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ABSTRACT 

An experimental study of the processing and attenuation characteristics of solution 

derived, thin fllm, planar waveguides was made. In this study, the densification and 

attenuation characteristics of a variety of compositions were compared. To insure that the 

effects measured reflected compositional differences and not processing artifacts, 

guidelines for the reproducible fabrication of optical quality layers, irrespective of 

composition, were established. The importance of the ambient humidity and temperature 

during deposition as well as the quality and preparation of the substrate surface was 

established with respect to the fabrication of smooth, uncracked films. 

Although a broad range of compositions were prepared, an effort was made to keep 

the various solution syntheses as simple and similar as possible. For all the compositions, 

a precursor solution of pre-hydrolyzed tetraethoxysilane (fEOS) was prepared, then 

reacted with a second alkoxide to form the multi-oxide deposition solutions. The amount 

of water added during pre-hydrolysis strongly effected the presence of cracking in the film 

and as well as the stoichiometry of the fired film. The amount of water added was 

adjusted as necessary to produce homogeneous solutions that yielded uncracked films. 

The densification and attenuation of binary SiCh-TiOz compositions was measured, 

then compared to the densification and attenuation of SiOz-Ti02-RxOy (where R = AI or 

Zn) ternary compositions. Film densification was not strongly dependent upon 

composition, and was successfully modelled using the Lorentz-Lorenz relation, assuming 

the open volume in the undensified fllms were filled with adsorbed water. 

The attenuation measured at 632.8 nm did not vary with composition, except for the 

Zn ternary samples. Waveguides with losses of < IdB/cm could be fabricated from all 

other compositions. Waveguide attenuation was measured for films of different thickness, 
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and and compared to modelled predictions. The attenuation increased as layer thickness 

decreased, suggesting the predominance of the surface scattering contribution. This 

conclusion presumed that the losses are meet the Rayleigh scatter ('nteria of a negligible 

absorption contribution. To confinn that absorption losses were negligible, the wavelength 

dependence of the waveguides was measured. The wavelength dependence varied with 

composition, suggesting the absorption varied with composition. Possible mechanisms of 

absorption in the waveguides were discussed. The change in the waveguide characteristics 

was measured as the guides aged in storage. The absorption of the waveguides also 

increased as the samples aged in storage. The interaction of the atmosphere with the film 

structure is proposed as the cause of the deterioration. 

Film development for the binary SiD2-TiD2 films was also studied as a function of 

increased firing time at SOO·C. Multiple firings at SOO·C increased the film density and the 

resistance to deterioration, but also to increased the swface roughness of the films. 

Increased surface roughness, increased the scattering losses measured for the guide. 

The effects of multiple firings was also studied for films deposited on silicon 

substrates. Changes in the film structure is measured with ellipsometry. The 

characteristics and limits of ellipsometry are explored. An apparent interaction between the 

film and the silicon substrate was noted, and modelled as an increase in the interfacial 

roughness. 

The application of solution derived thin films was demonstrated with the successful 

fabrication of a novel optical device. The fabrication of the Single Leakage-Channel 

Grating Coupler illustrated that specific design tolerances could be met and the resulting 

device performance near the theoretical maximum. 

--------_ .. _ •..... __ .-._ ....... _. 



CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1 7 

The attenuation of a waveguide is the sum of all the sources of loss for that 

waveguide. Sources of intrinsic' material loss include: scattering due to surface roughness 

or volume inhomogeneities, scattering due to the index difference at the interfaces, and 

absorption. However, increased attenuation caused by defects, such as dust, pinholes or 

cracks are also included, and can mask the effects due to the inherent waveguide structure 

composition. The first goal of this dissertation was to establish the sources of attenuation 

related to sol-gel processing variables which were independent of the waveguide 

composition. Processing guidelines are established to minimize the effects of these factors 

during waveguide fabrication. Chapter 3 outlines the physical processing variables that can 

affect waveguide attenuation and how they can be minimized. 

The second goal of this dissertation was to demonstrate how changes in the solution 

chemistry of the synthesis can affect the quality of the fIlms spun. Chapter 4 is a study of 

the effects of changing the water content used in synthesis of a single composition and how 

those changes affect the waveguide properties. The work of chapters 3 and 4 are necessary 

to establish the breadth of the factors other than the oxide composition of the waveguide 

that can affect the attenuation. This is necessary if the differences between the waveguide 

compositions are to be conclusively linked to compositional differences rather than 

differences in the deposition conditions or the synthesis routes. 

A third goal of this dissertation was to measure the effect of waveguide composition 

and processing on the densification and attenuation. The results of chapters 5 and 6 

explore the changes in attenuation as a function of composition and film structure. Chapter 

5 investigates the densification of binary siIica-titania fIlms, and ternary compositions 
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containing alumina and zinc oxide. The densification of these compositions are mapped, 

and a model is developed to explain the observed behavior. Attenuation is explored as 

function of composition. In chapter 6, the effects of processing (firing temperature and 

duration) are measured with respect to fllm densification and attenuation for the binary 

compositions. 

Waveguides of a variety of oxide compositions were fabricated via the sol-gel 

synthesis route. The tenn sol-gel is used to describe a variety of solution types and 

syntheses. A number of fine reviews and books l -5 exist that detail the specifics of sol-gel 

reactions; only an outline of sol-gel syntheses using metal alkoxide precursors is presented 

here. Briefly, metal alkoxides (M(OR)n, where OR = an alkoxy group) react with water, 

resulting in the removal of an alkoxy and the fonnation of a hydroxyl (M-OH) with an 

alcohol by-product. This reaction is known as hydrolysis. The hydroxyl can react either 

with an alkoxy or hydroxyl ligand to fonn an M-O-M bond, in reactions known as 

condensation or polymerization, producing alcohol and water by-products. The liberated 

water continues to react with other alkoxy sites and the condensation continues, resulting in 

chain-like structures in solution with M-O-M backbones. Adding acid or base catalysts 

affect the nature of the chains fonned. In acid catalyzed solutions, the polymer chains tend 

to be linear, with a minimum of cross linking. This basic treatment was developed 

principally from the study of the single component silica system. The fonnation of 

heterogeneous solutions are more difficult due to the difference in reaction rates between 

the constituent alkoxides. 

If the rates of reaction of the constituent alkoxides are properly balanced or 

compensated, homogeneous mixing at the atomic level can be achieved in multi-oxide 

compositions. Various methods are employed to compensate for the differences in reaction 

rates between alkoxides, including pre-hydrolysis of slow reacting species, increased 
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dilution of the rapidly reacting species and the addition of complexing additives. If a 

proper balance is not achieved, inhomogeneities may result in the solution, which can cause 

compositional or structural inhomogeneities in the deposited film. 

For planar waveguides, the essential parameter is not the details of solution 

properties, but rather the homogeneity of the resulting oxide film, which will be affected by 

the reactions of the coonstituent ions in the deposition solution. In solutions of multiple ion 

content, particular attention must be paid to reaction rates of the different ionic species. The 

solutions of this work were synthesized by dissolving metal alkoxides in an alcohol solvent 

and reacting the mixture with water and a catalyst. The emphasis was to compare film 

properties of various oxide compositions. 

One of the advantages to synthesis by solution chemistry techniques is the potential for 

homogeneous mixing, on the atomic scale, of the constituents within the solution. The 

achievement of this level of mixing in the Si~-Ti02 system is complicated due to the much 

more rapid hydrolysis rate of the Ti alkoxide. Various methods have been proposed to 

compensate,for this difference in reaction rates, including pre-hydrolysis of the Si alkoxide 

(tetraethoxysilane, TEOS),6,7 dilution of the Ti alkoxide,7,8 and the addition of various 

complexing agents to the Ti alkoxide9-11. During pre-hydrolysis of the slower reacting TEOS, 

all the water in the solution should react and form silanol groups, which, in theory, will then 

react to form Si-O-Ti bonds when the Ti alkoxide is added. Dilution of the Ti alkoxide 

increases the diffusion distance within the solution and decreases the opportunity for interaction 

when the Ti is mixed with the TEOS and water. 

The role of the complexing agent is to bond to functional sites on the Ti alkoxide and 

reduce their hydrolysis rate by a steric hindrance mechanism. A recent study of the reaction of 

Ti ethoxide and 2,4-pentanedione (acetylacetone, acacH) using NMR and FTIR has shown that 

chelated Ti species are formed which are either monomeric or dimeric in nature.II,12 In 

----------------- - -- . 
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addition, the chelated functional sites were found to be resistant to hydrolysis, requiring as 

much as 3 times the water content required for complete hydrolysis. 

The reaction of TEOS and Ti alkoxides have been studied with both NMR and FTIR 

techniques. Several NMR studies13-15 of low water, acid catalyzed TEOS solutions indicate 

the formation of silanol groups, as intended in the pre-hydrolysis described above. However, 

results from NMR studies of the reaction between pre-hydrolyzed TEOS and uncomplexed Ti 

alkoxides, show no evidence of Si-O-Ti bond formation. The NMR studies suggest that the 

addition of the Ti alkoxide may reverse the silanol hydrolysis reaction and increase the TEOS 

monomer concentration, or alternatively, enhance the self condensation reaction of the TEOS, 

resulting in clusters of Si rich and Ti rich regions rather than a homogeneous solution. 

In contrast, results from a recent FfIR study16 of Ti alkoxides complexed with acacH 

and reacted with various silicon alkoxides suggest that the chelated Ti alkoxide molecules do 

react with the Si species to form Si-O-Ti bonds. The relative amount of Si-O-Ti bonds present 

in this study was determined by comparing peak heights after the spectra were de-convoluted. 

The formation of Si-O-Ti bonds was found to be a function of pH as well as the relative 

reactivity of the silicon alkoxide. The results of this study suggest that the addition of the 

complexing agent can enhance the homogeneity of the deposition solution. 

Sol-gel solutions can be formed into coatings by spinning, dipping, spraying or 

rolling the solution onto the substrate. Spin deposition is a relatively simple technique that, 

under the proper conditions, can yield highly uniform films. As the solution spreads and 

the organic solvent evaporates, the increased solids concentration and reactions with 

ambient humidity promote continued cross-linking and increase the viscosity of the film, 

which stiffens and dries. Because of the importance of chemical reactions and evaporation 

rates in this stage of processing, the temperature and humidity during deposition can 

influence the uniformity of the resulting film. 
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Film fonnation by spin coating can be considered in 4 stages: deposition, spin-up, 

spin-off and evaporationS. The first 3 stages are sequential, but evaporation occurs 

throughout the process. The key to smooth spin coated films is the spin-off stage, where 

the centrifugal forces of spinning, which radially spread the solution to the edge of the 

substrate, are balanced by the viscous drag of the solution. This equilibrium dampens any 

perturbations in the height of the coating, resulting in an extremely smooth coating. As the 

solution spreads, the competing reactions of solvent evaporation and continuing 

condensation increase the fllm viscosity. Solvent evaporation concentrates and 

consolidates the coating, while continuing condensation reactions stiffen the network 

structure and increase resistance to further compaction. These reactions are affected by a 

number of factors, including the composition and age of the solution and the ambient 

temperature and atmosphere during deposition. 

Due to the adherence of the film to the substrate, all shrinkage during densification 

occurs nonnal to the plane of the coating. The densification of SiCh sol-gel films is modelled 

in 3 stagesS. In the first stage (generally < SOO"C), film consolidation occurs as the organic 

content is removed by vaporization and decomposition, and oxide and hydroxide bonds fonn. 

In the second stage (600 - 8oo"C), residual structural water (hydroxyls) is removed, and in the 

third high temperature stage (>8oo"C), any remaining free volume is removed via structural 

relaxation or viscous sintering. Film shrinkage is quite rapid in the first stage, as the volume of 

the mm collapses when the organic content is removed. The organic constituents may act as a 

"flux" during heating, promoting the rapid consolidation of the film. The removal of the 

organics greatly increases the viscosity of the material and shrinkage then continues at a much 

slower rate as the hydroxyls are removed. 

Optical attenuation in the fully processed sol-gel thin film waveguide is the sum of all 

the scattering and absorptive sources of loss. Surface scattering is caused by interfacial and 
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surface roughness. Volume scattering results as the propagating beam interacts with density 

and compositional inhomogeneities within the glass structure. Rayleigh scattering is the model 

that describes scattering from sources much smaller than the wavelength of light. Absorption 

in glasses can be caused by many different mechanisms, including the presence of impurities 

and reduced metal ions. 

Scattering losses in planar waveguides due to surface and volume effects have been 

m0delled extensively. 17-23 In his dissertation, Roncone23 used perturbation theory to model 

waveguide scattering, assuming the Rayleigh limited condition and negligible absorption, and 

compared theoretical predictions with experimental results for solution derived waveguides. 

The results of Roncone suggested that surface scattering is the dominant mechanism in these 

waveguides. The results presented in this dissertation are evaluated with respect to predictions 

of the modelling work of Roncone. 

In 1972, \Veber and Ulrich24 reported the fabrication of solution derived waveguides 

with a composition of 50:50 (mole %) PbO-SiCh. Waveguides of 0.9 J.1tn thickness were 

deposited and losses of 0.5 dB/em at 632.8 nm were measured. It was noted in this work that 

no deterioration of these guides was seen after 6 months in storage, though no details were 

provided as to how the deterioration was measured. 

The oxide system studied most often as solution derived are compositions in the binary 

Si(h-Ti(h. The advantage of the SiO;z-TiO;z system is the broad range of refractive indices 

possible as a function ofTiO;z content, as well as the commercial availability of Si02 and Ti02 

precursor solutions. Lukosz et al.25-27 fabricated a variety of Ti02 content (33, 50, 67 and 75 

mole %) waveguides by mixing commercially available precursors. The waveguides of this 

study were fired in an oxygen atmosphere. The loss did not vary strongly with Ti(h content, 

except for the 75 mole % TiO;z waveguides, which had substantially higher attenuation. The 

losses measured at 632.8 nm ranged 0.2 - 2.5 dB/em. Attenuation was measured as a function 
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of wavelength. The wavelength dependence of the loss did not meet the Rayleigh limited 

criteria, suggesting the absorption was not negligible in these guides. 

Solution derived waveguides of SiO;z-TiO;z of 35 mole % Ti02 were synthesized by 

Guglielmi et al.lO Multi-layer waveguides were fabricated by dip coating. The loss of the 

waveguides was measured as a function of ruing temperature and thickness. The lowest loss 

was obtained for ftlms flred to 800·. The attenuation of the waveguides increased as the 

thickness of the waveguide increased; however, this may be an artifact peculiar to the multi

layer sample. Processing multiple layers increases the likelihood that dust and other defects 

will be incorporated at the interfaces, increasing the scattering loss. 

In the following chapters, the fabrication of sol-gel waveguides will be investigated in 

terms of physical and chemical processing variables, to establish the basic requirements to 

obtain fllms of waveguide qUality. The densification and attenuation of a variety of 

compositions are evaluated, and the applicability of solution processing is demonstrated with 

the fabrication of a novel, passive, optical device. 



Solution Synthesis 

CHAPTER 2 

EXPERIMENTAL TECHNIQUES 
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The descriptions of the solution syntheses in this chapter are written and organized 

to provide enough detail of the specific experimental technique to allow the reader to 

duplicate the effort if desired. 

Binary Solutions 

Similar procedures were used to synthesize solutions of 13, 35 and 50 mole % 

TiCh content (referred to as 87Si: 13Ti, 65Si:35Ti and 50Si:50Ti respectively). A pre

hydrolyzed solution ofTEOS was prepared for each synthesis, with the amount of acidified 

water adjusted for each composition, balancing the requirements of obtaining a reasonable 

solution shelf life and maintaining the correct stoichiomeny in the fired fIlm. 

For the 87Si: 13Ti solution, 0.045 moles of tetraethoxysilane (TEOS) was dissolved 

in ethanol, in a molar ratio of 4: 1 alcohol:Si. The diluted TEOS was slowly pre-hydrolyzed 

with acidified water (0.15N HCI), until the water:Si molar ratio was 2: 1, then reacted for 

15 minutes at 50·C. In a separate flask, titanium(N)ethoxide (TET) was dissolved in 

ethanol, to a molar ratio of 8: 1 alcohol:Ti, then slowly poured into the TEOS solution and 

reacted for 4 hours at 50·C. The 87Si: 13Ti solutions was diluted with ethanol to 10 

weight oxide % concentration. Multiple coats of this solution were required to deposit a 

waveguide thick enough to confme a propagating mode. The solution was stored after 

removal from the reaction flask in cleaned dry vials in a dessicant cabinet until deposition. 

- - ----------. 
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For the 65Si 35Ti solution, 0.045 moles of TEOS was dissolved in ethanol, in a 

molar ratio of 4: 1 alcohol:Si. The diluted TEOS was slowly pre-hydrolyzed with acidified 

water (0.15N HCI), until the water:Si molar ratio was 1:1, then reacted for 15 minutes at 

50·C. In a separate flask, TET is dissolved in ethanol, for a molar ratio of 8: 1 alcohol:Ti, 

then slowly poured into the TEOS solution and reacted for 4 hours at 50·C. The 

65Si:35Ti solutions was diluted with ethanol to 20 weight oxide % concentration. The 

higher solution concentration yielded waveguides thick enough to support a lowest order 

mode in a single coat. The solution was stored after removal from the reaction flask in 

cleaned dry vials in a dessicant cabinet until deposition. 

Two versions of the solution synthesis were developed for the 50Si:50Ti 

composition, one based on the ethoxide chemisny described previously, and a second 

which utilized titanium(IV)butoxide (TBun as the Ti source. The number of moles reacted 

were the same for each version, but the solvent for the butoxide reaction was isopropanol, 

rather than ethanol. So, for the 50Si:50Ti solutions, 0.045 moles of TEOS was dissolved 

in ethanol (or isopropanol), with a molar ratio of 4:1 alcohol:Si. The diluted TEOS was 

slowly pre-hydrolyzed with acidified water (0.15N HC!), until the water:Si molar ratio was 

2:1, then reacted for 15 minutes at 50·C. In a separate flask, TET (or TBun was 

dissolved in ethanol (or isopropanol), in a molar ratio of 8: 1 alcohol:Ti, then slowly poured 

into the TEOS solution and reacted for 4 hours at 50·C. The 50Si:5OTi solution was 

diluted with ethanol to 10 weight oxide % concentt-ation. The solution was stored after 

removal from the reaction flask in cleaned dry vials in a dessicant cabinet until deposition. 

For the solutions containing acetyl acetone (2,4-pentanedione or acacH) as the 

complexing agent, the acacH was added dropwise to the TET (or TBun diluted with distilled 

ethanol (or isopropanol), in the desired molar ratios. The Ti:acacH molar ratio was varied in 

the range of 2: 1 - 1: 1. The Ti alkoxide reacted exothermically with the acacH and produced a 

--------------------- -------.-~--- -
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clear, orange solution which was stirred for 20 minutes before being poured into the TEOS 

solution. The resulting mixture was stirred continuously for 4 hours at 50'C; then removed 

and stored in clean, dried vials in a dessicant cabinet until deposition. 

The solution synthesis for 90 mole % Ti(h (lOSi:90Ti) films was derived from the 

synthesis developed by Brinker and Harrington28. The TET was diluted in a 10: 1 

EtOH:TET volume ratio, then pre-hydrolyzed with 0.007 moles concentrated nitric acid and 

0.026 moles water. In a separate flask TEOS is dissolved in an equal volume of ethanol 

and pre-hydrolyzed with 0.026 moles of water. The TEOS solution was reacted at 60'C 

for 30 minutes and cooled to room temperature prior to being added dropwise to the TET 

solution. The combined solution was reacted 4 hours at room temperature. The weight % 

oxide content of the lOSi:90Ti solution was 5% as reacted and was not further diluted, nor 

concentrated. 

Ternary Solutions Containing Aluminum 

For the SiCh:TiCh:A12OJ ternary solutions, aluminum sec-butoxide (ASB) was 

used as the Al source. The butoxide was chosen rather than the ethoxide due to the rapid 

reaction and low solubility of Al ethoxide in ethanol. The appropriate molar ratio of the 

TET and the ASB were mixed together in a clean, dry flask for 15 minutes. An exothermic 

reaction occurred as the two alkoxides reacted, presumably due to alcohol exchange 

reaction, and the creation of some sort of stabilizing, complexed structure of the two 

molecules. The double alkoxide mixture wac; slowly diluted with an equal volume of 

distilled ethanol. If the dilution was too rapid, small white precipitates formed. The diluted 

AI:Ti alkoxide was stirred for 20 minutes prior to the slow addition of the TEOS solution, 

then was stirred overnight at room temperature. The TEOS solution was prepared as in the 
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synthesis of the 65Si:35Ti solutions described previously. The TEOS solution was added 

to the double alkoxide because precipitates fortned when the double alkoxide was added to 

the pre-hydrolyzed solution. The clear, pale yellow solution was stored in cleaned dry 

vials in a dessicant cabinet until deposition. The weight % oxide content of the solution 

was 15%. 

Ternary Solutions Containing Zinc 

Zinc ethoxide was produced by transferring diethyl zinc (a 1.0 M solution in 

hexane) through a septum into a flask containing TET dissolved in excess ethanol. 

Reaction with the TET was required to produce a clear colorless solution. When the diethyl 

zinc was added to the ethanol alone, small white precipitates fonned. As with the Al 

solutions described above, apparently the Zn and Ti alkoxides reacted to form a complexed 

structure within the solution. The complexed Ti:Zn solution was then poured into the pre

hydrolyzed TEOS solution and stirred overnight at room temperature in a sealed flask. The 

TEOS solution was prepared as in the synthesis of the 50Si:5OTi solution described 

previously. The solution was stored in cleaned dry vials in a dessicant cabinet until 

deposition. The weight % oxide content of the solutions was 15%. 

Alumino-Silicate Solutions 

A stock solution of Al double alkoxides was synthesized. Aluminum metal readily 

forms stoichiometric double alkoxides with Ba, Ca and Mg alkaline earths. The 

stoichiometric ratio of the metals, 2: 1 mole ratio AI:M (where M = Ba, Ca, and Mg), were 

refluxed in excess ethanol overnight, producing a clear, colorless solution. The stock 

.. - .... -, 
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solution was divided into parts, diluted with an equal volume of ethanol and stored until 

synthesis. Ethanol was chosen as the solvent to keep the solution chemistry as simple as 

possible, and due to the faster reaction time of the double ethoxides, which formed over 

night, as opposed to the isopropoxides which required a week. 

A Si source solution was prepared separately for each composition. The desired 

fIlm composition was 0.03 MgO-0.03 CaO-O.03 BaO-0.085 B202-0.09 AI20 3-O.735 

Si~. The dissolved TEOS was slowly pre-hydrolyzed at room temperature with acidified 

water until the TEOS:H20 molar ratio was 1:2 and reacted for 15 minutes at room 

temperature. The boron source, boron trimethoxide, B(OCH3)3, was added slowly to the 

pre-hydrolyzed TEOS and reacted for 15 minutes. After reaction, the TEOS solution was 

further diluted with an equal volume of ethanol. 

The TEOS solution was cooled to liquid N2 temperatures prior to being added to the 

diluted Al stock solution. It was necessary to dilute the solutions and freeze the mos 
solution to slow the reactions and form a clear solution. Solutions which were reacted at 

room temperature precipitated immediately upon addition to the Al stock solution. The 

precipitates may be particles of Al hydroxide, as the Al species reacted immediately with the 

water in the TEOS/B solution, or of Al ethoxide, which has a low solubility in ethanol. 

Lowering the temperature slowed the reaction rate to allow the formation of linkages 

between the Si and Al ions. As the ethoxide solution warmed, it changed from colorless to 

pale yellow, depending upon the Si:AI molar ratio. In the solution where the ratio was 1:1, 

the solution was clear and colorless. The solutions in which the ratio was greater had a 

yellow hue; the larger the molar amount of Si, the deeper the color of the yellow hue. The 

alumino-silicate solutions were stirred overnight at room temperature, then stored in 

cleaned dried vials until deposition. 
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Thin Film Deposition 

Single crystal silicon wafers were cleaved into sample size and washed in de

greasing soap and rinsed with de-ionized water. Waveguides were spun onto slides of 

soda-lime glass, pyrex and fused quartz. The surfaces of the slides were scrubbed with a 

gloved fmger with soap and water, then rinsed in DI water and ethanol. Film deposition 

was by spin coating, using a static flood technique. The solutions were fIltered through a 

0.2 mm teflon filter. The film solution was flooded onto the substrate through a 0.2 11m 

filter, and then the excess was spun off to create the coating. Films were placed into a 

furnace which was preheated to the firing temperature. 

A possible source of thickness variation between the individual samples was 

changes in spin speed during deposition. The speed of the spinner was controlled using a 

set point, the accuracy of the set point waC) verified using a strobe light to time the speed of 

revolution. The non-uniformity of substrate size and weight within the sample set required 

that the set point value be adjusted for each substrate. Careful attention to this requirement 

limited thickness variations between consecutively processed fIlms to ± 1 nm. 

Characterization Techniques 

Optical Characterization 

Film index and thickness was determined using multi-angle ellipsometry at a single 

wavelength performed on a Gaertner Ellipsometer model Ll16B for the fIlms spun on Si. 

Prism coupling techniques were used to measure the index and thickness of the 

waveguides. 

- .-~------~ . -" 
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Loss Measurement 

The general description of the loss measurement system included here is derived 

with pennission from the more complete treatment of the system found in the Ph.D. 

dissertation of RL. Roncone23. For a detailed description and analysis of the loss system 

the interested reader is referred to this reference. A simplified schematic of the optical loss 

system is shown in Figure 2.1. Prism coupling is used to couple the laser light into the 

waveguide sample. A loss measurement is made by carefully placing a rectangular, 

coherent (image forming) fiber bundle about 25 f.1.I11 from the modal (scattered) streak. The 

primary pwpose of the fiber bundle is to transfer the scattered streak intensity distribution 

to another plane where it can be analyzed. Cross talk effects within the fiber bundle are 

reduced by the light absorbing cladding of the individual fibers of the bundle. 

A photomultiplier tube (PMT) with a precision slit mounted on its face is placed 

near the image plane of the fiber bundle. The stepper-motor driven PMT /slit assembly is 

scanned across 1.5 cm of the imaged streak using 85 discrete sample at 178 /lm intervals. 

The separation between the PMT/slit assembly and the fiber bundle is approximately 25 

/lm. To ensure repeatability of the scans, the system was designed such that all scans 

begin and end at the same horizontal position of the fiber bundle. 

The scattered light intensity at each sample location generates a signal current in the 

PMT. This dc signal is converted to a voltage and continuously time averaged to reduce 

noise. The sample voltages are converted to a logarithmic scale and least squares curve

fitted to yield attenuation in dB/cm. All aspects of the data collection and subsequent curve 

fitting are controlled by a computer program. 
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Figure 2.1: Schematic drawing of the loss measurement system.23 
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A potential sources of systematic error is non-unifonn light collection due to non

parallelism between the waveguide and the fiber bundle face. This source of error is 

minimized for each sample during an interferometric alignment of the fiber bundle face with 

respect to the sample at the beginning of each measurement. Before positioning the fiber 

bundle/pMT assembly, a second laser (noted as the alignment laser in Figure 2.1) is 

aligned such that the light beam reflects off of the waveguide (almost) directly back into the 

laser. The fiber bundle is oriented so that part of the incident beam transmitted through the 

substrate/waveguide (from the alignment laser) is reflected back toward the laser. The 

entire fiber bundle/pMT assembly is then translated, rotated and titled until the reflected 



beams fonn the substrate/waveguide and fiber bundle overlap on the laser face to fonn 

visible interference fringes. The fonnation of the fringes indicates that there is adequate 

parallelism between the two surfaces. 
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Another potential source of systematic error exists at the PMT end of the fiber 

bundle. As the PMT/slit is scanned across 1.5 cm of the fiber bundle, variation in the 

separation distance of these two elements can lead to non-unifonn collection of light. As 

the fiber bundle and PMT were permanently aligned during construction, any potential 

alignment errors must be calibrated out. Similarly, transmission fluctuations across the 

fiber bundle, due to fiber defects, can also be calibrated out. A complete and thorough 

calibration of the loss measurement system was perfonned and is documented in detail in 

the Ph.D. dissertation of R.L. Roncone, and will not be described here. 

Chemical Characterizatfton 

Fourier Transfonn Infrared (FTIR) spectroscopy and Rutherford Back Scattering 

(RBS) analyses were perfonned on films spun on silicon. The FTIR analyses were 

performed in transmission in a Perkin Elmer model 1725X spectrometer. RBS analysis 

was conducted with 4He ions having an incident energy of 1892 eV and an incident beam 

angle of 45° to channel the ion stream through the single crystal substrate, minimizing the 

backscatter contribution of the Si substrate and enhancing the signal from the Si content in 

the film. The carbon analysis was conducted at 4280 eV to enhance the sensitivity, which 

was estimated to be 0.5 weight %. 



Microstructural Characterization 

X-ray diffraction analyses of the films was done using an XDS 2000 Scintag 

diffractometer with thin film attachment. 
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High resolution TEM was used to image the volume of the films. TEM samples of 

the fIlms were prepared by the following method. Films deposited on silicon wafers were 

cut and glued with M610 (Measurements Group, Inc.) to create a 4 layer stack. The multi

layer stack was then sliced, and 3 mm disks were ultrasonically cut from the layered slice. 

The disk was then mechanically dimpled and thinned to perforation in a Gatan ion mill to 

create a cross-sectional specimen. The sample were viewed using the JEOL 4000X high 

resolution microscope at the High Resolution Electron Microscopy Center at Arizona State 

University. 

Surface Characterization 

Surface characterization was done using optical microscopy and Scanning Electron 

Microscopy (SEM) and atomic force microscopy (AFM). Images of the atomic roughness 

of the surface were obtained using a WYKO MicroProbe 3D atomic force microscope. 

Micrographs of the film surfaces were obtained on a mOL 2500X SEM and a polarizable 

optical microscope. 

_._--_._--- .. , 
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CHAPTER 3 

EFFECT OF DEPOSITION CONDITIONS 

Background 

Although spin coating is a convenient and rapid method to fonn solution derived 

films, the effects of the process parameters (solution characteristics, ambient temperature 

and atmosphere, substrate effects) can be complex, and the quality of film obtained can 

vary widely. To fabricate high quality waveguides (losses < 0.5 dB/cm), it is necessary to 

define and control the essential processing pammeters. This chapter discusses some of the 

critical environmental and processing issues that can impact the quality of a spun-coat 

waveguide, and establishes basic guidelines for successful waveguide fabrication. 

The total attenuation measured for any waveguide can be considered the sum of the 

contributions of all the sources of loss, or waveguide loss = L sources of loss = (surface 

scattering + volume scattering + absorption + interfacial scattering + ... ). In sol-gel SiOz

Ti02 waveguirjes, absorption losses are assumed to be negligible in the visible frequency 

range and losses due to volume and surface scattering are assumed to be Rayleigh limited, 

due to the expected high homogeneity of the sol-gel films23. In samples which have 

Rayleigh limited scattering, the sources of the scatter are much smaller than the wavelength 

of the light being scattered. Sources of scattering loss include chemical or density 

inhomogeneities within the film volume and roughness at the film/substrate and filmIair 

interfaces. 

The sources of loss in planar waveguides and the parameters of a predictive loss 

model have been detailed in other work22,23.30. An advantage of sol-gel is the possibility 

of homogeneous mixing on an atomic scale; thus it is expected that the volume chemical 
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inhomogeneities will be minimal. This suggests th~ possibility that volume scattering is not 

the dominant loss mechanism in sol-gel waveguides, and that surface effects will detennine 

the waveguide loss. The results of Roncone23 are consistent with the thesis of dominant 

surface contribution. 

