 1), along with two additional 

curves -  the blue curve correspond to the spectrum measured when a drop of water is 

added on top of the previously dry sensing arm of the device (case 2), and the green 

curve corresponds to the spectrum measured when the sample was cold-boiled and 

soaked in de-ionized water (case 3). Note that in this case it is difficult to make a 

direct comparison between the absolute power of the modulation spectra for different 

measurements. The absolute power is highly dependent on the alignment between 

the system components, and thus it is the variation of the spectrum with respect to 

the wavelength axis that serves as a comparison between the measurements.

The presence of noise in the signals shown in Figure 5.4(a) makes the measurement
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Figure 5.3: Measured power spectrum of the perforated Maeh-Zehnder interferometer 
with air as upper cladding.

of a shift between the waveforms difficult. Filtering of the high-frequency noise in the 

signals using a low-pass filter implemented in MATLAB (with the cut-off frequency 

as determined from the reference signal shown in Figure 5.3) produces a much clearer
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picture of the three waveforms as shown in Figure 5.4(b). At a wavelength of 1.55 pm, 

spectrum shift of 2.6 nm is measured between the first two cases, and an additional 

shift of 0.6 nm is measured between the second and third cases.
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Figure 5.4: Measured power spectra of the perforated Mach-Zehnder interferometer 
with air and water as upper cladding.

Note that the additional spectrum shift between cases 2 and 3 indicates that in 

the case 2 scenario (a drop of water placed on top of a previously dry perforated 

sensing arm), while the water filled in the sensing window, it did not fully fill the per

forations. The liquid dynamics theory presented in Section 2.3 qualitatively explains 

that penetration of water into a perforation with one exit is governed first by a fast 

process, during which the water partially fills the perforations due to capillary-driven 

forces, followed by a much slower process, where the trapped air in the perforations 

is slowly dissolved in the water. Although quantitatively, the model predicts that 

the perforations will fully fill within seconds, the model has been shown to grossly 

underestimate the time required for the liquid to fill porous materials, and it cannot 

be used for reliable quantitative predictions of liquid behavior. From the obtained 

measurements it can be concluded that in case 2 the water only partially fills the per-
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forations, leaving trapped air at the bottom of the perforations, precisely in the area 

where the evanescent held is present. As a result, in the perforated waveguide region 

the evanescent held propagates through air, not water. Therefore the shift observed 

in Figure 5.4(b) between cases 1 and 2 (red and blue curves) can only be attributed 

to the evanescent wave sensing of the water in the standard (i.e. the non-perforated) 

waveguide region.

In case 3, however, the cold-boiling and the prolonged soak of the sample allows 

the water to fully hll the perforations. The shift observed between cases 2 and 3 (blue 

and green curves in Figure 5.4(b)) therefore indicates the change in the effective index 

of the propagating mode as it travels down the perforated region. The simulations 

described in Section 3.3 modeled this shift as being 0.48 nm based on OptiFDTD 

results, and 0.97 nm based on FIMMPROP results, compared to the 0.6 nm shift 

measured during the actual experiments.

The observed shifts between the three cases can also be used to estimate the 

relative sensitivity of the standard and the perforated regions of the interferometer. 

Assuming that the water that partially fills the perforations in case 2 has a negligible 

effect on the optical signal as it travels through the perforated region, the shift of 

2.6 nm can be attributed to the evanescent field sensing of the standard waveguide 

region, which is 0.9 mm long. The additional 0.6 nm shift can be attributed to 

the evanescent field sensing in the 100 /im long perforated waveguide region. These 

numbers indicate that the perforated waveguide region is about twice as sensitive as 

the standard waveguide region. Although the measurements and the simulations agree 

in that the perforated waveguide region is more sensitive to the refractive index of 

the surrounding material, the relative increase in sensitivity predicted by simulations 

is higher (~5 times based on OptiFDTD and ~8 times based on FIMMPROP).

In order to verify that the observed shifts in the measured spectra are indeed the 

result of the change in the measurand and not due to thermal effects, a quick analysis 

of the temperature effects on the properties of silicon is presented next. The change 

in the optical path length in silicon is dominated by the temperature dependence of 

its refractive index, with a smaller contribution from thermal expansion. For small 

temperature variations, a change in the refractive index is linearly proportional to
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the change in temperature as given by equation (5.1) [58]:

An Sl = 1.8 x 10“4AT (5.1)

where A T  is given in degrees Celsius, and the expression is valid for operation near 

room temperature. For a variation of up to 2° C in the room temperature that may 

be present between different measurements, Ansi =  3.6 x 10“ 4 may be expected. 

