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ABSTRACT 

Selectively buried ion-exchanged waveguides in glass are investigated theoretically and 

experimentally for use in low-loss coupling to other optical media. Selectively buried 

waveguides (SBWGs) are integrated optic structures in which light makes a transition 

from a buried waveguide with a maximum refractive index that lies 5 — 20 /jin beneath 

the glass surface to a surface section with a maximum refractive index that lies at or 

near the surface. The buried sections provide low propagation losses and convenient 

coupling to optical fibers. Surface sections allow interaction between the guided mode 

and a superstrate material: in these sections the glass and superstrate form a composite 

waveguide in which the optical field propagates in both materials as a single optical 

mode. Adiabatic transition regions connect buried and surface sections. 

SBWGs are modelled bj' use of the finite difference method. The refractive index 

profile is first computed. The mode profiles and effective indices of the modes that 

the waveguide supports are then solved. The beam propagation method is applied to 

determine how the mode changes as it propagates through the SBWG. The transition 

from a buried to a surface waveguide is modelled, and it is found that the transition 

is adiabatic and low-loss. The surface section is modelled with a polymer superstrate, 

and the confinement factor in the polymer is computed. 

Ag+/K+ ion exchange is used to fabricate SBWGs, and a thorough experimental 

investigation of their properties is conducted. Refractive index profiles in buried, sur

face, and transition regions are measured by use of the refracted near-field method, 

and it is demonstrated that the maximum refractive index lies approximately 20 /j.m 
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beneath the surface in buried regions and approximately 3 (jm beneath the the siu'face 

in surface regions. A novel method of simultaneously measuring the mode profile and 

depth of an ion-exchanged waveguide is presented and applied to SBWGs. Losses in 

these devices are measured, and the magnitudes of various losses are estimated. 
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Chapter 1 

INTRODUCTION 

Since the advent of low-loss optical fiber in the 1970s, guided-wave optics has enjoyed 

a period of rapid advances and new applications. As the use of guided-wave devices 

has become widespread in communications systems and sensors, the need for a variety 

of components that produce and manipulate light has increased. These components 

include directional couplers, wavelength multiplexers and de-rnultiplexers (WDMs), 

splitters, lasers, amplifiers, modulators, switches, polarizers, polarization converters, 

frequency shifters, and arrayed waveguide gratings (AWGs), and detectors. 

Such devices may be grouped together under the term photonics — defined here 

as the science and application of the generation, manipulation, and detection of light 

in systems in which the photon nature of light must be accounted for in order to 

accurately describe the system. Photonics devices are not exclusively waveguides, but 

those discussed in this Dissertation are. The term is used loosely to refer to j^assive 

waveguide devices as well because they are often incorporated into systems that make 

use of lasers and other components more rigorously described as photonic in nature. 

Photonics devices are commonly configured in a plane at the surface of a sub

strate. Sucfi devices are often referred to as integrated optics or planar lightwave cir

cuits (PLCs). It is convenient to fabricate devices in this configuration owing largely 

to clean room processing techniques that were developed for integrated electronics. 

The term "integrated optics" refers to the capability to integrate nmltiple devices on 
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a single substrate — an idea first proposed bj' A'liller in 1969.^ 

Ion exchange is a cormnon method of fabricating photonics devices on a glass sub

strate. It is a diffusive process in which an ion, such as Ag+ or K+, is allowed to diffuse 

into the glass, displacing an ion native to the glass, usually Na"^. The surface may be 

masked so that exchange occurs only in a desired area. The diffusion may be assisted 

by an electric field or be purely thermal in nature. The in-diffusing ion typically has 

a larger ionic radius and therefore a larger atomic polarizability than does the out-

diffusing ion, and the result is a localized increase in the index of refraction. This 

region can then act as a waveguide core while the surrounding substrate serves as the 

cladding. Such a waveguide is known as a surface waveguide because the maxinmrn 

index of refraction is at or near the surface of the glass. The waveguide can be trans

formed into a buried waveguide in which the maximum index of refraction is located 

approximately 5 — 20 jim beneath the surface. Burial of the waveguide is accomplished 

by applying an electric field at elevated temperature while the substrate is in contact 

with a molten salt bath. 

Ion-exchanged waveguides possess several useful features. They can be made to have 

low losses. Devices with propagation losses of < 0.1 dB/cm have been demonstrated.^'^ 

Buried waveguides can be fabricated with mode profiles closely resembling those of 

optical fibers, resulting in low coupling loss. Owing to the fact that ion exchange is a 

diffusive process, it is somewhat tolerant of imperfections in fabrication. Furthermore, 

the cost of fabricating ion-exchanged waveguides is low compared to other technologies 

such as silica on silicon or LiNbOs owing to the fact that the process uses comparatively 

inexpensive glass substrates and readily available chemicals. 
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Many photonics apphcations require that hght interact with some niaterial such as 

an electro-optic (EO) polymer or a photonic crystal (PC). Such devices often suffer 

from fiigh coupling losses. High losses are usually undesirable, so one would like a 

low-loss method of allowing light to interact with various optical materials. 

One possible solution is a selectively buried waveguide (SBWG) — a hybrid in

tegrated optic structure in which light makes an adiabatic transition from a buried 

waveguide to a surface section in which it travels partially in a glass waveguide and 

partially in a superstrate consisting of some other medium. The buried sections pro

vide low propagation losses and convenient coupling to optical fibers. Surface sections 

allow interaction between the guided mode and the superstrate; in these sections the 

glass and superstrate form a composite waveguide in which the optical field propagates 

in both materials as a single optical mode. 

This Dissertation consists of a thorough experimental and theoretical investigation 

of SBWGs. Propagation through an SBWG is simulated with finite difference methods, 

and it is shown that the transition between buried and surface sections is adiabatic 

and low loss. The magnitude of interaction witli a superstrate layer is also modelled. 

A procedure used for fabricating SBWGs is described in detail. Properties of SBWGs 

fabricated with this procedure are experimentally investigated. Refractive index and 

mode profiles in the buried, surface, and transition regions are measured and compared 

with theoretical results. 
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1.1 Historical Background 

While ion-exchanged waveguides are a relatively recent technology, ion exchange has 

been used in some form for changing the properties of glass since at least as early as the 

14th century. The process was first used to stain clear glass a color that varied from 

yellow to orange-brown. In fact, the term stained glass derives from this process."^ 

A compound containing silver, in the form of silver chloride or silver sulphide, was 

applied to a glass surface, and the glass was heated. Silver ions diffused into the glass, 

and impurities such as iron that were present in the glass assisted in the formation of 

silver colloids, giving the glass color.® The oldest known example of glass stained in 

this manner is the de Dene window at York Minster, dating to approximately 1306.'' 

In 1913, it was observed that the diffusion of K+ ions into glass strengthened the 

surface and was therefore useful as a method of chemical surface tempering. The larger 

ionic radius of the K+ ions introduced compressive stress at the surface that served 

to stop the propagation of small cracks. The method became a standard industrial 

process in the 1960s.® 

In 1972, Izawa and Naka.gome first proposed ion exchange for use in the fabrica

tion of optical waveguides.® They demonstrated the formation of both slab and strip 

waveguides by use of field assisted Tl"^ ion exchange in a borosilicate glass. They also 

demonstrated the burial of waveguides by adding a second step in which the thallium 

nitrate salt melt was replaced by a mixture of sodium nitrate and potassium nitrate. 

When these ions diffused into the glass, assisted by an electric field, the waveguide was 

forced below the surface, and a lower index region was formed above it. 



Since Izawa and Nakagorne's work, a large variety of waveguide devi(;es have Ijeen 

fabricated by use of ion exchange. Many different salts and types of glass have been 

characterized for ion exchange from a melt. A silver film ion exchange technique has 

also been developed in which metallic silver is deposited on the substrate, and ions are 

forced into the glass with the assistance of an electric field. Ion exchange has been 

used to fabricate all manner of photonic devices, including passive components such as 

directional couplersand Bragg reflectorsand active devices such as lasers 

and sensors. 

Hybrid structures that use ion-exchanged waveguides in glass in combination with 

some other material fiave been suggested for a number of applications. Passive hy

brid devices that have been describe in tfie literature include a glass waveguide with a 

Langmuir-Blodgett film overlay used to control the phase constant^" and a glass waveg

uide with a polymer overlay used as a polarizer. Applications that use an active 

polymer in combination with a glass waveguide include frequency doubling, para

m e t r i c  a m p l i f i c a t i o n , ^ ^  s e l f - p h a s e  m o d u l a t i o n , a n d  o p t i c a l  s w i t c h i n g . N o n - l i n e a r  

mixing of phase-modulated coherent beams has also been demonstrated by use of a 

glass waveguide with a bacteriorhodopsin overlay. 

1.2 Selectively Buried Waveguides 

The idea of forming selectively buried waveguides in glass was first proposed by Re-

houma et al. as a method of making an evanescent field sensor. In this geornetr}', 

a change of refractive index or absorption in the superstrate can be detected at the 
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output of the wa,veguide. They cited several advantages of this type of structure. (1) 

The surface interaction length is precisely controlled. (2) Owing to the slow change 

in the shape of the index profile, low-loss transitions are made to and from the sur

face region. (3) Buried regions are well adapted to coupling with optical fibers. (4) 

The planar surface is suitable for spin-coating with other materials. (5) The fabrica

tion process can be generalized to integrated optics structures such as Adach-Zehnder 

interferometers (MZIs). 

1.2.1 Device Geometry 

A schematic diagram of the geometry of an SBWG with a superstrate is shown in Fig. 

1.1. The top portion of the figure shows a side view, and the lower portion shows 

simulated cross sections of the refractive index profile. In these cross sections, the 

polymer thickness is 400 nm. 

The transitions are formed by partially covering the waveguide with a blocking 

anode during burial. The anode consists of a thin (~100nm) layer of metal such as A1 

or Ti. A thin ion-depleted layer that acts as an electric insulator forms beneath the 

anode. The electric field bends around the depletion region, thus burial does not occur 

beneath the anode. Figure 1.2 shows a schematic diagram of an SBWG illustrating 

the position of buried, surface, and tran.sition regions with respect to the blocking 

anode. The outline of the waveguide is shown with a solid line, and the position of the 

blocking anode during burial is shown in gray. During the burial step, buried regions are 

completely uncovered, surface regions are completely covered, and transition regions 
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FIGURE 1.1. Schematic diagram of an SBWG with a superstrate. The insets show 
cross-sectional contour plots of the index profile for (from left to right) a buried section, 
a transition section, and a surface section. 
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Buried Surface Buried 

Blocking 
anode / Transition 

FIGURE 1.2. Schematic diagram of the top view of an SBWG illustrating the positions 

of buried, surface, and transition sections relative to the blocking anode. 

are intersected by the anode at a small angle (< 2°). Typical transitions are several 

millimeters in length. 

The SBWG consists of three distinct regions. At either end, the waveguide is buried 

beneath the surface. In these regions, it is desired that the fundamental mode closely 

match that of an optical fiber in order to minimize coupling losses. After the waveguide 

is formed, both sides of the sample are diced and polished to provide a good quality 

optical surface. 

A surface waveguide lies between the two buried sections. A superstrate layer, 

typically several hundred nm thick, is spun onto the sample. In the surface region, 

light tra.vels jointly in the glass waveguide and the superstrate. One would usually like 

to maximize the confinement factor — the percentage of light in the superstrate — 

while ensuring that light remains in the fundamental mode of the composite waveguide. 

The propagation constant of the mode in this region depends on the refractive index 

of the superstrate, thus the phase of the light is sensitive to any change in index. It is 

this property that makes the SBWG a useful tool for interacting with active materials. 

Adiabatic transition regions connect buried and surface sections. In this context, 

an adiabatic transition is one that is gradual enough so that light coupled into a single 
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mode of a waveguide remains in a single mode of the waveguide without signific:aiit 

coupling to other guided' or leaky modes. An adiabatic transition is also sometimes 

defined as a transition that is reversible. As can be seen from Fig. 1.1, the index 

profile is asymmetric in these regions. The index profile must vary slowly enough so 

that light remains in the fundamental mode. The angle at which the blocking anode 

crosses the waveguide must therefore be sufficiently small so that this condition is met. 

The transition will be discussed in detail in later cfiapters. 

1.2.2 Potential Applications 

Any of the hybrid structures mentioned in Section 1.2 could potentially benefit from 

the advantages of SBWGs. The low losses, ruggedness, controlled interaction lengtlis, 

and ease of applying superstrates to SBWG devices are generally desirable features 

for use in any integrated optics device. Three of the most promising applications are 

described below. The ideas behind the first application are developed in more detail, 

wfiile those behind the other two are more speculative in nature and require further 

work. 

Optical Modulators Low-loss, fiigfi-speed optical modulators are an essential technology 

for future land and space-based cormnunications systems. Integrated optic intensity 

modulators often use an EO material in an MZI configuration. The EO effect is 

used to induce a phase difference in the two arms, so by adjusting the voltage across 

tlie EO material, one can adjust the intensity at the output. Figure 1.3 shows a 

schematic diagram of an integrated-optic intensity modulator. In the configuration 
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Electrodes Active regions 

FIGURE 1.3. Schematic diagram of an integrated optic A4ZI intensity modulator. 

shown two output arms are present. Changes in the output intensities in the two arms 

are complementary to each other owing to the asymmetry of the output branch.^® The 

dark gray bars represent the positions of electrodes, and the light gray areas show the 

positions of the active regions in which the refractive index is altered. The modulator 

is shown here in push-pull configuration — a configuration in which opposite phase 

changes are induced in the two arms. 

One metric for evaluating the performance of a modulator is its half-wave voltage, 

K-, the voltage required to induce a phase shift of half of the design wavelength. For 

the push-pull modulator described above, this quantity is 

v; = 
n^TeffLr 

[1.1) 

where Aq is the free-space wavelength, d is the distance between electrodes, n is the 

index of refraction, Teff is the effective EO coefficient, L is the length of the active 

region, and E is the modal overlap integral — a measure of the fraction of light that 

propagates in the active region. The effective EO coefficient is given by reff = 2rrr 

where the factor of two results from the push-pull configuration. Some publications 

use the product of the half-wave voltage and length, rather than simply Kr as a 
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measure of a modulator's performance. 

EO polymers show promise for use in integrated optic modulators. Recent ])iib-

lications have demonstrated polymers with values of 7-33 larger than that of LiNb03, 

a high-performance inorganic EO material.^® Such polymers have already been used 

to fabricate high-speed, all-polymer optical modulators. Chen et al. demonstrated a 

modulator that operates at a frequency of 110 GHz at a wavelength of 1.3^m.^" In 

this case was not reported. Zhang et al. reported an all-polymer modulator with 

values of 1.2 and 1.8 V (and values of 2.4 and 3.6 Vcm) at 1310 and 1550 nrn 

respectively.^^ The modulator was tested at a frequency as high as 20GHz. The high 

modulation rates and low drive voltages that can be obtained with EO polymer mod

ulators make them attractive materials for use in high-speed modulators. Low drive 

voltage is an especially important feature for space-based communication systems in 

which power consumption is often of key importance. 

Despite their useful features, all-polymer modulators suffer from the significant 

drawback of high insertion loss. Coupling losses are high, in large part due to mode 

mismatch between an optical fiber and the polymer waveguide. Typical coupling loss 

values are ^ 3.5 — 4.5 dB at each interface. Propagation losses in EO polymer waveg

uides are also significant. Recentlj' published results describe propagation losses of 

1 . 2  —  1 . 7 d B / c m  f o r  a n  E O  p o l y m e r  w i t h  a  h i g h l y  n o n l i n e a r  c h r o m o p h o r e . W i t h  

t y p i c a l  d e v i c e  l e n g t h s  o f  L  R i  2  c m ,  p r o p a g a t i o n  l o s s e s  a r e  2  —  4 d B .  

There have been several suggestions in the literature for lower-loss methods of cou

pling to an EO polymer waveguide. Oh et al. proposed a device in which light is 

adiabatically coupled from a passive wa,veguide to a tapered EO polymer waveguide. 
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The passive waveguide is made from a. fluorinated polymer with a loss of approximately 

0.35dB/cm. The transition loss between the passive and active polymer regions was 

approximately 0.4 dB. Chang et al. demonstrated an adiabatic transition between 

a silica planar waveguide and a polymer superstrate that was tapered by use of a 

gray-scale mask. The transition introduced an additional 1 dB of loss. Enami et al. 

demonstrated a hybrid structure in which light is adiabatically coupled from a sol-gel 

waveguide into a tapered polymer region. While this technique might reduce cou

pling loss to the polymer waveguide, the intrinsic loss of sol-gel materials is still much 

higher than that of glass. The lowest fiber-to-fiber insertion losses for an all-polymer 

EO modulator that have been published to date are approximately 5.5 dB.^^ This re

sult was achieved by use of a special small-core fiber and a deeply etched rib waveguide 

in order to more closely match the modes of the fiber and the optical waveguide. 

While the methods above may provide some reduction in insertion loss, the losses 

are much greater than the theoretical limit due to absorption in tlie active polymer 

region alone. Another possible alternative to an all-polyrner modulator that has the 

potential to come close to this limit is an SBWG with an EO polymer superstrate. 

In this configuration, each arm of the MZI has a surface section with an EO polymer 

superstrate. This solution offers several potential advantages. (1) Coupling losses 

could be made to be rrmch lower than those of an all-polyrner modulator because light 

is coupled into a glass waveguide and adiabatically coupled to the active region. (2) 

Propagation losses could also be reduced. Polymer is only used where it is needed, in 

the active region, so losses in the passive regions could be smaller owing to the fact that 

the bulk loss of glass is lower than that of polymer. (3) SBWGs have the potential to 



produce more rugged devices. A polymer modulator's properties may change as a result 

of photochemical reaction or exposure to radiation, and if the waveguide's properties 

change, the device may become lossy. In an SBWG light is guided primarily by the 

ion-exchanged waveguide, and since the glass waveguide's properties do not change 

greatly over its lifetime, the hybrid structure may therefore be more stable than the 

all-polymer waveguide. (4) SBWGs offer ease of processing with new polymers. In an 

all-polyrner modulator, in order to test a new polymer, a new device must be fabricated. 

On the other hand, in a hybrid modulator a new polymer can simply be spun onto 

an existing SBWG. (5) Glass waveguides are easier to connectorize than are polymer 

waveguides. Glass waveguides are able to withstand the elevated temperatures that 

occur during some fiber bonding procedures while most polymer waveguides are not. 

The primary design goals for an SBWG for use in a hybrid modulator are the 

minimization of total losses and the maximization of the confinement factor in the 

polymer layer. The former goal can be achieved if the mode in the buried section 

closely matches that of an optical fiber, propagation losses in both buried and surface 

sections of the glass waveguide are low, and the transition regions are adiabatic. If 

the sum of these losses is limited to several tenths of a decibel — and it will be shown 

in later cliapters that this can be the case — then the largest source of loss would be 

absorption in the polymer. A certain amount of absorption loss in the EO polymer 

is unavoidable since is inversely proportional to LT. For a fixed if the overlap 

integral is decreased, then the length must be increased in compensation. Assuming 

the absorbtion in the glass waveguide is small, the total loss in the active region will 

be primarily due to attenuation in the polymer, and have a. value of ~ 2.5 — 3.5 dB. 
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An EO polymer with lower attermation and similar 733 would reduce this value. 