The magnitude of the surface scattering contribution will depend in part upon the 

amplitude of the propagating field at the waveguide interface. The single-mode, dielectric, 

slab waveguides deposited in this work are asymmetric structures, because the cover layer 

index is less than the substrate index. This asymmetry determines the confmement and 

distribution of the electric field of the guided mode. The confinement factor is defined as 

the percentage of the mode propagating within the waveguide layer, and depends upon the 

effective indices of the waveguide layer and the substrate. The confmement factor in the 

waveguides fabricated in this study varied from 60-85%. 

Figure 3.1 is a plot of the electric field distribution in a typical waveguide structure 

and shows the amplitude of the electric field at the interfaces of the structure as a function 

of changing film index. The amplitude of the electric field at the film/substrate interface is 

greater than the field amplitude at the air/film interface in all cases. Decreasing the 

waveguide index shifts the transverse electric field distribution in the guide structure and 

increases the amplitude of the electric field at the film/substrate interface. The same shift 

occurs if the waveguide index is held constant and the layer thickness is decreased. The 

higher field amplitude at the waveguide/substrate interface accentuates the effects of flaws 

or defects at this interface, and thus the importance of the surface preparation and 

characterization of the substrates. The scattering at both the air/film and film/substrate 

interfaces will contribute to the measured loss, however, the scattering at the film/substrate 

will be the more important contribution due to the higher amplitude of the electric field at 

this interface. 
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Figure 3.1: Plot of the electric field profIles within the waveguide structure as a function of 
fIlm refractive index, when nc=1.00, ns=1.46, d=O.25Jlm, and 1..=632.8 nm.23 

In the following sections, the effects of both fIlm structure and substrate surface 

upon the loss characteristics of spin coated solution derived waveguides will be explored. 

The analysis techniques used to quantify the effects will be described in section IT, then in 

section ITI the results of the analysis will be presented and discussed. The analysis of 

processing conditions on waveguide performance is divided into two parts: 1) effects 

related to chemical or solution factors and 2) substrate effects. 

.- -----------.- . 

• 
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Effect of Ambient Conditions 

The ambient tempemture and atmospheric composition (humidity, solvent vapor 

pressure) during deposition will affect the film formation reactions. As vaporization and 

decomposition reactions cause the film to consolidate, simultaneous condensation within 

the structure increases the viscosity and the resistance to material flow. The ambient 

tempemture will influence the solvent vaporization mte as the solution spreads, altering the 

organic content of the fIlm during firing. The partial pressure of water over the sample 

during deposition will affect the mte of condensation, as higher humidities will cause the 

film structure to be more cross-linked and. to stiffen too quickly. Figure 3.2a maps the 

processing condition limits experimentally observed for ethoxide based Si(h-Ti(h solution 

derived waveguides spun at 3500 rpm. The effect of spin speed on the location of the 

boundary was not detennined. The boundary drawn in the figure divides the range of 

ambient conditions into regions of film qUality. Films processed in ambient conditions 

located above the boundary are cmcked or cloudy, while conditions below the boundary 

allow the fabrication of cmck-free f:Llms. 

The number of points in Figure 3.2a is not large, and the conditions tested do not 

cover the entire humidity range represented in the plot. The reason is that the samples were 

fabricated at two locations, the Arizona Materials Lab (AML), and the Optical Sciences 

Center (OS C). The ambient conditions available at these two locations were very different. 

The ambient tempemture at both sites varied with season, but in general, the conditions at 

the AML tended to be 8 - lODC wanner and less humid than the conditions at the OSC. An 

enclosed work space was constructed at the AML to allow better control of the tempemture 

and humidity during solution synthesis and film deposition. At the OSC, ambient 

conditions were uncontrolled. 

--------- -------~---.--
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Figure 3.2a: Graphical representation of the effects of humidity and temperature for 
ethoxide based solutions. 
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Within the upper region, cracked and de-laminated films tended to occur at higher 

temperatures, while cloudy films tended to occur in conditions of higher humidity. The 

position of the boundary in the map was detennined by visually inspecting the quality of 

thin films spun from a variety of solutions and under a variety of conditions. The precise 

location of the boundary can vary with the composition of the deposition solution, and so is 

shown in Figure 3.2a as a dotted line. For example, solutions prepared with the addition 

of complexing agents can extend the crack free region to conditions of higher humidities31 

by reducing the reactivity of the solution. Figures 3.2b and c are examples of cracked and 

cloudy films processed under conditions within the upper region in Figure 3.2a. Markers 

in Figure 3.2a indicate the ambient conditions during deposition of the fllms shown in the 
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optical micrographs. Both samples shown in 3.2b and 3.2c were 50Si:50Ti Si02:Ti02 

fIlms spun at 3500 rpm for 30 seconds then fired in a pre-heated furnace at 500·C for 15 

minutes. 

The causes of film cracking and de-lamination of thin films are drying stresses, 

identical to the effects modelled in bulk sol-gel pieces by Scherrer. The cmcks shown in 

Figure 3.2b look like "dried mud flats" and are very similar to drying cmcks seen in bulk 

samples. These cracks occurred in films deposited at higher ambient tempemtures. An 

increased tempemture during deposition will increase the mte of solvent evapomtion from 

the film and promote faster drying. Cross-linking reactions continue simultaneously in the 

drying gel structure. The strength of the unfIred gel structure will depend upon the extent 

of cross-linking. If the faster drying rate does not permit adequate cross-linkL'1g, the 

structure will not be strong enough to withstand the stresses induced d~g drying and will 

crack. 

The cloudy appearance of the film shown in Figure 3.2c was caused by the 

presence of a high concentration of small cracks in the surface, which looked as though 

many small bubbles had burst at the surface. Cloudiness tended to occur in films 

processed in higher relative humidities. A possible explanation for the formation of cloudy 

films is that increased water concentration during film formation would increase the mte of 

cross-linking relative to the mte of drying. The enhanced cross-linking of the structure 

would increase the viscosity and prematurely stiffen the structure, tmpping solvent in the 

film. During fIring, the tmpped solvent vaporizes, locally increasing the stress on the 

structure. When the local structural stress caused by the tmpped vapor increases beyond 

the strength of the network, the surface ruptures, allowing the vapor to escape. 

The map of conditions plotted in Figure 3.2a must be considered from the 

perspective of waveguide fabrication. Films processed under the conditions in the lower 

.... - ._----, 
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portion of the graph were crack-free, and could be, but were not necessarily, good quality 

waveguides. Waveguide quality depends upon a number of additional factors which will 

be explored in the: rest of this chapter and dissertation, but it can be stated with certainty that 

a cracked or cloudy film is not a high quality waveguide. Thus Figure 2a simply defines 

the minimum processing requirements for a particular solution that allow, but do not 

guarantee, fabrication of high quality, low loss waveguides. 

Figure 3.2b: Optical micrograph of a cracked film. The deposition conditions of the film 
are noted in Figure 3.2a, marked with the letter "B". 



Figure 3.2c: Optical micrograph of a cloudy film. The deposition conditions of the film 
are noted in Figure 3.2a, marked with the letter "C". 

Surface Striae 
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Although spun films can be extremely smooth, often features such as mottling and 

striations occur. The images of film surfaces shown in Figures 3.3a and b are examples of 

the mottling and striation features. Mottling occurs at the center of the waveguide, while 

the striae extend radially from the sample center. The occurrence and cause of these 

features have been studied and modelled in photo-resist systems32-35. One theory33 is that 

striations result from gradients in surface tension in the coating. Random fluctuations in 

composition or temperature across the area of the film produce regions of higher surface 

tension. The film liquid is drawn to the regions of elevated surface energy 



Figure 3.3a: Optical micrograph of a mottled 50Si:50Ti film surface. 

and form ridges. The local increase in curvature in these regions causes preferential 

solvent evaporation, which raises the surface tension further, pulling more liquid into the 

ridge. In a planar configuration this process results in the formation of cells which, 

elongate radially during spinning to form the surface mottling and striations.35 
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The presence of striations in the waveguide surface can affect the loss 

characteristics if the amplitude of the ridges or striae in the surface is large. The pattern of 

the striations in the surface is radial; thus the propagating mode may travel parallel to the 

striae or may intersect the striae, depending upon the location of the coupling point on the 

guide. Modes coupled into severely striated surfaces resulted in propagating streaks with a 

marked increase of in-plane scatter. In-plane scatter widens the propagating beam as it 

traverses the length of the guide. If the plane of the waveguide is defined as the x-z plane 
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Figure 3.3b: Optical micrograph of a striated 50Si:50Ti fIlm surface. 

in coordinate space, then the forward scattering direction of the beam is assumed to be 

along the z axis. Although the majority of the light will propagate in the forward direction, 

there will be a fmite scattering component in the x direction, due to in-plane scatter. A 

visible manifestation of this effect is the illumination of the waveguide edges when the 

beam is coupled into the layer. Loss measurements were difficult for waveguides with 

significant in-plane scatter, as the broadened streak artificially increased the amount of light 

reaching the detector due to the loss system configuration. 

Striae and mottling characteristics were investigated by altering the deposition 

conditions for fIlms of 50:50 mole % Si(h-Ti02 ethoxide and butoxide based solutions. 
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Mottling of the film surface occurs whenever striae are present, the striae extend radially 

outward from the mottled (spotty or blotchy) center region of the film. The ethoxide 

solution was synthesized with titanium ethoxide and a single solvent, ethanol. The 

butoxide solution was prepared using titanium butoxide as the titanium source and a solvent 

mixture of ethanol and isopropanol. Though the characteristics of the as-spun films were 

very different, both solutions produced low loss waveguides « 1 dB/cm). Striations 

appeared as the films dried and were affected by the ambient atmosphere during deposition 

and the age of the spinning solution. The ethoxide solution dried completely after spinning 

for 30 seconds, yielding as-spun fIlms which were hard, as determined by a razor scratch 

test. The striations, if they formed in ethoxide fIlms, formed before the film stopped 

spinning. The butoxide films WI~re still wet after spinning and were easily scraped off the 

substrate. In the butoxide film, striations became visible after spinning as the fIlm dried. 

Surface uniformity of the films were determined visually prior to fumace firing, and 

visually and with optical microscopy after firing. 

To evaluate any ntmospheric influence on striae formation, the ambient atmosphere 

during deposition was altered by fIlling the spinner reservoir with ethanol, isopropanol, or 

water. An ethanol rich atmosphere increased the presence of striae in the butoxide fllms 

and decreased the presence of striations in the ethoxide films, while an isopropanol rich 

environment caused the opposite effect. An increased solvent concentration over the fIlm 

during deposition will suppress the vaporization rate from regions of low solvent 

concentration. This will reduce the magnitude of the surface energy gradients that cause the 

formation of striae. Changes in ambient humidity did not systematically influence the 

presence or absence of striae, suggesting striae formation is affected most strongly by the 

vaporization of the solvent during drying. 
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Solution Age 

Observations about the effect of solution age on the formation of striae were made 

by comparing fIlms spun from the same solution on different dates. Striae were present in 

films spun immediately after the butoxide solution synthesis,'however, after the solution 

aged a week, films could be spun without striae. After the butoxide solutions had aged 6-8 

weeks longer, spun fIlms would again have striated surfaces. Films spun with the ethoxide 

solution immediately after spinning were not striated. Films spun from ethoxide solutions 

aged 7-9 weeks were striated. The influence of the solution age on the presence of 

striations clearly indicates that solution structure plays a role in detennining the presence or 

absence of striations. 

As a solution ages in storage, polymerization reactions continue, forming longer 

molecular chains and polymer structures with a higher degree of cross-linking. Studies of 

the speciation of TEOS solutions with time have shown that for acid catalyzed solutions, 

the kinetics of the hydrolysis and condensation reactions favors the formation of linear 

polymer chains of increasing length, with little cross-linking. The continued condensation 

in solution structure is accompanied by an increase in the relative alcohol concentration 

because alcohol is a by-product of the condensation reaction. 

The characteristics of the Si:Ti solutions will be very different than the pure TEOS 

case. The results of the various studies of the solution chemistry of Si:Ti solutions are 

contradictory as to the extent of the homogeneous initial formation of Si-O-Ti linkages in 

solution6,7,11-16. The reaction kinetics in Ti alkoxides favors condensation over 

hydrolysisl1 , suggesting an increased probability of formation of clusters ofTi rich 

polymer species. 

-- -------- .. 
f 
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The homogeneity of the solution will be determined by the distribution in the size of 

the polymer species, as well as the extent of cross-linking of the polymers. A broad 

distribution of molecular sizes in the solutions may cause regions of inhomogeneity in the 

spun fIlm, as the molecules of disparate sizes are spread across the substrate under the high 

shear forces experienced during spinning. The spreading characteristics of larger, highly 

cross-linked molecules would be expected to be different than shorter linear molecules. 

The variety of species present as the film spreads would lead to local structural 

inhomogeneities in both the spreading liquid and the gel film. Inhomogeneities in the film 

structure cause gradients in the swface tension across the film area, enhancing the 

formation of striations. 

The differences between aging characteristics of the Ti ethoxide and butoxide 

solutions will also be related to the differences between the precursor Ti alkoxides. 

Titanium ethoxide easily forms dimer or trimer structures in solution and is not expected to 

be monomeric when reacted. Titanium butoxide has a much slower reaction rate, due in 

part to steric effects of the larger ligand. The Ti blltoxide precursor is expected to be 

mostly monomeric when reacted. The difference in ligand will affect the rate of reaction 

with the pre-hydrolyzed TEOS solution, and also the aging rate. 

The initial reaction between the solution species will be rapid, as the alkoxide 

species mix and react and polymer chains begin to form. The desired product is the 

formation of Si-O-Ti linkages as the Ti alkoxide molecules react with the pre-hydrolyzed 

TEOS. Eventually, a quasi-equilibrium state is attained in solution as the rates of 

hydrolysis, condensation and the reverse reaction of re-alcoholization will balance, and the 

rate of condensation will slow, but not stop. The distribution of polymer molecular sizes in 

the soiution at this point would be narrow. 

.~ --.~-------- ----- .. , 
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It is reasonable to assume that the slower reacting butoxide species will require a 

longer period to reach an equilibrium state in solution than the Ti ethoxide spedes. A non

equilibrium solution may consist of an inhomogeneous distribution of monomeric alkoxide 

species, dimeric, trimeric or higher alkoxide species and alcohol. A film deposited from 

such a non-equilibmted solution could reasonably be expected to have increased gmdients 

in the surface energy, which would exacerbate the formation of ridges. 

After the solution has attained relative equilibrium, condensation reactions continue, 

but the spinning characteristics of the solution would be constant. The length of time of the 

equilibrium period was not significantly different for the ethoxide or butoxide solutions. 

As the condensation reactions continue, the extent of reaction gmdually increases and the 

avemge size of the solution species will increase. It is possible that during extended 

stomge time, the clustering tendency of the Ti alkoxide will manifest itself and the solution 

will become increasingly heterogeneous, as the growth of higher molecular weight polymer 

species broadens the distribution of solution species. Increasing the heterogeneity of the 

solution will obviously affect the spreading characteristics of the film, which will affect the 

energy gradients across the surface of the film. The point at which each solution will reach 

this point in its structural evolution will vary with solution chemistry. 

Substrate Effects 

Table 3.1 lists the characteristics of the waveguide substmtes used in this study. 

The values listed for the index and thenna! expansion were obtained from the 

manufacturers. The statistical rms roughness of the substmte an,d film surfaces were 

determined using Atomic Force Microscopy (AFM) data. The area of the scan was 4 f..lII1 x 

4 f..lII1. The experimental preparation and procedures employed to analyze the surfaces are 



48 

presented elsewhere23• Comparing the roughness of the bare and coated substrates, the 

roughness of the fihn/air interface is less than the bare substrate/air interface indicating the 

sol-gel coating planarizes the substrate. The higher roughness at the substrate/film 

interface, coupled with the asymmetry of the electric field distribution, shown in Figure 

3.1, suggests that the scattering at the film/substrate interface will dominate the scattering 

losses due to surface roughness. 

Table 3.1: Substrate characteristics and AFM derived statistical surface roughness and 
calculated surface contribution to the loss. The index and thennal expansion (ath) data is 
quoted from the manufacturers. The AFM and model results are quoted with permission 
from the Ph.D. dissertation of Roncone, 1992. 

Predicted Losses for: 
Substrate ath RMS Uncorrelated Correlated Average 

Index (x 10-6) Roughness Surface Surfaces Measured 
50Si:50Ti Film (nm) (dB/em) (dB/em) Loss (dB/em) 

Pyrex 1.472 3 0.62 

Film on Pyrex 1.736 0.20 0.341 1.18 0.5-1 

Fused Silica 1.457 0.5 0.64 

Film on f. silica 1.723 0.19 0.366 1.275 1-2 

Soda Lime 1.511 9 0.20 

Film on soda lime 1.759 0.13 0.055 0.126 2-4 

The predicted attenuation for correlated and uncorrelated surfaces for 50Si:50Ti 

waveguides, listed in Table 3.1, were calculated using the AFM data and reflect the 

contribution of surface scattering only. The waveguides were spun from the same solution 

under class 100 clean room conditions and constant ambient temperature and humidity. 

Correlated surface roughness occurs when the topography and roughness of the substrate 

.-.-.. _- ._ .. --.-. --.---, 
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is reproduced at the film/air interface. The theory and calculations used to model 

waveguide attenuation due to surface scattering are detailed in other work23. Comparing 

the predicted loss results, the order of the best quality waveguide (lowest loss) as a 

function of substrate type is expected to be soda-lime, pyrex, fused silica, with the loss of 

waveguides deposited on pyrex and fused silica substrates expected to be approximately the 

same. However, the actual losses listed in Table 3.1 reveal that the best quality 

waveguides are deposited upon pyrex substrates and the worst upon soda-lime substrates, 

with a significant difference between the pyrex and fused silica. 

The measured losses are significantly higher than the values predicted by the 

surface scatter theory for uncorrelated surfaces. In this analysis, the contribution of all 

other sources of loss is assumed to be identical for all the waveguides irrespective of the 

substrates. The comparison of theory and experiment suggests that the fIlm roughness may 

be correlated or mixed in character (ie. partially correlated), or that the model is not con·ect. 

Correlated fIlm surfaces are not expected, since the oxide film is not grown in atomic layers 

on the substrate surface as in sputtered or evapomted fIlms. Defects on the order of the 

roughness in Table 3.1 on the substrate surface would be completely covered by the spun 

gel film. As the gel fIlm is fired and consolidates, it seems unlikely that the atomic 

roughness « 1 nm) at the interface would be reproduced through the bulk of the sol-gel 

film (> 100 om) during evolution of the film structure during firing. 

The effect of gross flaws or defects in the fIlm is also not included in the predicted 

loss values. The theory used to calculate the waveguide attenuation assumes that 

absorption is negligible and all scattering (surface and volume) sources are much smaller 

than the propagating wavelength (Rayleigh limited). The theory does not account for the 

effects of scattering from pinholes or dust inclusions, which would act as point scatterers. 

The interaction of the propagating streak with the pinholes or dust inclusions (relatively 
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large flaws) on the surface or in the mm results in point scattering events and large changes 

in the scattered intensity, or "hot spots". Further characterization of the bare and coated 

substrate surfaces was done using SEM to determine the incidence and distribution of these 

larger flaws and defects as a function of substrate type. The effect and importance of these 

large fJaws are evaluated with respect to determining the intrinsic loss of the waveguide 

material. 

Figures 3.4a,c,e are SEM images of the uncoated surfaces of the substrates used in 

this work. The images were chosen to represent the typical surface features and flaws seen 

over the area of the surface scanned, and a general, not statistical, survey of the surface 

defect concentration was taken. The surfaces of the pyrex and fused quartz slides were 

mechanically polished during manufacture. As seen in Figures 3.4c, residual polishing 

scratches are distributed over the entire surface of the fused quartz slide. Pits and residual 

surface pores are also present in the surface of the quartz slide. However, the images of 

the pyrex slides, shown in 3.4a, were completely featureless, suggesting that they may 

have been chemically as well as mechanically polished to obtain such flawless surfaces. 

The largest density of flaws was seen on the surface of the soda-lime slide, shown 

in Figure 3.4e. The pits and large inclusions shown in the image were numerous and 

randomly distributed over the surface of the slide. The soda-lime slides were manufactured 

via the float glass technique and not mechanically polished. In float glass manufacture, a 

glass sheet is formed on top of a layer of molten metal. The surface of the glass is 

atomically smooth, as verified by the AFM result The source of the pits and inclusions in 

the slide surface may be glass chips created as the glass sheet is cut into slides. 

The SEM evidence indicates the best deposition surface, ie. the surface with the 

fewest flaws, is the pyrex slide, and the worst is the soda-lime slide. The SEM results also 

reveal a significant difference between the pyrex and fused quartz surfaces, with the fused 

----"-----------
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quartz surface containing pits and pores not seen in the pyrex. The SEM evidence suggests 

that the explanation for the trend in the actual loss results as a function of substrate listed in 

Table 3.1 is related to the quality of the substrates on a microscopic rather than atomic 

scale. 

Micrographs of the surfaces of waveguides deposited on the various substrates are 

shown in Figures 3.4b,d,f and g. All of the waveguides analyzed were processed under a 

class 100 hood in a clean room at the OSC. The concentration of the surface flaws in the 

waveguides correlated directly to the quality of substrate surfaces, with the fIlms on pyrex 

having the least number of flaws and the films on soda-lime the most. The flaws shown in 

the micrographs are examples of the defects characteristic of the sample. For the films 

spun on tlle pyrex and quartz slides, shown in Figures 3.4b and d, the only type of flaw 

noted was micron-sized cracks or "pinhoies" associated with embedded dust particles. 

Pinholes are formed when dust particles land on the surface of the fIlm after spinning and 

become embedded in the film. The presence of the embedded dust locally affects the film 

shrinkage, initiating a small crack or "pinhole". Pinholes are normally not visible to the 

unaided eye. Dust or debris which lands on the surface of the substrate prior to spinning 

causes a ridge of material to form ahead of the defect as the solution is spread radially 

during spinning. As the spreading liquid is forced around the obstacle, a trough extends 

radially beyond the obstacle, forming a "comet" visible in the surface of the film. The 

absence of any "comet" features in the waveguide surfaces attests to the success of the 

cleaning procedures employed. The details of the cleaning procedures will be discussed 

presently. 
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Figures 3.4a: SEM micrograph of uncoated pyrex substrate. 

Figure 3.4b: SEM micrograph of film on pyrex substrate 
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Figures 3.4c: SEM micrograph of uncoated fused quartz substrate. 

Figure 3.4d: SEM micrograph of film on fused quartz substrate 
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Figures 3.4e: SEM micrograph of uncoated soda-lime substrate. 

Figure 3.4f: SEM micrograph of film on soda-lime substrate 
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Two types of flaws were prevalent in the fIlms spun on soda-lime: bubbles 

associated with intrinsic substrate surface flaws, and cracks associated with embedded 

dust. Flaws of both types were randomly distributed over the entire surface area in a much 

higher concentration than in the fIlms spun on pyrex or fused quartz. The evidence in the 

micrograph shown in Figure 3Af suggests that the bubbles formed at the defects intrinsic 

in the soda-lime substrate, creating ruptures when they burst. The inclusions found on the 

bare soda-lime surface apparently act as sites for the formation of bubbles as solvent 

evaporates during drying and heating of tlle film. The film structure stiffens as the gas 

collects as the fIlm dries, then when the pressure increases to beyond the strength of the 

bonds in the fIlm, the bubble will "burst" and a crack is formed. 

The high concentration of surface defects in the waveguide deposited on soda-lime 

suggests that the impact of these defects may explain why the measured losses are much 

higher than predicted by the surface scatter theory. Figure 3.5a is an example of a loss data 

measured for a 50% TiOz (50Si:50Ti) waveguide deposited under clean room conditions 

on a pyrex substrate. A linear fit of the data yields the loss of the waveguide, shown in the 

figure; the small standard deviation in the fit means there was minimal scatter in the 

measured intensity of the light Figure 3.5b is the plot of the loss data measured for a 

50Si:50Ti waveguide deposited on a soda-lime substrate in a clean room. The large spikes 

in intensity along the length of the guide indicate the presence of defects or "hot spots" in 

the streak. Each defect acts as a point scatterer, increasing the intensity of light entering the 

detector at that point. The scatter due to the ~efects increases the loss calculated by a linear 

fit of the data and also the standard deviation of the measurement. If the measured loss of a 

waveguide is considered a sum of the contribution of all sources of loss, then the effect of 

the substrate defects simply adds an additional component of loss to the equation. 

However, the large magnitude of this component dominates the loss and masks the 



56 

"intrinsic" loss of the film material, which in this context is defmed as the scattering losses 

. caused by surface roughness and volume inhomogeneities. Loss measurements on 

waveguides spun on pyrex substrates would be a much more reliable indicator of the 

intrinsic material loss, because the contribution of discrete scattering due to defects is 

minimal. 
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Figure 3.5a: Plot of a low loss 50Si:50Ti waveguide on a pyrex substrate. 

1.5 

The plot shown in Figure 3.6 presents the results of a correlation test of the loss 

data. As described in chapter 2, the loss system was aligned such that the PMT/slit 

assembly which moved along the propagating streak always moved across the same region 

_.- ----- -- - --- -----------
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of the fiber bundle. This set up was designed to gaurantee the repeatability of the . 

measurement, and was calibrated to remove systematic errors due to electronci noise and 

fiber defects. To verify the independence of the loss data collected, the loss (dB) of 2 

waveguide traces are plotted against one another. The data from 2 loss measurements taken 

at 2 spots on a single 65Si:35Ti waveguide are plotted in Figure 3.6. If the data were 

correlated, the plot would be a line. The evidence of the plot indicates that the loss 

measurements are noisy, but not correlated. 
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Figure 3.5b: Plot of loss of 50Si:50Ti waveguide deposited on a soda-lime substrate. 
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Figure 3.6: A plot of correlation test of the loss system. The loss measured at two points 
on the same waveguide are plotted against one another. If the data were correlated, or 
contained systematic noise, the plot of the data would be linear. 

Effect of Gross Surface Flaws 

The SEM evidence indicates that the main flaws in the waveguides spun on pyrex 

or fused quartz were particles of dust which landed on the surface after spinning. The 

number of these defects is obviously related to the ambient concentration of dust present 

during deposition. To investigate the effect of increased concentration of dust on the loss 

characteristics of the waveguides, 2 sets of waveguides were prepared. One set of 

waveguides was prepared under standard laboratory conditions, the other under class 100 

clean room conditions. The results in Table 3.2 compare the loss measured for these 2 sets 
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of waveguides, fabricated from the same 35 mole % Ti02 (65Si:35Ti) solution under 

similar ambient temperature and humidity. The f1lrns were deposited on pyrex substrates 

drawn from the same manufacturer's lot and cleaned using identical procedures. Thus, the 

only difference in processing between the 2 sets of waveguides was the ambient 

concentration of dust during deposition. Measurements were made immediately after 

fabrication, and care was taken to gather data from areas where the impact of substrate 

flaws was deemed to be the least and therefore their contribution to the total loss would be 

minimal. The reported loss is an average of several measurements made on an individual 

waveguide. The error bars on the index and thickness defined the precision of the prism 

coupling techniques, the error bars on the loss measurements are derived from the linear 

fits of the loss data. 

Each sample set consisted of four waveguides to demonstrate the reproducibility of 

the processing and waveguide quality. The waveguide sets were compared in 2 ways, by 

the measured losses reported in Table 3.2 and by the quality of the coupled streak. 

Waveguide attenuation was detennined by measuring the intensity of the light scattered out 

of the plane of the waveguide along the length of the guide. The loss values reported are 

average values, measured at several places on each waveguide, the uncertainty quoted is the 

average standard deviation of the linear fit to the raw loss data. The losses of the 

waveguides prepared in the clean room were consistently lower (approximately 0.5 dB/em) 

than the losses of the fIlms prepared under standard lab conditions (1 dB/em). The 

standard deviations in the loss measurements for the waveguides processed in the clean 

room were also consistently lower, indicating that there was less scatter in the data. Since 

the only difference between the 2 sets of waveguides was the location of their processing, 

this result suggest that the 0.5 dB/em difference between the 2 sets is caused by a higher 

concentration of defects fonned in the dirtier environment. 

--------- -_._-_.----_ .. -
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Streak quality was detennined by visual evaluation of the guided streak and 

graphical comparison of the loss data for the incidence of "hot spots". The discrete 

scattering events caused by the surface defects produce intensity spikes in the data and can 

skew the experimental results if care is not taken. Figure 3.7 compares the loss data for 

two waveguides, one from each set 1isted in Table 3.2. The difference between the 2 plots 

is the increased amount of scatter and the presence of spikes in intensity in the data for the 

waveguide processed under standard laboratory conditions. The spikes in intensity are 

caused by the interaction of the coupled light with the large surface defects. Detennination 

Table 3.2: Comparison of the characteristics of waveguides prepared in a typical lab and 
under clean room conditions. The waveguides were fabricated from the same solution 
under similar ambient conditions. The substrates were drawn from the same 
manufacturer's lot and prepared using cleaning procedure I (see Table 3.10). 

Waveguides Prepared in Processing Lab Waveguides prepared in Clean Room 

Index Thickness Average Index Thickness Average 
(+ .001) (2 + nm) Loss* (+ .001) (2 + nm) Loss* 

1.660 332 1.4 ± 0.2 1.657 323 0.42 ± 0.1 

1.663 266 1.4 ± 0.2 1.662 247 0.68 ± 0.1 

1.662 206 1.0 ± 0.2 1.664 212 0.51 ± 0.1 

1.669 186 1.11 ± 0.5 1.667 181 1.0±0.1 

* Loss was measured at A. =632.8 nm with units of dB/cm. 

of the loss for the samples prepared under standard lab conditions was more difficult due to 

the presence a higher number of the "hot spots" in the streak, because the magnitude of the 

loss is calculated from a linear fit of the plotted data. Unlike the soda-lime sample shown 
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in 3.Sb, the concentration of the defects is much lower and the streak may be scattered by 

only one or two defects. 

The presence of an intensity spike near the end of the scan can increase the slope 

fitted to the data, thus artificially decrease the loss measured for the guide. For example, 

compare the linear fit') of the 2 data sets are included in Figure 3.7. The fit of the guide 

processed under standard conditions indicates a loss of 0.06 dB/cm, which is inconsistent 

with other experimental observation. To compensate for this affect the data can be filtered 

or smoothed, however, extreme care must be taken to insure an accurate measure of the 

film l,oss. The preferable choice is obviously to minimize the number of defects in the film 

and avoid any question of validity of measurement technique. The waveguides processed 

in the clean room contained fewer pin holes, but none of the films were completely free of 

flaws. The impact of dust defects is particularly important in lower loss waveguides, as the 

0.5 dB/cm increase would be less obvious in lossier materials (> 2 dB/cm). 

The interaction effects noted for the single mode, high index sol-gel waveguides are 

much more severe than for waveguides fabricated using ion diffusion techniques. 

