
Furance and carbon dioxide laser densification
of sol-gel derived silicon oxide-titanium oxide-

aluminum oxide planar optical waveguides

Item Type text; Thesis-Reproduction (electronic)

Authors LoStracco, Gregory, 1960-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:50:11

Link to Item http://hdl.handle.net/10150/291388

http://hdl.handle.net/10150/291388


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1358526 

Furnace and CO2 laser densiiication of sol-gel derived 
Si02-Ti02-Al2C>3 planar optical waveguides 

LoStracco, Gregory, M.S. 

The University of Arizona, 1994 

U  M I  
300 N. ZeebRd. 
Ann Arbor, MI 48106 





FURNACE AND C02 LASER DENSIFICATION OF SOL-GEL DERIVED 

Si02-Ti02-Al203 PLANAR OPTICAL WAVEGUIDES 

by 

Gregory LoStracco 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF MATERIAL SCIENCE AND ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 4  



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of requirements for an advanced 
degree at the University of Arizona and is deposited into the University Library to be 
made available to borrowers under rules of the library. 

Brief quotations from this thesis are allowable without special permission, provided 
that accurate acknowledgment of source is made. Requests for permission of extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interest of scholarship. In, all other 
instances, however, permission must be obtained from the author. 

SIGNED 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Brian D. Fabes 
Associate Professor of Material Science and Engineering 

Date 

Asso e and Engineering 

719*1 111 
Date 



3 

ACKNOWLEDGMENTS 

There are many people who have assisted with some aspect or another in the preparation 
of this thesis. To all these people I extend a heart felt thanks and wish for success and 
happiness. 

There are some individuals who deserve special recognition and thanks. First I would like 
to express my gratitude to my thesis co-advisors, Drs. Brian D. Fabes and Brian J.J. 
Zelinski for their guidance, support, and funding of this research. Drs. Louis J. Demer and 
Supapan Seraphin deserve thanks for sitting with Dr. Zelinski on my graduate committee 
and for providing suggestions to improve the quality of this thesis. Hughes Aircraft 
Company deserves thanks for its patience, flexibility and the funding it provided through 
the fellowship program. Miss Christina (Sandy) A. Shosho deserves special recognition 
for her consistent support, encouragement and assistance with all the little tasks and 
distractions that tend to keep work like this from being accomplished. Dr. Lori ann 
Weisenbach, a former graduate student of Dr. Zelinski, deserves thanks for leading the 
way in many aspects of this research, especially solution chemistry. Dr. Laurence 
Mclntyre Jr. receives my thanks for conducting Rutherford backscattering spectroscopy 
on some of my samples. Mr. Douglas J. Taylor receives thanks for providing assistance 
with CO2 laser densification. Dr. Ronald L. Roncone receives my thanks for his 
instruction and assistance with prism coupling techniques. My thanks are extended to Mr. 
Dale W. Collins for his assistance with the X-ray diffraction equipment. To all these 
individuals I extend a very special thanks. 

I have undoubtedly neglected to mention some people who were deserving of special 
recognition. I ask forgiveness from these people and offer the same thanks extended to 
those named above. 

Last, but certainly not least, I thank my mother, Carolyn LoStracco, for her unwavering 
faith in my ability to accomplish my goals even when I had my own doubts. 



4 

TABLE OF CONTENTS 

Section Page 

LIST OF ILLUSTRATIONS 6 

LIST OF TABLES 7 

ABSTRACT 8 

1 INTRODUCTION 9 

1.1 Previous Research on Laser Densification of Sol-Gel Glasses 14 

2 PROCEDURES 31 

2.1 Solution Preparation 31 

2.2 Substrate Cleaning 32 

2.3 Spin Coating 33 

2.4 Furnace Densification 34 

2.5 CO2 Laser Densification 35 

2.6 Refractive Index Calculation 36 

2.7 Mode Calculation 37 

2.8 Prism Coupling 38 

2.9 Ellipsometry 40 

2.10 X-ray Diffraction (XRD) 42 

2.11 Fourier Transform Infrared Spectroscopy (FTIR) 42 

2.12 Energy Dispersive X-ray Spectroscopy (EDX) 43 

2.13 Rutherford Backscattering Spectroscopy (RBS) 44 

3 RESULTS 46 

3.1 Refractive Index Calculation 46 



5 

TABLE OF CONTENTS - Continued 

Section Page 

3.2 Mode Calculation 48 

3.3 Prism Coupling and Ellipsometry 48 

3.4 X-ray Diffraction (XRD) 56 

3.5 Fourier Transform Infrared Spectroscopy (FTIR) 60 

3.6 Energy Dispersive X-ray Spectroscopy (EDX) 62 

3.7 Rutherford Backscattering Spectroscopy (RBS) 65 

3.8 Compositional Summary 66 

4 DISCUSSION 68 

4.1 Refractive Index and Thickness 68 

4.2 Crystallization 75 

4.3 Fourier Transform Infrared Spectroscopy (FTIR) 76 

4.4 Compositional Analysis 77 

5 CONCLUSIONS 79 

6 FUTURE RESEARCH 81 

7 APPENDIX A 85 

7.1 X-ray Photoelectron Spectroscopy Procedures 85 

7.2 X-ray Photoelectron Spectroscopy Results 86 

7.3 X-ray Photoelectron Spectroscopy Discussion 86 

8 REFERENCES 88 



6 

LIST OF ILLUSTRATIONS 

Figure Page 

1.1 Planar optical waveguide 10 

3.1 Ellipsometry and prism coupling results for laser-densified films 49 

3.2 Ellipsometry and prism coupling results for fiirnace-densified films 50 

3.3 Index and thickness change as a function of laser power 53 

3.4 Thickness change of furnace- and laser-densified films 54 

3.5 Index change of furnace- and laser-densified films 55 

3 .6 Index change versus shrinkage for furnace- and laser-densified films 56 

3.7 XRD data for fiirnace-densified films 57 

3.8 Probable crystalline phase identification for furnace-densified films 57 

3.9 XRD data for laser-densified films 59 

3.10 Probable crystalline phase identification for laser-densified films 60 

3.11 FTIR data on furnace-densified films 61 

3.12 EDX spectra of a multilayer film stack fired at 900° C 63 

3.13 EDX results for furnace- and laser-densified multilayer film stacks 64 

3.14 RBS spectrum for a 700° C film on a carbon substrate 65 

3.15 RBS results for films fired at 500 and 700° C 66 

3.16 RBS and EDX results summary 67 

4.1 Effective furnace temperature and laser power equivalency 73 

7.1 XPS results for furnace- and laser-densified films 87 



7 

LIST OF TABLES 

Table Page 

1.1 Sol-Gel Derived Glass Laser Densification Research Summary 16 

3.1 Huggins and Sun Refractive Index Calculation Factors 46 

3.2 Lorentz-Lorenz Refractive Index Calculation Factors 47 

3.3 FTIR Absorption Peak Assignments 62 



8 

ABSTRACT 

An experimental investigation into furnace and CO2 laser densification of sol-gel derived 

Si02-Ti02-Al2C>3 planar optical waveguides was performed. Solutions containing equal 

mok fractions of tetraethoxysiline [Si(C2H50)4], titanium ethoxide [Ti(C2H50)4], and 

aluminum tri-sec-butoxide [A1(C4H90)3] were used to spin films with a nominal 2:2:1 

molar SiC>2-Ti02-Al2C)3 composition. Emphasis was placed on determining what effects 

the densification techniques had on film shrinkage, index change, crystallization and 

composition. Film shrinkage and refractive index change were found to be similar for both 

densification techniques. Fully dense, amorphous films were obtained with both methods. 

After densification, further heating caused titania crystalline phases to form with both 

processing techniques. However, anatase formed in the furnace-fired films while rutile 

formed in the laser-irradiated films. 
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SECTION 1 

INTRODUCTION 

The thesis research objectives were: (1) determine if fully dense, amorphous films can be 

obtained with either furnace or laser processing of 2:2:1 molar silica-titania-alumina, and 

(2) determine if densification by CO2 laser irradiation results in films which are different 

than furnace-densified films in terms of refractive index, shrinkage, crystallization, or 

composition. 

Channel optical waveguides are analogous to the metallic conductor lines on electrical 

circuit cards or printed wiring boards in the same way that optical fiber is analogous to 

electrical wire. Channel waveguides are necessary to interconnect optical processing 

devices reliably with high packing density. Additionally, the waveguide substrate provides 

mechanical rigidity necessary for practical handling. Channel waveguides consist of a core 

material surrounded on all four sides by lower refractive index material(s). Since many of 

the characterization techniques used in the research required larger surface areas than 

channel waveguides provide, planar waveguides were studied. Planar waveguides are 

analogous to circuit cards before etching is performed to remove most of the metal and 

leave just the conductor lines. As shown in Figure 1.1, planar waveguides consist of a 

core with a lower refractive index cover and substrate. Unlike channel waveguides, planar 

waveguides do not provide lateral confinement of light. In this work, the substrate 

material was fused silica with a refractive index of 1.46 and the cover was air with a 

refractive index of 1.00. The allowable thickness range of a single mode (one non-

interfering, sustainable optical path) dielectric waveguide depends on the index difference 

between the film and the surrounding materials, but is some fraction of the wavelength to 
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be guided. The allowable thickness range may be determined using the transcendental 

mode equations provided in the Procedures section of this thesis. Readers interested in 

more information on the function and application of optical waveguides are referred to 

references [1-3]. 

Cover 

Film 

Substrate 

Mode 

nfilm > f substrate and nfllm > n ^cover 

Figure 1.1. Planar optical waveguide. 

Sol-gel or wet chemically derived glasses offer several important advantages for optical 

waveguide fabrication over conventional glass waveguide fabrication techniques. One 

important advantage is that no expensive, high vacuum equipment is required for the 

deposition or densification of sol-gel derived glasses. Another important difference is that, 

due to reduced processing temperatures, some glass compositions which can not be 

produced with conventional techniques can be produced via sol-gel techniques. Typical 

sol-gel reactions are shown below. In the hydrolysis reaction, a metal alkoxide reacts with 

water to produce hydrated metal and alcohol. In one polymerization or condensation 
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reaction, a hydrated metal, produced in the hydrolysis reaction, reacts with a metal 

alkoxide to yield alcohol and the metal-oxygen-metal bond characteristic of oxide glasses 

and ceramics. In another polymerization reaction, the hydroxyl ligands of two hydrated 

metals react to produce water and a metal-oxygen-metal bond. 

Hydrolysis: =M-OR + HOH —» =M-OH + ROH 

(alkoxide) + (water) 

Polymerization: dVI-OH + =M-OR —> =M-0-Nfe + ROH 

(glass) + (alcohol) 

and 

e=M-OH + =M-OH -> =M-0-M= + HOH 

(glass) + (water) 

M = Metal (4-valence shown) 

R = Alkyl (CnH2n+i) 

The relative rates of the hydrolysis and polymerization reactions depend on the specific 

ligands involved, the alkoxide-to-water ratio, the catalyst used, the solvent used, the 

concentration of the alkoxide in the solvent, and the reaction temperature. The relative 

rates of the reactions affect the structure and properties of the resulting glass. An 

important consideration in sol-gel solution preparation, coating application, and 

subsequent processing is the role of atmospheric moisture. 
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The chemistry involved in the sol-gel system studied in this thesis is complex because it is 

a multicomponent system and the metal alkoxides have different reaction rates. The 

solution preparation procedures used for the multicomponent sol-gel solutions used in this 

thesis were designed to minimize compositional or structural inhomogeneities which could 

result from the different precursor reaction rates. Readers interested in more information 

on sol-gel technology are directed to references [4-12], 

Laser densification was investigated as an alternative to traditional furnace densification 

because laser densification offers several unique capabilities. One important difference 

between furnace and laser densification is that with laser densification the area of the film 

to be heated can be controlled; in furnace densification, the entire film experiences the 

same heat treatment. One application of this difference is in the direct writing of channel 

waveguides [13], Another important difference is that the heating and cooling rates can 

be as much as five orders of magnitude higher for laser densification than for furnace 

densification [13], This difference may have an effect on film composition if species prone 

to volatilization are present. Film composition might also be affected by the trapping of 

volatile species that would have much more time to be liberated under traditional furnace 

processing. Additionally, the film structure and crystallization may be affected since the 

time of high molecular mobility (high temperature) is vastly different. Yet another 

difference between furnace and laser densification is the ability to select a laser wavelength 

which is either absorbed or transmitted by the film and/or substrate. This difference allows 

flexibility in determining the direction of heat propagation through the sol-gel film. The 

details of the furnace and laser densification techniques used in this research are presented 

in the Procedures section of this thesis; readers interested in more information on sol-gel 
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laser densification should refer to Section 1.1 of this thesis and the references provided 

therein. 