Biological and Chemical Sensors Many of the same advantages of SBWGs that were 

cited for their use in a modulator would also benefit chemical and biological sensors. 

An ion-exchanged waveguide device that is able to detect protein in solution with a 

concentration as low as 5pg/mm^ has been reported.^® The sensor is realized by use of 

an ion-exchanged MZI with a protective coating. A window is opened in the coating 

to permit interaction with an external solution. The intensity is monitored at each 

output, and a change in refractive index of the cover results in a change in intensity. 

A similar device can be envisioned in which the coated surface waveguide is replaced 

with an SBWG. In this case. The MZI could be designed so that only one arm contains 

a surface section. The device could be coated with a material that is particularly 

receptive to a specific biological or chemical substance and has a refractive index that 

changes in the presence of this substance. A small change in the index of refraction 

of the superstrate is converted into a change in intensity at the outputs. An array of 

MZIs could be coated with different materials that are receptive to different molecules, 

permitting the detection of multiple substances with the same chip. The low losses 

of SBWGs could result in lower power consumption, a feature that could be useful in 

situations in which the sensor must be powered by batteries. 

Interface to Photonic Crystal Waveguides Another area in which SBWGs may prove 

useful is as an interface to photonic crystal (PC) waveguides. PCs are gaining popular

ity as a means to implement various integrated optics devices. They generally consist of 

a periodic structure made from materials with a large contrast in electric permittivity 
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FIGURE 1.4. Schematic diagram of a PC waveguide with adiabatic couphng to tapered 
planar waveguides. 

(such as a dielectric and air). Over some range of frequencies, light cannot propa

gate through the structure in one or more directions, thus it contains a "bandgap." 

PC waveguides contain defects — portions of the periodic structure that have been 

removed or otherwise altered — in which a guided wave can propagate. 

A well known difficulty in using PC waveguides is the large coupling loss between 

an optical fiber and the waveguide due to mode mismatch. One way to reduce this 

loss is to adiabatically couple into the PC with a tapered waveguide. Figure L4 

shows a schematic diagram of a coupling scheme proposes by Xu et al. The structure 

consists of a square lattice PC with a single row removed. Planar waveguides with a 

linear taper are used to couple light into and out of the PC. For a sufficiently small 

taper angle, an adiabatic transition is achieved. Johnson et al. develop a proof that, 

in general, an adiabatic transition can be formed between a traditional (non-periodic) 

waveguide and a PC waveguide if the correct design criteria are followed. 

If designed correctly, an SBWG might provide an adiabatic transition to a PC 



waveguide. The PC would be fabricated directly on the glass surface above the SBWG. 

Light would be coupled directly to buried sections of the waveguide, so no tapering of 

the fiber would be required. The adiabatic nature of the transition would allow light 

to gradually couple to and from the PC without a large amount of loss. 

1.3 Original Contributions 

This Dissertation includes several original contributions that will be described in detail 

in later chapters. They are: 

1. An implementation of the beam propagation method (BPM) is derived. A finite 

difference approximation of the field is used, and the alternating direction implicit 

method is applied to calculate the field at each propagation step. The theory 

behind tlris implementation, while not unique, is explained in greater detail than 

is found elsewhere in the literature. Computer programs were written as an 

alternative to commercially available programs that could not adequately handle 

the three dimensional variation of SBWGs. 

2. BPM modelling of a selectively buried structure is performed, and it is demon

strated that the transition between surface and buried sections is adiabatic. Fur

thermore, the simulations predict transition losses of 0.13 dB or less for suffi

ciently gradual transitions. It is also shown that a confinement factor >15% can 

be obtained in the superstrate. 

3. A novel method for the simultaneous measurement of the depth and profile of 

a waveguide's mode by use of a CCD camera is described. The method has an 
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accuracy of ±0.2fjm and is simple to implement. Experimental results obtained 

with this method are presented. 

4. A detailed experimental characterization of SBWG samples is presented. SBWGs 

with < 2.5 dB of total loss (measured with a fiber at the input and microscope 

objective at the output) were fabricated. Mode profiles and index profiles in 

buried, surface, and transition sections of SBWGs are obtained, and these profiles 

are compared with theoretical results. Images- of surface scattering in a sample 

with multiple surface sections are shown. Loss measurements are performed on 

SBWG samples in order to isolate the sources of loss. 

5. SBWG devices are fabricated that, with the collaboration of other groups at the 

University of Arizona and the University of Washington, will be used in the first 

hybrid glass/polymer optical modulators. 
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Chapter 2 

THEORY OF ION EXCHANGE IN GLASS 

Ion exchange is a diffusion process in which an ion is allowed to diffuse into a glass sub

strate, replacing an ion that is native to the glass. It is possible to model the refractive 

index variation produced by ion exchange processes by use of a diffusion model. In 

this chapter, the diffusion equation is derived, and its solutions are discussed. Several 

ion excfiange processing steps — thermal ion exchange from a salt melt, field assisted 

burial, and thermal annealing — are described. The methods used to obtain rmmerical 

solutions to the diffusion equation are presented. Some theoretical considerations that 

are specific to SBWGs are discussed. 

2.1 The Diffusion Equation 

Glass may be defined as an amorphous solid — a solid in which regularity does not 

occur on a scale larger than a few multiples of the size of its molecular constituents."^^ 

Glasses usually contain a network formed from linked building blocks that make up the 

"backbone" of the glass. Tliese network formers are strongly bound together. For ion 

exchange applications, the network is typically formed from oxide molecules such as 

Si02 (silicate glasses), P2O5 (phosphate glasses), or a combination of Si02 and B2O3 

(borosilicate glasses). 

Glass may also contain network modifiers — substances that are added to the 

glass to give it some desired property. These molecules are ionically bound to oxygen 



32 

atoms, thus they are loosely bound to the glass network. The network modifiers that 

are of interest for ion exchange are metallic oxides such as Na20 or K2O. Because they 

are weakly bound to the glass network, at elevated temperatures, the mobility of the 

metallic ions increases. It is this feature of glass that allows ion exchange to occur; 

ions from an external source diffuse into the glass replacing the mobile ions that diffuse 

out of it. Ion exchange can thus be modelled as a diffusion process. Tervonen provides 

a derivation of the diffusion equation,"^® and the general form of that derivation is 

followed here with minor modifications. The flux of an ion of species i may be written 

in terms of its diffusion and drift components as 

ji Jijdiff ~l~ ji,drift- (^-f) 

The diffusion component of the flux is 

ii.diff = —DiVci, (2.2) 

where c,; is the concentration profile of species i and is a function of x and y. The 

self-diffusion coefficient, Di, of species i is its diffusion coefficient in the absence of a 

chemical potential gradient. The drift component of the flux can be determined by use 

of the Nernst-Einstein relation, 

A = (2.3) 

where e is the elementary charge, k-^ is the Boltzrnarm constant, T is the absolute 

temperature, and is the electrochemical mobility with units of m^/(V- s). The drift 

component of the flux is 

-r _ DjeEextC , s 

J?:,drift . . 
Khi 
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where -Egxt is the externally applied electric field and is a function of x and y. In 

practice, it has been observed that the diffusion coefficients for thermal flux and field-

induced flux differ, so a correlation factor, / is often included to account for the 

discrepancy. Equation 2.4 becomes 

Xdrift- (2.5) 

Tfie simplest ion exchange processes involve the exchange of two ions, the out-

diffusing ion of species A and the in-diffusing ion of species B, with self-diffusion 

coefficients of Da and Db respectively. The fluxes of these ions can be written by 

substituting Eqs. 2.2 and 2.5 into Eq. 2.1 as 

JA = -DAVCA + :^^;%^, and (2.6) 

T-\ r-7 I ^ JB = (2^7) 

respectively. The glass remains electrically neutral after ion exchange. For this to 

occur, the conditions 

ca + cb = 0, and (2.8) 

V {ca + cb) = Co (2.9) 

must be met. The total ionic flux, jo, is the sum of the fluxes for species A and B and 

is given by 

3 O  =  3 A + 3 B -  (2.10) 

Combining Eqs. 2.6-2.10, 

eEext _ oVcb + (1 - a)jQ/DB , 
PI rr jkhT Co — 



;3-j 

where tlie parameter 

Du 
a = (2.12) 

has been introduced. The flux of the in-diffusing ions can now be found by substituting 

Eq. 2.11 into Eq. 2.7. It is 

- -CO^BVcb + (1 - Q;)jo/-DB /-oiQN 
3B = (2.13) 

Co — CBOi 

One generally wants to know how the concentration profile changes as a function of 

time. An expression for Scs/St can be found by use of Fick's second law, 

^ = (Z14) 

The result, often called the diffusion equation, is 

SCb DB 

5t 1 — aC B 

+ (!-") JoVCB 
(2.15) 

1 — dCs (1 ~ cuCb) DB 

where the normalized concentration, Cb = Ch/CQ, and the relative flux, Jq = jo/co have 

been used. JQ is the average local migration velocity of species B. 

The terms in Eq. 2.15 have been separated so that it is possible to see the effect of 

each. The first term on the right hand side represents the effect of purely thermal ion 

exchange. The second term is a nonlinearity terra. It vanishes in the case where the 

mobilities of the ions are equal (a = 0). The third term is caused by the presence of 

an external electric field, £^exto because Jq is approximately linear with respect to E'ext-

Thus, the third term is only of interest in field-assisted processes. 
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2.1.1 Thermal Ion Exchange 

When the correct boundary conditions are applied, Eq. 2.15 can be used to determine 

the concentration profiles that result from a variety of ion exchange processes. For slab 

waveguides, the boundary conditions are constant along the interface corresponding to 

the surface of the glass. For charniel waveguides, the boundary conditions may vary 

along an interface, corresponding to the masking of the sample during ion exchange. 

Consider the case of ion exchange from a salt melt in which the glass surface lies 

along y = 0. One boundary condition on CB{x,y,t) is provided by the fact that the 

concentration is zero everywhere at t = 0. The other boundary condition at the y = 0 

interface is a mixed boundary condition. In regions where the sample is unmasked, the 

concentration is a constant — the maximum concentration Cmax • In regions where the 

sample is masked, the boundary condition is a derivative condition owing to the fact 

that the ionic flux in these regions is a constant: the derivative of the concentration is 

zero in these regions. If a masking function, M{x), is defined that is unity in regions 

where the glass is exposed to the salt melt and zero elsewhere, these conditions may 

be expressed 

CB{x,y,0) = 0, and 

J Cb (x, 0, t) = Cmax : M = 1 . 
\  S C B { x , 0 , t ) / S y  = ^ 0  :  M = 0 ' ^ ^ ^ 

For the case of slab waveguides, M{ x )  =  1 for all x .  In this case, the second boundary 

condition is uniform over x, and diffusion in only one dimension need be considered. 

For the case in which a = 0 and Eexi, — 0, the solution to Eq. 2.15 can be written in 
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terms of the complementary error function as 

= Coerfc (2.17) 

where 

2 f°° 
erfc(a) = —= / exp{—b^)db. (2-18) 

J a  

In the case of a —> 1, the nonlinearity term of Eq. 2.15 tends toward infinity, and the 

solution to the diffusion equation tends toward a step function. 

In the presence of an external electric field, the third term of Eq. 2.15 is nonzero. 

This term has the effect of accelerating the diffusion process, causing a nonzero change 

in concentration deeper in the glass, in a given period of time, than would thermal 

diffusion alone. It typically results in a concentration profile that is nearly flat to a 

certain depth, with peak concentration Cmax, then a gradual falloff with depth. Field 

assisted ion exchange is sometimes used to create large, multimode waveguides. 

For the case of channel waveguides, diffusion in two dimensions must be taken 

into account. In this case, analytical solutions are difficult to obtain, and numerical 

calculations are usually used. These methods will be discussed in Section 5.2.4. 

2.1.2 Field-Assisted Burial 

The theory describing field-assisted burial is similar to that describing ion exchange 

from a salt melt. Usually, tfie entire surface is unmasked (altfiough SBWGs are an 

exception and will be discussed in Section 2.4), so M{x) — 1 everywhere. Since ion 

exchange has already been performed, an initial concentration profile, CBfl{x,y) is 

present. During this processing step, the salt melt that contains species B is replaced 
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with one that consists of species A, the ion native to the glass. Thus, the concentration 

of B is zero at the surface. These boundary conditions can be expressed as 

C B ( X , ' / J , 0 )  =  C B , o ( x , y ) ,  and 

CB(x,0,t) = 0. (2.19) 

The applied electric field has the effect of forcing the concentration profile deeper 

into the substrate with an approximate velocity of JQ. Ions of species A enter the glass 

at the boundary, replacing ions of species B as they drift deeper into the substrate. 

The result is a low-concentration of B ions near the surface of the glass, above the 

high-concentration region. At the same time as drift pushes the B ions deeper into the 

glass, thermal diffusion causes expansion in all directions. The relative magnitude of 

these two effects depends upon the applied voltage, the temperature, and the material 

parameters. 

2.1.3 Thermal Annealing 

Another corrmion processing step used witli ion-exchanged waveguides is thermal an

nealing. This step consists of heating a sample to an elevated temperature and main

taining it at this temperature for a given period of time. Thermal annealing allows 

diffusion to occur in all directions without the presence of the drift component that 

exists with field assisted burial. It is often used to fine tune the size of a waveguide 

mode in order to reduce propagation losses or improve coupling to an optical fiber. It 

also has the effect of symmetrizing the mode and reducing its birefringence. 



An initial concentration profile, CBfl{x,y), is present. Assuming that the sample is 

not in contact with a salt bath, there is no ion source at the boundary, thus the ionic 

flux normal to the surface is zero. These boundary conditions may be expressed 

CB{x,y,0) = CBfl{x,y), and 

5CB{x,0,t)/5y = 0. (2.20) 

2.2 Change in Refractive Index 

Up to this point, only the concentration profile has been discussed. The feature of ion 

exchange that is of interest for waveguides, however, is the change in refractive index 

that it causes. Two separate phenomena give rise to an increase in refractive index 

in the presence of increased concentration of the in-difTusing ions. Detailed models 

of the refractive index of glasses based on their constituent components have been 

developedand are often cited in the ion exchange literature. The refractive index 

change can also be understood by the use of some simple illustrative arguments. These 

arguments are discussed below. 

2.2.1 Refractive Index Change from Higher Atomic Polarizabihty 

Typically, in ion exchange processes, the in-difTusing ion has a larger ionic radius than 

the out-diffusing ion. It therefore also has a larger atomic polarizabihty. It can be 

shown that this larger polarizabihty results in a larger refractive index. The Lorenz-

Lorentz equation relates the molar polarization in a glass, Rm, to the atomic po

larizabihty, a,:, of its constituent components.The tilde notation is used on to 
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distinguish it from the a parameter in the diffusion equation. The Lorenz-Lorentz 

equation may be written 

— 1\ M All 

^ j 7 " T ̂  ^ ^ 

where n is the index of refraction, M is the molecular weight of the glass, p is its density, 

and Ni is the number of particles of substance i in one mole of the material. For a 

two-species ion exchange process, this equation can be written, before ion exchange 

has taken place, as 

\n^o + 2J p 3 

where no is the initial refractive index. After exchange takes place, a certain number 

of particles per mole, /\N, of B have been substituted for A. This can be expressed 

( -  =  ̂  [ { N b  +  A N )  a s  +  -  A N )  . (2.23) 
y f l  ~ r  Z  J  p  O  

Subtracting Eq. 2.22 from Eq. 2.23, 

f  —  1  n i  —  l \ M  4 7 r  _  / „  

For a small index change. An = n — no <C 1, Eq. 2.25 can be approximated 

/2no ( n  — n o ) \ M  4 7 r  ^  ,  ,  ,  
7 ~ , (2.25) 

V + 2 J p 3 

or in terms of An, 

As can be seen from this equation, the change in refractive index is linear with 

respect to AN. Therefore, to a good approximation, the effect of the ions with larger 

atomic polarizability is a linear increase in index of refraction with concentration. 
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2.2.2 Stress Induced Refractive Index Change 

Ion exchange can lead to change in volume of the glass because the in-diffusing ions 

have larger atomic radii than the out-diffusing ions. This effect may be observed as 

swelling at the surface of the substrate. The stress that leads to this swelling is also 

another rnecfianism for tfie change in refractive index. While a substrate can expand 

in the direction normal to the surface, the rigidity of the glass usually does not allow 

it to expand in a direction parallel to the surface, so stress is induced in this direction. 

The refractive index increases in the presence of stress. It is usually not possible to 

establish a direct theoretical relationship between the concentration profile and the 

stress-induced refractive index change, but in general it follows a linear relationship."^® 

In an ion-exchanged waveguide, the stress is usually anisotropic, so it results in 

birefringence. This birefringence is, to a good approximation, linearly proportional to 

the induced stress. This effect is a concern whenever low-birefringence waveguides 

are desired. It is typically opposite in sign to form birefringence, and to some degree 

these effects can cancel each other out. 

The magnitude of the stress-induced index change differs depending on the materials 

used. It has been shown that the effect is the dominant cause of refractive index 

change for K+/Na+ exchange.®'^ For Ag+/Na+ion exchange from a dilute AgNOa melt, 

however, stress-induced refractive index change is usually much smaller than the change 

due to the increase in atomic polarizability. The difference between the dominant 

mechanisms in these two processes is somewhat intuitive based on the fact that the 

difference in ionic radii for K^/Na^ exchange (1.33 A versus 0.95 A) is larger than that 
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for Ag+/Na"'' ion exchange (1.26 A versus 0.95 A). 

2.3 Numerical Modelling of the Ion Exchange Process 

For all but the simplest cases, it is necessary to use numerical methods to model the 

concentration profile. For the simulations described in this Dissertation, computer pro

grams that use the finite difference method are employed to model the refractive index 

change resulting from ion exchange processes.^® After application of the appropriate 

boundary conditions, Eq. 2.15 is solved by use of the Peacernan-Rachford alternating 

direction implicit method.®® 

It is often assumed that the electric field is constant during burial and that conduc

tivity is homogeneous throughout the sample. Although this approximation is often 

valid, the conductivity of the glass can change in regions where ion exchange has oc

curred, and this variation can create a measurable change in the index profile.®^"®® 

Therefore, these assumptions are not made for the modelling described here. The new 

electric field is calculated at each computation step, and the modelling accounts for 

inhornogeneity in the glass conductivity. 

For the sinmlations described here, it is assumed that the index change is linear 

with respect to concentration. Only refractive index change caused by the difference in 

atomic polarizabilities, not stress-induced index change, is included. This assumption 

is made because the simulations and experimental results that are presented later are 

exclusively for Ag+/Na+ ion exchange from dilute silver melts, so stress-induced index 

change is not a very large effect. 
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2.4 Selective Burial 

The fabrication steps for making an SBWG are similar to those for making an ordinary 

buried waveguide. There are, however, several important differences. The first is the 

addition of an extra burial step. After ion exchange has been performed, the waveguide 

is subjected to a short burial before the full burial step. This burial is described by 

the theory for a standard field-assisted burial presented in Section 2.1.2, so it is not 

treated separately here. The practical reasons for performing this step are discussed 

in Chapter 4. 