Waveguides processed using ion diffusion techniques typically have a much smaller &t 

« 0.01) between layers and are much thicker (> l/lm). The thicker ion exchanged 

waveguides are typically multi-mode with very high confinement factors for the 

propagating modes. In addition, any dust present rests on the top of the waveguide 

surface, rather than being incorporated into the film sttucture. Because the field intensity at 

the interfaces of the waveguide structure is much weaker, the interaction between dust on 

the surface and the propagating beam will be greatly reduced compared to high index sol

gel waveguides. 
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Cleaning Procedures 

The results of Table 3.2 and Figure 3.7 establish the importance of minimizing the 

number of dust defects to obtain low loss (0.5 dB/em). The possible effect of the substrate 

preparation procedure was also investigated. Uncleaned substrates produced films of very 

poor quality, covered with dust comets and areas where the solutions did not wet due to 

grease and oil residues. Table 3.3 lists the various cleaning procedures compared in 
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Figure 3.7: A plot to show the effect of hot spots. The open circles (labelled W44) are data 
measured for a 65Si:35Ti waveguide processed under standard laboratory conditions. The 
clo::ed circles (labelled W64) were measured for a 65Si:35Ti waveguide porcessed under 
clean room conditions. The arrow identifies the best fit line for W64. 
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preparation of the substrate surfaces. The effectiveness of the cleaning procedures was 

compared by preparing a series of substrates in the clean room and then depositing identical 

waveguides and evaluating the loss. No systematic improvement in loss characteristics 

was noted between the different methods listed in Table 3.3. The imponant factors in 

substrate preparation appeared to be the removal of oils and gross din and dust from the 

surface. Washing the surfaces in a soap solution adequately de-greased the slides, and a 

gentle physical scrubbing of the surface with gloved fingers under a stream of de-ionized 

water was necessary to break the surface tension holding small dust pieces to the surface. 

Table 3.3: A compilation of the cleaning procedures tested. 

Method Procedure 

A 1. Ultrasonic wash in soap solution 2. rinse and physically scrub surface with 
gloved finger 3. ultrasonic rinse in ethanol 

B 1. Ultrasonic wash in soap solution 2. rinse 3. ultrasonic rinse in ethanol 

C 1. Ultrasonic etch in acid solution 2. wash in soap and water physically 
scrubbing surface with gloved finger 3. rinse with DI water 4. rinse in ethanol 

D 1. Ultrasonic etch in base solution 2. wash in soap and water physically 
scrubbing surface with gloved finger 3. rinse with DI water 4. rinse in ethanol 

E 1. Ultrasonic etch in acid solution 2. ultrasonic etch in base solution 3. 
ultrasonic wash in soap solution 4. rinse and physically scrub surface with 
gloved finger 5. ultrasonic rinse in ethanol 

Ultra-sonic cleaning was not sufficient to remove the dirt and dust from the surface, or to 

break the surface tension holding the d.ust on the surface. Table 3.4 compares the loss 

measured for identical waveguides deposited on substrates ultrasonically cleaned and on 

.-.-~---~ --_ .. - -, 



substrates ultrasonically cleaned and gently scrubbed. Clearly the scrubbed surfaces 

yielded higher quality, lower loss waveguides. 
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Table 3.4: Table comparing the effect of rubbing vs. not rubbing substrate surfaces during 
cleaning. The data in this table demonstrate the importance of rubbing the surface of the 
substrate during cleaning. The substrates were taken from the same lot of pyrex substrates. 

Sample Composition Cleaning Loss Index Thickness 
Conditions (1..= 632.8) (+.001) C±2 nm) 

LW23 50:50 Si:Ti ultrasonic 1.0 ± 0.1 1.753 158.4 

LW43 50:50 Si:Ti physical* + 0.5 ± 0.1 1.763 142.5 
ultrasonic 

LW25 65:35 Si:Ti ultrasonic 1.0±0.1 1.666 240.5 

LW44 65:35 Si:Ti physical* + 0.56 ± 0.15 1.663 249.2 
ultrasonic 

* the tenn physical indicates that the surface of the substrate was rubbed with a 
gloved fmger during the cleaning procedure, prior to ultrasonic agitation in a 
cleaning solution. 

Summary and conclusions 

In this chapter, the effect of variations in the processing conditions was assessed 

for spin-deposited, sol-gel, Si(h-Ti02 waveguides. Ambient temperature and humidity 

during deposition affect the reactions of film fonnation and whether or not the fired film is 

cracked or cloudy. In general, films spun in high temperatures (> 30·C) tended to be 

cracked, while films spun in high humidity (> 60 % RH) tended to be cloudy, though the 

----------
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precise conditions that result in crack free films can vary with solution chemistry. The 

smoothness and radial unifonnity of the films was also affected by changes in the ambient 

conditions. Sniations fonn due to gradients in sUlface tension in the film surface, their 

presence can be mitigated or exacerbated by changes in the solution characteristics or the 

ambient atmospheric conditions. Severe corrugations in the surface were observed to be 

deleterious to waveguide performance because they appeared to increase the amount of in

plane scatter of the guide. 

The measured waveguides loss is the sum of all connibuting sources of loss. The 

loss connibution due to scattering form surface defects can dominate the measured loss, 

masking the material loss. Surface analysis, using AFM and SEM techniques, compared 

the quality of bare and coated substrates on atomic and microscopic scales, respectively. 

The connibution of surface scatter due to atomic scale roughness was calculated using the 

AFM data. The model result suggested that the smoothest and best surface should the 

soda-lime slides. However, the microscopic characterization of the soda-lime surface 

showed a high concentration of inclusions of debris present in the bare surface. The 

included debris caused the formation of bubbles in the ftlm during drying and firing which 

burst creating cracks and pinholes. Defects caused by the presence of embedded dust were 

also seen. 

The only flaws noticed in the microscopic survey of the waveguides deposited on 

pyrex and fused quartz substrates were pieces of dust embedded in the film surface. The 

dust lands on the just spun fIlm, prior to the firing and becomes embedded. The presence 

of the embedded dust initiates a micron-sized crack in the film surface during firing, 

creating a pin hole. The presence of a large number of these pin holes can mask the 

intrinsic loss of the material, and increase the measured loss. To obtain an accurate 
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measure of loss due to the material characteristics, it is necessary to minimize the number of 

surface defects caused by processing. 

A number of different cleaning procedures were investigated to determine which 

would result in the lowest concentration of defects, however, no systematic improvement 

in waveguide quality were observed. The only important aspects of the cleaning process 

appear to be the de-greasing effect and the physical disturbing of the surface to dislodge the 

dust pieces. 

Based on the evidence of this chapter, a set of simple guidelines for the successful 

fabrication of solution derived waveguides is proposed. The ambient humidity during 

deposition should be as low as possible, and the ambient temperature should be kept 

constant. The age of the solution strongly affects the features of the fIlm, as does the 

quality of the substrate. The best waveguides are generally spun from solutions less than a 

month old, though of course this varies a bit with the particular chemistry of a solution. 

The high concentration of defects in standard soda-lime microscope slides make them a 

poor choice as a substrate. Pyrex substrates have the best optical quality surfaces, with the 

fewest defects. Proper preparation and c!eaning of the substrate is crucial, but the simplest 

cleaning procedures were sufficient The most important aspects of substrate cleaning are 

the removal of grease and dust from the surface, both of which are accomplished by 

washing with soap and de-ionized water. If possible, waveguides should be processed 

under clean room conditions, to minimize flaws due to dust inclusions in the fIlm after 

spinning. The removal of dust from the surface requires that the surface of the substrate be 

gently scrubbed during washing. Although adherence to these simple guidelines will not 

guarantee fabrication of waveguides with losses < 0.5 dB/em, it will minimize the effects 

of processing artifacts in attenuation measurements. 
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Chapter 4 

Effects of Variations in Solution Synthesis 

Background 

This chapter presents a study of the effects of changing solution parameters on the 

properties of the fired Si02-Ti02 thin films. The characteristics of films spun from solutions 

synthesized with and without the addition of a complexing agent, and with varied amounts of 

water added for pre-hydrolysis are measured. Changes in refractive index, composition and 

optical loss were measured and correlated to film processing history. The target or designed 

composition for all films was 50:50 (molar ratio) Si02-Ti02 (50Si:50Ti). The effects of 

processing variations were evaluated with respect to the quality of the fired films. The relative 

homogeneity of the resulting films was determined by comparing optical attenuation 

measurements. 

Effect of Water:TEOS Ratio 

Table 4.1 reports film characteristics and optical properties as a function of changes in 

the amount of water added to pre-hydrolyze the TEOS and additions of chelating agent, 

acetylacetone (2,4-pentanedione or acacH) to the Ti aIkoxide during synthesis. These results 

are for films spun onto soda-lime substrates and baked for 15 minutes at 500·C. The amount 

of water added affected the quality of the films spun in both the complexed and uncomplexed 

solutions. 

For solutions with water:TEOS molar ratios greater than 2: 1, an insoluble precipitate 

formed when the Ti aIkoxide was added to the TEOS. The presence of these precipitates 
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Table 4.1: Characteristics of the solutions studied and of the films deposited from these 
solutions. The top section of the table lists the uncomplexed solutions, compiled in 
decreasing H20:TEOS ratio. In the lower section of the table the complexed solutions are 
listed, again compiled in decreasing H20:TEOS ratio. 

Solution H2O:TEOS acacH:Ti Film Index Thickness Loss 
(.15N HCI) Features (+0.01) Olm) (dB/em) 

A 2:1 fine faint 1.754 0.23 0.5-1.5 
striations 

B 1:1 cracked on 1.77 0.20 
heating 

C 0.03:1 t no striae 2.0 0.11 >10 

D 0:1· no striae 1.94 0.12 3-4 

E . 20:1 2:1 cracked on 1.74 0.19 
heating 

F 4:1 2:1 cracked on 1.76 0.21 
heating 

G 2:1 2:1 striations 1.76 0.21 0.5-2 
mottling 

t Added as concentrated HCI 

prevented further investigation of these solutions as waveguide precursors. A temporary 

precipitate formed in the the 2: 1 solutions reacted at 60·C, but the solid re-dissolved within 

minutes and good waveguides, with losses of 1-3 dB/em, were spun. The formation of the 

precipitate was related to the reaction temperature of the solution during synthesis. Solutions 

reacted at 60·C formed temporary precipitates, solutions reacted at 50·C did not. Swprisingly, 

the quality of the films spun from freshly reacted solutions of both types (precipitating and 

non-precipitating) did not vary greatly. However, the precipitated solutions deteriorated faster 
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and produced films with more striae than did the non-precipitating solutions. The fonnation of 

a precipitate, even a temporary precipitate, strongly suggests a non-homogeneous solution 

structure. Therefore, the data in Table 4.1 is for waveguides spun from non-precipitating 

solutions. All other solutions were reacted at 50·e; no further investigation of the effect of the 

synthesis temperature was undertaken. It should be noted that lowering the synthesis 

temperature of the solutions with water:TEOS molar ratios greater than 2:1 did not suppress the 

precipitation. 

Films spun from the solutions with the reduced water:TEOS ratio of 1:1 cracked under 

all ambient processing conditions. Solutions which yielded cracked films were not further 

investigated as waveguide precursors. 

Solutions synthesized with extremely low water content (0.03:1 and 0:1 H20:TEOS 

molar ratios) produced uncracked films. The refractive indices and optical losses measured for 

these compositions were much higher than any of the other waveguide formulations. 

No precipitate formed in any of the complexed solutions; however, crack-free films 

could not be deposited when the H20:TEOS ratio was greater than 2: 1. The complexed 

solutions with a 2: 1 H20:TEOS ratio spun uncracked waveguides with a range of measured 

loss of 0.5-2 dB/cm. Solutions synthesized with additions of acacH but no water did not wet 

the substrates, and therefore could not be deposited and were not further analyzed. 

Film Composition 

The composition of the waveguides was measured using Rutherford Back Scattering. 

The RBS measurements were done on "witness" films deposited on single crystal silicon. The 

witness films were prepared identically to the waveguide samples, but on a different substrate. 

The single crystal silicon was a convenient substrate for the RBS measurements, because the 
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ion beam could be aligned in such a manner as to "channel" between the columns of atoms in 

the substrate, thereby greatly decreasing the signal detected from the substrate and enhancing 

the sensitivity of the fllm measurement. Table 4.2 lists the composition and carbon content 

measured for films spun from the uncomplexed and complexed solutions with a water:TEOS 

ratio of 2: 1, as well as the low water solutions. The Si{fi atomic ratio for the pre-hydrolyzed 

solutions, both uncomplexed and complexed, is found to be the expected value of 1, within 

experimental error. The Si{fi ratio for the low water solutions is much less than the expected 

value, indicating a loss of Si from the fllm structure during heating. The uncertainty of the 

RBS results is determined from a statistical error analysis of the measurement. 

Table 4.2: RBS composition results for fllms fired for 15 minutes at the listed temperature. 

Si/fi atomic ratio after bake Weight % Carbon after bake 

Solution 200·C 400·C 500·C 1200·C 400'C 500·C 

A 1.1 ± 0.3 1.1 ± 0.2 1.0 ± 0.3 3±1 1.6 ±0.8 <0.5 

G 1.1 ± 0.3 1.3 ± 0.2 1.1 ± 0.1 7±1 1.3± 0.2 <0.5 

C 0.33±0.03 0.33±0.03 0.33±0.03 11 ±2 * <0.5 

D 0.35± 0.03 0.29±0.03 0.28±0.03 11 ±2 * < 0.5 

* not measured 

The carbon content of all the fllms was observed to decrease as the firing temperature 

was increased. The highest carbon content was measured in low water films at 200·C. After 

firing to 500·C, the carbon content of all the fllms was below the sensitivity limit of RBS, 

which was estimated to be 0.5 weight %. 

• ••• _____ o_ , 
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Films from complexed solutions contain twice as much carbon as films from 

uncomplexed solutions after heating to 200'C, but the amount of carbon in these films is 

reduced to similar levels after heating to 400'C and 500·C. The FTIR spectra plotted in Figure 

4.1 support the RBS results. Figure 4.1 compares the FI1R spectra of films spun from the 

complexed and uncomplexed 2: 1 solutions. The spectra recorded after the 200'C heat 

treatment show differences due to the effect of the presence of the chelating agent. The spectra 

of both samples, after heating to 500'C, are very similar. 

sooe 

4000 3640 3280 2920 2560 2200 1840 1480 1120 760 400 
Wavenumber (1 fcm) 

Figure 4.1: FrIR spectra comparing films spun from complexed (curves 1 and 3) and 
uncomplexed (curves 2 and 4) solutions as described in the text. The broad peak at 3300 cm-1 
is associated with the presence of OH groups in the structure. The peaks in spectra 1 around 
1500 em-I are due to the presence of organic specie related to the chelating agent Peaks 
associated with Si-O-Si, Si-OH, and Si-O-Ti are present at 1070, 1100, and 910 cm-1 
respectively. 16 
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The addition of the complexing agent increased the range of environmental conditions 

in which films could be deposited. The uncomplexed solutions could not be spun if the 

. ambient relative humidity was greater than 30%, as the films turned cloudy before baking, or 

cracked upon removal from the furnace. The chelated solutions could be spun under all 

humidity conditions. Although effects of furnace atmosphere are not discussed in this work, it 

was observed that films spun from the complexed solutions could be successfully fired in a 

humid furnace (created by flowing wet air or oxygen through the furnace), but the films spun 

from the uncomplexed solutions were cracked and cloudy when fired under these conditions. 

Temperature Effect on Attenuation 

The average losses measured in waveguides spun on various substrates after 

consecutive heat treatments at 300, 400, and 500·C are listed in Table 4.3. The average loss of 

a waveguide is detennined by measuring the loss in 2 - 4 spots on the guide. These 

Table 4.3: Temperature Effect on Loss 

A verage Loss after 30 minute bake at 
noted Temperature 

Substrate 300·C 400·C 500·C 

Soda-Lime 2-3 3.5-4 < 1 

Pyrex 2-3 9-9.5 0.65-0.7 

Fused Si02 4.6-5.6 10-11 2 
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waveguides were fabricated using an uncomplexed solution with a water:TEOS ratio of 2: 1 and 

substrates which were cleaned, dried at 200°C for 30 minutes, and stored in class 100 

conditions until deposition. The films were baked at the noted temperature for 30 minutes~ and 

the losses were determined prior to treatment at the next temperature. The maximum loss is 

observed at 400°C and there is an apparent effect related to substrate choice. 

Substrate Effects 

The refractive indices measured on films spun on different substrates and baked for 15 

minutes at 500°C are listed in Table 4.4. The substrates for this study, were stored in de

ionized water and were spun dry just prior to deposition. The index of the film spun on the 

soda-lime is higher than that measured for the fIlms on silicon or silica. Table 4.5 shows the 

change in refractive index measured for a waveguide with increasing bake time at 500°C spun 

on soda-lime. The substrate for this experiment was dried at 200°C prior to deposition. The 

index of this film increased 0.04 as the total or cumulative bake time increased. 

Table 4.4: Refractive Index for films on various 
substrates baked for 15 minutes at 500°C 

Substrate Index 
(+ 0.01) 

Soda-Lime 1.76 

Fused Si02 1.74 

Silicon 1. 74 

.. ---- -- -- -------, 
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Table 4.5: Index measured by prism coupling as a function of bake time at 500·C for a film 
spun on a soda-lime substrate. The index was measured at A. = 632.8 nm. 

Bake Time Index 
(hrs) <± 0.(05) 

0.25 1.74 

0.5 1.75 

4 1.772 

6 1.779 

Discussion 

The ability to obtain crack-free waveguides is strongly dependent upon the amount of 

water added during the pre-hydrolysis step of the synthesis. Variations in the quantity of water 

will influence the amount and type of polymerized species in solution. Evidence from the 

literature on the Si~ system suggests that only specific polymeric configurations will produce 

crack free films upon drying and firing. For example, spinnable solutions result when TEOS 

is reacted with water and an acid catalyst to form linear polymer chains and loosely cross

linked clusters. 1-5 In the Si~-Ti02 system, the formation of these spinnable polymeric 

species is complicated by the presence of the titanium containing species. Variations in the 

solution synthesis may alter the polymerization reactions in solution, changing the nature of the 

spinning solution, and the structure of the gel fIlm. 

In the case of the unchelated solution with 2: 1 water ratio, waveguides with losses of 

< 1.0 dB/cm could be spun. Only cracked films could be spun from the uncomplexed 1: 1 

water:TEOS solution. Films from both solutions were uncracked upon drying after spinning, 

-----------""----""_.- .. _._ ... 
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but the films from the lower water solution cracked on firing at elevated temperatures. The 

smaller amount of water present for hydrolysis in the 1: 1 solution would decrease both the 

extent of the condensation of the TEOS and the reaction with the Ti species. The resulting 

weakly cross-linked fllms would be less likely to withstand the stresses induced during the 

decomposition and consolidation processes. 

For the uncomplexed, low water solutions (0.03:1 and 0:1 water:TEOS), the 

mechanism of fllm formation appears to be different than in the higher water cases above. 

These solutions are unlikely to polymerize significantly prior to deposition, and yet good, crack 

free films can be formed with them. The as-spun structure of these films likely consists of 

short chains and monomeric species which do not form a continuous network. The hydrolysis 

and condensation of the film will occur by reaction with the ambient humidity. The as-spun 

films were placed immediately into a pre-heated furnace; therefore the amount of time for the 

spun film to react was minimal. It is possible that upon fIring, significant decomposition and 

consolidation occurs in the polymeric species before they form a cross-linked structure. 

Because cross-linking is delayed to later stages of the prOCessing, stresses induced during 

firing are reduced. 

The refractive indices and losses of the low water fllms are much higher than the 2: 1 or 

1: 1 water:TEOS films. The RBS results of Table 4.2 reveal that the relative amount of Si 

present in the low water films has been reduced during heating. This reduction is likely due to 

the preferential vaporization of low molecular weight Si species. Apparently, the faster 

reacting Ti species are :mfficientIy polymerized via ambient humidity to prevent their 

vaporization. 
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Figure 4.2: Theoretical refractive index v. atom fraction TiCh. The Points C and D denote the 
solutions (listed in Table 4.1) from which the samples were spun. Error bars of ± 0.01 are 
plotted for both points, C and D. 

Figure 4.2 is a plot of the calculated refractive index expected in the amorphous Si02-

Ti02 system, with the measured refractive indices for the 0.03: 1 and 0: 1 solutions included at 

the atom fraction Ti02 indicated by RBS (0.75 and 0.78 respectively, labelled C and D in the 

figure). The theoretical index for amorphous TiOz was calculated using the Lorentz-Lorenz 

equation, using values for the molar refractivity of the Ti and ° atoms36•37, drawn from the 

conventional glass literature, and assuming the density of amorphous anatase was 3.3 g/cm3, 

or 85% of the density of the crystalline anatase. As this figure illustrates, the indices of 

samples C and D are much higher than expected for a homogeneous, amorphous structure. 

---, 
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The higher indices measured in these films suggests the presence of high index 

crystallites in the film. In an earlier study of SO:SO Si02-Ti02 waveguides, crystallization of 

the anatase phase ofTi0:2 in the films caused a similar increase in refractive index. In addition, 

Melpolder and coworkers38 have shown that the crystalline phase anatase forms in 20:80 

Si02:Ti02 films after a S minute heat treatment at SOO·C. The presence of crystallites would 

also explain the much higher losses measured in waveguides spun from the low water 

solutions, as the crystallites will increase the scattering losses. 

A comparison of solutions A and G in Table 4.1 illustrates the similarity of waveguides 

spun from the complexed and uncomplexed 2: 1 (water:TEOS) solutions. The FI'IR and RBS 

data indicate that the chemical composition of the fIlms after baking to SOO·C is also similar. 

Waveguides spun from both solutions hav~ similar loss values at A. = 632.8 nm, suggesting 

that the difference in homogent:ity or absorption between the films is minimal. The principle 

advantage of adding the complexing agent to these solutions was that it extends the range of 

environmental conditions in which waveguides can be produced. 

The influence of bake temperature on loss is clearly demonstrated in the results of 

Table 4.3. Differential thermal analysis reported by Weisenbach and coworkers9 indicated that 

the decomposition and removal of organic species occur in the temperature range of 200-

SOO·c. The increase in the loss at 4OO·C noted in Table 4.3 is possibly related to the presence 

of decomposition products and free carbon radicals in the structure. These carbonaceous 

species may act as absorption sources, or alternatively, they may reduce the metal cations in the 

film, producing absorption centers. After heating to SOO·C the apparent effect (as measured by 

the waveguide loss) of the residual carbon has been reduced. 

As seen in Table 4.4, fIlms spun onto soda-lime substrates have somewhat higher 

refractive indices than films spun on Si02 or silicon. These results were obtained using 

substrates that had been stored in de-ionized water prior to spinning. The results in Table 4.S 
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show the evolution of the refractive index during heat treatment of a waveguide on a soda-lime 

substrate that was heated to 200·C just prior to film deposition. Here the film fired for 15 

minutes shows a lower index than the corresponding film in Table 4.4, but its index is then 

observed to increase to about 1.78 after 6 hours at temperature. 

These results suggest that diffusion of ions into the film from the soda-lime substrate is 

occurring. Diffusion of Na and Ca ions into sol-gel Ti02 films deposited onto soda-lime 

substrates has been documented by Yoldas, who noted that the index of Ti02 films decreased 

as Na diffused into the structure,39 In contrast, additions of Na40 and Ca41 are known to 

increase the refractive index of Si02. The manner in which these cations influence the index of 

a binary silica titania glass has yet to be studied in detail. 

Films deposited on soda-lime substrates soaked in de-ionized water exhibit an index of 

1.76 after 15 minutes at 500·C. In comparison, films on dried soda-lime substrates require 

times in excess of 30 minutes to achieve the same index. A possible explanation of this result 

is that soaking the substrate in water produces a hydrated, porous layer at the surface of the 

slide, which is removed by firing to 200·C. The diffusion coefficients of the Na and Ca ions 

are expected to be much higher through the hydrated layer, producing the faster diffusion 

kinetics suggested by the results for the film on the water soaked soda-lime substrate, and the 

higher index. 

Conclusions 

For the solutions of this study, the quantity of water added to pre-hydrolyze the TEOS 

prior to the addition of the Ti ethoxide has a major impact on the ability to obtain waveguides. 

Only water quantities near the ratio 2: 1 (moles water:moles TEOS) successfully produced 

waveguides. Films spun from solutions synthesized with low water content lose Si from their 

.~.~.-, 
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structure during heating. They also exhibit unusually high refractive indices likely due to 

crystallization. 

The addition of a complexing agent to the deposition solution does not improve the 

apparent homogeneity of the resulting waveguide. The losses measured for waveguides spun 

from both the complexed and uncomplexed solutions are similar, indicating that the film 

structures have similar levels of homogeneity. However, the addition of a chelating agent to 

the solution results in a more stable solution with respect to ambient processing parameters. 

The firing temperature strongly influences loss in the waveguides, possibly due to the 

presence of residual carbon radicals in the film. Waveguides processed at 500·C had the 

lowest measured loss, consistent with the reduction in carbon content observed by RBS. The 

possible effects of carbonaceous residuals in the films will be further explored in chapter 5. 

Finally, waveguides on soda-lime substrates exhibit a higher refractive index, possibly due to 

the diffusion of ions from the substrate into the film. 

_._. -'-'-"--'-- .. _._ .. ,--_._--



CHAPTER 5 

DENSIFICATION AND ATTENUATION OF TERNARY OXIDE 

WAVEGUIDES 

Background 

80 

Binary compositions in the Si0:2-Ti0:2 system have been investigated for application 

as high index, low loss « 1 dB/cm), planar waveguides. The SiCh-TiCh is a convenient 

system because of the wide range of refractive index available for synthesis by sol-gel 

despite the insolubility of Si0:2 and Ti0:2. This insolubility limits the range of glass 

compositions that can be fabricated conventionally. Phase separation of the components 

can be an issue in sol-gel ftlms as well. One method to inhibit the phase separation 

tendency is to add a third component to the composition42-44. The additions chosen in this 

work were A120:3 and ZnO. Following the analysis of Nakagawa and Itzutani42 these 

oxide additions are expected to lower the tendency to phase separate, while maintaining a 

high refractive index. 

In this chapter, the effect of additions of Zno and A120:3 to binary Si(h-Ti02 films 

was determined by measuring the effect on film densification behavior and optical 

properties. In the following sections, the densification behavior of the optical and 

structural properties of binary Si0:2-Ti02 waveguides will be described to establish a 

baseline. The compositions of 35 and 50 mole % Ti0:2 will be compared to demonstrate 

the effect of simply lowering the amount of TiCh added to the solutions. Then additions of 

A120:3 and ZnO and their affect on the film properties will be demonstrated. 
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Densification Results 

The densification behavior for each composition is plotted in Figure S.la as 

thickness v. firing temperature. Each data point represents an individual film spun and 

fired for each composition. The error bars placed on the data were estimated from an error 

analysis of the ellipsometer measurement, which is presented in detail in chapter 6. The 

uncertainty in the film thickness determined by ellipsometry was determined to be 

± 1 nm. The error bars are included in all of the plots, but are sometimes difficult to see. 

Although the trend measured for the all the compositions was similar, with the expected 

decrease in film thickness with increased firing temperature, there were several interesting 

differences to note. For the SOSi:SOTi composition, film thickness decreased 

monotonically in the temperature range of 200 - 6OO·C, then remained constant (within 

experimental uncertainty) in the range of 600 - lOOO·C. In contrast, the film thickness of 

all the other compositions decreased with increasing temperature until 800·C, then 

remained constant in the range 800 - lOOO·C, although there is scatter in the data. 

Figures S.l b, c, and d plot the thickness of the samples as a function of fIring 

temperature to emphasize the differences between the compositions. In these expanded 

views, it is evident that the linearity of the densification data is most obvious for the 

6SSi:3STi and SOSi:SOTi films. The scatter in the data for the compositions and the small 

number of data points makes the interpretation of other curve features uncertain. For 

example, the shrinkage of the ternary Al compositions appears to approach a plateau in the 

temperature range of 400-600·C. To confirm the existence of this apparent plateau, 

additional data at smaller temperature intervals are necessary. 

- ~.---. ---.- -------, 
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Figure 5.la: Film Thickness plotted as a function of fIring temperature 
for the all the fIlm compositions. 
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The dependence of film index on firing temperature is plotted in Figure 5.2a. In 

Figures 5.2b, c, and d, expanded plots of the index are presented to clarify the data 

included in 5.2a. For all samples, the index of the films increased monotonically with 

firing temperature, though the scatter in the data varied with composition. The large 

amount of scatter in the 65Si:35Ti data is related to the fact that the film thickness was 
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approximately equal to the half wave thickness, thus the uncertainty of the ellipsometer data 

is greatly increased. The increase in film index is expected due to film densification and the 

removal of organic and water residuals at higher temperatures. The uncertainty of the 

indices calculated from ellipsometry were determined to have a precision of ± 0.004. 

1.9 • 50Si:50Ti 
0 65Si:35Ti 

1.85 • 50Si:25Ti:25AJ 
0 34Si:33Ti:33AI a • • CJ 

1.8 • 50Si:25Ti:25Zn • 0 
() 50Si:35Ti: 15Zn 

• ~ 

>< 
1.75 • • 

.g • I a 
• a ~ 

~ 1.7 • ~ a 
~ 

8 g 
~ 

~ 

1.65 9 ~. ~ 
~ • ~ 0 I I 

1.6 • I 
t:l 

1.55 
100 300 500 700 900 1100 

Temperature fC) 
Figure 5.2a: Index plotted as a function of firing temperature for 
the all the film compositions. 
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Figure 5.2b: Index plotted versus firing temperature for the 
binary Si02-Ti02 compositions. 
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Figure 5.2d: Index plotted versus fIring temperature for the Zn 
ternary compositions. 

In the formation of solution derived oxide fIlms, organic components are 

evaporated and decomposed from the as-spun fIlms as they dry and are heat treated. 

Placing fIlms into a pre-heated furnace varies the heating rate of the samples as well as the 

soak temperature. The heating rate of the films may influence the evaporation and 

decomposition of organic or alkoxide components from the as-spun film, altering the 

composition of the resultant oxide fIlm. The results presented in chapter 4 suggested that 

preferential vaporization of the Si species during firing of low water 50:50 Si02-Ti02 films 

caused a depletion of Si<h in the oxide fIlm and fIlm crystallization. To verify that the 

stoichiometry of the fIlms did not vary with firing temperature, compositional analysis 

using Rutherford Back Scattering (RBS) was done. 
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Compositional Analysis 

The compositions of films fired to 500 and 1000·C were analyzed using RBS; the 

results are listed in Table 5.1 with the theoretical or expected film composition in atom % 

listed in parentheses. The expected film compositions were calculated using the quantities 

reacted in the solution synthesis, assuming 100% yield, and so do not have uncertainties. 

RBS analysis was not possible on the films with Al ternary compositions, because the 

peaks of the Si and AI ions could not be accurately differentiated and resolved in the 

spectra.45 The atomic Si:Ti ratio for the 50Si:50Ti composition was 1.1: 1 in the samples 

fired at each temperature. This is slightly higher than the 1: 1 ratio suggested by the 

nomenclature adopted to describe the samples. This discrepancy is a result of excess 

ethanol present in the Ti ethoxide source. Titanium ethoxide was obtained from the 

Johnson!Matthey Alfa company and used as received. The synthesis outlined in chapter 2 

was designed assuming pure reactants, but the TET actually contained 10 mole % excess 

ethanol, resulting in the increased Si:Ti ratio. The expected values listed in Table 5.1 were 

calculated including the effect of the excess ethanol. However, for simplicity and 

continuity, the nomenclature established previously will be maintained. 