This change in the refractive index of silicon will cause a change in the effective index 

of the propagating mode n,.f j . where the upper bound on this change is given by 

A nef f  — A nsi =  3.6 x 1CT4. This change in the effective index will induce a change 

in optical path length between the two arms of the interferometer, thus resulting in 

a maximum 0.16 nm shift in the Mach-Zehnder interferometer output spectrum.

The thermal expansion coefficient of silicon is given b}̂  a — 2.6 x 10"6 °C_1 near 

room temperature operation [58], thus for a maximum change of 2° C in the mea

surement environment, the change in the physical path length difference between the 

two arms is below 0.1 nm, resulting in maximum spectrum shift of 0.01 nm. There

fore, since the maximum shifts in the interferometer output spectrum that may be 

induced by the thermal variations in the measurement environment are significantly 

lower than the shifts in Figure 5.4(b), it can be concluded that the measured shifts 

are dominated by the change in the effective index induced by the change in the 

measurand.

5.4 D iscussion  o f R esu lts

The experimental measurements, as presented in Sections 5.2 and 5.3, are in rea

sonable agreement with the simulation work described in Chapter 3. Qualitatively, 

both the experimental evidence and the simulations agree that the perforated waveg

uide region proposed in this project is more sensitive to variations in the refractive 

index of the upper cladding material than a standard waveguide with the same dimen

sions. Quantitatively, however, while simulations predict that the relative sensitivity 

is 5 -  8 times greater for the perforated waveguide, experiments show only an increase
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by a factor of 2. The extra loss in a perforated waveguide relative to a standard waveg

uide was measured to be ~7.5 dB, compared to 2.6 -  4 dB predicted by simulations. 

While the larger measured loss may be partially attributed to the scattering of light 

due to roughness of the perforation walls, this measurement is not conclusive as the 

results could not be confirmed with a larger number of waveguides due to a limited 

number of available samples. In terms of the shift in the output spectrum of the 

unbalanced MZI when the cladding material in the perforated region of the sensing 

arm is changed from air to water, the experimental shift of 0.6 nm agreed well with 

the simulated 0.48 -  0.97 nm shift.

Although the two-dimensional beam propagation simulation results suggested that 

a higher-order mode is excited at the output of the unbalanced Mach-Zehnder inter

ferometer (see Figure 3.8), the presence of a significant modulation depth in the 

measured spectra of the device suggest that the optical signal propagates as a fun

damental mode throughout the structure. The inaccuracy in the OptiBPM beam 

propagation simulation is likely to be a result of the limitations of the effective index 

method (EIM) approximation. The EIM assumes that the waveguides are weakly 

guiding [59], which is not the case for SOI-based rib waveguides, leading to inaccura

cies in the simulated waveguide behavior [60].

Due to the available time frame, the experimental measurements studied the re

sponse of the fabricated sensor structure only for air and de-ionized water. However, 

since the measurement results agreed well with the simulations in terms of the shift 

in the output spectrum of the device, simulations can be used to further predict the 

behavior of the device for measurands with other refractive indices. OptiFDTD sim

ulation results for measurand refractive indices in the range 1 -  1.9 and their effect 

on the average effective index of the mode are shown in Figure 5.5(a). Figure 5.5(b) 

shows the corresponding simulated shift of the MZI output spectrum as a function of 

the refractive index of the measurand. In the context of Figure 5.5(b) the sensitivity 

of the sensor can be defined as the change in the spectrum shift due to a change in 

the refractive index of the measurand [61], and evaluated based on the linear fit to 

be ~2.2 nm/RIU. A reasonable estimate of the minimum detectable refractive index 

change is ~ 5 x l0 ~ 2.
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Figure 5.5: Simulated sensor device behavior for measurands with different refractive 
indices.

During the early stages of this project, the intention was to use the unbalanced 

MZI structure in preliminary tests to verify that the device indeed works as a refrac

tive index sensor, and then to switch to the balanced MZI structure for the actual 

measurements, where the intensity of the output at a given wavelength would be 

a function of the refractive index of the measurand. However, it was realized that 

because of a very short interaction length, the variation in the output signal is very 

small. In this case the balanced MZI would produce a minimal change in the inten

sity of the output signal for a given wavelength, since the device is biased around 

the Acj) =  0 point, where the sensitivity to changes in the phase difference between 

the two arms (i.e. the slope in Figure 2.6(b)) is close to zero. Therefore, due to 

the low sensitivity of the balanced MZI structure, coupled with the noise present 

in the measured signal, detecting small differences in the output intensity would be 

very difficult, if not impossible. The use of the unbalanced MZI, however, gives the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. EXPERIMENTAL RESULTS 75

advantage that even a small shift in the spectrum can be measured.