The second unique feature in the fabrication of SBWGs is that the surface of the 

sample is partially masked during burial. The mask is a thin (~ 100 nm) layer of metal 

such as A1 or Ti. During burial, the top surface of the glass sample is in contact with a 

molten salt bath that acts as an anode. The surface is partially masked, so the glass is 

only in direct contact with the salt where the mask is not present. The bottom surface 

is unmasked and is in contact with a separate molten salt bath that acts as a cathode. 

Figure 2.1 is a schematic diagram of the sample and the burial apparatus. The metal 

mask is shown in dark gray. 

In regions where the top surface is unmasked, the salt bath acts as a source for ions 

to replace those that are forced deeper into the glass by the electric field. Where the 

metal mask is present this process carmot occur. The mask is thus called a blocking 

anode. It blocks the flow of ions from the salt melt (and cannot furnish any of its own). 

It has been observed that an ion-depleted layer forms beneath a blocking anode when 

a voltage is applied at an elevated temperature.®""®^ This layer forms as a result of the 
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FIGURE 2.1. Schematic diagram of a selective burial. Lines representing the electric 
field show curvature of the field around the blocking anode. 



migration of alkali ions beneath the blocking anode. The thickness of the ion-de])leted 

layer varies depending on the glass type, sample thickness, temperature, voltage, and 

the amount of time for which the voltage is applied. 

When the current passing through the sample is monitored as a function of time, 

it typically starts at a maximum value and rapidly drops several orders of magnitude. 

This result indicates that the glass becomes nonconductive beneath the blocking anode. 

As illustrated in Fig. 2.1, the electric field bends around the end of the anode. In 

contrast to the case of a standard field-assisted burial, the electric field may have a 

non-zero x component. 

In order to model the selective burial process, it is necessary to establish the ap

propriate boundary conditions. One boundary condition is again provided by the 

initial concentration profile, CBfl{x,y)- As in the thermal ion exchange case, the sec

ond boundary condition is a mixed condition, but now the constant concentration at 

exposed portions of the surface is zero. These may be expressed 

The masking function, M(x), now refers to the position of the blocking anode during 

burial. It is unity in regions where the glass is exposed to the salt melt and zero where 

the blocking anode is present. 

Cb{x, y, 0) = Cb,o{x, y), and 

Cb (x, 0, t) = 0 : M = 1 
(5Cb(x, 0, i)/(52/= 0 : M = 0 ' 

(2.27) 
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Chapter 3 

FINITE DIFFERENCE MODELLING OF SBWGS 

It is necessary to model a variety of a waveguide's properties in order to design useful 

integrated optic devices. These properties include the spatial distribution of light 

in the region of the waveguide, the number and shape of modes it supports, and the 

magnitude of optical losses. For SBWGs in particular, it is important to predict how the 

mode interacts with other materials. This chapter discusses the use of finite difference 

modelling to predict the behavior of SBWG devices. The application of the finite 

difference method with a nonuniform mesh to solve for the modes of a waveguide is 

described. The fundamental mode obtained with this method is then used as the initial 

condition for a beam propagation method (BPM) description of light as it propagates in 

the z direction through the waveguide. The BPM solution is used to predict properties 

of SBWGs such as the distribution of light within the structure, the fraction of power 

in the polymer layer, losses due to radiation and absorption, and the phase difference 

created by a change in the refractive index of the polymer layer. 

3.1 Modal Solution on a Nonuniform Mesh 

A numerical description of the distribution of light within an entire waveguide structure 

is desired. The first step in this process is to determine the shape and effective indices 

of the modes that the waveguide supports. In order to accomplish this, the finite 

difference method (FDM) will be used to approximate the wave equation. 



l(i 

The transverse wave equation (or Helrnholtz equation) describing the electric field 

within a waveguide is given by 

V l i + k ^ n ^ E  =  ( 3 . 1 )  

where £ is the electric field; the wavenumber, FCO, is given by /CQ = 27r/Ao where AQ is the 

free-space wavelength; n is the real part of the index of refraction; j3 is the longitudinal 

wavevector; and both £ and n are functions of x and y. The transverse Laplacian is 

given by 

The _L designation is used to emphasize that in this case the Laplacian operates on only 

X and y. This distinction will be necessary later when the three-dimensional Laplacian 

is used. 

In order to implement FDM, the waveguide must be divided into nodes — rectangles 

in which a constant index of refraction is assumed. The derivatives of some variable, in 

this case the electric field, are estimated by considering the variable's value in a given 

node and the surrounding nodes. The FDM described here is known as "five-point 

finite difference" because it uses five nodes — the central node and those directly below, 

above, to the left, and to the right of the central node — to estimate the field. Often, the 

computation window is divided according to a uniform mesh. In other words, the x and 

y dimension of each node is constant throughout the computation window (although the 

X and y dimensions may differ from each other). This assumption greatly simplifies the 

resulting equations, but uniform FDM is not an efficient method of modelling SBWGs. 

A rather large waveguide region, with dimensions on the order of 20 x 20 /urn nmst be 
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FIGURE 3.1. Schematic diagram showing the dimension of the (i, j)'th node and the 
surrounding nodes. 

considered in order to ensure that the electric field is nearly zero at the boundary. The 

polymer, on the other hand, can be thinner than 100 nm, so it may be necessary to 

sample it on the order of every 10 nm. For a 20 x 20//rn region, this would result in a 

2000 X 2000 array of nodes and require immense computation power to solve. Instead, 

a FDM solution that uses a normniforrn mesh may be derived.®® This solution allows 

for finer sampling of the polymer than the rest of the waveguide region. In addition, 

normniforrn FDM allows sharp transitions between regions with different refractive 

indices to be replaced by gradual transitions with several intermediate nodes. The 

FDM approximations of second derivatives are more accurate over gradual transitions, 

so the overall accuracy is improved. 

The X and y dimensions of the (?,j)'th node are hi and hj respectively. The node 

on the +x side of the (i, j)'th node has an x dimension of /ii+i, and so on. The scheme 

for labelling nodes is illustrated in Fig. 3.1. 
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3.1.1 TE Approximation of the Wave Equation 

The sohjtions derived here will be quasi-vector, sometimes referred to as "semi-vector." 

solutions.®^ Polarization is accounted for, but transverse electric (TE) and transverse 

magnetic (TM) fields will be considered separately. TE polarization refers to the case 

in which the electric field is parallel to the x axis, and TM polarization refers to the 

case in which the electric field is parallel to the y axis. It is assumed that there 

is no coupling between the polarizations (i.e., TE-polarized light launched into the 

waveguide will remain TE-polarized throughout the waveguide and TM-polarized light 

will remain TM-polarized). Fully vectorial EDM solutions are possible,''® but they 

require additional computational resources and are not employed here. 

The TE solution will be derived first. Consider a given boundary between two 

nodes, say the {i,j) node and the {i + l,j) node. The fields in these nodes can be 

expressed as E,ij and £i+i,j respectively. The virtual extension of the field in node 

{i,j) into node {i + l,j) is expressed as hkewise the virtual extension of the 

field in node (?' + 1, j) into node { i , j )  is expressed as Let n_ and £_ refer to the 

refractive index and field directly to the left of the boundary and and £+ refer to 

the refractive index and field directly to the right of the boundary. Applying boundary 

conditions for the TE case. 

where p is the field gradient at the boundary. 

The field in cell (i-|-1, j) may be approximated in two ways — as the actual field to 

nl+i,j^+ and (3.3) 

(3.4) 
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the right of the boundary plus the change in the field between the boundary and the 

center  o f  c e l l  ( - «  +  l , j ) ,  o r  a l t e r n a t i v e l y  a s  t h e  v i r t u a l  e x t e n s i o n  o f  t h e  f i e l d  i n  c e l l  { i , j )  

just to the left of the boundary plus the change between the field at the boundary and 

the center of cell ('i + l,j). These approximations may be expressed as 

—  £ +  +  

h i  i+1 
p and 

p v  _ e h i+1 
-p 

(3.5) 

(3.6) 

respectively. Similarly, the field in cell { i , j )  may be expressed as 

h i  
- t j  - +  -  and 

hi 

(3.7) 

(3.8) 

Combining Eqs. 3.3 and 3.5-3.8, 

"I" hi+i)^i+\,j + {fii+ij — '^''ij)hi+\^ij p v  (3.9) 

and following a similar procedure for the boundary between cells { i  —  l , j )  and { i . j )  

nl-ijihi + /i,-i)£i-i,j + {nj-ij -
£V 

? : - i ,  
(3.i0) 

nljhi + 

Now consider the y direction. At boundaries above and below the central node, the 

TE field is continuous even at discontinuities in the refractive index, so 

= £ »,i+i and 

= £ (3.11) 

The five-point approximation for the second derivative may be expressed 69 

i ^ £ . .  =  1  
6x^ hi 

i i £ . .  -  1  
5y^ h, 

2 ( £ ^ V i , - £ . , )  2 ( £ , ^ - £ ^ ^ , ^ ) '  

• 2 ( £ ^ , + i  -  £ . , )  2 ( £ , , , - £ - ^ _ j ) '  

h j ^ i  + h j  h j - i  +  h j  
(3.12) 
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Substituting Eqs. 3.9-3.11 into Eqs. 3.12. the TE five-point finite difference approxi

mation of the Laplacian is 

with 

k- = 
hi{nljhi + n^_yjhi^i) 

h j { h j  +  h  •j-ii 

C(,x)i J + 
hi{nl-hi + hiinfjii + _ 

2 2 

h j { h j  +  h j - i )  h j { h j  +  h j + i )  

2 

h j { h j  +  h j + i )  
Or; 2 

(3.14) 
hi{nljhi + ' 

The coefficients represent "left," "above," "center," "below," and "right" respectively. 

The X and y contributions of the central node are written separately because this 

distinction will be convenient later for the derivation of the BPM solution in Section 

3.3. Finally, substituting Eq. 3.13 into Eq. 3.1, the finite difference approximation of 

the wave equation for TE polarization is 

^7'—1 j'—1 "I' + ̂  ^ ' (3.15) 

3.1.2 TM Approximation of the Wave Equation 

The finite difference TA/I solution is obtained in a similar manner. Consider a given 

boundary between the ('i, j) node and the {i,j -|- 1) node. Let n_ and £_ refer to 
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the refractive index and field directly above the boundary and n +  and £+ refer to the 

refractive index and field directly below the boundarj'. Applying boundary conditions 

for the TM case, 

and (3.16) 

f s -  -  =  ( 3 - 1 7 )  
6 y  b y  

where q  is the field gradient at the boundary. It is now possible to write 

£.,,+1 = ^+-^9 (3.18) 

hi 
2 

(3.19) 

=  £ + + | < J  ( 3 . 2 0 )  

— £- + . (3.21) 
2 

Combining Eqs. 3.16 and 3.18-3.21, 

n l j h j  + 
_ '"ij+ivj I I v"-i,j+i /g 22) 

«)i+l 'r,'2 h . -L n2 I. ' \ • I 

and following a similar procedure for the boundary between cells { i , j  — 1) and { i , j ) ,  

nljhj + 

The TM field is continuous at boundaries in the x  direction, so 

£•+1^ = £,+ij and 

= £.-1. • (3.24) 

Substituting Eqs. 3.22-3.24 into the five-point approximation of the second derivatives 

(Eqs. 3.12), the five-point finite difference approximation of the Laplacian for a TA-I 
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field is obtained. The Laplacian is again given bj' Eq. 3.13, and the new coefficients 

for tlie TM case are 

hi{hi + 
2r?2 

hjinyij + 

C { x ) i , j  =  
2 2 

+ 

2ri-j 2ni.j 

b- • = - \j+i 

+ n l j - i h j - i )  h j { n l j h j  + nl^+^h^+i) 

2n? 

h j { n l j h j  + n l j ^ ^ h j + i ]  

(3.25) 
hi{hi + /"ij+i) 

The finite diflference approximation of the wave equation is again given by Eq. 3.15 

with the coefficients for this case given by 3.25. 

3.1.3 Dirichlet Boundary Condition 

The finite difference approximation to the wa.ve equation derived in Sections 3.1.1 and 

3.1.2 is valid for interior nodes — nodes tliat are surrounded on all sides by other 

nodes within the computation window. The treatment of nodes on the boundaries 

must also be considered. While several choices for boundary conditions exist, the 

Dirichlet boundary condition — that the field at the boundary is equal to zero — is 

tlie simplest to implement. In order to ensure that tins assumption is realistic, the 

computation window must be chosen to be large enough that its edge is far from any 

guided solution to the wave equation. 

For a computation window of /xJ interior nodes, Eqs. 3.14 and 3.25 provide all 
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of the necessary coefficients for nodes with i  = 2...— 1 and j = 2..... J — 1. For 

nodes that are located on a boundary, Dirichlet boundary conditions are applied. In 

practice, this means that for i = 1, lij = 0; for i = /, rjj = 0; for j = 1, Cjj = 0; and 

for j = J, bi^j = 0. 

3.1.4 Matrix Solution to the Finite Difference Equations 

Now that the finite difi"erence coefficients are known for all nodes, it is possible to find 

the solutions to the finite difference approximation of the wave equation. Equation 

3.15 represents IxJ coupled equations for each polarization that can be rewritten as 

an eigenvalue equation, 

Q£ = /32£ . (3.26) 

The electric field has been rewritten as a vector, in order to cast the problem in 

eigenvalue form, by concatenating columns from the computation window. In other 

words, £ = (£i,i) £i,2, • • •, £i,7, £2,1, £2,2, • • •, £2,7, • • •, £j,i, £j,2, • • •, fi;,.;), and Q is an 

IJxIJ pentadiagonal matrix. If we define fjj = + C(y)i,j), then Q can 

be written in terms of subrnatrices Lj, Q, and R i  — which have dimensions I x J  — as 

Ci 0 0 

Z/2 C*2 .R2 0 
0 L3 C3 

0 0 Lj^i C/_i -R/-] 
0  0  •  •  •  0  L j  C i  

(3.27) 



with 

Li = 

ki 0 

0 li,2 

0  • • •  

fi.i biA 0 0 
0'i,2 fi,2 &i,2 0 
0 0.13 /j,3 

0 

0 

0 

0 0 
0 0 

0 

0i,J-l 
0 fi,J 

(3.28) 

0 

0  k ^ j  _  

, and Ri = 

rxi 0 

0 rx2 

0  • • •  

0 

0 rxj 

(3.29) 

where the coefficients are chosen for either TE or TM polarization. 

Equation 3.26 can now be solved. The eigenvalues and eigenvectors of Q  may be 

determined numerically. The eigenvalues provide possible values of while the eigen

vectors contain the corresponding field distributions in vector form, /x J eigenvalues 

and eigenvectors will be obtained, but in general only a few solutions are of interest. 

The effective indices of propagating modes, defined as ng = jS/ko, lie between the sub

strate index, Ug, and the maximum index of the waveguide structure, rimax- Sometimes 

the first few leakj' modes — solutions with effective indices just below the substrate 

index — are also of interest. 

Calculation of the eigenvalues and eigenvectors of a large matrix can be compu

tationally demanding. The computation may be simplified, however, because Q is 

sparse, and we are interested in values of in a very specific range, {ris/koy ^ < 

{nm&x/koY• Approximate computation methods that calculate a subset of the eigen

values and eigenvectors of a sparse matrix as opposed to solving for all of them can be 

applied.™ 
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FIGURE 3.2. Schematic diagram of a generahzed rib waveguide structure. 

3.1.5 Modes and Effective Indices for Test Structures 

The method of solution described above was used to model several test structures. The 

results are compared with published results and in one case, an analytical solution. 

Many authors use rib waveguide structures analyzed by Robertson et al. as standard 

test cases. The structures' parameters were further defined by Sternto establish 

the size of the computation window. These structures, with Stern's refinements, are 

modelled, and results for the effective indices are compared with those obtained by 

Stern. The rib waveguides consist of of a substrate layer with index Ug, a slab and a rib 

waveguide with index , and an air superstrate with index of unity. The wavelength is 

Ao = 1550 nrn. Figure 3.2 shows a schematic diagram of the rib waveguide, and Table 

3.1 shows the parameters for the three structures labelled "Rib 1," "Rib 2," and "Rib 

3." 

A rectangular waveguide is also modelled, and the results are compared with 

an analytical solution. The waveguide consists of a 7/jmxb fim core centered in a 

30/umx26/U,rn computation window. The wavelength was AQ = 1550 nrn, and hi = 
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Structure ri-i ris H D A;, n h, 

{jim) (/jm) ipm) (/ini) (/j.m) ( f j i n )  i^m) iimi) 
Rib 1 3.44 3.34 2.0 1.1 0.2 3.0 5.025 0.525 0.0952 0.05 
Rib 2 3.44 3.36 3.0 0.1 0.9 3.05 5.025 0.525 0.0968 0.05 

Rib 3 3.44 3.435 4.0 2.5 3.5 4.34 7.550 0.550 0.0976 0.10 

TABLE 3.1. Parameters of rib waveguides used as sample cases for mode solver. 

26 l-iva 

FIGURE 3.3. Schematic diagram of a rectangular waveguide. 

hj = 0.2 /iin. A diagram of the structure is show in Fig. 3.3. The solution obtained 

with the mode solver is compared with the approximate analytical solution obtained 

by Kumar et The analytical solution is similar to that of A/Iarcatilibut uses a 

perturbation approach to obtain higher accuracy. The value of for the fundamental 

mode found by use of this method are'^"' 

I,.2.^2 ,J ^2^ , - n',) C0!^{k,a) cos'(kyb) 
H - ('oni -k,- k,) + (1 + (1 + 

where 

7x = kl {nl - n^) -

I v  =  k l  { n j  -  n^) - k l ,  (3.31) 

ns=1.5 n,=1.52 

30 am 
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and kx and ky are given by solutions to the transcendental equations 

tan(fca;aj = 
nih 

tan { k y b )  = (3.32) 
k.„ 

for TE polarized light and 

tan(A:2;a) = ^ 
kx 

2 
tan { k y b )  —  (3.33) 

n j k y  

for TA-I polarized light. 

All four structures are modelled with several different treatments of the transition 

between regions of differing refractive index. Effective indices are first obtained with 

uniform node sizes and a sharp transition between regions. This treatment is identical 

to that of Stern, and the results should be consistent. Each waveguide is also modelled 

with the sharp transition replaced by several small intermediate nodes. An illustration 

of this division is show in Fig. 3.4. Two cases, three intermediate nodes and ten 

intermediate nodes were tested. This treatment results in a better approximation 

of the wave equation in the region where it varies most rapidly. In both gradual 

transition cases, the transition occurs over a distances of /ij/5 and hj/b for x and 

y transitions respectively. The nodes on either side of a transition are made slightly 

smaller to allow for for the transition without changing any dimensions of the structure. 

