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ABSTRACT 

A theoretical and experimental investigation of scatter from surface roughness and core refractive 

index fluctuations in planar waveguides was performed, with an emphasis placed on applications in solution

deposited Si02-Ti02 (silica titania) planar waveguiding systems. A perturbation theory was used to model 

TEo mode scattering from surface and volume microstructure, and to predict attenuation when provided with 

the necessary waveguide and scattering pammeters. Final forms for the equations predicting surface and 

volume scatter losses into the cover and substrate regions of the waveguides were provided. 

The rather complex perturbation theory model of surface scatter was compared to a very simple, 

intuitive model based on the Rayleigh criterion. The two models were shown to predict surface induced 

attenuation values which were in very close agreement when the guided mode propagation angle approached 

90°. Thus, the simple model was shown to be adequate for predicting TEo mode surface scattering losses 

for waveguides which were very thick, and/or possessed a low refractive index. 

Considerable emphasis was placed on providing a simple, physical picture of guided mode 

scattering, utilizing rays to represent the scattered light. Following the development of this lCchnique, it 

was utilized to explain the origins of interference peaks in surface scattered radiation at certain values of 

film thickness. Solution chemistry and processing methodologies for 50:50 mol% and 35:65 mol% Si02-

Ti02 sol-gel films, yielding high quality, amorphous, glass waveguides, were discussed. AtlCnuation in the 

50:50 mol% films was 1-2 dB/cm, while attenuation in the 35:65 mol% films was 0.3-0.5 dB/cm, at 

"-=0.6328 Jlm. Absorption in these films was negligible. 

Waveguide losses were measured by transferring the scattered streak to a remote image plane 

(using a coherent fiber bundle) and scanning it using an automated, stepper-motor controlled, apcrtured 

photomultiplier tube. Testing and calibration tcchniques were described in detail. 

We found that surface-induced scattering was the dominant loss mcchanism in the 35:65 mol% 

Si02-Ti02 films. Surface roughnesscs of the sol-gel films, measured using Atomic Force Microscopy, 
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ranged from about 2-5 A rms, with correlation lengths from about 0.05-0.75 11m. 



CHAPTER 1 

INTRODUCTION 

14 

The last twenty years or so has seen a rapid growth in the field of integrated optics. This field is 

devoted to the development of microscopic optical circuits based on thin-film technology. Advances in thin 

film deposition, optical element fabrication (couplers, reflectors, polarizers, filters, and lenses, just to name 

a few), and methods of mathematical analysis and computer modelling now make useful integrated optic 

devices a reality (Suhara, et al., 1987; Renard, and Valette, 1991). The most fundamental part of any 

device, whether it be passive, electro-optic, or acousto-optic, or some combination thereof, is the planar (or 

slab) waveguide, which forms the base structure upon which all the more complex devices are built. The 

fabrication of low-scatter, low-loss, single-mode planar waveguides is essential for many of these integrated 

optic and photonic applications, since propagation distances of several centimeters may be required. The 

study of slab waveguides and their modal and scattering properties, is useful both to gain an understanding 

of simple dielectric waveguides, and to comprehend the capabilities and limitations imposed by the 

waveguiding layers and their properties, on the more complicated structures and devices. 

The formalism for modeling guided modes in an idealized (meaning perfectly smooth interfaces, 

and homogeneous refractive index) two-dimensional slab structure has been presented by many authors 

(Marcuse, 1991; Kapany and Burke, 1972; and Kogelnik, 1979). Guided waves propagate undiminished 

through such structures, without converting energy to any of the other possible guided modes, or to the 

continuous spectrum of radiation modes. However, in real waveguides, the confined optical power is 

scattered, and thus attenuated, by deviations in the waveguide walls, and by bulk refractive index 

fluctuations, caused by compositional and density variations in tile waveguide volume. These 

microstructural variations can lead to intermode scatter (Marcuse, 1972; Imai, et al., 1977, Swierk and 

Heimrath, 1992), in-plane scatter (Boyd and Anderson, 1978; Hall, 1985), and out-of-plane scatter into 

radiation modes (Imai, et al., 1977; Walter and Houghton, 1978; Ames and Hall, 1983; Miyanaga et al., 
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1979, 1980). All of these scattering mechanisms can induce performance limitations in optical devices. 

In-plane scatter, which essentially is a fanning out of the guided mode power into the waveguide 

plane, can lead to performance degradation in integrated optic devices (Boyd and Anderson, 1978). 

Intermode scatter results in power from the desired guiding mode being coupled into other undesired guided 

modes. Obviously, this problem is greatly reduced in single-mode waveguides. Out-of-plane scatter is the 

result of a waveguide imperfection-induced coupling of guided mode power into travelling radiation fields 

of the unguided modes (Le. radiation modes). Thus, out-of-plane scatter represents a power loss into the 

superstrate and substrate regions of tile waveguide. This type of scatter represents both a loss mechanism, 

and a valuable diagnostic tool for probing the microstructure of the guiding layer. 

Numerous mathematical models exist for predicting microstructural scatter-induced power loss from 

the guided mode. Most are based either on a mode-coupling formalism, or on a perturbation theory 

approach. The first reported treatment of scattering in dielectric waveguides was given by Marcuse (1969). 

This paper developed a perturbation treatment (and thus an approximate theory) to predict mode conversion 

and attenuation of the lowest order mode in symmetric, dielectric waveguides with small imperfections in 

the waveguide walls. Marcuse used this model to show how the power spectral density function (the 

frequency spectrum of the surface roughness, or alternatively, the Fourier transform of the autocovariance 

function) of the waveguide wall distortion function influenced the direction of the scattered light intensity 

in the far-field. A microwave experiment at 50 GHz, using a round teflon waveguide with periodic milled 

grooves, showed mode conversion and the direction of the far-field radiation in close agreement with theory. 

However, observed radiation losses were somewhat less than predicted. Concerns over the applicability of 

the radiation loss theory to the described experiment, in addition to concerns over the correct waveguide 

radius to use in the model, resulted in an inconclusive comparison of theory and experiment for surface 

corrugation induced radiation losses. The experiment that Marcuse describes is much more applicable to 

leakage rate studies of diffraction gratings than radiation losses from the randomly rough surfaces typically 

encountered in optical waveguides. 
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Later, Marcuse (1972) reported the development of a coupled mode theory which used an 

expansion of the electric and magnetic fields in terms of the modes of the ideal waveguide, for predicting 

mode conversion and power loss in multimode symmetric waveguides with imperfect interfaces. This work 

was later extended by Walter and Houghton (1978) to cover the asymmetric waveguide case. These authors 

attempted to compare measured waveguide losses to those predicted by this model, but they found that the 

theoretical attenuation was much lower than the measured value, which suggested that volume fluctuations 

were dominant. However, their results were clouded by the suspicion that the large measured attenuation 

(about 10 dB/cm) in their sputtered glass waveguides resulted from metal contaminants in the volume of 

the films. Additionally, their experimental measurements of surface roughness and correlation length (using 

a Talystep stylus profilometer) were suspiciously high. This probably was due to severely undersampling 

the surface. Thus, this attempt to compare theory and experiment also was inconclusive. 

A first-order boundary perturbation technique to describe reflection and scattering by a single 

groove in a waveguide was first developed in 1974 (Tsai and Tuan). This analysis method explicitly 

satisfies the boundary conditions on the electric and magnetic fields, and calculates the scattered fields to 

first order in the ratio of the groove depth to the thickness of the waveguide. The power reflection 

coefficient, radiation patterns, and the power of waves scattered into the superstrate and substrate are found 

for several different geometric groove shapes. This treatment later was extended by Ames and Hall (1983) 

to demonstrate how waveguide attenuation varies with measurable surface parameters. Experimental 

measurements of both the attenuation and surface roughness of sputtered Coming 7059 glass waveguides 

showed that the measured level of surface roughness was far too low to account for the measured 

attenuation. Thus, they concluded that volume refractive index fluctuations were the dominant scattering 

mechanism in these guides. 

In an earlier paper, Hall (1980) had compared the boundary perturbation technique with Marcuse's 

coupled mode theory, and showed that both treatments gave identical far-field radiation patterns for surface

induced scattered light from a TEo mode. However, Gruhlke and Hall (1984) later showed that coupled 
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mode theory violates the boundary conditions for the TM case, and that the far-field radiation patterns were 

significantly different for the two different mathematical approaches. 

Nayyer, Suematsu, and Tokiwa (1975) reported using a first-order perturbation theory to derive 

closed form approximate expressions for the coupling among guided modes, radiation loss, and losses of 

each guided mode as a consequence of the core refractive index fluctuations. This treatment was limited 

by assuming a symmetric waveguide and that the field outside the core region was zero. However, later 

research revealed that they did correctly show that there is considerable mode-dependency for the mode

coupling and radiation loss if the axial or transverse correlation lengths are of the order of or greater than 

the wavelength of light. In addition, they showed that the mode-coupling and radiation loss peak at some 

value of the axial correlation length. 

Finally, Imai, Miyanaga, and Asakura (1977) provided a perturbation technique to show how much 

power is converted from an incident TEo mode to other guided and radiation modes due to random 

fluctuations of the refractive index in the core region of an asymmetric slab waveguide. The technique 

assumed that the perturbed field (Le. the scattered field) could be expanded in terms of higher guided modes 

together with radiatio., modes. 

Up to this point, the mathematical models had treated scattering due either to surface roughness 

or to refractive index fluctuations in the film volume. But in 1979 and 1980, Miyanaga, Asakura, and Imai 

published a two-part paper on waveguide scattering which (in this author's opinion) is the definitive work 

in this field. These papers studied for the first time, the scattering characteristics of a beam mode in a thin 

film waveguide having both interface irregularities and (core) refractive index fluctuations. Correlation 

between the two waveguide interfaces, and between the waveguide interfaces and the bulk refractive index 

fluctuations was considered. The analysis used a first-order perturbation method together with a stationary 

phase method. Because of its completeness, and unified treatment of both scattering processes, this model 

was chosen for the work reported here. 

For thoroughness, three additional scattering models should be noted. Wlodarczyk (1988) used a 
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quasi-optical (ray-optic) approach to investigate the effects of absorption, and surface and volume scattering 

on the attenuation of guided waves in planar waveguides. No comparison to any of the previous treatments 

was discussed, nor was a comparison to experiment provided. 

Roughness-induced scattering of slab-guided modes was considered in the framework of classical 

electromagnetic theory by Arnz and Ponath (1986). Formulae for scattered power spectral densities, 

intermode coupling, and roughness-induced attenuation rate were given. Again, no comparison to the other 

theories, or to experiment was provided. 

Lastly, an interesting paper (in that it approaches waveguide scatter as being caused by defects 

rather than by random fluctuations in surface and core microstructure) by Mori and ltakura (1975) developed 

a simple model for propagation loss due to scattering centers (inclusions, cracks, grain boundaries, etc.) in 

the volume of the film. The authors ignored surface and volume scattering (due to refractive index 

inhomogeneities) and ignored the effects of guide thickness and optical field distribution. A comparison 

of experiment and theory in a PMMA waveguiding system was inconclusive. 

None of these scattering models has ever been rigorously and conclusively tested against 

experimental data. Until recent advances in scanning force microscopy, obtaining accurate values for film 

and substrate surface model parameters (rms roughness and correlation length) was difficult due to limited 

instrument resolution and undersampling of the test surface. Probing the film volume to accurately measure 

small rms refractive index fluctuations, and the correlation lengths of these fluctuations remains a 

challenging technical problem, especially for thin amorphous films on glass substrates. 

The first goal of this dissert.ation is to provide a comparison of waveguide attenuation predicted 

by the comprehensive scattering model of Miyanaga, Asakura, and Imai (1979, 1980) with measured 

microstructural (model) parameters and auenuation in Si02-Ti02 sol-gel waveguides, in the hopes of 

determining the degree to which these models can be trusted in predicting waveguide auenuation. In doing 

this, we arc also inherently testing tile validity of modeling a tlnee-dimensional scattering process in a thrce

dimensional wavegu;de, with a two-dimensional model. This work will require accurate characterization 
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of thin film optical properties and surface roughness characteristics. Methods of scatter reduction and 

attenuation control in these films will be demonstrated through wet-chemical and waveguide processing 

techniques. 

The second goal of this dissertation is to provide the reader with an intuitive understanding of the 

waveguide scatter process. The available literature is very weak in this regard. Considerable effort is 

expended in trying to provide a simple, physical explanantion of the scattering of guided waves to radiation 

modes. 

The final goal of this work is to give the reader an intuitive feel for the influence that the refractive 

index, thickness, and surface and volume microstructure have on the optical attenuation. Typical, 

measurable values for the parameters of the scattering models will be used in the graphical presentation of 

the modelling results. Much of the work reported in the literature uses normalized waveguide and scattering 

parameters, which makes it rather difficult to extract any insight into the actual magnitudes of the model 

parameters and the resulting attenuation they induce. 

Wet-chemically processed (sol-gel) Si02-Ti02 waveguides were chosen for use in this work for 

numerous reasons. First, these guides provide a relatively cheap, non-vacuum, low-temperature method for 

fabricating low-loss optical waveguides. In addition, their refractive indexes are controllable between about 

1.45 to 2.10, simply by varying the ratio of the Si02 to the Ti02 in the precursor solution. Second, at least 

in principle, the microstructure of these films can be altered through chemical and processing means, and 

thus provides a potential technique for determining waveguide loss as a function of volume microstructure. 

Third, there is a significant research interest in doping these types of coatings with active dyes, polymers, 

and liquids to fabricate sensors (Marlin and Grcen, 1990), solid-state tunable lasers (Dunn, et al., 1990), 

and directly laser-pattemable coatings (Schmidt and Popall, 1990, Zaugg, et al.,1990). Thus, a sound 

understanding of the microstructure and its effect on loss is necessary in the simple, undopcd films, before 

we can hope to understand the more complex structures. Lastly, the sol-gel method provides a potentially 
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mass producible method for fabricating integrated optic structures, especially when embossing techniques 

(Lukosz and Tiefenthaler, 1983, Heuberger and Lukosz, 1986, Tohge et al., 1988, and Roncone et al., 1991) 

are used to fabricate submicron (and larger) surface features into the films during processing. Thus, these 

types of coatings may become of significant importance to future researchers in integrated optics and 

photonics. 

Chapter 2 presents a brief review of dielectric waveguide theory based on Marcuse's 

electromagnetic field treatment (1991). While Kogelnik's development (1979) is probably a bit more 

compact, the scattering models developed in chapter 3 employ Marcuse's results, and thus, they are 

reviewed here. A considerable effort is made to describe radiation modes in an intuitive, physically 

understandable manner. This is necessary since the brunt of the theoretical development is based on 

describing attenuation as a result of guided mode power being lost to radiation modes. A ray-optic view 

of scattering is introduced here, in an attempt to provide an intuitive, physical picture of waveguide scatter. 

This topic is followed by a discussion of loss mechanisms, and definitions and examples of measurable 

surface and bulk microstructural parameters. 

Chapter 3 is devoted to the development of the scattering model. For readers not interested in the 

mathematical details, the final equations describing surface and volume scatter induced attenuation are 

presented together in the final section of the chapter. This chapter is fully self-contained and may be 

omitted with little consequence upon the chapters to follow. 

Chapter 4 focuses on demonstrating applications of the models developed in chapter 3. Numerous 

plots are presented to illustrate the importance of various waveguide and microstructural parameters, and 

to provide general guidelines for how smooth the waveguide surfaces must be, and how homogeneous the 

refractive index must be to achieve a desired attenuation. Next, a comparison of the rather complex surface 

scatter model (developed in chapter 3) with a simpler, back-of-the-envelope calculation for surface-induced 

attenuation, is discussed. The particular conditions under which the different models show close agrecment 
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is demonstrated. The chapter concludes by examining an interesting effect (not discussed in the literature) 

which, under certain circumstances, reveals an unexpected peak in the waveguide attenuation as a function 

of film thickness. The ray-optic picture of surface scattering is utilized to demonstrate that this attenuation 

peak arises as a result of interference of the scattered radiation modes bouncing off the top and bottom 

surfaces of the film. 

Chapter 5 concentrates on the experimental aspects of the work with emphasis on fabrication and 

characterization methods. First, a brief discussion of the wet-chemical synthesis of the precursor solutions 

is provided. This is followed by a description of the typical processing steps in fabricating the waveguide, 

and a generic description of how the spun-on solution evolves into an amorphous, glass waveguide. A brief 

description of atomic force microscopy and the measurement of rms surface roughness and correlation 

length is next. Finally, a detailed description of a scanning photomultiplier tube method for accurately 

measuring waveguide attenuation is described. Important considerations such as noise levels, repeatability, 

alignment tolerances, error sources, and calibration are discussed. Considerable effort is exerted here to 

convince the reader of the merits of this system, and thus its validity as a tool for making accurate 

comparisons between experimental and theoretical attenuation. 

Chapter 6 presents numerous experimental results on the optical properties of Si02-Ti02 sol-gel 

waveguides. The first two sections focus on the variation of refractive index, thickness, and attenuation as 

a function of bake temp, bake time, and wavelength. The chapter concludes by presenting the results of 

several experiments designed to test the validity of the surface scattering model. Emphasis is placed on 

comparison of predicted (using measured data) attenuation and measured attenuation in sol-gel Si02-Ti02 

planar, amorphous waveguides. 

Chapter 7 summarizes the important results and conclusions of this research and suggests areas of 

future study to enhance our undersumding of waveguide scatter and sol-gel processing. 
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CHAPTER 2 

BACKGROUND: PLANAR WAVEGUIDES AND WAVEGUIDE SCATTER 

Dielectric waveguides are the structures used to confine and guide light in integrated optical 

circuits. They are the backbone structures that support and interconnect integrated optic components and 

devices, such as filters, modulators, switches, and couplers. Generally, planar waveguides are fabricated 

by sputtering, dipping, spinning, or vacuum-evaporating a high refractive index layer onto a lower refractive 

index substrate. This yields a guiding film layer wedged between the lower refractive index substrate and 

air regions. A knowledge of the mode properties and electric field distributions in such structures is vital 

for understanding mode conversion, scattering, and coupling phenomena, in addition to forming an 

understanding of more complex integrated structures. The first aim of this chapter is to provide the 

mathematical tools necessary for understanding guided and radiation modes in planar slab waveguides and 

to provide practical examples of how waveguide parameters influence mode structure and electric field 

distribution. 

Typically, a ray-optics picture of waveguiding is used to introduce the concept of light confinement 

and the discrete nature of guided modes, prior to introducing the topic in terms of electromagnetic theory. 

However, this traditional approach will not be followed here. It is assumed that readers of this work 

primarily are interested in expanding their knowledge of theoretical or experimental waveguide scattering 

phenomena, and already possess an adequate foundation in slab waveguide theory. In addition, the 

derivation of the field equations for the guided and radiation modes is now well-known and has appeared 

in many books (e.g. Marcuse, 1991, Kogclnik, 1979, Nishihara, et at., 1989, Lee, 1986). Thus, after 

reviewing the necessary background and assumptions, the equations for the guided and radiation mode 

electric fields and their associated constants arc simply stated without proof, using the notation of Marcuse. 

The results are cast in the form necded in chapter 3. Since the scatlering model developed in chapter 3 will 
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only consider TE modes (and for the sake of brevity), the detailed development and results for TM guided 

and radiation modes is excluded. 

The mathematical formulation of guided and radiation mode expressions assumes an ideal, loss less 

waveguide; that is, perfectly smooth film/cover and film/substmte interfaces, and a perfectly homogeneous, 

isotropic media, such that a guided wave might propagate undiminished through infinite distances. Of 

course, no such structure really exists. Real-world waveguides possess surface roughness and refractive 

index inhomogeneities which induce a loss of power as the mode propagates through the film. The 

important parameters relating to waveguide surface and volume inhomogeneities are discussed using both 

mathematical and physical descriptions, and pertinent examples. 

Considerable emphasis is placed on understanding the mathematical and physical nature of radiation 

modes. Because of their importance in mode coupling and radiation loss (topics of great importance in this 

work), and because few authors have devoted a significant amount of time to explaining them, radiation 

modes are covered in both a mathematical (TE modes only) and a physical sense. A geometric (ray-optic) 

approach is introduced to provide a simple interpretation of the scattering process. The rather lengthy 

exposition on radiation modes will prove valuable when formulating the scattering model in chapter 3, and 

again in chapter 5, to aid in the explanation of interference phenomena in scattered light. 

The planar waveguide model 

Consider the structure and coordinate system for the asymmetric planar slab waveguide shown in 

figure 2.1. A film of thickness d and uniform refractive index nc, is sandwiched between a substrate of 

uniform index n" and a cover (or superstrate) of uniform index nco 

To achieve true mode guidance, it is nccessary that nc be larger than n, and nc; more spccifically, 

2-1 
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Figure 2.1. Slab waveguide schematic. 
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It is assumed that the guided light is coherent and 

monochromatic and that the waveguide structure 

consists of lossless, isotropic, dielectric media. 

In planar guides, the light is confined only 

in the x-direction, (since the guide has infinite 

width in the y-direction) and thus the modal fields 

are functions only of this coordinate. A planar 

guide supports transverse electric (TE) modes with 

zero longitudinal electric field (Ez=O) and 

transverse magnetic (TM) modes with zero 

longitudinal magnetic field (Hz=O). The fields of 

guided modes must vanish at x=±oo. The equations for the electric fields of the TE guided and radiation 

modes, presented in the following sections, are solutions to Maxwell's equations and satisfy the necessary 

boundary conditions at the waveguide interfaces. It is assumed that the fields are strictly time harmonic, 

with dependence 

exp(it.)t) 2-2 

where ro is the radian frequency and related to the optical frequency f by 

t.)=21t/ 2-3 

and that the z-depcndence of the mode fields can be given as 

exp( -i~z) 2-4 

where P is the z-component of the propagation vector, and is defined as 
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2-5 

Here, k=2rc!A, and <Pr is the "bounce angle" with rcspect to a surface normal, of the guided mode. Since 

each guided mode has only one discrete, allowed value for <Pr, then the mode can be uniquely defined by 

its particular value of ~. 

By combining equations 2-2 through 2-4, we obtain 

exp[i(c..>t-l3z)] 

which describes a wave traveling in the positive z-direction with phase velocity 

c..> 
u=-

13 

Factor 2-6 is common to all field quantities and will be omitted for brevity. 

Electric Field equations for guided TE modes 

2-6 

2-7 

The electric field equations for guided TE modes in asymmetric planar waveguides are stated 

without proof, 

x~O 

O~x~-d 

xs.-d 

where the subscript m indicatcs the mode number (0,1,2, ... ), and 'Ln, ~n' and Pm are given by 

qm=/I3!-n;k2 

hm=/n;k2-13~ 
Pm=/I3!-n;k2 

The field amplitudes, Am' and Bill are given by 

2-8 

2-9 
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2-10 

with JliJ being the magnetic penncability of vacuum. 