The 2:2:1 molar Si02-Ti02*Al203 nominal composition was selected for investigation 

based on Weisenbach's [14] finding that this system appeared to reach full density before 

crystallizing. In previous work [ 15] with sol-gel derived, furnace-densified silica-titania 

waveguides, shrinkage continued up to the temperature at which crystallization occurred, 

so it appeared that crystallization occurred before full density was attained. Crystallites are 

undesirable in waveguide films because crystallites can cause signal attenuation via 

scattering if the crystallites are not uniformly distributed and significantly smaller than the 

waveguide operating wavelength. Weisenbach added alumina to the silica-titania system 

because it was expected to lower the probability of silica-titania phase separation; alumina 

is also known to suppress devitrification (crystallization) [16], Dr. Weisenbach's 

preliminary work had shown that the silica-titania-alumina system raised the temperature 

at which crystallization occurred, but it was not clear whether densification was completed 

before the onset of crystallization. Additional encouragement to continue the investigation 

of this system was provided by the low loss (~ 1 dB/cm at 0.6328 |im) that Dr. 

Weisenbach had demonstrated with furnace-densified films. The identification of a system 

which attains full density before the onset of crystallization is important because pores, 

like crystals, can cause scattering losses. Additionally, deleterious aging of waveguide 

films is more probable if the film is not fully dense. The identification of a crystallization 

resistant system was particularly important to the study of laser-densified waveguides 

since previous work [15] had shown that the higher losses typically exhibited by laser-

densified films were due, in part, to the presence of crystals in these films. 



1.1 Previous Research on Laser Densification of Sol-Gel Glasses 

This section provides a review of previously published research on the laser densification 

of sol-gel glasses. The focus of this review is on research comparing furnace and laser 

densification of sol-gel derived glasses. However, since the volume of sol-gel glass laser 

densification work is somewhat limited, an effort has been made to include all such work 

even if no direct comparisons are made with furnace densification of the same sol-gel 

solution. This review will be limited to research on sol-gel derived glasses; it will not 

cover laser densification of glass derived by other means, nor will it cover laser processing 

of organic-inorganic composites or any of the other classes of materials (metals, polymers, 

etc.). Readers interested in laser densification of glasses derived by other means will be 

interested in papers by Veiko et al [19] and Veiko [20] on the laser densification of porous 

silica glass obtained by leaching of common window glass. Readers interested in laser 

processing of organic-inorganic composites will be interested in papers by Popall et al 

[21], Schmidt et al [22] and Schmidt [23], The majority of the work in the review is 

directed towards optical waveguide applications, so much of it focuses on amorphous 

glass, not crystalline ceramics. 

Table 1.1 provides a summary of published research on laser densification of sol-gel 

derived glasses. The fifth column in the table indicates the characterizations that were 

performed on laser-densified materials and, when sufficient data was provided, the incident 

energy densities (IEDs) employed. IEDs were calculated using Equation 1.1 below. 
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Where P is laser power, t is irradiation time, and A is laser beam cross-sectional area. The 

sixth column identifies characterizations performed on furnace-densified materials for 

research where comparisons were made between laser- and furnace-densified sol-gel from 

the same or identically prepared solutions - A question mark after an entry in the table 

indicates that the entry was unknown, i.e. "preheat ?" means the pre-laser heat treatment 

was not described in the referenced literature. 
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Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary 

RefJ 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
(LD) 

Characterizations 

Furnace-
Densified (FD) 

Characterizations 

Notes 

This 
study 

1994 

C02 

(10.6 urn) 

films 
dried at 
100°C 

Si02-Ti02-
AI2O3 

from 
Si(C2H50)4, 
Ti(C2H50)4, 

A1(C4H90)3, 
HCl & H?0 

Si02 

substrates 

Index, shrinkage, 
crystallization, 
composition. 

Incident energy 
densities (IEDs) 
from 64 to 336 

J/cm^ 

Index, shrinkage, 
crystallization, 
composition, 
infrared (IR) 
transmission. 

See Results, Discussion, and 
Conclusion Sections. 

24 

1994 

Kr Ion 
(0.35 fim) 

films 
dried at 

150°C or 
ambient 

Fe203 

from 
Fe(III) 2-ethyl-

hexanoate 

Si02, Si, 
CuTEM 

grid 
substrates 

UV-Visible & IR 
absorption, SEM 

images, crystallinity, 
morphology, HeNe 
transmittance versus 
time during lasing. 

IEDs from 3 .5E3 to 
3.8E5 J/cm2 

IR absorption, 
Thermogravi-
metric analysis 
(weight loss) 

Transparent substrate (quartz), 
morphology dependent on 

drying temperature, 
crystallization dependent on 

substrate thermal conductivity, 
pyrolysis complete in 0.1 to 1 
ms depending on laser power 

25 

1993 

co2 

films 
dried at 
200°C 

Si02 & 
Si02-Ti02 

from 
commercial 

solutions 
(Emulsitone) 

Si02 

substrates 
Index, shrinkage, 

400-700 nm 
transmission, 

optical thickness 
(index*thickness). 

No IED data 

Optical thickness Identical to ref. 29, except 

optical thickness data provided 

for LD & FD; Si02-Ti02 

optical thickness change was 

27% for FD and 19 % for LD 



Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

Ref.# 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

13 

1992 

C02& 
Nd:YAG 
(1.06 nm) 

films 
dried at 
100°C 

Si02 

from 
Si(C2H50)4, 
HCl & H20 

Si02 & Si 
substrates. 

Au-Pd 
cover for 
Nd.YAG 

absorption 

Index, composition, 
shrinkage, hardness, 

IR absorption, 
morphology. IEDs 

not available 

Index, shrinkage, 
IR absorption. 

Index, shrinkage, & composition 
evolution dependent on heating 

method, but dense laser films 
similar to dense furnace films. 

LD index > FD index 

26 

1992 

co2 

films 
dried at 
200°C 

Si02-Ti02 

from 
Si(C2H50)4, 

Ti(C4H90)4, 
HCl & H20, 

w & w/o 
C5H802 

Si02 

& 
soda-lime 
substrates 

Composition, 
optical loss, 

morphology. EEDs 
not available 

Composition, 
loss, index 

Higher C & H levels in LD films 
than in FD, independent of 

C5Hg02 use. Na higher in FD 
than in LD films w soda-lime 
substrates. 0, Si, & Ti levels 
unaffected by LD or FD. FD 

loss ~ 0.5, LD loss ~ 5.0 
15 

1992 

co2 

films 
dried at 
90°C 

Si02-Ti02 & 
W03 
from 

Si(C2H50)4, 
Ti(C2H50)4, 
HCl & H20. 
WO3 from ? 

Si02 & 
In-Sn-
oxide 

substrates 

Index, shrinkage, 
crystallinity, optical 
loss, transmission 
versus time. IEDs 

from 73 to 180 
J/cm^ 

Index, shrinkage, 
crystallinity, 
optical loss, 
transmission 
versus time 

Index, shrinkage, & optical loss 
higher for LD films than for FD. 
LD films became crystalline; FD 
films stayed amorphous. Similar 
WO3 coloring behavior for LD 
& FD films, but best coloring 
behavior occurred at different 
shrinkages in FD & LD films 
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Table 1.1. 1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

Ref.# 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

27 

1992 

co2 

monoliths 
fired at 

>1,000°C 

Si02 

from 
Si(OCH3)4, 

H20& 
inorganic acid 

None; LD 
done on 
near full 
density 
Si02 

monoliths 

IR reflectance, 
density, index. No 

IED data 

None LD spot index profile mirrors 
laser spot intensity profile. LD 

micro lens have long focal length 
and large spot size due to low 

index change in near full density 
Si02 

28 

1992 

co2 

monoliths 
fired at 

>1,000°C 

Si02 

from 
Si(OCH3)4, 

H20& 
inorganic acid 

None; LD 
done on 
near full 
density 
Si02 

monoliths 

Hardness, 
morphology. No 

IED data 

None LD area hardness is unchanged 
at 3, 3.5 and 4 months after LD. 
LD spot hardness profile mirrors 

laser spot intensity profile 

29 

1992 

co2 

films 
dried/fired 
at 200 or 
400°C 

Si02 & 
Si02-Ti02 

from 
commercial 

solutions 
(Emulsitone) 

Si02 

substrates 
Index, shrinkage, 

400-700 nm 
transmission. No 

IED data 

None LD of alternating Si02 / Si02-
Ti02 multilayer interference 
filters. Similar shrinkage for 
given layer type throughout 

stack. Preheat affected 
transmission spectrum before 

and after LD 
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Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

RefJ 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

30 

1992 

co2 

films, 
no 

preheat 

Ti02 

from 
TiCL2(OC2H5)2 

Float & 
borosilicate 
substrates 

Index, extinction 
coefficient, surface 

roughness, 
dispersion, 

shrinkage, TEM 
image, morphology, 

composition, 
crystallinity. IED 
from 2 to 8 J/cm2 

Index, 
dispersion, TEM 
image, extinction 

coefficient, 
crystallinity 

Substrates limited laser energy 
densities and prevented full 

densification. LD has higher 
index than FD at all optical 

wavelengths. LD & FD films 
with similar optical properties 

have quite different 
microstructures. LD crystals 

10X smaller than FD 
31 

1991 

co2 

films 
dried at 
200°C 

Si02-Ti02 

from 
Si(C2H50)4, 
Ti(C2H50)4, 
HCl & H20 

Si02 

substrates 
Index, shrinkage, 

morphology, 
damage threshold, 
optical loss. IEDs 
from 129 to 1,492 

J/cm2 

Index, optical 
loss. 

LD film index greater than 
furnace-fired film index; optical 

loss found to be lowest near 
damage threshold; high loss 

thought to be due to bulk 
scattering and/or absorption 

32 

1991 

co2 

films 
dried at 
150 or 
200°C 

Si02-Ti02 

from 
Si(C2H50)4, 

Ti(C4H90)4, 
C5H802, HCl 

& H20 in 3 
solutions 

Si02 

& 
soda-lime 
substrates 

SEM image, 
morphology, 

attempted optical 
loss. IEDs from 

200 to 255 J/cm2. 

Index, shrinkage, 
optical loss, 
crystallinity 

Most work on FD planar 
waveguides, little on LD strip 
waveguides. Solution mixing, 

deposition, and firing procedures 
evaluated. FD optical losses 

from 0.8 to 4.9 dB/cm, LD 
losses "high" 
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Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

Ref.# 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

33 

1991 

Excimer 
(308 nm) 

films 
dried at 
ambient 

Ti02 

from 
Ti(C2H50)4 

Si 
substrates 

Index, shrinkage, 
200-400 nm 

transmission, SEM 
images, crystallinity, 

areal density, 
morphology. IEDs 

from 1.2E-4 to 
1.2E-2 J/cm2 

None Laser wavelength at center of 
Ti02 film absorption edge. 
Ablation and densification 

occurred. Crystallite formation 
dependent on number of pulses 
(mobility time) not peak power 

34 

1990 

Nd:YAG 

films 
dried at 
100 to 
200°C 

Si02, Ta2C>5, 

Si02-Ti02, 
from 

Si(C2H50)4, 
Ti(C4H90)4, 
Ta(C2H50)4, 

C5H802, 
HC1 & H?0 

Si02 

substrates. 
Au-Pd 

cover for 
Nd:YAG 
absorption 

Index, shrinkage, 
morphology, etch 

rate. IEDs not 
available. 

Index, shrinkage. Shrinkage of Si02 somewhat 
similar for both furnace and laser 
firing; index of Si02-Ti02 and 
Ta2C>5 for a given shrinkage is 
greater for laser firing than for 

furnace firing 

35 

1989 

co2 

monoliths 
fired at 
800°C 

Si02 

from 
Si(CH30)4, & 

H2O 

None Index, hardness, 
optical microscopy, 
damage threshold. 
IEDs from 2.3 to 

11.5 J/cm2 

Index, density, & 
hardness for 

dense Si02 glass 
(may not be from 

same gel) 

Bloating damage occurred 
before hardness of full dense 

Si02 attained. Hardness profile 
mirrors beam intensity profile. 

Simple temperature model used 
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Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

RefJ 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

36 

1990 

Nd:YAG 

films, 
some 

fired at 
400°C 

Si02 

from 
Si(C2H50)4, 

H20 & HCl or 
NH4OH 

Si02 

substrates. 
Au-Pd 

cover for 
Nd:YAG 

Index, shrinkage, 
morphology, SEM 

images 

Shrinkage Acid and base catalyzed gel 
shrinkage evolves differently 
under both LD and FD; final 
shrinkage same for LD, but 

different for FD. LD index > 
fused silica 

37 

1990 

co2 

monoliths 
fired at 
800°C 

Si02 

from 
Si(CH30)4, & 

H2O 

None; LD 
done on 
near full 
density 
Si02 

monoliths 

Index, hardness, 
optical microscope 

images, damage 
threshold. IEDs 
from 2.3 to 11.5 

J/cm^. 