The atomic % oxygen present in the 500·C mm agreed with the calculated value, 

but the film fired at 1000·C appeared to be oxygen enriched. Analysis of the channeled 

RBS data for the 1000·C film was also more difficult, due to a broadening of the oxygen 

peale. The apparent oxygen enrichment of the mm is thought to be caused by the growth of 

a thermalla)'~ of SiCh" which both increased the measured oxygen content and disturbed 

the atomic alignment of the wafer substrate at film interface, decreasing resolution. 

The atomic Si:Ti ratio of the 65Si:35Ti films varied from the expected 1.85: 1 ratio. 

The composition Qfthe film fired at 500·C walt Si-poor, with a Si:Ti ratio of 1.5:1. The 

---_ ... _---_._. -----... _-_.- ...... _._.- .. - .. 
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Table S.l: RBS results for the films fired to SOO and 1000·C. The parenthetical values are 
the theoretical or expected atom % composition, calculated using the reaction volumes (see 
chapter 3) and assuming 100% yield. The compositions of the films containing Al203 
could not be analyzed using RBS because the overlapping signal peaks of the Si and Al 
atoms could not be accurately resolved 45 

Sam~le (T'C) Atom % Si Atom %Ti Atom%Zn Atom%O 

SOO'C 19.0 ± 1.0 12.7 ± 0.4 68.3 ± 1.0 

6SSi:3STi (22.2) (11.1) (67.0) 

1000'C 18.9 ± 0.8 11.1±0.3 70.0 ± 1.0 

SOO'C 16.0 ± 1.0 lS.0 ± 1.0 69±2.0 

SOSi:SOTi (16.9) (16.1) (67.0) 

1000'C 11.2 ± O.S 9.8 ± 0.5 79.0 ± 1.0 

SOO'C 21.8 ± 0.9 9.6 ± 0.2 1.3 ± 0.1 67.3 ± 0.9 

SOSi:2STi:25Zn (18.4) (8.6) (9.3) (63.6) 

1 000' C 19.0 ± 0.8 9.2± 0.3 1.2 ± 0.1 70.6 ± 1.0 

500'C 20.8 ± 0.9 10.8 ± 0.3 0.7 ± 0.1 67.7 ± 0.9 

50Si:35Ti: 15Zn (17.1) (11.1) (S.2) (66.6) 

1000'C 21.1 ± 0.9 11.1 ±0.2 0.7 ± 0.1 67.0 ± 1.0 

preferential loss of the Si species from the film during firing is likely due to the lower 

water:TEOS ratio in the solution. The loss of Si species from the film during firing was 

noted in the low water solutions prepared in chapter 4. The water:Si ratio established 

during pre-hydrolysis was decreased from 2: 1 to 1: 1 to increase the shelf life of the 

solution. The Si:Ti ratio for the 1000'C film increased to 1.7: 1, but was still lower than the 
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expected mtio. This apparent increase in Si content, relative to the 500·C sample is likely 

an artifact of a thennal oxide layer at the interface. 

The atom % Zn measured for the 50Si:25Ti:25Zn and 50Si:35Ti:15Zn films 

indicate the compositions of the spinning solutions were not realized, and that the Zn 

species was preferentially vaporized from the fllm during firing. The actual compositions 

of the 50Si:25Ti:25Zn and 50Si:35Ti:15Zn films are 66Si:30Ti:4Zn and 65Si:33Ti:2Zn, 

respectively. Preferential loss of the Si species from the Zn ternary fllms during firing was 

not expected because a water:Si molar mtio of 2: 1 was maintained in the spinning 

solutions. The actual compositions of the Zn ternary films were very similar to the 

65Si:35Ti, which explains the very similar densification behaviors of the compositions. 

Structural Analysis 

Figures 5.3a-f present transmission FTIR analysis for each composition after firing 

at 500, 600, 700, and 8oo"C. The units of transmittance are arbitrary, and absorption 

"peaks" register as minima in the spectral curves. The fine structure present in the spectra 

is caused by surface water and hydrocarbon contamination on the samples. Table 5.2a lists 

the peaks present in the spectra and their modal assignments. The spectra for the binary 

and the Zn ternary compositions are very similar to the spectra for the 65Si:35Ti samples. 

This is expected, as the RBS results established that the actual compositions of the Zn 

ternary films are similar to the 65Si:35Ti binary samples. 

Quantitative information from the FTIR data, such as hydroxyl concentration of the 

films, could not be obtained. In the collection of the data using the single beam FTIR, 

opemting in transmission mode, a background spectra was obtained using a blank piece of 

wafer cut from the same wafer as the sample substrate. The sample spectra collected are in 
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arbitrary units, measured relative to the blank Si spectra. However, while this 

methodology is sufficient for identification of the vibmtional modes present, Beer's law 

could not be applied to the intensity. The position and width of the peaks for the 

compositions were observed for the various firing tempemtures, and this data may be used 

to support structural and compositional evidence from other measurement techniques. 

In the 3000 - 3800 cm- I range, a large, broad peak associated with the stretching of 

MO-H structural bonds is seen in the low tempemture spectra of all the compositions5,46. 

The peak area beneath the spectrum baseline reflects the hydroxyl concentration in the film 

microstructures. As the firing tempemture increased, peak: area decreased in all the 

compositions, until the peak was no longer present after fIring for 15 minutes at 800oe. 
This indicates that de-hydroxylation of the films was complete after 800oe. The films 

continued to shrink and densify during de-hydroxylation, though the rate decreased. 

The principle spectral peaks, at approximately 1050,936 and 800 cm- I , are 

associated with the Si-O (TO) stretching, Si-O-Ti stretching, and Si-O-Si bending bond 

vibrations. The Si-O (TO) peak has a shoulder at higher frequencies assigned to the Si-O 

(LO) stretching vibration46-49. No separate peaks are present which can be assigned to AI

o or Zn-O bonds, the peak noted at 1105 cm- I in the 34Si:33Ti:33AI spectra may be due to 

defects within the Si substrate50. Peaks due to oxygen and carbon dioxide appear at 625 

and 2250 cm- l respectively. The position of the Si-O (TO) peak is listed as a function of 

fIring temperature for each of the compositions in Table 5.2b. The peak position varies 

with increasing temperature for all compositions. The shift in the peak positions may result 

from structural or compositional changes. 

The presence of hydroxyls in the microstructure broadens and shifts the position of 

the Si-O vibration to lower wavenumbers. As the hydroxyls are removed and bridging 



91 

800·C 

J!l 
'S 
0 700·C 

~ 
~ 6OO·C 

500·C 

4000 3100 2200 1300 400 
Wavenumber (em-I) 

Figure 5.3a: FI1R speetra measured for 50Si:50Ti films fired at 500 - 800·e. 
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Figure 5.3b: FI1R speetra measured for 65Si:35Ti films fired at 500 - 800·e, 
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Figure 5.3e: FTIR spectra measured for 34Si:33Ti:33AI films fired at 500 - 8ooGe. 
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Figure 5.3d: FTIR speetra measured for 50Si:25Ti:25Al ftlms fired at 500 - 8ooGe. 
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Figure 5.3e: FT1R spectra measured for 50Si:35Ti:15Zn films fired at 500 - BOO·C. 
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Figure 5.3f: FTIR spectra measured for 50Si:25Ti:25Zn films fired at 500 - BOO·C. 
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Table 5.2a: A listing of the FfIR peaks in the film spectra and the vibrational assignment 
for each. 

VVavenumber(cm-1) Assignment Reference 

763 Ti-O-Ti 49 

800 Si-O bending 46 

820 Ti-O-Ti 49 

925 - 945 Si-O-Ti 46,48,49 

940- 960 Si-OH bending 48,49 

1010 - 1080 Si-O stretch (TO) 46 

1110 Si defects 50 

1200 Si-O stretch (LO) 46,47 

1620 adsorbed water 50,51 

3000 - 3800 OH stretch 5,46 

Table 5.2b: Listing of the of position Si-O (TO) stretch vibration as a function of firing 
temperature and composition. 

BakeT 50Si:50Ti 65Si:35Ti 50Si:35Ti:15Zn 50Si:25Ti:25Zn 50Si:25Ti:25Al 34Si:33Ti:33Al 

rC) Si-O, em-1 Si-O, em-! Si-O, em-1 Si-O, em-1 Si-O, em-1 Si-O, em-1 

500 1045 1045 1050 1050 1030 1010 

600 1060 1060 1060 1050 1030 1030 

700 1065 1065 1065 1065 1050 1070 

800 1070 1070 1070 1075 1086 

-~----- - _ .. -- _.------, 
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bonds are formed the position of the Si-O shifts to longer wavenumbers5,47. The peaks in 

the 500 and 600°C spectra for both AI ternary compositions are further red shifted than any 

other composition. The shift in the position of the Si-O peak, associated with the SiOz 

network, suggests that the A13+ ions have been incorporated into the glass network, 

fonning Si-O-Al bonds47. 

Shifts in the IR spectra induced by the addition of A120:3 to multi-component silicate 

glasses have been noted in previous work by Gervais et al.47 and ascribed to structural 

changes caused by the incorporation of Al ions into the silicate glass network. In that 

work, the Al ions occupied Si4+ tetrahedral sites in the network, as AI04 tetrahedra. 

Because the mass and ionicity of the Si and Al ions are similar, the vibrations remain single 

mode after incorporation and no separate AI-O peaks are identified in the IR spectra. 

However, the results of Gervais work cannot be directly correlated to the FI'IR data of this 

work, because these compositions did not contain additions of ions to charge compensate 

the A13+ ions. The coordination of the Al ions in the absence of a compensating ion is 

likely to be octahedral rather than tetrahtXlral. 

The spectral peaks for the 700 and 800°C Al ternary samples are very similar in 

shape and position to the binary and Zn ternary compositions. This difference in peak 

position as a function of firing temperature may indicate loss of AI from the film during 

firing, or that the exaggerated peak shift noted in the 500 and 60{tC spectra is due to a 

substantially larger concentration of hydroxyls, rather than the incorporation of Al ions. 

An alternate possibility would be that the film structure and density changes substantially, 

which would also affect the vibrational mode. A conclusive determination could not be 

made for this point, as the Al ternary film compositions could not be verified. 

The shape of the peak assigned to the Si-O-Ti bonds can be altered by the presence 

of a peak located.at 960 cm- l assigned to Si-OH bonds. The most significant broadening 
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of the peak occurred in the 500 and 6OO·C AI ternary spectra. The peak broadening in 

these samples may be due both to the presence of hydroxyls and AI-O-Ti bonds in the 

structure. The smaller peak assigned to the bending vibration of the Si-O-Si bond is noted 

at 800 cm-l in all but the 500 and 600·C spectra of the Al ternary samples. The absence of 

this peak in the AI spectra is further evidence of the incorporation of the Al ions into the 

SiQz network. However, the Si-O-Si peaks reappear in the 700 and 800·C spectra, 

suggesting that the film composition may be varying with temperature, or alternatively, that 

the structure is changing. 

Phase Analysis 

Microstructural changes in the temperature range of 600 - lOOO·C were analyzed 

using thin film x-ray diffraction. Except where specifically noted, the signal level was 

constant for all measurements. The x-ray diffraction patterns and labelled peaks of the 

50Si:50Ti fllms flred at 600 - lOOO·C are shown in figure 5.4a. The patterns at 600 and 

700·C appear amorphous, with no peaks present A single peak is noted in the 800·C 

pattern at a d-spacing of 0.35 nm, consistent with the several phases of TiOz, including 

anatase, brookite and the "B" phases52,53. The single peak identifled in the pattern 

precluded a deflnitive identification. These results are consistent with those of Melpolder et 

al. 38, who reponed a crystallization temperature of 650·C for the 50Si:50Ti composition, 

and identified emergent crystal phase as anatase. As the firing temperature increased, the 

intensity of this peak increased. 

The size of the crystallites present in the 800 and lOOO·C 50Si:50Ti fIlms was 

analyzed using the Scherrer equation54• The Scherrer equation is: 

--_. __ ... --' -- .. ---------, 
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B =0.9 A 

(t cos as) 

where B is the peak width, measured at the FWHM (full width, half maximum) of the 

peak, I.. is the x-ray wavelength (Cu Ka), 9B is the Bragg angle, and t is the size of the 

crystallites in the sample. Using this analysis, the crystallite size calculated for the SOO·C 

sample was 1.6 nm; the crystallite size in the lOOO·C film was 5.S nm. These results will 

compared presently with the results of high resolution TEM analysis . 
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Figure 5.4 a: X-ray diffraction pattern for 50Si:50Ti thin fIlms fired for 15 minutes at the 
temperatures noted. 

Figure 5.4b plots the x-ray patterns of the 65Si:35Ti fIlms as (l function of firing 

temperature. The patterns at 600 and 700·C contain no peaks, confirming the amorphous 

nature of the films after firing at those temperatures. A low intensity, broad peak is seen in 

--------_ .. - .... -. 
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the 800'C pattern, corresponding to a d-spacing of 0.35 nm, indicating that the emergent 

crystalline phase is the same as in the 50Si:50Ti samples, as expected. This result agrees 

with the crystallization temperature observed by Mel polder et al. for films of 65Si:35Ti 

composition. In the 900 and 1000'e patterns the same single peak narrows and intensifies. 

The structural development evidenced by the diffraction patterns for the AI ternary 

and Zn ternary compositions differed significantly from that of the binary compositions. 

The diffraction patterns for the 50Si:25Ti:25Al samples are displayed in Figure 5Ac. The 

patterns for the 600, 700 and 800'C fJlms appear amorphous, with no peaks. Careful 

-'-___ 1 __ • __ • ., 

L .. , , , " . ...,...,- '-'-'--",-r , "1"[1111 ~r~1 ~~,~r ~klJ.J..lu.J 
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Figure 5.4 b: X-ray diffraction pattern for 65Si:35Ti thin films fired for 15 minutes at the 
temperatures noted. 
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inspection of the 900 and 10OD·e patterns reveals a small, broad peak at 25.3·, suggesting 

the presence of anatase crystallites. However, these peaks are extremely small and barely 

above the background noise, which is elevated in comparison with the other compositions. 

The small, broad nature of the peak suggest that any anatase crystallites present are very 

small in size. The patterns for the 34Si:33Ti:33AI composition are shown in Figure 5.4d. 

Again, the 600 and 700·e patterns appear amorphous, with no peaks present. The 800·e 

pattern appears to contain a very small, broad peak at 25.3·, however the 900·C pattern 

clearly contains no peak. Due to experimental conditions, the radiation signal level for the 

900·e samples was 1/3 lower than the 800·e. This suggests the possibility that the signal 

e-..... 
en 

~ 
c::: -

Figure 5.4 c: X-ray diffraction pattern for 34Si:33Ti:33AI thin films fired for 15 minutes at 
the temperatures noted. 
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was not high enough to detect the presence of the crystallites in the 900·C sample, or that 

the small broad peaks described in the SOSi:2STi:2SAI samples are simply artifacts of the 

noise level of the enhanced signal. The pattern for the l000·C f11m contains the peak at 

2S.3· associated with anatase. 

+-r-.-...--. ........ -..--.- I I i -r-r-"ii....,..--r-T""'"'I-r-r-...-.-.--.-........ --.-__ ~~ L. _____ SuoO __ --1.O 20 2" so 311 4Q 

Theta 

Figure S.4 d: X-ray diffraction pattern for SOSi:2STi:2SAI thin fIlms fIred for IS minutes at 
the temperatures noted. 

The diffraction patterns for the Zn ternary compositions are displayed in Figures 

S.4e and f. The 600 and 7OO·C patterns for both compositions are amorphous. The 

patterns for the SOSi:3STi: lSZn samples are particularly noisy, and the 800T pattern is not 

------------- -------------
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presented. The 9OO·C pattern for the 50Si:35Ti:15Zn composition and the 800·C pattern 

for the 50Si:25Ti:25Zn composition contain a broad peak at 25.3·, identified with the 

anatase phase. The 50Si:35Ti: 15Zn film fired to 1 DOO·C produced a pattern containing 2 

peaks. The peak at 25.3· associated with the anatase phase, and a peak located at 25.5·. 

The peak at 25.5 has a d-spacing of 3.239, which is the strongest reflecting plane of the 

Theta 

Figure 5.4 e: X-ray diffraction pattern for 50Si:35Ti: 15Zn thin films fired for 15 minutes 
at the temperatures noted. 

rutile phase of Ti02. Rutile is the high temperature phase of Ti02. The 900·Cpattern for 

the 50Si:25Ti:25Zn composition contained 2 peaks, however the lOOO·C pattern contained 

--------------------- -
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only the peak associated with the rutile phase. Evidence of rutile was noted only in the 

compositions containing additions of ZnO. These results suggest that the reaction of the Zn 

species in solution or the presence of Zn in the film during firing altered the phase 

development and enhanced the nucleation of rutile. 

Theta 

Figure 5.4 f: X-ray diffraction pattern for 50Si:25Ti:25Zn thin films fired for 15 minutes at 
the temperatures noted. 

Cross-sectional TEM images for the 50Si:50Ti fIlms fired at 600, 700 and BOO'e in 

Figures 5.5a,b,c. The micrograph of the film baked at 600'e shows a homogeneous. 

vermicular microstructure characteristic of amorphous materials viewed by TEM. Figure 

5.5b is a micrograph of a fIlm fired at 700'e for 15 minutes. revealing a microstructure 

--_ ... _---- -------
• 
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very different than that of the 600·C sample. Regions of order or "fringes" are seen 

throughout the fllm volume. These features are lattice fringes, which are visible when the 

zone axis of planes of the crystal are aligned along the axis of the electron beam. The very 

small size of the crystallites means that only the strongest diffracting planes will fonn 

fringes, creating the illusion of preferred orientation. The crystallites are < 5 nm in size, 

homogeneously distributed and randomly oriented in the film. TIle fringes were analyzed 

using optical diffractograms to detennine the lattice parameter. Using this technique, two 

crystalline phases were identified within the film volume: the anatase and B phases of 

TiCh. Examples of each are marked in the micrograph. The B phase of Ti02, which is 

very uncommon in nature52,53, has a monoclinic structure, and slowly transfonns to 

anatase when heated to 500 and 600·C. An image of a fllm baked for 15 minutes at SOO·C 

is shown is Figure 5.5c. Larger crystalline regions are visible in this micrograph, with 

phases identical to the 700·C film. 

The size of the crystallites revealed in the micrographs generally support the results 

of the calculation using the diffraction peak width and the Scherrer equation. The crystal 

size predicted by the Scherrer equation at SOO·C was 1.6 nm. Although this is smaller than 

that measured in the micrographs, the difference may be explained by the high volume % of 

amorphous content in the fllms, which would also broaden the broad peaks. The peak size 

predicted by the x-ray diffraction for the l000·C films is 5.S nm. Unfortunately, there are 

no TEM micrographs of the l000·C film for comparison. However, the crystal sizes in the 

micrographs of the 700 and SOO·C samples were very similar, suggesting that a crystal size 

of 5.S nm is not unreasonable for the l000·C fired films. 

The TEM results seems to contradict the x-ray diffraction results for the 700·C 

sample. The x-ray diffraction pattern for the 700·C film indicated the sample was 

-,-.- ._--- - - -- . 
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amorphous. The sensitivity of the x-ray diffraction depends on both the size and the 

volume fraction of the crystallites within the mm. As shown in the TEM micrograph of 

Figure 5.5c, the volume fraction of the anatase crystallites presented in the film is high, but 

the crystallites are very small « 5 nm). The small amount of material in the thin film 

interacting with the x-ray beam results in a smaller signal entering the detector, decreasing 

the sensitivity. This suggests the diffraction configuration used was not sensitive enough 

to detect the small crystals present in the 700·C samples. The slightly larger crystallites in 

the 800·C film were detected by the diffractometer, establishing the detection limit for the 

diffractometer. The TEM results suggest that the thin film diffractometry technique used 

was likely not sensitive enough to detect the presence of crystallites in all the samples. 

Modelling the Film Densification 

The data of Figure 5.1 and 5.2 have been recast in Figures 5.6a,b, and c with film 

index plotted against the reduced (or normalized) thickness of the film. The reduced 

thickness was calculated by taking the inverse of the film thickness, then multiplying by the 

film thickness after firing to 8oo·C (d8OO•C). The film thicknesses were reduced to pennit 

the data to be plotted on a common scale. The film thickness at 8oo·C was assumed to 

represent the thickness of a completely dense amorphous film. Figure 5.2a shows the data 

for the 65Si:35Ti and the 50Si:50Ti ftlms. The plot of the 50Si:25Ti:25AI and 

34Si:33Ti:33AI films, shown in Figure 5.6b, is distinctly linear in the temperature range 

200 - 800·C, supporting the contention that the apparent plateau in Figure 5.1d is not real. 

The 50Si:25Ti:25Zn and the 50Si:35Ti: 15Zn data shown is Figure 5.6c is very similar to 

that of the 65Si:35Ti samples, as expected in light of the compositional analysis. The plots 

of Figure 5.6 have several interesting aspects. 
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Figure 5.5 a: TEM image of 50Si:50Ti film fired at 600'C for 15 minutes. 
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Figure 5.5 b: TEM image of 50Si:50Ti film flred at 700°C for 15 minutes. 
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Figure 5.5 c: TEM image of 50Si:50Ti fUm fired at 800·e for 15 minutes. 
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The CUIves for all the compositions are very similar, with two regions of behavior. 

In the flrst region, the curves are linear, and the thickness decreases and index increases 

monotonically with increasing temperature. In the second region, the slope of the curve 

changes discontinuously, as the thickness remained constant and the index continued to 

increase. All of the compositions, except for the 50Si:50Ti exhibit this discontinuous 

feature at Boo·C. The discontinuity in the curve occurs at 6OO·C for the 50Si:50Ti. The 

evidence of the x-ray diffraction and TEM results indicate that the samples are crystalline in 

the second region, suggesting this curve feature may be characteristic of fllm 

crystallization. 

Another interesting aspect of Figures 5.6a,b and c is that the slope of the curves in 

the amorphous region of the plot is similar for all the compositions. The linearity of the 

curve in the amorphous region suggests that the densification might be modelled using a 

simple model, assuming the increased density is due to the removal of porosity in the fllms 

as the flring temperature is increased. The refractive index is related to fllm density using 

the Lorentz-Lorenz relation36.37.55-62: 

(n2..1) = Pmm * (LXjMj)-1 * .'E~Rj (equation 5.1) 

(n2+2) 

where n is the film index, Mj is the molecular weight of the fllm composition, P is the film 

density, Xj is the mole fraction of the ions in the composition and Rj is the molar 

refractivity of the constituent ions of the fllm. 

The fllm density, PfIlm, can be related to the theoretical density of the oxide 

composition by introducing a scaling factor, or reduced density, Pred. The relationship to 

Pfilm is deflned by: 

- --.---~- .. --.---.--+-- .----.--~-------. , 
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Pmm = Prcd • Pili (equation S.2) 

where Pth is the theoretical density, or the density of the oxide composition when the film 

is 100% dense. The definition of density is mass divided by volume, therefore, the 

reduced density, Pred, is equal to the actual density (mass/volume) divided by the 

1.9 

1.85 
50Si:50Ti 

1.8 
.... • .... 

>I! 1.75 
.g 
.s 

1.7 

1.65 

1.6 -

D~O~~~"~""D~' 
..... 'D' .. 

D 0 

200 C 65Si:35Ti 

1.55 
0.6 0.7 0.8 0.9 1.1 

Reduced Thickness (d/d8OO•C) 
Figure S.6a: Index plotted against reduced thickness for the SOSi:SOTi and 
6SSi:3STi films. The lines represent a linear best fit of the data in the first 
region. 

theoretical density (mass/volume). If the weight loss experienced by the films is assumed 

to be negligible, then the actual mass = theoretical mass, and the scaled density term 

reduces to the theoretical volume/ actual volume. 
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Figure S.6b: Index plotted against reduced thickness for the Al ternary 
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Figure S.6c: Index plotted against reduced thickness for the Zn ternary 
compositions. The lines represent a linear best fit of the data in the first region. 



But film densification occurs only in the direction nonnal to the layer surface, 

therefore, the volume fraction is reduced to the fraction of the theoretical thickness of a 

111 

dense film divided by the actual fllm thickness. This reduced thickness equals the oxide 

fraction in the fllm, and at 100% density, the reduced thickness (d<ld) of a fIlm will be 

unity. The quantity 1-d<ld deflnes the volume fraction of "undense" portion of the film. 

Inputting the reduced thickness into equation 5.2, the fIlm density is redefmed as: 

pfilm = Pth * (do) (equation 5.3) 
d 

Using this relationship, the change in the film thickness can be factored into the model. 

Thus the equation: 

(n7..1) = [pth * {D{jM)ot * DejRj ] * (do) (equation 5.4) 
(n2+2) d 

can be related to the densification data for the films. The fonn of the equation is y = rnx, 

where the slope, m, is the quantity in the square brackets. If the "slope" is constant, then a 

plot of equation 5.4 will be linear. A constant slope assumes that the mole fractions of the 

fllm remain constant, and that the undensified film fraction is excess volume or porosity 

fllled with air. The densification of the fllm occurs as the excess volume or porosity is 

removed from the film, but the moles of material present do not change. If the number of 

moles of material present is not constant as the film densifies, then the plot of equation 5.4 

will not linear. 
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A theoretical value of the bracketed quantity can be calculated, assuming the number 

of moles in the sample is constant, and compared to the slope of the curve of the 

experimental values of (n2-l)/(n2+2) plotted as a function of the reduced fIlm thickness. 

The reduced film thickness is calculated relative to the thickness of a fully dense amorphous 

film, as in Figure 5.6. The film thickness at 8oo·e is assumed to represent a dense 

amorphous film, although the x-ray diffraction evidence indicates several of the 

compositions were crystalline. The FfIR spectral evidence indicated that the structural 

water in the film was removed after firing to Boo·e. Figure 5.7 is a plot of the quantity 

(n2-l)/(n2+2) calculated with experimental data, plotted as a function of the sample reduced 

thickness, with a linear best fit and slope, m, calculated for each data set. 

The linear fit plotted in Figure 5.7 fits the data for all the compositions reasonably 

well, though the data for the 65Si:35Ti and the 50Si:35Ti:15Zn and 50Si:25Ti:25Zn 

compositions exhibit slightly more scatter in the linear dependence. The slopes calculated 

for the best fit lines of the data were very similar for all the compositions, as was the case 

in Figure 5.6. The scatter in the 65Si:35Ti data is due to the increased uncertainty in the 

detennination of the index calculated using ellipsometry, as mentioned previously. The 

scatter in the Zn ternary data may be related to the loss of the Zn species from the film. The 

Lorentz-Lorenz model applied to the data in Figure 5.7 assumed that the number of moles 

and the mole fractions of the sample were constant. The model also assumed that the films 

are amorphous, but for the 50Si:50Ti data plotted in Figure 5.7a, not all the points in the 

plot represent amorphous fIlms. In amophous Ti(h, the Ti ion is assumed to be 4-

coordinated, as the Ti ion substitutes for the the tetrahedrally coorsinated Si ion in the glass 

network. In the the cystalline phase of TiDl, the Ti ion is 6 coordinated, which 

significantly increase the Molar refractivity of the surrounding 0 ions.36 Even so, the data 
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for the crystalline 700 and 800De samples agreed remarkably well with the linear fit of the 

data. 

The slopes of the linear fits in Figure 5.7 are the experimental values of the 

bracketed quantity of equation 5.4. A theoretical value for this quantity can be obtained by 

determining values for all the tenns in the brdCkets. The theoretical densities for the fIlms 

were calculated using a linear mixing rule55, and are listed in Table 5.3. The density of the 

pure oxides used in this linear mixing rule calculation are listed in Table 5.3. The density 

of amorphous Si02 is well known, the values for the other oxides were estimated from the 

density of their crystalline phase. A reasonable estimate of the amorphous density of the 

Figure 5.7a: Lorentz-Lorenz plot of the experimental data of the 
binary Si02-Ti02 compositions. 
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pure oxides was assumed to be 85% of the crystalline density of the oxide. For example, 

the density of Ti02listed in Table 5.3 is (0.85) '" (density of anatase). The density of the 

desired film compositions and the actual compositions for the Zn ternary compositions 

were calculated, due to the significant difference between the two values. 

Table 5.3: The theoretical densities for the pure oxides, and for the various compositions. 
Two values were calculated for each Zn ternary film, a target and actual density. The target 
values used the designed film compositions in the calculations, the actual density using the 
composition fraction indicated in the RBS analysis. 

ComEosition Density (g/cm3) 

SiCh 2.20 

TiCh 3.30 

Al2~ 3.40 

ZnD 4.76 

Film Com~sition 

50Si:5OTi 2.75 

65Si:35Ti 2.60 

34Si:33Ti:33Al 2.85 

50Si:25Ti:25Al 2.70 

50Si:35Ti: 15Zn (target) 3.10 

66Si:3OTi:4Zn (actual) 2.60 

50Si:25Ti:25Zn (target) 2.97 

65Si:33Ti:2Zn (actual) 2.60 
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The molar refractivities (Rj) for the cations and anions of the fIlm, listed in Table 

5.4 were taken from the literature when possible, and calculated or estimated when not. 

The RH20 listed was calculated using equation 5.1. The molar refractivity of the cations is 

assumed constant within the changing fIlms structure, however the molar refractivity of the 

oxygen ion depends on the atomic environment 

Table 5.4: Molar Refractivities for the cations and anions of the fIlm compositions. 

Ion 

Si 

TI 

AI 

Zn 

o (Si-O, bridging) 

o (Si-O, non-bridging) 

o (Ti-O, bridging) 

o (Ti-O, non-bridging) 

AI-O 

Zn-o 

molecular H2O 

Molar Refractivity 
(cm3/mole) 

0.084 

0.463 

0.137 

0.6 (est) 

3.66 

4.85 

5.97 

7 (est.) 

3.75 

8.70 

3.68 (calc.) 

Referen~e 

37,56-62 

36,56,61 

54,59,62 

36 

37 

37 

37,56,57 

37,56 

37 

Using the values listed in Tables 5.3 and 5.4 and the molecular weights, a 

theoretical value for the bracketed term, or slope of the equation 5.4, can be calculated. In 

the initial calculation, all of the cation-oxygen bonds were assumed to be bridging. Table 

---_._--------_._-_ ... 
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5.5 compares the slopes of the linear fit to the data plotted in Figure 5.7 and clearly shows 

that the calculated slopes do not agree at all with the experimental data The experimental 

curves are significantly flatter than the slope calculated using the model, and the actual film 

indices are higher than what the model predicts. This suggests that the assumptions 

incorporated into the model do not reflect the conditions of the fIlms, or that the model is 

not applicable. 

Table 5.5: The calculated and measured "slope" for the compositions. 

Film Composition Calculated 

50Si:5OTi 0.39 

65Si:35Ti 0.35 

34Si:33Ti :33AI 0.38 

50Si:25Ti:25AI 0.35 

50Si:35Ti:15Zn (target) 0.41 

66Si:30Ti:4Zn (actual) 0.35 

50Si:25Ti:25Zn (target) 0.40 

65Si:33Ti:2Zn (actual) 0.35 

Effect 9f Water 

Experimental . 
= 

0.15 

0.10 

0.18 

0.13 

0.10 

0.11 

In the simple model applied above, the number of moles of material were assumed 

to be constant, and no account was made for the effects of water in the film. There are two 

possible effects of water in the film. As the film is cooled after removal from the furnace, 

water molecules will adsorb to the surfaces of the structure. If the fIlms is not dense, then 

-._---_ .. ----- --_._------- ---~---.--.------... , 
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water would also diffuse into the porous structure, filling the pores. The water 

incorporated in this way would be as molecules of water, or molecular water. The other 

way water may be present in the structure of the fIlms is in the form of hydroxyls. The 

FTIR spectra of the fIlms indicates that hydroxyls are present in the structure of all the films 

until firing to 8oo·C, mther than molecular water, but both possibilities will be considered 

in the model. 