Notice that the field is represented as an exponentially decaying fonn in the cover and substrate 

regions, and as a standing wave in the film region. The field in the core region consists of sine and cosine 

functions, each of which can be decomposed into exponential functions of the form exp(±i~x). If the 

omitted factor, exp[i(rot-Pz») is reinstated, we see that the field in the core is formed by the superposition 

of plane waves of the form 

2-11 

Figures 2.2-2.4 show how the transverse electric field varies as a function of nc, d, and A. An 

intuitive feel for how the field distribution varies with waveguide parameters is useful to aid in 

understanding how surface and volume-induced scattering changes as these parameters change. 

TE Radiation Modes - Physical Description 

Thus far, the focus has been on the fields of the guided modes, in which the mode energy is 

predominantly confined to the waveguide core. A class of fields not confined to the waveguide core, but 

which still satisfy Maxwell's equations arc known a~ radiation modes. Before proceeding with the electric 

field descriptions, it is instructive to consider a more simplistic, physical interpretation of such modes. 

Consider the asymmetric slab waveguide shown in figure 2.1, and aSSllme that n;:-n.>nc and that 

the critical angles at the substrate/film interface and the cover/film interface arc given bye. and ec. Now 
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Figure 2.2. Electric field profiles as a function of film refractive index. when nc=1.oo. 0,=1.46. d=O.25 
JlIl1. and 1..=0.6328 JlIl1. 

assume that a source of radiation is placed outside the waveguide. A simple ray-optics picture in figures 

2.5a-c (where the ray represents the direction of propagation of plane-wave phase fronts) illustrates the three 

possible outcomes. In figure 2.5a. a ray impinging on the core from above at some angle <jK</I I.</IC results 

in a reflected ray above the core and a transmitted ray below the core. Similarly. a ray impinging from 

below at <jl<<jl •• <jlc results in a reflected ray below the core and a transmitted my above the core. A standing 
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Figure 2.3. Electric field profiles as a function of film thickness, for nc=1.00, n.=1.46, nr=1.65, and 
1..=0.6328/lffi. 

wave over all x-space thus is produced. There is no confinement of light. 

The standing wave must satisfy Maxwell's equations and the boundary conditions. The t and z 

dependence again is described by eqn. 2-5. Thus, the radiation field qualifies in all respects as a mode, 

except it is not confined to the core region. In fact, the mode reaches undiminished to infinite distances 

in the x-direction. This type of mode is called an air radiation mode. Since the propagation constants P 
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Figure 2.4. Electric field profiles as a function of wavelength, for nc=l.OO, n.=1.46, nF1.6S, and d=O.2S 
J.Un. 

(again defined as in eqn. 2-S, but with <Pc replaced by <Pc or <P., -- dependent upon whether the mode is in 

the cover or substrate region), are related to ;';le arbitrarily chosen incident angle, they are not constrained 

to a discrete set of values such as the guided modes were. Thus, the p values form a continuum. 

When <p is increased such that 9.<9<9c, (figure 2.Sb) the wave impinging on the substrate is 

refracted at the film/substrate interface and reflected at the film/cover interface, only to escape back out into 
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Figure 2.5. Ray-optic representation of (a) air radiation modes, (b) substrate radiation modes, and (c) 
guided modes. 

the substrate. Again, there is no confinement. But in this case, the field in the cover region must be 

evanescent (exponentially decaying), due to total internal reflection (TIR) at the film/cover interface, while 

the field in the substrate obviously is a standing wave. This type of mode is termed a substrate radiation 

mode. 

Figure 2.5c shows the case when 9.,9«9, which represents the case of guided modes. However, 

an external source above or below the guide can not excite guided modes (at least not without some help). 

A simple application of Snell's Law shows that imaginary angles would be required to inject a my from 

the outside into the core such that it travels inside at less that the critical angles for TIR. Imaginary ray 

angles correspond to evanescent fields. Such fields can tunnel from the outside into the core, but arc 

themselves just field tails resulting from TIR. Evanescent fields cannot result from the radiation field of 
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an external source, such as shown in the figure. 

Radiation modes are essential for describing radiation phenomena such as scattering, in the region 

around the waveguide core. An interesting paradox, discussed by Marcuse (1991), seems to occur when 

we consider light originating in the core being scattered into radiation modes by surface and volume 

imperfections. The waveguide imperfections couple the confined light in the core to traveling wave fields 

(and thus a loss mechanism) in the outside regions. But previous arguments showed that the radiation 

modes must be standing waves on at least one side of the core. So how is it that the radiation modes can 

be said to contribute to the strictly outgoing radiation of a traveling wave field? 

Normalizable solutions of Maxwell's equations which satisfy the boundary conditions at the 

waveguide interfaces, and form traveling waves outside the core are not mathematically or physically 

realizable solutions. From a physical argument, an incident traveling wave is always partially reflected at 

the core boundary, resulting in a standing wave. Marcuse (1991) points out that the resolution of the 

paradox comes from the fact that the radiation modes form a continuum. It is impossible to excite a single 

radiation mode from a source inside the waveguide core; any mechanism leading to the excitation of a 

continuum mode always simultaneously excites infinitely many continuum modes in P space. Thus, when 

radiation is excited from waveguide imperfections, infinitely many radiation modes get excited, which then 

superimpose themselves such that destructive interference cancels out the incoming parts of the standing 

wave. Marcuse (1991) states that this conclusion is not easy to prove rigorously, but shows that an 

approximate solution of the problem (employing the method of stationary phase) clearly shows that only 

the outgoing waves contribute in proper phase, while the incoming components of the radiation modes fail 

to interfere constructively. 
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TE Radiation Modes - Mathematical Description 

As discussed above, the slab waveguide has two types of radiation modes. Substrate radiation 

modes, which decay exponentially in the cover region, and form a standing wave pattern in the film and 

substrate regions, are responsible for radiation only into the substrate. It is easy to show that the range on 

P for substrate radiation modes is given by 

The Ey field component of the substrate radiation modes is given by 

A.rexp(il1x) 
A.r cos ( ox) +B .. sin(ax) 

E -
y. - (A .. cos(od)-B"sin(ad)· 

cos[p(x+d)] +C .. sin[p(x+d)] 

x~O 

O::!:x::!:-d 

x5.-d . 

2-12 

2-13 

Notice that these expressions do yield the prescribed field dependencies in the three regions. The constants 

in these equations are appropriately adjusted to assure continuity of the Ey component at the waveguide 

interfaces. The parameters !:l.,cr, and p are defined as 

II =vn;k2-p2 
o=vn]k2-p2 
p=vn;k2-p2 

2-14 

Note that P is no longer subscripted, since it docs not take on a single discrete value as it did for 

the guided modes. Marcuse (1991) shows that the amplitude coefficient A., can be expressed as 
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2-15 

where P is the power per unit length (in the y-direction) of the mode. 

The air radiation modes possess ~ values in the range 

2-16 

The following expressions for the E-field satisfies the wave equation and boundary conditions, 
2-17 

Aa [COS (AX) + (.E.)F pin(AX)] x:<!.O 
A 

Aa[cos(ax)+F~(ax)] O:<!.x:<!.-d 
EYa = Aa[(cos(ad)-F;>in(ad)cos[p(x+d)] + 

(~)(sin(ad)+FfOS(ad)sin[p(x+d)]] x~-d . 
p 

The amplitude coefficient is defined as 

2-18 

where, again, P is the power per unit length of the mode. The parameters l1,a, and p are defined as in eqn. 

2-14. The constant F j is rather interesting. It turns out that F j can be arbitrarily chosen to give two different 

types of radiation modes. This freedom of choice arises from the arbitrary phases of the two plane waves 

(impinging from above and below the guide) that generate the radiation modes. It is convenient (but not 

necessary) to choose Fl and F2 such that even and odd radiation modes result in the (symmetric) limit nc=n. 
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(Marcuse, 1991). Then 

2-19 

where the subscript i has taken on the values 1 and 2. Figures 2.6 and 2.7 show an air and a substrate 

radiation mode E-field as a function of x, for a specified (3, and typical Si02-Ti02 waveguide parameters. 
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Figure 2.6. Normalized E-field profile for a TE air radiation mode, calculated using waveguide 
parameters, nc=l.OO, n,=1.46, nr=1.70, d=0.40J.Ull, A.=O.6328Jlffi, and $ c=49.84°. 
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Figure 2.7. Normalized E-field amplitude for a TE substrate radiation mode, calculated using waveguide 
parameters, n<=1.oo, 0.=1.46, nF1.80, d=O.42 J.Ull, 1..--0.6328 flIll, and $<=24.50°. 

Waveguide Scatter Sources 

Unfortunately, real-world waveguides do not allow lossless light transmission, as is assumed in the 

derivation of the waveguide mode equations. Numerous sources of scatter in the waveguides cause light 

to transfer some of its energy from the desired guided mode into undesired guided modes or into radiation 

modes. Such scattering sources can include roughness of the film/cover and film/substrate interfaces, small 

refractive index variations in the film layer, surface cracks, inclusions, dust, polishing scratches, and 

embedded clusters, such as crystallites in the film. Only the frrst two can easily be treated mathematically. 

Generally, an attempt is made to minimize the others through careful processing of the waveguide and its 
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constituent materials. 

Surface Roughness 

In broad terms, roughness is a measure of the topographic relief of a surface. Height variations 

typically are measured from a mean surface level and expressed as a root-mean-square (rms) roughness 

value. Figure 2.8 shows a 1 11m long surface profile of a Si02-Ti02 sol-gel film on a pyrex substrate, 

obtained with an Atomic Force Microscope (AFM). The horizontal line defines a mean surface level, such 

that equal areas of the surface lie above and below it. Surface height variations (z), plotted in arbitrary 

height units here, are measured perpendicular to this line. The mean surface level is mathematically defined 

as 

2-20 

where N is the total number of points comprising the waveform. The rms roughness, 0, is defined as the 

square root of the mean values of !lIe squares of the distances Zj of the points from the mean surface level 

(Bennett and Matsson, 1989), 

1 N 
13= - L z; 

N 1=1 

2-21 

In figure 2.8, N=400. For low-loss waveguiding structures, roughnesses of the film and substrate surfaces 

typically are less than about 20 Arms. 

The other important surface parameter relates to the separation distances between similar surface 

features, generally referred to as surface spatial wavelengths, or statistically as the correlation length. To 

determine correlation lengths for these profiles, the autocovariance function must first be calculated. This 

function is a product of two copies of the same surface profile as one is shifted relative to another, with the 
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Figure 2.8. Atomic Force Microscope proflle of a Si02-Ti02 film on a pyrex substrate. 
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1.0 

amount of lateral shift between the two profiles being the lag length (Bennett and Mattsson, 1989). The 

correlation length of an autocovariance function typically is defined as the lag length value where the 

autocovariance function drops to lIe (0.368) of its value at zero lag. 

For a discretely sampled surface profile as shown in figure 2.8, the autocovariance function can 

be calculated from 

1 N-I 

G(L)=- E Z'"Z'+L L=0,1,2 •... N-l 
N 1=1 

2-22 

with L being the integer corresponding to the lag length. Figure 2.9 shows the normalized autocovariance 

function for the surface profile shown in figure 2.8. In this case, the numerical value for the lag length is 

A=LAo, where Ao is the distance between adjacent sampled points (25 A here). The correlation length of 



the nonnalized autocovariance shown in figure 2.9 is 0.056 JlIll. 
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Figure 2.9. Nonnalized aulOCovariance function for the profile in figure 2.8. 
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Typical correlation lengths for optical surfaces range from about 0.05 JlIll to 1.0 JlIll. Features 

separated by hundreds of microns to several millimeters usually are tenned waviness, and are not a major 

consideration in scattering at optical wavelengths. As will be shown in chapter 3, correlation lengths of the 

same order of magnitude as the wavelength have the most deliterious effects on scattering losses. Bennett 

and co-workers (Bennett, el al., 1985, Elson, Rahn, and Bennett, 1980, and Bennett and Mattsson, 1989) 

have produced much of the work in the characterization of thin film surfaces, and in relating surface 

microstructure (in these non-waveguiding applications) to scattering properties. The reader is referred to 

these references for further details. 

A discussion on the measurement of randomly rough surfaces would be incomplete without 

mentioning a few of the potential pitfalls of the measuring process itself. The main problem with rough 
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surface measurement is that roughness exists over a wide range of scales, or spatial wavelengths (or 

frequencies). The longest measured wavelength will be determined by the total sample length used. The 

smallest measured wavelength will depend upon both the sampling interval and the instrument resolution. 

The spatial wavelength range of importance must fIrst be decided upon and the measurement technique then 

chosen to ensure that these wavelengths are spanned by the maximum and minimum measurable 

wavelengths (Ogilvy, 1991). Different surface profIling instruments measure different ranges of surface 

spatial wavelengths. Thus, the rms roughness values obtained from different instruments usually are 

different. 

The measurement of surface correlations is sensitive to the choice of the sampling interval used 

to discretize a surface. Numerical studies of computer generated rough surfaces with exponential 

correlations have shown that the discretization interval must be at least as small as one tenth of the 

correlation length, or the full exponential nature of the surface will not be measured (Ogilvy and Foster, 

1989,Ogilvy, 1991). When profIle measurements do not have fine enough lateral resolution to resolve the 

surface features, the calculated correlation length will be too long. When the profile length is not long 

enough to sample the true correlation length correctly, the calculated correlation length will be too short 

(Bennett and Matsson, 1989), due to the band-limited data. The limited extent of the surface effectively 

provides a long-spatial wavelength cut-off to the Fourier spectrum, and can induce misleading oscillations 

into the correlation function. Thus, great care must be exercised when interpreting data from a finite-sized 

surface (irregardless of instrument resolution now). 

The point to remember is that the parameters determined from measurement of a rough surface 

often can be artifacts of the measuring technique employed. The sampling length, discretization interval, 

instrument resolution, and sample size each can have an impact on the measured surface profIle. For a 

more in-depth discussion of the topics briefly discussed above, and closely related topics, sec Ogilvy (1991) 

and Bennett and Mattsson (1989). 
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Volume Inhomogeneities 

The core refractive index fluctuations in the waveguide are treated in much the same way as the 

surface roughness. Figure 2.10 shows a computer simulated trace (using a normal law random variable 

generator) of refractive index as a function of propagation distance, z, in the waveguide. In this case the 

rms refractive index fluctuation, on=0.00449 , is just the standard deviation of this curve. The only 

difference between this case and the surface plot shown in figure 2.8, is that the mean value here is not zero 

(it is 1.71875). In this case, the standard deviation of the index fluctuations simply becomes the rms value. 

By calculating the mean refractive index and defining Zj as in figure 2.8, the correlation length can be 

calculated from eqn. 2-22. 

Refractive Index Fluctuation for 1 % Fluctuation in wt% Ti02 
Standard Deviation = 0.00449 
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Figure 2.10. Computer generated profile of random refractive index fluctuations in the film volume. 
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Physical Description of the Scattering 

Process 

Before proceeding with the 

mathematical rigors of the scattering model, it 
x 

is beneficial to consider the scattering process 
cover 

in a more physical sense, in order to get an 

intuitive feel for what is going on. For the film 

sake of simplicity, consider the structure 
g(z) 

substrate 

shown in figure 2.11, in which we have an 

asymmetric slab waveguide with homogeneous 

refmctive index in the core region, and a 

perfectly smooth film/cover interface. The 
Figure 2.11. Waveguide with rough film/substmte 
interface, and homogeneous indexes in all regions. 

only scattering source is a randomly rough 

substrate/film interface, designated by the surface deformation function, g(z). This simplified structure was 

chosen to allow a clearer, less complicated explanation of the important issues regarding waveguide scatter. 

However, the ideas and concepts developed below for this simplified structure can readily be applied to 

more complicated scattering structures. Each time the guided mode, represented by my A, bounces off the 

substrate/film interface, some of its energy is scattered into radiation modes. Genemlly,this scattered power 

goes into both the air and substrate radiation modes, and thus power is lost into both the air and substrate 

regions. 

Now consider point B in figure 2.11, which indicates a point where the guided mode interacts with 

the rough surface. As a result of the interaction, light is scattered into the continuum of radiation modes. 

The particular direction that light is most strongly scattered (it should be stressed that, by definition, light 

must be scattered in all directions, since a single ~, which corresponds to a single mdiation mode 
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propagation direction, cannot be excited; when guided mode energy is scattered into radiation modes, the 

entire continuum of radiation mode propagation constants must get excited) depends on the particular spatial 

wavelength components of the randomly rough surface. In fact, overall loss contribution of a radiation 

mode (in a particular direction) can only grow to appreciable values if there is a Fourier coefficient of the 

surface deformation function, g(z), at the spatial frequency obeying the phase-matching condition 

2-23 

where PI) is the propagation constant of the guided mode, e is a particular spatial frequency component of 

g(z) (and can be positive or negative), and P is the propagation constant of the radiation mode and is given 

by 

2-24 

Here again, k=2n"/t.., the subscript c,s refers to either the cover or substrate region, and <l>c .• refers to the 

radiation mode propagation angle (measured from a surface normal) in the cover or substrate region. 

Equations 2-23 and 2-24 nicely illustrate how the surface structure can influence scattering direction. 

Although we are considering a randomly rough surface, the spectral content of the surface generally 

will have one or more dominant frequency components, or have a dominant, closely spaced cluster of 

frequency components which give rise to scattering into a preferential direction. As the randomness of a 

surface increases, no single spatial frequency component (or cluster of components) dominates, and thus 

there is no preferential scattering direction. At the opposite extreme, as a single spatial frequency 

component of the surface becomes dominant (which in the limit would be a diffraction grating) the light 

is scattered predominantly into a single direction. 

To obtain a more detailed look at the scattering contributions into the cover and substrate regions 

of the structure shown in figure 2.11, we can specifically let nc=1.00, n,=1.46, np1.74, d=0.25 J..I.m, and 

1..=0.6328 J..I.m. Then the critical angles at the film/cover and film/substrate interfaces are <l>cc=35.08°, and 



43 

c!>r.=57.04°. Then, recalling the schematic "definitions" of the substrate and air radiation modes as shown 

in figures 2.5a and 2.5b, we can write 

0° :s:c!>;:35.08° 
35.08° :s:c!>,;:57.04° 
57.04° :s:c!>;:90° 

Air radiation modes 
Substrate radiation modes 

Potential guided modes. 

Here, c!>r is the angle with respect to the normal (to the waveguide interfaces) in the film region. 

2-25 

Figures 2.12a and 2.12b illustrate the respective angular contribution of the air and the substrate 

radiation modes to the scattered power in the air and substrate regions. Ray A designates the incident 

guided mode. The allowed regions of forward and backward scattered beams (rays) is outlined with the 

dotted lines. The angular ranges for the air and substrate radiation modes are explicitly labelled, and also 

shown as shaded regions. These regions are easily determined by taking the limiting values of c!>r in 2-24 

and using Snell's Law to determine the resultant angular spread in the cover and substrate regions. Note 

that in Figure 2.12b, the scattered ray, after TIR at the film/cover interface, simply obeys Snell's Law at 

the rough substrate/film interface. Thus, we are implying that multiple scattering is neglected. For "slightly 

rough" surfaces, this is a good assumption, since only a small fraction of the incident light is scattered 

during each interaction with the rough surface. 

Note the following important points in figures 2.12a and 2.l2b: 

Light is scattered into both forward and backward traveling modes. 

The scattered power into the air region covers the entire hemisphere and is due only to air 

radiation modes. 

The scattered power in the substrate is a superposition of both the air and substrate radiation modes. 

But notice that there arc no overlapping angular regions of contribution. 
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Figure 2.12. Angular contribution of the (a) air, and (b) substrate radiation modes into the cover and 
substrate. 
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As n, approaches nc (i.e. as the limit of a symmetric guide is approached), the substrate mode 

angular contributions will steadily decrease. 

Although the picture has been simplified to scattering from an infinitesimally small region of the 

surface, it is understood that the rough surface can be thought of as an extended scattering source 

composed of infinitely many of these point scatterers. 

Real waveguides also have random roughness at the film/cover interface, and random refractive 

index inhomogeneities in the core of the film. The total contribution to scattering in the substrate 

and cover regions is simply a superposition of all scatter sources (assuming that the scattering 

sources are uncorrelated). 

It is extremely important to recognize that the representation of radiation modes with rays should 

be used very cautiously, because a single radiation mode can never be excited. In addition, rays generally 

are used to represent the direction of the phase fronts of plane waves. However, the light scattered from 

the waveguide is actually in the form of a cylindrical wave (it would be a spherical wave if a 3-dimensional 

model were employed), and thus the use of rays to represent mdiation modes is further tainted. Although 

the representation of radiation modes with rays is rigorously incorrect, the concept can in fact be a useful, 

insightful tool when used jUdiciously. In chapter 5, we will demonstrate an application for these concepts 

and show that rays can be successfully utilized to represent light scattered into radiation modes. 

For the waveguide parameters, nc=1.00, n.=1.46, nF1.74, d=0.25 J.lm, and 1.=0.6328 J.lm, the TEo 

mode propagation constant is calculated to be ~\)= 15.7649 l..Im'l. Table 2.1 demonstrates the phase matching 

condition (to forward propagating modes) of eqn. 2-23, and helps to illustrate the relation of the particular 
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CHAPTER 3 

SCATTERING MODEL DERIVATIONS 

This chapter will develop the theoretical model for scatter-induced attenuation in planar asymmetric 

waveguides. The model will provide the means for determining how much power is converted from an 

incident TEo mode to air and substrate radiation modes due to random waveguide interface roughness and 

random fluctuations of the refractive index in the core region. The power radiated into air and substrate 

radiation modes is calculated by means of a perturbation technique, in conjunction with a stationary phase 

method, and with the assumption that the perturbed field can be expanded in terms of higher guided modes 

together with radiation modes. The theoretical development is based primarily on the work of several 

Japanese authors (Imai, Miyanaga, and Asakura, 1977, Miyanaga, Asakura, and Imai, 1979, 1980). 

The first section of this chapter sets up the problem and reveals the important assumptions and 

approximations of the mathematical model. Upon completion of this section, readers not interested in the 

mathematical rigors of the model may want to skip to the final section in this chapter which provides the 

resultant forms for power radiation into air and substrate modes. Much of the algebraic tedium is shown 

within the chapter body since little of it appears in the literature. This data is provided in the hopes that 

it will help others trying to duplicate or build upon this work. 

FORMULATION OF THE SCATTERED FIELD 

The waveguide to be studied here is shown in figure 3.1. It consists of three layers: air, film, and 

substrate, with refractive indexes of ne, ne, and n. respectively. As in chapter 2, it is assumed that ne<n;;;ne. 

It is further assumed that the imperfect waveguide is connected to an ideal (Iossless) waveguide at z=O and 
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surface features to the dominant scattering direction. 4>c and 4>. are defined in figures 2.12a and 2.12b. 