Index, density, & 
hardness for 
dense Si02 

glass. 

Bloating damage occurred 
before hardness of full dense 

Si02 attained. Hardness profile 
mirrors beam intensity profile. 

Simple temperature model used 

38 
1990 

co2 
preheat ? 

Ti02 

from ? 
substrate 
material ? 

Index. 
No LED data 

None Only a single paragraph on lens 
arrays from sol-gel coatings 

39 Unknown Unknown Unknown Unknown Unknown 1990 thesis; not reviewed 
40 Unknown Unknown Unknown Unknown Unknown 1990 dissertation; not reviewed 
41 

1989 

C02 

films 
fired at 
700 to 

1150°C 

Si02 

from 
Si(OCH3)4, 
H20 & acid 

catalyst 

None; LD 
done on 
near full 
density 
Si02 

monoliths 

Index, specific pore 
volume, 

morphology over 
time, optical loss, 

thermal expansion. 
No IED data 

None LD regions in monoliths with 
lower prebake temperatures 

were found to completely relax 
over several weeks under 

ambient conditions. 
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Table 1.1. Sol-Gel Derived Glass Laser Densification Research Summary - Continued 

Ref.# 
& 

Year 

Laser & 
Pre-laser 
heating 

Material 
Densified 

Substrate 
& Cover 

Laser-Densified 
Characterizations 

Furnace-
Densified 

Characterizations 

Notes 

42 

1989 

co2 

films 
w & w/o 

500°C 
prefire 

BaTiC>3 

from ? 
A12C>3 

substrates 
SEM images, 
morphology, 

density, 
crystallinity. IED 
from 625 to 1875 

J/cm2 

SEM images, 
morphology, 

density 

Thermocouple temperature 
measurement. Prefixing affects 

grain growth & boundaries. 
Grain boundaries also different 
for LD & FD. Density slightly 

lower for LD than FD. 
43 

1989 

Nd:YAG 

films 
dried at 
100°C 

Si02 

from 
Si(C2H50)4, 

H20& 
NH4OH or 
acid catalyst 

Soda-lime-
silica 

substrates. 
Au, Au-Pd 

covers 

Morphology, SEM 
images. IEDs from 
35.7 to 1.1E5 J/cm2 

None First LD with Nd:YAG laser & 
metallic film covers for 

absorption. Channel relaxation 
observed. Densification or 

ablation not determined. Unable 
to density w/o substrate damage 

44 

1984 

Ar+ 

(515 nm) 

films 
no 

preheat 

Si02 

from 
Si(OR)x(OH)4.x 

Si, GaAs 
Si02, & 

CdS 
substrates 

SEM images, 
shrinkage, IR 
absorption, 

dielectric strength, 
morphology. 

106,103 J/cm2 IED 
typical 

IR absorption, 
dielectric 
strength 

Appears to be first use of laser 
for sol-gel glass densification. 

LD film have more Si-O-C & Si-
O-H than FD films. LD films 
have lower dielectric strength 

than FD films 
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Table 1.1 reveals several trends in sol-gel glass laser densification research. The bulk of 

the research has been conducted on SiC>2 using a CO2 laser, but several other lasers and 

materials have been investigated. The reason for the interest in SiC>2 stems from the 

material's glass forming properties, high usage in optics, and extensive research in sol-gel 

synthesis methods. The CO2 laser has been frequently used because virtually all oxide 

materials absorb a significant fraction of the energy from the 10.6 (xm line of this laser. 

Most other glasses which have been investigated, such as Si02-Ti02, TiC>2, and Ta2C>5 

have been of interest because they have a higher index than SiC>2. Si(>2 is frequently used 

as a substrate material, and a principal requirement for an optical-waveguide film is that it 

has a higher index than the surrounding materials. 

Lasers other than the CO2 have been employed for a variety of reasons. The Nd: YAG 

laser has been used in conjunction with a metallic cover sputtered over the sol-gel film to 

absorb the laser's 1.06 (im line, which is transparent to most oxides of interest. The 

Nd:YAG laser has been used to reduce substrate heating [43] by depositing the laser 

energy in the metallic cover rather than in the substrate. Substrate heating is a concern 

with the CO2 laser because the absorption depth in silica is on the order of 10 |jm [45] 

and sol-gel film thicknesses are typically a fraction of a micron, so the vast majority of the 

incident energy is deposited in the substrate, not in the film. Substrate heating is an issue 

because it limits the choice of substrate materials to those which can withstand the high 

temperatures and high thermal gradients. Additionally, high atomic mobility is associated 

with high temperature and undesirable diffusion may occur across the substrate/film 

interface [46]. 
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While planar waveguides can confine light within a plane, channel waveguides are 

required to prevent the light from broadening excessively as it propagates and to redirect 

light, i.e. around corners. Film deposition and densification parameters can be altered to 

control film thickness, but the width of a laser-densified channel is limited by the ability to 

focus the laser beam and other factors such as the thermal conductivity of the film and 

substrate materials. In the interests of low scattering induced attenuation and fabrication 

simplicity, single layer sol-gel waveguides are desirable, but single layer thickness is 

limited due to drying stress which leads to cracking in thick films. Thin (< 1 |itn) films 

necessitate channel widths on the same order as the thickness. The smallest laser focal 

spot size which can be achieved is generally > 3 A, so CO2 lasers (X = 10.6 |am) do not 

produce a sufficiently narrow path to serve as channel guides for optical frequencies [47, 

31], To overcome this problem, Fabes et al [34] suggested using photolithographic 

techniques to deposit sub-micron wide metallic lines which could then be irradiated with 

an Nd. YAG laser to achieve sufficiently narrow paths for channel optical waveguide 

applications. 

Other lasers which have been employed in the densification of sol-gel glasses include Ar 

ion (A, = 0.5145 (am), Excimer (k = 0.308 (.im), and Kr ion (A. = 0.350 (am). The Ar+ laser 

beam passed through a transparent sol-gel silica film and was absorbed by Si and other 

substrate materials which heated the film. Krchnavek et al [44] reasoned that if the heat 

source were below the film, heat and pore closure would propagate outward toward the 

free surface and bloating (destructive expansion of gasses caused by volatile species 

trapped in the film) as well as other problems associated with premature pore closure 

could be avoided. Krchnavek, however, provided no data to support this hypothesis. 
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Braun et al [33] used an excimer laser to density sol-gel derived titania films on silicon 

substrates. They found that crystallization of the film depended on the number of laser 

pulses (irradiation time), not on the peak power of the pulses. 

Xue et al [24] used a Krypton ion laser to process absorbing iron oxide on transparent 

quartz as well as other substrates. They found crystalline phase formation in the films to 

be dependent on the substrate's thermal conductivity (cooling rate). 

King [ 17] makes reference to sol-gel densification research with other lasers including ArF 

Ck = 0.193 fim), KrF (X = 0.248 nm), Ho:YAG (X = 2. l^m), and Er:YAG (X = 2.94 (am), 

but this research has not been published. 

Another observation which can be made from a review of Table 1.1 is that laser 

densification has been done on two different categories of sol-gel material. One category 

is made up of films that have been dried at ambient or some low temperature (< 200° C) 

where condensation reactions are far from complete. The other category of materials 

consists of materials which have been furnace-processed at higher temperatures to remove 

organic species. Reduction of bloating and relaxation phenomena are advantages of high 

temperature preprocessing, but low temperature preprocessing allows easier etching of 

areas which are not subsequently laser-processed. 

Table 1.1 also shows that several substrate materials have been used with laser processing. 

The surface of porous sol-gel silica monoliths have also been densified using laser energy. 

As previously mentioned, the choice of substrate materials is important, since the 

transmission depth of the laser beam is generally several times the sol-gel film thickness. 
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Depending on the laser wavelength, the film thickness, and the film transmission and 

reflectivity characteristics, the substrate may vary from being unimportant in film 

densification to being the only source of heat for densification. The choice of substrate 

material is also frequently influenced by thermal shock and melting temperature 

requirements. Optical waveguide applications require the substrate refractive index to be 

lower than the film index. Substrate material may also be dictated by the type of 

characterizations which are to be performed on the film. 

A wide range of incident energy densities (IEDs) is reported in Table 1.1, but an IED is of 

little meaning by itself. Absorption coefficients, reflectivities, thermal conductivities, and 

thermal masses must also be considered before any significance can be assigned to the 

IEDs. IEDs from 64 to 1,494 J/cm^ have been used to CO2 laser process films with silica 

substrates. 

Table 1.1 also shows that considerable work has been done to characterize and compare 

laser-densified sol-gel glass with fiirnace-densified sol-gel glass. The next few paragraphs 

will briefly explore some of the empirical comparisons and will summarize some of the 

theories which have been suggested to account for the experimental observations. 

One area where there have been comparisons drawn between furnace and laser 

densification is shrinkage. When discussing shrinkage of laser-densified sol-gel materials, 

it is important to have some means of determining whether the sol-gel material has been 

ablated (vaporized by the intense heat of the laser) or has actually been densified. Several 

researchers have chosen to use refractive index change as an alternative to density or 

porosimetry measurements because index measurements may also be used to determine 
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waveguiding or reflectivity characteristics. Several researchers [13, 15, 31, 34, 36] found 

that laser-densified films exhibit greater shrinkage and develop higher refractive indices. 

Taylor and Fabes [13] suggested that either carbon or hydroxyl entrapment could be the 

cause of the high index observed in laser-processed silica films. Taylor tracked IR 

absorption at the silanol band (960 cm~l) for both furnace- and laser-processed silica films 

and found that laser-processed films exhibit silanol absorption until full density is obtained. 

Furnace-processed films stopped showing a silanol band at about 75 % of full density. 

Arfsten et al [30] used nuclear reaction analysis (NRA) on titania films and found an 

inverse relationship between the hydrogen concentration and the refractive index, but this 

result may be attributed to the high index of titania and no comparative data was provided 

for furnace densification. Guglielmi et al [26] used NRA to compare carbon 

concentrations in furnace- and laser-processed Si02-TiC>2 films and found the laser-

processed films to have 2 to 10 times the carbon found in furnace-processed films. 

Unfortunately, Guglielmi did not report refractive index values for the laser-processed 

films. Another possible explanation for the increased refractive index in laser-processed 

films is that the laser-densified material may crystallize, causing the index to increase. 

Fabes et al [15] showed that anatase and rutile crystallites in silica-titania laser-densified 

films raise the index relative to furnace-densified amorphous materials and have suggested, 

based on incident energy densities and optical loss, that other researchers may have been 

unknowingly working with crystalline laser-densified films. 

Waveguide optical attenuation is another area where there appears to be a difference 

between furnace and laser processing. Without exception, laser-processed sol-gel 

waveguides exhibit higher losses than furnace-densified waveguides [15, 26, 31, 32], 
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There are three possible causes of optical loss: surface scattering due to surface 

roughness, volume scatter due to index inhomogeneities (pores, crystallites, etc.), and 

absorption due to impurities and non-equilibrium structures. Guglielmi et al [26] has 

suggested that the 2-10 fold increase in carbon concentrations found in laser-processed 

silica-titania is responsible for a 5 to 10 fold increase in the losses of the laser-densified 

coatings over the furnace-densified coatings. While Guglielmi may be correct in the 

assertion that entrapped carbon was responsible for the higher losses of the laser-densified 

films, some of the loss difference might be attributed to increased surface scattering since 

the laser-densified losses were reported for strip (channel) waveguides while the furnace-

densified losses were reported for planar waveguides. Fabes et al [15] suggested that 

crystallization may be responsible for the high laser-densified film losses observed by his 

group and by others. Fabes may be correct in the assertion that crystallization is a more 

widespread problem than it might appear since Arfsten et al [30] has shown that laser 

densification can lead to crystallites an order of magnitude smaller than furnace 

densification. The small size of the laser-densified crystallites would compound the 

existing problem of detecting crystallites in thin films. Zaugg et al [31 ] showed that the 

lowest losses occur just before morphological damage (displacement of melted material by 

vaporization gasses). In summary, various loss mechanisms have been identified, but a 

clear picture of the relative importance of each mechanism has yet to be developed. 

The main compositional differences observed between laser- and furnace-fired films have 

been higher carbon and hydrogen levels in laser-fired films. This finding has been 

documented by Guglielmi et al [26] and Krchnavek et al [44]. There does not, however, 

appear to be any evidence of gross compositional differences between laser and furnace-

densified sol-gel materials due to preferential volatilization or ablation. Guglielmi et al 
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[26] found virtually no difference in the Ti/Si ratio of furnace- and laser-densified silica-

titania films. 