If the effect of changing water content is to be considered, then the number of 

moles of material in the film will not be constant, and a relationship must be established to 

defme the amount of water present The simplest assumption is that all the excess volume 

in the undensified film is filled with the water. If the oxide volume fraction of the film is 

represented by the reduced thickness, d8OO'Cfd, then the volume frdction of water present in 

the film can be defined as 1 - d8OO•C/d. The volume fraction of water is converted to a mole 

fraction using the following relationship: 

(1-d8°O) • PH 

..,--_..,--_d ___ M...;.;,H ___ = XH = ___ -N...;H~ ___ --
(1-d8°O) • PH + d8°O. POx Nsi+Nn+No+ NH 

(equation 5.5) 

d MH d 

where MH = molecular weight of water, PH = the density of water, Mox = the molecular 

weight of the oxide composition, POx = the density of the oxide composition, and N = the 

number of moles. Using this relationship, the number of moles of water present can be 

calculated in terms of the number of moles of the other ions, which are assumed to be 

constant. 



NH = XH (NSI + NTi + No) + XHNH 

NH (l-~) = XH (Nsi + NTi + No) 

NH = XII. (NSi + Nn + No) (equation 5.6) 
I-XII 
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With this equation, the changing water content of the films (in number of moles) can be 

quantified as the film densifies (as reflected by the reduced film thickness), and the 

changing mole fractions, (Xj), calculated for each of the ions. With the new mole 

fractions, the bracketed quantity in equation 5.4 can be re-calculated at various reduced 

thicknesses, by adding a term to the summations (DejMj)-l and DejRj to account for the 

presence of molecular water. The molecular weight of water is 18 g/mol, and the molar 

refractivity of molecular water was calculated to be 3.68 cm3/moI. 

The water content was calculated for a series of film densities for the 50Si:50Ti 

composition, and used to recalculate the slope of equation 5.4. Then, using the re

calculated values for the bracketed quantity, new values of (n2-1 )/(n2+ 2) were calculated 

for each reduced thickness. 

The results of this calculation for the 50Si:5OTi composition are plotted in Figures 

5.8a-d. Several curves are included in this figure, including the experimental fllm data and 

the linear plot of the model with the pores of the film filled with air. The curve of the new 

model results,is noted with the open squares. The curve for the model incorporating the 

changing water content is not linear, as expected, because the number of total moles is not 

constant. Neither the linear nor the molecular water model adequately fits the sample data, 

though the incorporation of molecular water in the film flattened the curve, and increased 

the predicted fllm indices (represented by the quantity (n2-1)/(n2+2». 

._---- -
• 
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Figure 5.8a: A comparison of the fits of various versions of the Lorentz-Lorenz model. 
The filled circles are data from the sample films; the errors bars represent ±1 %. The closest 
fit to the film data is for the model accounting for the change in density by the removal of 
hydroxyls from the structure. 

In the next modelling attempt, two parameters were changed. The mole fraction of 

water was calculated and varied in the same way; however, the water is now assumed to be 

incorporated into the fIlm structure as hydroxy Is, rather than molecular water. The 

hydroxyls occupy the (free surface area) occupying the volume in the films as did the 

molecular water. The molar refractivity of these hydroxyl groups was estimated to be 

similar to the value for the non-bridging oxygens (NBOs). The molar refractivity of NBOs 

in silica glass listed in Table 5.4 is 4.85. Some of the water in the fIlm is likely to be 

incorporated as hydroxyls associated with the Ti ion, which would be expected to have a 

higher molar refractivity than the silanols (Si hydroxyls). The molar refractivity of the 

. -- ------- ---, 
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structural water groups was estimated to be 5.2, a value intennediate to the values for the 

non-bridging oxygens bound to Si cations and non-bridging oxygens bound to Ti cations. 

Using this revised model, a new curve is generated for the 50Si:50Ti composition, 

plotted in Figure 5.8a with open triangles. The higher molar refractivity of the structural 

water shifted the model values closer to the experimental values. 

The next parameter varied in the model was the Rj assumed for the Ti-OR linkages. 

Since this number was originally estimated at 7.0, and not drawn from experimental data, 

the quality of fit for the model was compared to various values for this parameter. The 

results of this trial are plotted in Figure 5.8b. All other assumptions in the model were kept 
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0.36 

0.34 
0.7 0.75 

• 50Si:50Ti dara 

-o-TiOH = 7.0 
-o-TiOH = 7.2 
-ir-TiOH=7.4 
--o-TiOH=7.8 

0.8 0.85 0.9 0.95 

Reduced Thickness (d8OO c/d) 
1.05 

Figure 5.8b: The effect of changing the value estimated for the molar refractivity of the 
Ti-OR bonds in the model. A molar refractivity value of 7.4 cm3/mol provides the best fit 
to the data. See text for details. 
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constant. As noted in the figure, the effect of increasing the value of Ro,TiOH is to shift the 

model curve upward, and also change the curvature of the curves, in closer agreement with 

the experimental data. Based upon the both magnitude of the shift and the curvature of the 

resulting model curve, an Ro,TiOH value of 7.4 was chosen as the parameter resulting in 

the best fit. In all subsequent calculations, this Ro,TiOH will be used. The value of 7.4 

was chosen because the curvature of its plot appeared to match the change in the data with 

thickness, although the position of the 7.8 curve is closer to the data. The position of the. 

curves was more sensitive to the NBO content, presented below. 

The next parameter adjusted in the revised model was consideration of the presence 

of non-bridging oxygens in the glass structure. In the previous calculations, only bridging 

oxygens were assumed to be present in the oxide network structure. However, it is likely 

that the film structure will contain some percentage of NBOs. Estimates of the NBO 

concentration in sol-gel silicas range from 0.3 NBO/Si to 1.48 NBO/SiS• The 

incorporation of NBOs into the structure changes the number of moles of bridging oxygens 

in the oxide network and required that another two terms be added to the summation of the 

molar refractivities in equation 5.4, a term each for the NBOs bound to Si and Ti. The 

presence of NBOs required that the number of bridging oxygens be compensated, as for 

every two NBO present in the structure the number of bridging oxygens is decreased by 

one. The concentration of NBOs was arbitrarily set to be 0.3 NBO/cation, or so that every 

third cation was assumed to have an NBO bond. Since there would likely be non-bridging 

oxygens bonded to Ti ions as well as Si ions, a ratio of NBOSi:NBDTi is assumed. For 

simplicity, the ratio was assumed to be the same as the Si:Ti ratio in the composition, and 

was assumed to be constant at all water contents and temperatures. The molar refractivities 

for the NBOs are listed in Table 5.4. For comparison, the results of the model calculation 
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are also plotted with the assumption that all the NBOs in the final densified glass structure 

are associated with Si cations. 

With the effects of non-bridging oxygens included in the model, the calculated 

model curve fit the experimental data very well. Curves calculated for the model with and 

without the effects of NBOs are compared to the experimental points in Figures 5.8c for the 

50Si:SOTi composition. The fit of this version of the model with all NBOs associated with 
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Figure S.8c: A plot of the Lorentz-Lorenz model including the presence of NBOs in the 
final densified glass structure. The filled circles are the film data; the open circles show the 
model results without the assumption of NBOs in the final glass structure. 

the Si cations is slightly better than the original assumption of equally distributed NBOs, 

particularly at the higher firing temperatures. Interestingly, in Figure S.8a, the model 

.- ---------. 
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curves fit the amorphous data very well, but not the crystalline data (the 700 and 8oo·e 

samples). 

The RBS results indicated that the fired film composition did not reflect the initial 

solution composition. To test the possible effects that this variance from the expected 

composition might have when entered in the model, the RBS measured composition for the 

SOSi:SOTi films were entered into the calculations. Figure S.8d shows that the effect of the 

compositional variance is minor in these films, and does not greatly affect the model fit. 
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Figure S.8d: In this plot, the effect of the NBO distribution is shown along with the 
corrected film composition, as determined by RBS. The effect of the compositional change 
is minimal for the SOSi:SOTi films. 
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In Figure S.9a, the model results are plotted for the 6SSi:3STi mms. All of the 

assumptions of the model were applied identically as in the case of the SOSi:SOTi. The 

main difference from the results of the SOSi:SOTi samples is that for the 6SSi:3STi samples, 

the best fit was found assuming that the number of NBOs present in the final densified 

glass structure was O.S/Si cation, rather than 0.33/Si cation. The higher concentration of 

Si<h in these fIlms makes this result reasonable, if indeed all of the NBOs are associated 

with the Si cations. 
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Figure S.9a: A plot of the model for the 6SSi:3STi composition. The model assumptions 
were the same as for the SOSi:SOTi case. For the 6SSi:3STi fIlms, the best fit was found 
for a final dense glass structure with a concentration of NBOs of O.S per Si cation . 

. - .---.-----.. --... - -.-.---~.--. 
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As in the case for the 50Si:5OTi samples, the effect of compositional variance was 

measured for the 65Si:35Ti films. In this case, the difference from the desired composition 

was larger than in the 50Si:50Ti samples, and a larger shift in the calculated values for the 

model is noted in Figure 5.8b. However, the fit to the model was not greatly influenced, 

suggesting other factors may be involved. 
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Figure 5.9b: In this plot, The corrected composition for the 65Si:35Ti ftlms was entered 
into the model, keeping all other assumptions constant. The compositional shift is larger 
than in the 50Si:5OTi case, but the fit is only slightly better. 

Finally in Figure 5.9c, the model results that gave the best fit for both compositions 

are plotted. The compositions entered into the model were the desired compositions, or 

solutions composition. The binary compositions were chosen to demonstrate the model, to 

---------_._--------------
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keep the number of parameters in the calculation to a minimum. The additions of a third 

component would require the incorporation of terms for all the cation and anions (bridging 

and non-bridging oxygens), increasing the complexity of the calculation. The similarity in 

the densification results for all the compositions suggests that models using similar 

assumptions could be developed for the ternary compositions as well, with similar fits. 
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Figure 5.9c: A plot of the best model fits to the experimental data. The compositions 
modelled were the theoretical values. 
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Attenuation Results 

Average waveguide losses measured for the various compositions are shown in 

Table 5.6. The losses were measured for waveguides deposited on pyrex and quartz 

substrates, under normal lab conditions. The limitations of processing under normal lab 

conditions were established in chapter 3. The maximum firing temperature for the pyrex 

slides was SOO·C. The 800·C waveguides were deposited on quartz slides. The 

attenuation was determined by averaging the loss measured at several places on the 

waveguide. 

Table S.6: Losses measured for waveguides of various compositions processed at SOO and 
800·C. 

Composition (mole %) Average Loss after Average Loss after 
SOO·C bake (dB/em) 800·C bake (dB/em) 

SOSi:SOTi O.S - I.S S-9 

6SSi:3STi O.S - 1 

SOSi:25Ti:2SZn 3-4 3-4 

SOSi:35Ti: 15Zn 2-3 2-3 

SOSi:25Ti:25Al 1-2 1-2.S 

34Si:33Ti:33AI 0.5 - 1 

With the exception of the SOSi:2STi:2SZn composition, the attenuation measured at 

SOO·C for all the compositions is within the range 0.5-2 dB/em, though it should be noted 

that the losses of the SOSi:35Ti:15Zn waveguides tended toward the high end ofthe range. 
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In general, binary and AI ternary waveguides fired at 5oo·e with loss of < 1 dB/em could 

be fabricated under the correct set of conditions. The optimal conditions for waveguide 

processing, which was discussed in chapter 3, requires that the coating be fabricated in 

clean room conditions. Processing in nomlallab conditions makes drawing precise 

distinctions between the compositions difficult, due to the effects of processing artifacts. 

Firing the waveguides at 8oo·e increased attenuation, except for the 

50Si:25Ti:25Zn composition, which had high losses at both temperatures. The largest 

increase was measured in the 50Si:50Ti waveguides, due to crystallization. The deleterious 

effect offllm crystallization upon the loss has been established in previous work9,31. The 

presence of the small Ti02 crystals (as identified by x-ray diffraction and TEM) results in 

increased scattering. The refractive index of the anatase crystalline phase of Ti02 is 2.5, 

which is significantly higher than the index of the ftlm matrix. Regions of significantly 

higher index within the film volume act as point scatterers. 

The high loss of the 50Si:25Ti:25Zn and 50Si:35Ti: 15Zn suggests that the 

structures of the films are not homogeneous. The higher losses might also be due to higher 

surface roughness, but the waveguides were processed in the same way as the others in the 

set, on substrates drawn from the same lot; thus the surface roughness is expected to be 

similar to that of the other samples. 

An interesting phenomenon was observed in waveguides stored for various lengths 

of time after fabrication, and then remeasured for loss. Sometimes the loss of the 

waveguide increased in storage. The increased loss was not due to dirt settling on the 

waveguides surfaces during storage, as the surfaces were thoroughly cleaned prior to 

measuring the loss. Additional efforts were made to verify and understand this 

phenomenon. Table 5.7 compares the effect of aging on the loss characteristics of several 

of the waveguide compositions listed in Table 5.6. The compositions chosen for 

_______ • __ ~~ __ o-
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comparison routinely yielded waveguides with the lowest loss under all processing 

conditions. The waveguides were deposited on pyrex substrates in clean room conditions. 

The ambient temperature and humidity during the deposition of the waveguides listed in 

Table S.6 were identical within experimental error. The coupled streaks measured 

contained a minimal number of flaws or "hot spots" and were deemed to be representative 

of the material qualily rather than variations in processing conditions. A detailed 

exploration of the effects of variations in ambient processing condition upon the optical 

quality of sol-gel waveguides is presented in chapter 3. 

Table S.7: Table of losses as a function of waveguide aging. The waveguides were 
measured soon after synthesis, then stored in slide boxes in ambient laboratory conditions 
for the indicated length of time prior to being remeasured. 

Composition Initial loss 
(dB/cm) 

SOSi:SOTi 1.4 ± 0.1 

6SSi:3STi O.S ± 0.1 

34Si:33Ti:33Al O.S ± 0.1 

Aged 1 
month 

1.2 ± 0.1 

Aged 2 
months 

1.4 ± 0.1 

1.2 ± 0.1 

AgedS 
months 

4.2 ± 0.2 

2± 0.1 

0.5 ± 0.1 

The initial loss measurement was done in the first week after the waveguides were 

fabricated. Mter fabrication, the samples were stored in opaque plastic containers under 

ambient laboratory conditions. All loss measurements were made at 632.8 nm. The 

ambient temperature and relative humidity of the laboratory during the period of the 

experiment varied from 18-24°C and 4O-6S% RH. As presented in the table, the 

attenuation of the binary SiD2-TiD2 waveguides increased as they aged in storage. The 

6SSi:3STi waveguides deteriorated the fastest, exhibiting a 4 fold increase in loss after S 
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months. The 50Si:50Ti waveguides remained constant for 4 months, then dramaticRlly 

increased in the fifth month. In contrast, after 5 months of storage the quality of the 

34Si:33Ti:33AI waveguide, as measured by the attenuation at 632.8 nm, is unchanged. It 

is important to note that the "aging effect" in the waveguides is being gauged by changes in 

the attenuation at only one wavelength. Additional information about the waveguides is 

revealed by measuring the wavelength dependence of the attenuation. 

Table 5.8 lists the attenuation measured for the waveguide compositions of Table 

5.7 as a function of wavelength. Unfortunately, the wavelength dependence for the 

65Si:35Ti waveguide of Table 5.8 was not measured immediately after fabrication, so the 

data for two similarly processed 65Si:35Ti waveguides is presented instead. Data for two 

waveguides are presented to establish the repeatability of the waveguide quality and 

response, and to justify drawing conclusions from data measured from different samples. 

The dependence of the aged 65Si:35Ti waveguide was measured for the waveguide listed 

in Table 5.6 after aging one month. The wavelength dependence of the 50Si:50Ti and 

34Si:33Ti:33AI waveguides of Table 5.7 were measured immediately after fabrication. 

Table 5.8: Attenuation as a function of wavelength for the 65Si:35Ti (aged and unaged), 
50Si:50Ti and 34Si:33Ti:33AI (un aged) waveguides as a function of wavelength. 

Waveguide Composition 

Wavelength 65Si:35Ti 65Si:35Ti 65Si:35Ti 50Si:50Ti 34Si:33Ti:33Al 
(om) initial initial a ed initial initial 

632.8 0.5±0.1 0.64±0.1 1. 25±0.2 1.4±0.1 0.65±0.1 

514.5 1.26±0.1 0.85±0.1 4.53±0.2 3.5±0.2 1. 89±0.1 

488.0 1.56±0.1- 1.48±0.1 7.62±0.2 5.8±0.2 2.54±0.1 

457.9 2.13±0.1 1. 98±0.1 9.2±0.2 3.84±0.2 

---- -------- --------
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If the attenuation is limited by the intrinsic or Rayleigh scattering of the material, the 

measured loss should have a A. -4 dependence. An absorptive film would be expected to 

have a dependence of A.-x, where x»4, but if the increased loss is due to increased 

scattering the dependence would be expected to be A.-x where x<463. The coefficient of the 

wavelength dependence (x) for the 65Si:35Ti waveguides in the first week after their 

synthesis was approximately x = 4, indicating initially, the losses were limited by the 

intrinsic scattering in the fIlms. The coefficient for the 65Si:35Ti waveguide 
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Figure 5.10: Plot of the wavelength dependence of the attenuation of the waveguides listed 
in Table 5.8. The CUIVes included on the plot are an exponential fit of the data points. 
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after one month in storage was found to be x = 7, suggesting absorption is no longer 

negligible. The data of 5.8 are plotted in Figure 5.10, with the best fit exponential curve. 

Error bars are included on the plot, as calculated from the individuallo!:s measurements; 

however, due to the scale of the plot, they are not easily visible. 

The coefficient for the fit of the 50Si:50Ti and 34Si:33Ti:33AI waveguides was 

higher than expected, 5.5 and 5.4, respectively. The higher fit coefficient suggests that the 

losses may not be Rayleigh limited, and the assumption of negligible absorption is of 

questionable validity for waveguides of these compositions. 

Discussion 

The goal of this chapter was to measure the effect of adding ZOO or A1203 to binary 

Si02-Ti02 compositions. The effect was evaluated by comparing the fJ1m densification 

behavior and the optical properties. Although not quantitatively measured in this work, the 

nature of sol-gel processing requires that the analysis of the film development include 

consideration of the solution characteristics for the various compositions. An advantage to 

wet chemical deposition is the fabrication of homogeneous films of complex compositions. 

A high level of homogeneity may be achieved in a fired multi-oxide film if the constituent 

ions were mixed in solution on an atomic level. To obtain homogeneous mixing at an 

atomic level in multi-component solutions, the synthesis must be designed to compensate 

the differences in reaction rate between the constituent alkoxides. The success of the 

solution synthesis for the various compositions is inferred by comparing fired film 

stoichiometry and homogeneity, as determined from the measured scattering loss. 
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Binary Compositions 

The basic solution synthesis was designed to fabricate low loss SOSi:SOTi fllms. 

To successfully synthesize a stable homogeneous solution, the difference in reaction rates 

between the Si and Ti alkoxides was compensated. The slower reacting TEOS was pre

hydrolyzed with acidified water to promote the formation of chain-like structures in 

solution and improve spinnability. The amount of acidified water necessary to maintain the 

proper 1: 1 Si:Ti molar ratio in the fIred fIlm and to produce high quality fIlms was 

investigated in chapter 3, and was found to be 2:1 water:Si for the SOSi:SOTi composition. 

The faster reacting Ti alkoxide was diluted to slow the reaction rate by increasing the mean 

free path between reactants before being mixed with the TEOS solution. Diluted Ti 

. alkoxide was reacted with pre-hydrolyzed TEOS to increase the likelihood of intimate 

mixing of the reactants, and the subsequent uniform formation of Si-O-Ti linkages in the 

solution. 

The stoichiometry and optical quality of the fIlms were used to evaluate the success 

of the solution synthesis. The SOSi:SOTi waveguides fIred to SOO·C had the expected 

stoichiometry and losses about 1 dB/em. A fIring temperature of SOO·C was optimal for 

waveguide processing due to considerations of fllm chemistry and the pyrex substrates. 

Firing to SOO·C removed all organics residuals that may induce absorptive losses (see 

chapter 4). The FTIR plots presented in S.S, as well as previous DTA analysis of 

powders, confIrm that all the organics have been removed after heating to SOO·C. Pyrex 

(see chapter 3) substrates were found to be the highest quality surface for deposition, and 

the maximum temperature to which pyrex can be fIred is SOO·C, and even that temperature 

is above the manufacturer's suggested peak. 

..------._--_ ... " ------, 
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To successfully synthesize the 65Si:35Ti solution, it was necessary to decrease the 

amount of acidified water added during pre-hydrolysis. In the sucessful synthesis, the 

Si:water molar ratio of 1.1: 1, which was equivalent to a Ti:water ratio of 1: 1. This 

reduction was necessary to prolong the spinnable lifetime of the solution. The 65Si:35Ti . 

solutions prepared with a ratio of 2: 1 water:Si became cloudy after about a week, whereas 

65Si:35Ti solutions prepared with the lower amount of water could be spun for months. 

Decreasing the water:Si ratio to 1.1: 1 water:Ti improved the shelf-life; however, analysis of 

a film fired to 500·C revealed that the fIlm was Si poor. This result suggests the Si species 

vaporized during processing. Despite the apparent compositional change, the scattering 

loss measured for the 65Si:35Ti waveguides indicate that they are homogeneous. 

Ternary Compositions 

To prepare the Al or Zn ternary solutions, the faster reacting Al or Zn alkoxides 

were reacted with Ti ethoxide, then diluted prior to reaction with the TEOS solution, in an 

attempt to form stable solutions of double alkoxides. Both Al and Ti alkoxides are known 

to form double alkoxide structures with a variety of compounds64. The mixed alkoxide 

solution was then reacted with the pre-hydrolyzed TEOS solution. Theoretically, 

homogeneous ion mixing would be achieved as the Al and Zn alkoxides reacted with the 

polymers to form M-O-Si bonds. If the stoichiometry is preserved during processing, 

films spun from the solutions would be expected to reflect the homogeneity of the solution. 

--.-----~-.~ . 
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Additions of ZnO 

Although clear solutions were synthesized containing Zn, the incorporation of ZnO 

into the films was not successful. The literature available on the deposition of ZnO films 

from alkoxide based synthesis is not extensive,67-69 and problems of loss of Zn during 

firing are not unkown. Stoichiometric analysis using RBS revealed a preferential loss of 

the Zn species from the film during processing. The amount of water added to the TEOS 

for pre-hydrolysis was the 2: 1 ratio, thus the films were not expected to lose any significant 

amount of Si, and the RBS data appears to suppon this expectation, though conclusive 

analysis is difficult because of the large stoichiometric shift caused by the loss of the Zn. 

The similarity between the densification curves for the Zn compositions and the 65Si:35Ti 

films is also explained by the RBS data as the actual film compositions were approximately 

the same. 

The scattering losses measured for the Zn containing films were significantly higher 

than any of the other compositions, suggesting that the film volume was not homogeneous. 

The high temperature phase development of the films suggests further evidence that the film 

structure is inhomogeneous. In the 700 - 900°C x-ray patterns, the 0.35 nm peak 

associated with anatase is present, but a second peak noted at 0.32 nm is characteristic of 

rutile. Rutile is the high temperature, eqUilibrium phase of Ti02; anatase crystals slowly 

transform to rutile at high temperature. Peaks associated with rutile are seen only in the 

films containing Zn additions. The formation of rutile may be due to changes induced in 

the solution during the reaction with the zinc, or by changes induced in the developing film 

during firing by the vaporization of the zinc species. If the Zn caused the Ti species to 

cluster in solution, then they would be clustered in the as-spun film and may be more likely 

to crystallize. Alternatively, if the Zn and Ti alkoxide did mix homogeneously in solution, 
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then vaporization of the Zn species from the ftlm might affect the development of the ftlm 

structure, perhaps enhancing the nucleation of TiCh crystals. The RBS analysis revealed a 

deficiency in Zn in the fired films, as compared to the solution synthesized. . 

The incorporation of A120:3 into the film structures appeared to be much more 

successful. To successfully synthesize the solution, AI sec-butoxide was reacted with Ti 

ethoxide, then diluted prior to reaction with the pre-hydrolyzed TEOS. To obtain a clear 

solution, it was necessary to decrease the amount of acidified water in the synthesis to 1: 1 

water:Si ratio because of the rapid precipitation of AI(OHh in solutions of higher water 

content. The precipitation of the hydrous Al solid suggests that the AI alkoxide reacts 

rapidly and preferentially with any water present, perhaps even liberating water from the 

hydrolyzed Si solutions species. Decreasing the concentration of water allowed stable 

solutions to be produced, presumably as the AI reacted with the hydrolyzed TEOS to form 

Si-O-AIlinkages, but not completely hydrated precipitates. The scattering losses of the AI 

ternary waveguides suggest that their homogeneity was equivalent to that of the binary 

compositions. As the stoichiometry of the films could not be independently verified using 

RBS, the effect of the decreased concentration of acidified water on the Si:Ti stoichiometry 

could not be determined. The lower water:TEOS ratio reacted during the solution synthesis 

mayor may not affect the Si:Ti molar ratio in the AI ternary solutions. 

The evidence of chapter 4 indicates that 50Si:50Ti films synthesized with a lower 

water content cracked upon firing, but the index measured for these filins indicate that the 

Si:Ti stoichiometry is maintained. The atom ratio of Si:Ti in the 34Si:33Ti:33AI ftlms is 

1: 1. The evidence presented in this chapter indicates that for the 65Si: 35Ti films the lower 

- ------- -, 
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water:TEOS ratio did result in some loss of Si species during firing. The atom ratio of 

Si:Ti in the 50Si:25Ti:25Al fIlms was designed to be 2: 1, which is similar to the 1.85: 1 

Si:Ti ratio of the 65Si:35Ti composition. Despite the lower water:TEOS ratio in the AI 

ternary solutions, films without cracks were obtained. The reason for cracking of the fIlms 

in chapter 4 was speculated to be a result of the weaker film structure, caused by the 

decreased polymerization of the lower water content solution. The ability to spin good 

quality films after the addition of AI may be explained by the inclusion of the highly 

reactive Al species in the network that increases the extent of polymerization in solution. 

Another possibility is the rapid reaction of the Al in the ambient humidity during deposition 

increasing the strength of the network in the as-spun film. 

The formation of binary alumino-silicate gels can be very inhomogeneous, as the 

rapidly reacting AI species form large hydrolyzed species and slower reacting Si species 

form smaller hydrolyzed species,5.68 with little intermixing. This would seem to discount 

the possibility of homogeneous polymerization within the solution. But, the waveguides 

produced are very low loss, indicating any inhomogeneities within the structw'e are not 

gross; otherwise the scattering losses would increase. Perhaps the desired complexing of 

the Al and Ti alkoxides occurs, slowing the hydrolysis rate of the AI, allowing linkages of 

mixed ions to form, increasing the homogeneity. 

The FTIR evidence of the 500 and 600'C supports the hypothesis that Si-O-AI 

linkages were formed. The position of the peak assigned to the Si-O bonds is shifted in 

these spectra, indicating a change in the atomic environment of the Si atom. In the higher 

temperature spectra, the Si-O peak was not shifted, suggesting the structure of these fIlms 

was different. Although RBS analysis was not possible for the Al containing films, the 

evidence for all the other compositions indicates that the fIlm composition does not change 

----~-------- _ .. , 
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with increased firing temperature. If this is also the case for the Al ternary films, then the 

difference in the FTIR data must be due to differences in structure rather than composition. 

Densification Modelling 

A model was developed for the film densification, based on the Lorentz-Lorenz 

relationship. The Lorentz-Lorenz equation relates the polarizability of atoms to the 

refractive index. The polarizability measures the average dipole moment of an ion in an 

electric field. Anions typically have much higher polarizabilities than cations, and the 

magnitude of the polarizability depends on the atomic environment of the anion. The 

density of a material will be related to the number of dipoles per unit volume. If the 

number of dipoles is constant, then as the ftlm densifies the number of dipoles per unit 

volume will increase. The densification of the films could not be described successfully 

with the linear model described here. To successfully fit the experimental points, it was 

necessary to consider the effects of the changing water content of the fIlm. 

The dense structure of the 50Si:50Ti and 65Si:35TI compositions was modelled to 

include a concentration of 0.3 and 0.5 NBOs/Si cation respectively, and the excess volume 

fraction of the films was related to the structural water or hydroxyl content As the film is 

fired to higher temperatures, the water or hydroxyls are removed and the film densifies. 

The fIlm is assumed to be completely dense when all the water content has been removed. 

The curves calculated with the model fit the experimental data quite well, but are they 

meaningful? The modelling results clearly indicated that film densification could not be 

modelled successfully without consideration of the effects of the changing water content. 

Although the water was assumed to be incorporated into the structure as hydroxyls, 

their presence is not accounted for in the mole fractions of the basic oxide network. The 
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model divided the film into two fractions, an oxide fraction, which consists of the mole 

fractions of Si, Ti, and bridging oxygen, and a water fraction, consisting of the hydroxyls. 

The oxide fraction increases as the film densifies, and the water fraction decreases. Within 

the oxide fraction, the number of moles of Si, Ti, network bridging oxygens, and non

bridging oxygens remained constant at the values input for the dense film structure. Thus, 

the effect of the hydroxyl concentration was modelled in the same way as molecular water 

filling the excess volume of the oxide network. 

In reality, the incorporation of hydroxyls increases the number of NBOs. As the 

firing temperature is increased and the film densifies, the hydroxyls react to form bridging 

bonds and liberate water vapor, the number of NBOs will decrease and the number of 

bridging oxygens will increase. In the model, these reactions are hidden in the changing 

contribution of the water fraction, and the details of the changes in the film structure as the 

hydroxyl concentration decreases are not explicitly modelled. 

A different representation of the model is to consider the undensified film as a 

sponge. The dense oxide network, with constant number of moles of Si, Ti, bridging and 

non-bridging oxygens, is the body of the sponge when it is compressed. The 

uncompressed sponge, or undensitie.d film, contains a large volume fraction of excess 

volume or porosity. In the model, the amount of excess volume of the film was defined 

using the reduced film thickness. As the film densities, the excess volume or porosity is 

removed from the film structure, and the relative oxide fraction of the film increases. The 

initial modelling attempts assumed the oxide sponge was filled with air, however, the 

model fit did not agree with the experimental data Assuming the oxide sponge was filled 

with molecular water was not sufficient to fit the experimental data either. But when the 

surfaces of the sponge were assumed to be covered with hydroxyls, the agreement between 

the model and experiment was very good. 
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As a further illustration, tum the image around and start with a dense oxide 

structure, consisting of some number of moles of tetrahedrally coordinated cations and 

bridging and non-bridging oxygen ions. Begin to incorporate water into the structure of 

the dense film. The volume of the mm will increase, as will the number of NBOs in the 

network. The number of bridging oxygen bonds will decrease. The volume and relative 

number of bridging and non-bridging bonds will depend on the concentration of water. 