It is important to recall Table 2.1. Relationship between surface spatial wavelength and 
scattering direction. 

that 9 is a Fourier frequency ,. ~ - j 

component of the deformation e (1.1111"1) ~ ()lm· l
) CPc CPs 

function, g(z), of the randomly 
3 12.7649 ------- 61.71° 

rough surface. Thus, large 9 6 9.7649 79.56° 42.35° 
9 6.7649 42.95° 27.82° 

12 3.7649 22.28° 15.05° 
corresponds to closely spaced 

features of g(z) (and thus short ,. d,d- " -6·,~.·- ~ .. E~ ". .t. {i Lfr "§h ,', t . ; l' '5-- I;. -M (,' " ·1,: "' § . , "1 g. , 

correlation lengths), while small 9 correspond to more distantly spaced surface features of g(z) (and thus 

long correlation lengths). Note then that shorter correlation lengths exhibit scattering nearly normal to the 

surface, while the longer correlation lengths exhibit scattering at larger angles. Note also that when 9=3, 

the resultant scattering angle allows only a substrate radiation mode to be supported, since TIR results at 

the film/cover interface. 

With the mathematical description and examples of guided and radiation modes in waveguiding 

structures, in conjunction with definitions and examples of surface roughness and refractive index 

fluctuations, and a simple physical description of the scattering process, the groundwork has been put in 

place for the development of surface and volume scattering models presented in chapter 3. 
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z=L. 

The waveguide with wall distortions 

is mathematically described by the square of 

x 
x=f(z) 

cover (1\) 

-""-",,;/'vv..'V>-::"'-'LA~""'---rf---~~ Z 

d film (nr) 

x=-d+g(z) substrate (Ils) 

Figure 3.1. Schematic illustration of an imperfect 
waveguide. 

its refractive index and is given by 

3-1 

where 

2 
x~O nc 

2 2 
n, =n, -t~~O 3-2 

2 
x~-t n$ 

and the term ~n(x,z) stands for a geometric 

deviation from the straight wall of the waveguide and is given by: 

x~O • x~j{z) 

x~O • x~j{z) 

x~-d • x~-d+g(z) 

x~-d • x~-d+g(z) 
elsewhere . 

The local change of refractive index in the thin film is given by 

2. 0 nc • x~ 

n2(x,Z)=n}+2n;8n(x,Z) ; -d~~O 
n; ; x~-d 

3-3 

3-4 

where on(x,z) is a random function of x and z. The substrate is assumed to be free from index fluctuations. 

Any imperfection of the waveguide is assumed to exist in the region bctwcen z::{) and z=L. 

The random funtions obey the following rules: 



<j{z»=<g(z» =0 
I/(z) I, Ig(z) 1 <d 

<an(x,z»=O 
15n(x,z) Id 
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3-5 

where the brackets denote an ensemble average. Note that cqn. 3-5 states that the deviation of the boundary 

from a perfect straight wall is small compared to the film thicknes-s and that the local change of the 

refractive index also is small. These assumptions help ensure the applicability of first-order perturbation 

theory. 

The standard deviation of the refractive index fluctuations from the mean value, and the standard 

deviations of the surface fluctuations from the mean values are given by <on2(x,z», <o/(z» and <O.2(Z» 

resp~tively, with on(x,z), 0c(z), and o.(z) being the corresponding rms quantities. 

The electric field component satisfied by the TE mode is written in a perturbed form as 

o 
E-yCx,z)=Ey(x,z) +l)Ey(x,z) 

Il)Ey(x,z) 1< IE~(x,z) 1 
3-6 

where EyO(x,z) is a solution of the lossless unperturbed waveguide, and OEy(x,z) is the perturbation term. 

Neglecting second-order terms, the integral form of the perturbed field can be written as 

3-7 

where k=27t!A, and the integration is carried out over the whole volume that is fluctuating in the core 

region. r represents a position vector of x and z. The Green's function G(r,r1) is obtainable by the sum 

of the guided and radiation modes, and is given by 

G(r,rl )= __ i-I: E~(x,z)Em(x,z)exp( -iPm Iz-zll) 
4u>J.L '" 

An, 

--4
j J E;(xl,z,P)Ea(x,z,P)exp( -jp Iz-zI /) J!. df} . 
U>J.L o P 

3-8 

The asterisk denotes a complex conjugate. The summation over the number of guided modes is 
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accomplished up to the maximum order of the higher guided modes. By substituting eqn. 3-8 into eqn. 3-7, 

the perturbed field then can be written as 

3-9 

The unperturbed field is assumed to be the dominant TEo mode in this equation, and thus, the 

replacement of EyO(x,z)=Eo(x,z) is taken. This equation for the perturbed field indicates that the field can 

be expanded by the sum of the guided modes (forming an orthogonal set of mode functions) and the 

radiation modes (forming a continuous spectrum). Thus, the perturbed field may be written as 

len, 

&E!±)(X,z)"'LA~)(z)Em(x,z)+ f C~±)(z,P)Ea(x,z,p) 1!.dP 
moP 

3-10 

where E.n(x,z) and Ea(x,z,~) represent the electric fields of the TErn guided and TE radiation modes 

respectively. The first term represents guided-to-guided mode coupling, while the second term represents 

guided-to-radiation mode coupling. Ea(x,z,~) indicates a substrate radiation mode, E.(x,z,~), in the region 

knc::;~::;kn. and an air radiation mode, E.(x,z,~), in the region O::;~::;knc' ~ and p are the propagation 

constants in the z and x directions in the substrate region. The plus and minus signs in the superscript 

denote coupling in the forward and backward travelling waves respectively. The summation with respect 

to i appearing in front of the second term denotes the sum of the two orthogonal air radiation modes which 

degenerate for each propagation constant (recall the discussion in chapter 2). 

Comparison of eqns. 3-10 and 3-9 yields the expansion coefficients Am(±)(z) and Ca(±)(z,~) for the 

guided and radiation modes: 



2 L [ 0 A~)(z) = _LJ J 2n;an(X1,z1)Eo(X1,z1)E;(Xl'Z)dxl 
4Wl1 0 -d 

+ 1. A.(x,,,,,)E.(x,,,,,)E;(x,,z)dr, ~P[ <fP m« -<,)J<I<, 

2 L [0 C~*)(z,p)=_L J J2n;an(X1,zl)EO(X1,zl)E;(x1,zl'P)dxl 
4WI10 -d 

+ 1. A.(x,,,,,)E.(x, ",,)E; (x, ""P)dx, txP[ <fP« -<,)J<I<, 
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3-11 

3-12 

where ro is the angular frequency of light and J..l is the magnetic permeability in vacuum. Eqn. 3-11 

represents the expansion coefficient for guided-to-guided mode scatter-induced coupling. Since this is of 

no particular interest for the remainder of this work, nothing further will be done with cqn. 3-11. 

Notice that there are two terms in eqn. 3-12. The first term represents the scattering contribution 

from the volume inhomogeneities while the second term represents the scattering contribution of the surface 

roughness. 

For simplicity and clarity, the derivations of the surface and volume-induced radiation loss will 

proceed separately from this point. This is allowable since it is assumed that the surface roughness and the 

core refractive index fluctuations are uncorrelatcd, and tilUS, the separate contributions from the two 

scattering mechanisms may be independently superposed. This assumption is not necessary for the 

mathematical treatment, rather, it is invoked because it is a good assumption for amorphous sol-gel 

waveguides, and of course, because it does simplify the mathematical complexity somewhat. 
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VOLUME SCATTER 

Eqn. 3-12 can be rewritten as 

3-13 

if the contribution from the surface roughness is ignored for now (set lln=O). Since this coefficient contains 

the random variable on(x,z), the characteristics of the coupling into radiation modes must be evaluated in 

a statistical manner. To obtain the mean-squared value for Ca(.t)(z,P), an autocorrelation function for the 

refractive index inhomogeneities must be given. For randomly isotropic fluctuations of the refractive index 

(as would be expected in amorphous, spin-coated sol-gel films), an exponential form is assumed, with 

correlation lengths the same in directions both transverse and parallel to z, 

3-14 

with an being the correlation length characterizing the inhomogeneity scale of the medium. Note that 

different correlation lengths for the x and z directions can easily be incorporated here by simply rewriting 

the exponential part of eqn. 3-14 as 

3-15 

where (an). and (crn). are the correlation lengths in the x and z directions respectively. By using cqn. 3-14 

and squaring cqn. 3-13, the mean-square value of the expansion coefficient can be obtained, 



Note the replacement in this equation of 

Eo(x,z)=eo(x)exp( -jPoZ) 
Ea(x,z'P)=€a(x,p)exp( -jpz;) . 
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3-16 

3-17 

Thus, ~(x) and Ea(X,~) denote the mode function describing the field distribution in the x-direction. 

The integration over ~ (i=I,2) in eqn. 3-16 is performed by transforming the integration variables with 

z1-~=2z_ 

z1+~=2z+ 

Since this is a pair of linear equations, then by definition 

3-18 

3-19 

The determinant shown in this equation is actually just the Jacobian matrix of eqn. 3-18. Table 3.1, in 

conjunction with eqn. 3-18 shows the new integration limits. 

Then, 

L 
L L L 2 

I Ilk1 %=2Itk+ I tk_ 3-20 

00 0 L 
-2 

and eqn. 3-16, with the help of eqns. 3-18 - 3-20, can be 

written as 

Table 3.1. Determination of new integration 
limits in eqn. 3-16. 

Zl ~ z. Z+ 

0 0 0 0 

1 0 1/2 1/2 

0 1 -1/2 1/2 

1 1 0 1 
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3-21 

The integration over dz+ and dz. can be carried out analytically. The z-component can be split into its sine 

and cosine equivalent and cqn. 3-21 then can be written as 

where I,. represents the integration over Xl and Xz• Since the second integral is an odd function of z 

integrated from -L/2 to L/2, it has zero net contribution. The first integral is an even function of z and thus 

3-23 

The resulting integral over z. can be looked up in a standard table of integrals. If it is assumed that L » 

on, and if the integral over dz+ simply is replaced by L, then the final form for the power coupling 

coefficient as given by Imai, Miyanaga, and Asakura (1977) is arrived at, 

3-24 

The power coupling coefficient should be arranged in a form integrated over the propagation 
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constant, p, since p has a continuous range of solutions. Then the total power conversion from an incident 

TEo mode into substrate and air radiation modes is given by 

~. ~. 

< 1 ell) 12>= J < le~+>(z,P) 12> ~dP + J < le~->(z,P) 12> ~dP 
hi p ~ P 

t t 3-25 
hit ~t 

< lea(z) 12>= J < 1 e;>(z,P) 12> ~dP + J < le~->(z,P) 12> ~dP 
o PoP 

where the contribution of the forward and backward travelling modes has been explicitly separated. To 

relate these quantities directly to waveguide attenuation, consider the following. 

The power lost from an imperfect waveguide of length L, can be written as 

3-26 

where Po is the initial power in the guide at z=O, and P(z) is the power remaining in the guide after some 

distance z. The unitless power coupling coefficient relates to .1P as 

Then, 

This can be rearranged as 

.1P = 1-P(z) =< 1 c (z) 12> +<C (z) 12> 
p p s a 

o 0 

P~z)=I-[<ICs(z)12>+<ICa(z)12>] . 
o 

3-27 

3-28 

3-29 

To get power loss along the guide in terms of dB/em, simply multiply both sides by 1OIoglO (to get dB), 

and divide by the total dist.1nce along the guide, z=L (to gel cm· I
). This yields 
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3-30 

which enables attenuation calculation from the power coupling coefficients. 

The two subsections below will continue the derivation of the power coupling coefficients for the 

air and substrate radiation cases. beginning from cqn. 3-24. 

Power Radiated Into Air Modes 

Eqn. 3-24 can be rewritten as 

3-31 

where 

3-32 

For now. just consider Ix. To calculate this integral from -d to O. the field distributions in the core region 

for the guided and radiation modes. 

€o(x1)=Am[cos(hmx1) - qmsin(h~l)] 
hm 

€o(.xz) =A", [cos (h",x2) - q"'sin(h~2)] 
11", 

ea(x1,p) =Aa [cos(hx1)+F,sin(hx1)] 
€a(x2,p) =Aa [cos(/zx2)+F,sin(lu:z)] 

where Am. A •• hm• 'Ln. q. h. Fi • were defined in chapter 2. arc inserted into eqn. 3-32 to yield 

3-33 
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Multiplying out the first two bracketed terms, and the last two bracketed terms, and employing trigonometric 

function-product relations to simplify and reduce the resulting expression gives 

Performing a similar transformation of the x-integration variables as was previously done on z, 

and plugging back into eqn. 3-35 gives 

Z 

XI - Xl = 2x_ 
XI + X2 = 2x. 

d 
o 0 Z 0 

f f dxldxz =2 f dx_ fdx. 
-d-d -d-d 

2 

IX -XlI]j[ 2q I cos (2h".x J +cos(2h".x j -~sin(2hmx) 
(an) hm 

+[ ::)' cos(21..,. J - [ ::j'cOS(2h.r.>]. [co,(2hx J +=(2hx j 

+ 2Ffin(21IXj+Ficos(2hxJ-Ficos(2hx.)]} dx_dx. 

3-35 

3-36 

3-37 

Multiplying this out gives 25 terms. Upon combining like terms, nine sepamte integrals arc formed: 



with 

d 
o 2 

lx=~A!A!I dxJQ1I OO'COs(2hmXJcos(2hxJdx_ + 
-d d 

2 
d d 
"2 2 

021 OO'COs(2h~Jcos(2hx)dx_ +031 0ocos(2hmXJsin(2hx)dx_ + 
d d -- --
2 2 
d d 
2 "2 

041 OOcos(2h~)cos(2"xJdx_ +Osl OOcos(2hmX)cos(2hx)dx. 
d d -- --
2 

d 
2 

d 
"2 "2 

061 OOcos(2h~)sin(2hx)dx_ +07 I Oosin(2hmX)cos(2hxJdx_ + 
d d -- --
2 2 
d d 
2 2 

Ool Oosin(2hmX)cos(2Izx)dx_ +091 Oosin(2hmX)sin(2hx.)dxJ 
d d 
2 2 

OO=CX~-~] 
(011) C,=1+F: +( ::)' +( :J: 

o -I F' (q. r (q. rF' 2- - j+ - - - j 
hm hm 

C,=2F,+2F{ ::l' 
o -I F' (q. l' (q}, 4- + j - - - - j 

hm hm 
C,=I-F: -( ::l' +( :J: 

C,=2F,-2F{ q. l' 
hm 

Q =_ 2qm_ 2qmF; 
7 11m hlTl 

o =_ 2qm+ 2q
mFi o =- 4qmF 

o h 11 9 h j 
m m m 
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3-38 

3-39 

With the help of trigonometric function-product relations (where necessary) the first seven of the integrals 

in eqn. 3-38 can be put in the form (which can be looked up in a table of integrals) 



~ d 
2 -

fexP(ax) cos(bx) dx = exp(ax) [acos(bx) +bsin(bx)] i 
o a 2 +b2 . 0 

The last two integrals in eqn. 3-38 are trivial. When the integrations over x. are carried out, 

where 
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3-40 

3-41 

3-42 

Each of these nine terms then is integrated over x+ from -d to O. The integrations are not particularly 

difficult (just tedious), and tJ1US are omitted for brevity. Then with the help of eqn. 3-25, and eqns. 3-30 -

3-32, the waveguide attenuation due to volume-induced radiation into air modes is given as 
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3-43 

where 1.1-109 are given in the results and summary section at the end of this chapter. Note that the forward 

and backward travelling waves have been included here by breaking up the (~±~)2 term in the denominator 

of the leading constant for the coupling coefficient. There is also an implicit summation over the two 

degenerate air modes which must not be forgotten. The integration over ~ is accomplished numerically 

using a Simpson's method routine (Press, et al., 1986). The subscript 'v: refers to volume-induced 

attenuation into air modes, and z is in cm. 

Power radiated into substrate modes 

This derivation will proceed similarly to that for the power radiated into the air modes, and thus 

will be considerably more compact. As before, the starting point is eqn. 3-24, which is rewritten below, 

3-44 

Again, the integral Ix must be calculated. 

The field distributions in the core region for the guided and radiation modes are 



€o(x1)=Am[cos(hmx1) - qm sin(h".xl)] 
hm 

€O(~=A",[cos(h".x2)- q"'sin(h~)] 
hm 

€s(X1, P) =As[ cos(la!) -*sin(hx1)] 

€~(x,..P)=A~[COS(hx2)-*sin(lZX2)] 
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3-45 

where ~. As. !\n. qrn' h. q. and associated variables arc as defined in chapter 2. Plugging cqn. 3-45 into 

eqn. 3-44 gives for I,. 

fo fO 2 2 ~ Ix! -x21 ] il q Ix = A;;Ase COS(h".xl)cos(h~) -...!!!COS(h".xl)sin(h".x2)-
~~ ~~ ~ 

q m sin(h".xl)cos(h".x2) +( qm)2 Sin(h".x!)sin(h~)l1COS(hxl)COS(hx2)-
hm hm 

3-46 

tCOS(hx,)sin(hr,) -tsin(hx,)cos(hx,) ,( t r sin(hx,)sin(hx,) 1 } dx, ax, . 

Using the trigonometric function-product relations to get terms of a single sine or cosine function. and then 

employing the variable transformation on x (as in eqn. 3-36). yields 

x 

Ix="!'fO f2 exp[- 12x-']A!A;IICOS(2h".xJ+cOS(2h".x.>- 2qnl Sin(2h".x.) + 
2_x_:: (an) 1 11m 

2 

( ::j'cOS(2""x J -( :: J oos(2""x J jlcOS(2hx J <cos(2hx J-
3-47 

~ sin(2hx.) ,( t)' cos(2hx J -( t)' COS (2"" J l} dx _ dx. 

Multiplying this expression out gives 25 terms which then can be separated into integrals over x+ 

and x .• similar to those solved earlier in this chapter. After solving the integmls over x. and multiplying 

out the remaining terms to be integrated over Xu 45 terms result. Obviously. the derivation becomes very 

algebraically tedious at this point (although not difficult). However. the result for the power coupling 
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coefficient can be put in a form similar to the coupling coefficient for the air mode case, 

3-48 

where the terms I,i are given in the formula summary section at the end of this chapter. Finally, the 

waveguide attenuation due to volume-induced radiation into substrate modes is given as 

3-49 

The contribution of forward and backward travelling waves is included, and again, the integration 

is performed numerically using Simpson's method. The subscript 'v.' refers to volume-induced attenuation 

into substrate modes. 

SURFACE SCATTER 

The derivation of expressions for waveguide attenuation due to surface roughness-induced radiation 

into air and substrate modes, will proceed in a different manner than for volume-induced scattering losses. 

Here, the focus of the work is to derive an expression for the power radiated into the air and substrate 

regions as a function of the external radiation angle e over the half-plane. The total scattered power is then 

the summation over e. 

To accomplish this, assume an observation point, Q(xr, zr) sufficiently far from the waveguide. 

Recall from chapter 2 that guided modes decay exponentially in both the cover and substrate region, while 

the substrate radiation modes decay exponentially only in the cover region. Thus, for radiation into the air 

region, only air radiation modes are needed, but for radiation into the substrate region, both air and substrate 
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radiation mode contributions must be considered. The derivation for radiation into air and substrate modes 

is provided separately. 

Surface Roughness Induced Scatter Into Substrate Radiation Modes 

By setting on=O in eqn. 3-12, and combining it with eqn. 3-10, and inserting appropriate quantities, 

the perturbed electric field at the observation point can be written as 

~E~±)(xr) = -jk
2 jt ~(n;-nJEo(o,zI}f(ZI)j Ea,(xrpP)Ea;(O,zpP)· 

4c.>~ I-I M 0 

hie 

exp[=i=jp(ZFZt)] : dP -en; -n:JEo( -t!,zt)g(Zt) [Ea,(XrpP)Ea,.( -d,zpP)· 

exp[=i=jp('F't)] ~ dP ]dzt 3-50 

+ (n; -n;)Eo(O,zt}f(Zt) f Es(xr,P)E;(O,z,P)-eXP[=i=jP(ZF't)] ~ dP 4 
ln, 

o lne P 

-(nj -n';lE,,( -d,z)g«I) L E.V<r, P)E; ( -d,z,P )~xp[ <JP «'-<1)] : dP ~I} . 
Notice the following: 

There are explicit contribution from both the air and substrate radiation modes. 

The electric field amplitudes (for guided and radiation modes) at the interfaces, x=O, and x=-d, 

appear explicitly. 

There are explicit contributions from the roughnes at both interfaces (f(z) and (g(z». If these terms 

go to zero, the perturbed field also goes to zero. 
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The contribution from the film/air interface goes as (n/-n/), while the contribution from the 

film/substrate interface goes as (n/-n/). This observation is helpful in understanding the relative 

importance of roughness at the two interfaces. 

The summation over the two degenerate modes is explicitly written here. 

The integration over f3 for the air mode contribution is from 0 to knc while the integration over f3 

for the substrate mode contribution is from knc to kn •. 

The integral with respect to f3 is evaluated by using a stationary phase method (Miyanaga, Imai 

and Asakura, 1978, Marcuse, 1991). The stationary phase point is represented as a function of the angle 

e in the form 

3-51 

and is applied to both integration regions. Since the two integration regions do not overlap, then the two 

f3 regions in eqn. 3-50 never contribute simultaneously to the integral for oE/±)(xc,zc). The resultant 

calculation for the perturbed field thus leads to two separate expressions corresponding to the f3 regions of 

the air and substrate radiation modes (and are the final forms of the scattered field as given by Miyanaga, 

Asakura, and Imai (1979,1980», 



and 

with 

aE~±)(xr)= _jk2 (21tj)~ J3p exp{i[pp(x,+d)'FJ3 pZ,])' {A;R(n; -n~eo(O)' 
8<'>1-1 ry Pp 

L 

!AzI)eXP[ -j(Po'FP~zl] dz l 
o 

-A;R(n; -n;)[cos(lJ;I>+ gp sin(hpd)]eo( -d) J g(zl)exp[ -j(PO'FJ3~ZI]dzl) 
hp 0 

~or -180' <O<COS-{ -::1 mu1 cos-{ :}<o.] 
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3-52 

3-53 
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3-54 

3-55 

3-56 

The variables ~, qp' and Pp are the same as h, q, and p, but with ~ replaced by ~p. Eo(X) and Es(X,~) denote 

the modal functions of the TEo guided and TE substrate radiation modes, and are expressed as in eqn. 3-45. 

All other quantities have been defined previously. Note that in this case, forward scattering corresponds 

to a region of _90o~O~Oo, while backward scattering corresponds to -180o~O~-90o. 

The time-averaged power flowing into the unit area perpendicular to a line connecting the origin 

and the observation point Q(xr,zr), is obtained from the definition of the Poynting vector S, and is given by 

3-57 

where ir is a unit vector in the radial direction rand Re denotes taking the real part. Since oE/±l(xr,zr) 

involves the random functions f(z) and g(z), p(±l(O) must be evaluated on the basis of an ensemble average. 