Little work has been done to directly compare furnace- and laser-densified film 

microstructures. Arfsten et al [30], however, has provided TEM images to show that the 

microstructure of laser and furnace-fired titania, with similar optical properties, have vastly 

different microstructures. As mentioned previously, Arfsten has also shown that laser 

densification produces much smaller diameter crystalline grains. Unfortunately, no work 

has been done to compare the crystalline volume fractions between furnace- and laser-

processed films. One might expect that laser processing would lead to lower crystalline 

volume fractions since there is less time for crystal growth, but this assumes similar 

nucleation in furnace- and laser-processed films, and this may not be a valid assumption. 

Arfsten's comparison of laser- and furnace-fired films "with similar optical properties" 

brings up an important point of all comparisons between furnace and laser densification: a 

reference point (similar density, porosity, composition, hardness, etc.) must be established 

to justify comparison. Models for determining the thermal effects of laser irradiation have 

been developed [45, 48], but their use has not been frequently cited in sol-gel laser 

densification literature. Most researchers have chosen to compare one property based on 

the similarity of some other property. 

Since this literature review showed that shrinkage, index development and crystallization 

were areas where significant differences had been observed in other furnace- and laser-

processed sol-gel glasses, these areas were selected for study with the silica-titania-

alumina system. The techniques discussed in the following procedures section were 



30 

selected to provide insight into these areas of difference between furnace and laser 

processing. 
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SECTION 2 

PROCEDURES 

This section is details all the procedure used in this research, except X-ray photoelectron 

spectroscopy procedures which, due to experimental difficulties, have been placed in 

Appendix A. 

2.1 Solution Preparation 

The solutions used in this research all contained a 1:1:1 molar mix of tetraethoxysiline 

Si(C2H50)4 (TEOS), titanium ethoxide Ti(C21150)4 (TiEO), and aluminum tri-sec-

butoxide A1(C4H90)3 (A1BO) catalyzed with one mole of 0.15 molar hydrochloric acid 

(HC1) and diluted in ethyl alcohol C2H5OH (ethanol). The TEOS was obtained from Hiils 

Petrarch Systems in Bristol, PA, the TiEO was obtained from Aldrich in Milwaukee, WI, 

and the A1BO was obtained from Johnson Matthey Electronics in Ward Hill, MA. The 

solution preparation procedure was designed to yield 2:2:1 molar Si02-Ti02-Al203 

waveguide films after densification. Solution preparation was performed in a large 

enclosure where temperature ranged from 65 to 80° F, and relative humidity ranged from 

10 to 40 %. Septums and desiccated vent tubes were used during solution preparation to 

reduce the inclusion of atmospheric moisture in the solution. Solutions were prepared in 

accordance with the following procedure, which was largely established by Weisenbach 

[14]: 

• Dry a sufficient amount of ethanol for a 10 weight % oxide solution. 

• Dilute TEOS with 25 volume % of the dry ethanol, mix for 10 minutes at ~ 60° C. 
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• Dropwise add 1 mole of 0.15 molar HC1 per mole of TEOS and hydrolyze for 30 

minutes at ~ 60° C. 

• Mix TiEO and A1BO in separate flask for 15 minutes at ~ 23° C. 

• Slowly dilute the TiEO and A1BO mixture with the remaining (75 volume %) dry 

ethanol and mix for 15 minutes at ~ 23° C. 

• Slowly pore the Si side into the Ti and A1 side and mix for > 72 hours at ~ 23° C. 

Three different batches of solution were prepared during this research; the solution 

preparation dates were 2-18-93, 8-28-93, and 11-5-93. The first batch of solution 

contained only 7.6 weight percent oxides and resulted in films which were too thin to 

support two modes even at the lowest practical spinning speed (2,000 RPM). The 8-28-

93 and the 11-5-93 solutions both contained 10.0 weight percent oxides and films thick 

enough for dual mode operation were obtained from these solutions. It was desirable for 

the waveguides to support two modes so both index and thickness could be determined 

using prism coupling. 

2.2 Substrate Cleaning 

All of the waveguide films and most of the X-ray diffraction (XRD) films prepared in this 

research were spun on amorphous, fused, silica substrates. The substrates were obtained 

from Quartz Scientific Inc. and had the part number QMS3. These substrates were 

cleaned according to the following procedure: 

• Soak the substrate in Cole Parmer Micro® cleaner and deionized (DI) water solution 

at 80° C for > 10 minutes, rub with a clean glove and let soak ~ 10 more minutes. 

• Rinse the substrate thoroughly with DI water. 
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• Soak the substrate for ~ 5 minutes in a freshiy prepared base bath consisting of 210 ml 

DI H20, 60 ml H202, and 30 ml NH4OH. 

• Rinse the substrate thoroughly with DI H20. 

• Edge blot excess H20 from the substrate and dry it vertically at ~ 100° C 

The substrates used for Fourier transform infrared spectroscopy (FTIR) and some 

ellipsometry work were p-type, 100 orientation , single crystal, silicon (Si) wafers obtained 

from Monsanto. The Si substrates were also cleaned following the above procedure, 

except the soak time in the base bath was increased to 20 minutes. 

Carbon substrates used for Rutherford backscattering spectroscopy (RBS) were supplied 

by Dr. Laurence Mclntyre Jr. in the UA Physics and Atmospheric Sciences Department. 

The carbon substrates used for the films were cleaned by rinsing with ethyl alcohol, then 

rinsing with DI H20, and drying at ~ 100° C. 

2.3 Spin Coating 

A Headway model 1-EC101D-R790 photo-resist spinner was used to deposit all films in 

this research. Spin coating was performed in a large enclosure where the temperature 

ranged from 65 to 80° F, and relative humidity ranged from 10 to 40 %. All films were 

spun at 2,000 RPM for 24 seconds, except for the RBS films which were spun at 10,000 

RPM for 24 seconds. The general procedure used for spin coating was as follows: 

• Preset the spinning speed and time. 

• Center a clean substrate on the vacuum chuck. 

• Flood the substrate with 0.2 (am filtered ethanol and spin. 
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• Flood the substrate with 0.2 (im filtered solution and spin. 

• Remove the coated substrate and proceed directly to the preheated furnace for 

densification or for laser densification drying. 

The films used for energy dispersive X-ray spectroscopy (EDX) were multiple layer film 

stacks which were used to increase the electron probe interaction volume within the film 

and reduce any interaction with the substrate. These films received a 500° C, 5 minute 

firing between application of successive layers, and the final layer was processed the same 

as the single layer films. 

2.4 Furnace Densification 

A Mellen model 2-221 electric tube furnace with a silica tube and an Omega model CN-

2041 programmable controller was used to densify the furnace-fired films and to dry the 

laser-fired films. No atmospheric controls were used and both ends of the furnace tube 

were open to the laboratory air. The normal firing time was 15 minutes. A firing time of 

5 minutes was used between successive layer applications in multiple layer film stacks. 

The general procedure used in furnace densification was as follows: 

• Preheat the furnace to the desired temperature. 

• Immediately after spin coating, place the coated substrate on a ceramic boat and slide 

directly into the center of the tube furnace. 

• Allow the film to soak for the desired densification time. 

• Remove coated substrate and allow to cool. 
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2.5 CC>2 Laser Densification 

All laser densification was done with a water cooled Synrad model C48-1-28-317R CO2 

laser and a computer controlled, two-axis translation stage. A Coherent Labmaster power 

meter was used to determine laser power levels. The laser spot size at the film surface 

was ~ 400 |xm in diameter. The spot size was determined by measuring where the power 

density dropped to 1/e times the peak value. In order to form planar waveguides, the 

translation stage was programmed to move back and forth for the length of the film (~ 2.5 

cm) with vertical steps at the end of each horizontal translation. The translation speed was 

1 cm/s, the scan line pitch (distance between centers) was 100 (am, and 200 scans lines 

were made to produce a 2.0 by 2.5 cm planar waveguide. All laser densification was 

performed under ambient laboratory conditions. The general procedure used for laser 

densification was as follows: 

• Set the laser to the desired power level and allow it to stabilize for at least 1 hour 

while continuously recording the output power. 

• Program the translation stage for the desired travel limits, scan speed, step distance, 

and number of translation cycles. 

• Immediately after spin coating, place the coated substrate into the 100° C preheated 

tube furnace for 5 minutes to allow the film to dry. 

• After the furnace drying, place the coated substrate into the translation stage and 

initiate the motion control program. 
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2.6 Refractive Index Calculation 

As one of several checks on the film composition and structure, the theoretical refractive 

index was calculated so that it could be compared with measured values obtained via 

prism coupling and/or ellipsometry. The first method employed to calculate the refractive 

index was the Huggins and Sun [49] method of calculating refractive index of a glass 

from its composition in weight percentage. Equation 2.1 below was used in the Huggins 

and Sun method. 

n x  =  1  +  p r ^  ( 2 . 1 )  

Where n^ is the refractive index at wavelength X, p is the density as calculated by 

Equation 2.2, and r^ is the specific refraction and at wavelength X as given by Equation 

2.3. 

P = I— Xj 
. i Pi 

-1 

(2.2) 

Where pj is the density of oxide species i, and Xj is the weight fraction of oxide species i. 

r * = ? r U X i  ( 2 - 3 )  
t 

Where rj ^ is the specific refraction of oxide i at wavelength X as given by Equation 2.4 

below. 

ru 
= e; 

1 

E i ~ ?  

— 48 X 10-6^,2 (2.4) 

Where ej and gj are constants which are characteristic of oxide i. 

Since the Huggins and Sun refractive index model yielded a theoretical index value 

significantly below the measured value, the film refractive index was also modeled using 
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the Lorentz-Lorenz index model [14], Equation 2.5 below was used in the Lorentz-

Lorenz model. 

Where n is refractive index, Xj is the mole fraction of oxide j, pj is the density of oxide j, 

Mj is the molecular weight of oxide j, and Rj is the molar refractivity of oxide j. 

2.7 Mode Calculation 

To determine what film thickness would be required to support a single transverse electric 

(TE) and a single transverse magnetic (TM) mode at a given wavelength with a given film 

refractive index, an asymmetric planar waveguide mode model was created. The model 

was a spread sheet based on the work of Dietrich Marcuse [3], The model graphs and 

tabulates each side of the transcendental TE and TM mode equations for given waveguide 

parameters (X, nf,ns,nc and t) and for mode ray angles less than the critical angle for total 

internal reflection. The intersection points of the curves plotted from each half of the 

transcendental equations, represent solutions to the equations. The transcendental 

equation for the TE modes is Equation 2.6. 

n2 + 2 
( L X j P j H X X j M j r W X X j R j )  (2.5) 

tanKd = 
K(y+5 )  

(2.6) 

The transcendental equation for the TM modes is Equation 2.7.2. 

tanKd (2.7) 
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In both Equations 2.6 and 2.7, K, y, and 5 are defined by Equations 2.8, 2.9, and 2.10 

respectively. 

K  =  n j  K s i n 0 j  ( 2 . 8 )  

^A/ K - " 2  K - K 2  < 2 " 9 >  

5=v(n?~n 0k2_k2 (210) 

In the above equations, X is the wavelength to be guided, nj, n2, and n3 are the refractive 

indices of the film, substrate, and cover, d is the film thickness, is the angle between the 

mode ray and the film surface, and K is defined by Equation 2.11. 

2K 
k— (2.11) 

2.8 Prism Coupling 

Prism coupling was used to determine waveguide refractive index and thickness. Prism 

coupling was also used to determine how many modes the waveguides could support. 

Prism coupling involves the use of a prism to couple laser light into and out of a 

waveguide. At certain angles of incidence, sustainable, non-interfering propagation paths 

(modes) are established in the waveguide and these modes result in bright mode lines of 

light being coupled out of the waveguide. By measuring the incidence angle at which each 

of these mode lines is most intense, it is possible to determine the index and thickness of a 

film, provided at least two modes are supported by the waveguide at the wavelength being 

used. Readers unfamiliar with this technique and desiring more information are directed to 

references [50-52]. A Hughes model 5040 HeNe laser was used for prism coupling. The 

general procedure in prism coupling was as follows: 



39 

• Put on clean rubber gloves and clean both the sides of the waveguide (film top and 

substrate bottom), and all three faces of the prism with ethanol and lens cleaning 

paper. 

• Center the waveguide, film side up, centered over the small rod in the prism coupling 

fixture. 

• Center the prism base on the film such that the incident prism face is oriented towards 

the laser when the fixture is installed in the 4 axis positioning stage. Tighten the 

prism/film clamp screw on the fixture until slight coupling is observed between the 

prism base and the film. 