Although the use of longer interaction length will result in a larger shift and 

thus higher sensitivity, the high diffraction losses inherent to the perforated structure 

limit the maximum interaction length that can be used in practice. This defines 

the major problem in the proposed device -  the chosen fabrication process limited 

the minimum diameter of the perforations to 0.3 fim, value that is comparable to 

the wavelength of light in the waveguide (~0.45 /jrn). thus resulting in high losses. 

In hindsight, alternative fabrication techniques should have been considered such 

that the perforations are much smaller than the wavelength of operation. One way 

of creating smaller perforations in the silicon waveguides is to use porous silicon. 

Porous silicon is composed of a silicon skeleton permeated by a network of pores, 

typically fabricated by electro-chemical anodization of silicon in a hydrofluoric acid 

(HF) based electrolyte. The factors that determine the physical characteristics of 

the porosity are well-characterized, allowing great control over the porosity of the 

fabricated material [62].

Porous material can be treated as a macroscopically inhomogeneous medium [63],

i.e. a medium in which quantities such as the refractive index vary is space, whose 

refractive index can be estimated by the Bruggemann’s effective medium approxima

tion, given by [64]:

n 2  —  n 2  r>2 — n 2
 pore m aterial . \  branch m aterial __  q  f 5  2 j

712 -|- 2  7? 2 712  -j- 2 t? 2pore ' m aterial branch ' m aterial

where nmateriah nmateriai and npore are the refractive indices of the porous material, 

the branches of the material, and the pores of the material, respectively, and p is the 

porosity of the material (defined as the ratio between the volume of the pores and the 

volume of the entire material). Replacing the air in the pores of the silicon with an 

alternative material will cause a change in the refractive index of the porous silicon 

layer, which in turn causes a change in the optical characteristics of the guided mode. 

This is the exact mechanism investigated in this project, only in this case the perfora

tions are of much larger scale, and fabricated my means of electron-beam lithography. 

In both cases, the motivation behind using a porous /  perforated waveguide arises 

from the fact that the measurand interacts with a more substantial portion of the
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guided mode, and not just the evanescent tail as is the case with standard waveg

uide evanescent field sensors, thus potentially having greater sensitivity. For example, 

porous silicon with p =  0.65 and air in the pores, according to equation (5.2), has an 

estimated refractive index of 1.70, while the same structure with water in the pores 

has a refractive index of about 1.97. This large change in the refractive index means 

that high sensitivity can be achieved with relatively short interaction lengths.

Note that when the perforations are made much smaller, as is the case with porous 

silicon (e.g. meso-porous silicon pore diameter can range between 5 and 70 nm), they 

do not greatly contribute to light scattering because of their small size compared to the 

operating wavelength. Therefore, a sensing region with very small perforations can be 

used over long interaction lengths, unlike the current design where light scattering due 

to the perforations restricts the maximum length of the interaction region. A known 

problem with porous silicon material is its rapid degradation, however, oxidation 

techniques have been recently demonstrated that stabilize the porous silicon material 

against corrosion and degradation in biological solutions [62]. Note also that the small 

diameter of the pores further aggravates the problem of liquid penetration into the 

pores, as discussed in this project, and a number of research groups are investigating 

this issue in the context of biomedical device applications [62] [65].

A number of other alternatives can be explored to reduce the diffraction losses 

of the perforated waveguide structure. One approach would be to use lower contrast 

waveguide materials, where on one hand the mode field is less confined and thus has 

larger evanescent field, and on the other hand the scattering losses can be significantly 

lower than in high-contrast structures. The dimensions of the perforations and their 

placement can be also optimized by exploring the resonance behavior of the perfo

rations, similar to the analysis performed in the context of periodically segmented 

waveguides in [8]. In terms of simulating the behavior of the perforated region, while 

it was shown in this thesis that three-dimensional optical simulations can be success

fully used, it would also be worthwhile to explore other, potentially more stable and 

time-efficient simulation methods. One example could be representing the perfora

tions as five-layer slab waveguides, which reduces the three-dimensional problem to 

two dimensions.
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While the sensitivity of the fabricated sensor devices is low compared to other 

implementations, it should be noted that these devices represent a proof-of-concept 

project, which attempts to assess the feasibility of using a perforated waveguide struc

ture as means of increasing the sensitivity of an interferometer-based refractive index 

sensor device. In a proof-of-concept project, it is important to identify a process that 

can be used to analyze the proposed structure, which has been done and presented 

in detail in this report. Note that in the current implementation, the waveguide di

mensions and the geometrical parameters of the interferometer structure were largely 

determined by financial considerations (availability of certain SOI material and mask), 

rather than by optimizations through extensive analysis. Yet, the fabricated structure 

clearly demonstrates that a perforated waveguide region is more sensitive to varia

tions in the refractive index of the cladding than a standard waveguide. Therefore 

with a more optimized design, where some suggestions for optimization are men

tioned above, it can be expected that the sensitivity of a sensor device based on the 

perforated waveguide structure can be significantly improved.
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Conclusions and Recom m endations