Then 

3-58 

The square of the perturbed field is calculated by squaring eqns. 3-52 and 3-53 and inserting the 

correlation functions 
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3-59 

with O'c, 0' .. 0'" and 0'. being correlation lengths. The last of these equations assumes perfect (positive) 

correlation between the film/cover and film/substrate interfaces (but not necessarily the same rms 

roughness), C2 represents the covariance of f(z) and g(z), and 0', and 0'. arc correlation lengths and are set 

equal if the surface roughness is isotropic. Notice that for very thick films and/or short correlation lengths, 

this term becomes very small. It has been shown (Suematsu, et al.,1973) that the scattering effect of 

negative correlation between the two interfaces is quite similar to that of positive correlation for short 

correlation lengths. In addition, a positive correlation is much more likely to result from thin film 

processing methods. 

After performing the necessary operations, the square of the perturbed field can be written 

3-60 



To proceed, the integrations over Zl' and Zz must be carried out. The usual variable 

transformation 

Zl - Zz = 2z_ 
Zl + Zz = 2z+ 

~ 

~I~ ~ 2 

J J = 2 J dz+ J dz_ 
00 0 _.!. 

2 
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3-61 

3-62 

is invoked to enable integmtion. The calculation proceeds by applying cqn. 3-62 to eqn. 3-61, and then 

separating the exponents into sine and cosine components. The rules of even and odd function integration 

are applied once again, to arrive at integrals which can be looked up in tables. The resultant expressions 

for perfect correlation between the two interfaces are shown below: 
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3-63 

3-64 

For uncorrelated surfaces, C2=O, and the third term in both these expressions goes to zero. 

Plugging cqns. 3-63 and 3-64 into eqn. 3-58 yields expressions for power radiated into air and substrate 

regions. After inserting the expressions 

€o(O)=Am 

eoC -d)=Am [COS(hmd) - qmsin[hm( -d)] 1 
hnl 

3-65 

the final power formulae can be calculated, and arc given in the next section. By explicitly writing out the 

contributions from forward and backward travelling modes, and the two degenerate air modes, the ensemble 

power can be written as 
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3-66 

The atlenuation then can be expressed as 

-II 

Aa = lOloglO[1-J <Pa(6»d8] (dB/em) 
• L 0 

3-67 

if L is in cm. 

Surface Induced Scatter into Air Radiation Modes 

This derivation proceeds similarly to that of the last section, but is in fact, a bit simpler. Thus, 

fewer intermediate results will be provided. Once again, we begin by setting on=O and combining cqns 3-10 

and 3-12. The resulting perturbed electric field at the observation point can written as 

3-68 

The new stationary phase point as a function of e is 

3-69 

which is applied to the whole angle except for e=oo, 90°, and 180°. In this cac;e, the forward and 

backward scatlerings correspond to the regions 00:;:;e:;:;900 and 900:;:;e:;:;1800 respectively. Under the 

assumption that the perturbed field is expanded around the stationary point and that the phase term is 

expressed by a series expansion up to the second order, the approximate form for the perturbed field is 

(Miyanaga, Asakum, and Imai, 1979,1980) 
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(±) _jk
2 

( 21tj).! !3 {2 2 2 2. 8Ey (XpZ)=- -I 2 2 Cxp[-j(OrrPi)] }:Aarp(nrncJ€o(O)· 
8U>1l ria Pp j~l 

L 2 

!f{Zl)Cxpf -j(!30'FP)Zl]dzl - EA;ricos(lzpd)-F.sm(Iz;J>](n; -n~€o( -d). 3-70 
o M 

I g(z,)exp{ -J(Po• P ,)z, J'k') 

where rp and ex are defined as 

3-71 

and Eo{X) is the modal function of the TEo guided mode describing the electric field distribution in the x-

direction. The ensemble average power is 

3-72 

The square of the perturbed field is calculated using the same technique as described above. The ensemble 

power can be expressed as 

3-73 

The attenuation then is 

3-74 

if L is in cm. 
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FINAL FORMS FOR seA TIERED POWER 

This section is provided to present the final formulae for waveguide attenuation in one easy-

referenced area. 

Waveguide attenuation induced by volume scatter into the cover region: 

with 

f =0 exp -- + 1 ( d ~ -2( an) 'COS [(hn -h)dj +(2hm -2h)sin[(h", -h)dj 

Q
1 1 an 4+(on)2(2hm-2h)2 

-2 (an) cos [(h .. +h)dJ + (2h,.. +2h)sin[(hm -h}d]] + 

4+(on)2(2h", +2h)2 

2(an)( 1 + ___ I ___ )J 
4+(on)2(2hm -2h)2 4+(on)2(2h", +2h)2 

fa,. = 2 2 ex -- [-(on)cos(h",d)+(onihmsin(hmd)]+(an) 
[ 

0 sin(2hd) ]f ~ d) ] 
2h[1 +(an)2h;.J on 

fa, = 3 exp -- [-(an)cos(hmd)+(an)2h",sin(h",d)] +(on) 
[

0 [COS(2hd)-1]]{ ( d) ] 
211[1 +(an)2h!] an 

f '= 4 /II e -_ [-(on)cos(hd)+(an)2hsin(hd)]+(an) 
[ 

0 sin(21z d) ]{ ~ d) ] 
/l,j 2h".[1+(an)2h 2] on 

3-75 

3-76 

3-77 

3-78 

3-79 
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la,:: ~S[(on)( 1-exp( -(~) ))].[ 2h
m

l
_2h sin [(2hm -2h)d] + 3-80 

__ 1 -sin[(2h +2h)dJ] 
2hm+2h m 

I~ :: 06[( On)(1-exp(-~))] .[ 1 [l-cos[(2hm -2h)d]] + 
2 (on) 2hm -2h' 3-81 

1 (cos[(2hm +2h)dJ -1)] 
2hm+2h . 

Ie;:: ~8[(On)(1-exp( -(~»))].[ 2h".I+2h[COS[(2hm+2h)dJ-l]+ 3-83 

1 [COS[(2hm-2h)dJ- 1]] 
2hm-2h 

with 



74 

3-85 

Notice that an explicit summation over the two degenerate air modes is now employed as a 

reminder that both of these modes contribute to the attenuation. 

Waveguide attenuation induced by volume scatter into the substrate region: 

with 
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3-87 

3-88 

r A'" [ ] Is = 1 1.!!.3 1 (cos[(2" +4")dJ-1)- 1 (cos[(2" -4h)dj-l) 
, 4 2h,., +4lz m 2"m -4h m 

3-89 

3-90 

rA8[ 1 1 ] Is - 2 4 S (cos[(2h+4hm)dJ-l) (cos[(2h-4"m)dJ-l) 
, 4 2/z+4hm 2"-4hm 

3-91 

3-92 

r8[ 1 1 ] Is., =-2-2 sin[(21z", -21z)dJ + sin[(2"", +2")dJ 
2 2"", -2h 2"", +2" 

3-93 

3-94 

r2~8 [1 1 I = 9 -(cos(21zd)-1)+ (cos[(2h+4h )dJ-l)+ 
"ll 4 h 2lz+4"", m 3-95 

1 (COS[(2h-4Izn)dJ- 1)] 
21z-4hm 

3-96 

3-97 
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rE [ 1 1 ] Is =~ (cos[(2hm +2h)d] -1)- (cos [(2/zm -2h)d] -1) 
11 2 2h +2IJ 2h -2h m m 

3-98 

rAE [1 1 I~ _ 1 1 13 -(cos(2IJmd)-I)+ (cos[(2IJm+4IJ)d]-I)+ 
IS 4 hm 2/zm +4/Z 3-99 

1 (cos[(2hm -4h)dJ -1)] 
2hm-4h 

3-100 

r A - [ ] Is = 1 1':'15 1 sin[(2h", -4h)d] _ 1 sin[(2/zm +4/z)d] 
l' 4 2hm -4h 2/zm +4h 

3-101 

3-102 

ra [ 1 1 ] Is =-.2...E. (cos[(21z+2lzm)d]-I)- (cos[(2/Z-2hm)d]-I) 
17 2 2h+2hm 2h-2/zm 

3-103 

r ~E [ 1 1 I~ '" 1 18 -(cos(21zmd)-I)- (cos[(2hm+4h)d]-I)-
II 4 2hm 2hm +4h 3-104 

1 (cos [(2hm -4h)d] -1)] 
2hm-4h 

rAE[1 1 Is '" 2 4 19 -(cos(21zd)-I)- (cos[(2h+4h".)dJ-l)-
19 4 2/z 21z+4hm 3-105 

1 (cos[(2h-4h )d]-I)] 
2h-4hm • 
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3-106 

r - expJ- h S1D h --cos h +-(an)2 [ (-d){. 1 } 1] 
1 l+(an)2h

m 
Uan) m (md) (an) (md) (an) 

r - exp - /lSlD(/uJ) --cos(hd) +-(an)2 [ (-d){. 1 } 1] 
2 1+(an)2h2 (an) (an) (an) 

r3 =A) 0.5 (an)2 [emf -.::!!....)([h -h]sin[(hm -h)dJ __ I_COS[(h -h)dJ) 11 +(an)2(h
m 

_11)2 "r~ (an) m (an) m 

3-107 

1] 0.5(011)2 [ (-d )([h h]' [(' ')dJ +- + exp - + S1D II +,1 
(an) 1+(an)2(h

m 
+h)2 (all) m m 

__ I-cos[h +h)d]) + _1_]} 
(an) m (an) 

3-108 



78 

and 

3-109 

'=' ... 
.... 20 = ~1l 



Waveguide attenuation induced by surface scatter into the cover region: 

A,.' ~( 2~ ~ l8~:;J· ~:t {[Cn; -n~€o(o)l'a ~o, l(A.~l' Irp,l' +(A.:)'lr" I']' 

[-1-+0-~-(~-O--P-)-' + 1 +o~C;o+P"l' j+a;o,{ l+o!C;o-P"l' + 1 + o;C;o+pA 
[(Aa~)2IrpI12{[COS(hpd)-FtSin(1lpd)l'(n; -n:>€o( -d)f +(Aa:)2Irpz 12. 

[[cos(hpd)-F2sin(hpd)l'(n; -n:>eo( -d)fJ -(n; -nj(n; -n~€o(O)eo( -d). 

2C2o eni_-d ).{[ 1 + 1 j.f(A z)2lr 1
2. 

~ '"rt ax l+a;(Po-p/ l+a;(l3o+p)2 l 0
1 

PI 

[cos(hpd)-FtSin(hpd)]+(Aa:)2Irpzllcos(h;l>-F2Sin(hpd)J]}}}IS (dB/em) 
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3-110 

The subscripts on A. and r _p determine whether F, or Fz is used in the expression. The last term 

describes the correlation between the top and bottom interface. 

Waveguide attenuation induced by surface scatter into the substrate region: 

3-111 

Again, the subscripts on A. and Q determine whether FI or Fz is used in the expression. Total 

attenuation due to surface roughness is calculated by adding cqns. 3-110 and 3-111. The integration over 

e is accomplished numerically using Simpson's method. To get scattered power as a function of e, simply 
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vary e, calculate p(e) using these expressions, but do not integrate. Radiation patterns for the power 

scattered into the substrate and air regions arc calculated this way. 

The total attenuation in dB/cm , including contributions from both surface and volume scatterers, 

is given as 

3-112 

The expressions in these sections have been checked several times, and hopefully are free of 

typographical errors. However, for readers who might consider programming this work up, it would be wise 

to rederive the expressions from scratch (tedious as it may be). With all the lengthy equations, it is 

probably quite likely that some errors (typographical or logical) are still present. It also should be pointed 

out that the numerical integrations of these expressions will go infinite at P=O,knc' kn., and e=oo, 900
, and 

1800
, and thus precautions must be taken to avoid such problems, either by using a more complex numerical 

integration routine, or by handling the problem explicitly in the software. 



CHAPTER 4 

Applications of the Scattering Models 
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This chapter concentrates on demonstrating several applications of the surface and volume scatter 

models developed in Chapter 3. The first two sections focus on presenting the predicted attenuation caused 

by volume and (uncorrelated) surface-induced scattering, as a function of the waveguide, surface, and 

volume parameters (ne, d, oe,., (\., on, and an). Particular emphasis is placed on establishing allowable 

ranges for the scattering parameters to keep the attenuation in the 0.1-3.0 dB/em range. Rather than 

presenting these plots using normalized attenuation or normalized waveguide parameters, the data are 

presented as attenuation, in dB/cm, as a function of a particular model parameter. While this may limit the 

generality of the plotted data, it should enhance the reader's intuitive feel for the actual values of the surface 

and volume scattering parameters and how these parameters directly influence loss. To prevent the plotted 

results from becoming too specific to a particular material system, a range of film indexes and thicknesses 

has been provided whenever possible. 

The effect of having the roughness of the film/cover and film/substrate surfaces correlated is 

investigated next. The particular circumstances under which this correlation should be considered are briefly 

discussed, in addition to the fabrication situations which may produce such a correlation. 

Since the models in Chapter 3 are somewhat complex and tedious to deal with, it is interesting to 

consider whether any simpler, so-called back-of-the-envelopc calculation exists which might give 

comparable results to these more rigorous methods. Thus, a section is devoted to comparing a simple 

surface-scatter model proposed by Tien (1971), with the perturbation theory model discussed here. The 

particular conditions under which there is surprisingly good agreement between the two models is 

demonstrated and explained. 

The last section of this chapter utilizes tlIC concept of ray-tracing the scattered radiation modes 

(introduced in Chapter 2) as a tool for explaining an interference effect that is (tlICoretically) observed when 
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surface-induced waveguide attenuation is plotted as a function of film thickness. This section serves the 

dual purpose of demonstrating an application for the simple, intuitive ray-optics picture of scattering, while 

at the same time illustrating exactly where the interference effects come from. 

Attenuation Dependencies 

The plots shown in the following two sections were calculated by numerically integrating eqns. 3-

75 and 3-86 over p and 3-110 and 3-111 over ec .• using a Simpson's Rule numerical integration routine 

(press et aI., 1985). Unless explicitly stated otherwise, in the plots to follow, nc=1.00, n.=1.46, A.=0.6328 

llm, and the TEo mode is considered. 

The waveguide parameters nc and d generally were chosen to span the ranges most typical of 

single-layer Si02-Ti02 sol-gel waveguides (although the results are applicable to other material systems) 

used in this work. The values of the surface scattering parameters 0c .• , and O'c .• ' are typical of measured, 

experimental data (sec Chapter 6). However, the volume scatter parameters on and O'n are a bit more 

speculative, since we were never able to obtain experimental values for these parameters. But, since the 

films used in this work only ranged in thickness from about 0.2-0.4 llm, it is quite reasonable to believe 

that the correlation lengths of the volume inhomogeneities (O'n) are in the range, 0.005-0.100 llm. In fact, 

it makes no physical sense to have correlation lengths greater than the film thickness (at least not in 

isotropic, amorphous films). The rms refractive index inhomogeneities used were chosen to yield losses 

in the 0.1-10 dB/cm range. 

Volume Scatter 

Figures 4.1 and 4.2 show volume scatter-induced attenuation (left axis) and confinement factor 
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Figure 4.2. Volume induced attenuation (left rods) and confinement factor (right axis) as a function of 
film thickness when on=0.005 and on=O.Ol Jlffi. 
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(right axis) as a function of film index and film thickness respectively, when on=0.005 and an=O.OI Jlffi. 

The confinement factor is defined as the power contained within the waveguide boundaries, divided by the 

total power carried by the mode (Himel, 1988, cqn. 2-17). Thus, as film index or thickness increases, more 

of the mode power propagates within the waveguide boundaries, and the confinement factor increases 

toward a maximum of unity. Intuitively, it makes sense that attenuation should increase with nr and d. As 

nr increases, the guided mode is increasingly well-confined, and thus more energy within the film volume 

is available to be scattered. Using a similar argument, the attenuation should increase as d increases, since 

the mode is better confined within the film volume, and thus more energy is available to be scattered. 

Figure 4.3 shows attenuation as a function of rms refractive index inhomogeneities, on, for various 

values of an, and with nF1.65 and d=0.25 /lm. The enclosed, shaded region indicates a range of 

attenuations from 0.1-3.0 dB/cm, which represents a range of typically reported (overall) attenuation values. 

Note the corresponding ranges for on and an to get an idea of typical values that these parameters can 

possess, and yet yield low-loss waveguides. 

Figure 4.4 shows a log-log plot of attenuation as a function of an, for a range of on, with nF1.65 

and d=0.25 /lm. Again, the enclosed shaded region corresponds to the typical region of reported attenuation 

values. 

In figure 4.3, the effect that on has on attenuation is shown. However, measuring on is not trivial, 

especially for thin layers on thick substrates. As a more practical criteria, (and possibly to relate loss to 

a more measurable quantity), we will show how on may be related to the weight percentage (wt%) 

fluctuation of Ti02 in Si02-Ti02 films. The premise for this work is based on the refractive index model 

of Huggins and Sun (1943, also see Recd, 1954). This model assumes that the refractive index of glass 

(and its density), is roughly an additive property, and that the glass (waveguide) is completely dense. Then, 

based on the wt% of tllC glass components, the model provides a simple procedure for calculating the 

refractive index of two and tllree component oxide-based glasses. The reader is referred to the cited 
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references for additional details on the model. 

To relate fluctuations in the wt% Ti02 to on, we first must choose a desired mean wt% Ti02' for 

example 50%. Then a desired fluctuation in wt% Ti02 is chosen. This value is used as the standard 

deviation of the Ti02 concentration. Once the mean and standard deviation of the wt% Ti02 are known, 

a randomly generated Normal law distribution (Frieden, 1983) is generated by computer. Then, from each 

value of the computer-generated wt% Ti02 values, a corresponding value for the refractive index is 

calculated from the model of Huggins and Sun. The resulting values of refractive index are statistically 

analyzed to determine their standard deviation, and thus on. 

As an example, figure 4.5 shows the relation betwccn wt% Ti02 and the corresponding on that 

it produces. A 50:50 mean wt% Si02-Ti02 concentration was assumed. For each point on the plot, on 

was statistically calculated from the 400 points of the computer-generated Normal law distribution of wt% 

Ti02 (and thus the refractive index). The plot shows that to induce the loss values within the shaded region 

of figure 4.3, the wt% Ti02 concentration can fluctuate between about 0.2% and 2.0% of its mean value. 

Although this approach is not exact, it does provide a simple, convenient technique to determine 

how well the homogeneity of a glass waveguide must be controlled to produce attenuation values in a 

specified range. The plot shown in figure 4.5 docs not change significantly for different values of mean 

Ti02 concentrations. 

Surface Scatter 

(Uncorrelated Roughness) 

Figures 4.6 and 4.7 show surface roughness-induced attenuation as a function of film index and 

thickness, respectively, when oc=5 A, 0,=10 A, and O"c .• =O.lO J1m. Notice thal attenuation increases 

monotonically with film index. At first, this may seem contradictory, in light of tllC explanations given for 
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Figure 4.5. Theoretical plot demonstrating the relationship between the fluctuation in wt% Ti02, and the 
rms index inhomogeneity level that it corresponds to. A mean wt% of 50% Ti02 was assumed. 

the behavior in figure 4.1 and 4.2. However, surface scatter depends both on the value of the electric fields 

at the interfaces, and on the square of the difference of the refractive indexes across the interfaces [(n/-

n/?, (n/-n/)2]. Thus, even though the field becomes more confined as nr increases (causing the electric 

field at the interfaces to decrease), the effect of the index differences wins out, with the result being an 

overall increase in attenuation with nc. In figure 4.6, a decrease in attenuation with increasing d is observed. 

However, the attenuation reaches a maxima before beginning its descent For now, suffice to say that this 

peak is caused by an interference effect dependent upon the thickness of the film. This effect will be 
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explored in detail later in this chapter. The attenuation is expected to decrease with film thickness because 

the electric field amplitudes at the boundaries decrease as d increases. 

Figure 4.8 illustrates how the correlation length of the surface roughness affects attenuation. In 

this plot, nF1.65, d=0.25/J.m, and it is assumed that O'c=O'.. Notice that the three curves arc plotted for 

values of oc=0.50,. As will be shown in chapter 6, this seems to be a good rule of thumb for the spin

coated, single-layer sol-gel films. Notice also that the attenuation peaks around values of 0.1-0.2 /J.Il1 

correlation lengths. Most scattering processes show a similar peak for some value of correlation length near 

the wavelength of light being used. Measured (AFM) surface correlation lengths on pyrex substrates and 

Si02-Ti02 sol-gel films range from about 0.05-1.00 /J.m (see chapter 6). 

Figure 4.9 reveals the quadratic dependence of the attenuation on rms roughness. Thus, the 

importance of minimizing the roughness at the waveguide interfaces becomes readily apparent. In this plot, 

nF1.65, d=0.25 /J.m, and oc=0.50,. Note that the plot with the highest attenuation is for O'c,.=0.20 /J.m. 

In figures 4.8 and 4.9, mid-range (with respect to single-layer Si02-Ti02 waveguides) values for 

nf and d have been used. By recalling the general behavior of attenuation with these parameters, it is 

possible to get feel for how the plots in figures 4.8 and 4.9 may change for different values of n f and d. 

(Correlated Roughness) 

Figure 4.10 shows the attenuation as a function of film thickness (solid lines) when the film/cover 

and film/substrate interfaces arc assumed to be correlated. The case of uncorrelated interface roughnesss 

(dotted lines) is superimposed for comparison. Roughness parameters arc oc=5 A, 0.=10 A, O'c,.=0.10 /J.m. 

Note that there is a very significant difference (factors of 3-4) between the correlated and uncorrelated cases, 

especially for smaIl film thicknesses. As expected from eqn. 3-59, we observe the impact of the correlation 

to lessen as d increases. Again, the local maxima of the curves can be explained as interference effects. 
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Figure 4.8. (Uncorrelated) surface induced attenuation as a function of correlation lenglh. for nr=1.65. 
d=0.25 J.1.ffi. and 5<=0.55,. 
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d=0.25 J.1m, and oc=0.50,. 



95 

It is important to realize that we are considering two specific cases in these plots; that of 

completely correlated, and that of completely un correlated roughnesses on the interfaces. A recent paper 

(Amra, et at., 1992) examining scatter from rough interfaces in optical multilayer coatings concluded that 

the correlation of the interface roughness was high for practically all the vacuum-deposited (using four 

different deposition technologies) coatings they examined. This is significant because it is the first (to the 

author's knowledge) reported experimental evidence that the roughness of the coating interfaces arc in fact 

correlated. This finding has great importance for researchers trying to compare experimental scattering with 

theoretically predicted scattering. 

Although the physics of the deposition processes for sol-gel and vacuum-deposited layers are quite 

different, it is not unreasonable to believe that the sol-gel layers also exhibit a significant degree of surface 

correlation, especially for the thinner, single-layer coatings. Of course, proving this experimentally is not 

trivial! 