Contour plots of the irradiance distribution obtained for the fundamental mode of 

each structure are shown in Fig. 3.5. The plots show the fundamental mode for both 

TE- and TM-polarized light. As can be seen from the plots, the modes for Rib 1 and 
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FIGURE 3.4. The transition, in the x  direction, between two sections of differing 
refractive index with (a) a sharp transition and (b) a gradual transition with three 
intermediate nodes. 

the rectangular waveguide are tightly confined while the other two structures possess 

less confined fundamental modes. The effective indices of the fundamental modes for 

each structure, along with Stern's results for the rib waveguides and the analytical 

results for the rectangular waveguide, are shown in Table 3.2. 

The results calculated here differ slightly from Stern's results for each structure. The 

variation is greatest for Rib 1, with a difference on the order of 10"^. The discrepancy 

is probably caused by a slight error in Stern's calculations: when the simulations are 

repeated with the width of the rib decreased by hi, the calculations match Stern's 

exactly for Rib f, and differ only in the last two decimal places for Rib 2 and Rib 

3. The error may arise from the fact that Stern performs the calculation on only the 

right half of the structure — a simplification that is permissable due to the geometric 

synnnetry of the waveguide. At the boundary bisecting the rib, however, half of a node 

is neglected (for both the right half and the left half of the waveguide) resulting in a 

slightly smaller effective width of the rib. 

The effective indices calculated for the rectangular waveguide agree well with the 
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FIGURE 3.5. Contour plots showing the fundamental TE and TM modes of (a) Rib 
1, (b) Rib 2, (c) Rib 3, and (d) a rectangular waveguide. Contours are shown at 0.15, 
0.4, 0.65, and 0.9 of the rnaxirrmrn value. Lines outlining the positions between regions 
of differing index of refraction are shown as well. 
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Structure Method ''ie.TE 

Rib 1 Stern®'' 3.3869266 3.3867447 
Tliis work, sharp transition 3.3889568 3.3883849 
Tliis work, 3 steps 3.3887847 3.3881119 
Tliis work, 10 steps 3.3888016 3.3881315 

Rib 2 Stern 3.3953942 3.3905538 
This work, sharp transition 3.3954940 3.3906593 
This work, 3 steps 3.3953517 3.3906022 
This work, 10 steps 3.3953634 3.3906093 

Rib 3 Stern 3.4366674 3.4366376 
Tfiis work, sharp transition 3.4366980 3.4366694 
This work, 3 steps 3.4366906 3.4366642 
This work, 10 steps 3.4366910 3.4366646 

Rectangular Analytical solution 1.5136411 1.5136157 
waveguide This work, sharp transition 1.5136730 1.5136476 

This work, 3 steps 1.5136715 1.5136463 
This work, 10 steps 1.5136716 1.5136464 

TABLE 3.2. Comparison of effective indices obtained in this work with pubhshed 
results and an analytical solution. 

analytical result, with a difference on the order of 10~®. It should be noted that both 

the finite difference calculation and the analytical solution are approximations, so some 

error is present in both cases. 

As can be seen from Table 3.2, a significant difference in effective index is observed 

between calculations using a sharp transition and those using a transition with three 

intermediate nodes. The difference, for both TE- and TM-polarized light, was on the 

order of 10"^ for Rib 1 and Rib 2 and 10~® for Rib 3 and the rectangular waveguide. 

The differences in effective indices obtained between the calculations using tln'ee inter

mediate steps and those using ten intermediate steps were approximately one order of 

magnitude smaller in each case. These results appear to indicate tfiat as intermediate 

nodes are added, the calculated values for effective indices approach a fixed value. 



3.2 Methods for Modelling Three Dimensional Waveguides 

In addition to solving for the modes supported by a cross section of a waveguide, it 

is often necessary to model light propagating through an arbitrary three dimensional 

waveguide structure. Many methods of performing this type of simulation exist. For 

a thorough overview, the reader is  directed to a review paper by Scarrnozzino et al .J^ 

but a brief summary of different methods is provided here. 

The beam propagation method is probably the most commonly used technique and 

has been implemented with a large rmmber of variations. In essence, it consists of 

calculating the electric field at a given 2: position as a perturbation of the field at a 

previous z position. The first BPM algorithms used the split-step Fourier algorithm'^® 

in which fast Fourier transforms (FFTs) and inverse Fourier transforms are performed 

at each computation step. This method has several disadvantages. A nonuniform mesh 

cannot be used because the FFT relies on uniform sampling; if the wave penetrates the 

edge of the analysis window, a nonphysical wave may appear; and structures with 

sharp index changes, such as rib waveguides, require fine sampling resulting in large 

computation times. 

Many implementations of BPA-l instead use FDM to approximate the field. 

An implementation of this method will be described in detail in Section 3.3. Finite 

difl'erence BPM has the advantages that: A nonuniform mesh may be used; the vector 

nature of the field can be treated; and it can be implemented efficiently. 

Yet other implementations of BPM use the finite element method (FEM), rather 

than FDM, to approximate the field.®'' In this method, the problem region is divided 
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into small (usually triangular) elements. Smaller elements can be used in regions where 

the refractive index changes abruptly. Some functional form of the H or the E field 

across an element, most often a linear function of x and y with unknown coefficients, 

is assumed. The wave equation is integrated, and the resulting quantity, known as a 

functional is 

where the H field has been used. The dielectric permittivity, e, is a function of x 

and y. Tfie problem can be cast into matrix form by discretizing evaluating it at 

each element using tfie assumed functional form of H, and using the fact that modal 

solutions satisfy the requirement 5^/SH = 0. It should be noted that the finite element 

method can also be used to solve for the modes in a cross section of a waveguide, 

and this approach would fiave been a viable alternative to the approach used in Section 

3.1. Finite element BPM, although highly accurate, is in general far more complicated 

than FDM to implement and usually requires longer computation times. 

BPM possesses several disadvantages. It is usually assumed that the second deriva

tive of the field with respect to 2 vanishes (the paraxial approximation). This assump

tion results in the requirement tfiat the wave propagate nearly parallel to the 2: axis. 

Another disadvantage is that finite difference BPM does not account for backward trav

elling waves. As a result, reflections due to variation of the refractive index with respect 

to 2 are ignored. Metfiods to correct for both of tfiese problems have been devised. 

In some implementations, known as wide-angle BPM, the paraxial approximation is 

a v o i d e d ,  p e r m i t t i n g  t h e  t r e a t m e n t  o f  a  v a r i e t y  o f  c u r v e d  w a v e g u i d e  d e v i c e s . I n  

(3.34) 
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order to model backward travelling waves, bidirectional BPM algorithms have been 

developed that account for light travelling in the —z direction.®^ 

Another waveguide modelling tool that does not suffer from some of the shortcom

ings of BPM is the finite-difference time-domain (FDTD) technique.®® Unhke BPM, 

FDTD can accurately model structures with sharp discontirmities in the axial direc

tion as well as waveguides with large bend angles such as ring resonators. In order to 

implement FDTD the computation region is discretized in both time and space. An 

excitation — either a continuous wave or a pulse — is provided. At each time step, 

a solution to the time-dependant Maxwell curl equations is calculated. The perfor

mance of the waveguide is evaluated by repeatedly incrementing time and calculating 

the field distribution throughout the structure. The major disadvantages of FDTD are 

the large requirement on memory and long computation times.While BPM can be 

used to model structures that are several centimeters long, the typical size of an FDTD 

computation region is tens of microns. 

3.3 Beam Propagation Method Solution on a Nonuniform Mesh 

Of the methods discussed in Section 3.2, finite difference BPM is chosen as the most 

appropriate tool to model SBWGs. The SBWGs that are analyzed are several centime

ters in length, so FDTD is impractical. FDM, rather than FEM, was chosen owing to 

its shorter computation time and ease of implementation. This method also allows for 

a normniforrn rnesh. Therefore, as in the modal analysis described in Section 3.1, the 

polymer layer can be sampled more finely than the rest of the structure. 
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The wave equation in three dimensions is 

+ klh^E = 0 (3.35) 

where is the three dimensional Laplacian, 

,52 (^2 52 
V = 1 1 

Sx^ 5y'^ (5^2 

=  V i  +  ̂ .  ( 3 . 3 6 )  

The complex version of the index of refraction, n, has been used in Eq. 3.35 because 

it will allow for the inclusion of absorption, ric may be separated into its real and 

imaginary parts as 

nc(x,  y,  z)  = n{x,  y,  z)  -  ̂ a{x,  y, z)  (3.37) 
Z K Q 

where a is the attenuation coefficient. 

It will be assumed that the electric field can be written as the product of its slowly 

varying component,  E{x, y,  z) ,  and a component that  varies rapidly with respect to z.^ '  

For a wave propagating in the +z direction, the electric field can be expressed 

E{x, y, z,  t)  = £(x, y,  z)  exp[i(t<jt — kon^z)] (3.38) 

where riy is the reference index of refraction. Several choices exist for the the value of 

fir- The reference index may be taken to be the substrate index, Alternately, the 

reference index can be updated dynamically by use of the expression^'"' 

^2 f f  £* (Vi£ + dx&y 

" = JJ£.£dU 

and setting = /3/fco- For this research, the latter method of calculating nr is imple

mented with the value updated after every 5-10 computation steps. 
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In order to calculate Eq. 3.38 is substituted into Eq. 3.36, resulting in 

The paraxial approximation — that is sufficiently small that it can be neglected 

— can now be applied. Substituting Eqs. 3.40 and 3.37 into the wave equation, Eq. 

It is now possible to see the effect of each term on the right hand side. If n were 

everywhere equal to nj., the last term would vanish. It therefore represents the effect 

of the waveguide structure and results in a guided wave. The first term on the right 

hand side represents non-guided propagation in a homogenous medium. The second 

term is the attenuation term and results in optical loss. 

3.3.1 Explicit Finite Difference Method 

A finite difference approximation to V^£ was developed in Sections 3.1.1 and 3.1.2. 

A finite difference approximation will now be used for the z derivative as well so that 

the evolution of the electric field with z can be determined. The z derivative may be 

approximated 

V ^ E  =  

Neglecting the o? term and rearranging, 

(3.42) 

(3.43) 

where E.Y'i is the electric field at the m'th step in the z direction. '^ i j  
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Several methods could be a.pphed to obtain a finite difference approximation to Ec}. 

3.42. One such method is the explicit finite difference method (EFDM). EFDM was 

developed for a nonuniform mesh bj' Chung and Dagli.^'^ In this method, Eq. 3.43 is 

replaced by a second-order accurate expression 

The electric field at z + Az is calculated in terms of the electric field in the two previous 

steps with FDM approximations used for the derivates, and only a sparse matrix nml-

tiplication is required at eacfi computation step. The stability of this method, however, 

depends on the minimum grid spacing. Chung and Dagli demonstrate that to ensure 

stability, Az must be chosen so that 

This condition can result in the requirement of a very small 2 step size, particularly 

for the SBWGs that will be modelled here. For example, if A = 1550 nrn, n,. = 1.5, 

Axmin = 100 nm, A'^rnin = 10 mn, and (n,;j)max = 1-6 (the approximate refractive index 

of the polymer superstrate that will be added later), then the above condition requires 

that Az < 0.3 nrn. Propagation over a distance of several centimeters would therefore 

require a rmrnber of computation steps on the order of 10^. 

3.3.2 Implicit Finite Difference Method 

Implicit methods offer convergence with a much less stringent requirement on the 

propagation step size Az. An implicit method that, like the explicit method is second-

m—1 

(3.44) 

max mm 
(3.45) 
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order accurate, can be implemented by rewriting Eq. 3.42 using Eq. 3.43 as the finite 

difference approximation for z, and using the approximations 

V 2 £  

£ = 

1 (V^£m+1 + Vi£™) 

1 ( £ ™ + I ^ £ m )  ^  

and 

(3.46) 

The values of n and a in the coefficients to the and £ terms are taken as the 

values at the midpoint between the steps, m + The rn + 1 terms and m terms 

are then separated on opposite sides of the equation, resulting in the finite difference 

approximation 

V^£m+l ^ 

_v2 £"^ + <; -

n. 

P 

m + i ^ 2  2 \ -7 rn-t2 
Tir )  -ikoUij 

'^kprir \  +1 _ 

m+i 
n. n.  

m+i m+i 
iA;orajj 'ft, 

ikprir \  

Az J 
(3.47) 

where the approximations are given by Eqs. 3.13, 3.14 and 3.25. This system of 

equations is then solved at each computation step. A matrix solution to Eq. 3.47 is 

possible. It can be rewritten 

F^m+i ^  Qlm ^3 43^ 

where, as in Section 3.1.4, F  and G  are I J x I J  pentadiagonal matrices. The solution 

to Eq. 3.48 is usually given as 

gm+i ^ (3.49) 

where F~^ is the inverse of F. In practice, however, the inverse of F does not need to 

be computed. It is more computationally efficient and numerically accurate to compute 

the solution using Gaussian elimination. Even with Gaussian elimination, however, the 



calculation is computationally demanding, and for a computation window with more 

than approximately 50x50 nodes it becomes impractical. 

3.3.3 Alternating Direction Implicit Finite Difference Method 

A much more computationally efficient approach that maintains second-order accuracy 

is to use the Peaceman-Rachford alternating direction implicit (ADI) finite difference 

method.^® Okarnoto provides a derivation that applies the ADI method to solve the 

finite difference equations on a uniform mesh.'^'' Okarnoto's general approach is em

ployed here, with the significant differences being that a nonuniform mesh is used and 

that the quasi-vectorial, rather than the scalar, case is treated. Hsueh et al. derived a 

fully-vectorial ADI implementation of BPM on a uniform mesh®® that reduces to the 

quasi-vectorial case when the incident light is TE- or TM-polarized and there is no 

coupling between polarizations. Hadley implemented an ADI technique on a nonuni

form mesh, similar to the one described in this chapter, that is fully vectorial.®'^ Like 

Hsueh et al.'s method, it reduces to the quasi-vectorial case under the proper condi

tions. That work was primarily concerned with determining modal indices and does 

not describe the modelling of propagation losses or the evolving irradiance distribution 

in great detail. 

In essence, the ADI method splits the two-dimensional problem at each computation 

step into two one-dimensional problems. As in Section 3.3.2, the starting point is Eq. 

3.42. Equation 3.43 is used as the finite difference approximation for 2, and the 

approximation is given bj'' Eq. 3.13 with coefficients given by Eqs. 3.14 (for the TE 
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case) and 3.25 (for tfie TM case). The terms on the right hand side of the wave equation 

are taken to be tfie average of their values at the rn + 1 and rn computation steps. If 

two coefficients, 

Ylk^n^ 
A = 

Az 
and 

ifco TO+i TO+i I f "^+5 \ 2 
B = + y  ( )  - " r  

1 \  2  

(3.50) 

are defined, then the finite difference approximation to the wave equation may be 

written 

A ( p r n + l _ c m \  _  1  [ / .  .  p m + 1  ,  c m + 1  c m + 1  ,  i  c m + 1  ,  c m + l  ]  

_L Z [/  P'^ _L n -t- /• P^ 4- P'^ -t- r- P"^ 1 9 L i-lj """ ' 'J j+l,jJ 

+ B {tz*'  + £Z) (3.51) 

where Cij = (c(x)ij + C(y)i,j). This finite difference approximation can be separated into 

two computation steps, the first from m to m+ |, and tlie second from m+ | to 'm + 1. 

These steps are expressed in two equations, 

A I  pm.+ 2 _ pm 
'  i , j  i , j  

7  p W + 2  C"^~'~2 O"«T2 

I  f , ,  c m  I  P ^  j _  h  P ' " ^  
"I" 9 + l 

and 

,m+7 

\  ^  ( c ™ + 2  I  c m  
2 V 

1 _ cm+l I ,, cm+1 I I pm.+ l ] 

1 
+ _ + 
2 

B 
+ + 

2 

/. ,p'"+2 I , I c"'^ m + ^  

ft+1 _j_ 

'J (3.52) 

Note that if it is assumed that ^ /2, then the sum of these two 

split-step equations, is equal to the single step finite difference approximation to the 
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wave equation, Eq. 3.51. Finally, Eqs. 3.52 may be rewritten so that the terms 

corresponding to quantities after each half-step are separated from those corresponding 

to quantities before the half-step, as 

These equations are then used in succession to carry out a single computation step. 

The problem can again be cast in matrix form by writing. 

The right hand side of each equation is calculated with a matrix rrmltiplication and 

results in a column vector of length IJ. It is then possible to solve for the electric field 

vector on the left hand side. These expressions involve only tridiagonal matrices as 

opposed to the pentadiagonal matrices of the solution obtained in Section 3.3.2. Tridi

agonal matrix equations with this form can be solved by use of a recurrence relation,®^ 

resulting in a significant decrease in computation time and memory requirements. 

3.3.4 Transparent Boundary Condition 

Before computing solutions with Eqs. 3.54, it is necessary to consider what boundary 

conditions are to be applied. Previously, Dirichlet boundary conditions, as described 

hj cm+1 
9 

'hj  pm+1 
9 

(3.53) 

F i £ ™ + 5 = G a £ ' "  =  a n d  

Fi£'"+I = = Di. (3.54) 
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in Sec. 3.1.3, were applied when solving for a waveguide's modes and their effective 

indices. In that case, Dirichlet boundary conditions were sufficient because the compu

tation window was chosen to be large enough so that setting the electric field to zero 

at the boundary was a good approximation. When BPM is used, however, there is no 

guarantee that this is the case. In fact, one of the important quantities that may be 

estimated with BPM is the amount of power that is lost when light that is not guided 

by the waveguide exits the computation window. The transparent boundary condition 

(TEC) developed by Hadley®^ can be applied to update the boundary conditions at 

each z step so that light is allowed to escape the computation window. 

The X — I boundary will be considered first, and the results will then be generalized 

to the other boundaries. The approach to calculate the boundary conditions at the 

m'th computation step is as follows: First consider the electric field distribution from 

the (m — l)'st computation step near the boundary. It is assumed that in any given 

row the field can be treated as a plane wave, so 

£ = £o exp(—iKa,x), (3.55) 

where £o is the plane wave's amplitude, and is its propagation vector in the x 

direction. More specifically, the ratio of the field in the two nodes nearest the edge is 

calculated. This ratio can be expressed 

exp(-iK^X7_i) !  • u \  
" P^nr-iK r—i " exp(-lK,/l,;). (3.56) 

Therefore, the value of at the x = I boundary is given by 

(cm-l \ 



If the real part of K^. is positive, then the plane wave is propagating in the +x direction, 

corresponding to propagation out of the computation window. If, however, the real part 

of Kx is negative, the plane wave is propagating towards the interior of the computation 

window. The boundary should be non-reflecting, thus this situation is undesirable. In 

this case, the real part of the propagation vector is artificially set to zero. A new 

variable, /CR, is defined as 

_ f '• >0 /q 

" I < 0 

where 3? denotes the real part of a number and G denotes its imaginary part. A similar 

procedure is employed to determine KL, /«B, and KT — the propagation constants for 

the left, bottom, and top boundaries respectively. In the latter two cases, the plane 

wave is assumed to propagate in the y direction, so adjacent nodes in a given colurmi, 

rather than a given row, are considered. 