This construct repres~nts the hydrous oxide structure of the undensified films. 

Now heat the sample to remove the structural water from the oxide. As the water or 

hydroxyls are removed from the film, the number of NBOs will decrease, as' will the film 

volume, and the number of bridging oxygens will increase. Eventually, the dehydrated 

oxide structure will return to the dense oxide initially assumed in this thought experiment. 

Obviously, this is an oversimplified view of the progression of mm development, one 

which ignores the details of the structural development and assumes that the densified film 

structure can be sufficiently modelled assuming a continuous random network of 

tetrahedrally coordinated cations. 

Analysis of sol-gel derived SiCh-TiCh bulk samples using X-ray absorption fine 

structure (EXAFS) and near edge (XANES) spectroscopies has shown that in 

compositions of low TiO:l content, the Ti ions occupy tetrahedral sites in the network69-72• 

However, as the Ti02 concentration increases, the ratio of 6 coordinated Ti ions to 4 

coordinated Ti ions increases. All the samples analyzed contained < 20 weight % Ti02. 

The coordination ratio also increased as the firing temperature was increased, and the 

. glasses de-vitrified. These results suggest the compositions of this study ( with> 20 

weight % TiO:l) likely contain some concentration of octahedrally coordinated Ti at all 

temperatures. 

__ 0 ________ • 
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Despite the likely differences between the modelled and actual structure of the film, 

the agreement with the experimental data for the amorphous 50Si:50Ti and 65Si:35Ti 

samples is very good. The experimental points of the crystalline 50Si:50Ti films deviated 

from the model curve. This result is intriguing, as it suggests that for the amorphous 

samples, the assumption of tetrahedrally coordinated cations may not be that bad. In the 

crystalline samples, the number of octahedra11y coordinated Ti ions is very high, since the 

Ti ions in anatase are six coordinated. 

This result is not conclusive, but provides critical insight into the film structure and 

densification behavior. Other structural changes in the film, not included in the model, 

could account for the apparent agreement, and the agreement of this simple model could be 

coincidental. However, the qualified success of this simplified view suggests the 

possibility of developing a more complex model to explicitly account for the structural and 

bonding changes associated with the removal of water from the film, using experimentally 

determined ratio of 6 coordinated Ti to 4 coordinated Ti. 

Attenuation and Aging effects 

The attenuation of the waveguides at 632.8 nm was not very sensitive to changes in 

composition, except for the Zn ternary compositions. This result suggests that for these 

waveguides, the contribution of the substrate and processing differences dominates the loss 

of the waveguide over any difference induced by the composition. As the synthesis of the 

Zn compositions was unsuccessful, it is not possible to draw conclusions regarding the 

inherent material properties of Si02-Ti02-ZnO films. 

The aging characteristics of the waveguides were strongly composition dependent. 

The deterioration of the 65Si:35Ti waveguides occurred within a month of fabrication, 
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while the aging process was significantly slower in the 50Si:5OTi composition. The 

34Si:33Ti:33AI waveguides did not show signs of this aging effect at 632.8 run in the 5 

month period of the experiment. A possible cause of the deterioration is the degradation of 

the film surface with time due to reaction with the ambient humidity and the components of 

the air. The reaction of humidity with a glass surface can be modelled as the dissolution or 

corrosion of the glass. 

The reaction of the atmospheric components with the humidity would be acidic in 

nature. The corrosive reaction of the atmosphere with material surfaces is well known, 

indeed, it is an entire field of study}3 The gases that constitute air are, in general, not very 

reactive, however, in the presence of water (humidity) the rate of surface corrosion 

increases. The humidity and composition of the atmosphere obviollsly varies with region, 

and depends on the amount of industrial activity in an area The Tucson area is not heavily 

industrialized, and the outdoor relative humidity is very low for a good portion of the year. 

The waveguides, however, were stored indoors, in a laboratory, where the relative 

humidity was recorded and found to vary from 40 - 70%. An example of a corrosive 

component likely present in the Tucson atmosphere is carboxysulfide, COS, gas. Unlike 

the other sulfur containing gases, the concentration of this gas is independent of region and 

is measured to be a constant 430-570 ppt for urban, industrialized areas as well as remote, 

rural areas.73 Another example is nitrous oxide (NO) which is a product of combustion; 

thus its concentration will vary with the number of vehicles in an area. These are likely two 

of the important components in any corrosive reaction occurring at the waveguide surface 

along with the ambient humidity. 

The reaction of water and atmospheric gases with glass, resulting in the breaking or 

modifying of the glass structure is well known,74-80 The reaction with bulk pieces of glass 



144 

is diffusion limited, as the gas molecules dissolve or diffuse into the glass surface, reacting 

with the network bonds. The dissolution of SiOz by water is represented as: 

SiOz + H20 = 2SiOH or -Si-O-Si- + H20 = -Si-OH HO-Si 

This reaction requires the breaking of bonds, which will weaken the network structure, and 

thus the rate will depend upon the density of the SiOz. The presence of either chemisorbed 

or physisorbed gas molecules will affect the reaction between the water and the surface as 

well, along with the temperature. 

The surface of the sol-gel film fired to 500·C is not dense, and is covered with 

hydroxyls. Studies of the sol-gel derived SiOz with Raman spectroscopies and NMR83,84 

have shown that the surface silano! concentration remains high even after firing to 600·C. 

Reaction at the surface of an adsorbed gas molecule and the hydroxyls may be similar to the 

water/gas reaction referred to above. Further, there is no reason to think that the inclusion 

of TiOz or A12D.3 in the surface would decrease the hydroxyl concentration or the reactivity 

of the surface. In fact, these oxide additions may increase the surface reactivity.83 

Although the exact nature of the reactions of the gases and the water with the waveguide 

surface are not known, possible absorption sources that might result from the break up of 

the film structure are considered. 

There are many possible sources of absorption. The presence of transition element 

impurities, even in trace amounts, would increase the absorption at the visible frequencies. 

However, the effect of the impurities should be evident immediately after fabrication 

equally in all the waveguides, since the chemical precursors (TET and TEOS) were the 

same for all the waveguides. But the initial wavelength dependence of the 65Si:35Ti 

waveguides indicates absorption is negligible. Therefore impurities are discounted as the 

source of the absorption in the waveguides. 

•• __ 0-
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The absorption spectra of reduced Ti3+ ions extends well into the visible 

wavelengths.84-88 However, thermodynamically, Ti3+ ions would not be stable in a 

hydrous, porous network such as in the waveguides, in which the diffusion of water 

would be rapid. The equilibrium state for the Ti ion is Ti4+ in octahedral coordination, and 

the Ti3+ ion would tend to be oxidized. It seems unlikely that a reducing environment 

could be maintained in the thin films. 

The presence of amorphous carbon at the surface or in the structure might account 

for the absorption losses. The absorption edge of amorphous carbon extends to energies of 

3"' 4 eV, into the blue visible range88•89. The measured absorption coefficient of 

amorphous carbon varied from 103 - 105 cm-I. The spectral position of the absorption 

edge and the magriitude of the absorption coefficient varied with processing temperature, 

indicating the mechanism is related to the structure of the amorphous carbon. The very 

large absorption coefficient indicates that a very small concentration of carbon in the film 

structure will have a large effect on the attenuation of the guides. Firing the films to 500·C 

completely removes residual carbon from the structure; however, if a reaction between the 

water and carbonaceous gases in the atmosphere (such as COS73) with the film result in the 

incorporation of carbon into the microstructure, the absorption will be increased. 

Another possible source of absorption is caused by non-bridging oxygens (NBO) 

in the film structure. A weak absorption band centered at 2.0 eV (622 nm) was identified 

in SiD2 glass and assigned to the interaction of the light with NBO defects in the 

structure91 . The band for glasses with high OH concentration is centered at 2.0 eV, with 

an asymmetric shape and tails extending from 1.7 to 2.7 eV (731 - 460 nm). This range of 

wavelengths is clearly in the range of the visible spectra of interest for the waveguides of 

this work. The high water (hydroxyl) concentration of the waveguides and the likely high 
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structural defect concentration suggests that this absorption mechanism is worth further 

consideration. 

As the film reacts with atmosphere and humidity, bridging oxygen bonds are 

broken, increasing the concentration of hydroxyls and perhaps the defects in the structure. 

As the concentration of defects increases, the strength of the absorption will increase. The 

absorption coefficient for this band was measured to be 0.01 cm-1 at 2.0 eV91 , which is 

equivalent to 0.04 dB/em. This effect is smaller than the error present in a typical loss 

measurement, indicating that the concentration of the defects would need to he huge to have 

an observable effect on the attenuation. The effect that the presence of the Al or Ti ions in 

the structure would have on the magnitude or position of this band is unknown. There are 

many different mechanisms of absorption, these listed here are thought to be most likely, 

though other unexpected mechanisms are possible. 

Absorption due to the residual carbon or structural defects may explain the initial 

wavelength dependence of the 50Si:50Ti and 34Si:33Ti:33AI waveguides. The lack of 

experimental evidence of residual carbon in these waveguides may indicate the 

concentration of the carbon is below the detection limit for the techniques used. Because of 

the very strong absorption associated with carbon, only a very small concentration would 

need to be present to increase the absorption loss. 

An increase in the defect concentration of the film structure due to the addition of Ti 

and Al ions is also a possibility. Octahedral coordination is likely for some of both the Al 

and Ti ions in the film structure. The Ti ions prefer octahedral coordination, as do AI ions 

in the absence of an alkali or alkaline earth for charge compensation within the structure. 

Analysis using EXAFS and XANES spectroscopies indicate that as the concentration of 

Ti(h increases (> 20 weight %), the ratio of 6 coordinated Ti ions to 4 coordinated Ti ions 

increases69-72 This suggests the compositions of this study will contain some 



147 

concentration of octahedrally coordinated Ti. The incorporation of the octahedral units into 

the CRN stl.11Cture of the SiCh tetrahedrons may result in an increased number of NBOs, 

and an increased absorption loss due to the defects. 

If the cause of the aging effect or deterioration of the waveguide is the suggested 

surface dissolution or corrosion, then processing options to improve the resistance would 

include the following: Although the fllms fired to 500·C are homogeneous and free of 

organics, they are not dense due to the high concentration of hydroxyls in the structure. 

The high content of OH in the structure indicates that the oxide network has not fmished 

forming. De-hydroxylation occurs in the temperature range 500-BOO·C, and this is also 

supported by the FfIR evidence. As the hydroxyls are removed, film densification 

continues and oxide bonds form, improving surface resistance to environmental attack. 

After de-hydroxylation, the film structure may still contain free volume which must be 

removed by the high temperature processes of viscous sintering or structural relaxation. 

Thus, one way to increase resistance to aging would be to fire the films at higher 

temperatures. 

Increasing the firing temperature was unsuccessful due to the crystallization of the 

binary films. The FI1R spectra show that to insure the complete removal of hydroxyls, the 

film must be fired to 800·C. The thickness of the 50Si:5OTi films remained constant at the 

thickness reached after baking at 600·C, because of film crystallization at 700·C. The loss 

of the crystallized waveguides was significantly higher than the amorphous waveguides. 

Decreasing the amount of TiCh ih the composition, increased the crystallization 

temperature, as expected. However, the 65Si:35Ti waveguides heated to 800·C to remove 

the hydroxyls also crystallized. The crystallization of the films also illustrates the difficulty 

of using the index to indicate the density of multi-component samples. The index of the 

- ----------- --- -- - -._------. 
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50Si:50Ti films increased monotonically with temperature over the entire firing range; first 

as the amorphous hydrous film densified, and then as the crystals nucleated and grew. 

Although increasing the heating temperature of the binary waveguides was not the 

solution to avoiding aging, the addition of A12D3 to the composition appeared to slow, if 

not stop the aging reaction. Increasing the amount of Ti<h in the composition also slowed 

the deterioration, but the affect of the addition of the AhD3 was greater. The addition of 

Al2D3 may improve the aging characteristics of the waveguide by altering the surface 

chemistry, forming Si-O-AI or AI-O-Ti linkages that may bemore resistant to attack. 

However, an alternative possibility seems more likely. The fastest rate of aging is 

observed in the 65Si:35Ti composition, which contains the highest relative percentage of 

Si<h, and thus had the most basic surface chemistry. As the relative amount of Si<h in the 

compositions is reduced, the acid character of the film is increased. A surface of higher 

acidity would be more resistant to acid attack of the atmosphere. The 34Si:33Ti:33Al 

waveguide contained the lowest concentration of Si<h, and was the most resistant to 

deterioration. This suggests that increasing the acidity of a surface may improve the 

environmental durability of the film. 

Conclusions 

Film densification and structural development did not vary significantly with 

composition, and was successfully modelled using the Lorentz-Lorenz relationship by 

accounting for the removal of structural water from the film structure. The amount of water 

was quantified in the film by assuming that all the excess volume in the film was associated 

with the presence of hydroxyls in the structure. The final densified structure of the glass 



was modelled as a random network of tetrahedrally coordinated cations containing a 

concentration of NBOs of 0.3 NBO/cation. 
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The attenuation of the waveguides at 632.8 nm did not vary much with 

composition, however, the wavelength dependence of the waveguides varied with 

composition. The attenuation of the 65Si:35Ti waveguides initially met the Rayleigh scatter 

limited requirement, however, the dependence of the 50Si:50Ti and 34Si:33Ti:33AI 

waveguides were not Rayleigh scatter limited, and suggested that the assumption that the 

absorption losses of the solution derived waveguides assumed in all scattering models of 

loss may not be universally applicable. The effects of amorphous carbon and structural 

defects are considered the most likely absorption mechanisms in these solution derived 

films. 

The initial performance of all the waveguides was excellent; however, deterioration 

of the waveguides was noted in the samples stored under typical lab conditions. The 

increase in the attenuation of the 65Si:35Ti waveguide appeared to be due to an increase in 

the absorption loss of the waveguide. The addition of AhD3 to the waveguide 

incorporation appears to slow the aging of the waveguides. The corrosive reaction of the 

humid atmosphere with the fllm structure was proposed as the cause of the deterioration. 

The increased resistance to the deterioration of the AI ternary waveguide was thought to be 

due to the increased acidity of the surface with the decreased concentration of SiCh present 

in the composition. 



CHAPTER 6 

IMPACT OF COMPOSITION VARIATION AND MULTIPLE HEAT 

TREATMENT 

Introduction 
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In this chapter, changes in waveguide and film properties as a function of 

composition and firing schedule at a single firing temperature are considered. Studying the 

densification behavior of the films fired for short periods at a single temperature led to an 

understanding of the fIlms' development During the course of this study, differences were 

noted between samples fired multiple times and singly fired samples. These differences 

were intriguing enough that an entire study was undertaken to understand the difference 

between films fired for the same time, but with different firing schedules. The samples in 

this chapter were all fired at 500 C. This temperature was chosen because it is a convenient 

temperature at which to process waveguides. At this temperature, all evidence of carbon 

retention has been removed, the losses of the waveguides were consistently < 1 dB/cm at 

A. = 632.8 mn, and it is a convenient temperature at which to fire the substrates. The 

densification of sol-gel fIlms occurs in stages; once the organics are gone, the viscosity 

increases and further atomic motion occurs at a much slower rate. The kinetics of the 

reactions change and the governing mechanisms change. 

The chapter is organized as follows: The results for the single fired samples of 

different times are presented first, then the densification and loss for the multiply fired 

samples. The firing schedules are compared from the standpoint of waveguide durability 

or aging characteristics. Then differences of the singly and multiply fired samples are 

evaluated and discussed. 

...... ----.. - -------.-- . _ ... --------_ .. _------, 
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Single Fired Samples 

Table 6.1 lists the index and thickness of individual 50Si:50Ti, 65Si:35Ti, 

lOSi:90Ti and 87Si:13Ti fIlms spun onto silicon substrates, and baked for the lengths of 

time noted at 500 C. Film characteristics were detennined using multi-angle ellipsometry, 

measuring at four points in the central area of the fIlm. Values of psi ('l') and del (L\) were 

obtained at incident angles of 60,65, and 70 (degrees) for each point. Film index and 

thickness were calculated from a numerical best fit solution of the well-known ellipsometry 

formulas92, assuming the sample was a homogeneous, non-absorbing, oxide single layer 

on top of a silicon substrate with smooth interfaces. The index of the silicon substrate was 

assumed to be 3.858-0.018i92. 

The experimental uncertainty in the index and thickness calculated from the 

application of the structural model is evaluated in terms of variations in the fit parameter in 

Table 6.2. The fit parameter for each set of measured angles was calculated as follows: 

The index and thickness fitted for each set of measured 'l' and L\ were re-emered in the 

program to calculate "model" values of'l' and A Essentially, the program was run 

backwards. Because of the uncertainty inherent in the numerical best fit solution, 

experimental error (assumed to be random) and the variance of the sample from the 

conditions assumed in the model, the back-calculated 'l' and d differed from the 

experimentally measured values. The difference or residual between the measured and 

calculated 'll's and L\'s for each incident angle were squared, then summed, and the 

resulting quantity (the sum of the squared residuals) was defined as the fit parameter. A 

better fit of the data to the model results in smaller differences between the measured and 

calculated psi and del, and thus a smaller fit parameter. A large fit parameter indicates poor 
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agreement with the assumed stnictural model, but a small value of the fit parameter does 

not confirm the validity of the assumed structural model. 

Table 6.1: Characteristics of films fired a single time at 500°C for the time noted. 
Individual samples were spun and fired for each composition and bake duration. 

Bake Time Spin Speed Index Thickness Thickness* 
(min) (!Em) (+.004) C± 1 nm) C±10 nm) 

50Si:5OTi 
5 2000 1.732 179.0 200 
15 " 1.736 175.5 168 
30 " 1.754 170.5 164 
60 " 1.750 171.0 164 

65Si:35Ti 
5 2000 1.654 221 
15 " 1.655 218 
30 " 1.655 216 
60 " 1.660 214 

lOSi:9OTi 
5 2000 2.11 70.0 
15 " 2.16 66.0 68.0 
30 " 2.18 65.5 
60 " 2.18 66.0 

87Si:13Ti 
5 6000 1.491 93 
15 " 1.502 87 

* Thickness measured by surface profilometry 
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Significance of Ellipsometer Results 

To test the limits of significance of the values calculated from the model, fit 

parameters were calculated for a matrix of film index and thickn~ss values on a silicon 

substrate. The optical constant of the silicon substrate was constrained to be 3.858 -

0.018i. If the actual substrate optical constant is different, the experimental uncertainty of 

the measurement would increase. However, if a constarit substrate index is assumed in the 

calculations for all the data, the additional uncertainty should be systematically reflected in 

all the data. A systematic variance can be corrected, if necessary. 

The matrix of film index and thickness was constructed by assuming an initial index 

and thickness (n = 1.723 and d = 131 nm), then incrementally varying both parameters. 

The initial index and thickness values are highlighted in Table 6.2. The initial index and 

thickness were used to calculate \jI's and 6's for 3 incident angles (70°,65°, and 60°). 

These values of psi and del were defined as the initial or measured ellipsometer data, the fit 

parameter for this data would be zero. Values of ljf and 6 were calculated for each pair of 

index and thickness in the matrix, relative to the initial psi and del values. A tabular 

presentation of the results of these calculations are shown in Table 6.2. 

It should be noted that the magnitude of the fit parameter is increased as the number 

of incident angles is increased. Each additional incident angle increases the complexity of 

the fit and the difficulty in obtaining an index and thickness that will minimize the residuals 

of all the angles. Fit parameters of < 10-5 result in model fits of the data measured at a 

single incident angle. If this is the case, what advantage does multi-angle ellipsometry 

provide? There is no hann in gathering extra data to characterize a film, but does multi

angle analysis have any inherent advantage? The values of psi and del are cyclic with 

increasing film thickness for a given index92, thus to unambiguously confum a single 

--_.-_.-. 
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incident angle ellipsometer measurement, a second measure of film thickness is necessary. 

Multi-angle ellipsometry is necessary to detennine the thickness of a sample that is greater 

than a single cycle thickness. Multi-angle ellipsometry can also be applied to analyze the 

roughness of a surface. 

Table 6.2: Equivalent fit parameters calculated for a matrix of film index (n) and thickness 
(d) on a silicon substrate. Values of psi and del were calculated as a function of variations 
in film index and thickness. The fit parameters were calculated by summing the squares of 
the deviations from initial del, psi values calculated for assumed initial film parameters of 
n=1.723, d=131.0 nm. The substrate index (A = 632.8 nm) was assumed to be 3.858 -
0.018i. The incident angles were 60·, 65·, 70·. The highlighted values define a "contour 
of significance" with fit paranleter of < 0.2 for modelled values of index and thickness. 

nld 130.6 130.7 130.8 130.9 131.0 131.1 131.2 131.3 131.4 

1.727 0.272 0.249 0.333 0.523 0.818 1.217 1.718 2.320 3.022 

1.726 0.265 0.153 0.150 0.252 0.462 0.775 1.192 1.710 2.329 

1.725 0.361 0.160 0.068 0.084 0.206 0.434 0.765 1.199 1.734 

1.724 0.563 0.271 0.090 0.017 0.051 0.192 0.438 0.787 1.238 

1.723 0.870 0.487 0.216 0.054 0.000 0.053 0.212 0.475 0.841 

1.722 1.284 0.810 0.447 0.195 0.052 0.017 0.088 0.265 0.545 

1.721 1.807 1.240 0.785 0.442 0.210 0.085 0.069 0.158 0.351 

1.720 2.439 1.779 1.231 0.797 0.473 0.259 0.153 0.155 0.261 

1.719 3.183 2.428 1.788 1.260 0.845 0.541 0.344 0.257 0.275 

Within the table of calculated fit parameters, a contour of indices and thicknesses 

which are statistically the same has been highlighted, with the requirement that the fit 

parameter ~ 0.2. This "contour of significance" defmes the difference in index and 

thickness that can be detected by ellipsometry. The shape of the contour within the matrix 
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is elongated due to the effects of correlated differences in sample index and thickness. In 

other words, the uncertainty of the fit is greatest when the sign of the change in index and 

thickness is the same. When the index increases while the thickness decreases, there is a 

compensating effect in the calculation, and the uncertainty is small. Based on the data of 

Table 6.2 and using the S 0.2 requirement, the uncertainty of the index and thickness 

determined by ellipsometry are conservatively defmed as .±O.OO4 and ±1.0 nm respectively. 

The precision of the ellipsometer, quoted from the manufacturer specifications, is 

.±O.03D in psi and .±O.06D in del, which is equivalent to a fit parameter of 0.014, assuming 

the precis~on is constant at all incident angles. In other words, based on the manufacturer's 

claims, the ellipsometer is sensitive enough to distinguish between index and thickness 

differences equivalent to a fit parameter of 0.014. The fit parameters listed for the samples 

in Table 6.1 indicate that the uncertainty of the model fit is much larger than the instrument 

imprecision. Therefore, the ability of the ellipsometer to detect changes in index and 

thickness is limited by the quality of the model. 

The film thickness was also measured using surface profilometry, by measuring the 

step height of a scratch in the film surface. The values reported for the 50Si:50Ti fllms in 

Table 6.1 are the average thickness measured at three points along the length of the scrape, 

and have an experimental uncertainty of ±1 0 nm. The profilometer results verify that the 

film thickness is less than a cycle thickness. The dilution of the deposition solutions 

throughout this work ranged from 5 - 20 weight % oxide. The dilution of the 50Si:50Ti 

deposition solution is in the middle of this range, at 10 weight % oxide; thus all the samples 

were assumed to be less than a cycle thickness, rendering the multi-angle analysis 

technically unnecessary. However, to maintain consistency between data sets, all 

ellipsometer data reported are the result of multi -angle analysis. 
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Film Consolidation 

The samples listed in Table 6.1 indicate that the 50Si:50Ti films reached a constant 

index and thickness after a 30 minute heat treatment. The thickness of the 65Si:35Ti films 

continued to decrease with increased firing time, though the rate of change was slow. The 

index of the 65Si:35Ti films was constant (within experimental uncertainty). The thickness 

of the lOSi:90Ti fIlms remained constant after firing for 15 minutes. The precision of the 

index fit for these fIlms was significantly less than the other compositions; the quality of the 

fit for these samples was very poor. The terrible quality of fit indicates that the model 

assumptions were not met in these films. But, though the fit quality was terrible, the index 

and thickness values calculated from the ellipsometer data were independently verified by 

prism coupling and profIlometry, respectively. The profilometry evidence is presented in 

Table 6.1, the prism coupling data is listed in Table 6.4. The quality of fit of the data for 

the 87Si: 13Ti composition was very good (fit parameters « 0.2), suggesting the model 

assumptions matched the characteristics of the film. It should be remembered, however, 

that while a poor fit defmitely proves the model does not describe the sample, a good fit 

does not prove the model correct. 

The data listed in Table 6.1 show that none of the compositions were completely 

consolidated after a 5 minute bake. Film thickness remained constant, within experimental 

error, after heat treatments of 30 minutes or longer. The firing time for the samples was 

recorded from the moment the sample was pushed into the hot zone of the furnace. Figure 

6.1 is a plot of the heating rate measured for the sample + sample holder assembly 

immersed in a preheated 500·C furnace. A thermocouple was held above a sample 

substrate mounted in the sample holder, then inserted into a preheated furnace. Data 

collection began immediately as the sample assembly was seated in the hot zone, and 

_._-_._---, 
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several trials were recorded to establish the repeatability of the profile. The thennocouple 

was also inserted into the furnace without the sample assembly to measure its response 

time. The thennocouple reached tile ambient furnace temperature in 25 seconds. Though 

the response of the thcnnocouple was not instantaneous, its response was significantly 

faster than the heating rate of the sample + holder assembly. The data in Figure 6.3 show 

that the combined thennal mass of the sample and sample holder required three minutes to 

reach the ambient furnace temperature. This indicates that the films heated for 5 minutes 

were actually at the firing temperature for only 2 minutes, which was inadequate to 

completely consolidate the fllms. 
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Figure 6.1: Plot of the heating rate measured for the sample and sample holder assembly. 
The spun films were set in a sample holder, then the entire assembly was pushed into a 
furnace pre-heated to 500·C. 
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Compositional Dependence of Attenuation 

The scattering losses measured for sets of 50Si:50Ti and 65Si:35Ti waveguides 

processed identically as the films of Table 6.1 are listed in Table 6.3. Each waveguide was 

spun deposited on a pyrex substrate at 2000 rpm under clean room conditions, then baked 

for 15, 30 or 60 minutes at 500·C. The index and thickness of the waveguides was 

detennined using prism coupling techniques. Losses for waveguides baked for 5 minutes 

were not measured because of the risk of damaging the prism on a less dense fIlm. The 

scattering losses measured for the 15 and 30 minute samples did not vary significantly. 

Interestingly, the losses of the 60 minute waveguides significantly increased over that of 

the 30 minute fired samples for both compositions. The index and thickness were also 

difficult to obtain using prism coupling for the 60 minute samples. The precision of the 

prism coupling depends upon the efficiency of the mode coupling, and precise 

determination of the angle of the coupled mode relative to the polarized beam. The 

resolution of the measurement decreases if the mode lines are broad or diffuse, as was the 

case for the waveguide fired for 60 minutes, because the angle of the mode cannot be 

precisely determined. Diffuse mode lines may occur in waveguides with non-negligible 

absorption, large volume scattering losses, or a roughened surface, which would adversely 

affect the coupling efficiency. 



159 

Table 6.3: Table of loss measured for waveguides of various TiCh contents. The data 
were measured for a single sample of each composition which was fired multiple times. 

Composition Firing Time Index Loss 
(mole %) (min.) (+0.001) (dB/em) 

50Si:50Ti 15 1.748 1.0 ± 0.2 
30 1.749 0.9 ± 0.2 
60 1.753 > 4.0 

65Si:35Ti 15 1.660 0.5 ± 0.1 
30 1.661 0.5 ± 0.1 
60 1.665 1.6 ± 0.2 

lOSi:90Ti 30 2.18 > 10.0 

87Si:13Ti 30 1.495 1.0 ± 0.25 

Losses for lOSi:90Ti and 87Si:13Ti waveguides are also listed in Table 6.3. The 

waveguides were deposited on pyrex substrates in clean room conditions and fired for 30 

minutes at 500·C. The low index of the 87Si: 13Ti waveguides required that multi-layer 

waveguides be fabricated. A first layer was deposited upon a cleaned substrate and fired to 

500'GC for 15 minutes, then a second layer was applied immediately upon cooling and re

fired to 500·C. The additional heat treatments required during fabrication of multi-layer 

waveguides makes direct comparison with single layer waveguides difficult. Multi-layer 

fabrication increases the number of interfaces within the guide, and therefore the number of 

interfaces where defects could occur. The deleterious effects of interfacial defects has been 

described in chapter 3. 

The data in Table 6.3 do not reveal a strong compositional dependence of scattering 

loss, except for the lOSi:90Ti waveguides, which had significantly higher losses. This 
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interesting observation must·be qualified, as there are many other factors changing within 

the sample set that could be masking the compositional effect on the attenuation. The total 

attenuation is the sum of the contributing factors, and how each factor is affected by 

compositional change will affect the overall loss. The surface roughness of the fllms may 

vary with composition, though unlikely, which would affect the magnitude of the surface 

scattering contribution. The confinement factor of the samples, which depends on both the 

index and thiclrness of the waveguide, varied with waveguide composition in the sample 

set. The confinement factor determines the magnitude of the electric field interacting with 

the sample surface, which will affect the magnitude of the surface scattering contribution. 

The magnitude of the interfacial scattering due to the index difference at the interface varies 

greatly due to the large range of sample index. The volume characteristics and 

homogeneity of the waveguides probably vary with composition as well. Each of these 

factors must be incorporated into the analysis of compositional differences in waveguide 

attenuation before a conclusion can be drawn. 

Microstructural Analysis 

The cause of the greater loss in the lOSi:9OTi waveguide is shown in the HRTEM 

micrograph in Figure 6.2, which is a cross-sectional image of a lOSi:90Ti witness film 

deposited on a Si substrate. A witness film is prepared identically to a waveguide with 

respect to solution, spin speed, and firing time and temperature, but on a different 

substrate. The HRTEM analysis was done on witness films deposited on Si rather than 

waveguides deposited on pyrex due to increased resolution realized. The single crystal 

structure of the Si substrate permitted easy and precise alignment of the electron beam, 

improving resolution. Resolution was also enhanced by the lack of sample charging under 

------_. ~----.- _.' . 



161 

the beam. Sample charging of fIlms deposited on oxide substrates required that the 

specimens be coated with carbon, which can detrimentally affect image resolution. This 

potential difficulty was completely avoided with the samples spun on Si, which did not 

charge. 

A large volume fraction of the lOSi:90Ti film shown in Figure 6.2 is crystalline, 

indeed the entire film appears to be crystalline. The crystals span the film thickness and are 

randomly oriented. As noted above, the electron beam was aligned relative to the single 

crystal substrate. Therefore, the apparent single oIientation of the crystals is an illusion 

because only the most strongly diffracting planes within the film are revealed. Analysis of 

the lattice fringes seen throughout the volume of the film identified the crystals as the 

anatase phase of TiCh. The size of the crystals was approximately equal to the width of the 

0.06 J.LIll film, and individual crystals extended several tenths of J..Lm laterally within the 

film. When the size of the scattering sources within the film are approximately equal to the 

wavelength of the propagating light, the scattering losses can no longer be described by the 

Rayleigh limit. The interaction of the coupled light with the large crystals greatly increases 

attenuation due to increased scattering. The 1EM evidence also explains the poor fit of the 

ellipsometer data. The model assumed a homogeneous, non-absorbing oxide film with 

smooth interfaces. Clearly, the crystalline film shown in the micrographs does not fit these 

conditions. 