Comparison to Simpler Surface Scatter Model 

As seen in chapter 3, the development of the final formulae for scattering due to surface roughness 

are rather lengthy and tedious, and result in expressions requiring numerical integration. As an alternative, 

it is nice to have a simpler model which yields an easily calculated form, in order to get a quick feel for 

the scope ofa problem before going to the more complex models. Tien (1971) proposed just such a surface 

scattering model, with it's justification based on the well-known Rayleigh Criterion (Beckmann and 

Spizzichino, 1963). 
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Figure 4.10. Attenuation as a function of film thickness for the cases of totally correlated interfaces (solid 
lines) and totally uncorrelated interfaces (dashed lines) for oc=5 A, 0,=10 A, and (Jc.,=O.1O~. 
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Model Development 

Figure 4.11 shows a plane wave of width cosec incident on the film/cover interface of a waveguide. 

Beckmann and Spizzichino (1963) show that the mean scattered power (this is equivalent to the intensity 

reflection coefficient) in the specular direction can be given by 

41ta cosH 
( )

2 

<pp.>=exp- ~, I 

where oe is the usual rms surface roughness, and 

AC is the wavelength of light in the film. It is 
cover 

interesting to note that this equation was obtained 

from a more complex expression by making the film 

simplifying assumption of a "white noise" surface, 

that is a completely random surface, such that the substmte 

correlation length approaches zero. The only form 

4-1 

speculnr 
reflection 

in which the so called Rayleigh Criterion (cqn. 4- Figure 4.11. Plane wave of width cosec incident on 
film/cover interface of a waveguide. 

1) agrees with practice is when (Beckmann and 

Spizzichino, 1963) 

4-2 

The power (in Gaussian units) carried by the incident guided mode in Figure 4.1 is 

4-3 

where c is the speed of light in vacuum, and Ey is the field amplitude. Then, according to the Rayleigh 

Criterion, the specularly reflected beam from the film/cover interface has a power (Tien, 1971) 



98 

4-4 

Therefore, the power lost by surface scattering at the two interfaces of the film is 

4-5 

If we assume that the loss per unit length of the film is small, and replace I.e by 'Nne, where A is the frcc 

space wavelength, eqn. 4-5 can be rewritten as 

with 

The total power flow in the film for any waveguide mode is 

where <!"ee is the effective thickness of the film and is given by 

with 

1 1 d '=i1+-+of! 
Ys Yc 

Y s=VP2-1l;k2 

Yc=VP2-1l;k2 . 

4-6 

4-7 

4-8 

4-9 

4-10 

By dividing cqn. 4-6 by 4-8, we arrive at Tien's result (1971) for the power attenuation per unit length of 

film, in dB (the factor of 4.343 converts the attenuation from units of inverse length to dB), 



99 

a=/12
( CO~3e'1(_1 )4.343 . 

2smO, d~JJ 
4-11 

Note the following in cqn. 4-11: 

/:!,. depends predominantly on the surface properties of the film and is dimensionless. 

/:!,.2 goes as the square of the rrns roughness of the film and substrate surfaces. 

The second factor involves only 9r and thus depends on the waveguide mode considered, the index 

of the layers, and the film thickness. 

The third factor explicitly shows that loss is inversely proportional to thickness, which is expected. 

There is no mention of a correlation length. 

Graphical Comparison to Perturbation Theory 

The attenuation calculated from cqn. 4-11 is compared to the attenuation calculated from cqns. 3-

110 and 3-111 for three cases; a relatively high index guide, a "medium" index guide, and a low index 

guide. The results are shown in figures 4.12-4.14, for the TEo mode at A.=0.6328 11m. In the plot legends, 

"P.T." refers to the perturbation theory model. Once again, the undulations in the perturbation theory plots 

of attenuation versus d are due to an interference phenomenon. 

Figure 4.12 shows the high-index case (nc=1.0, n,=1.46, nr=1.75, oc,,=8 A). At very low film 

thicknesses, the two models yield attenuation values which differ by factors of 3.5-8. The thicker the film 

gets, the better the agreement becomes, Note also that the longest correlation Icngtll has the worst 

agreement with the simple model. 

These last two observations are also valid for the curves in figure 4.13 (nc=1.0, n,=1.46, nr=1.65, 
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oc .• =20 A). The best agreement between the two models is seen in figure 4.14, for the case of a low-index 

film (nc=1.0, n.=1.51, nF1.53, oc .• =50 A). Here, the attenuation predicted by Tien's model is well within 

a factor of two of the perturbation theory model results, over the entire range of film thicknesses and 

correlation lengths shown. Based on these results, we must ask the following two questions: 

1) Why is better agreement observed for smaller index differences between the substrate and film? 

2) Under what circumstances may the simple model be most useful and accurate? 

To answer the first question, we need to go back to eqn. 4-2. To make this equation go to 0, either 

oc-->O, or cos9,->0. Since OJAr is already very small, and since both Tien's model and the perturbation 

theory model have a 02 dependency, the focus will be on making cosOc->O. To make cosOc->O, Oc->90o. 

Thus, we expect better agreement between the two models either as film thickness increases or film index 

decreases, since Or increases for both of these conditions. And in fact, this is exactly what we see. For the 

waveguide parameters used in figure 4.12, 59.62°~Or~81.17° for 0.15~d~1.00 ~m. In comparison, 

82.42°~Or~87.40o for 1.00 ~d~.OO ~m, for the waveguide parameters of figure 4.14. 

Thus, we have shown that Tien's model will be most accurate for waveguides with small index 

differences across the interfaces, thicker films, and for the lowest order guided modes (Or is larger for lower 

order guided modes). We can conclude that Tien's simple model is ideally suited for predicting surface 

scatter losses in fiber geometries, or for low-index slab-type waveguides and certain families of ion

exchange waveguides in glass (if a step-index approximation is used). In fact, Tien (1971) states that his 

simple model agrees with Marcuse's results for surface scattering of a symmetric slab waveguide (i.e. a 

fiber model) after certain (unspccified) approximations are made and in the limit of long correlation length. 

In figure 4.14, we do see that the best agreement between the models is at the longest correlation length. 

However, the other correlation lengths give good agreement also. Although the best agreement between 
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the models for the cases shown in figures 4.12 and 4.13 occurs around 0"=0.50 11m, Tien's model should 

be used very cautiously in these cases because of the smaller 9r. 

It is interesting to note that Tien states in his 1971 paper, "A recent calculation by Marcuse [in a 

personal communication] shows that the Rayleigh Criterion applies only to the case of long correlation 

lengths." This seems rather bizarre since the Rayleigh Criterion was originally derived by assuming that 

the correlation length goes to zero. But, in any case, we have seen that under the proper waveguiding 

conditions, Tien's simple model for surface roughness scattering can be quite useful and yield theoretical 

attenuation values very close to those attained using significantly more complicated models, even over a 

large range of correlation lengths. 

It may also be beneficial to point out here that the surface roughness induced attenuation of the 

TEo mode, predicted by the perturbation theory described in chapter 3, also agrees quite closely (as far as 

the eye can tell from published plots) with the surface roughness induced attenuation predicted by the 

boundary value perturbation theory employed by Ames and Hall (1983). Thus, all the conclusions for 

comparing the simple scattering model with the more complex model described herein, also apply to the 

theory of Ames and Hall. 

Interference Effects in Scattered Light 

Figures 4.7, 4.10, 4.12, and 4.13 have shown unexpected peaks in the plots of attenuation versus 

film thickness. Based on the equations for the scattered power, one would expect a monotonic decrease in 

surface roughness-induced attenuation as film thickness increases. As mentioned previously, these peaks 

are caused by interference of the scattered light. The problem becomes more interesting and worth 

investigating because the effects observed in the total attenuation curves are being caused by the 

interference effects of the light scattered into the continuum of mdiation modes in both the cover and 
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substrate regions. It also is beneficial for the general understanding of the scattering process to take a closer 

look at this problem. 

Similar problems have been addressed in ihe literature. Walther and Schirmer (1983) used the 

vector scattering theory (Elson and Bennett, 1977) to investigate the influence of the film thickness on the 

light scattering (not in a waveguiding configuration however) of RF-Sputtered Ti02 dielectric single layers 

on BK7 substrates. They showed good agreement between scattering as a function of film thickness, and 

showed that maxima in the scattered light occurred when film thicknesses were an even multiple of a half 

wave. Emmons and Hall (1991) found that film thickness dependent interference effects can greatly affect 

the coupling length and coupling efficiency of waveguide grating couplers, especially in high-index material 

systems, where interface reflections are strong. However, neither of these investigations was concerned with 

the interference of waveguide radiation modes, or with random-surface scatter from a guided mode 

geometry, such as we have here. 

The remainder of this section will focus on the implementation of the ray-optic approach (frrst 

introduced in chapter 2) to physically explain the interference phenomena observed in the modelled results 

of attenuation plotted as a function of film thickness. More specifically, the ray-optic approach, in 

conjunction with basic interference formulae, will be utilized to calculate at what film thickness the 

interference peaks in the scattered light are expected to occur. If the ray approach is valid, then it should 

predict the peaks to be at the same film thickness as the mathematical model. The goals of this section are 

to demonstrate that tlle light scattered into radiation modes can be looked at from a ray-optic point of view, 

and to show how these interference peaks come about. This general approach was adopted when we 

realized that the attenuation maxima were not occurring exactly at film tJlicknesses of m'}.J2 (m=even 

integers), as might be expected. 
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Defining the Model 

Figures 4.15 and 4.16 show the two general cases that will be considered; rough substrate with 

smooth film (4.15) and rough film with smooth substrate (4.16). The angles, <l>e, <1>., and <l>r are defined with 

respect to a surface normal. The angles, ee and e. represent directions of the angularly scattered light and 

are measured with respect to the top (eJ and bottom (e.) film surface. The range of ee is from 0° to 180°, 

with forward scatter from 0° to 90°, and backward scatter from 90° to 180°. The range of e. is from 0° 

to -180° with forward scatter from 0° to _90°, and backward from _90° to -180°. As a reminder, rays are 

being utilized to represent the dominant scattering direction. Recall that in the cover region, only air 

radiation modes are present, while in the substrate region, both air and substrate radiation modes are present. 

Only forward scatter is considered, since in general, forward scatter is significantly greater than backward 

scatter. Multiple scattering effects are assumed to be negligible. Only TE mode scattering will be 

considered. The rough surface is considered to be made up of an infinite number of point scatterers from 

which the scattered "rays" emanate. 

Figures 4.15a and 4.16a show the air radiation mode contributions into the cover and substrate 

regions for the two cases. In 4.15a, ray A travels from its origin on the rough surface, directly into the 

substrate. Ray B travels toward the cover region. When ray B hits the film/cover interface, most of it is 

refracted into the cover, and a small part (dependent upon the index difference of the bounding media) is 

reflected back toward the substrate. When this ray gets to the substrate/film interface, it is refracted into 

the substrate at an angle e. where it interferes with ray A. A small portion of this ray is reflected back 

toward the cover and eventually interferes with the ray initially scattered into the cover. 

In figure 4.16a, a similar scenario exists, but here, the more significant interference will occur in 

the cover region. The condition for constructive interference of the air radiation modes in the cover and 

substrate regions is 
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Figure 4.15. Schematic illustration of a waveguide with a rough substrate and smooth film, showing 
forward travelling ray contributions into the (a) air radiation modes, and the (b) substrate radiation 
modes. 

2knpcos4>,=2v1t (v=O,1,2, ... ). 4-12 

Figures 4.l5b and 4.16b show the ray trajectories of light scattered into substrate radiation 

modes. In 4.l5b, two scattered rays originate from a point on the rough substrate surface; ray A travels 

toward the cover/film interface while ray B travels directly into the substrate. Since we are now considering 

substrate radiation modes, ray A must experience TIR at the film/cover interface, and undergo an 

appropriate phase shift, 4>TIR' This ray is subsequently refracted into the substrate where it interferes with 

ray B. 

In figure 4.16b, the situation is modelled such that only a single ray is considered to emanate from 

the point scatterer. Following the same principles as discussed above, we observe interference in the 

substrate region. 



108 

A 

cover cover TIR 

film 
film 

substrate substrate 

a b 

Figure 4.16. Schematic iIlustration of a waveguide with a rough film and smooth substrate, showing 
forward travelling ray contributions into the (a) air radiation modes, and the (b) substrate radiation 
modes. 

The condition for constmctive interference of substrate radiation modes is 

2knpcos4>,-24>nn=2v1t (v =0,1,2, ... ) 4-13 

where k is the free-space wave number (k=27r/A.), and 2<1>TlR is the phase shift resulting from TIR at the top 

interface and is given by (Kogelnik, 1979) 

4-14 

It is very important to realize that the ray-optic representations depicted in parts a and b of figures 

4.15 and 4.16 must be superimposed to represent both the air and substrate mode contributions which are 

present in every case of waveguide scatter. Although e. is used to represent the ray angles of both the air 

and substrate radiation modes, it is important to recall that the angular regions of the air and substrate 

radiation modes will never overlap, and thus e. will never be the same for an air and substrate radiation 

mode. 
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To demonstrate this ray-trace model in action, three examples have been carefully chosen both to 

illustrate the concepts and to show where problems can arise. For simplicity, roughness at only one 

interface of the waveguide is considered. However, the concepts developed below can easily be extended 

to explain scattering effccts in waveguides with roughness at both interfaces. 

EXAMPLE 1: nc=1.00, n.=1.46, nF1.74, 1..=0.6328 J.l.ITI, oc=O, 0.=7.5 A, O"c •• =0.05 J.1.m 

The critical angles at the film/cover and film/substrate interfaces are $[c=35.08° and $[.=57.04°. 

Then, from Snell's Law, and from the definition of substrate and air radiation modes, we can calculate the 

ranges of $[ which result in air and substrate radiation modes, 

35.080° :s:<f>.f57.043° 
0° :s:<f>.f3S.080° 
<f>?57.043° 

substrate radiation modes 
air radiation modes 

potential guided modes . 

Using Snell's Law, we can determine the angular ranges in terms of ec and e.: 

0° :s:8c:s:90° 
-46.77° ~es~-90° 
0° ~8$~-46.77° 

air modes in cover 
air modes in substrate 

substrate modes in substrate. 

4-15 

4-16 

Figure 4.17 shows a plot of attenuation versus film thickness for this case. Notice that the 

attenuation into the substrate and cover regions has now been separated and that the two curves do not peak 

at the same value of film thickness. Also notice that the total attenuation curve is simply the superposition 

of the curves showing loss into the substrate and cover regions, and that the total loss curve peaks at a film 

thickness different from either of it's two component loss curves. 

To establish the dominant direction of the scattered rays, we must consider tIle angular distribution 

of scattered power into tIle cover and substrate regions for a particular film thickness (angular scatter docs 

change witI! film thickness). The angularly scattered power for any given ec or e. is easily determined by 



110 

...... 
("f1 · 0 

CI.l I 0'\ 
CI.l C'I 
0 0 · ~ 

..... 0 cd ~ 
~ 0 ... 

.CI.l > .c 0 t'--= U C'I rJ') 
0 0 0 ..... ..... . S . S 
CI.l trl CI.l CI.l C'I CI.l 0 -

0 ....:I · ....:I 0 
,....... 

ME 
~~ 
0 

CI!) 
CI!) 
Q) 

...... c: 
C'I~ 
'U 0 ..... ..= 
~ 

~E o;.::l 
f.L4 

t'--
...... · 0 

trl 
...... · 0 

M 
-! 
0 

...... 
-! 

0 trl 0 It') 0 lI') 0 V') 0 tn 00 
trl ~ ~ M C't'l C'! ~ ...... 1"""'4 0 0 . . . . . . . . 
0 0 0 0 0 0 0 0 0 0 0 

(t.UO/HP) uOH'enu~n" 

Figure 4.17. Attenuation as a function of film thickness for Example I, explicitly showing power loss 
into the cover and substrate regions. 
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Figure 4.18. Angularly scattered power (for Example I) in the forward direction, into the (a) cover, and 
(b) substrate regions for films of thickness 0.21Illn, and O.181llfl. 
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calculating the quantity in eqns. 3-110 and 3-111, but not integrating. 

Since the attenuation peaks at film thicknesses of -0.21 ~m (substrate) and 0.18 ~m (cover) in 

figure 4.17, the angular scatter into the cover and substrate at these thicknesses is shown in figures 4.18a 

and 4.18b. Figures 4.15a and b schematically depict the ray-optic representation of the scattering in this 

example. Scattered power has been normalized such that the maximum power scattered into a particular 

angle has been assigned a value of unity. Note that the dominant scatter direction into the cover region is 

at 9c=900 (for both film thicknesses), and that the scattered radiation lobe is rather broad. This is typical 

of scattering from surfaces with very short correlation lengths. 

The dominant scatter direction into the substrate occurs between -46°and _47° (which is the "cusp" 

between air and substrate radiation mode regimes), and is much more sharply peaked than the radiation into 

the cover. Generally, it is easy to observe a distinct scattering angle in the substrate at which the air 

radiation mode regime leaves off and the substrate radiation mode regime begins. And thus, it is easy to 

distinguish whether air or substrate radiation modes are dominant simply by noting in which of the two 

angular regions the peak loss is located. 

So far, we have determined the film thickness that yields a maximum attenuation value into the 

cover and substrate regions, and calculated the angularly scattered power at these thicknesses. The direction 

of dominant scatter into the cover and substrate regions has subsequently been represented by a single ray. 

Now, we will invoke the interference conditions given in eqn. 4-12 and 4-13, with $r determined by the 

direction of ray B, and solve for d, the film thickness at which a maxima should occur. 

For scatter into the cover region, if $r=0o (corresponds to $c=Oo and 9c=900), and we solve cqn. 

4-12 for d, we find that d=0.18 ~m. Thus, the ray-trace model is consistent with what we actually see (in 

figure 4.17). 

The same procedure can be applied to radiation into the substrate region. Since 9.=-47°, $.=43°, 

and $r=34.907° for the ray which represents the scattered field in the substrate, either of the interference 



113 

conditions (eqn. 4-12 or 4-13) may be solved for d, since 9. is at the dividing point between the air and 

substrate radiation mode contributions. In fact, we find that in this case, tan(lhnJ-->O, and eqn. 4-13 

actually collapses into eqn. 4-12. Solving for d then gives d=0.22 Jlm, which is very close to the actual 

(predicted by the perturbation theory model) maximum of 0.21 Jlm. 

Now consider another example, this time for a low index waveguide. 

EXAMPLE 2: nc=1.00, n,=1.46, nF1.50, A.=0.6328 Jlm, 8.=0, 8c=15 A, and O'c=0.50 Jlm 

Figure 4.19 shows attenuation as a function of film thickness. Notice that there are no discernible 

maxima in the power scattered into the cover region. Figures 4.20a and b show the angularly scattered 

power into the cover and substrate regions when d=0.53 Jlm (this is the thickness that gives maximum loss 

into the substrate). The ray-optic representation of the scattering for this case is given by figures 4.16a and 

b. 

The angles, 9c and 9. are determined (from figures 4.20a and b) to be 9c=34°, and 9,=-27° (shows 

that scattering to substrate modes is dominant in the substrate since this angle corresponds to the substrate 

mode regime), and thus <1>c=56° and <1>.=63°. For the scattered substrate radiation mode ray to exit into the 

substrate at angle <1>" it has to propagate through the film and obey Snell's Law across the film/substrate 

interface. Thus, <1>r is set by the scattering angle, <1> •. In this case, <1>F60.14°. 

Most of the light originally scattered toward the substrate (in this particular case, it is scattered into 

a substrate radiation mode) is refracted across the film/substrate boundary. However, a small percentage 

is reflected back toward the cover region, at an angle <1>r. Since <1>r is greater than the critical angle at the 

top interface (41.8°), all of this light is reflected back toward the lower interface where (most of) it is 

refracted into the substrate region at an angle <1>,. Eqn. 4-13 is invoked to describe the interference of these 

two beams. 
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Figure 4.19. Attenuation as a function of film thickness for Example 2, explicitly showing power loss 
into the cover and substrate regions. 
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Upon solving cqn. 4-14 for (PTm, setting '\)=1, and then solving eqn. 4-13 for d, we find d=0.537 

/Jlll for maximum interference. From figure 4.20, the maximum attenuation is at a film thickness in the 

range 0.52-0.54 J..lm. So again, the ray trace approach is shown to be a simple, valid approach for physically 

describing the scattering process, and for explaining the interference phenomenon in the scattered light. 

Although the ray-trace approach was shown to successfully model the scattering in examples 1 and 

2, there are times when using rays to represent scattered light can cause confusion. A problem with this 

approach occurs when there is no dominant scattering angle, for example when either the scattering has a 

very broad angular spread, or when there are two broad scattering peaks of roughly the same strength. In 

these cases, it is difficult to define the scattering direction(s) with a single ray. For broad angular scatter, 

it may be very difficult to determine whether a ray meant to represent a dominant scattering direction should 

be giveIl an angle 9c (9.) of 90° (_90°) or 60° (_60°). Then, from the previous examples, it is obvious how 

this lack of a dominant scattering angle can influence the interference calculation. 

These, and related problems which may arise arc illustrated by example 3. All the waveguide and 

roughness parameters arc the same as in example 2, but the rough surface is now at the film/substrate 

interface. 

EXAMPLE 3: nc=l.OO, n,=l.46, nFl.50, 1..=0.6328 J..lm, oc=O, 0,=15 A, cr,=0.50 J..lm 

Figure 4.21 shows a plot of attenuation as a function of film thickness for these parameters. Note 

that there is not a particularly strong interference effect here. Figures 4.22a and b show the angular 

distribution of the forward scattered light into the cover and substrate regions, when d=0.505 /Jlll (which 

is the "maximum" of the plot in figure 4.20). Figure 4.l5a and b schematically show the scattering process 

for this case, using rays. 

From figures 4.22a and b, the dominant scattering angles arc 9c=35°, and 9,=-27°. Then, <Pc=55°, 



0\ · o 

'" 
II) '"' .... II) 
c:tI >-'"' 0 tl U 00 .c · ::s 0 0 rI:I -= 0 .... .... 

~ .9 
~ .3 
:3 

~ 
0 

\0 · 0 

~--~--~----~--~----~--~--~----~~ 
('t') 

o . 
o 

N o . 
o 

...-j 

o . 
o 

o 0 
o . 
o 

117 

..-
8 
~ 
til 
til 
Q) 

] 
(,) 

:.E! 
E-t 
] 
• .-4 

~ 

Figure 4.21. Attenuation as a function of film thickness for Example 3, explicitly showing power loss 
into the cover and substrate regions. 
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and <1>.=63°. Establishing the correct propagation angle through the film for this configuration is a bit 

tricky. At first glance, it may be tempting to determine <l>r by satisfuing Snell's Law across the film/cover 

boundary, using the fact that <l>c=55° (doing this gives <l>r=33.100). Figure 4.15a shows this situation. 