When solving Eqs. 3.53, then, an additional term of 

TR, = S.]jexp{-iKRhi) 

7 L  =  £ i , j  e x p ( - i K L / i , : )  

7B = EI^J EXP{-IKBHJ) 

7T = £J,I (3.59) 

is subtracted from the left hand side of the equation for the right, left, bottom, and 

top boundaries respectively. The values of hj, rij, and bij are the same as those 

for Dirichlet boundary conditions described in Section 3.1.3. The physical justification 

for setting these coefficients to zero — in spite of the fact that the field extends past 
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the boundarj' — is that the field outside the computation window has already been 

accounted for by applying the transparent boundary condition. In the implementation 

used here, the transparent boundary was placed three nodes from the edge of the 

computation window rather than directly at the edge because this shift was observed 

to further reduce reflections from the boundary. 

It should be noted that several other choices of boundary conditions that prevent 

reflection at the edge of the computation region have been develodped. One such 

condition is the addition of an absorbing layer at the boundary. The imaginary part 

of the refractive index for nodes near the boundary is artificially increased, reaching a 

maximum at the edge of the window. This condition, however, is problematic due to 

the fact that the absorption profile must be optimized for each individual problem to 

effectively prevent reflection. A more efl^ective choice is Berenger's perfectly matched 

layer (PML) boundary condition.®^ In this case, the computation window is surrounded 

by an absorbing layer with properties that are specially tailored to absorb radiation. 

This method has the advantages that it is valid for any frequency, and, unlike the 

TBC, is valid for a plane wave striking the boundary at any incident angle. The PML 

condition, however, requires additional computational resources to implement, and the 

TBC was found to be adequate for the modelling described in this Dissertation. 

3.3.5 Beam Propagation Results for Test Cases 

Several test cases are analyzed using the method described above in order to ensure that 

the model provides physically accurate results. The first case examined is a Gaussian 
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FIGURE 3.6. Contour plots of the irradiance distribution of a Gaussian beam propa
gating in air. The irradiance is calculated by use of BPM. Contours are shown at 0.15, 
0.4, 0.65, and 0.9 of the maximum value of each cross section for z ranging from 0 to 
50/(irn. 

beam propagating in air. The initial field distribution is 

8.{x,y) = £oexp 
(x- - xof + {y -  VoY 

Wn 
(3.60) 

where tWo, the initial beam radius, is 1.5/irn, AQ = 1.55/im, and hj = hj = 0.5 ̂ ,m 

everywhere. The 2: propagation step is 1 fim, and TE polarized light is used. Contour 

plots of the resulting irradiance distribution are shown in Fig. 3.6. The beam radius at 

^ = 50 /j.m, determined by fitting a Gaussian to the simulation results, is w = 17.1 ̂ .rn. 

The beam radius of a Gaussian beam propagating in air can also be calculated by 

use of the equation 

w'^iz) = wl 1 + 
XQZ 

•KWr 
(3.61) 



For the case described above with ^ = 50 /y,ni, this formula predicts a beam radius oi' 

w = 16.5 /urn. The two calculations show reasonably good agreement. The difference 

between the two values may be due to the coarseness of the rnesh in the BPM simula

tion, and a finer mesh might yield more consistent results. The simulation is repeated 

witfi TM-polarized light, and the value of w is identical to that obtained for the TE 

case. 

Another scenario that tests the BPM algorithm is a waveguide approaching the right 

boundary at a small angle. This problem tests the transparent boundary condition. If it 

works properly, the power in the computation window should drop to nearly zero after a 

sufficient propagation length. The wavelength was 1.55 /urn, and TM polarized light was 

used. The z propagation step is 1 yum, and hi = hj = 0.4 /u,m everywhere. A circular, 

step-index waveguide with a radius of a = 3 /im and a maximum index difference of 

= 0.01 is used. The waveguide approaches the boundary at an angle of 0.46°. 

The initial light distribution is the FDM solution for tlie waveguide's fundamental 

mode. Linear phase could be included to account for the angle of the waveguide, but 

no such phase is added here, permitting the observation of radiation. Slices of the 

irradiance distribution, integrated in the y direction, along with the integrated power 

in the computation window are shown in Fig. 3.7. The power in the computation 

window drops to 1.8% of its initial value after a propagation distance of 2 mm. Similar 

results were obtained with TE-polarized light. 

Several tests on straight, z-invariant waveguides are carried out as well. A simula

tion is carried out with structure Rib 1 to test whether the BPM solution converges 

toward the FDM modal solution obtained by use of the methods of Section 3.1. A 
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FIGURE 3.7. BPM simulation results for a waveguide exiting the computation window 

showing (a) the y-integrated power as a function of x and 2: and (b) the total integrated 
power in the computation window as a function of z. 

sharp transition between regions of differing refractive index is used. In the previous 

test case, the modal solution is taken as the initial field distribution. Here, instead, 

a Gaussian with vj = 1 i jm is  used. The Gaussian is centered at  x = 0, y = — 1 f im, 

directly below the center of tlie rib. The wavelength is 1.55 ̂ in, TE-polarized light is 

used, and the 2 propagation step is 0.5 /jm. Light is allowed to propagate, and the 

mode is observed at various 2 positions. 

In order to obtain a numerical comparison, the effective index of the BPM solution 

is calculated as a function of z. The effective index of the propagating mode may 

be calculated by use of Eq. 3.39 and tlie fact that Ug = [3/ko. After a propagation 

distance of 1.5 mm the value of the effective index determined with this method is 

3.388840, in reasonably good agreement with the value of 3.889568 determined with 
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FIGURE 3.8. Contour plots of the irradiance distribution, calculated with BPM, in 
structure Rib 1 at various 2 positions. Contours are shown at 0.15, 0.4, 0.65, and 0.9 
of the maximum value of each cross section. 

the modal solution from Section 3.1.5. Figure 3.8 shows contour plots of the irradiance 

distribution for z ranging from 0 to 1.5 mm. As can be seen from the figure, the power 

in the initially Gaussian distribution gradually moves into the rib waveguide until 

the irradiance distribution very closely matches the FDM modal solution obtained 

previously and shown in Fig. 3.5. 

The previous three examples use a uniform mesh. In order to test the ability of 

the procedure to handle a iion-uniform mesh, light is allowed to propagate through the 

structure Rib 1 described in Section 3.1.5 with three intermediate nodes used to smooth 

sharp transitions in refractive index. The wavelength is 1.55 /uin, TE-polarized light is 

used, and the 2 propagation step is 1 fim. The initial light distribution was again the 

7= 0 j-im z= 5 ^in z= 10 urn 
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FDM solution for the waveguide's fundamental mode. After a propagation distance 

of 2 mm, 98.6% of the light remained in the computation window, demonstrating that 

most of the initial energy was conserved. 

3.4 Finite Difference Modelling Results for SBWGs 

The methods described above were applied to SBWGs with index profiles determined 

by use of the methods described in Chapter 2. The substrate index at A = 1550 nrn, 

measured with a prism coupler, is 1.4531, and the substrate thickness is 2.0 mm. The 

mask opening width is 4//m. Parameters for BGG31 glass are used.^® At T = 280° C, 

DAg = 1.0 X 10"^®, and at T = 250° C, Z?Ag = 3.5 x 10"^® with a = 0.8 at both 

temperatures. The maximum index change is An^ax = 0.022. The process for these 

simulations consists of three steps: ion exchange in a bath of AgNOs/NaNOa (50 mol%) 

for 75min at T = 280° C; short field assisted burial for 5min at T = 250° C with an 

applied voltage of 250 V: and a full burial for 40min at T = 250° C with an applied 

voltage of 270 V. The latter step is repeated with varying portions of the surface masked 

to sinmlate the metal blocking anode in the transition region. The simulation parame

ters are chosen to correspond with parameters that were used for experimental results 

which will be presented later. 

3.4.1 Adiabatic Transition 

After calculating the index distribution at various z positions, it would be possible to 

simply determine the FDM modal solution as a function of 2 to get some idea of the 
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distribution of power within the waveguide. This technique, however, would provide 

a limited amount of information. It would not reveal how much light is lost due to 

radiation in the transition. It would also fail to demonstrate whether the transition 

is adiabatic — slow enough so that light coupled into the fundamental mode of the 

structure remains in the fundamental mode. A BPM simulation provides a means of 

obtaining this information. 

BPM simulations of an SBWG are carried out with a 30 x 27 fiin computation 

window, consisting of 101 x 90 nodes. The 2 propagation step size is 0.5//m. The 

initial field distribution is taken to be the FDM modal solution for a completely buried 

waveguide. The fundamental buried waveguide modes for both TE- and TM-polarized 

light are shown in Fig. 3.9. According to the modal solution, the waveguide is two-

rnoded for both polarizations, but for these simulations light was coupled entirely into 

the fundamental mode. The effective indices of the fundamental modes are = 

1.456537 for TE polarized light and rte = 1.456533 for TM polarized light. 

Index profiles for eleven different mask coverings, ranging from no coverage (com

pletely buried) to complete coverage (completely surface) are calculated, with 3^.m 

intervals between steps. During the BPA4 simulations, intermediate index profiles are 

calculated by use of linear interpolation. The simulation shows propagation through 

a transition region. Light propagates in a buried waveguide for a distance of 400 jjm, 

moves into a transition region of length 4000 /u-rn in which the simulated angle of the 

blocking anode is 0.43°, and finally propagates in a surface section for another 100/j.m. 

A schematic diagram of a top-view of the sinmlation region is shown in Fig. 3.10. 

The irradiance distribution at various z positions throughout the simulation region 
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FIGURE 3.9. Contour plots of the mode profile for the buried section of an SBWG 
used as the initial condition for a BPM simulation. Contours are shown at 0.15, 0.4, 
0.65, and 0.9 of the maximum value. 
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FIGURE 3.10. Schematic diagram of the top view of the SBWG simulation region. 
The gray area shows the position of the blocking anode. 



is shown in Fig. 3.11. The left column shows the change in refractive index from the 

substrate index, Anix,y) = n{x,y) — Us- The black region at the top of each picture 

represents air. The center column shows the mode for TE-polarized light, and the right 

column shows the mode for TM-polarized light. Cross sections are shown for 2 ranging 

from 400 /xrn to 5200 nm. As can be seen from the figures, the irradiance distribution 

appears to be similar for the TE and TM cases. In each case, the mode follows the 

index distribution through the transition up to the surface. 

The final row in Fig. 3.11 shows the results at the output of the BPM simulations. 

The irradiance distributions shown here can be compared with the FDM modal solu

tion. Contour plots of the fundamental modes in the surface section of the waveguide 

obtained with tlie modal solution are shown in Fig. 3.12. In the surface section, as in 

the buried waveguide case, the waveguide is two-nioded. The mode profiles obtained 

with the two methods, FDM modal solution and BPA4 sirrmlation, are similar in ap

pearance. In the BPM results, the peak irradiance is offset from the center of the index 

distribution by approximately 0.2/urn. As light propagates in the surface section, the 

position of the maximum irradiance oscillates slightly about x = 0 with decreasing 

amplitude as a function of z. It is interesting to note that the FDM modal solution 

alone does not predict this result. 

The effective indices in a surface section obtained with the mode solver were 

1.457109 and 1.457031 for TE and TM polarized light respectively, and those obtained 

with the BPM solution were 1.456691 and 1.456676 for TE and TM polarized light 

respectively. The two methods show reasonably good agreement for these values. 

After propagation through the entire transition region, 96.9% of the initial power 
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Index distribution TE mode TM mode 
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FIGURE 3.11. The irradiarice distribution with varying 2 calculated by use of a BPM 
simulation. The left column shows the refractive index distribution, the centcr colunm 
shows the mode for TE polarized light, and the right column shows the mode for TM 

polarized light. 
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FIGURE 3.12. Contour plots of the mode profile for the surface section of an SBWG 
obtained with a two-dimensional mode solver. Contours are shown at 0.15, 0.4, 0.65, 
and 0.9 of the maximum value. 

remains in the computation window for both the TE- and TM-polarized cases, cor

responding to losses of only 0.13 dB. This simulation supports the observation that 

transitions which exhibit low losses can be formed in SBWGs. 

3.4.2 Glass/Polymer Hybrid Waveguide 

Another aspect of the SBWG that one would like to model is the degree of interaction 

with the polymer in surface regions. The confinement factor, P, can be determined 

b}' use of the two-dimensional FDM solution. Once the electric field distribution is 

determined, P is given b}^ 

r  r  £ * £ d x d y  
•p Jpo J-PC ^ /Q ^r)\ 

J — oo J — OO 

where the polymer begins at a y position of po and ends at a y position of p\ . 

It is usually desirable that P be maximized. This situation results in maximum 

interaction with the polymer and therefore permits shorter device lengths. Generally, 

P increases with increasing polymer thickness. There is, however, a practical limit on 
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the inaxiinurn polymer thickness that can be used with an SBWG device. If, in a. 

buried section, the fundamental mode of the structure is a mode of the slab waveguide 

rather than the buried glass waveguide, then light coupled into the glass waveguide will 

travel in a non-fundamental mode of the structure throughout its entire length. This 

condition occurs approximately for a polymer thickness at which the slab waveguide 

independently supports a mode. 

The polymer thickness that meets this condition can be determined by use of an 

analytic solution for a slab waveguide.®^ For a slab of thickness h with index n,,, a top 

cladding with index rj-c, and a substrate with index one can define 

7c = - klnl, 

7s = \ l -  k l n l ,  and 

(3 = (3.63) 

where Kp is the transverse wavevector of a mode. The longitudinal wavevector value, 

[3, for a particular mode is given by a solution to the transcendental equation 

t a n ( / i , K p )  =  — — Y  ( 3 . 6 4 )  

for TE-polarized light or 

1 - ̂  
J 

^7c + §7s 
tan(/iKp) = ^ (3.65) 

KI -

for TM-polarized light. Equations 3.64 and 3.65 were solved rmrnerically for the case 

of an air cladding (/ic = 1), a polymer with index = 1.62, a substrate with index 

ris = 1.4531, and AQ = 1550 nrn. It was found that the polymer supports a mode for 

h > 330 rim and h > 450 run for TE-and TM-polarized light respectively. 



Simulations of an SBWG with a polymer superstrate were performed using the 

same ion exchange and burial parameters used in Section 3.4.1. The y dimension of 

a node in the polymer region was 0.01/im, the x dimension of a node in the polymer 

region was 0.3/irn, and the x and y dimensions of nodes elsewhere were 0.3/iin. Three 

intermediate nodes were used to smooth sharp changes in refractive index. In order to 

determine the maximum allowable polymer thickness, the modes in the buried region 

were simulated with varying polymer thickness. It was found that, while the polymer 

does indeed support a mode for h > 330 nm and h > 450 nm for TE-and TM-polarized 

light respectively, it is possible to increase the polymer thickness to a slightly greater 

value in each case.  For a  polymer layer that  is  just  thick enough to support  a  mode, n 

for the buried waveguide mode is slightly greater than n for the polymer mode. The 

polymer thickness could be increased to a maximum thickness of /i^ax = 360 nm for 

TE-polarized light or h„,ax = 500 nm for TM-polarized light while maintaining the glass 

waveguide mode as the fundamental mode in buried sections. Thus, when simulating 

the hybrid waveguide, the polymer thickness is kept below these values. 

Mode profiles for the case of h = 360rnn are shown in Fig. 3.13. As can be seen 

from the figure, the mode lies partially in the polymer region and partially in the glass 

waveguide region. More of the mode overlaps with the polymer for the TE case than 

for the TM case. Simulation results for the confinement factor as a function of polymer 

thickness are shown in Fig. 3.14. Again, it can be seen that the TE-polarized light 

interacts more strongly with the polymer than TM-polarized light, increasing more 

quickly as a function of h and reaching a higher maximum value. For TE-polarized 

light, r = 0.122 at h = 360 nm, and for TM-polarized hght, F = 0.095 at h — 500 rnn. 
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FIGURE 3.13. Fundamental modes for TE- and TAI-polarized light in the surface 
region with a 360 nm thick polymer superstrate. Contours are shown at 0.15, 0.4, 0.65, 

and 0.9 of the maximum value. 
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FIGURE 3.14. Confinement factor as a function of polymer thickness. The results were 
obtained from FDM simulations. 



In order to ensure that the waveguide is buried to a sufficient deptli in buried 

regions, the values of P in buried and surface regions are compared. In a buried section, 

r  = 1.4 X 10"^ (with h = 360 nm) for TE-polarized l ight,  and F = 6.8 x 10^'^ (with h = 

500 run) for TM-polarized light. These values are several orders of magnitude smaller 

than the corresponding values for surface waveguides, indicating that the polymer 

interaction in buried waveguide sections is negligible. 

It was found that P can be increased slightly by increasing Anmax- A better confined 

waveguide permits a thicker coating of polymer, so sirrmlations were carried out with 

a maximum refractive index change of Anmax = 0.044. In BGG31 glass, since An„,ax 

is roughly proportional to the salt melt concentration, increasing Anmax from 0.22 to 

0.44 corresponds to increasing the AgN03 concentration in the salt melt from 50mol% 

to 100mol%. The other fabrication parameters were the same as those in the previous 

simulations. For TE-polarized light, /imax = 400 nm and a confinement factor of F = 

0.176 was obtained. For TM-polarized light, /i^ax = 550 nm and a confinement factor 

of P = 0.153 was obtained. 
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Chapter 4 

WAVEGUIDE FABRICATION 

This chapter contains a description of the experimental procedures used to fabricate 

ion-exchanged waveguides by use of Ag+/Na"^ ion exchange from a dilute silver melt. 

Some considerations for the choice of a glass are discussed, and the methods used 

to determine the ion exchange parameters of a glass are described. The two glasses 

used for the research described here are compared and contrasted. The details of 

each processing step — ion exchange, burial (including selective burial), dicing, and 

polishing — are described. 

4,1 Glass Choice 

Many glasses have been used for ion exchange. These include soda-lirne microscope 

slides, other commercially available general-purpose glasses, passive glasses specifically 

designed for ion exchange, and rare-earth doped glasses for amplifier and laser applica

tions. There are a few characteristics that, in general, make a glass a good candidate for 

use in the fabrication of high-quality waveguides. These characteristics are summarized 

below. 

1. Low bulk loss: For most applications, low-loss waveguides are desired, so the glass 

itself should exhibit low bulk loss at the design wavelength. This requirement 

implies low scattering and absorption. While the bulk loss of a glass is difficult to 

measure, ion exchanged waveguides with propagation losses of < O.ldB/cm have 



been demonstrated in a variety of glasses. and the bulk losses of the glasses 

used in these cases are even lower. 

2. Resistance to colloid formation: During ion exchange, the in-diffusing ions can 

form metallic clusters called colloids that can appear to the eye as a yellow or 

brown tint at the surface of the glass. Colloids can act as scattering sites, increas

ing propagation loss, and are thus undesirable. Different glasses are subject to 

colloid formation to different degrees, owing in part to the amount of impurities 

present. 

3. Large Ariynax- A large value of Arimax, on the order of magnitude of 0.1, is 

often desirable because it can result in better confinement of the optical mode, 

permitting bends with a smaller radius without large bend losses. If a smaller 

index change is desired for a particular sample, it can be achieved by thermal 

annealing or burial. Because An is linear with respect to concentration of the 

in-diffusing ions, a large value of A?injax generally corresponds with a high alkali 

content in the glass (a typical value is ~ 10mol% Na). 