In this thesis an evanescent held refractive index sensor based on a perforated 

Mach-Zehnder interferometer structure implemented in a silicon-on-insulator (SOI) 

rib waveguide is investigated. When an optical mode propagates through an SOI 

waveguide, it is mostly confined to the silicon core guiding layer, but some portion 

of the mode, known as the evanescent held, extends into the cladding regions of the 

waveguide, where it decays in an exponential fashion. Because the evanescent held 

propagates outside the waveguide core, it can interact with the surrounding medium. 

In a typical waveguide the fraction of the mode that propagates outside the core as an 

evanescent wave is very small, thus evanescent held sensors require long interaction 

length between the mode and the material to be measured (the measurand) to achieve 

a signihcant cumulative effect.

The goal of this project is to hnd a mechanism that would increase the portion 

of the guided mode that travels in the cladding, given that the dimensions of the 

waveguide should remain fairly large to facilitate efficient light coupling between the 

waveguide-based sensor device and the input /  output optical hbers. The mechanism 

that is investigated in this project involves perforating the waveguide core such that 

a larger portion of the mode field is forced out of the silicon and into the cladding.

When a measurand is introduced as the waveguide cladding material, a variation 

in the effective index of the guided mode is induced. To measure this change in 

the effective index, this project utilizes an unbalanced Mach-Zehnder interferometer

78
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structure, where both arms of the interferometer contain a perforated waveguide 

region. The measurand is introduced as the cladding material of the sensing arm of 

the interferometer, while the second arm is protected from the measurand and thus 

is kept in a constant reference state. The interference between the signals in the two 

arms at the output waveguide of the interferometer is used to infer the change in the 

refractive index of the measurand.

Analysis of the proposed device was performed using both analytical models and 

numerical simulations. The effects of the waveguide perforations were investigated 

through three-dimensional finite-difference time-domain and eigenmode expansion 

method simulations. This included studying the effect of the perforations on the 

average effective index of the guided mode, and the optical loss introduced as a result 

of the perforations. To simulate the behavior of the complete Mach-Zehnder sensor 

structure, two-dimensional beam propagation simulations and analytical models were 

used.

The devices were fabricated in a three-stage process. First, the perforated region 

was fabricated using electron-beam lithography and ECR plasma etching. Next, the 

interferometer structure was fabricated using UV lithography and ECR plasma etch. 

The sensing windows structure, which allows the measurand to be introduced only to 

the required areas on the sample, was patterned last using a UV lithography process.

The experimental measurements have shown reasonable agreement with simula

tions. The scattering loss due to the waveguide perforations was measured to be 7.5 

dB, about twice the value predicted by simulations. This discrepancy may be par

tially attributed to the sidewall roughness of the perforations, a parameter that was 

not accounted for in the simulations. However, because of the small number of avail

able samples, this measurement could not be confirmed with statistically significant 

number of waveguides. Both the simulations and the experimental results agreed that 

the perforated waveguide is more sensitive to variation in the refractive index changes 

of the cladding than a standard waveguide with the same dimensions, satisfying the 

main goal of the project. However, while the simulation predicted the perforated 

structure to be 5 -  8 times more sensitive, experimental measurements have shown 

only an increase by a factor of two. When the measurand was changed from air to
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water, a 0.6 nm shift of the Mach-Zehnder interferometer output spectrum with re

spect to the wavelength axis was measured, agreeing well with the shift predicted by 

simulations.

Extrapolation of the sensor behavior through three-dimensional finite-difference 

time-domain simulation predicted a 2.2 nm shift per unit refractive index change of 

the measurand. While high sensitivity was not obtained with the sensor introduced 

here, this project adequately demonstrates that the perforated waveguide structure 

increases the sensitivity of the guided mode to variations in the refractive index of 

the surrounding medium, and thus is a suitable structure for evanescent field sensing.