• Mount the fixture on the stage, turn on the laser, adjust the stage so that the beam 

enters the prism and refracts on to the coupling area, then darken the room and rotate 

the stage and adjust the X, Y, and Z axes to locate any existing mode lines. The X, Y, 

and Z axis of the stage should be adjusted and then fixed, so that only rotation of the 

stage is required to find any of the mode lines. For best accuracy, the pressure exerted 

by the clamp screw should be minimized, while still allowing all mode lines to be 

detected. 

• Rotate the stage so that the first reflection of the incident beam reflects directly back 

into the vertical plane containing the incident beam. Turn on the stepper motor 

controller for the rotation axis and zero (reset) the rotation angle display. 

• Use the stepper motor controller to rotate the stage to the angle that coincides with 

maximum intensity for each of the mode lines; record each of the model line maximum 

intensity angles. 

• Enter the mode line angles into a prism coupling program, such as PRISM written by 

Thomas Zaugg or PRISCOUP written by Ronald Roncone, to obtain the film 

refractive index and thickness. 
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2.9 Ellipsometry 

Ellipsometry was also used to measure film thickness and index. Ellipsometry was used 

primarily on films with Si substrates (non-waveguides), and as a method to confirm the 

results obtained with prism coupling. A Gaertner Scientific Corporation model LI 16B 

ellipsometer was used for all ellipsometry work. Ellipsometry measures the change in 

polarization state that occurs when polarized monochromatic light reflects from a surface. 

More specifically, ellipsometry measures the relative phase (A) and amplitude (*F) ratio 

changes between the p and s plane wave components of the electric field vector. A model 

is required to determine the film refractive index and the possible thickness values which 

would cause the measured polarization change. The model requires knowledge of the 

substrate's surface refractive index and extinction coefficient; the surface refractive index 

is affected by native oxides if the substrate is not an oxide. Measurement of the 

polarization state changes that occur at multiple incidence angles can be used to increase 

the accuracy and confidence in the model fit. The A and *P measured in ellipsometry are 

calculated using Equations 2.12 and 2.13 respectively. 

Where P is phase angle, A is amplitude, the p subscript denotes the plane wave component 

of the electric field vector which is in the plane of incidence, the s subscript denotes the 

plane wave component of the electric field vector which is normal to the plane of 

incidence, the R subscript denotes reflected, and the I subscript denotes incident. 

(2.12) 

(2.13) 
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Readers interested in more detailed information about the theory and practice of 

ellipsometry are directed to references [53-57], The general procedure used during 

ellipsometry measurements was as follows: 

• Turn on the computer and ellipsometer and allow the ellipsometer to stabilize for > 1 

hour. Configure the ellipsometer program for the type of measurement being made 

and enter the substrate surface index and extinction coefficient. Note that if the 

substrate index is unknown it may be determined by following this procedure with a 

bare (uncoated) substrate. 

• Set the laser arm and the detector arm to the desired angle. 

• Open the beam stop and place the film on the ellipsometer platform so that the beam 

illuminates the center of the film. If a transparent substrate is used, use a razor blade 

or other flat, opaque object to block any secondary reflections. 

• Level the platform using the eye piece, then vary the elevation of the platform to 

attain the maximum intensity at the detector as indicated by the intensity meter display. 

• Turn on the analyzer and initiate the computer measurement program. Record A, ¥, 

the film refractive index, the film thickness period and press F9 for list of possible 

thickness values. Repeat the measurement several times at the same spot and at an 

adjacent spot. 

• Repeat the measurement using different laser and detector arm angles if a multiple 

angle ellipsometry analysis program is to be used to increase accuracy and confidence. 

In cases where multiple angle ellipsometry was used, either the KLEIN or SimpL-PC 

programs were used to fit the A and ¥ data to obtain the film refractive index and 

thickness. 



2.10 X-ray Diffraction (XRD) 

XRD was used to determine if the densified films contained any crystals. A Scintag model 

XDS 2000 X-ray diffractometer and a DEC microcomputer were used for all XRD work. 

The diffractometer was used with a thin film attachment on single layer films. With the 

thin film attachment, the incident X-ray beam was at a fixed, grazing incidence angle (2°) 

relative to the sample surface, and the detector moved. This results in increased X-ray 

interaction in the film, especially at the higher Bragg angles. Amorphous SiC>2 substrates 

were used for XRD work. The most important operating parameters for the 

diffractometer are as follows: 

• The diffractometer uses Cu Ka radiation. 

• The X-ray tube is operated at 40 KV and 40 mA 

• The liquid N2 cooled detector is operated at -1000 V 

• Scan rates as high as 1 25°/minute were used in the beginning of the research, but 

most XRD was done using slow scan rates ranging from 0.25 to 0.50°/minute. 

2.11 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was performed early on in the research to get an idea of what furnace firing 

temperatures were necessary to completely remove hydroxyls from the films. This is 

important in sol-gel derived films because hydroxyl elimination coincides with the 

completion of the sol-gel polymerization reactions. A Perkin Elmer model 1725X 

spectrometer was used in this research. Since FTIR is such a common technique, no 

procedure or background information about the technique is provided, but relevant test 

information is provided below. 
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• Si substrates were used for IR transmission. 

• A bare (uncoated) Si substrate was used as the background to be subtracted from the 

film coated samples. 

• The analysis was performed in the ambient laboratory atmosphere. 

• Wavenumbers ranging from 4000 to 400 cirfl were used. 

Structural identification was not performed with FTIR because many of the characteristic 

absorption bands for the oxides of interest occur at wavenumbers (wavenumber = inverse 

of wavelength when wavelength is expressed in cm) below 400 cm"', which is the lower 

limit for the spectrometer used in this research. 

2.12 Energy Dispersive X-ray Spectroscopy (EDX) 

A JEOL model JSM-840A scanning electron microscope (SEM) equipped with a Tracor-

Northern EDX analysis system was used to perform semi-quantitative (stored internal 

standards) compositional analysis on some multiple layer film stacks. A Hummer IV 

sputter coater was used to apply gold-palladium conductive coatings to the film stacks 

prior to EDX analysis. Film stacks ~ 1 thick were used for EDX to reduce substrate 

sampling. It should be noted that since the EDX system is incapable of detecting oxygen, 

any EDX composition results for oxides are based on assumed stoichiometry with 

elements that can be detected, and absorption/fluorescence correction factors to account 

for the presence of the oxygen. Since EDX is such a common analytical technique, the 

important operating parameters, rather than a step-by-step procedure, are provided below. 

• Each multiple layer stack was sputter coated for ~ 2 minutes to produce an Au-Pd 

conductive coating thickness of approximately 200 A. 

• A working distance of 39 mm was used. 
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• A 15 KV accelerating voltage and a 6x10"^ amp beam current were used. 

• The detector dead time was between 20 and 30 %. 

• Data acquisition time was 100 seconds with the beam in the "spot" (non-scanning) 

mode. 

• The assumed stoichiometrics for oxide compositions were SiC>2, TiC>2, and AI2O3. 

2.13 Rutherford Backscattering Spectroscopy (RBS) 

RBS was performed on two films to gain more compositional data. In RBS, alpha 

particles (^He+ ions) of a known, high energy bombard the sample and the energy of the 

backscattered alpha particles is measured; certain energy losses will occur more frequently 

and these will be characteristic of the sample elements. The RBS was conducted by Dr. 

Laurence Mclntyre Jr. in the UA Physics Department. To resolve the adjacent A1 and Si 

peaks in the RBS spectrum, it was necessary to use films < 250 A thick on carbon 

substrates. The thin films were required because RBS spectrum peak widths are 

proportional to film thickness and it was desirable to avoid having the A1 and Si peaks 

overlap. The carbon substrate was necessary to avoid having the small film peaks covered 

by a large substrate peak; by using a substrate material with a lower atomic number than 

the film components, this was assured. Since spinning at the maximum rate of the spin 

coater (10,000 RPM) did not reduce the film thickness sufficiently, it was necessary to 

increase the solution dilution in ethyl alcohol. One milliliter of the 2-18-93 solution was 

diluted in 6 milliliters dry ethanol to produce the solution used for the RBS films; this 

solution was spun at 10,000 RPM. Although it was desirable to determine the 

composition of fully dense films fired to about 900° C, experiments determined that above 

700° C, there was significant oxidation of the carbon substrates, so the RBS films were 
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fired at 500 and 700° C. In this research, the initial alpha particle energy was 3.776 MeV 

(high energy was used since this also reduces peak width) and the detector collection 

angle was 170°. 
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SECTION 3 

RESULTS 

This section contains all results except those obtained with X-ray photoelectron 

spectroscopy (XPS), which are in Appendix A. XPS results were placed in an Appendix 

A due to experimental difficulties which are described in the appendix. 

3.1 Refractive Index Calculation 

Table 3.1 provides the factors used in the theoretical refractive index calculation based on 

the Huggins and Sun [49] method described in Section 2.6. The weight fraction, X, was 

calculated for the nominal 2:2:1 molar Si02-Ti02-Al2C>3 film composition, tabulated 

glass densities were used, and all the remaining factors were obtained from reference [49], 

Table 3.1. Huggins and Sun Refractive Index Calculation Factors 

Oxide p (g/cm3) X e s rA,=6.33E-5 cm 

SiO? 2.20 0.315 2.98E9 1.46E10 0.208 

TiO? 3.30 0.418 1.15E9 3.96E9 0.309 

Al?Oi 3.40 0.267 2.35E9 1.18E10 0.203 

Using the factors sited in Table 3.1, the index of the film was calculated to be 1.715 at the 

HeNe laser wavelength of 0.633 (am. As shown in Section 3.3, the measured index values 

for furnace- and laser-fired films at X = 0.633 f.im were —1.86 and ~1.85 respectively. 

Since the refractive index value obtained by the Huggins and Sun method was 
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considerably lower than the experimentally measured index, the film index was modeled 

again using the Lorentz-Lorenz method [14] described in Section 2.6. 

Table 3.2 lists the values used for the variables in the Lorentz-Lorenz index model. The 

mole fraction, X, was calculated for the nominal 2:2:1 molar Si02-Ti02-Al203 film 

composition, and the molar refractivity, R, values were obtained from reference [14], The 

oxide densities used in calculating the film density were those shown in Table 3 .1. 

Table 3.2. Lorentz-Lorenz Refractive Index Calculation Factors 

Element X R 

Si 0.10 0.084 

Ti 0.10 0.463 

A1 0.10 0.137 

0(Si bonded) 0.20 3.66 

0 (Ti bonded) 0.20 5.79 

0 (A1 bonded) 0.30 3.75 

Using the parameters given in Table 3.2, the Lorentz-Lorenz method yielded a refractive 

index value of 1.776 at X = 0.633 |jm. While this index value is closer to the measured 

index (~ 1.855) than the value obtained from the Huggins and Sun model ( 1.715), there is 

still some discrepancy between the measured and theoretical values. 
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3.2 Mode Calculation 

The asymmetric planar waveguide model described in Section 2.7, was used to determine 

the minimum waveguide thickness required to support the lowest order transverse electric 

(TE) and transverse magnetic (TM) modes. Using a wavelength of 0.6328 (im (HeNe 

laser), a substrate index of 1.46 (SiC>2 fused silica glass), a cover index of 1.00 (air), and a 

theoretical core (film) index of 1.78, the minimum waveguide thickness was found to be ~ 

0.133 (j.m, and dual mode operation was maintained to ~ 0.375 |im. When prism coupling 

measurements indicated the film index was ~ 1.85, the model was rerun, with the other 

parameters unchanged, and the minimum thickness was found to be ~ 0.119 |am, and dual 

mode operation was maintained to ~ 0.330 ^m. The fully densified furnace- and laser-

densified waveguides supported dual mode operation at the final thickness value of ~ 

0.175 (im. 

3.3 Prism Coupling and Ellipsometry 

In this section, data is presented on how film thickness and index change with furnace and 

laser processing. Except where otherwise noted, prism coupling was used to collect the 

data in this section. 

Figure 3.1 shows how ellipsometry and prism coupling results compare for laser-densified 

films on SiC>2 substrates. The ellipsometry data were obtained using multiple incidence 

angles (50, 60, and 65°) and the SimpL-PC ellipsometry program. 
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Figure 3.1. Ellipsometry and prism coupling results for laser-densified films. The 
ellipsometry data were obtained using multiple incidence angles (50, 60, and 65°) and the 
SimpL-PC ellipsometry program. 

The curve fits used in this and all subsequent figures are strictly a visual aid to help the 

reader follow apparent data trends. They have no physical significance. For both prism 

coupling and ellipsometry results, one film provided one refractive index data point and 

one corresponding thickness data point. The prism coupling data points represent the best 

single measurement attainable (sharpest mode lines from a coupling area near center of the 

film), while the ellipsometry data points were obtained with fitting programs after 

averaging three measurements at each incidence angle. Prism coupling incidence angles 

for maximum mode line intensity were determined within ± 0.10°. This uncertainty in the 
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incidence angle lead to a maximum refractive index uncertainty of 0.0090 and a maximum 

thickness uncertainty of 4.0 nm. 