However, since <l>r is determined by an air radiation mode here, this would result in the interference of an 

air radiation mode with a substrate radiation mode in the substrate. This is not what we desire; we want 

to interfere substrate radiation rays. Thus, the situation in figure 4.15b must be considered. (Note that in 

Example I, it did not matter whether we determined <l>r from the air or substrate radiation ray since the peak 

power loss in the substrate occurred at the angle separating the two regimes.) Then, by solving Snell's Law 

across the film/substrate interface, we find that <l>r=60.14°. Eqn. 4-13 describes the interference in the 

substrate region. Upon solving for <l>TIR and setting U= I, we find that d=0.537 f.lm, rather that the expected 

film thickness of 0.505 f.lm. (It is interesting to note that if we solve for din cqn. 4-12, with <I> r=33. 10° , 

and u=2, we find that d=0.504 f.lm! But there is no pysical justification for doing this.) 

To help explain this discrepancy, note in figure 4.22b that there is a second "peak" in the scattered 

power at 9,=-7°. This peak will also have interference maxima and minima as d is varied. The 

superposition of the effects caused by the two scattered power peaks in figure 4.21b essentially "dull out" 

the interference effect of either of the individual peaks. This is verified by noting the lack of any 

appreciable interference effects in figure 4.21. 

Numerous conclusions can be drawn from this section: 

When carefully applied, the ray optic picture of radiation modes can be a useful and insightful tool. 

At long correlation lengths, the difference between maximum and minimum attenuation as a 

function of d can easily be a factor of 5-8. Thus, this interference effect should be considered 

when choosing a film thickness for a particular device. 

It is not sufficient to simply say that the interference effects arc due to half-wave layer 
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thickness interference. We have shown that the overall attenuation peak occurs at a value of d 

dependent upon the interference peak locations in both the cover and substrate regions, and thus 

is dependent upon interference of both air and substrate radiation modes. 

As we saw in Example 3, the blind application of rays for the representation of the dominant 

scattering direction is very unpredictable if we do not thoroughly consider what is pysically going 

on in the scattering process. 

Although only 3 examples were explicitly shown here, the ray picture of radiation mode 

interference and the scattering process in general, has been used to consistently and accurately 

represent the scattering process for many different waveguide and surface roughness parameters. 

Caution should be used when applying these techniques to cases where the scattered light can not 

be accurately represented by a single my. 



121 

CHAPTER 5 

EXPERIMENTAL TECHNIQUE 

This chapter primarily focuses on explaining the techniques, equipment, and fabrication issues 

necessary for understanding how the experimental results of Chapter 6 are obtained. First, a discussion of 

wet-chemical (sol-gel) synthesis of planar optieal waveguides is provided. A rudimentary comparison to 

other common waveguide fabrication technologies is included. This is followed by a detailed discussion 

of the important issues involved in making waveguide attenuation measurements. An in-depth discussion 

of the operation and calibration of the automated attenuation measurement system utilized in this work is 

given next, in an effort to demonstrate its validity as a tool for accurately measuring waveguide loss (and 

subsequently as a tool for comparing theory and experiment). The chapter concludes by briefly describing 

the use of Atomic Force Microscopes to characterize waveguide surface roughness. 

Sol-Gel Processing of Planar Waveguides 

The specific material properties required of planar optical waveguides arc (1) a refractive index 

of the film exceeding that of the substrate and superstrate, (2) low scattering and absorption losses, and (3) 

the capability of forming smooth, well-adhering, amorphous films with uniform thicknesses (in single or 

multiple layers) from about 0.10 ~m to 2 ~m (dependent upon the particular application). 

Conventional methods for the deposition of such light-guiding thin films include vacuum 

evaporation (Himel, 1988), RF-SpuHering (Goell and Standley, 1969, Maissel and Francombc, 1973), and 

ion exchange (Ramaswamy and Srivastava, 1988). While each of these metllods is capable of forming 

adequate waveguides, each also is time consuming, and not particularly well-suited for high-volume mass 

production. In contrast, the wet-chemical (sol-gel) technique offers a relatively inexpensive, fast, versatile 
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technique for reproducibly generating high quality optical planar waveguides of a desired index and 

thickness. 

The sol-gel process can also be successfully employed for making (bulk) dense silica glass with 

a low expansion co~fficient, and high transparency in the UV, visible, and IR (Hench, et a/., 1990, Ulrich, 

1990), gradient index glass (yamane, et a/., 1988, Konishi et a/., 1988), ferroelectric coatings such as 

lithium and pot.1ssiun niobate (Hirano and Kato, 1988, Uhlmann, et a/., 1990), anti-reflection coatings 

(partlow and O'Kecffe, 1990), and nonlinear optical components (pmsad, 1990). 

While the sol-gel process is not new, its vast potential was not well-appreciated or exploited until 

about ten years ago. Since then, a great wealth of scientific knowledge on materials, processing issues, 

chemistries, and applications has been genemted. A nice overview of much of the work is provided in a 

book by Brinker and Scherer (1990). 

For the formation of wet-chemically processed dielectric planar waveguides, metallorganic 

compounds are controllably reacted in a solvent (such as ethanol, isopropanol, or butanol) by adding water 

(for hydrolysis), and an acid catalyst (such as Hel or HN03) to form the precursor coating solution. The 

ensuing condensation reaction initiates the formation of the oxide network that eventually wiII comprise the 

amorphous dielectric film. This solution then can be spin or dip-coated onto appropriate substrates, and 

subsequently baked to drive off the solvent and residual chemical species, and to consolidate the film. 

The application of the sol-gel process to the fabrication of step-index planar waveguides was first 

reported in 1972 (Ulrich and Weber). Since then, there has been a considemble amount of reported research 

concerning the mechanical (hardness, porosity) and optical properties (film index, thickness, spectral 

transmission) of sol-gel derived films, but little work has been reported on the attenuation in such structures. 

Ulrich and Weber used commercially available sol-gel solution to fabricate lead-silica waveguiding 

films of refractive index 1.646 and thickness 0.90 Ilm, with TEo mode attenuation of 0.3 dB/cm at A= 1.064 

Ilm. Lukosz and co-workers (Lukosz and TiefenthaIcr, 1986, Tcifenthaler et a/., 1983) also used 
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commercially available sol-gel solution to fabricate Si02-Ti02 waveguides. The refractive indexes of their 

films were varied betwecn 1.6 and 1.9 by adjusting the ratio of the silica to the titania in the precursor 

solutions. These waveguides were reported to have losses less than 1 dB/cm in the visible portion of the 

spectrum. More recently, Si02-Ti02 waveguides on pyrex and soda lime substrates with indexes of about 

1.74, thicknesses of -0.22 Jlm, and a TEo mode attenuation of -1 dB/cm have been reported (Roncone, et 

al., 1991b). 

The optical properties and attenuation characteristics of films fabricated by the wet-chemical 

approach compare quite favorably to films fabricated using the more conventional approaches. Table 5.1 

shows that the TEo mode attenuation is -0.5-1.0 dB/cm for most films reported here, including the wet

chemical processed films. 

Another intriguing and potentially beneficial advantage of the sol-gel process must be mentioned. 

Immediately after spin-coating (or dip-coating), the gelatinous film is still quite porous and moldable, and 

thus structural features can be impressed into the film via an embossing process. This process consists of 

pressing a surface-relief pattern (e.g. a diffraction grating) into the gel film, and thus producing a negative 

of the master pattern on the film surface. Embossing into sol-gel thin films offers a fast, practical method 

for the production of surface relief structures in integrated optic components. 

Numerous researchers have reported on the embossing of waveguide gratings in solution-deposited 

films (Tiefenthalcr et al.,1983, Lukosz and Tiefenthalcr, 1986, Heuberger and Lukosz 1986, Tohge et al., 

1988, Roncone et al., 1990, 1991a). While problems concerning grating depth repeatability, large area 

grating replication, and materials optimization remain challenging technical issues, the embossing process 

still offers a fast, cheap, attractive alternative to grating fabrication on waveguides using conventional 

methods such as direct electron-beam writing, and holob'Taphic techniques. The interested reader is referred 

to the cited references for further information on this topic. 
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Table 5.1. Comparison of refractive index, and attenuation for some typical material systems, and typical 
deposition methods for high quality waveguides. 

tiil -L 

I 

Film Deposition Substrate Film Index Loss (dB/cm) 
Material Method ("-=0.6328 Ilm) 

T~Os Reactive 7059 Glass 2.2 0.9 
Sputtering 

Nb20 s Reactive 7059 Glass 2.1-2.3 1-2 
Sputtering 

Coming 7059 RF Sputtering Fused Quartz 1.53-1.60 1.0 

K+, Ag+ Ion Exchange Soda Lime GRIN 0.5-1 
Diffused Glass ~n-O.1 

LiNb03, Proton LiNb03, ~n-O.12 0.5-1 
LiTa03 Exchange LiTa03 

Wet-Chemically Derived Waveguides 

PbO-Si02 Spin Coat Fused Quartz 1.664 0.5 

Si02-Ti02 Dip Coat Pyrex 1.6-1.9 <1 

Si02-Ti02 Spin Coat Pyrex 1.64-1.75 0.4-2 

i· 

Waveguide Characterization 

Once the waveguides are fabricated, an accurate assessment of the optical properties (film index, 

thickness, and attenuation) generally must be made. A number of optical techniques, such as interferometry, 
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ellipsometry, and transmission and reflection spectroscopy, can be used to detennine thin film properties. 

However, problems such as substrate effects, apriori knowledge of certain parameters, and measurement 

difficulties limit the accuracy and usefulness of these techniques. Guided wave techniques provide an 

accurate, self-consistent method for determining optical properties. Since propagation distances can be 

several centimeters, guided waves also provide advantages in measuring small losses and scattering 

phenomena. 

The first step in doing any guided wave measurement is to launch light energy into the waveguide. 

There are numerous techniques for doing this (Westwood and Yei, 1979), jncluding end-fire coupling, taper 

coupling, grating coupling, and prism coupling. The prism coupler probably is the most widely used 

coupling technique for analytic purposes because of its ease of use, flexibility, and accuracy as a 

measurement tool. The prism coupler efficiently can couple a laser beam into and out of almost any thin

film structure and can excite any single mode of the structure. 

Prism coupling is attractive for measuring film index and thickness since it only requires the 

measurement of angles, which can be done conveniently and with high precision. In addition, if the film 

is thick enough to support more than two modes, the two unknowns, ne, and d then can be detennined from 

more than two independent measurements. This improves accuracy and greatly increases the confidence 

in the results. The drawbacks of prism coupling are that the film must be thick enough to support at least 

two modes (to be of use as a measurement tool), and that the technique requires contact of the prism to the 

waveguide. Thus the method has limited applicability for very thin, or soft films. 

Numerous papers and book chapters have been devoted to the t1lCory and practice of prism 

coupling. Ulrich and Torge (1973) discuss techniques for calculating film index and thickness from 

measurements of the modal effective indexes, in addition to providing an excellent discussion on the 

practical issues involved in effectively utilizing the prism coupler as a precision measurement tool. Other 

authors (Tien, 1971, and Tien, Ulrich, and Martin, 1969) have provided nice overviews of prism coupling 

issues, including a rigorous electromagnetic tre.1tment of beam coupling to films via the prism coupler 
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(Harris, Shubert and Polky, 1969), and an interesting geometric (ray-trace) approach to prism coupling 

(Kapany and Burke, 1972,Lce, 1986). 

In the work reported here, prism coupling is used to measure the refractive index and thickness of 

waveguides, and as a means to launch light into the guide for attenuation measurements. Readers interested 

in learning more about the theory and implementation of prism coupling are referred to the references cited 

above. 

Background: Waveguide Attenuation Measurement 

An extremely important measure of waveguide quality is modal attenuation. Sources of attenuation 

include surface roughness, bulk refractive index inhomogeneities, absorption, cracks, dust, and pinholes. 

Through careful substrate and film processing, all but the first three generally can be made to have a 

negligible contribution to loss. 

Typical loss measurement systems do not differentiate between the sources of loss. The 

contributions from all sources are superposed to provide a "total" attenuation value. Generally, it is assumed 

that scattering is homogeneous along the z-direction of the guide, which implies that the brightness of any 

particular point along the scattered streak is directly proportional to the intensity of the guided mode at that 

same point. Thus, a decrease in the intensity of the scattered streak along the direction of propagation gives 

a direct measure of waveguide attenuation. 

As an interesting exercise, consider the hypothetical case of a homogeneously scattering waveguide. 

In such a case, the scattered power at any point i along the scattered streak may be written as 

PScaJ =K·PBuld.J i=O,l,2, ... N 
I I 

5-1 

where K is a constant which determines how much of the power remaining in the guide is scattered, and 

the propagating and scattered power are related by 
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p -"", =p -"". -p sed • 
jI~"l a~1 I 

5-2 

Eqns. 5-1 and 5-2 assume that scattering only occurs at discrete positions, i, in the guide. However, in . 

reality, scattering is a distributed phenomenon, and thus for the sake of mathematical clarity, it should be 

stated that 5-1 and 5-2 are only valid when N goes to 00. Figure 5.1 shows such a homogeneously scattering 

waveguide, with two identical intensity-sampling fiber probes positioned slightly above the scattered streak. 

The measured intensities at points 1 and 2 can be related by Beer's Law, 

5-3 

where a. is the attenuation coefficient in cm'\ and L is the separation distance in cm. Since 1\ and 12 can 

be measured, we can solve eqn. 5-3 for a. (in dB/cm), 

To illustrate the necessary resolution of a 

loss measurement system, consider a waveguide 

with an attenuation of 0.10 dB/cm. Solving eqn. 

5-4 for the intensity ratio corresponding to this 

attenuation shows that 1/1\=0.975. Thus, the 

system must be capable of confidently 

distinguishing an intensity decrease of about 2.5%. 

With an ideal waveguide (no defects or point 

scatterers), and an ideal measurement system 

(noiseless, perfcctly aligned), such accuracy is 

trivial. However, numerous factors influence the 

5-4 

incident beam 

substrate 

Figure 5.1. Schematic illustration of a simple loss 
measurement system. 

intensity differences that the system ultimately can resolve. First and foremost is the waveguide itself. In 

the simplified conceptual model of scattering given in eqn. 5-1, it is assumed that K is constant. However, 
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random fluctuations in surface roughness, refractive index inhomogeneities, and localized defects in the film 

and substrate cause certain regions to have enhanced or reduced scattering. To more closely approximate 

reality, eqn. 5-1 must be rewritten as 

P = =K,'Pm,llh i=O.1.2 .... N , 0-, 5-5 

where Kj differs for each location along the guide, i, dependent upon the local microstructure. For example, 

if a measurement location i, has a crack, defect, or locally enhanced roughness, ~ will increase, and a "hot-

spot" will result. 

Physically realizable measurement systems must consider fluctuations in the light source power 

(optical noise), electronic noise in the detection system, and alignment of the light collection optics (the 

fiber probes here) such that the same proportion of the scattered light is collected at each sample location. 

Upon consideration of these issues, the reliable measurement of a 2.5% intensity difference no longer is 

trivial. 

An example of waveguide attenuation measurement 

Consider again the situation depicted in fjgure 5.1, but now let the waveguide be real, and assume 

that there are 11 identical, noiseless fiber probes, equally spaced over 1 cm, and each collecting the same 

cone of light at each sampling location along the scattered streak. Such a system is shown in figure 5.2. 

The examples given below demonstrate how loss measurements are made, and illustrate the importance of 

inhomogeneous scattering and its effect on the calculated loss coefficient. 

Table 5.2 shows hypothetical logarithmic (lOloglO(IJIJ) data signals for each of the 11 detectors, 

for five different, independent measurement cases (corresponding to five different measurement locations 

on this fictitious guide). From this data, the attenuation coefficient is calculated using a least-squares curve-

fitting algorithm (Press et al., 1986) with L=I cm. The attenuation (in dB/cm) for each case is shown 



across the bottom of the table. 

Column 2 displays the data for the ideal, 

homogeneously scattering waveguide to be used as 

a reference sample. Notice that this data can be 

perfectly fit with a straight line, and thus, that the 

standard deviation in this case is zero. Column 3 

shows the influence of putting a random ± 10% 

fluctuation on the logarithmic values. This is 

meant to simulate random noise. Note that this 

has almost no effect on the attenuation and only a 

relatively small impact on the standard deviation. 
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Figure 5.2. Schematic illustration of a loss 
measurement system using 11 identical detectors. 

Column 4 illustrates the effect of having a strong point scatterer, or hotspot, in the center of the data. Note 

that for this case, the calculated attenuation value is affected very little. However, the standard deviation 

of the attenuation is now nearly as great as the attenuation itself. Columns 5 and 6 show the effect of 

having a coldspot, and a hotspot, respectively, at the end of the streak. Note the impact of this on the 

attenuation and its standard deviation. Figures 5.3a-d graphically illustrates the raw data from columns 3-6, 

and the corresponding least-squares curve-fitted data for these columns. Notice that the attenuation is 

simply the slope of the straight line fit to the log-data. 

The conclusion that should be drawn from this exercise is that the location and severity of 

scattering centers can have a huge impact on the curve-fitted attenuation value and its standard deviation. 

When loss measurement data is presented, the reader should examine the contour of the raw data (if it is 

presented), and the quality of the fitted curve, to determine the reliability and accuracy of the reported loss 

value. AltllOugh simplified somewhat. the situations presented in table 5.2 and figure 5.3 are not unrealistic. 

As a reminder. systematic errors and random noise of the measurement apparatus has been excluded from 
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Table 5.2. Hypothetical data demonstrating the importance of point scatterers in the scattered streak. 

lO*LOG,o[I/Io] (dB) 

ideal ±1O% hotspot coldspot hotspot 
waveguide fluctuation in center of at end of aten:iof 

detector # data data data 

0 0.000 0.001 0.001 0.001 -0.001 
1 -0.010 -0.011 -0.011 -0.011 -0.011 
2 -0.020 -0.022 -0.022 -0.022 -0.022 
3 -0.030 -0.027 -0.027 -0.027 -0.027 
4 -0.040 -0.044 -0.044 -0.044 -0.044 
5 -0.050 -0.045 0.250 -0.045 -0.045 
6 -0.060 -0.066 -0.066 -0.066 -0.066 
7 -0.070 -0.077 -0.077 -0.077 -0.077 
8 -0.080 -0.072 -0.072 -0.072 -0.072 
9 -0.090 -0.099 -0.099 -0.099 -0.099 

10 -0.100 -0.110 -0.110 -0.300 0.200 

calculated 
attenuation -0.100± -0.104± -O.O97± -O.184± Q020t 
(dB/em) 0.000 0.024 0.073 0.041 0.064 

Ii· I.'l ... ,{ ;." . ", fro ~J 

the discussion. 

Numerous prism coupler based schemes exist for optically measuring modal attenuation. Most 

early systems were based on a sliding output prism method, or a scanning fiber probe method, both of 

which detected light intensity of the scattered streak as a function of distance along the guide. The sliding 

output prism method (Weber, Dunn, and Leibolt, 1973) operates by sliding a prism along a thin liquid film 

and out-coupling guided light at various positions along the direction of propagation, while a second in-

coupling prism remains stationary. This method is cumbersome, and suffers from difficulties in keeping 

the in-coupling efficiency constant and from undcrsampling of the scattered streak. In addition, 

reproducibility in this type of system is difficult to achieve due to the mechanical operation that is 

I 
I 

_J 
I 

I 
i 

I 
! 

I 
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necessary. 

Fiber-probe based systems (Chanin, Hammer, and Duffy, 1975, Dutta, el al., 1981) use an optical 

fiber scanned along the scattered streak and fed into a photo detector and chart recorder, to determine streak 

intensity as a function of distance along the guide. The trick in these simple systems is to keep the distance 

between the fiber probe and waveguide constant. Otherwise, variations in light collection efficiency will 

occur, since the fibers are typically of very high numerical aperture (NA). While these systems are 

inexpensive, and easy to set up, they too undersample the scattered streak, have problems with 

reproducibility, and the measurements are difficult and time-consuming. Dutta and co-workers (1981) have 

claimed to measure losses as low as 0.01 dB/cm (no standard deviation given) using a scanning photometric 

microscope, based on a scanning fiber probe. Measurements of streak intensity were made every 1 mm 

over a 12 mm total distance. 

A different type of system has been reported (Okamura, el al., 1983, 1985) which uses a video 

camera to record the scattered streak, convert it to a digital signal, and send it into a computer for curve

fitting. This method provides a flexible, semi-automated system with good repeatability, but requires 

extensive video equipment. 

What constitutes an accurate, reliable measurement of waveguide attenuation? 

When reading through the literature on various loss measurement systems, and interpreting the 

presented attenuation results, it is important to consider the following questions before deciding on the 

merits of a particular measurement system and the reliability and accuracy of the result. 

(1) What length of waveguide was measured? As waveguide attenuation gets below -1 dB/em, longer 

measurement lengths (>1 cm) are needed to make a reliable determination of loss. 
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Figure 5.3. Plots of the raw data from table 5.2, and the least-squares fit, of (a) column 3, (b) column 
4, (c) column 5, and (d) column 6. 
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(2) How many discrete intensity samples comprise the measured streak length? Do 5-10 measured 

points over a 1 cm length give a true representation of the attenuation? For high loss guides, this 

sample spacing may be appropriate. But, for low-loss, in homogeneously scattering guides, denser 

sampling is required because, as demonstrated in the last section, small intensity fluctuations along 

the streak can have a significant impact on how the collected data is curve-fitted. With so few 

points sampled, there likely is a lot of structure in the streak that goes unnoticed. Rule of thumb: 

THE MORE POINTS, THE BETTER! 

(3) Did the authors report a standard deviation with the attenuation value (e.g. 1 dB/cm ± 0.20 

dB/cm)? Attenuation values are calculated by curve-fitting experimental data, and thus the standard 

deviation should be included, although it rarely is. For example, what significance docs a loss 

value of 0.02 dB/cm have if the sl.1ndard deviation is ± 0.25 dB/cm? Very little. It means that 

either the measuring system is "noise-limited", or that local fluctuations in the scattered light 

prevent a better fit of the data (which is more likely). This loss should be reported as "<0.25 

dB/cm". It is important to take note of this point, especially when very low losses arc reported. 

(4) How many locations on a waveguide were measured to determine its loss? Did the authors pick 

one location only, or an average of several? Or did the authors report the lowest of ten 

measurements? Usually, it is hard to tell. An average of four or five measurements (at least) on 

a given sample is required to get a better overall indication of guide quality and to substantiate the 

reported loss. 

(5) How repeatable is the loss measurement system? For example, if tllrcc measurements arc made 
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on the same streak (along the same region), under the same conditions, does the loss system give 

the same result? A good loss measurement system should be repeatable to within the standard 

deviation of the loss. 

(6) What influence does the inherent system noise have on the desired signal? Can (has) the system 

noise been calibrated (or calculated) out? The measurement sensitivity of the system ultimately 

depends on how well noise (referring to non-repeatable, non-deterministic phenomena) is controlled. 