The major obstacle in utilizing the perforated structure over longer interaction 

lengths is the large scattering loss due to the perforations. A number of improvements 

are suggested over the current design. First, reducing the size of the perforations such 

that they are much smaller than the wavelength of operation will significantly reduce 

the scattering losses. This would require a change in the fabrication process used 

to create the perforations; one possibility is to use porous silicon. Alternatively, the 

dimensions and placement of the perforations can be optimized by exploring their 

resonance behavior, or the loss can be reduced by using waveguide materials of lower 

refractive index contrast. Moreover, while the perforated structure can be successfully 

modeled using three-dimensional simulation tools as was described in this thesis, 

other simulation techniques can be explored, where the problem is modeled in two 

dimensions, potentially leading to more stable and less resource intensive simulations. 

A more optimized design of the perforated Mach-Zehnder interferometer sensor based 

on the recommendations described above and a longer perforated interaction region 

are expected to result in a significant sensitivity increase over the current design.
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Appendix A  

List of Acronyms

APSS Apollo Photonic Solutions Suite

B PM Beam Propagation Method

DC Direct Current

D FT Discrete Fourier Transform

ECR Electron Cyclotron Resonance

EIM Effective Index Method

FD TD Finite Difference Time Domain

FEM Finite Element Method

FM M Film Mode Matching

HF Hydrofluoric Acid

HM DS Hexamethyldisilazane

IOI Input Overlap Integral

IPA Isopropyl Alcohol

MZI Mach-Zehnder Interferometer

N PG S Nanometer Pattern Generation Software
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P M Polarization Maintaining

R F Radio Frequency

R IU Refractive Index Unit

rp m Revolutions Per Minute

seem Standard Cubic Centimeters per Minute

SEM Scanning Electron Microscope

SOI Silicon On Insulator

T E Transverse Electric

T M Transverse Magnetic

U V Ultraviolet
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Appendix B

Device Process Flow

The following is the complete process used in the fabrication of the perforated 
Mach-Zehnder interferometer sensor device studied in this project:

Stage 1 -  Fabrication of the Perforated Region

1. Pre-bake (oven at 180° C for 2 hours or 220° C for 15 minutes)

2. Spin HMDS (5000 rpm, no wobble) +  soft-bake (hotplate 105° C for 1 minute) 
Spin Zep (5000 rpm, no wobble) +  soft-bake (hotplate 180° C for 5 minutes)

3. SEM write (39 kV acceleration voltage, 900 magnitude, 200 /iC/cm2 area dose, 
3 pA measured beam current)

4. Develop Zep (o-xylene for 2 minutes +  IPA for 1 minute)

5. Descum (0.3 T, 100 W for 10 seconds)

6. Stick sample on a 100 mm backing wafer using carbon tape

7. ECR etch (SFe:02 =  3.65 : 2.21, 6 mTorr, —30° C, 4.5 minutes)

8. Remove sample from backing wafer (heat on hotplate until lifts or soak in ace
tone overnight)

9. Remove photoresist using Caro’s acid
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Stage 2 — Fabrication of the Interferom eter D evice

10. Pre-bake (oven at 250° C for 30 minutes)

11. Spin HMDS (4000 rpm, wobble) +  soft-bake (hotplate 105° C for 1 minute) 
Spin S1811 (4000 rpm, wobble) +  soft-bake (hotplate 105° C for 1 minutes)

12. Expose waveguides (15 seconds, 16 mW /cm2 lamp intensity)

13. Develop S1811 (MF321 for 1 minute +  water for 1 minute)

14. Hard-bake (hotplate 115° C for 3 minutes)

15. Descum (0.3 T, 100 W for 10 seconds)

16. Stick sample on a 100 mm backing wafer using carbon tape

17. ECR etch (SFe:02 =  3.65 : 2.21, 6 mTorr, —30° C, 2.4 minutes)

18. Remove sample from backing wafer (heat on hotplate until lifts or soak in ace
tone overnight)

19. Remove photoresist using Caro’s acid

20. Thin sample to 250 /im  thickness using grinding wheel (220 grit paper for 10 
minutes x 2, 0.4 DC mA, 1.85 kg weight)

21. Cleave sample at input and output edges

22. Remove adhesive remnants using Caro’s acid

Stage 3 — Fabrication of the Sensing W indows

23. Pre-bake (oven at 250° C for 30 minutes)

24. Spin S1811 (4000 rpm, wobble) +  soft-bake (hotplate 105° C for 1 minutes)

25. Expose sensing windows (20 seconds, 16 mW /cm2 lamp intensity)

26. Develop SI811 (MF321 for 1 minute +  water for 1 minute)

27. Hard-bake (hotplate 115° C for 4 minutes)

28. Descum (0.3 T, 100 W for 3 minutes)
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