Figure 3.2 shows how the fijrnace-densified 2-18-93 solution ellipsometiy results compare 

with the fiirnace-densified 8-28-93 solution prism coupling results. The ellipsometry data 

was obtained using a single incidence angle and the Gaertner ellipsometry program. 
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Figure 3.2. Ellipsometry and prism coupling results for furnace-densified films. 
Ellipsometry results were obtained with the 2-18-93 solution and prism coupling results 
were obtained with the 8-28-93 solution. The ellipsometry films were spun on Si wafers 
at 2,250 RPM while the prism coupling films were spun on SiC>2 slides at 2,000 RPM. 
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Recall that the 2-18 solution was significantly more diluted in ethanol than other solutions 

used in this research. Also note that the ellipsometry films were spun on Si wafers at 2250 

RPM while the prism coupling films were spun on SiC>2 slides at 2,000 RPM . 

The primary reason for including the ellipsometry data in Figures 3.1 and 3.2 is that the 

ellipsometry data lends additional credibility to the prism coupling data. The fact that 

reasonable agreement is attained between prism coupling and ellipsometry results, is seen 

as an indication of the credibility of index and thickness data. There are, however, a 

couple of differences between the ellipsometry data and the prism coupling data that 

should be explained. In Figure 3 .1, excellent agreement is attained between the 

ellipsometry data and the prism coupling data, except for the 0.0 Watt (100°C) data 

point where a large discrepancy exists. The SimpL-PC multiple angle ellipsometry 

analysis program indicated an error factor of 851 for the 0.0 watt point while error values 

for the other points ranged from 0.1 to 12. Perhaps the high degree of porosity in the 0.0 

Watt sample caused scattering which affected the ellipsometry results, but whatever the 

cause, the ellipsometry data is not accurate for the 0.0 Watt data point. In Figure 3.2, 

there appears to be considerable difference between the ellipsometry and prism coupling 

thickness data, but this is due to solution differences, not measurement techniques. The 

8-28-83 solution had about 1/3 higher weight percent metals than the 2-18-93 solution, 

resulting in thicker films and the false appearance of a discrepancy between ellipsometry 

and prism coupling data. Substrate and spinning speed differences may have also played a 

role in the different thickness results of Figure 3 .2. Note, however, that there is good 

agreement between the ellipsometry and prism coupling refractive index data in Figure 

3 .2. This suggests that despite the dilution difference, similar microstructures were 

formed from the solutions. 
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Figure 3 .2 shows that the furnace-processed 8-28-28 solution reaches a thickness plateau 

(near zero slope) of about 170 nm at about 850°C, and that the index reaches a plateau of 

about 1.86 at about 1,000°C. The fact that the index continues to increase after shrinkage 

has stabilized (near zero rate of change) suggests that something besides densification 

must be responsible for continued index increase. Since all laser densification was 

performed with the 8-28-93 or 11-5-93 (same as 8-28-93) solutions, no farther comments 

will be made about the 2-18-93 solution results. 
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Figure 3.3 shows the refractive index and thickness change as a function of power for 

laser-densified films. The Figure shows that the laser-densified films reach a thickness 

plateau of about 170 nm at about 7.2 Watts and an index plateau of about 1.84 at about 

9.0 Watts. As with the furnace-densified films, the index continues to increase after the 

thickness has stabilized. Also note in Figure 3.3 that above ~ 9.0 Watts, the thickness 

begins to decrease again. This may be due to ablation at the high power levels. 
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Figure 3.3. Index and thickness change as a function of laser power. 
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Figure 3.4 compares the thickness change observed in both furnace- and laser-densified 

films. The Figure shows that the shrinkage of the furnace- and laser-fired films is quite 

similar. Note, however, that there is some slight difference in the thickness of furnace-

and laser-fired films in the 200 to 800°C (1 to 8 Watt) range. The furnace-densified films 

are slightly thicker in this range. Also note that the 100°C data point serves as the 0.0 

Watt data point since laser-densified films were dried at 100°C. The reader is advised that 

no equivalence is implied between laser power and temperature in this or the following 

Figure; the relationship between furnace temperature and laser power will be developed in 

the discussion section. 

Laser Firing Power (Watts) 

0 2 4 6 8 10 

550 

500 

450 

400 

% 350 

£ 300 

S 250 

200 

o—-i 
150 

100 
500 100 200 300 400 600 700 800 900 1000 1100 

Furnace Firing Temperature (C) 

• Furnace • Laser 

Figure 3 .4. Thickness change of furnace- and laser-densified films. 
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Figure 3.5 compares the refractive index change observed in both furnace- and laser-

densified films. The Figure shows that the index change is similar for both furnace- and 

laser-densified films. Note, however, that there is a slight difference in the index of 

furnace- and laser-fired films in the 300 to 900° C (2 to 9 Watt) range. The refractive 

index of furnace-densified films is slightly lower in this range. 
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Figure 3.5. Index change of furnace- and laser-densified films. 

Figure 3.6 shows how refractive index changes as a function of shrinkage for both 

furnace- and laser-densified films. Shrinkage is the change in thickness, divided by the 

initial thickness. The initial thickness after drying at 100°C for five minutes is 508 nm. 
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The Figure shows that the index change as a function of shrinkage is nearly identical for 

both furnace and laser densification. 
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Figure 3.6. Index change versus shrinkage for furnace- and laser-densified films. 

3.4 X-ray Diffraction (XRD) 

Figure 3.7 shows the XRD data for furnace-densified, films fired at various temperatures. 

The XRD traces have been vertically shifted to allow their presentation in a single figure. 

The figure shows that furnace-fired films exhibit the first signs of crystallization between 

900 and 950° C. There are several "false peaks" in the figure, but notice that only the 

peak near 25° is observed to grow with increasing temperature. The false peak near 22° is 
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an artifact of smoothing and the low Bragg angle hump which is characteristic of the 

amorphous substrate; all other false peaks are just noise. 
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Figure 3.7. XRD data for furnace-densified films. 

Figure 3.8 shows the probable crystalline phase identification for furnace-densified films. 

The XRD trace shown is that of the 1,000° C film shown in Figure 3.7. The comments 

made about false peaks in Figure 3.7 apply here also. Since only the largest peak is 

matched, positive phase identification can not be made, but no other probable crystalline 

phase has a peak at the same Bragg angle (25.281°). The figure shows that the first 
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crystalline phase to form in the furnace-fired films appears to be the anatase phase of 

titania. Anatase has a tetragonal structure, a density of 3.84 g/cc, and is birefractive with 

index values of 2.554 and 2.493. 
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Figure 3.8. Probable crystalline phase identification for furnace-densified films. 

Figure 3.9 shows the XRD data for laser-densified films fired at various laser powers. As 

was the case with Figure 3.7, the XRD traces have been vertically shifted to allow their 

presentation in a single figure, so the vertical scale has no meaning. The figure shows that 

laser-irradiated films begin forming crystallites between 7.2 and 9.0 Watts. As was the 

case in Figure 3.7, there are several false peaks in Figure 3.9, but notice that only the 

peaks near 28° and 36° are observed to grow with increasing laser power. The false peak 

near 22° is an artifact of smoothing and the low Bragg angle hump which is characteristic 

of the amorphous substrate; all other false peak are noise. 
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Figure 3.9. XRD data for laser-densified films. 

Figure 3.10 shows the probable crystalline phase identification for the laser-densified films 

The XRD trace shown is that of the 10.0 Watt film shown in Figure 3.9. The comments 

made about false peaks in Figure 3.9 apply here also. The figure shows that it is the rutile 

phase, rather than the anatase phase, of titania that appears to forms first in the laser-

processed films. Since only two peaks are matched, positive phase identification can not 

be assured, but no other probable crystalline phase has peaks at the same Bragg angles 

(27.447° and 36.086°). The anatase peak identifier is included to show contrast with the 
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furnace-fired film XRD results. Rutile has a tetragonal structure, a density of 4.26 g/cc, 

and is birefractive with index values of2.616 and 2.903. 
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Figure 3.10. Probable crystalline phase identification for laser-densified films. The 
anatase peak identifier is included to show contrast with the furnace XRD results. 

3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Figure 3.11 shows the FTIR data that was collected on films densified at several different 

temperatures. Note that the all curves in the figure are vertically shifted to allow their 

presentation in a single figure. 
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Figure 3.11. FTIR data on furnace-densified films. 

Table 3.3 below identifies some of the largest absorption peaks in Figure 3.11. 

The two most valuable points which can be observed from the FTIR data in Figure 3.11 

and Table 3.3 are the elimination of hydroxyls and the absorption at the CO2 laser 

wavelength. Hydroxyl concentration (concentration is proportional to peak area) was 

gradually diminished with increasing processing temperature until elimination was 

achieved at 700°C. The CO2 laser has a wavelength of 10.6|.im which corresponds to a 

wavenumber (inverse of the wavelength when the wavelength is expressed in centimeters) 

of 943.4 cm" 1. The transmission spectra in Figure 3.11 are vertically shifted, but before 
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shifting, the 200, 600, and 900°C spectra had approximately 88, 86, and 85 % 

transmission at 943.4 cm~l. 

Table 3.3. FTIR absorption peak assignments. 

Approximate 

Wave number (ctrfl) 

Film Firing 

Temperature (° C) 

Probable 

Assignment 

3800 to 3000 200 to 600 O-H Stretch 

2350 All Atmospheric CO? 

1890 to 1370 All Adsorbed H?0 

1200 600 to 900 Si-O Stretch (LO) 

1078 700 to 900 Si-O Stretch (TO) 

676 All CO? 

460 700 to 900 Si-O related 

3.6 Energy Dispersive X-ray (EDX) 

Figure 3.12 is a typical scanning electron microscope (SEM) energy dispersive X-ray 

spectroscopy (EDX) spectrum; in this case for a multilayer furnace-densified film fired to 

900° C. The figure shows that Si, Ti, and A1 were incorporated into the film in roughly 

equal concentrations (concentration is proportional to peak area), as intended. Note that 
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Figure 3.12. EDX spectra of a multilayer film stack fired at 900° C. 

oxygen is not detected with this EDX system. The small Au and Pd peaks are due to the 

conductive Au-Pd coating applied to the films prior to performing EDX. 
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Figure 3.13 summarizes EDX results for furnace- and laser-fired films. Theoretical 

(nominal) film compositional information is provided in the figure for comparison 

purposes. Since the vertical scale of the figure is in mole percent, loss of one species 

causes an apparent increase in other species because the sum of all species must total 

100 %. In Figure 3.13, titanium levels are reduced compared to the nominal level, causing 

silicon levels to be elevated; aluminum levels are also slightly reduced. Additionally, the 

furnace-fired film had no Al loss and had less Ti loss than the laser-fired films. 

Si Ti Al 

• Nominal ^ 900 C || 5.1 Watt • 6.7 Watt | 10.0 Watt 

Figure 3.13. EDX results for furnace- and laser-densified multilayer film stacks. The 
theoretical (nominal) film composition is included for reference purposes. 
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3.7 Rutherford Backscattering Spectroscopy (RBS) 

Figure 3.14 shows a typical Rutherford backscattering spectroscopy (RBS) spectrum; the 

spectrum is of a film fired at 700°C. The vertical scale used in the figure was selected to 

show the film peaks as clearly as possible; note that the peak for the carbon substrate is 

saturated in the upper left of the spectrum. Also note that the use of very thin films on 

carbon substrates and the use of high energy alpha particles allowed the resolution of the 

adjacent A1 and Si peaks. 
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Figure 3.14. RBS spectrum for a 700° C film on a carbon substrate. 
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Figure 3.15 shows how the 500 and 700°C RBS film compositions compare with the 

nominal film composition. Oxygen levels are not shown in the figure, but were within 

experimental error for the nominal film composition. The figure shows that the film 

compositions were quite close to nominal. Si levels are reduced progressively with 
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increasing processing temperature and Ti and Al levels appear elevated when compared to 

the nominal composition. 

jn 

• NOMINAL P 500 C • 700 C 

Figure 3.15. RBS results for films fired at 500 and 700° C. The nominal film composition 
is included for reference. 

3.8 Compositional Summary 

This section summarizes the compositional data obtained form EDX and RBS. Figure 

3.16 compares the EDX and RBS compositional data. While the figure shows the same 

results presented in previous figures, in this figure all the compositional data are grouped 

together for side-by-side comparison. The figure shows that all compositional data 

indicates that both furnace- and laser-processed films were within ~ 10 mole % of the 

nominal composition. The proximity of the actual composition to the nominal 
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composition is important to obtaining the desired refractive index. It is possible to 

compensate for preferential volatilization of some species by enrichment of the starting 

solution with the precursors containing these species. 