The micrograph shown in Figure 6.2 does not reveal any SiCh- rich amorphous 

regions. The 10 mole % SiCh originally reacted in the solution may have been incorporated 

into the Ti02 crystalline structure, or perhaps segregated to the grain boundaries within the 

film. The analysis of the lattice fringes was not precise enough to confinn incorporation of 

the SiCh. Vaporization of Si species from the fIlm during firing is expected to be 

negligible, due to the water:TEOS ratio synthesized in the deposition solution (see chapter 



162 

4). It's likely the Si02 is still present, but in small quantities that can not be detected with 

the technique used. No compositional analysis of the ftlm was done. 

Figure 6.2: TEM image of the lOSi:90Ti ftlm fIred to SOO·C. The crystals present in the 
structure were identified as anatase using the lattice fringe spacing. 
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Apart from the crystalline lOSi:90Ti waveguides, the losses measured for 

waveguides of the other compositions were in the range of O.S - 1 dB/em. An implication 

of this result is that the difference in the volume scatter contribution to the overall loss 

caused by structural differences between the compositions does not dominate, except for 

the crystalline films. The increase in loss with increased firing time for the SOSi:SOTi and 

6SSi:3STi waveguides could be caused either by an increase in volume inhomogeneities or 

by an increase in surface roughness. An Lrlcrease in the film absorption as the firing time is 

increased seems unlikely. 

Attenuation as a Function of Film Thickness 

In his dissertation, Roncone suggested that the contribution of surface scattering is 

the predominant source of the loss in sol-gel waveguides. To test the validity of Roncone's 

suggestion, the sample set listed in Table 6.4 was prepared. The loss for 6SSi:3STi 

waveguides of different thicknesses, and therefore different confinement factors, was 

measured. The surface roughness of the samples is assumed to be uncorrelated to the 

substrate surface and thus, likely independent of film thickness. The waveguides were 

deposited on pyrex substrates under clean room conditions and fired for 30 minutes at 

SOD·C. The index and attenuation were measured at 632.8 nm, the uncertainty listed for 

the attenuation is the standard deviation calculated from a linear least squares fit of the raw 

data. The thickness of the single layer guides was varied from 181 nm to 323 nm by 

adjusting the spin speed during deposition. The waveguide samples C6S, C64, C61 and 

C62 were processed as a group, during the same afternoon. The sample C81-2, though 

processed on a different date, was included in the set to provide another data point in the 

._--- ._---------, 
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plot. The data of Table 6.4 show that the loss of the waveguides decreased as the thickness 

increased, consistent with the thesis of Roncone. 

Table 6.4: Table of loss as of function of thickness for the 65Si:35Ti waveguides 

Sample Spin speed Index Thickness Loss at 
(rpm) (± 0.001 (± 1 nm) A. = 632.8 

A. = 632.8) (dB/em) 

C65 1500 1.657 323 0.42 ± 0.1 

C81-2'" 2000 1.666 262 0.5 ± 0.1 

C64 2500 1.662 246.5 0.68 ± 0.1 

C61 3500 1.664 212 0.51 ± 0.1 

C62 4500 1.667 181 1.0 ± 0.1 

'" Waveguide from Table C7. 

The plot of the data in Table 6.4, shown in Figure 6.3, emphasizes the change in 

the loss as a function of thickness. The solid line is the best fit curve calculated for the loss 

data, the dotted line plots the confmement factor calculated as a function of thickness for a 

waveguide with an index of 1.65. The attenuation decreased as the thickness and 

confmement factor of the waveguides increased. The confmement factor is the percentage 

of the propagating mode distributed within the guide layer. As the confinement factor 

increases, the amplitude of the propagating electric field decreases at the layer interfaces and 

the propagating mode probes more of the film volume. If the volume scattering 

contribution is the dominating factor in the total loss measured for the waveguide, then the 

loss should increase as the thickness of the guide increases and more of the volume is 

probed by the propagating mode. However, the opposite trend is observed in Figure 6.3. 
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As the film thickness increased, the losses decreased. Or, as the amplitude of the field 

decreased at the waveguide interfaces, the loss decreased. This result supports the thesis 

that the contribution of surface scattering dominates the loss of these solution derived 

waveguides. This does not mean that the volume scattering contribution is non-zero, it 

simply indicates that any change in the volume scattering loss is masked by a larger surface 

scattering effect. 
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Figure 6.3: Plot of the loss for various thickness 65Si:35Ti waveguides, The solid line 
plotted is the best fit line for the measured loss data. The dotted line is the confinement 
factor for the waveguides. 
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Multiply Fired Samples 

All of the data presented in tables 6.1 and 6.3 were measured for samples which 

had been fired a single time at temperature. The effect of multiple firings or heating cycles 

of a single sample for the 87Si: 13Ti, 6SSi:3STi, SOSi:SOTi and lOSi:90Ti compositions is 

presented in Table 6.5. Films deposited on Si wafer pieces were fired at 500 C for an 

initial 5 minute period, analyzed using ellipsometry to determine index and thickness, then 

rebaked and remeasured repeatedly. The flring schedule of each sample is represented in 

the second column of the table, where the duration of each additional heat treatment for the 

samples is presented as "+ (additional firing time)." The model assumptions and 

conditions for the ellipsometer calculations for the samples in Table 6.5 were identical to 

those assumed for the samples of Table 6.1. Multiply flred samples are referred to as 

"cycled." 

Unlike the results for the singly fired sa.."l1ples presented in tables 6.1, the cycled 

films, except for the lOSi:90Ti composition, did not appear to reach a constant thickness 

after 15 minutes of baking. The cycled samples of the SOSi:SOTi, 6SSi:3STi, and 

87Si:13Ti compositions shrank an average of 4% with each additional firing. The 

calculated index of the 6SSi:3STi and SOSi:SOTi cycled fIlms was significantly higher than 

individually baked samples, while the indices of the 87Si:13Ti and lOSi:90Ti fIlms 

followed the same trends of the singly baked samples. Indeed, the index of the cycled 

6SSi:3STi and SOSi:SOTi films appeared to have increased to a value previously measured 

for crystalline films (see chapter 5), though no evidence of crystallinity was seen in x-ray 

analysis. 

. .. ~.------, 
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Table 6.5: Data for the cycled films. The index of the Si substrate was 
held constant at 3.858 - 0.018i in the model calculations. 

Composition Time Index Thickness Spin Speed 
(mole %) (min) (+.004) C±1om) (!Em) 

50Si:50Ti 5 1.723 132.0 3500 
+10 1.754 121.0 " 
+15 1.766 119.0 " 
+30 1.785 118.0 " 

65Si:35Ti 5 1.645 143.0 3500 
+10 1.677 129.0 " 
+15 1.697 122.0 " 
+30 1.724 113.0 " 

10Si:90Ti 5 2.097 77.0 2000 
+10 2.148 72.0 " 
+15 2.173 72.0 " 
+30 2.172 72.0 " 

87Si:13Ti 5 1.492 89.0 6000 
+10 1.503 83.5 " 
+15 1.499 80.5 " 
+30 1.504 79.0 " 

Certainly the data presented in Table 6.5 is unexpected. Significantly, for the 

65Si:35Ti and 50Si:5OTi samples of Table 6.5, as the number of firings increased, the fit 

parameter and therefore the uncertainty of the data increased. The fit parameter values for 

the multiply baked 87Si: 13Ti sample were very similar to the values for the singly baked 

samples. The fits for the 1OSi:90Ti sample were poorer than for the singly fired samples, 

but still indicate that the model does not reflect the film structure, as expected in .light of the 

TEM images of Figure 6.2. An inc..Tease in the fit parameter of the values calculated from 

ellipsometry data could indicate a deterioration of the surface quality of the sample, or the 
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fonnation of defects or inhomogeneities within the film volume. To verify and elucidate 

the cause of the strange ellipsometer results, waveguides of the compositions were 

fabricated, fired repeatedly and analyzed using prism coupling techniques. 

The low index of the 87Si:13Ti coatings necessitated the deposition of multi-layers 

to fabricate waveguides. Processing multi-layer samples is significantly more difficult than 

single layer samples because it introduces a host of additional factors to be controlled or 

monitored. These additional factors make direct comparison to the single layer waveguides 

of the other compositions difficult, and further study of the 87Si: 13Ti waveguides was not 

pursued. The crystallinity and resultant high scattering losses of the lOSi:90Ti waveguides 

make them poor choices as waveguides. Thus, further experiments were conducted with 

the SOSi:SOTi and 6SSi:3STi waveguides only. 

Table 6.6: Table of losses measured for multiply baked SOSi:SOTi and 65Si:35Ti 
waveguides. The "c" noted under the Conditions indicates the sample was fired multiple 
times, or cycled. 

Sample Composition Conditions *Average Index Thickness 
(mole %) (rpm/time) Loss(dB/cm) (+ .001) (±2 nm) 

C27 50Si:50Ti 2000/30 O.S ± 0.1 1.747 170.7 

C23 50Si:50Ti 2000/3Oc 0.5 ± 0.2 1.753 158.4 

C24 ' 50Si:50Ti 2000/6Oc 4.14 ± 0.1 1.749 163.2 

C28 65Si:35Ti 2500/30 0.5 ± 0.1 1.661 262.2 

C25 65Si:35Ti 2500/3Oc 0.8 ± 0.2 1.666 240.5 

C26 65Si:35Ti 2500/6Oc 1.37 ± 0.1 1.667 250.8 

* All losses were measured at A. = 632.8 nm. The standard deviation quoted is calculated 
from the linear fit of the data. 
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The index, thickness and loss of cycled and individually fired waveguides are 

compared in Table 6.6. The processing conditions of the samples are listed, a lower case 

"c" denotes a sample which was heated in multiple 15 minutes cycles for the cumulative 

total firing time. A sample fIred for "30c" minutes was fired twice, each time for 15 

minutes, while a sample fIred for ''3~'' minutes was baked once for 30 minutes. The flring 

time of 15 minutes was chosen to negate any effect of the heating rate of the samples. 

Samples placed in the hot zone of the furnace for 15 minutes would have been at the preset 

temperature for a minimum of 12 minutes. The effect of cycling on the index and thickness 

suggested in Table 6.6 is not reflected in the data of Table 6.7. The indices of the cycled 

samples in Table 6.7 do not differ from those of the individually fired waveguides. 

However, the trend in the thickness of the cycled samples compared to the singly fired 

waveguides is similar to that seen in Table 6.6, with the cycled films thinner than the films 

baked for a single duration. The fllms fired singly or cycled for 60 minutes were difficult 

to couple, and so have a higher uncertainty in their data. 

The losses measured for the waveguides show a dependence on firing time, 

whether cycled or not. The losses fired for 30 minutes, whether cycled or not, had similar 

loss values. The loss of the single fIred 50Si:50Ti waveguide was higher (1.4 dB/em), 

than the cycled waveguide (0.5 dB/bm). The difference between these two waveguides is 

not thought to be due to the difference in flring schedule however, since other 50Si:50Ti 

waveguides, flred a single time for 30 minutes, had measured losses of 0.5 dB/cm. The 

variance in waveguides fabricated identically could be due to a number of processing 

factors, including variances in substrate quality between lots. The waveguides baked for 

four 15 minutes cycles had higher losses than the 30 minute waveguides. The losses of the 

waveguides fired for 60 minutes in increments was on the same order as the loss of the 

sample fIred a single time for 60 minutes, as seen in 'Table 6.3. 

-- ------------ -.---------
• 
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Effective Medium Technique 

The evidence of Table 6.6 necessitates the re-evaluation of the data in Table 6.5, 

since clearly the data of both tables cannot be correct To evaluate the relative accuracy of 

the data of both tables, it is necessary to consider the effects of sUlface or volume changes 

upon analysis by ellipsometry or prism coupling. Both techniques are sensitive to changes 

in the surface and volume conditions of the film. 

Prism coupling is less sensitive to changes in surface quality than is ellipsometry. 

The loss of the waveguide will depend on the interaction of the propagating mode at both 

the film/substrate and film/air interface. To determine the index and thickness, however, 

only the coupling criteria needs to be satisfied. For samples with increased surface 

roughness, obtaining efficient coupling is more difficult, and the width of the mode line 

may be increased, but unless the scattering increase is gross, the precision of the 

measurement will not be significantly rr..duced. The same observation can be made 

regarding increased volume inhomogeneities. Further, the model used to calculated the 

index and thickness from prism coupling assumes only that absorption is negligible, no 

assumption as to surface quality or volume homogeneity is required. 

In contrast, ellipsometry, which detects relative changes between the states of 

reflected polarized light, is extremely sensitive to the conditions at both the film/substrate 

and film/air interfaces and the film volume. The uncertainty in the data remains a function 

of the instrument, unless the diffuse scattering component dominates and the signal to the 

detector is affected. In this case, the surface scattering would be gross, and the film 

opaque. A more important and more difficult concern is tailoring the model assumptions to 

accurately reflect the sample. As stated previously, the model employed in the ellipsometer 

calculations for Table 6.5 assumed an atomically smooth surface and a homogeneous 
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volume. If the assumptions of the model do not approximate the sample, then the index 

and thickness values calculated from the data may not be meaningful. Given the 

importance of the surface quality on the accuracy of the ellipsometer model, a technique to 

account for surface and interfacial roughness will be introduced. 

Various modelling techniques have been developed to analyze roughened interfaces 

with ellipsometry. For layers with roughness on a scale of less than 20 nm, the effective 

medium technique (EMT)93 has been demonstrated to adequately fit the sample behavior. 

In this methodology, a single layer film with roughened interfaces is modelled as a multi

layer structure. Brudzewski used this method to model an oxide film on a metallic 

substrate with interfacial roughness on a scale below the wavelength of light at both the 

substrate/air and mm/air interfaces. The roughened surfaces were modelled as separate 

layers, with effective indices and thicknesses. The index and thickness of the model 

effective layer depends upon the indices and the rms roughness of the interface layers. The 

model calculations were simplified by assuming that the effective thickness of the 

roughened layers was identical for the air/film and film/substrate interfaces. Using this 

multi-layer model, the ellipsometer data is fit, and found to be accurate for roughnesses 

below the wavelength of light. 

The data of Table 6.5, except for the lOSi:90Ti films, were re-analyzed using a 

modified EMT to model the fl!m behavior. For the samples in Table 6.7, both the 

film/substrate and film/air interface are assumed to change as firing time increased for films 

deposited on both Si and transparent oxide substrates. However, the relative strength of 

the effect of the increased roughness will depend upon the index difference at each 

interface. Due to the large index differential at the Si wafer/substrate, changes at that 

interface will more strongly influence the model behavior than the film/air interface, if the 
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magnitude of the roughness is similar at both interfaces. Thus, to simplify the calculations 

only changes at the substrate/film interface were modelled. 

The 10Si:90Ti films were not remodelled because the. poor quality of the fit was due 

to crystallinity, rather than any changes in surface roughness. The modified technique used 

permitted the index of the Si substrate to vary, establishing an "effective" substrate index, 

rather than inputting a separate effective layer at the surface. The modification is valid, 

because a similar "effective" index could be calculated from tlJ.e substrate and interfacial 

layer calculated from the EMT, essentially considering the two separate layers as a single 

layer. The effective index of the substrate is expecte.d to be lower than the index of the bare 

substrate, since the interfacial layer fonning at the interface is likely to be an oxide layer, of 

low index. 

Table 6.7: Data for cycled samples with psuedo-optical constants of the substrate to allow 
for an effective layer. All ellipsometer data was measured at 3 incident angles. 

Composition Tune Index Thickness Average 
(mole %) (min) (+.004) (±1 nm) Substrate Index 

50Si:5OTi 5 1.723 132.0 3.858-0.018i 
+10 1.754 121.0 3.858-0.018i 
+15 1.745 119.0 3.76-0.015i 
+30 1.754 118.0 3.70-0.016i 

65Si:35Ti 5 1.635 143.5 3.83-0.02i 
+10 1.640 134.0 3.60-0.02i 
+15 1.645 129.0 3.60-0.02i 
+30 1.665 120.0 3.54-0.02i 

87Si:13Ti 5 1.480 90 3.80-0.018i 
+10 1.492 84 3.81-0.018i 
+15 1.515 80.0 3.95-0.018i 
+30 1.520 77.5 3.92-0.018i 

---_ ... --"-----, 
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The data from the original model listed in Table 6.5 was input as the initial guess 

for the sample film index and thickness in the modified model. The numerical technique 

for arriving at a solution required a reasonable guess for the sample parameters. The data 

was then re-run through the model, fitting the substrate index and extinction coefficient as 

well as the sample index and thickness. A limitation on the calculation was that the 

substrate index could not vary more than ± 0.4. It is necessary to limit the range of the 

substrate index, because of the existence of local minima in the iterative numerical 

calculation. By allowing two more variables to be fit, the degree of freedom of the fit is 

increased along with the possibility of fmding a local rather than the global minima with the 

solution. The substrate index and extinction coefficient and fit parameter are listed in Table 

6.7 along with the sample index and thickness. A fit parameter was calculated as for Table 

6.1. 

Analysis of the results listed in Table 6.7 require particular care. The 5 and 15 

minute data for the 50Si:5OTi film was re-fit, but were outside the limit for the substrate 

index. All of the data for the 65Si:35Ti sample were re-fit. The re-fitted behavior of the 30 

and 60 minute cycled 65Si:35Ti and 50Si:50Ti films agreed with the results of Table 6.6. 

The re-fit effective index of the Si substrate was lower than the expected value, the 

extinction values for the substrate did not significantly change. The lowering of the 

effective substrate index is reasonable from a physical point of view, if an oxide layer is 

growing into the substrate surface with increased firing time. The Si index for the re-fit 30 

and 60 minute 87Si:13Ti samples slightly increased from the expected value, contrary to 

physical expectations. The success of the re-fit model for the 87Si:13Ti sample cannot be 

assessed because there is no independent measurement of the film characteristics. The fit 

parameters for all the re-modelled samples decreased. 

----------------------------
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The modified EMT model appeared to adequately compensate for the presence of an 

interfacial layer, without resolving it in the 50Si:50Ti and 65Si:35Ti samples flred for 30 

and 60 cumulative time. The assessment of the success of the model is based upon the 

comparison and agreement with the prism coupling results. There are obvious short 

comings to this simple modelling method, and the data cannot be analyzed without a priori 

information from a secondary independent measurement of the rum properties. In this 

case, the independent confirmation of the sample behavior comes from the prism coupling 

analysis of identically processed waveguides. The formation of an interfacial layer in the 

waveguides structure is not expected, as the substrates for the waveguides are silicate 

slides. 

These observations underscore the limitations of utilizing ellipsometry to 

characterize unknown samples. Analysis using ellipsometry can be useful and powerful, 

however care must be exercised when drawing conclusions without corroborating 

evidence. The raw data obtained in ellipsometry are the angles psi and del, values for fllm 

parameters are calculated by fltting the measured data to a model structure. If the model 

structure does not reflect the real sample, then erroneous index and thickness may be 

obtained. 

Surface Topography 

The thesis of increased surface roughness with longer flring times is supported by 

the 3-D AFM images, shown in Figure 6.4a-f, of 65Si:35Ti and 50Si:50Ti waveguides 

processed as the samples listed in Table 6.6. The rms roughness and correlation lengths of 

the surfaces were also calculated from the topographical data of the images and are listed in 

Table 6.8. An accurate representation of the surface depends upon of the size of the area 
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scanned and the size and distribution of the features present In his dissertation, Roncone 

established that the scan size of 4 /ll11 x 4 JlIll produced an accurate representation of the 

roughness of the sol-gel waveguides. The interested reader is referred to that text for a 

detailed discussion of the use and limitations of AFM surface profIling techniques. The 

scale of the z-axis (the axis nonnal to the film surface) varies in the images of Figure 6.4, 

expanding as the surface roughness increased. The increased roughness of the topography 

of both waveguide compositions is obvious from visual inspection of the images, and 

quantified by the increase in the nns roughness with increased firing time. The correlation 

length of the surface is a statistical representation of the separation distances between 

similar surface features. 

The topographical features and calculated roughness of the 30 minute cycled and 

singly baked waveguides were similar, but the surfaces fired for a cumulative period of 60 

minutes were rougher, with higher peak to trough values of the features in the surfaces. 

The observed increases in roughness correlate directly with the increased loss measured for 

the samples. Attenuation due to surface scattering varies quadratically with surface 

roughness23. Therefore, if the nns surface roughness of a waveguide doubles with 

continued firing, the loss due to surface scattering increases by a factor of four. The results 

of Table 6.8 generally agree with this predicted trend. 

The number and duration of the cycles in Table 6.8 are indicated in the third 

column, where the number of cycles multiplied by the length of each heat treatment equals 

the total firing time for the sample. Comparing the results for the 50Si:5OTi composition, 

the roughness of the cycled waveguide, C84, is twice that of the single fired C94, and the 

loss of C84 is roughly 4x greater. The loss of C84 was estimated due to the large amount 

of in-plane scatter for that particular sample. The measured loss of a similarly processed 

waveguide (single 60 minute firing) in Table 6.7 was 4.14 ± 0.1, so the confidence level of 
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the estimate is high. The difference between the rms roughness of the 30 minute cycled 

and single fired samples are not significant. This suggests the difference in the attenuation 

between the two 30 minute samples is not due to differences in surface scattering. 

The attenuation of the 65Si:35Ti waveguides, within experiment'll uncertainty, 

varied quadratically with the changes in rms roughness. The strong agreement of the 

65Si:35Ti waveguides with the predictions due to surface scattering losses indicates that the 

increased attenuation for the samples fired for 60 minutes is due to increased surface 

scattering. Although the single baked 60 minute films were not analyzed by AFM, the 

higher loss measured (listed in Table 6.4) for these samples were similar to the 60 minute 

cycled samples, suggesting that the surface topogr'dphy would also be similar to the 60 

minute cycled samples. 

Figure 6.4a: 3D AFM images of sample C94, the single fired 50Si:50Ti waveguide 
surface. 
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Figure 6.4b: 3D AFM images of sample C97, the 30 minute cycled 50Si:50Ti waveguide 
surface. 

-Figure 6.4c: 3D AFM images of sample C84, the 60 minute cycled 50Si:50Ti waveguide 
surface. 



Figure 6.4d: 3D AFM images of sample C81-2, the single fired 65Si:35Ti waveguide 
surface. 
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Figure 6.4e: 3D AFM images of sample C87-2, the 30 minute cycled 65Si:35Ti waveguide 
surface. 
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Figure 6.4f: 3D AFM images of sample CB5, the 60 minute cycled 65Si:35Ti waveguide 
surface. 

Table 6.8: Statistical data calculated from the AFM topography data. 

Sample Composition Firing Index Thickness Loss nns Correlation 
(mole %) Schedule (:t.ODl) (±2 nm) (dB/em) Roughness Length 

at 500'C C±0.04 nm) (nm) 

C94 50Si:50Ti 30 min 1.753 138.8 1.4+0.2 0.1582 230±96 

C97 50Si:50Ti 2x15 min 1.755 142.2 0.5±0.1 0.1881 234±94 

C84 50Si:50Ti 4x15 min 1.756 149.6 4-5* 0.2980 129±32 

C81-2 65Si:35Ti 30 min 1.666 253.9 0.65+0.2 0.2091 189±62 

C87-2 65Si:35Ti 2x15 min 1.675 256.2 0.4±0.1 0.1520 225±79 

C85 65Si:35Ti 4x15 min 1.677 247.9 2.1±0.2 0.2773 243±84 

* estimated value 
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Figure 6.5 is a plot of the FTIR spectra of an uncoated silicon substrate which has 

been fired in air at 500·C repeatedly just like the samples in Table 6.7. A background 

signal for an unfired, uncoated substrate has been subtracted from the spectrum. The 

presence of the oxide peak at 1165 cm-l is evidence that some form of thermal oxide layer 

grew on the Si surface during the repeated processing of the bare substrate. Although the 

evidence of low temperature oxide growth on a bare Si piece cannot be directly linked to the 

film behavior suggested in Table 6.7, it does establish that the Si interface can change with 

time and length of firing at the relatively low processing temperature employed in this 

work. The structure of thermal oxides formed at low processing temperatures have been 

found to 
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Figure 6.5: FTIR spectra of the blank Si piece which has been cycled. 
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contain a high concentration of defects50,5 1 ,94. The AFM results proved that the film/air 

interface roughened with increased firing time, this result suggests that the fIlm/substrate 

intetface also changes during firing for the samples deposited on Si. This result and the 

AFM evidence clearly imply that great care must be exercised when applying ellipsometer 

models to film structures. 

The FTIR result for the Si substrate does not imply that the fllm/substI"dte interface 

for the waveguides deposited on glassy transparent substrates would experience the same 

interfacial development. The interfacial chemistry and bonding environment is very 

different for the pyrex and silicon. The formation of a hybrid oxide layer on the Si would 

be very different from the likely reactions of the film/pyrex interface. 

Waveguide Deterioration 

In order to investigate the effect of cycled heat treatments on the aging 

characteristics or "aging effect" of the waveguides, the losses at 632.8 nm of 30 minute 

cycled and singly frred SOSi:SOTi and 6SSi:3STi waveguides were compared as a function 

of time in storage and are listed in Table 6.9. The aging charactelistics of the higher loss 

60 minute waveguides were not determined, although the loss of the sample C8S was 

measured after a month in storage. The losses of the singly and multiply baked 

waveguides are very similar immediately after fabrication. The loss characteristics of the 

SOSi:SOTi waveguides do not change until the samples have aged 5 months; then the loss 

exhibited a step increase to 4 dB/cm. The behavior of the 6SSi:3STi waveguides was 

significantly different. After a month aging, the loss of the 30 minute singly baked 

waveguide doubled while the loss of the cycled waveguide remained constant. The loss of 

the cycled waveguide remained constant until the sample had aged 5 months. These results 
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are very interesting and suggest that the repeated firing of the 65Si:35Ti film may increase 

its environmental durability. However, no such improvement is noted in the 50Si:50Ti 

waveguides. 

To learn about the absorption of the waveguides, a simple model was employed. If 

the attenuation is limited by the intrinsic or Rayleigh scattering of the material, the 

wavelength dependence of the loss should be attenuation = kJ..-x, where x=4 and k is a 

proportionality constant. If absorption effects are not negligible, the wavelength 

dependence would anything but A,-4. An absorptive film will have a coefficient x>7,23,63 

the actual wavelength dependence is determined by the particular absorption mechanism, 

and the part of the absorption band where the measurement is being made. 

Table 6.9: Table of loss for cycled and single baked samples as a function of aging single 
wavelength. 

Mole % Firing Index Thickness Loss Loss* Loss** Loss+ 
Samele 

50si:50Ti 
Schedule (om) (dB/em) (dB/cm) (dB/em) (dB/cm) 

C94 30 min 1.749 138.8 1.4±0.2 1.4±0.1 4.2±0.2 

C97 2x15 min 1.755 142.2 0.5±0.1 0.5±0.1 0.5±0.1 3.95±0.2 

65Si:35Ti 
C81-2 30 min 1.666 253.9 0.65±0.2 1. 25±0.2 1.2± 0.1 1.68±0.1 

C87-2 2x15 min 1.675 256.2 0.4±0.1 0.44±0.1 0.5±0.1 1.4±0.1 

* Aged 1 month, ** Aged 3 months, + Aged 5 months 

Table 6.10 lists the initial loss measured as a function of wavelength for three 

different 65Si:35Ti waveguides. The data in Table 6.10 is plotted in Figure 6.6, with the 

... _- - ---_._.-._---, 
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curve best fit to the data The coefficient of the fit is listed in the figure and ranged from 

3.35 to 4.45. Although the fitted dependence is not exactly A,-4, the evidence in Figure 6.6 

suggest the predominance of Rayleigh scattering as the loss mechanism. The data for three 

waveguides in 6.10 is presented to indicate the reproducibility of the wavelength 

dependence. The data in Table 6.10 and Figure 6.6 illustrate that waveguides fabricated at 

different times, from different solutions and in different laboratory conditions still had 

initial losses predominantly limited by Rayleigh scatter. The curve of the lossier 

waveguide, C51, fabricated outside the clean room, still has a A,-4 dependence. The higher 

losses of this waveguide is due to defects introduced by dust inclusions (ref Chapter 3). 

This result is important, as it justifies limiting the discussion of initial waveguide losses to 

scattering sources only and neglecting absorption. 

Table 6.10: Table of the loss as a function of wavelength for three 65Si:35Ti waveguides, 
2 low loss one higher loss, all having an x=4 dependence. 

65Si:35Ti Waveguides 

Wavelength Dl D2 W51 
(nm) 

632.8 0.5 ± 0.1 0.64 ± 0.16 1.4 ± 0.13 

514.5 1.26 ± 0.12 0.85 ± 0.11 3.49 ± 0.24 

488.0 1.56 ± 0.13 1.48 ± 0.12 4.34± 0.29 

457.9 2.13 ± 0.11 1.98 ± 0.16 

Table 6.11 compares the initial attenuation measured as a function of wavelength 

for a single fired 65Si:35Ti waveguide, and the loss measured after a month in storage for 

a single fired and 2 cycled waveguides. Figure 6.7 shows the data of Table 6.11, plotted 
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with a best fit. Unfortunately, the wavelength dependence of the aged samples was not 

measured initially, though the initial loss at 632.8 om was measured and is listed in Table 

6.8. The loss at 632.8 nm compares well with the waveguides listed in Table 6.10. The 

evidence of reproducible waveguide quality and wavelength dependence presented in 

Figure 6.6 justifies evaluating the aging characteristics of the 65Si:35Ti composition by 

comparing results from different samples. Based upon the demonstrated reproducible 

wavelength dependence, the initial loss of the 65Si:35Ti weguides is assumed to have 

been Rayleigh scatter limited. 
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The loss of the single fired 65Si:35Ti waveguide (C81-2) measured at 632.8 nm, 

after 1 month in storage, increased from the initial value listed in Table 6.8, and the 

wavelength dependence shifted from the Rayleigh limited value. The coefficient calculated 

from the fit of the data was x=7 (attenuation = 10..-7), suggesting the increased loss is due to 

an absorptive mechanism. The loss at 632.8 nm of the 30 minute cycled sample (C87-2) 

remained constant, but the wavelength dependence no longer met the Rayleigh limited 

criteria. The loss at 632.8 nm for the 60 minute cycled sample was identical to the value 

measured initially, and the fit of the wavelength dependence still indicated Rayleigh limited 

scattering. These results are quite interesting, and suggest that the deterioration or "aging 

effect" of the waveguides can be slowed by additional heat treatment. However, these 

results also indicate that the deterioration of the waveguides can not be completely 

characterized by tracking the attenuation at 632.8 nm. Evidently, changes in the waveguide 

become apparent at the shorter wavelength before they are manifested at the longer 

wavelength. The wavelength dependence of a single fired 60 minute waveguide was not 

obtained for comparison, so there is no evidence that the observed effect is due simply to 

the longer cumulative firing time, or if the cycled firing schedule is a factor. 

Table 6.12 lists the loss as a function of wavelength for the SOSi:SOTi waveguide 

composition. The data of Table 6.12 are plotted in Figure 6.8. The coefficient fit to the 

data for the unaged SOSi:SOTi waveguide (C94) was S.S. This is higher than x = 4 value 

expected for negligible absorption. This result and the result of Table 6.8 suggest that loss 

contributions other than scattering need to be considered for the SOSi:SOTi waveguides. 