4. Good chemical resistance: A glass must be able to withstand the chemical en

vironment during ion exchange and later during its intended use. The alkaline 

resistance and acid resistance of the glass are therefore important to consider. 

For example, some pliosphate glasses are subject to surface damage from salt 

melts and are therefore poor choices for ion exchange from a molten salt melt. 

(This problem may be avoided bj^ use of the silver film technique.®'^) 
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5. A moderately large diffusion coefficient: A moderately large value of DB, the self-

diffusion coefficient of the in-diffusing ions, at a temperature in the range of ~ 

250 — 400° C allows ion exchange and burial to occur in a reasonable time period. 

If £>5 is too small ion exchange times become too large. This is undesirable for 

several reasons. If a commercially feasible device is desired, ion exchange times 

longer than a few hours are impractical. Long burial times are also problematic 

because burial ovens typically operate at high voltages and high temperatures, 

so long processes may result in heavy wear on the burial apparatus. Too large of 

a value for Dg is also problematic. If ion exchange times are too short, then the 

timing error becomes large compared with the total processing time. 

6. Resistant to surface cracking: As mentioned in Chapter 2, stress caused by differ

ent ionic radii of the in- and out-diffusing ions can lead to swelling of the surface. 

For some glasses, stress may result in surface cracking.®^ Such cracks can cause 

scattering and increase propagation losses. It is desirable that no surface cracks 

form under the processing conditions employed to fabricate waveguides. Cracking 

may be especially problematic for processes that use K'^/Na^ exchange owing to 

the large stresses induced. 

7. Easy to polish to optical quality: Different glasses respond differently to polishing. 

Unless a sample is to be fiber-connectorized with optical epoxy, its end faces 

must be polished to good optical quality (with a surface roughness of ~ AQ/IO) 

to ensure low coupling losses. For high-quality optical glasses the top and bottom 

surfaces are often polished as well (although this is unnecessary for float glasses 
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or fire-polished glasses such as microscope slides). A glass that can be easily 

polished to a high-quality surface is preferable. 

8. Inexpensive and readily available: One of the major advantages of ion exchange 

over other waveguide fabrication technologies is its low cost. To fully take ad

vantage of this feature, a low cost glass such as microscope slides may be used. 

Glasses that require surface polishing are typically more expensive, but they are 

usually of better optical quality than float glasses or fire-polished glasses. 

One additional quality of a glass that is relevant to the fabrication of SBWGs is its 

capacity to form a thin ion-depleted layer. The characteristics of an ion-depleted layer 

depend on the type of glass used.®° The ion-depleted region is similar in composition 

to fused silica, having a lower index than even the substrate.®^ If too thick of an ion-

depleted layer is formed, the maximum index difference could occur too deep beneath 

the surface, preventing the desired interaction with the superstrate. 

4.1.1 Characterization of Ion Exchange parameters 

In order to design and model ion-exchanged waveguide devices, it is important to 

determine parameters such as the substrate index, rig, the self-diffusion coefficient of the 

in-diffusing ions, Di, the a parameter, and the rnaxirrmrn change in index of refraction, 

Afimax- These parameters can be determined by use of a prism coupler. An unmasked 

sample is placed in a salt melt of known concentration for a controlled time period at a 

controlled temperature. A prism coupler is used to measure the modes of the resulting 

slab waveguide. 
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FIGURE 4.1. Schematic diagram of a prism coupler for slab mode characterization. 

A schematic diagram of a prism coupler is shown in Fig. 4.1. The device consists 

of a prism of known refractive index, np, and known prism angle, 6p. One side of the 

prism is placed in optical contact with the sample. A collirnated laser beam, at an 

angle 9Q with respect to the normal to the sample, impinges on the prism and reflects 

from the interface with the sample at angle 6. The incident angle of the laser is varied, 

and the reflected power is measured as a function of 6Q. 6Q is related to 6 by 

When light is not coupled into a mode of the waveguide, most of the power is 

reflected from the surface. When the incident angle corresponds to one of the waveg

uide's modes, the power is coupled into the mode, and a dip in power is observed at 

the detector. The propagation constant of the mode, (i is related to 9 by 

and the effective indices are related to (3 by rig = fi/ka. Once the effective indices of the 

waveguide's modes are known, the ion exchange parameters can be calculated. One 

(4.1) 

f3{6) = Up sin(6') (4.2) 
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method of obtaining these parameters is to calculate a theoretical index distribution 

by use of the diffusion equation, varying the ion exchange parameters; then obtain a 

numerical solution for the effective indices of the modes supported by this waveguide; 

and finally perform a least squares fit to determine the parameter values that best 

match the experimental results.®® 

4.1.2 Comparison of Schott IOG-10 and BGG31 Glasses 

Two different glasses were used to fabricate ion-exchanged waveguides. Schott IOG-10 

glass, a silicate glass designed for Ag'^'/Na^ and K+/Na+ ion exchange®® was used 

to make buried waveguides. BGG31 glass,* a borosilicate glass that is optimized for 

Ag+/Na+ ion excfiange,®^'®® was used to make SBWGs. It has been well-characterized 

for ion exchange applications. BGG31 contains approximately 12.5 mol% of 

Na20. IOG-10's sodium content is not published, but its Na20 content is also substan

tial. 

Some of the ion exchange properties of these two glasses are summarized in Ta

ble 4.1. The values for and a are available in Choo et al.^^ for IOG-10 and in 

Madasarny et al.^^ for BGG31. The substrate indices were measured by use of a prism 

coupler. The bulk loss of the glasses was not measured directly, but waveguides with 

propagation loss of < O.ldB/crn have V^een fabricated in each. Both glasses are some

what resistant to colloid formation owing to their higfi purities. Silver colloids were, 

fiowever, observed for both glasses when used with a Ti mask that was not oxidized. 

*BGG31 glass was developed by Schott Glas, Germany. Its recipe became the property of lOT 
Integrierte Optik GmbH & Co. KG ("lOT"), a spin-oiT of Schott. JDS Uniphase gained a controlling 
share of lOT in 1999 and, unfortunately, no longer produces BGG31 glass. 
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IOG-10 seems to be more subject to this effect than BGG31. Both glasses were ob

served to have sufficiently high Anmax at A = 1550 nm with a value of 0.074 for IOG-10 

with a 10mol% AgNOs melt and a value of 0.022 for BGG31 with a 50mol% AgNOy 

melt. For most glasses, if they are used with a dilute salt melt, Arimax is sharply 

increasing with respect to concentration, levelling off to a maximum after some value 

('--10mol% in IOG-10). In BGG31, on the other hand, An^ax increases linearly with 

concentration.®^'®® This feature is useful because it permits one to fine tune An,nax, 

matching the numerical aperture of an optical fiber. Both glasses were observed to 

possess good chemical resistance; neither showed any visible signs of damage after pro

cessing. D^g was found to be in the right range for both glasses. It is approximately an 

order of magnitude smaller for IOG-10 than for BGG31, so it requires longer processing 

times for similar temperatures. No surface cracking was observed for BGG31 samples. 

IOG-10 samples, on the other hand, often exhibited surface cracking. When care was 

taken to warm up and cool down the sample slowly, surface cracking was reduced, but 

some cracking was still visible under a microscope. Both IOG-10 and BGG31 were 

found to be polishable to good optical quality. While IOG-10 is connriercially available 

at present, BGG31 is not. 

Both glasses meet most of the requirements described in Section 4.1. Surface crack

ing is one of the biggest problems with IOG-10 and can lead to significant scattering 

losses for surface waveguides fabricated in this glass. The effect of the surface cracking 

is reduced for buried waveguides, and low loss buried waveguides were successfully fab

ricated in IOG-10. The most significant drawback of BGG31 is the fact that it is not 

commercially available. It is, however, still instructive to study waveguides formed in 
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Property IOG-10 BGG31 

rig, A = 633 mri 1.507 1.466 
rig, A = 1550 rnri 1.521 1.453 

i^Ag, T = 523K (rnVs) 2.6 X 10"^^ 3.5 X lO"^'" 
Z?Ag, T = 553K (rnVs) 1.3 X 10^1® 1.0 X 10"^^ 
a, T = 553 K 0.94 0.8 

Surface cracking Yes No 

Cormnercially available Yes No 

Ion-depleted layer properties Poor Good 

TABLE 4.1. Ion exchange properties of IOG-10 glass and BGG31 glass. 

BGG31 glass. The underlying physics is of more interest than a specific type of glass, 

and in principle another glass with similar properties could be created. 

The characteristics of the ion-depleted layers formed in the two glasses differed. 

While SBWGs were successfully fabricated in BGG31, this was not the case for lOG-

10. In IOG-10 samples, regions that were covered by a blocking anode were buried to a 

depth comparable to that of regions that were not masked. It is hypothesized that the 

parameters required to achieve sufficient burial depth in IOG-10 were also sufficient 

to produce very large 10 jim) ion-depleted regions, while this was not the case in 

BGG31. 

4.2 Silver/Sodium Ion Exchange from a Salt Melt 

The first ion exchanged waveguides, demonstrated by Izawa and Nakagorne,® were 

fabricated by use of a TINO3 salt melt. Subsequent research demonstrated that Cs+, 

Rb""", Li"^, K+, Ag+, and Cs+ ions can also be used as a dopant ion.®® The dopant 

ions are exchange with either Na"^ or K"*" ions native to the glass. The waveguides 

described in this Dissertation are fabricated by use of Ag^/Na^ exchanged from a 



97 

saJt melt. This process is one of the most conmionly used methods of fabricating ion 

exchanged waveguides and has been studied extensively. 

Early work in this area was accomplished with a pure AgNOa salt melt. Later 

research demonstrated that dilute melts consisting of a combination of AgNOs and 

some other salt or salts possess several advantages. These include: 

1. Reduced silver colloid formation: Processes using melts with high concentrations 

of AgNOa are more prone to the formation of metallic silver. 

2. Lower melting point: The mixture of salts can be made to have a lower melting 

point than that of either salt alone. Lower temperature melts are easier to work 

with from a practical standpoint. It is easier to find materials to hold substrates 

at lower temperatures. Furthermore, for glasses with a large -DAg, the option 

of using lower temperatures permits longer processing times, providing better 

control of waveguide formation. 

3. Control of An,„ax: The AgNOs concentration can be used to control An,„ax, 

providing more freedom in designing waveguide devices. This is particularly true 

of glasses such as BGG31 in which Anmax is slowly increasing with respect to 

concentration. 

4. Less AgNOs is used; AgNOs is typically more expensive than NaNOs or KNO3, 

so the total cost is reduced. 



4.2.1 Silver Colloid Formation 

Silver colloids form when Ag+ ions condense into clusters of metallic silver. The for

mation of colloids may be aided by a metallic rnask^"^ or by the presence of impurities 

in the glass. ^ For ion exchange in a high-purity glass, the most significant source of 

colloids is the metal mask; free electrons in the metal allow electrolytic deposition of 

the Ag+ ions. Walker et al. demonstrated that this effect can be greatly reduced 

by completely oxidizing an Al rnask.^''^ It was observed in the work described here 

that partial oxidation of a Ti mask is usually sufficient to prevent significant colloid 

formation. 

4.2.2 Field-Assisted Burial 

Burial of a waveguide may be accomplished by replacing the ion exchange salt melt 

with another melt composed of the alkali ions native to the glass. For silicate glasses, 

a mixture of NaNOa and NaN02 may be used. As is the case for dilute silver melts, 

the mixture of the two salts has a lower melting point than does either individual salt. 

In practice, two separate salt melts are usually used. One melt, in contact with 

the surface that contains waveguides, acts as an anode; the other is in contact with 

the opposite surface and acts as a cathode. A voltage is applied across the sample 

resulting in an ionic flux. Na+ ions from the anode salt melt enter the top surface of 

the sample as Ag+ ions drift deeper into the glass. At the bottom of the sample, Na+ 

ions exit the glass into the cathode salt melt. After burial, the region near the surface 

has a composition, and therefore a refractive index, similar to that of the substrate. 
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During burial, the integrated current flux, defined as 

= I{t)dt, (4.3) 
J o  

is monitored. AB is the area on the sample that is buried, ts is the burial time, and 

I{t) is the measured current flowing through the sample. The value of (p provides an 

estimate of the burial depth. For a given glass type, sample thickness, and salt mixture, 

burial depth is roughly linear with (/). 

4.3 Experimental Procedure 

Waveguides are formed by use of AgNOs/NaNOa ion exchange from a dilute silver 

melt. For the work presented here, the melt contains 10 —50mol% AgNOs. For channel 

waveguides, the first step is sputtering a ~ 100 nrn thick layer of Ti onto the sample. 

Standard photolithography is utilized to remove the Ti in regions where waveguides are 

desired. The photolithography process is detailed in Appendix A. The basic processing 

steps are shown in Fig. 4.2. Photoresist is spun onto the sample. The photoresist 

is exposed through a mask that is transparent in regions where waveguides will be 

formed. The photoresist is developed in a chemical developer. Finally, the titanium 

is patterned with an acid etch that does not affect the glass, and the photoresist is 

removed. 

At this stage, the sample is ready for ion exchange. Figure 4.3 shows the steps 

in the ion exchange process. Before the sample is placed in a salt melt, the Ti is 

oxidized in air for 16 hours at 250° C to prevent the formation of silver colloids. The 

sample is then transferred directly to the dilute AgNOs salt melt. After the designated 
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1. Ti sputtered on glass 

2. PR spun onto glass 

3. PR exposed through 
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FIGURE 4.2. Processing steps for the patterning of Ti. 
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2. Ion exchange 
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FIGURE 4.3. Processing steps for ion exchange from a salt bath. 

ion exchange time, the sample is removed from the salt melt and allowed to cool to 

room temperature. For the work described here, the ion exchange temperature is 

270 — 320° C. The sample is rinsed in water to remove solidified salt. The Ti mask is 

removed with an acid etch. 

If buried waveguides are desired, a field assisted-burial is performed. A schematic 

diagram of the burial apparatus was shown previously in Fig. 2.1. The burial oven 

consists of two separate chambers, each containing a mixture of 37.7 rnol% NaNOs 

and 62.3 mol% NaN02. A seal is established between each chamber and the sample 

by means of rubber o-rings. For the work described here, the burial temperature is 

250 — 270° C, the voltage is 150 — 1000 V, and the resulting value of 4> ranges from 

5 — 40mA-min/cm^. After burial, the sample is allowed to cool to room temperature. 

It is then rinsed in water to remove solidified salt. 
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4.3.1 Selective Burial Procedure 

As stated in Section 2.4, the selective burial process differs from the ordinary field-

assisted burial process described above in two significant details. First, an additional 

short burial step is added after ion exchange has taken place but before the full burial. 

It was found that this step greatly reduced silver colloid formation in SBWG samples. 

The colloids probably form during deposition of the Ti mask that is to be used as the 

blocking anode. The short burial serves to reduce the Ag+ concentration for a fraction 

of a micron beneath the surface so that the silver ions caimot easily form colloids. 

The other difference in the processing of SBWGs is the presence of the metallic mask 

during burial. In a standard field-assisted burial, the surface is completely unmasked. 

For SBWGs, another Ti layer is deposited and patterned with the desired blocking 

anode after the short burial but before the full burial takes place. For the materials 

and parameters used here, it was found that it is umiecessary to oxidize the titanium 

before burial. The drift component of the ionic flux is great enough to prevent colloid 

formation at the surface. 

The processing steps for SBWGs can be summarized as following: (1) Ti is sputtered 

onto a glass sample and patterned photolithographically with waveguide features. (2) 

Ion exchange is performed. (3) The Ti mask is removed. (4) A short burial is performed. 

(5) A new layer of Ti is sputtered onto the sample and patterned photolithographically 

with the masking anode features. (6) A full burial is performed. (7) The Ti mask is 

removed. 
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4.3.2 Dicing and Polishing 

The final steps in waveguide fabrication are dicing and polishing. The samples are diced 

with a semiconductor wafer dicing machine. The positions of the cuts are determined by 

alignment marks on the sample in order to ensure that the end faces are perpendicular 

to the waveguides. The samples are polished in a two step process. First, they are 

ground on a metal polishing wheel with a 5 fim alumina polishing compound. They are 

then polished with a 0.3 ̂ rn alumina polishing compound on a polishing wheel with a 

polyurethane surface. 
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Chapter 5 

SBWG RESULTS 

In this chapter, methods used to measure several important properties of ion-exchanged 

waveguides in general and SBWGs in particular are described. The refracted near-field 

(RNF) technique is employed to measure the index profiles of SBWGs. A method 

of simultaneously measuring the mode profile and depth of a waveguide is presented. 

Images of the surface scatter in an SBWG with multiple surface sections are used 

to provide a qualitative comparison of scatter in buried and surface portions of the 

waveguide. The mask that is used to fabricate SBWGs contains a variety of features 

that permit the estimation of the magnitude of various loss mechanisms. The method 

of ascertaining loss estimates from the resulting waveguides is discussed, and losses are 

estimated for an SBWG sample. 

5.1 Refracted Near-Field Technique 

The refracted near-field (RNF) technique is a method of measuring the refractive index 

profile of a sample by scanning a focused beam across it and measuring the power in 

the transmitted light cone. The method has been used extensively to characterize the 

refractive index profile of optical fibers. It has been adapted for use with waveg

uides on a planar glass substrate. A diagram of an RNF system for characterizing 

integrated optic devices, adapted from a figure in Gdring and R.othhardt, is shown 

in Fig. 5.1. 
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FIGURE 5.1. An RNF characterization system. 

The sample is placed with its waveguide side against a glass block. A cover slide 

is placed against the end face of the sample to ensure a planar optical surface. A thin 

layer of an irrnnersion liquid separates the sample from the glass block and from the 

microscope slide. Light is focused onto the sample with a microscope objective. The 

incident light therefore consists of a cone with radiance that varies as a function of 

the incident angle, 6^. Some of the light that is focused onto the sample is refracted 

into the glass block and focused by half-lenses onto a large-area detector. A sectorial 

stop in front of the microscope objective blocks incident rays with an azinmthal angle 

greater than (^g- If the stop is not present, some of the light propagates in the +x 

direction, reflects from the opposite side of the sample, and may be focused onto the 

detector, adding noise to the measurement. 

For an incident light cone with radiance that can be described by 

L(0i) = Locos'" (5.1) 

where LQ and rn are constants, the power that is transmitted past the aperture is given 
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by 

(5.2) 

where A is a constant, 6im\n is the minimum angle in the incident hght cone that is 

refracted into the glass block, and 0imax is the maximum angle in the incident hght 

cone, ^imin depends on rii, the refractive index at the focused spot, and on ^2min, the 

smallest angle in the output light cone that is not blocked by the aperture. It can be 

calculated by use of the equation^"® 

where ric is the refractive index of the glass block. The refractive index at the focused 

spot can thus be determined by the power at the detector. The focused spot is scanned 

in X and y over a small area of the sample, and a refractive index profile is constructed. 