• NOMINAL ^ 500 C RBS @ 700 C RBS • 900 C EDX | 5.1 WEDX H 6.7 WEDX | 10.0 WEDX 

Figure 3.16. RBS and EDX results summary. 
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SECTION 4 

DISCUSSION 

In this section, the results presented in the previous section are discussed. Since X-ray 

photoelectron spectroscopy (XPS) results may have been affected by procedural 

problems, these results are discussed in Appendix A. 

4.1 Refractive Index and Thickness 

The small measured index difference between the furnace- (~ 1.85) and laser- (~ 1.86) 

processed films could result from many factors (solution composition, spinning conditions, 

firing conditions, etc.) and is not necessarily due to the densification technique. For 

discussion purposes it is sufficient to say that the furnace- and laser-fired films develop an 

approximately equivalent index of about 1.855. The low index predicted by the Huggins 

and Sun model (1.715) may be due, in part, to the relatively low Si/O atom ratio of the 

films. The Huggins and Sun model is empirical and was developed by studying glasses 

with an Si/O atom ratio ranging from 0.27 to 0.50; the nominal compositions of the films 

studied in this research have an Si/O atom ration of 0.18, and are therefore outside the 

range of compositions for which the model was intended. The low Si/O ratio may result 

in higher index structures than are present with Si/O ratios in the 0.27 to 0.50 range. The 

Lorentz-Lorenz model does not have the compositional restrictions that the Huggins and 

Sun model does, and the result (n = 1.776) is considerably closer to the measured 

refractive index. The Lorentz-Lorenz model does, however, indicate a slightly lower 

(An ~ 0.08) refractive index than the measured value. 
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The index difference between the measured value and the Lorentz-Lorenz model must 

arise from either compositional or structural factors present in the films and not considered 

in the model. Volatilization of low index precursor materials could result in a higher index 

film than predicted with the nominal composition, but this was checked and it was found 

that A1 or Ti loss lowered the theoretical index and the 2:2:1 molar Si02-Ti02-Al203 

nominal composition would have to change to 0.85:2:1 to account for the index change 

with Si loss. RBS data, shows that the Si content of the films is too high for Si loss to be 

the sole source of the high measured refractive. Since the refractive indices of the 

furnace- and laser-fired films are nearly identical, the possibility of carbon or hydroxyl 

entrapment due to early pore closure is discounted as a possible cause of the high 

measured index. Density estimation errors are likewise discounted since a higher density 

than achieved with conventional processing is unlikely and air filled porosity would lower, 

rather than raise, the film index. Thus, it would appear that the most probable cause of the 

high measured index is due to structural factors not considered in the model. It has been 

shown [14], that the presence of non-bridging oxygen (NBO) atoms can significantly 

increase the refractive index of glasses, and it is possible that this effect is contributing to 

the slight difference between the measured and theoretical index values. Molecular 

spectroscopy could be used to evaluate this hypothesis. Since the measured/theoretical 

index difference is not critical to the objectives of this research, it was given no further 

consideration. 

While the slight difference between the theoretical and measured index values is not 

particularly relevant to this thesis, the similarity of the furnace- and laser-processed film 

index values is important. Recall from the literature review of Section 1.1 that one of the 

main differences observed between furnace- and laser-processed films in other research 



70 

was that laser-processed films frequently had higher index values than furnace-processed 

films. Why is it that this is not observed in the present study? One possible explanation 

may be found in Arfsten's et al [30] finding that laser processing results in much smaller 

crystallites, and in Fabes' et al [15] suggestion that some researchers may have been 

unknowingly working with crystalline laser-processed films. As previously mentioned, the 

small diameter of laser-processed film crystallites would compound the existing problem 

of crystallinity detection in thin films using XRD. Given this information and the fact that 

the crystalline phase(s) of many oxides have higher index values than the amorphous 

phase, it seams reasonable to propose that the index difference reported by some previous 

researchers may have been due to the comparison of index values between amorphous, 

furnace-processed films and crystalline, laser-processed films. There are, of course, other 

possibilities, but this possibility appears quite probable. 

The continued index increase, without accompanying thickness decrease, exhibited by 

both furnace- and laser-processed films, is most likely due to the crystallization of the 

films. This explanation is offered since the onset of crystallization occurs shortly after the 

thickness levels off and since both the anatase and rutile phases of titania have higher 

index values than the amorphous films. The absence of the shrinkage which normally 

accompanies crystallization suggests that the volume fraction of the crystalline phases 

were low. Putting this hypothesis in context with the literature review leads to the 

suggestion that future researchers comparing furnace and laser densification should 

crystallize some of the furnace-processed films even if amorphous films are sought for 

waveguide applications. In this way, if seemingly amorphous laser-processed films 

develop index values similar to the crystalline furnace-processed films, the researchers will 

know that a careful check for crystallization in the laser-processed films is in order. 
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Another area where the present research results differ from findings in the literature 

review is in the comparison of furnace- and laser-fired film thicknesses. In the present 

research, the shrinkage of furnace- and laser-processed films was similar, but in a few 

previous studies such as [13, 15 & 34], laser-processed film shrinkage was found to 

exceed furnace-processed film shrinkage. One possibility is that the laser-densified films 

were partially ablated in the previous studies, just as is suspected for the 10 and 11 Watt 

laser-processed films in this study. However, since none of these references report an 

increase in shrinkage without a corresponding refractive index increase, ablation does not 

appear to be the cause of the increased laser-processed film shrinkage in these studies. 

Another possible explanation is that, due to the desire to avoid crystallization, the fiirnace-

densified films in some of the previous studies may not have been not fully densified. This 

may provide an explanation for references [15] and [34] since no evidence is provided to 

show that the furnace-processed films have stopped shrinking with increasing processing 

temperature. Taylor and Fabes [13], however, does provide this evidence, so some other 

reason must exist for the increase shrinkage exhibited by the laser-processed films in this 

study. 

The slightly greater film thickness and slightly lower index of furnace-processed films, 

pointed out in mid-temperature (~200-800°C) and mid-power (~l-8 Watt) ranges of 

Figures 3.4 and 3.5, indicate that with laser processing the sol-gel condensation reactions 

are more advanced in the middle processing region than are furnace-processed films. The 

finding may be due to the high energy densities present with laser processing. It is 

suspected that these high energy densities led to higher temperatures in the films than 

would be indicated by equivalence of the laser power and furnace temperature scales of 

Figures 3.4 or 3.5. It is suspected that the laser densification process was much more time 
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limited than the furnace densification process. If a middle furnace temperature and a 

middle laser power were selected and the processing times were doubled, significant 

change in the laser results would be expected but little change would be anticipated in the 

furnace results. 

The fact that index change as a function of shrinkage (Figure 3 .6) is nearly identical for 

both furnace- and laser-processed films implies that the structure and composition of both 

types of films are similar throughout the densification process. Large compositional or 

structural differences at a given level of shrinkage would, otherwise, be reflected in the 

refractive index. This result also confirms the correlation between the reduced thickness 

and the increased index of the laser-processed film in the middle processing power range. 

The increased shrinkage of the laser-processed films in the middle power region is due to 

densification, not ablation. 

Figure 3.6 also suggests that an effective equivalence between furnace temperature and 

laser power can be determined for the processing conditions employed in this research. 

This could be done by determining the powers at which laser-processed films exhibit the 

same shrinkage or refractive index as furnace-processed films, and then plotting laser 

power as a function of temperature based on the shrinkage or index equivalence. This has 

been done in Figure 4.1 below. It must be emphasized, however, that this figure provides 

only an effective equivalence between furnace and laser processing used in this research. 

As stated previously, it is suspected that the actual film temperatures resulting from laser 

processing are higher than an effective equivalence would suggest, and laser processing is 

more time limited than furnace processing. Furthermore, the validity of the plot is reduced 

at high temperatures where the index and shrinkage of the films become essentially 
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constant. Finally, the 100°C and 0.0 Watt equivalence used in Figures 3.4 and 3.5 (films 

were dried at 100°C prior to laser processing), has been replaced by the more reasonable 

equivalence of 25 °C (~ "room temperature") and 0.0 Watts. 
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Figure 4.1. Effective furnace temperature and laser power equivalency. 

In Figure 4.1, notice that the slope of both the curves become progressively larger with 

increasing temperature. For a given change in laser power, there is a smaller change in 
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effective temperature at high powers than at low powers. The substrate's absorption of 

the CO2 laser energy may be reduced at higher temperatures, and reflectance may 

increase. The shape of the curves in Figure 4.1 could also be affected by increased 

substrate thermal conductivity at high temperatures or an increase in absorbing and/or 

scattering vapors above in incidence point at high temperatures. 

The correlations in Figure 4.1 are dependent on many factors. The laser power levels 

depend on the scan rate and substrate material. Higher powers would be required for 

higher scan rates or less absorbing substrates. Changes in the furnace processing time 

could also invalidate the correlations in Figure 4.1. While the correlations in Figure 4.1 

should not be very dependent on the type of furnace used, they are highly dependent on 

the type of laser used. The same initial solution would be necessary for the correlations in 

Figure 4.1 to hold since different precursors, catalysts, amounts of water, etc. could result 

in different structures forming at similar shrinkage levels in the furnace and laser. 

Avoidance of premature pore closure during laser processing would be necessary to 

maintain the correlations in Figure 4.1 since inclusion of organic matter or porosity would 

affect the structure and index of the laser-processed films. Figure 4.1 should be valid for 

somewhat different initial film thicknesses, but adjustments in laser scan speed or furnace 

exposure time might be required depending on the magnitude of the change in initial 

thickness. In summary, the correlations in Figure 4.1 are highly dependent on several 

experimental parameters and should not be used if any of these parameters have changed. 
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4.2 Crystallization 

One interesting result from the XRD data is that different phases of titania formed in the 

furnace- and laser-processed films; rutile in the laser-processed films and anatase in the 

furnace-processed films. The phase diagram for titania indicates that rutile is the stable 

phase from the melting point at about 1850°C down to about 750°C, and anatase is the 

stable phase below about 750°C. Since furnace-processed films begin to crystallize at 

about 950°C, rutile should be the first phase to form in both furnace- and laser-processed 

films. One possible explanation for the observation of different phases is that rutile is 

actually the first crystalline phase to form in the furnace-fired films but there is sufficient 

time and mobility (sufficiently slow cooling) to allow the transformation to anatase. The 

extreme cooling rate associated with laser processing may prevent the transformation from 

rutile to the more stable anatase phase. 

The possibility of a phase change in the furnace-processed films was explored by heating a 

film at 1,000°C for 15 minutes after it had been laser-processed at 10.8 Watts. Anatase 

was not observed after the furnace treatment, so this possibility is discounted. Xue et al 

[24] found different crystalline phases of Fe203 were formed in krypton ion laser 

processing with substrates of different thermal conductivities. Xue suggested that the 

simple cubic structure of y-Fe203 or Fe304 was favored with the rapid cooling provided 

by copper TEM grids, while the more complex hexagonal structure of the a-Fe203 phase 

was favored with the slower cooling rates associated with quartz and silicon substrates. 

Since both rutile and anatase have tetragonal structures, Xue's theory does not explain the 

observed crystalline phase difference. The reason different crystalline phases were 

observed in the furnace- and laser-processed films remains unclear, but it is possible that 



76 

differences in film temperature at the time of nucleation may lead to preferential nucleation 

of one phase over the other. For optical waveguide applications, however, the key 

concern is to avoid crystallization altogether. 

Comparing film thickness and crystallization results, it can be seen that in both furnace-

and laser-processed films, crystallization occurs after the film thickness has stabilized. 

Therefore, it would appear that there is some narrow range of furnace and laser processing 

conditions where the films are fully dense and amorphous. There is insufficient data to 

determine whether there is an index plateau in the amorphous region, but there is a hint of 

this possibility in the 850 and 900°C data points of Figure 3.2. It is possible that there are 

actually two index plateaus, one for the amorphous region and a slightly higher and 

broader plateau for the crystalline region. An index plateau in the amorphous region is 

desirable for practical waveguide fabrication since refractive index is a key parameter in 

waveguide performance. 

It is also interesting to note that both the furnace- and laser-fired films begin to crystallize 

at about 66% shrinkage. This observation supplements the shrinkage and index results 

indicating that the structure development in both the furnace- and laser-processed films is 

quite similar. Once the films attain full density in the amorphous state, further heat input 

only provides the mobility necessary to attain long range order. 