The wavelength dependence of a cycled 50Si:SOTi waveguide was measured after a month 

--.--~.---. , 
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Table 6.11: Table of the loss measured for the 65Si:35Ti waveguides, an initially 
processed single fired, the an aged single []fed, a 30 min. cycled sample, and a 60 minute 
cycled sample. 

65Si:35Ti Waveguide Samples 

Wavelength D1 (unaged) C81-2 (aged C87-2 (aged CB5 (aged 1 
(nm) 1 month) 1 month) month) 

632.8 0.5 ± 0.1 1.25 ± 0.1 0.5 ± 0.1 2.25 ± 0.1 

514.5 1.26 ± .12 4.53 ± 0.1 1.23 ± 0.1 5.44 ± 0.1 

488.0 1.56 ± 0.13 7.62 ± 0.16 3.97 ± 0.2 7.53 ± 0.1 

457.9 2.13 ± 0.11 
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in storage. The coefficient of the fit for this waveguide was significantly higher (x= 1 O.S), 

although the attenuation at 632.8 nm did not increase. Although the wavelength 

dependence of the cycled sample (C97) was not measured immediately after fabrication, it 

is reasonable to assume that the wavelength dependence was similar to that of the single 

fired waveguide, in light of the evidence of the 60 minute cycled 6SSi:3STi waveguides 

presented above. These results confirm the observation noted above for the 6SSi:3STi, that 

the aging cffe~t becomes evident first at the shorter wavelengths. 

Table 6.12: The Wavelength dependence of the SOSi:SOTi waveguides, the unaged single 
fired sample and the aged twice cycled sample. 

SOSi:SOTi Waveguides 

Wavelength C94 C97 (aged 1 
(nm) (una ed) month) 

632.8 1.4 ± 0.1 O.S ± 0.1 

S14.S 3.S ± 0.1 4.6 ± 0.1 

488 S.8 ± 0.1 7.4 ± 0.1 

4S7.9 8.42 ± 0.1 

Possible sources of absorption in the SOSi:SOTi waveguides are residual carbon and 

reduced Ti ions. Reduced Ti ions (Ti3+) have an absorption spectrum that extends into the 

visible wavelengths87-89. It is conceivable that SOSi:SOTi oxide waveguide could contain a 

small concentration of Ti3+, resulting perhaps from the removal of organics. However, the 

high concentration of structural water (hydroxyls) in films fired to SOO·C makes the 
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presence of a high concentration of reduced Ti ions unlikely. An attempt to verify the 

presence of Ti3+ ions in the 50Si:5OTi waveguides was made using Electron Spin 

Resonance (ESR). However, ESR was not sensitive enough to detect the low 

concentration of Ti3+ ions expected in a sample consisting of a tiny amount of waveguide 

material relative to the amount of the substrate. 
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Figure 6.8: Plot of the wavelength dependence for the 50Si:50Ti waveguides, including a 
plot of the fit. 

This evidence of absorption is compelling, but it is not conclusive. A conclusive 

test to prove absorption or increased scatter would be to measure the intensity of scattered 

light as a function of scattering angle as well as wavelength. The loss measurements record 
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only the light that is scattered nonnal to the plane of the waveguide. The angular 

distribution of the scattered light would unambiguously derme the scattering characteristics 

of the waveguides, and whether the change in the light scattered nonnal to the plane is due 

to an increase in scatter in a different plane. 

Cycling Effects on Densification 

In this chapter, the effects of longer firing times and multiple firings, or "cycling," 

of a sample at a single temperature on the densification and waveguide properties were 

explored. The results of the previous chapters indicated that although film densification is 

not complete after firing for short times at 500 C, the firing temperature of 5OO·C is 

convenient for waveguide processing because it is sufficiently high to remove the olganic 

content of the fIlm, but not too high for the pyrex substrates used in the waveguide 

synthesis. 

The densification behavior of the single fired films indicates that the fIlms reach a 

constant density after a 15-30 minutes heat treatment But the prism coupling data of Table 

6.7 reveal that a fIlm fired a single time for 30 minutes is not completely dense. The 

increased density of the cycled waveguides of Table 6.7 was inferred from the increased 

film index measured in the cycled films. The individual samples of Table 6.7 were 

processed completely prior to being characterized, unlike the samples of Table 6.8, which 

were characterized after each firing cycle using ellipsometry. The ellipsometer data in Table 

6.8 is also consistent with increased density with cycling, though analysis of the 

ellipsometer data is more complex due to apparent roughening of the substrate/film 

interface. 
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The main difference between the processing history of cycled and single fired films 

is the cooling step between firings for the cycled films. As the films cool in the ambient lab 

conditions after removal from the furnace, water from the atmosphere will adsorb to the 

surface of the films, and diffuse into the porous film structure. The surfaces of sol-gel 

Si<h pieces have been characterized using Raman spectroscopy and NMR81.82. The 

results of both of these techniques indicate that the surfaces of the sol-gel pieces fired to 

500·C are completely covered with hydroxyls, and unless dehydrated, physically adsorbed 

water molecules. The preserlce of Ti in the surface structure would not change the 

hydroxylated nature of the surface; indeed, jf anything a Ti rich surface would be more 

likely to react with the ambient constituents83•95. The FI1R spectra of films fired to 

500·C, presented in chapter 5 contained evidence of a substantial concentration of structural 

water after cooling. 

The presence of water in a glass structure lowers its viscosity. Dense sol-gel 

glasses, without special processing, generally contain an order of magnitude highel 

concentration of water than dense conventionally processed glass. Upon re-firing, the 

lowered the viscosity75-80 of the flIm will allow further flIm densification. 

Aging Effect 

Another indication of increased density is the improved resistance to deterioration of 

the cycled films. The aging effect was compared for the single fired and cycled 65Si:35Ti 

waveguides as function of time in storage at 632.8 nm. After a month in storage, the loss 

of the 65Si:35Ti single fired (C81-2) waveguide doubled, but the attenuation of the cycled 

films (C87-2 and C85) was the same. Further analysis of the aging effect was done by 

comparing the wavelength dependence of the three 65Si:35Ti waveguides. The wavelength 

.• 
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dependence of the single fIred waveguide, as expected, showed that the attenuation no 

longer met the conditions for Rayleigh scattering and the contribution of absorption was not 

negligible. Surprisingly, the wavelength dependence of the waveguide cycled twice (C87-

2) also indicated that absorption losses were no longer negligible, though the measured loss 

at 632.8 nm was the same. Only the attenuation for the waveguide fIred for 60 minutes in 

cycles was still Rayleigh scatter limited. These results indicate that increased fIlm density 

slowed the deterioration of the 65Si:35Ti waveguides and that the aging effect is 

progressive, becoming apparent initially at shorter wavelengths. 

No difference in the aging characteristics was observed between the single fIred and 

cycled 50Si:50Ti waveguides; both waveguides showed no increase in the loss measured 

at 632.8 nm until the samples had aged in storage 5 months. But as with the 65Si:35Ti 

composition, despite the unchanged attenuation at 632.8 run, the aging effect was apparent 

at the shorter wavelengths after one month in storage. The initial wavelength dependence 

of the 50Si:50Ti composition, measured in chapter 5, did not meet the Rayleigh criteria, but 

after one month in storage, the absorption incre~sed signifIcantly. The previous 

deterioration evidence suggested that increasing the concentration of TiCh in the fIlm 

slowed the onset of the aging effect for the single fIred samples, based on the loss 

measured at 632.8 nm. A hypothesis offered to explain this effect was that the increased 

acidity of the surface would improve resistance to the corrosive attack of the atmosphere on 

the fIlm surface. However, the wavelength dependence results of this chapter indicate 

changes in waveguide aging cannot be adequately characterized at 632.8 nm, and that the 

increased compositional acidity may not increase the resistance to deterioration. 

The possible sources of loss in sol-gel SiCh-TiCh waveguides were outlined in 

chapter 5. The two most likely sources of absorption in these waveguides were the 

presence of amorphous carbon and defects within the glass structure. The presence of 

-_ .. ----------.---- .. ---- ._.---- .. - .. ----
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amorphous carbon would have a much stronger effect on the absoIption loss. The apparent 

development of an absoIption mechanism within the film is consistent with the idea that the 

film structure or chemistry is being altered with time. The most likely cause of the changes 

in the loss characteristics of a film in storage is a reaction of the film surface (or volume for 

a porous mm) with the atmosphere. Either source of absoIption in the waveguides could 

develop over time as the film reacts with the ambient atmosphere in storage. 

Increasing the density of the waveguides appeared to slow the aging effect, as 

demonstrated by the improved resistance of the 65Si:35Ti waveguide that was cycled 4 

times for a cumulative firing time of 60 minutes. The attenuation of this waveguide was 

still Rayleigh scatter limited after a month in storage. Unfortunately, the longer firing time 

experienced by this sample increased the roughness of the film/air interface. Thus, the 

beneficial effect of the improved resistance to aging effects are balanced by the undesirable 

effect of increased scattering loss. 

Surface Quality 

Film/Air Interface 

The predominant source of attenuation in the 65Si:35Ti waveguides was 

demonstrated to be surface scattering, emphasizing the importance of the interface quality. 

Firing the films multiple times increased the density and improved the resistance to 

deterioration; however, as the number of firing cycles increased, the surface roughness of 

the film/air interface increased. The model presented by Roncone in his dissertation 

predicts a quadratic dependence of attenuation with increasing surface roughness. The 

increased losses measured for the cycled waveguides fired for a total of 60 minutes showed 

this dependence. The rms roughness of the 60 minute cycled waveguides were double the 



roughness measured for the single fired samples, and the losses measured for the 60 

minute cycled samples were quadruple the 'single fired waveguides. 

193 

The rougher surface and higher scattering losses were not a function of cycling heat 

treatment, but rather the length of time of firing. The waveguides baked a single time for 

60 minutes (Table C4) had losses similar to those of the 60 minute cycled waveguide. This 

suggests the surface roughness of the film/air interface increased with longer firing times, 

regardless of the whether the sample was cycled or not. This suggest a diffusive 

mechanism, but before conclusions can be drawn regarding the kinetics of the surface 

roughening, verification of the roughness of the 60 minute single fired sample should be 

obtained, and roughness data for samples fired singly and cycled for longer times must be 

obtained. If the roughness increase is similar for both the cycled and single fired fllms, this 

would suggest the roughening is related to surface re-arrangement to minimize the surface 

energy, rather than an effect of the reaction of the adsorbed water at the film surface during 

re-firing. 

Silicon/Film Interface 

Unlike the roughening of the fllm/air interface, the apparent roughening of the 

Si/film interface was related to the cycling of the films. The effect was observed in the 

films deposited on silicon and then fired repeatedly. The ellipsometer data obtained from 

these samples could not be modelled using the simple single layer model employed to 

analyze the data of the single fired films. The results from the cycled films were 

successfully modelled using a modified version of the Effective Medium Technique 

(EMT)93, which assumes that the roughness at an interface can be modelled as a separate 

layer. A simplified version of this technique was used to obtain reasonable values for the 

--- --- - -- .-----
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cycled films. The success of the model and the validity of the "reasonable" film values 

obtained were detennined by comparison with prism coupling data for similarly processed 

samples, demonstrating the limitations of ellipsometry to detennine the characteristics of 

unknown samples. However, when information about the sample is known from a second 

technique, the ellipsometer results become meaningful, and the fits of different models may 

suggest information about the evolution of the sample. 

In the modified EMT fit of the data of the effective substrate index or "psuedo

optical constant", the extinction coefficient of the Si did not change much, but the real part 

of the index decreased, consistent with the preser.ce of a low index layer at the substrate 

surface., The growth of an oxide layer is supported by the FTIR evidence of a bare 

substrate which was cycled as the samples in Table 6.8. The FTIR spectra of the cycled 

uncoated Si showed the presence of a thin oxide layer after being fired in cycles for a total 

of 60 minutes. A reference wafer piece was also run as a background to remove any signal 

due to the native oxide layer that is present on all Si surfaces. 

The reactions occurring at the Si/film interface will be much more complex than the 

reaction of an uncoated wafer. However, the evidence that an oxide layer forms on a bare 

substrate fired in a stagnant furnace atmosphere, strongly suggests a reaction between the 

film and Si substrate will occur. The presence of the water and organics in the film would 

increase the reactivity at the film/Si interface, making the formation of an interfacial layer 

more likely. The quality of the oxide layer formed at 500·C is unknown, but the work of 

others suggest that an oxide interfacial layer formed at such a low temperature, will have a 

highly defective, highly strained film structure.94 The growth of such a layer into the Si 

wafer is unlikely to be homogeneous, leading to increased interfacial roughness. 

The formation of an interface layer was not apparent in the sample fired for a single 

time. This may indicate that the cycling of the sample may be necessary to affect the 

.. - ---.- .. --~-------'-.'-
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change at the interface, or more likely, that cycling increases the water content of the fIlm 

between firings, which would increase the oxidation mte at the wafer surface. The reaction 

at the Si/fIlm interface of the single fired films may be similar but occurs at a slower rate, 

but ellipsometry is not sensitive enough to detect the change. To fully characterize this 

effect, the changes in the surface of the silicon wafer should be documented using the 

wafer electrical properties. The electrical properties of the wafer are much more sensitive to 

changes at the interface than are the optical constants. This effect has important 

implications for the use of sol-gel films in electronic device fabrication, (as passivation 

layers, for example) and deserves further study. 

Concl usions 

Firing films multiple times ("cycling" them) i!1creases the film density, but also 

increases the roughness of the fIlm/air surface when the cumulative firing time is 60 

minutes. Although the increased density of the film improves the resistance to deterioration 

or the aging effect, the increased surface roughness increases the loss due to scattering 

quadratically. 

The mechanisms of loss varied with Ti<h, content for the Si<h,-Ti0:2 compositions. 

The initial attenuation of the 65Si:35Ti waveguides is Rayleigh scatter limited, and the 

predominant source of loss is surface scattering. Absorption cannot be neglected as a 

source of attenuation in the 50Si:5OTi waveguides, though waveguides with losses 

between 0.5-1.4 dB/cm at 632.8 nm can be fabricated. The high losses of the lOSi:90Ti 

waveguides (>10 dB/em) are due to scattering caused by the presence of large crystallites 

of anatase in the film. 
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The aging effect cannot be adequately characterized by the attenuation at a single 

wavelength. The deterioration of the waveguides becomes observable at the shorter 

wavelengths, although the attenuation at 632.8 run remains constant. The best way to 

increase the film's resistance to deterioration is to increase the density of the fIlms. 

Apparent reactions at the silicon wafer/film interface have important implications for 

the use of sol-gel solutions in device fabrication. The results of this study suggest there is 

an effect. However, changes in the optical constants of the wafer are not sensitive enough 

to characterize the surface changes. 



CHAPTER 7 

THE WET-CHEMICAL FABRICATION OF A SINGLE LEAKAGE 

CHANNEL GRATING COUPLER 

Background 
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The development of sol-gel or solution derived thin fIlm deposition techniques for 

integrated optics applications has generated considerable interest in recent years. 

Advantages of sol-gel processing include the ease and flexibility of film deposition, the 

wide range of available compositions, the potential for extreme structural and chemical 

homogeneity, good mechanical and chemical stability, and low deposition costs. The 

controlled deposition of single layers of solution derived materials has lead to the 

fabrication of passive optical components including: solar anti-reflective fIlms28,97-100, 

waveguides9,lO,27,lOl and chemical sensors102,l06. Exploitation of the chemical and 

structural changes which occur during sol-gel film fonnation has permitted the tailoring of 

film porosityl02, the embossing of surface relief features (for gratings, reflectors, 

etc.),27,103 and the patteming of film surfaces via laser processing techniques 10, 104,105. 

Sol-gel techniques have also been used to fabricate multi-layer optic structures. 

Partlow and O'Keeffe constructed a rugate filter98 consisting of 37 alternating layers of 

similar index and composition using sol-gel processing. The deposition of thin, dense 

layers allowed the construction of multi-layer structures> 2 !J.m thick. The shrinkage of 

the deposited layers was reported to be complete after an initial heating of 30 minutes at 

450·C, and no problems with cracking or delaminating of the films were encountered. The 

authors conclude that the deposition of layers which are dense after initial pyrolysis will 

allow the construction of much thicker sol gel devices. 

. .. --~-~--.- "_.---- -'---~--'----'--'----'--
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In this chapter, the fabrication of a novel integrated optic device, a Single Leakage

Channel Grating Coupler (SLCGC) is described. The fabrication is an example of how the 

characteristics of sol-gel deposition can be applied to meet design specifications and 

tolerances. A brief outline of the design specifications for the SLCGC is presented 

followed by the details of the sol-gel solution preparation and device fabrication. The 

characteristics and performance of the SLCGC are measured and evaluated. 

Description and Design Specifications of the SLCGC 

A necessary component of any integrated optics application is the method chosen to 

couple the light beams in and out of the optical device. In a planar configuration, grating 

structures are typically utilized to accomplish the coupling. When used as output couplers, 

typical symmetric-groove gratings diffract a guided mode into two channels (beams) of 

approximately equal power, one going into the cover region and one going into the 

substrate. For most applications, only one of the out-coupled channels is utilized. This 

results in a loss of about 50% of the guided mode power. 

The SLCGC (shown schematically in Figure 1) addresses this problem through the 

use of a high reflectivity broadband reflector composed of alternating high (H) and low (L) 

refractive index quarterwave dielectric layers. This design was origanlly proposed by 

Agrawal et al. 106 This stack reflects the light diffracted towards the substrate back up and 

out of the device, where it constructively adds with the beam diffracted into the cover 

region, and thus results in a single leakage-channel. The buffer layer acts as a phase 

compensation layer to ensure constructive addition of the two diffracted beams in the cover 

region. It also isolates the guiding layer from the potentially lossy stack. For properly 

designed devices, with stack reflectances approaching unity, nearly 100% of the guided 

----- ----- .... _ ... 



mode power can be directed into the cover region. A more complete description of the 

device and its modelling is presented in the paper by Roncone et al. t07 
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Figure 7.1: Schematic drawing of the Single Leakage Channel Grating Coupler (SLCGC). 

The refractive index of the buffer layer should be significantly below that of the fIlm 

index, which for the 35 mole % TiD2 waveguide layer used is ==1.66 (at A = 632.8 nm). 

Thus, we are restricted to material systems with indices in the range of about 1.46-1.50, 

with the additional requirement of being able to deposit multiple layers to achieve total 

buffer layer thicknesses approaching 500 nm. The thickness of the buffer layer 

necessitates the multi-layer fabrication, due to the difficulty of depositing a single sol-gel 

layer of thickness greater than 0.33 11m. Although films as thick as 0.5 11m have been 

reported deposited in a single layer, in systems where no additional effort (in tenns of 

organic additives or special heat treatments), it is far more common to deposit thinner layers 
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and build up to the ultimate desired thickness. Since a significant fraction of the desired 

guided-mode energy propagates within these layers, the attenuation in this material must be 

limited to a few dB/cm. The buffer layer thickness must be sufficient to allow constructive 

interference between the beams reflected off the top surface and the stacks. Precise control 

over the total buffer layer thickness is not necessary because the maximum achievable out

coupling efficiency into the cover region is nearly independent of buffer layer thickness 

when the stack is very highly reflectinglll. 

The most critical parameter for the guiding layer is its attenuation characteristics. 

For the device to function optimally, in-plane and out-of-plane scatter must he minimized. 

While much lower losses are ultimately desired, a target attenuation of about 1-2 dB/em, at 

A = 488 nm, in a ,.,250 nm thick film, with an index of "'1.66, will pennit device opemtion. 

The design specifications outlined above establish the processing criteria required 

for fabricating the SLCGC. Sol-gel techniques are particularly well suited to meet this 

criteria because films of widely varying refractive indices and thickness can be fabricated 

easily. In addition, the tolerances on the film indices and thicknesses are modest, and well 

within the capabilities of solution processing. 

Device Fabrication 

The high index layers of the SLCGC were fabricated from solutions of various 

compositions from the Si02-Ti02 binary system. The composition chosen for the 

waveguide layer was 35 mole% Ti02' The Si02-Ti02 system is a convenient selection 

because variations in the molar mtio of Ti02lSi02 produce large changes in refractive 

index. Also, relatively simple solution synthesis procedures, as well as commercially 

available deposition solutions, exist. The composition of the low index stack and buffer 

------- --.-------- -- -. 
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layers was a multi-oxide alumino-silicate with a composition of 0.03 MgO-O.03 CaO-O.03 

BaO-0.085 B202-0.09 AI203-0.735 Si02 (see chapter 3). This composition was chosen 

for it's low index and its environmental durability. Pure Si02 films had indices of 1.43 

after firing to 500·C; however, they became cloudy when stored in ambient lab conditions 

(20·C, 60% RH). In contrast, the alumino-silicate layers had an index of 1.47 after firing 

to 500·C, and showed no adverse effects after long term storage. The composition, index 

and thickness of the quarterwave (A= 488 nm), buffer, and waveguide layers for the 

SLCGC are listed in Table 7.1. 

The soda-lime glass slide substrates were immersed in a warm aqueous soap 

solution, rinsed under a continuous stream of de-ionized water, then stored in a sealed 

container of de-ionized water until deposition. Immediately prior to deposition,the 

substrates were rinsed with a stream of filtered ethanol and spun dry. This cleaning 

procedure was employed prior to the deposition of each new layer of the device. The 

implementation of this simple procedure reduced of the amount surface flaws (striations) 

due to dust in the layers and eliminated cracks due to interfacial inclusions. 

Individual layers were deposited in a controlled environment with ambient relative 

humidity of < 25% and temperature of 22·C. The filtered solution was flooded onto the 

static substrate, then the excess was spun off to create the coating. The as-spun film was 

placed immediately into a preheated furnace at 500·C for 15 minutes, then removed and air 

cooled. The composition, index and thickness of the quarterwave (A= 488 nm), buffer, 

and waveguide layers for the SLCGC are listed in Table 7.1. 
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Device Performance 

The characteristic reflectance for the 9 layer dielectric stack is plotted in Figure7.2. 

The stack was designed to be a broad band reflector, centered at the operating wavelength, 

488 run. The actual reflectance curve had a peak of 96% and was centered at 500 nm. The 

slight shift in the position of the characteristic peak is due to variations from the targeted 

index and thicknesses of the individual stack layers, but is well within the 40 nm design 

tolerance. The effect of the continued evolution of sol-gel derived layers during the 

deposition of reflecting stacks was reported by Biswas et al.96 In that work, the inverse 

effects of decreasing thickness and increasing index of the layers during the processing of 

subsequent layers allowed the overall stack requirements to be met. In this case, the 

efficient performance of the SLCGC require.d only that the range of the peak reflectance 

extend over the device operating wavelength. Therefore, as mentioned in section II, minor 

variations from the designed index and thickness of the stack layers can be tolerated. 

Table 7.1: Coating parameters for the SLCGC. 

La~er La~er ComEosition Index Thickness (nm) 

H Ti02 2.30 56.5 

L alumino-silicate 1.47 76.0 

Buffer alumino-silicate 1.47 450 

Waveguide 35 mole % Ti02 1.66 230 

The branching ratio is defined as the ratio of the power coupled into the cover 

region (channel) to the sum of the power coupled into all channels (in this case, the cover 

and substrate, see figure 7.1). Modelling results for predicting branching ratios in this 
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device and techniques for measuring the branching ratio have been described in detail in a 

previous paper. 11 1 In general, a mode was launched in the waveguide using prism 

coupling techniques, and out-coupled via a grating deposited using photolithography. The 

intensity of the light coupled into the cladding and through the substrate was determined by 

placing a detector on either side of the sample. Care was taken to reduce any background 

radiation. An average branching ratio was determined for the device by placing the detector 

at several locations along the grating. 
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Figure 2: The characteristic reflectance curve for the 9-layer dielectric stack fabricated for 
the SLCGC. 
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The avef'clge branching ratio measured for the SLCGC was 95% at 488 nm, which 

compares well to the theoretically predicted value of 98%. The successful fabrication of the 

SLCGC demonstrates how solution derived techniques can be applied to meet specific 

design criteria. The flexibility of the solution technique allows the deposition of variety of 

compositions easily and quickly. This work demonstrated how solution processing 

techniques may be applied to meet specific design criteria and tolerances. The correlation 

of processing charclcteristics and design tolerances is crucial for the successful adaption of 

sol gel to manufacturing applications. 



Summary 

CHAPTER 8 

Summary and Future work 
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A broad range of issues related to the successful fabrication of solution derived thin 

film planar waveguides have been explored in this dissertation. The results of this 

dissertation can be divided into two parts. The first part of the dissertation established 

processing guidelines to obtain optical quality sol-gel fIlms, regardless of the oxide 

composition. In the second part of the dissertation, the densification and attenuation 

characteristics of a broad range of compositions were measured. The effects of ambient 

conditions, the substrate surface and the amount of water added during synthesis were 

shown to affect the quality of the fired film, and methods to minimize the effects of these 

factors were demonstrated. This developmental work was necessary to insure that the 

densification and optical properties measured for the variety of waveguide compositions in 

the second part of the dissertation reflected effects due to compositional differences, rather 

than processing artifacts. 

The ambient conditions during deposition affect the quality of the spun fIlms, 

irrespective of the oxide composition. Although the specific range of conditions that permit 

the fabrication of un cracked films varies with the specific solution chemistry, generally, the 

conditions oflower humidity « 20 % RH) and temperature « 25°C) are best. The 

asymmetric, single mode structure of the high index planar waveguides of this study 

increased the importance of the substrate/film interface. The quality of the as-received 

surfaces of three substrates used in deposition were compared, and the effectiveness of the 

cleaning procedures used in their preparation were compared. The scattering losses due to 
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the presence of defects such as substrate flaws and embedded dust can dominate the 

measured attenuation, masking any compositional differences. Removal of dust, grease 

and oils were the most important aspects of the cleaning procedure, and these requirements 

were met using the simplest techniques. 

Waveguides of a wide variety of compositions were prepared in this work, 

requiring the development of a number of synthesis routes. The particular chemistry of 

each solution depends on the composition, but an effort was made to keep the synthesis as 

common as possible. The amount of water added during synthesis must be determined for 

all the different solution compositions. 

Film densification did not exhibit a strong compositional dependence. Films of all 

the compositions shrank monotonically until 800·C, except in the 50Si:50Ti fIlms, which 

were crystalline after fIring at 700·C. The presence of the crystallites impeded further 

densification. All the other composition investigated were crystalline after firing to 800·C. 

The densifIcation of the fIlms was modelled successfully using a simple model based on the 

Lorentz-Lorenz relationship that included the effects of water incorporated as structural 

hydroxyls in the fIlIl'. 

The initial scattering losses measured at 632.8 nm did not vary much with the 

waveguides attenuation. All compositions, except for the Zn ternaries, were used to 

fabricate waveguides with losses around 1 dB/cm at 632.8 nm. The initial wavelength 

dependence measured fl)r t.ie waveguides did show a compositional dependence. 

Attenuation showed a strong wavelength dependence, and the assumption of negligible 

absorption losses was not valid for all the compositions. For the 65:35 Si02:TiCh 

composition, which initially had losses which met the Rayleigh scatter criteria, surface 

scattering was shown to be the predominant source of loss. 

._.-------_. -. 
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An unfortunate characteristic noted in the waveguides was the increase in 

absorption loss as the guides aged in storage. The most likely sources of absorption in the 

waveguides, used to explain the increased absorption with time, are the incorporation of 

amorphous carbon into the structure of the films, as a result of the reaction between the 

atmosphere and the film structure. Structural defects within the glass can also increase 

losses, though the absorption from this source is weak. 

Firing the films multiple times increased the density of the waveguides, and 

improved their resistance to deterioration, but also increased the roughness of the surfaces 

when the cumulative firing time was greater than 30 minutes. Increasing the surface 

roughness increased the attenuation of the waveguide. An interesting effect was noted in 

the samples spun on silicon. It appeared that a reaction had occurred at the Si/film 

interface, roughening the interface. The roughening of the Si/film interface and the film/air 

interface appeared to be due to different processes. 

The successful fabrication of a novel optical device, a single leakage-channel 

grating coupler, demonstrated how solution derived techniques can be applied to meet 

specific design criteria. The device fabrication also demonstrates that, despite remaining 

challenges, the future for sol-gel derived waveguides is still a viable one. Planar 

waveguides of a wide range of indices can be easily fabricated with losses of < 1 dB/cm at 

632.8 nm, which compares very well with the losses measured in high index planar 

waveguides deposited by other techniques. Solution chemistry has an advantage in the 

fabrication of high index single mode films; however, the difficulties in fabricating thick 

films limits the applicability in lower index guides. 

Challenges that remain include the non-negligible absorption losses of some of the 

compositions and the deterioration of the waveguides over time in storage. Increasing the 

density of the waveguides slowed the rate of deterioration, suggesting that a simple way to 
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improve the resistance is to develop heat treatments which increase the film density, either 

by firing at higher temperatures, or multiple firings at a single temperature. The firing 

temperatures of the waveguides in this work were almost always 500·C, because of the use 

of pyrex substrates. Pyrex was chosen as the substrate because it had the highest quality 

surface; however, optically polished fused quartz would be an easy alternative, and would 

allow the films to be fIred at higher temperatures. 

Future Work 

The results of this work suggest a number of different directions for further 

investigation of solution derived waveguides. The causes of surface scattering were 

characterized in some detail in this work; however, information about the volume scatter 

contribution could not be successfully investigated. The small volume of material in the 

fIlms makes analysis using standard techniques difficult. Compositional analysis using 

electron microscopy requires significant sample preparation, and is destructive. 

A potential non-destructive method to measure the volume inhomogeneity of the 

waveguides would be to measure the far fIeld scatter of the propagating streak. The 

angular dependence of the far field scatter can be related to inhomogeneities of the volume 

using the Landau-Placzek63 ratio. The current loss measurement system could be modified 

to measure the far field scatter of a streak in addition to the near fIeld scatter recorded as the 

attenuation, perhaps by placing a cylindrical lens over the propagating streak, then 

recording the angular intensity of the light scattered. 

The major implication of this work is that the absorption losses of the waveguides 

can not always by neglected. This result was unexpected, and deserves further study. To 

fully characterize the absorption, the wavelength dependence must be investigated over a 
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much broader range of wavelengths. The similar densification of the compositions suggest 

the absorption is due to chemical differences, rather than processing effects. 

The modelling results presented in this work demonstrated that the densification 

behavior of the films could be modelled using the relatively simple Lorentz-Lorenz model. 

Further work necessary in this area includes applying the model treatment to a larger variety 

of compositions, including pure SiCh for a clearer comparison with the results of others. 

Verification of the model by quantifying the amount of water present in the films as a 

function of firing temperature is also a key next step. Quantification of the water may be 

possible, by re-doing an FfIR. study, measuring the change in the water peak height for a 

single film. Thermal gravimetric analysis of the thin film samples as they are fired may 

also be a way to quantify the water loss. 

The apparent reaction between the sol-gel fIlms and the surface of the Si substrJte 

should be further investigated. The effects noted in this study appeared to be related to the 

multiple firing of the film; however, the changes in the optical constants are unlikely to be 

sensitive enough to changes in the surface chemistry of the Si. A study monitoring the 

changes in the electrical properties of the Si wafer would be much more sensitive to any 

reaction occurring"between a sol-gel layer and the Si wafer surface . 

.. _ .. _._--- _.- - .... --- --_._-------, 
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