5.1.1 RNF Results for SBWGs 

RNF profiles were obtained for an SBWG sample that was cut and polished in the 

transition region. The 2 position of the transition was slightly staggered for adjacent 

waveguides, so the mode profiles at various positions in the transition were measured 

using the same sample ensuring that the waveguides experienced similar processing 

conditions. A three inch diameter, 2.0mm thick sample of BGG31 glass was used. 

The mask opening width was 4 fim. The fabrication process consisted of three steps: 

ion exchange in a bath of AgNOa/NaNOa (50mol%) for 75min at T = 280° C; short 

field assisted burial for 5min at T = 250° C with an applied voltage of 250 V; and a 

ri] = sin^ 61 + ric + 2 — sin^ 62 (5.3) 
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full burial for 40rriin at T  = 250° C with an applied voltage of 270 V. The integrated 

current-flux during burial was (j) = 49 mA-niin/cm^. 

Measured refractive index profiles for this sample are shown in Fig. 5.2 along with 

simulated index profiles obtained with the methods described previously in Section . 

Profiles are shown for completely buried and completely surface waveguides as well 

as waveguides for which the blocking anode covers only part of the right side of the 

waveguide. The measurements are made at a wavelength of AQ = 633 nrn, so the 

measured refractive index at a given point differs from its value at the design wave

length of Ao = 1550 nrn. However, the dispersion of glass in this wavelength range is 

approximately linear, so An is similar at the two wavelengths. Therefore, the RNF 

measurement provides a fairly accurate measurement of An at the design wavelength. 

The position of the blocking anode for each waveguide is known because aligmnent 

marks on the sample permitted the measurement of the exact position of the edge of 

the sample relative to the mask's burial features. For the transition region profiles, the 

position of the left edge of the blocking anode, Xjj, varies from —8.6 fim to -(-3.5 /irn. 

The blocking anode is shown in Fig. 5.2 as a wide black bar at the surface. For the 

measured index profiles, the absolute x position of the mode is unknown, so the contour 

plot is centered on the approximate center of the mode in the x direction. As a result, 

the horizontal displacement of the index distribution that can be seen in the simulated 

results is not visible in the measured profiles. 

The simulated and measured index profile for the buried waveguide are very similar 

in appearance. Both are approximately circular in shape with a more rapid change in 

index on the —y side of the waveguide. The simulation predicts that the maximum 
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FIGURE 5.2. Refractive index profiles of the irra,diance distribution in the transition 
region of SBWG. The profiles were obtained by use of the RNF technique. Theoretically 
calculated profiles are shown on the left and measured profiles are shown on the right. 
Contours are shown at 0.15, 0.45, 0.65, 0.85 of Anmax-
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index change occurs at a depth of approximately 17 //,m. while the measured result 

shows that it occurs at a depth of approximately 20 jixn. The difference is probably 

caused by a deviation in the value of DAg used in the simulation from its actual value. 

For both the measured profiles and the simulations, the width of the distribution at 

its 15% points is approximately 15 ̂ rn. The y dimension of the measured profile is 

approximately 15/im while it is only 10/im for the simulated profile. 

In the transition region, many of the important features predicted by the modelling 

are evident in the measured profiles. The asymmetry of the index distribution is clearly 

visible. For each transition section profile, the side of the mode that was not covered 

by the blocking anode is buried deeper beneath the surface than the side that was. 

A characteristic "kidney bean" shape is evident in both the simulated and measm-ed 

profiles. In both cases, the centroid of the distribution appears to move closer to the 

surface in each successive profile. 

For the surface waveguide, the maximum index in both the simulated and measured 

profiles is closer to the surface than it is in any other profile. The measured surface 

waveguide profile appears to be very asymmetric. This asymmetry could be caused an 

imperfect polish of the end face. The RNF method is sensitive to such imperfections; 

they can lead to large errors in the measurement. Of all of the waveguides examined, 

the surface waveguide is most sensitive to this effect because of its proximity to the 

surface. 
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5.2 Measurement of Mode Profile and Depth 

While the index profile of a waveguide is useful information, in practice it is often 

useful to measure its mode profile as well. Determination of the near-field profile by 

use of a camera is a common waveguide characterization technique, and it is useful 

for several reasons. The near-field profile provides information about the size and 

symmetry of a mode. Furthermore, the index profile of a waveguide may be extracted 

from its mode profile. 

In addition to its mode profile, it is often important to know the depth of a mode 

beneath the surface in order to predict interaction with the glass surface or a superstrate 

layer. Imaging the near-field mode onto a camera, however, is insufficient to determine 

burial depth. The calculations used to obtain an index profile from a mode profile 

assume no sharp changes in index, so the method is not accurate to determine surface 

position. Even if a method to handle the abrupt change in index at the surface were 

devised, for low loss buried waveguides very little light exists outside the fundamental 

mode resulting in insufficient light in the surface region to observe the edge. 

A novel method of measuring the depth of a mode for a buried ion-exchanged 

charmel waveguide in glass while simultaneously measuring its near-field mode profile 

was developed. The method is simple to implement and can be used without removing 

the sample from a standard waveguide characterization system. Experimental results 

for both surface and buried Ag+/Na+ exchanged waveguides are presented in this 

section. This technique is then applied to measure the depth and shape of modes in 

the transition region of an SBWG. 
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Madasarny et demonstrated a technique to measure burial depth with an 

accuracy of ±0.1 urn. Light is reflected from the waveguide surface, and Lloyd's mirror 

fringes are used to identify the surface location. Light is then coupled into the waveg

uide, and the relative position of the waveguide and the fringes identifying the surface 

is determined by scanning a single-mode fiber at the waveguide output in the vertical 

direction. This technique, while highly precise, involves a sophisticated fiber alignment 

system that is not common laboratory equipment. In addition, this method relies on 

the convolution of the waveguide mode and the mode of the optical fiber at the output. 

While this arrangement is accurate in determining the position of maximum overlap 

between the waveguide and fiber modes, it is unable to determine the mode's position 

based on other criteria such as its maximum irradiance or centroid location. These 

other criteria are especially useful for asyrmnetric and rnultirnode structures. 

The method described here is able to measure waveguide depth with a precision of 

±0.2 ̂ rn by use of a CCD camera. This method, while not as precise as the Lloyd's 

mirror fringe method, is easier to implement and can be used to measure depth to the 

maxinmrn irradiance, centroid position, or position of maximum overlap with a fiber 

mode. 

5.2.1 Depth Measurement Technique 

A schematic diagram of the characterization system is shown in Fig. 5.3. The measure

ments described here assume a design wavelength of A=1550 mii, but the method is 

applicable to other wavelengths as well. The measurement consists of two parts. First, 
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FIGURE 5.3. Waveguide depth measurement system. 

hght from a 1550 nm laser and a HeNe laser are coupled into the same fiber. The HeNe 

light is used for aligmnent. Light is coupled into the waveguide with an optical fiber, 

and the near-field image is captured by imaging the output surface of the waveguide 

sample onto a CCD camera. A 20X, f/1.5 objective with a numerical aperture of 0.4 

was used to image the waveguide onto a CCD camera located a distance of 4 m from 

the objective. 

Next, the first 1550 nm source and HeNe source are blocked, and the output edge 

of the sample is illuminated with another 1550 nm laser collimated with a GRIN lens. 

It is important that the wavelength used to image the surface is the same as that used 

to measure the mode profile. If the wavelength differs significantly, the focal position 

of the microscope changes, and the objective would need to be moved between the two 

exposures. A relative shift in the coordinates between the two frames could occur, and 

the accuracy would be reduced. The collimated light is reflected from a beam splitter 

and is focused onto the sample through the microscope objective. The position and 

angle of the GRIN collimator are adjusted in order to illuminate the region of interest 
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on the sample. Light is reflected from the edge of the sample and imaged through the 

microscope objective onto the CCD camera. For both steps, averaging multiple images 

taken in succession is used to reduce noise. 

The location of the mode can be defined in one of several ways. In the simplest 

case, it may be considered to be the position of maximum irradiance. Alternatively, the 

location of the mode can be defined as the coordinates of the centroid of the irradiance, 

Cx and Cy, which is the irradiance-weighted average position. and Cy are given by 

poo poo T / Nil Q^na, 
J_ooJ -oo^»(^'y)da:dy 

I Z I Z U x , y ) d x d y  ^  ^ 

where is irradiance distribution of the waveguide mode. The position of the mode 

may also be considered to be the position at which the overlap integral between the 

waveguide mode and the centroid of the mode of a single-mode optical fiber is a maxi

mum. This criterion is useful in practice because it determines the distance between the 

surface of the substrate and center of the fiber for which coupling losses are minimized. 

The overlap integral is defined as 

{iZo IZo y) 

fZo fZo K y )  da^dy Ej(x, y) dxdy 

where E^, is the electric field of the waveguide mode and Ej is the electric field of 

the fiber mode. For the fundamental mode of a waveguide, the field is the square 

root of the irradia.nce. The irradiance distribution of the fiber mode may be obtained 

experimentally in the same manner as that of the waveguide mode. The coupling loss 

in dB is then — 101og(7y). 
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In order to correct!}' determine the position from of an edge from an image, the 

point spread function (PSF) of the imaging optics must be taken into account. Tlie 

edge appears as the convolution of a step function, defined as 

{ 0  :  y < a 
1/2 : y = a (5.6) 

1 : y> a 

and the PSF of the imaging optics. This convolution may be expressed as 

I edge{x, y) = (/bkg + /reflStep(y - a)) (g) PSF(x, y) (5.7) 

where /bkg is background irradiance, Iren is the average irradiance (above /bkg) reflected 

from the end face, and the edge is located at a y position of a. After the mode position 

and edge position have been determined, the burial depth is simply the difference 

between the two. 

5.2.2 Depth Measurement Results 

Several waveguides fabricated in IOG-10 glass were measured with the method de

scribed above. Figure 5.4 shows some results of a burial depth measurement for sample 

B1 — a waveguide formed in a 2 mm thick substrate by use of a 3 /u.m mask opening, 

a 30min ion exchange, and a burial with (p = 15.3mA-min/cm^. Figure 5.4 (a) and 

(b) show images of the mode and end face respectively. To obtain each image, three 

images are averaged to reduce noise. Figure 5.4 (c) shows a cross section of the end 

face image. To calculate the cross section the irradiance of 41 columns, centered on the 

X position of the waveguide, is averaged in order to further reduce noise. A theoretical 

curve obtained by use of Eq. 5.7 with a least-squares fit for a and the width of the 

PSF is also shown. The PSF is approximated as a Gaussian distribution. 
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FIGURE 5.4. An example of a burial depth measurement for sample B1 showing: (a) 

an image of the mode, (b) an image of the end face, (c) a plot of the cross-section of 
the edge image with a theoretical fit, and (d) a plot of the mode with contours at 0.15, 
0.4, 0.65, and 0.9 of the maximum irradiance with a line showing the location of the 
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FIGURE 5.5. The modes for samples (a) B2, (b) B3, and (c) SI with contours at 0.15, 
0.4, 0.65, and 0.9 of the maximum irradiance. The line at y = 0 shows the position of 

the surface. 

Contour plots of the measured modes for several other waveguide are shown in Fig. 

5.5. Figure 5.5 (a) shows the mode of sample B2 — a waveguide formed in a 2 nnn 

thick substrate by use of a 3 ̂ .m mask opening, a 30 min ion exchange, and a burial 

with an integrated current-flux of 0 = 15.3mA-min/cm^. This sample was partially 

coated with a thin (~50nm) layer of Ti in order to change the boundary conditions 

at the surface resulting in an increase in the asymmetry of the mode. Figure 5.5 (b) 

shows the mode of sample B3, formed in a 2.5 mm thick substrate by use of a 3/im 

mask opening, a 20 min ion exchange, and a burial with cj) = 25 niA-min/cm^. Figure 

5.5 (c) shows the mode of sample Si, a surface waveguide formed by use of a 3/;.m 

mask opening, and a 20 min ion exchange. Table 5.1 summarizes the measurement of 

mode depth by use of each of the three criteria — mode rnaxinmm, centroid position, 

and position of maximum overlap with a fiber mode. 

The depths measured with the three criteria differ significantly in some cases. For 

sample Bl, the depth to the mode maximum is 8.93/i.rn while the depth to the max

imum overlap with a fiber mode is 7.23yum, a difference of l.Tyurn. For sample B2, 



Sample 
Depth of mode (/Jin) 

V Sample 
Max. Centroid Max. overlap V 

B1 8.93 7.74 7.23 0.90 

B2 9.28 8.50 7.85 0.89 

B3 7.21 7.11 6.77 0.94 

SI 1.16 1.23 0.91 0.33 

TABLE 5.1. Depth of mode using different criteria for maximum of mode. 

the corresponding difference is 1.43//m, and for sample B3 it is only 0.43 ̂ .m. For the 

buried waveguides, sample B3 sfiows tfie most consistent values for depth with the 

three criteria. It can be seen from Fig. 5.5 that sample B3 is tfie most symmetric in 

the y direction of the buried waveguides. This observation is supported by the fact 

that tlie overlap integral for sample B3 is r/=0.94 and has the greatest value of the 

buried waveguide samples that were evaluated. 

The burial depth of sample B2 is greater than that of B1 despite the fact that 

the integrated current-flux is approximately the same for the two waveguides. For the 

fabrication parameters and materials used here it is observed that a Ti coating during 

burial consistently increases the burial depth. This increase explains the greater mode 

deptli for sample B2. It should also be noted that the burial depth of sample B3 is less 

than that of either sample B1 or B2 despite the fact that the integrated current-flux 

for sample B3 is larger. This difference is probably due to the fact that the processing 

parameters used for sample B3 differ from those used for the other two samples; the ion 

exchange time for B3 is shorter (20 rnin as opposed to 30 min) and the sample thickness 

is larger (2.5 mm as opposed to 2 mm). The integrated current-flux (p is correlated with 

the burial depth only if the ion exchange and material parameters are fixed. 
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FIGURE 5.6. Depth of mode maximum as a function of cj) for Ag"'"/Na"'" exchanged 
waveguides in Schott IOG-10 glass. 

As a practical application, the mode depth as a function of the integrated current-

flux, (j) was measured for waveguides fabricated with a 3 ̂ rn mask opening and a 20 

rnin ion exchange. Burials of 1-4 hours were used in order to obtain a range in (j). 

The results are shown in Fig. 5.6. The maximum of the mode is used as the mode's 

position because for the samples with larger ip the mode extends off of the camera. 

Measurement of the position of the centroid or maximum overlap with a. fiber mode 

would therefore be inaccurate. As can be seen in the figure, after an initial period 

during which the index distribution becomes more symmetrical owing to diffusion, the 

depth increases nearly linearly with (p. In this case, the depth as a function of 0 is 

linear for values of </) > 18. 
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5.2.3 Sources of Error 

It was found that the end faces of the waveguide substrate must be polished to high 

quality in order for the measurement to provide accurate results. Samples were in

spected under a microscope for any visual evidence of chipping at the edge, and the 

end-face image was inspected for uniformity. If either inspection indicated a poor 

quality polish, the sample was re-polished or a waveguide in a different portion of the 

sample was used. It was observed that it is important to avoid coupling light into the 

waveguide when capturing the edge image. When this occurred, light travelled through 

the waveguide and reflected from the opposite face. The reflected light appeared in the 

image of the end face, reducing the accuracy when establishing a fit to the edge. Cou

pling light into the waveguide can be avoided by adjusting the height of the collimating 

GRIN lens to a location where the edge is sufficiently illuminated but the spot's center 

is slightly ofl'set from the waveguide. 

Several other sources of error exist that limit the precision of the measurement. 

One source of error is due to uncertainty in the determination of Ireh- The irradiance 

reflected from the end face is not completely uniform owing to imperfections in the 

polish and interference effects. Variations in affect the calculation of surface po

sition. An estimate of the uncertainty in burial depth caused by uncertainty in 

can be obtained. For a sample with a good-quality polish the typical value of the 

standard deviation in I^eR is approximately ±5%. For a Gaussian PSF with a variance 

of 0.8 yU.m, the typical best-fit value for the optical system used here, the corresponding 

uncertainty in edge position was found to be approximately ±0.15 fim. 



Error is also introduced because not only the image of the end face but also the 

image of the mode is convolved with the PSF of the optics. The magnitude of this 

error was estimated by convolving the image of the mode with a Gaussian PSF with a 

variance of 0.8/urn and recalculating the depth of the mode. For a typical sample the 

difference in depth after the convolution was less than ±0.15 fim. When this uncertainty 

and the uncertainty owing to determination of /refl are added in quadrature, the total 

uncertainty is approximately ±0.2/um. 

It should be noted that this value for uncertainty is smaller than the diffraction-

hrnited Rayleigh resolution of the imaging optics. According to the Rayleigh criterion, 

the limit of resolution, given by (Af)j„in = l-22A//7^, for the optics used here is 2.8 //rn. 

We are able to obtain resolution beyond the Rayleigh limit because we are using our a 

priori knowledge of the functional form of the substrate edge — a step function. 

It may be possible to further improve the results of this method by use of a different 

source to illuminate the edge of the sample. When capturing images of the edge, 

speckle may be present owing to the fact that coherent light is used for illumination. 

Speckle can result in noise in the image of the end face, reducing the accuracy of the 

measurement. In order to reduce the magnitude of speckle contrast, nmltiple images 

can be captured with different wavelengths centered around the design wavelength 

and averaged together. When N wavelengths — which are sufficiently spaced so 

that their speckle patterns are decorrelated — are used, the standard deviation of the 

averaged irradiance is proportional to l/\/]V-

The experiments described above were repeated using a C-band laser with a wave

length that was tunable from 1525 to 1575 mxi to illuminate the end face of the sample. 
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Images were taken at 5mii increments. Only a minimal reduction in sj^eckle (< 20% 

reduction in the standard deviation of was observed. This technique did not sig

nificantly reduce the uncertainty in the measurement of mode depth. If a source with a 

wavelength that is tunable over several hundred nm were used instead, it might reduce 

the uncertainty in the measurement of Irea enough so that the dominant source of error 

would be the convolution of the image of the mode and the PSF of the imaging optics. 

Using an LED with a spectrum centered on 1550 nm, rather than a laser, to illuminate 

the end face could also reduce interference effects and improve the overall accuracy of 

the measurement. 

5.2.4 Mode Profiles of SBWGs 

The above technique was applied to the same SBWG sample that was measured with 

the RNF technique in Section 5.1.1. A 20X microscope objective was used. Mode 

profiles for this sample are shown in Fig. 5.7 along with simulated mode profiles 

obtained by calculating the FDM modal solution for an index profile simulated with 

the methods described previously in Section . Profiles are shown for completely buried 

and completely surface waveguides as well as waveguides for which the blocking anode 

covers only part of the right side of the waveguide. The blocking anode is shown in 

Fig. 5.2 as a wide black bar at the surface. As was the case for the RNF results, the 

absolute x position of the mode is unknown, so the contour plot is centered on the 

centroid position in the x direction. 