For example, noise-induced signal f1uctuaticns of ± 0.20 dB/cm or ± 0.02 dB/cm determines 

whether or not a system can reliably measure losses of < 0.20 dB/cm. 

(7) What is the measurement sensitivity of the loss system? That is, how Iowa loss can be reliably 

measured, assuming the waveguide is a perfcctly homogeneous scatterer? This issue should include 

consideration of electrical noise, optical noise, transmission fluctuations through optical 

components, and errors induced by optical misalignment. Misalignment errors may reveal 

themselves as a variation in light collection efficiency as a function of distance along the guide. 

(8) How time consuming is the measurement to set up and to operate? How actively involved must 

the user be during data collcction? In all likelihood, the more involved the user is, the less 

sensitive and reliable the system will be. 

(9) How expensive is the system to set up, operate, and maintain? 

Although it may seem that these points are somewhat trivial and perhaps have bccn unnecessarily 

belabored, it is important to realize that attenuation measurements have been very poorly, and inconsistently 
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reported in the past. In comparing reported attenuation values for different waveguiding systems, it is 

important to consider the points discussed above. Very often, attenuation is a critical figure of merit for 

waveguiding material systems. Researchers determine how their materials and processing fair against others 

by comparing attenuation values. 

The Loss Measurement System 

The loss measurement system used to collect all the data presented in Chapter 6 has its roots in 

a system first described by Himel and Gibson (1986). A simplified schematic of the system is shown in 

Figure 504. 

Prism coupling is used to couple laser light into a particular waveguide mode. The loss 

measurement proceeds by carefully placing a rectangular, coherent (image forming) fiber bundle about 25 

J.lm from the modal (scattered) streak in the waveguide. The fiber bundle is 10 cm long, 2 cm wide, and 

0040 cm high, and is comprised of 6-7 J.lm diameter fibers with 0.66 NA. Its primary purpose is to act as 

an imaging system to transfer the scattered streak intensity distribution (the object) to another plane (the 

image plane), where it can more easily be analyzed. The individual fibers in the bundle are separated by 

a light absorbing cladding to reduce the effects of cross-talk. 

A photomultiplier tube (PMT) with a precision slit (100 J.lm wide by 6 mm long) mounted on its 

face, is placed at the image plane of the fiber bundle. The PMT/slit assembly is stepper-motor driven, and 

is automatically scanned across 1.5 cm of the imaged streak using 169 (or 85) discrete samples, at 89 (or 

178) J.lm intervals. The PMT/slit assembly is sepamted from the image end of the fiber bundle by -25 J.lm. 

To ensure repeatability of the scans, a limit switch is installed on the mounting platform such that 

all scans begin (and end) at the same horizontal position of the fiber bundle. At each sample location, the 

detected light intensity generates a signal current in the PMT. This dc signal is converted to a voltage and 
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Figure 5.4. Schematic illustration of the scanning slit/PMT loss measurement system used in this work. 
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fed into an HP5504A digitizing oscilloscope, where it is continuously time-averaged to r('.duce electrical and 

optical noise. The resultant voltages finally are sent to an IBM-clone PC. When all the sample voltages 

have been received and converted to a logarithmic scale, they are then least-squares curve-fitted to yield 

attenuation in dB/em. A menu-driven QuickBASIC computer program controls all aspects of the data 

collection and curve-fitting. 

Prior to curve-fitting, it is sometimes necessary to manually remove large peaks/valleys in the data, 

caused by localized point scatterers, in order to avoid skewing the calculated attenuation value. Manually 

removing a few points was found to be favorable to data smoothing algorithms (e.g. the median window) 

since the remaining data points do not get altered. Thus, the remaining points should yield a more accurate 

representation of the true waveguide attenuation. 

Since the system is to be used to accurately and repeatably measure waveguide losses, and to 

confidently compare different waveguides, several sources of potential error must be considered. First, a 

high degree of parallelism must exist between the waveguide and the fiber bundle face to ensure uniform 

light collection along the length of the guide. This is accomplished using an interferometric alignment 

procedure. Before moving the fiber bundle/pMT assembly into place, a second laser (termed the alignment 

laser in figure 5.4) is aligned such that the reflected beam bouncing off the waveguide reflects (almost) 

directly back into this laser. Then the fiber bundle is oriented such that the part of the incident beam 

transmitted through the substrate/waveguide is reflected off its face back toward the laser. The entire fiber 

bundIc/pMT assembly then is translated (x,y,z), rotated, and tilted into place until the reflected beams from 

the substrate/film and fiber bundle face overlap on the laser face, to form visible interference fringes. This 

indicates adequate parallelism between the two surfaces to ensure uniform light collection along the length 

of the waveguide. 

A similar problem exists at the "image" end of the fiber bundle. As the PMT/slit assembly is 

scanned across 1.5 cm of the fiber bundle, variation in the separation distance of these two clements can 

lead to non-uniform collection of light intensity (and thus systematic error). This is especially serious 
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because the fiber bundle has such a high NA. Since these two elements were carefully, and permanently 

aligned during system construction, the only way to eliminate potential alignment errors is to calibrate them 

out. Transmission fluctuations across the fiber bundle, predominantly caused by fiber defects, and polishing 

inhomogeneities, also can be calibrated out. 

System Calibration 

Blackbody 
Source 

Fiber Bundle 

Scanning PMT/Slit 

Figure 5.5. The loss measurement calibration system. 

PC o t 

Oscilloscope 

The set-up shown in figure 5.5 was used to calibrate the loss measurement system. A 1000° C 

Black Body (BB) source (Barnes Enginccring) provided a spatially uniform visible source. The loss 

measurement apparatus was placed 30 in. from the source. Great care was taken to ensure that the fiber 

bundle face was vertically and horizontally aligned to be exactly centered on tlle BB aperture. The BB 
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source, PMT high voltage power supply, and oscilloscope were allowed to stabilize for 50 min. before 

measurements commenced. The lab was kept completely dark (except for the BB source) throughout all 

the measurements. 

Given a perfectly uniform source such as a BB, a perfect detection system should yield a constant 

intensity/current signal. The objectives of the calibration were three-fold: 

(1) Determine signal intensity vs. position along the fiber bundle. 

(2) Establish multiplicative calibration factors to be used after data collection to ensure a uniform 

response for a uniform source. 

(3) Determine the effect of electrical noise on the light signal levels. 

Figure 5.6 shows an overlay comparison of signal voltage versus distance across 1.5 cm of the fiber 

bundle using a 2 sec., and a 6 sec. signal averaging time in the oscilloscope. It should be pointed out that 

the more negative voltages in this plot correspond to stronger signals. Both curves have a standard 

deviation of about ±2%. Three conclusions can be drawn from these plots: 

(1) Since these curves are nearly identical, the system is quite repeatable and system noise is 

effectively negligible. 

(2) Electrical and optical noise is random by nature, and would not produce such a repeatable pattern 

of signal fluctuations as observed in the two plots. Thus, these fluctuations may be attributed to 

deterministic light transmission fluctuations in the fiber bundle. 

(3) A 2 sec. signal averaging is adequate for minimizing electrical noise. 

Figure 5.7 shows a plot of raw and fitted log-data for signal levels as a function of distance along 
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Figure 5.6. Comparison of PMT output signal voltage of a unifonn black body source, versus distance 
along the fiber bundle using a 2 second, and 6 second signal averaging time. 

the fiber bundle. Notice that the least squares curve-fitted data yields a "gain" of 0.1428 ± 0.048 dB/em 

across the fiber bundle. It is difficult to say with any certainty whether this gain is due only to fiber bundle 

transmission fluctuations or also due to non-parallelism of the fiber bundle and PMT/slit assembly as the 

PMT is scanned across the fiber bundle end-face. In any case, it will be shown below how these 

detenninistic signal fluctuations can be calibrated out. But first, consider the effect of electrical noise on 

the signal. 
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Figure 5.8 shows the resultant signal voltage as a function of distance along the bundle when the 

source was bloclted. When this plot is overlayed with either of the plots in figure 5.6, absolutely no 

similarities in signal fluctuation locations are observed. This further illustrates that electrical noise is not 

responsible for the signal variations observed in figure 5.6. The signal level that is present in figure 5.8 

is due to dark current in the PMT. The standard deviation in the dark current/noise signal trace is -±1 %. 

To test the stability of the source, and the noise characteristics of the detection system, 85 sample 

points were collected in the same location on the fiber bundle. This was accomplished simply by turning 

off the power to the stepper motor during scanning (causing the PMT assembly to remain stationary). The 
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Figure 5.8. PMT signal voltage as a function of distance along the fiber bundle when the source is 
blocked, (thus this is a plot of the dark current in the PMT). 

resulting trace is shown in figure 5.9. The standard deviation of the detected signal level here is -±O.35%. 

This simply reinforces that the source is stable and noise is minimal. 

The data used for the two plots in figure 5.6 were used to determine multiplicative calibration 

constants. The most negative voltage (highest signal) was given a calibration data set value of 1. 

Calibmtion values for the other discretely sampled points were calculated such that when the actual signal 

was multiplied by the calibration factor, the result gave a value identical to the maximum signal level. 

Then, when the calibration data file members are multiplied by their corresponding raw data file members, 
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Figure 5.9. Plot showing noise characteristics of the source and detection system. Rather than scanning 
Ll]e PMT here, it remained stationary, and the signals were all collected in the same location. 

a uniform data set should result The actual calibration factors used in the loss system software are an 

average of the calibration factors calculated for both the plots of figure 5.6. A similar procedure is followed 

for calculating the calibration factors when 169 points arc sampled across 1.5 cm. 

As an example of the success of this procedure, figures 5.lOa and b show an uncalibratcd trace, 

and a calibrated trace with the 10000 C BB as the light source. The systematic error is reduced from 

0.1428 ± 0.048 dB/cm to 0.036 ± 0.015 dB/cm. The resultant value is predominantly noise. 
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Figure 5.10. Comparison of (a) uncalibrated and (b) calibrated signal from a uniform blackbody source. 

Based on the data shown above. this loss measurement system should be able to repeatably. 

reliably. and accurately measure waveguide losses down to -0.l0 dB/em. Of course. the homogeneity of 

the waveguide scatter (Le. hot spots. cold spots. dust. etc.) become extremely important when loss 

measurements with this sort of sensitivity are attempted. Figure 5.l1 shows a plot of measured attenuation 

(at /...=0.6328 11m) for a sol-gel Si02-Ti02 waveguide using the system described above. The individual 



points represent the raw data, and the straight line represents the least-squares fit to the raw data. 
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Figure 5.11. Plot of measured attenuation for a sol-gel 65:35 mol% Si02-Ti02 waveguide on a pyrex 
substrate. The straight line is a least-squares fit to the raw data (scatter points). 
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Atomic Force Microscopy 

The Atomic Force Microscope (AFM) is used to accurately measure the sub-micron roughness of 

the film and substrate surfaces. The AFM is just one member of a family of instruments known as 

Scanning Force Microscopes (SFMs). These instruments can provide high-resolution, quantitative 3-

dimensional surface topography information. SFMs can achieve sub-nanometer lateral resolution with a 

height resolution on the order of 0.01 nm (VanSlambrouck, 1991). 

All force microscopes have five essential components (Rugar and Hansma), 1990): 

A sharp tip mounted on a soft cantilever spring 

A way of sensing the cantilever's deflection 

A feedback system to monitor and control the deflection (and hence the interatomic force) 

A mechanical scanning system (usually piezoelectric) that moves the sample with respect to the 

tip in a raster pattern 

A display system that converts the measured data into an image 

Figure 5.12 displays a schematic of a typical AFM system and its principle of operation. The AFM 

has a sharp tip attached to a flexible cantilever that is scanned across the surface of the sample. As the tip 

is scanned, short-range interatomic forces repel the tip and deflect the cantilever. The vertical deflection 

of the cantilever results in the deflection of a low-power diode-laser beam. The angular variations then are 

detected by a position-sensitive 2-element detector, and converted to an electronic signal proportional to the 

cantilever deflection. This method is capable of detecting cantilever deflections on the order of 0.1 A 

(Rugar and Hansma, 1990). 

For surface roughness measurements, the AFM typically is used in a "contact mode", where the 

tip actually is in contact with the sample while scanning. Conceptually, this is similar to using a stylus 
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Feedback Loop 

profilometer to achieve atomic resolution of surfaces. The AFM achieves such high resolution by using 

extremely small loading forces of _10"_10'\1 N on the tip. This makes the area of contact between the tip 

and sample exceedingly small. For comparison, typical stylus profilometers use loading forces on the order 

of 10-4 N (Rugar, 1990). 

The AFM was chosen over other surface roughness metrological instruments such as stylus 

profilometers and interferometers primarily due to its extremely fine lateral resolution (<10 A). The lateral 

resolution of typical profilometers and interferometers is several thousand angstroms. Getting an accurate, 

densely sampled representation of the true surface is essential for calculating accurate correlation lengths. 

Typi~al sol-gel films have been shown to have correlation lengths on the order of 500 A, and rrns 

roughnesses as low as 2 A (Roncone, el al., 1991). Measurement of such correlation lengths and 

roughnesses using other techniques would not have been possible. 
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CHAPTER 6 

Experimental Attenuation Studies on SiOr Ti02 Sol-Gel Waveguides 

This chapter will focus on the fabrication of Si02-Ti02 sol-gel waveguides and the characterization 

of the attenuation in these films. The first section deals with general (although important) fabrication issues 

such as substrate cleaning/preparation, spin-deposition parameters, and baking procedures. 

The next section concentrates on reporting several studies focusing on how the waveguide 

attenuation varies with bake temperature, substrate type, and wavelength. 

The last section of this chapter details the attempts to compare the attenuation predicted by the 

surface-scatter model, with the total (surface + volume) measured waveguide attenuation. Numerous 

techniques for controllably roughening/smoothing of the substrate and/or film surface will be discussed, 

including acid and base etching, and ion milling. Comments and conclusions on these various techniques 

are presented, along with experimental characterization of the substrate and film surface microstructure. 

Waveguide Fabrication 

The first step in the waveguide fabrication process is to carefully clean the substrate. This step 

should not be overlooked or trivializcd. We have found that proper substrate cleaning and preparation are 

critical for achieving low-loss waveguides. 

Substrate Preparation 

The subsLrates used in this work were either 3"xl "xl mm or 2"xl "xl mm slabs of polished pyrex 

or fused silica, or simply high-quality floaL glass soda lime microscope slides. The slides initially wcre 

rinsed in deionized (DI) watcr to remove gross particulatcs. Following this rinse, they were placed in a 
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solution of DI water and Micro cleaner (International Products Corp., Trenton, NJ), and left soaking for 5 

minutes. This removes most of the remaining particulates and begins attacking any oil or grease deposits 

on the substrate surface. Surface films then are removed by gently rubbing the glass surfaces with a (clean) 

gloved finger and rinsing thoroughly with fresh DI water. This is followed by a four minute ultrasonic 

cleaning in a mixture of DI water and Micro. After several thorough rinses with DI water, the slides again 

are ultrasonic cleaned, this time in pure ethanol, for an additional four minutes, to remove any remaining 

residue from the Micro or the DI water. The final step in the cleaning process is a bake at 2000 C in a 

convection oven, for at least 45 minutes to remove all residual traces of water and ethanol. After cooling 

to room-temperature, the substrates are ready for sol-gel deposition. 

Spin-coating the Films 

The substrates are mounted on a 1.5 cm diameter cylindrical vacuum spinner chuck of a Headway 

Spinner (Headway Research Inc., Garland, TX). Approximately 1.5-2.0 cc of a 0.20 ~m-filtered sol-gel 

solution is deposited onto the stationary slide, flooding the slide/chuck surface. The chuck is immediately 

ramped up to between 1000 and 4000 rpm (typically), dependent upon the desired film thickness. The 

samples generally arc spun for 30 seconds. This spin-coat procedure is carried out under a class 100 

cleanroom workstation, at typical temperatures of 200 _21 0 C (680 _700 F), and typical relative humidities 

of 40-70%. Immediately upon removal from the spinner, the sample is placed in a pre-heated (3000 -7000 

C, depending on the film composition, and desired use) furnace (also in a class 100 environment) and baked 

for about 30 minutes. After this time, the samples are removed from the hot furnace and cooled to room 

temperature on a stainless steel cooling rack. 
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The Coating Solution 

Most of the waveguides discussed later in this chapter were fabricated using either a 65:35 mol% 

Si02-Ti02 sol-gel solution, or a 50:50 mol% Si02-Ti02 sol-gel solutions. The coating solutions were 

generated as follows. 

In general, Tetraethoxysilane (TEOS) was dissolved in distilled ethanol, and then a 0.15N HCI was 

slowly added to reach a 2:1 water:Ti02 ratio. This solution was stirred at 600 C for 15 minutes. 

Titanium(lV) Ethoxide (TET) was dissolved in distilled ethanol in a separate flask, with a molar ratio of 

1:8 (Ti:ethanol), stirred for 20 minutes, and then slowly added to the TEOS solution for an overall 50:50 

or 65:35 molar ratio of Si:Ti. The solutions were stored in clean, dried vials in a dessicant cabinet until 

deposition. 

These solutions typically produce high quality coatings of refractive index -1.66 (65:35 mol%) and 

1.74 (50:50 mol%) at 1..=0.6328 ~m, single-layer thicknesses of 0.20-0.35 ~m, and TEo mode attenuations 

from 0.5-1.0 dB/cm (65:35 mol%) or 1.0-2.0 dB/cm (50:50 mol%) at 1..=0.6328 ~ (on pyrex substrates), 

for coatings baked at 5000 C for 30 minutes. A more detailed study of the solution chemistry and its effect 

on the optical and structural properties of the resultant films appears in the Ph. D. Dissertation of 

Weisenbach (1992). 

Waveguide Characterization 

The refractive index and thickness of the films are determined from prism-coupling measurements. 

This procedure will not be discussed here, but pertinent references were cited in chapter 2. The accuracies 

of these measurements generally can be made to better that ±0.002 for the index, and better than ±O.003 

~m for film thicknesses. Waveguide attenuation is measured using the loss measurement system which was 
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discussed in great detail in chapter 5. 

The.results of several interesting experiments relating to the optical properties (predominantly the 

attenuation) of the 65:35 mol% Si02-Ti02 films are provided below. 

Dispersion 

Table 6.1 shows the measured variation of film index and attenuation with wavelength for single-

layer 65:35 mol% Si02-Ti02 waveguides on pyrex substrates, baked at 5000 C for 30 minutes. Two 

samples, D1 and D2 are shown; Dl was spun at 1500 rpm for 30 seconds, while D2 was spun at 2150 rpm 

for 30 seconds. 

Table 6.1. Refractive index and attenuation as a function of wavelength. 
%g . 

01 02 

n~A.) d (11m) Avg. Loss n~A.) d (11m) Avg. Loss 

A. (11m) n.(A.) (±O.OOl) (±O.OO3) (dB/cm) (±O.OOl) (±O.003) (dB/em) 

0.6328 1.472 1.6358 0.50±0.10 1.6451 0.64±O.16 

0.5145 1.477 1.6527 1.26±O.12 1.6605 0.85±O.11 
0.3670 0.3230 

0.4880 1.479 1.6600 1. 56±O.13 1.6658 1.48±O.12 

0.4579 1.481 1.6700 2.13±O.11 1.6754 1.98±O.16 

; . 

The variation in refractive index of the pyrex substrates with wavelength was calculated from 

6-1 

with 



C1 =2.30646580 
C2=-o·18212495 
C3 = -0.03610560 
C4 :0.004752331 . 
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6-2 

Similarly, from the measured data for n~A.), we can perform a polynomial curve fit and solve for 

the dispersion coefficients, which then enables the calculation of the refractive index at any A. from 0.4579-

0.6328~. A third order polynomial equation was used for the data fitting, 

6-3 

Table 6.2 shows the calculated dispersion coefficients for the two samples. Considering that the 

uncertaintly of the measured refractive indexes is ±0.001, eqn. 6-3 and the calculated dispersion coefficients 

provide plenty of precision in calculating nt<A.). However, applying either set of these dispersion coefficients 

to Si02-Ti02 waveguides with different thickness or molar ratios of Si02 to Ti02 is not advised. 

Dispersion in these films is dependent upon both the film thickness (slightly), and Ti02 concentration (and 

thus the refractive index), and thus, ultimately, dispersion is related to the volume microstructure in these 

coatings. 

Figure 6.1 shows a Table 6.2. Dispersion coefficients for samples Dl and D2. 
, ' 

spline-fit to the measured 

dispersion values in table 6.1, a b c d 

for Dl and D2. For comparison, 
D1 2.1033 -1.6333 1.7280 -0.4966 

the dispersion of Si02 (fused 
D2 3.3553 -8.8802 15.6200 -9.2571 

silica) and 25:75 Si02-Ti02 sol-

gel films (Tiefenthatier, et al., 
= 

1983) also are shown. Note the 

larger range of the refractive index scale for the 25:75 Si02-Ti02 plot. We can conclude that dispersion 
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Figure 6.1. Dispersion characteristics for two (01 and D2) 65:35 mol% Si02-Ti02 waveguides, and 
comparison to dispersion of two other compositions. 

increases with titanium content of the films, and that the dispersion of Dl and D2 are between the 

dispersions of the pure silica and the 25:75 Si02-Ti02' as might be expected. 

The refractive index difference between samples Dl and D2 is real. This thickness-dependent 

refmctive index effect is believed to relate to a number of factors (Yoldas, 1982). When liquid solutions 
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contain long polymeric chains (such as with the Si02-Ti02 solutions), movement of the liquid (for example, 

during spin-coating) orients these molecular chains such that the resistance to flow is minimized. When 

the movement stops, the chains disorient themselves as much as possible. In thinner liquid films, the 

alignment attained by the spinning motion is less likely to become disoriented, since the faster drying time 

essentially freezes the medium and arrests the motion. So thinner films should show a tighter packing of 

species and thus a higher index of refraction. In addition, it is likely that organic molecules become trapped 

by the surrounding network to a greater extent in the case of thick layers, which also may contribute to the 

variation in refractive index as function of thickness. 

The attenuation values in table 6.1 were measured using the system described in chapter 5. An 

interval sampling distance of -89 flm (169 points along 1.5 cm of the guide) was utilized. Each reported 

TEo mode loss value is an average of at least three independent measurements. The standard deviations are 

also averaged over the three (or more) measurements. To ensure accurate results, the signal voltage at the 

start of each measurement was adjusted to give 1 volt. This was accomplished by varying the supply 

voltage to the PMT (and thus raising its dark current). In addition, an incident laser power of -30 mw was 

used for each of the three Argon laser lines. The ReNe beam power was -8 mw. The measurements were 

made at nearly identical locations in the film. Unless otherwise stated, these general procedures were 

followed for all of the loss measurements reported here. 

By performing a power law fit of the form, 

attenuation=a').b , 6-4 

on the attenuation data for DI and D2, we can calculate the wavelength dependence on the attenuation 

(cocfficient b). Table 6.3 shows the results. Figure 6.2 shows a scatter plot of the attenuation data. 