4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

The elimination of hydroxyls, described in the FTIR results section, is important because 

sol-gel polymerization reactions can not occur after the OH groups are eliminated. Once 
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hydroxyls are removed, densification occurs through pore elimination by viscous sintering, 

or by structural relaxation. 

The result that the film transmission at the CO2 wavelength is 88 to 85% is important 

since it indicates that less than 15% of the incident CO2 laser energy is absorbed by the 

films and the remainder is absorbed by the silica substrate (silicon substrates were used for 

FTIR). This means that most of the heat for laser densification comes from the substrate. 

This may be important because, as Krchnavek et al [44] first pointed out, heat flow from 

the substrate towards the free surface of the film should allow the avoidance of bloating 

and impurity entrapment associated with premature pore closure. This also suggests that 

carbon and hydroxyl entrapment may have been avoided in the laser-processed films and 

this may contribute to the somewhat anomalous finding of similar index values for both 

furnace- and laser-processed films. 

4.4 Compositional analysis 

The EDX results presented in Section 3 .6 appear to indicate one of two possibilities, 

either there is loss of titanium through volatilization of the titanium precursor, or the 

micron thick multilayer film stacks were insufficient to prevent interaction with the silica 

substrates. The possibility of the loss of titanium is discounted by the fact that the 

refractive indices of the films are high and titanium loss would lower the refractive index. 

Lorentz-Lorenz index modeling of the 10.0 Watt EDX film composition gives an index of 

1.673 compared to the nominal composition theoretical index of 1.776 and a measured 

index of ~1.85 for a single layer film fired at 10.0 Watts. It is therefore considered more 

probable that the elevated Si levels are due to the presence of Si in the substrates, and the 
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Ti reduction is simply an artifact of the artificially elevated Si levels. While the absolute 

compositions indicate by EDX may not be correct, relative composition comparisons 

should still be valid. The EDX results show little difference between the compositions of 

furnace and laser processed films. 

The slight progressive loss of Si indicated in the RBS results may be due to volatilization 

of the Si containing species before they are incorporated in the network through 

polymerization reactions. Resolution of the adjacent A1 and Si peaks by using thin films, 

high probe energy, and carbon substrates was significant since it had been previously 

reported [14] that resolution of the peaks was not possible. The RBS results indicate that 

furnace-fired film compositions were essentially the nominal composition. Since the EDX 

results show little compositional difference between furnace and laser processed films, 

laser processed film compositions were probably also near the nominal composition. 

The only compositional results from previous research which are useful for comparison 

with the present results were provided by Guglielmi et al [20], They used Rutherford 

backscattering spectroscopy (RBS), elastic recoil detection (ERD), and nuclear reaction 

analysis (NRA) to measure compositional differences between furnace- and laser-

processed Si02-Ti02- Much of their compositional data deals with trace elements (C, 

Na, and H) for which there is no data in the present work, but they also found that the 

Ti/Si ratio only varied from 0.43 to 0.47 for all processing conditions. This finding was 

similar to the findings in this research, and it therefore appears likely that the differences 

between furnace and laser processing do not have a significant impact on the metallic 

composition of sol-gel derived films. 
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SECTION 5 

CONCLUSIONS 

While heating rates, cooling rates and time at peak temperature are drastically different for 

furnace and laser processing, this research has shown that amorphous films with similar 

thickness, refractive index, and composition can be produced with both processing 

techniques. The fact that furnace- and laser-processed films with essentially the same 

refractive index are obtained when the film compositions and shrinkages are also similar is 

an indication that the furnace- and laser-processed films have similar structures and 

therefore are likely to exhibit other like properties. Dispersion (refractive index 

dependence on wavelength) is one such property which is important for waveguide 

applications. 

Crystallization appears to be significantly affected by the differences between furnace and 

laser processing. Specifically, different crystalline phases may be formed and the size of 

crystallites in laser-processed films may be smaller. Differences in peak temperature, time 

at peak temperature and cooling rate are all suspected causes of the crystallization 

difference, but no one cause has been conclusively identified. For waveguide applications, 

the main point is that great care must be taken to assure that fully dense laser-processed 

film is truly amorphous. 

Avoiding premature pore closure with laser processing appears to be an important factor 

in obtaining results similar to furnace processing. Maintaining heat flow from the 

substrate towards the film's free surface may be one way to avoiding bloating and 

contamination problems associated with premature pore closure in laser-processed films. 
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To achieve this, the laser's wavelength must be weakly absorbed by the sol-gel film and 

strongly absorbed by the substrate. An alternative method of avoiding premature pore 

closure with laser processing is to furnace process the films adequately in order to 

complete the sol-gel condensation reactions and drive off organics, then perform final 

densification with a laser. This approach, however, has a disadvantage if it is desired to 

etch lower density areas in order to form channel waveguides. Regardless of the approach 

used, avoiding premature pore closure is important if scattering and absorption induced 

waveguide losses are to minimized. 

The metallic composition of sol-gel films does not appear to be significantly affected by 

the differences between furnace and laser processing. Trace element (predominately C 

and H) concentrations may be affected but no data was gathered during this research to 

evaluate this possibility. As mentioned above, pre-processing or control of heat flow 

direction may be important to controlling trace composition in laser-processed films. 
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SECTION 6 

FUTURE RESEARCH 

Much of the research on laser-processed sol-gel glass has been of an exploratory nature. 

Greater understanding of laser processing effects could be had if a comprehensive study 

was performed using a variety of lasers, lasing conditions, substrates, and film 

compositions. There appears to be some interesting differences between crystallization of 

furnace- and laser-processed sol-gel films. Research on crystallization under various 

lasing conditions might extend the understanding of the crystallization process and provide 

insight about how to control crystallization in laser-processed sol-gel films. Methods of 

preventing the entrapment of carbon and hydroxyls need to be developed for laser 

processing of films which are only dried at ambient or low temperatures. Additionally, 

more research on controlling channel width and surface finish is needed for channel 

waveguide applications. 

The next step in the evaluation of the silica-titania-alumina waveguides studied in this 

thesis is the measurement of furnace- and laser-processed film optical attenuation losses. 

If previous work is any guide, the laser-processed waveguides will have higher loss. 

Unless the losses are below ~0.1 dB/cm, which is unlikely, a careful determination of the 

sources of the loss and any furnace/laser loss difference is in order. Characterization of 

the loss would include, at a minimum, surface roughness measurements, trace element 

compositional measurements, loss measurement at various wavelengths, and homogeneity 

evaluation. 
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If the silica-titania-alumina system is to be evaluated for channel waveguide applications, 

much more work will be necessary. The first issue is to be determined is the best way to 

produce the channels. Embossing might be a possible method of producing the channels if 

furnace processing is used. Laser processing represents a more difficult problem since the 

minimum beam diameter of the CO2 laser is too large to produce sufficiently narrow 

channels to guide optical frequencies. One possibility that might be worth exploring 

would be the use of a sub-micron wavelength laser with an absorbing substrate (perhaps 

Si) covered with a very thin film (perhaps SiC>2) to control the index difference between 

the silica-titania-alumina waveguide film and the substrate. The index control film could 

be processed conventionally and the channels could be formed in the waveguide film with 

the laser, followed by etching of the unprocessed areas. If sufficiently narrow channels 

could be produced with this technique, it should prove superior to the use of thin metallic 

lines on top of the waveguide film to absorb the laser energy since heat flow would be 

from the substrate toward the free surface of the film, and since there would be no need to 

predefine the channels using photolithographic techniques. Once methods for forming 

channels were identified, it would be necessary to evaluate the effect of the channel 

forming techniques on the loss of the waveguides. 

A study of the difference between theoretical and measured refractive index values could 

lead to a better understanding of the film structure. Since knowledge of chemical state, 

rather than just knowledge of the elements present, is necessary, molecular spectroscopy 

and elemental spectroscopy that is sensitive to bonding state should be used to study the 

film structure. Despite the limited information gained by FTIR and the experimental 

difficulties encountered with XPS, these two techniques are thought to hold potential for 

further understanding the film structure. FTIR analysis could benefit from an instrument 
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covering wave numbers below 400 (preferably down to 50 cm"'), and more effort to 

obtain useful reference spectra. Raman spectroscopy may also prove useful for detecting 

weak JR. vibration frequencies. The effects of spinning and drying stresses should also be 

investigated as possible causes of refractive index variation. This could be done by 

employing alternative deposition techniques (dip, spray, etc.) and by varying drying 

conditions and schedules or by using hypercritical drying. 

A study of the effects of crystallites on refractive index is called for. An investigation of 

how the volume fraction of crystallites in an amorphous matrix affects the apparent 

refractive index of film would be particularly interesting. This could be done by varying 

laser scan speed to control the growth of crystalline phase(s), and using a TEM to 

estimate crystalline phase volume. Another useful and related TEM project would be a 

study of the sensitivity of XRD equipment. How large do crystallites have to be and what 

volume of crystallites is required for detection with particular XRD operating parameters? 

This information could prove useful for researchers trying to determine if the loss in their 

laser-densified waveguides is due to crystallites. 

Thermal modeling of laser-processed film temperatures should also be performed. The 

effect of laser scan rate on peak temperature and cooling rate with various substrate and 

laser combinations could provide insight into the nature of shrinkage, index development 

and, most of all, crystallization of laser-processed films. 

The hypothesis that bloating and organic entrapment can be avoided by maintaining heat 

flow from the substrate toward the free surface of the film also deserves study. This 
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hypothesis could be evaluated by doing trace element (C and H) compositional analysis on 

transmitting and absorbing films with transmitting and absorbing substrates. 

Finally, more work should be directed at understanding why different phases may form in 

furnace- and laser-processed films. This could be studied by varying the scan rate of the 

laser and/or the thermal conductivity of the substrates to induce various peak temperatures 

and cooling rates. 
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SECTION 7 

APPENDIX A 

This appendix contains X-ray photoelectron spectroscopy (XPS) procedures, results, and 

discussion. XPS information has been placed in this appendix due to the experimental 

difficulties described below. 

7.1 X-ray Photoelectron Spectroscopy Procedures 

XPS was performed on several waveguide films at Oak Ridge National Laboratory 

(ORNL) in Oak Ridge, Tennessee. The XPS was performed by technicians at ORNL and 

a fellow UA MSE graduate student, Doug Taylor. XPS was conducted on a dried (100° 

C, 5 minute) film, on two furnace-fired films (900 and 1050° C), and on two laser-fired 

films (2.8 and 3.2 Watts). XPS was conducted at a time when 3.2 Watts was the highest 

laser power used, so there is no XPS data for fully dense laser-fired films. XPS is an 

elemental surface analytical technique that uses incident X-rays to stimulate the emission 

of photoelectrons from the sample. The energy of the emitted photoelectrons is equivalent 

to their characteristic binding energies with the source elements and this energy is 

measured in the XPS detection process. When used in conjunction with an ion mill, 

compositional profiles are possible with XPS. In chemistry circles, XPS is also commonly 

referred to as electron spectroscopy for chemical analysis (ESCA) because the technique is 

capable of determining chemical state (bonding information). Unfortunately, surface 

contamination resulted in an unrepresentative initial survey of the samples, and time 

constraints prevented a second survey; only Si, Al, and Ti were analyzed after the initial 

survey. Additionally, near the completion of composition depth profiling, the X-ray 
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source was found to be mis-aligned and irradiating partially outside the sputtered area. 

Confidence in the accuracy of the XPS results is somewhat diminished due to the 

experimental difficulties. 

7.2 X-ray Photoelectron Spectroscopy Results 

Figure 7.1 shows the X-ray photoelectron spectroscopy (XPS) results for several single 

layer furnace- and laser-densified films after a 10-second sputter to remove surface 

contamination. XPS was done at a time when only low laser powers had been used, so 

there is no XPS data on fully dense laser-processed films. The reader is advised to 

consider the XPS experimental difficulties described above when evaluating the XPS 

results presented below. The figure show that Ti is progressively lost with increasing 

furnace firing temperature, causing Si and A1 levels to show apparent gains. The laser-

processed films show slight A1 and Ti losses causing apparent Si gains. 
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• NOMINAL H 100 C • 900 C • 1050 C | 2.8 W II 3.2 W 

Figure 7.1. XPS results for furnace- and laser-densified films. The nominal film 
composition is included for reference purposes. 

7.3 X-ray Photoelectron Spectroscopy Discussion 

The Ti loss in the high temperature furnace-processed films, indicated in the XPS results, 

is difficult to accept in view of the high refractive index of the films. Lorentz-Lorenz 

index modeling of the 1050°C XPS film composition gives an index of 1.635 compared to 

the nominal composition theoretical index of 1.776 and a measured index of ~1.86 for a 

film fired at 1050°C. Confidence in the XPS results is low due to the experimental 

difficulties described in the procedures section and due to the conflict with theoretical and 

measured refractive index values. 
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