In each case, the experimentally obtained mode profile appears to be larger than 
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FIGURE 5.7. Mode profiles of the irradiance distribution in the transition region of 
SBWG. Theoreticallj^ calculated profiles are shown on the left and measured profiles 
are shown on the right. Contours are shown at 0.25, 0.45, 0.65, 0.85 of the maximum 
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the theoretical mode profile. This effect may be caused in part by the point spread 

function of the imaging optics. It may also be due in part to deviation in the value 

of Z^Ag used in the simulation from its actual value. Like the RNF measurement 

results, the experimentally obtained mode profiles indicate that the buried waveguide 

is buried slightly deeper than the simulations predict. The simulations predict a depth 

of 16 /um, and the measured results indicate that the maximum irradiance is located 

approximately ~ 19 fira beneath the surface. The measured mode profile is more 

sj^mmetric than the simulated profile. 

In the transition region, as more of the waveguide is covered by the blocking anode, 

the mode profiles move toward the surface for both the simulated and the measured 

results. The mode is asymmetric in both cases with the unblocked side of the waveguide 

buried deeper than the covered side. The measured profiles for the waveguides with 

x^n = 0.6 and = —4.6 appear to have two lobes, possibly indicating that the 

waveguides are multimode in this region. For both profiles, the lower lobe appears to 

be in better agreement with the modelling. The center of the mode for the waveguide 

with Xm = 3.5 appears to be much deeper than the center of the refractive index 

distribution for the same waveguide in Fig. 5.2. The mode profile better matches the 

simulated results, so it is likely that the RNF measurement of this waveguide contains 

a significant amount of error. 

Both the sirrmlated and measured results indicate that the mode profile for the 

surface waveguide lies closest to the surface of all the waveguides measured. In both 

cases, the maximum lies approximately 3/um beneath the surface. 



5.3 Surface Scatter Images 

Surface waveguides tend to exhibit more scattering than buried waveguides. Light 

propagates closer to the surface in these regions, so it tends to interact with more 

scattering sites. As a result, scattering in surface waveguides can often be observed by 

viewing the waveguide from above. In order to obtain a qualitative understanding of 

the surface sections in an SBWG, light was coupled into a waveguide with two surface 

sections. This type of structure will be described in more detail in Section 5.4. Images 

of the top surface of the sample were obtained by use of a microscope equipped with a 

CCD camera. 

Light with a wavelength of AQ = 670 nni was coupled into the right side of the 

waveguide. Red light rather than the design wavelength of AQ = 1550 nrn was used 

because more scatter occurs at this wavelength due to the inverse dependance of scatter 

on wavelength. Images of the scattered light are shown in Fig. 5.8 for (a) the transition 

from a buried waveguide to the surface in the first surface section and (b) the central 

portion of the second surface section. In the first image, the magnitude of the scatter 

gradually increases to its maximum in a distance of 1 rrnri. Less light is scattered in 

the second surface section owing to the fact that much of the initial power was lost in 

the first surface section. It therefore appears to be less bright. In regions other than 

the two surface sections, the waveguide does not exhibit enough scatter to be observed 

with the camera. 

Both images exhibit regions which are slightly brighter than the rest of the surface 

section. The waveguide is multirnode at AQ = 670 mn, so this variation is probably 
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1 mm 

FIGURE 5.8. Images of scattered light for an SBWG with multiple surface sections 
for (a) the transition up to the surface for the first surface section and (b) the central 
portion of the second surface section. 

caused by modal interference. When the input fiber is moved slightly, the positions of 

the bright spots changes supporting, the hypothesis that they are due to the multirnode 

nature of the waveguide. 

Although these images do not produce useful quantifiable results, they demonstrate 

several important features of the SBWGs. The fact that the waveguide exhibits low 

scattering everywhere except where it was masked during burial indicates that portions 

of the waveguide that were covered by the blocking anode during burial have different 

properties than regions that were not. The images also demonstrate that light in the 

surface regions interacts with the surface to a greater degree than it does in buried 

regions. 
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FIGURE 5.9. Schematic diagram of mask features used to characterize losses of SB

WGs. The rriasl^ includes (a) SBWGs with varying surface length and (b) SBWGs with 
a varying number of surface sections. 

5.4 Loss Measurements 

There are several different loss mechanisms in SBWGs. These include coupling losses 

at either end of the waveguide, propagation losses in buried sections, propagation losses 

in surface sections, and transition losses at either end of a surface section. One would 

like to isolate these losses and obtain an estimate of each. If the sources of loss are 

known then it might be possible to optimize the fabrication procedure to reduce the 

most severe losses. 

Figure 5.9 shows a schematic diagram of two types of features on the mask that was 

used to fabricate SBWGs. The waveguide is show with a solid line, and the positions of 

blocking anodes are shown in gray. The mask contains (a) features with varying surface 

length and (b) features with a varying number of surface sections, Ng. A waveguide 

with two surface sections is shown in the figure. The total loss in an SBWG, LT, may 



be expressed 

Lt  = Ls  + Lb  + 2A^gLtrans + Lc{ m )  + -f'C(out) (^-8) 

where Lg is the loss in surface sections. LB is the loss in surface sections, Ltrans is the 

loss per transition, Lc{m) is the input coupling loss, and Lc(out) is the output coupling 

loss. It has been assumed that the loss of a transition from a buried to a surface section 

is equal to that of a transition from a surface to a buried section. 

Letting equal the total waveguide length, i s  equal the length of a single surface 

section (measured between the centers of the two transition regions), Lq = Lc{\n) + 

-^C(out)5 and as and as equal the loss in surface and buried portions of the waveguide 

respectively in units of dB/crn, Eq. 5.8 may be rewritten 

Lt = + «B (^T - N s i s )  +  2 N s L  trans + L c  

= i s N s  (as — OB) + 2A^S-^trans + CtB^T + L q -  (5.9) 

For the mask features used here, two special cases are of interest — the case in which 

one surface section with variable length is present and the case in which nmltiple surface 

sections are present with is held fixed. The former may be expressed as 

Lt  = i s  (as — Q^b) + (2Ltrans + C^B^T + Lq )  •  (5.10) 

If the loss is then plotted as a function of surface length, the slope of the graph provides 

an estimate of (as — ae) while the y intercept is a sum of the other losses. 

The total loss in terms of the number of surface sections may be expressed 

LT = NS [I'S (AS — Q;B) + 2LTRANS] + (Q-'B^'T + LC). (5.11) 
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Here, if the loss is plotted as a function of the number of surface sections, the slo]3e is 

determined by the transition loss as well as the surface and buried propagation losses. 

The sum of the other losses again determines the y intercept. If LT is plotted both as 

a function of is and of Ns and a linear best-fit to each is performed, an estimate of 

each source of loss may be obtained by use of Eqs. 5.10 and 5.11. 

5.4.1 Measured Losses in SBWGs 

The technique described above was used to isolate the losses in SBWGs. Devices from 

the same sample as those measured with the RNF technique in Section 5.1.1 were used. 

A diagram of the characterization setup is shown in Fig. 5.10. A 1550 rnn source and 

a 633 nm source are coupled into the same fiber. The light is collirnated with a GRIN 

collimator and focused onto the sample with a microscope objective. The polarization 

of the 1550 nm source is controlled with a fiber polarization controller. The free space 

portion in the light path permits the insertion of an analyzer to check the polarization 

state of the incident light. The light exiting the opposite side of the waveguide is 

focused onto a detector. 

The total loss was measured for SBWGs fabricated with 2 iixn. 3 //m, and 4 /j,m mask 

openings. Those fabricated with 2 fjm mask openings were too lossy to provide useful 

data. Results for the 3/^.rn and 4 //rn mask opening SBWGs are shown in Fig. 5.11 for 

both TE- and TM-polarized light. Each point in the graphs is the average of the loss 

of two waveguides with the same parameters that were located in close proximity on 

the sample. The error in each point is approximately ±ldB. For both the 3p(-m and 
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FIGURE 5.10. Schematic diagram of the free-space characterization system used to 
measure losses of SBWGs. 

4/irn mask opening SBWGs, the loss increases as a function of surface length and the 

number of surface sections. 

A linear least-squares fit for each set of data is shown on each graph as well. The 

linear fits for loss versus surface length have negative intercepts with the loss axis. 

This is probably a result of the fact that £g is measured between the centers of the two 

transition regions. The waveguide, however, is buried deep enough near the edges of 

the surface region that it does not interact with the surface. It is difficult to determine 

more accurate values of £s because they will vary depending on processing parameters. 

An effective surface length, £s,eff, could be defined. However, it is unnecessary to do so 

because it is the slope of this graph that is useful for determining a.,, and the slope is 

the same whetlier loss is plotted as a function of £g or 

An estimate of the surface propagation loss in each case may be obtained from 

Eq. 5.10. If it is assumed that buried propagation losses are negligible in comparison 

with surface propagation losses, then the slope of the loss versus surface length graph 
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provides a value for as- For the 3 fjm mask opening as = 14dB/cm for TE-polarized 

light and as = 12dB/cm for TM-polarized light. For the 4/7,m mask opening as = 

3.5dB/cm for TE-polarized light and as = 3.6dB/cm for TA-l-polarized hght. For both 

mask opening widths, the difference between the TE and TM results are within the 

measurement error, indicating that the surface propagation loss does not have a strong 

polarization dependance. 

In principle, it is now possible to determine Ltrans by use of Eq. 5.11. The slope 

of the linear fit to this graph is a function of is, (as — ttB), and i^trans where £s is 

now a constant. The value of ^s (<^s — «b) for a given £s can be determined from the 

plot of loss versus surface length. When this method is applied to the data shown 

in Fig. 5.11, however, the values obtained for Ltrans are negative. For the 3^rn mask 

opening, Ltrans = — 1.6dB for TE-polarized light and Ltrans = —0.6dB for TM-polarized 

light. For the 4 jum mask opening, Ltrans=-0.3 dB for both TE- and TA4-polarized light. 

These values are unrealistic and indicate that this method is not sensitive enough to 

accurately determine transition losses with the given data. The fact that these losses 

are too small to measure indicates that they are probably several tenths of a decibel. 

Propagation losses in buried sections are low and therefore difficult to measure. 

One way to measure propagation losses in these sections would be to fabricate a ring 

resonator using the same process parameters that were used to fabricate SBWGs. 

Propagation loss can be determined from the finesse of the ring resonator. This 

method was not used with BGG31 owing to the lack of availability of samples. However, 

the method was used with IOG-10 glass, and it was found that a-B <0.1 dB/crn. Owing 

to the similarity in glass composition of BGG31 and IOG-10, it is assumed that the 
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buried propagation losses in the two glasses are similar. 

The coupling loss that can be determined from the graphs in Fig. 5.11 is not 

of much interest since the waveguides are designed for fiber coupling, and the above 

results were obtained by coupling with a microscope objective. Coupling losses were 

measured separately by coupling into the sample with a fiber and subtracting the 

assumed propagation loss. The input couphng loss estimated to be 0.5±0.4dB for the 

3/im mask opening waveguides and 1 ± 0.4 dB for the 4//m mask opening features. 

The surface propagation losses are by far the largest source of loss for these SBWGs. 

In theory these losses should be much lower. For this particular sample, however, silver 

colloid formation is probably responsible for the high losses. When the Ti layer for the 

ion exchange step was patterned, the metal was very thin in some areas, especially at 

the edges of waveguides. The Ti was thick enough to prevent ion exchange in these 

regions, so it was assumed that that the thickness was adequate. However, after ion 

exchange, the surface appeared to have a yellow tint in locations corresponding to 

the locations where the Ti was thinnest. This observation indicates that silver colloids 

might have formed in these areas. The mechanism for the formation of colloids in areas 

with thin Ti is unknown, but the problem is easily correctible. Therefore, it should be 

possible to fabricate SBWGs with significantly lower losses than those described here. 
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Chapter 6 

SUMMARY AND CONCLUSIONS 

SBWGs show promise for use in photonics devices in which Hght is required to interact 

with another medium. They are particularly well-suited to devices such as EO poly

mer modulators and PC circuits that suffer from large coupling losses. SBWGs with 

neghgible coupling losses and transition losses can be fabricated. The surface section 

provides a means for light to interact with the superstrate material. 

SBWGs were successfully modelled, fabricated, and tested. FDM modelling demon

strates that in the presence of a blocking anode that partially covers a surface waveg

uide, the waveguide becomes buried in regions where the surface is unblocked and 

remains at the surface in regions where it is blocked. If the blocking anode intersects 

the waveguide at a small angle, a transition region forms between buried and surface 

sections. BPM simulations demonstrate that, if this angle is sufficiently small, the 

transition is adiabatic and results in a loss of ~ 0.13 dB per transition. 

Finite difference modelling was also applied to model the surface section of an 

SBWG with a polymer superstrate. The results indicate that for polymer thicknesses 

less than 200 nrn there is little interaction, but for larger polymer thicknesses, the con

finement factor is sharply increasing as a function of polymer thickness. It is shown 

that TE-polarized hght interacts more strongly than does TM-polarized light. Simula

tions demonstrated that confinement factors of 0.12 and 0.09 for TE- and TM-polarized 

light respectively can be obtained. 
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Experimental waveguide results indicate that SBWGs were successfully formed in 

BGG31 glass substrates. Based on RNF measurements, the rnaxirrmrn refractive index 

lies approximately 20/U,m beneath the surface in buried regions and within several 

microns of the surface in surface regions. As sirrmlations of the index profile predict, 

the transition region in between is asymmetric and moves towards the surface. A4ode 

profiles obtained with a CCD camera support these observations and demonstrate that 

the mode makes a transition from a buried to a surface waveguide with an asymmetric 

region in between. Images of surface regions in SBWGs with multiple surface sections 

are obtained. It is shown that the amount of scatter greatly increases in surface sections, 

indicating that light is interacting more strongly with the surface in these areas. 

The losses in SBWGs were studied by use of mask features that resulted in SBWGs 

with different surface lengths and numbers of surface sections. It was found that the 

dominant source of loss in the experimentally fabricated SBWGs was propagation loss 

in the surface sections. The magnitude of this loss was QS = 3.5 dB/crn for TE-polarized 

light and ag = 3.6 dB/crn for TA-I-polarized light in waveguides that were fabricated 

with a 4 /irn mask opening width. The loss was probably due to silver colloid formation 

that occurred during ion exchange. Propagation loss was estimated to be ~ 0.1 dB/crn, 

input coupling loss was estimated to be ~ IdB, and the transition loss was estimated 

to be ^ 0.1 dB. 

These sources of loss can probably be reduced in future SBWG fabrication. With 

proper processing, surface losses should be reducible to a level comparable to that of 

buried propagation losses, ^ 0.1 dB/crn. Coupling losses could be reduced by better 

matching the waveguide's mode to that of an optical fiber. For a 4 cm long device 
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with one surface section that is coupled to a fiber on either end, the total resulting 

device loss is 0.8 dB. If this device is to be used in an EO polymer modulator, this loss 

added to the polymer loss of 2 — 4 dB results in a total loss that is lower than the best 

published results for all-polymer modulators. SBWGs used in conjunction with EO 

polymer, therefore, may provide a viable alternative to all-polymer modulators. 

6.1 Further Work 

There are several areas in which further work on SBWGs could be undertaken. 

1. Further BPM modelling of the transition region to determine whether, under 

some circumstances, a thicker superstrata layer might be used. A thicker layer 

would result in a larger confinement factor and is therefore desirable. It is nec

essary, however to ensure that the mode makes an adiabatic transition into a 

well-confined mode in the polymer. 

2. An analysis of what processing parameters might result in a higher confinement 

factor. Some optimization was attempted by repeating sinmlations with varying 

processing parameters. This method was time consuming and did not result in 

a dramatic improvement in confinement factor. An optimization technique such 

as a genetic algorithm might make it easier to determine parameters that result 

in a large confinement factor. 

3. Testing of SBWGs with polymer superstrates to measure the interaction with 

polymer. These measurements were attempted, but the polymer thicknesses that 
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were used were insufficient to observe significant interaction. Thicker polymer 

layers may provide more useful information. 

4. Fabrication of a hybrid glass/polymer modulator. This work is ongoing, and 

SBWGs fabricated with the same processing parameters described in this Disser

tation are to be packaged for use in such a modulator. 

5. Application of SBWGs in other photonics devices such as PC circuits or chemical 

sensors. The properties of SBWGs are well-suited to such devices, and their use 

may result in lower optical losses. 
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Appendix A 

PHOTOLITHOGRAPHY FOR TITANIUM 

Several steps in the SBWG fabrication procedure require the patterning of a Ti layer 

on a glass substrate. A ~ 100 nm thick layer of Ti is first sputtered onto the substrate. 

The photolithography procedure is outlined below. 

1. Several drops of Alconox brand Liqui-Nox detergent are placed on the sample by 

use of a syringe with an 0.2/im filter, and the surface is rubbed thoroughly with a 

folded wipe. The sample is rinsed with acetone, isopropyl alcohol, and deionized 

(DI) water in succession, then blown dry with N2. It is plasma ashed for 1 inin. 

to remove any organic residue. 

2. The sample is placed on a spinner and Shipley brand Microposit S1813 photoresist 

(PR) is applied to the surface by use of a syringe with an 0.2^m filter. It is spun 

at 4000 rprn for 1 rnin These parameters result in a ~ 1.3/L/,m thick layer of PR. 

3. The sample is soft baked on a hot plate for 5 min at 90° C and then allowed 

to cool to room temperature. This step removes some of the solvent from the 

photoresist, hardening it enough so that it does not stick to a mask. 

4. A chrorne-on-quartz mask with the desired pattern is placed in contact with the 

PR coating, and the sample is exposed to a UV source in a mask aligner for ~ 6 s. 

Exposed portions of the surface are areas where the photoresist will be removed. 
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5. The PR is developed by use of Shiplej' brand Microposit 352 developer. The 

sample is emerged in developer and agitated slightly. Once the pattern is visible 

(after 20 s), it is rinsed in two separate baths of DI water for 1 rnin each and 

blown dry with N2. 

6. The features are examined under a microscope. If the edges of patterned areas 

are sharp and chamiels are clear of PR, then the developing stage is complete. If 

the features appear to be underdeveloped, the sample is returned to the developer 

for a few seconds at a time. 

7. The sample is hard-baked on a hot plate for 30min at 130° C. This step removes 

most of the remaining solvents from the photoresist and fully hardens it. 

8. A Ti etchant is prepared. The etchant consists of 15 parts hydrogen peroxide 

to 30 parts water to 0.6 g of ethylene diamine tetra acetic acid tetrasodium salt 

tetrahydrate (EDTA). The water is heated to 55° C, the EDTA is stirred in, and 

the hydrogen peroxide is added. The sample is placed in the etchant. Etching is 

complete when the Ti is etched all the way to the glass. Etch time is ~ 90s for 

un-oxidized Ti and 5 — 20min for oxidized Ti. The sample is removed from the 

etchant, immediately transferred to DI water, and rinsed for 1 min. 

9. The features are examined under a microscope. If the edges of patterned areas 

are sharp and no residual Ti is visible on etched regions, then the etching stage 

is complete. If the features appear to be under-etched, the sample is returned to 

the etchant for a few seconds at a time. 
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10. The remaining PR is removed with acetone. The sample is then rinsed with 

isopropyl alcohol and DI water and blown dry with N2. 
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