The purpose of this attenuation study was to determine whether or not absorption could be ignored 

in these films. For perfect Rayleigh scatter (and by assuming incorrectly that the mode shape remains 

consk1nt over the particular wavelength range of interest), we can expect exactly a 1..-4 wavelength 
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Table 6.3. Wavelength dependence of attenuation. 

dependence. If absorption effects are not neglible, we :: rI , 

would expect the wavelength dependence to be almost a b 

anything but A,-4. The actual (absorption) wavelength Dl 0.064741 -4.460000 

dependence is determined by the particular absorption 
D2 0.125280 -3.348400 

mechanism, and the part of the absorption band in 
I. t -

which the measurements are being made. Since the measurements above are fairly close to a A,-4 

dependence, it is reasonable to assume that absorption is negligible in these films. This is an important 

conclusion for the comparison of calculated and measured waveguide loss. 

Attenuation as a Function of Bake Temperature and Bake Time 

The sample waveguides used for the two studies described below were fabricated from a 50:50 

mol% Si02-Ti02 solution. The fIrst study follows the development of the refractive index, thickness, and 

loss of a single waveguide as it is baked in cycles for 30 minutes at 700° C. After each 30 minute bake 

cycle, the index, thickness, and loss were measured. The substrate was a 2"x l"x 1 mm polished fused silica 

slide from ESCO Products, Inc. Table 6.4 shows the measured data. 

Note that the average (of 4 or more measurements) loss increases as bake time increases. This is 

attributed to the formation of very small titanium crystallites within the volume of the fIlm. This hypothesis 

is supported by the corresponding increase in refractive index with the bake time. Since the titanium 

crystallites would have a refractive index in the range 2.2-2.6, their formation thus would result in an 

increase in the film index. In addition, d remains essentially unchanged (statistically) over the entire bake 

time range, which indicates that the film was not undergoing additional shrinkage and consolidation, which 

might have been able to explain the refractive index increase. TEM studies have in fact proven the 

existence of crystallites in samples similar to those described here (Weisenbach, 1992). It should be 
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Figure 6.2. Measured attenuation as a function of wavelength for two samples of the 65:35 mol% Si02-
Ti02 waveguides. 

mentioned that the overall visual appearance of the scattered streak changed very little from the 30-120 

minute bake times. Although this is not an extremely quantitative comparison between attenuation and 

titanium crystallite formation in the film volume (as far as quantifying the size and distribution of the 

crystallites), it is interesting to note that the crystallites do increase loss, but do not render the film useless. 

The second study of this section traces the development of the refractive index, thickness, and loss, 



Table 6.4. Variation of ne, d, and loss for a 50:50 mol% Si02-Ti02 film, as a function of 157 
total bake time at 7000 C. 

, .. ·t 

Bake Time 
@ 700° C nf d (~m) Avg. Loss 

(min) (±o.OOI) (±0.002) (dB/em) 

30 1.7700 0.1966 2.32±o.31 

60 1.7676 0.2010 3.50±0.26 

90 1.7732 0.1992 4.46±o.25 

120 1.7759 0.1956 5. 19±O.27 

; , ¢$.: < : i : ,,·f 

with bake temperature, for three different substrate materials. This study enables an indirect observation 

of the microstructural development of the waveguides as a function of thennal processing, in addition to 

providing some insight into the importance of the substrate medium. The three substrate materials were: 

3"xl"xl mm polished pyrex, 2"xl "xl mm polished fused silica (both of these products were purchased from 

ESCO Products, Inc.), and 3"xl"xl mm soda lime float glass microscope slides (Fisher Scientific). After 

spin-coating each of the cleaned substrates with the 50:50 mol% Si02-Ti02 sol-gel solution, the samples 

were initially baked at 300° C for 30 minutes. After cooling the films, refractive index, thickness and 

attenuation were measured. Then the samples were placed back in the furnace at 400° C for 30 minutes 

and the cycle was repeated. The final bake cycle for the films on the pyrex and soda lime substrates was 

at 500° C (their softening point is not much above this temperature). The film on the fused silica substrate 

was cycled at 600° C, 650° C, 700° C. Table 6.5 shows the variation of refractive index, thickness and 

attenuation at the various bake temperatures. The samples are identified by their substrate type; PY=fiIm 

on pyrex substrate, FS=fiIm on fused silica substrate, SL=fiIm on soda lime substrate. All measurements 
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were made at N=O.6328 J.Un. Loss measurements are averages of at least three independent measurements 

at slightly different film locations. 

Table 6.5. Variation of refractive index, thickness, and attenuation as a function of bake temperature and 
substrate type. PY=fiIm on pyrex substrate, FS=fiIm on fused silica substrate, SL=fiIm on soda lime 
substrate. 
[ : : : 

Bake Temp. nc d (Jlm) Avg. Loss 
Sample (0 C) (±D.001) (±O.002) (dB/em) 

py 300 1.6810 0.2552 3.35±O.21 
400 1.7114 0.2350 8.80±0.23 
500 1.7433 0.2218 1. 11±O. 18 

FS 300 1.6773 0.2614 5.36±D.17 
400 1.7203 0.2284 10. 12±O.28 
500 1.7442 0.2162 2.04±O.19 
600 1.7640 0.2010 2.22±O.15 
650 1.7650 0.1920 3. 12±O. 11 
700 1.7637 0.1876 2.60±0.18 

SL 300 1.6852 0.2492 2.67±O.45 
400 1.7324 0.2190 3.66±O.28 
500 1.7382 0.1956 1.25±O.29 

it" , -: 24: t,·· ! ~I 

Figures 6.3a-c show plots of the variation of refractive index, thickness, and attenuation 

(respectively) as a function of bake temperature. Note particularly how the choice of substrate material can 

influence nc, d, and attenuation. The refractive index of the film on soda lime at 500° C is significantly 

lower than for the films on pyrex and fused silica substrates. This is believed to be caused by a 

temperature-induced diffusion of sodium and calcium ions from the soda lime substrate up into the film, 

with the net result being a reduction of the refractive index. Yoldas (1982) has reported evidence supporting 
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Figure 6.3. Variation of (a) refractive index, (b) thickness, and (c) attenuation, as a function of bake 
temperature for three 50:50 mol% films on three different substrates. 
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such a claim. 

Note also the attenuation values at 5000 C for the three samples. Visually, the scattered streaks 

were quite similar in appearance, but the attenuation for the film on the fused silica substrate was 

approximately twice that of the other two samples. We have observed similar results in other experiments. 

This is a rather curious result because the pyrex and fused silica are polished identically, cleaned identically, 

(and as will be shown in the next section, have very similar surface roughness characteristics) and are 

purchased from the same vendor. While we have little understanding of this effect, substrate composition 

has been shown to influence the refractive index, thickness, dispersion, and attenuation for RF-sputtered 

films of various gla'>s compositions (Khomchenko and Red'Ko, 1989). However, it is difficult to apply the 

findings in Khomchenko and Red'Ko's paper to sol-gel films due to the very different nature of the thin 

film "growth" processes of vacuum deposition and spin-deposition of the sol-gel layers. 

Based on the fact that the index and thickness of the film on fused silica kept changing at 

temperatures beyond 5000 C, it is reasonable to assume that these films are not completely dense at 5000 

C. In this case, crystallite formation is not regarded as the cause of the increase in refractive index, because 

the thickness also is changing. 

Perhaps the most interesting aspect of this data revolves around the fluctuation in the optical loss 

at the various bake temperatures. It is particularly interesting to note that all three samples have a distinct 

peak in loss at 4000 C. So the obvious question is then, "What is going on at this temperature?" We 

hypothesize that the answer to this question lies in the evolution with temperature of the titanium and carbon 

bond sites in the film's structural network. 

Ideally, a titanium atom wants to be surrounded by four oxygen atoms. The oxidation state of the 

Ti then is Ti4+. At 4000 C, it is likely tlmt some of the carbon-carbon bonds in the network arc breaking. 

When this occurs, the reaction also takes one of the oxygen atoms from the titanium. If diffusion of an 

oxygen atom (from tile atmosphere) does not reoccupy this bond site, the net result is an oxygen deficient 
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network, and the creation of reduced titanium, TP+. It has been shown (Friebele, Ginther, and Sigel Jr., 

1974, Kurkjian and Peterson, 1974) that reduced titanium has a very strong absorption band all the way out 

into the red portion of the spectrum. So even a small quantity of reduced titanium can be detrimental to 

optical loss. The visual appearance of the scattered streak after the 4000 C bake strongly suggested that 

an absorption mechanism was at work. The guided mode remained tightly confined, but died out in a short 

propagation distance. If the increased loss was due to a scattering process, we would have expected a 

corresponding increase in in-plane scatter, and an overall decrease in the visual quality of the scattered 

streak. This was not observed. 

Following the current line of reasoning, then why did the film "recover" after the 5000 C bake? 

If the films were truly oxygen deficient, then providing them with available oxygen atoms should correct 

the problem. Diffusion of oxygen into the film (from the air) during baking is a temperature dependent 

process, with diffusion occurring faster at elevated temperatures. Thus, at 5000 C, even though most of the 

carbon bonds have been broken and the carbon removed from the film, the oxygen atoms were able to 

diffuse into the film matrix and reattach to Ti atoms and thus eliminate the problem. 

At 3000 C, the heat energy likely is not sufficient to have begun breaking many carbon bonds. 

It is difficult to even make any speculative guesses as to the dominant loss mechanism at this point in the 

processing, since the film structure still contains many components which will have burned off at the more 

elevated temperatures. 

It is interesting to note that the attenuation peak at 4000 C is much less pronounced for the film 

on the soda lime substrate. A possible explanation for this relates back to the issue of sodium diffusion 

from the substmte into the film. When this occurs, the sodium atoms become part of the film network. 

It is known (Reed, 1971) that titanium can reduce sodium. If this is occurring in the film network, then 

oxygen atoms arc liberated in the process and thus become available to attach to the titanium atoms. This 

process then effectively cancels out many of the reduced titanium sites. 
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To test these hypotheses, it would be interesting to repeat the experiment, but with the 5000 C 

bakes being carried out in a pure nitrogen atmosphere, instead of air. Then, if the proposed theory is 

correct, the losses should remain very high after the 5000 C bake, or even get worse, because no oxygen 

atoms would be available to replenish the vacant sites around the titanium atoms. We should point out that 

there are researchers who report baking their Si02-Ti02 sol-gel films in oxygen rich atmospheres 

(Tiefenthaler, et al.,1983, Lukosz and Tiefenthaler, 1983). No reason for this is explicitly stated in the text 

of these publications, and thus, we can only speculate that the reasons may relate to attenuation properties 

of the waveguides. In fact, we have fabricated Si02-Ti02 waveguides from similar commercially available 

solutions (Liquicoat, from E. Merck, Darmstadt, Germany) as were used by the Tiefenthaler and Lukosz 

group (1983), but baked them in air. The resulting waveguides were found to be quite absorptive. The 

scattered streak extended only for -1 cm along the guide. No attempt was made to bake these films in an 

oxygen-rich atmosphere. 

And finally, note that the lowest values of attenuation for the films occur after baking at 5000 C. 

Rather ironically, much of the early development work on the films used a bake temperature of 4000 C. 

In light of this experiment, it is no wonder that the initial progress on these films was rather slow! 

Before moving on the final experiment, this seems like a good place to include a number of 

processing hints, observations, opinions (of the author), and other qualitative results worth mentioning, but 

perhaps not wort1IY of any significant elaboration (due mostly to lack of quantitative proof). 

We have found it very beneficial to spray off the substrate WillI 0.20 Jlm-filtered pure ethanol while 

it is spinning, just prior to depositing the coating solution. This seems to help minimize point 

defects in the coatings. 

Cooling t1Ie waveguides in the furnace with a controlled ramp-down of the temperature was not 
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found to have a significant impact on nc, d, or attenuation. 

On the other hand, placing just-spun waveguides in a "cool" furnace and ramping up the 

temperature has been observed to influence nc and d, but not attenuation to any significant 

degree. This makes some sense since the film is evolving very rapidly just after spinning, and the 

kinetics of the microstructurcal development arc strongly dependent on temperature. Typically, the 

resultant index is a bit lower, and thickness a bit higher for films that either underwent a low

temperature (100-200° C) bake just after spinning, or were ramped up in the furnace, as compared 

to the films immediately placed in the furnace at the final processing temperature (Weisenbach, 

et al., 1990). 

Soda lime substrates should not be used in any serious studies of nc, d, or loss, when elevated 

processing temperatures arc involved. Between the problems with ion diffusion and the large, 

numerous surface (and near sub-surface) defects, such studies are always clouded with unwanted 

ambiguities, and it is nearly impossible to make definite statements about the origins of an effect 

that is observed. 

Films fabricated on pyrex substrates continually produce the highest quality, lowest loss 

waveguides, with the fewest point defects. 

Comparison of Theory and Experiment 

This section will describe in deLailthe efforts to compare the surface roughness-induced waveguide 

attenuation predicted by the scattering model of chapter 3, with the total measured waveguide attenuation. 
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The surface scatter model utilizes measured values for the film index and thickness (by prism coupling), 

and the rms roughness and correlation lengths (by AFM) of the film and substrate surfaces. Thus, a realistic 

comparison of theoretical and experimental waveguide attenuation is facilitated. 

The first study described below will focus on the measured and predicted attenuation of 50:50 

mol% Si02-Ti02 waveguides on three different glass substrates (pyrex, fused silica, and soda lime). 

The other studies concentrate on roughening or smoothing the pyrex substrate of a 65:35 mol% 

Si02-Ti02 waveguide, using acid and base etching, and ion milling tcchniques. The effcct that each of 

these techniques has on surface microstructure and thus loss, is documented. 

All of the reported surface roughness data was obtained using an AFM. The correlation lengths 

of individual profiles were calculated as described in chapter 2. Absorption is assumed to be negligible for 

all samples. 

Comparison for films on three different substrates 

This section presents a comparison of the measured (total) attenuation and the predicted surface 

roughness-induced attenuation for three 50:50 mol% Si02-Ti02 sol-gel waveguides on three different 

substrates, 3"xl"xl mm pyrex, 2"xl"xl mm fused silica, and 3"xl"xl mm soda lime glass. The substrates 

were carefully cleaned using the procedure outlined in this chapter. The films were baked at 5000 C for 

30 minutes. 

To determine the surface roughness parameters, the AFM scans were made over regions of the 

films where loss measurements were performed. Substrate parameters were measured using the "back" side 

of the waveguide, which was assumed to possess tlle same surface characteristics as the "front" side with 

the film deposited on it. Great care was taken to ensure the back surface integrity of the substrates. 

Occasional polishing scratches were observed when using 15xl5 flm AFM scan areas on the pyrex 
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and fused silica substrates. These areas were avoided when collecting the roughness data. The AFM also 

revealed a significant number of defects (pits, occlusions, peaks, ablated areas) on the order of several 

microns in size. It is hypothesized that these defects manifest themselves as "hot spots" in the modal streak. 

Such hot spots are far less frequent and of lower intensity for films deposited on pyrex and fused silica. 

Table 6.6 shows the measured refractive index, thickness, and loss of the TEo mode at A.=O.6328 

J.I.Ill for the three samples. The losses are mean values of four independent measurements at slightly 

different locations. 

The rms roughnesses Table 6.6. Measured index, thickness, and loss for films on the three 
different substrates. 

and correlation lengths for the ~,» ',! - ,. • • -. ') 

substrates and films were 

measured on a Nanoscope II Substrate "s nr d (~m) Loss (dB/cm) 

(Digital Instruments Corporation, 

Pyrex 1.472 1.7366 0.216 1. 26±o. 10 
Goleta, CA) AFM. A scan area 

of Ixl J.I.Ill, composed of Fused Silica 1.457 1.7269 0.235 3.18±o.30 

400x400 samples (25 A per Soda Lime 1.513 1.7596 0.227 1. 39±0.35 

sample) was utilized. A 
,- ·n· ,;! 

comparison of profiles for 15xl5 

/lm, 4x4 J.I.Ill, and Ixl J.I.Ill scans revealed that only the lxl J.I.Ill scans were sampling the surfaces densely 

enough to accurately represent tlle microstructural features that were present Profiles for orthogonal surface 

directions were quite similar in structure, appearance, and measured average roughness. Thus, the surfaces 

were assumed to be isotropic. 

Table 6.7 shows the measured rms roughnesses and the calculated (from measured roughness data) 

correlation lengths for each substrate and its corresponding film. The predicted surface scattering loss for 

both uncorrelated and completely correlated film/substrate surfaces due to measured substrate and film 



Table 6.7. Measured nns surface roughness, correlation length, and predicted (using the data 166 
in table 6.6 also) waveguide loss. 

,. J 

Predicted Loss (dB/em) 
RMS Roughness (A) Correlation Lengths (~m) Uncorr. J Corr. 

Pyrex substrate 6.2 0.062±O.028 

FUm on pyrex 2.0 0.053±O.032 0.341 1.183 

Fused silica substrate 6.4 0.095±O.032 

Film on fused silica 1.9 0.078±O.O36 0.366 1.275 

Soda lime substrate 2.0 0.059±O.023 

Film on soda lime 1.3 0.053±O.044 0.055 0.126 

"' . I .. ;, #., 

parameters (nc' no, nc. d, Sc' 0" O'c' and 0',) also is shown. To arrive at a representative correlation length 

for the entire scan area, the calculated correlation lengths for each of the 400 x-scans (which is actually the 

z-dircction in waveguide coordinates) has been averaged. 

Note the following: 

The nns roughness for the fused silica and pyrex substrates, and the films on these substrates arc 

quite similar. However, the correlation lengths of the fused silica sample are greater than that of 

the pyrex (and soda lime) sample. This indicates a longer range surface structure, which was also 

noticeable in the AFM image (not shown). 

The similarity in correlation length between the substrate and the film on the substrate 

may be an indication of some degree of correlation between the film and substrate surfaces. 
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Although the soda lime substrate was measured to be the smoothest, it would be erroneous to 

assume that this was a "better" substrate that the others. While the background roughness was 

small, the numerous defects (ignored in obtaining roughness values) significantly degrade the 

surface qUality. In fact, the attenuation in films on these substrates is believed to be dominated 

by scattering from these defects (although we admittedly have little quantitative proof to back up 

this claim), rather than by surface or volume scattering. 

The calculated correlation lengths are less that one tenth of the total scan length. Thus, 

based on the conditions set forth by Ogilvy and Foster (1989), these values should be 

valid. 

The Si02-Ti02 film seems to have a planarizing effect on the substrate roughness. This 

result suggests the use of low-index sol-gel films as planarizing layers to produce smooth 

surfaces on "rough" substrates prior to waveguide film deposition and potentially to reduce 

scattering losses due to larger scale defects such as those found on soda lime substrates. 

The standard deviation of the correlation lengths arc rather large. For a random surface 

discretized into many (400) scan profiles, different correlation lengths for the profiles 

should not be surprising, because the microstructure is constantly changing over the scan 

area. 

Actual attenuation measurements of the Si02-Ti02 waveguides revealed losses from 1.26-3.18 

dB/cm. The loss for the film on fused silica is unusually high (2.0-2.5 dB/cm is more typical). For the 

numerous reasons presented above and previously in t11is chapter, the attenuation of the film on the soda 

lime substrate is not believed to be particularly useful for our purposes here since defects are believed to 
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be the dominant loss mechanism. Thus, the film on the pyrex substrate is the best data point for comparing 

theory and experiment. If we assume that the film/cover and film/substrate interfaces have some 

(unspecified) degree of correlation, then the predicted surface roughness-induced attenuation value may fall 

between 0.341-1.183 dB/cm. The measured total (surface + volume contribution) attenuation is 1.26 ± 0.10 

dB/em (the low standard deviation here indicates a very homogcnously scattering waveguide and thus little 

contribution from defect scattering). Thus, it is difficult to conclude whether surface or volume effects 

dominate in these films, without a better knowledge of the degree of correlation between the two waveguide 

interfaces, and without less uncertaintly in the values for rms roughness and correlation length. Assuming 

the surface scatter model is correct, then it certainly is reasonable to conclude that neither the surface 

roughness nor the volume inhomogeneities are overwhelmingly dominant. 

Modification of the substrate surface 

While the study described above utilizes three different substrates for obtaining different surface 

microstructure (and then the problems of comparing the results too), a different approach is followed here. 

A single substrate type, pyrex, is roughened (or smoothed) using various techniques, including acid etching, 

base etching, and ion milling. 

Acid and Base Etching 

The acid solution was 10% HF by volume, diluted with DI water. The 3"xl"xl mm pyrex 

substrates were held ncar an edge with hemostats, and vertically dipped into the acid bath for a specified 

amount of time. Upon removal from the acid bath, the substrate was immediately submerged in a DI water 

bath. After about one minute, the substmte was rinsed with a stream of DI water for an additional minute. 
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The base solution was made by mixing undiluted ammonium hydroxide with 20% (by volume) 

hydrogen peroxide. The procedure for dipping and rinsing the substrates is the same as was described for 

the acid bath. Prior to dipping in either solution, the substrates were cleaned using the procedures outlined 

earlier in this chapter. 

Table 6.8 shows the dip time for each of the substrates, and the measured attenuation of the film 

deposited on the substrate. Samples AI-A4 represent acid-dipped substraies. Samples B I-B3 represent 

substrates dipped in the base solution. And sample Cl represents a control sample, which did not undergo 

an acid or base treatment (but was cleaned). 

After dipping, the substrates (including Cl) were cleaned again and then coated with the 65:35 

mol% Si02-Ti02 sol-gel solution. The films were spin-coated at 3500 rpm and baked at 5000 C for 30 

minutes. The resulting film indexes and thicknesses, measured by prism coupling, were all in the ranges, 

nr: 1.650±0.003, and d=0.230±0.OO5 ~m. The measured losses in these films are an average of four or five 

independent measurements. The standard deviations of the individual measurements ranged from ±O.07-0.14 

dB/em. 

With the exception of samples A2 and B3, the measured losses for all the samples were statistically 

equivalent. The data suggests tllat sample A2 was just a film of lesser quality (for no readily apparent 

reason). It is difficult to draw any firm conclusions from the somewhat higher loss of sample B3. Perhaps 

the surface was in fact roughened, or perhaps the film just was not quite as good as the others. To better 

answer this question, another sample should have been processed with a base etch time longer than for 

sample B3. 

Unfortunately, the most intriguing a<;pect of this study was qualitative in nature. While the 

measured losses were quite similar for all the films, the substrates which were dipped in the acid or base 

baths prior to film deposition, had films which exhibited considerably more homogeneous scattering than 

films for which the substrates did not undergo tllis treatment. That is, very few hot-spots were observed 



and Lhe scattered streak exhibited negligible 

divergence in the plane of the films, across 

many coupling positions. In fact, Lhe acid and 

base etched substrates produced Lhe overall 

highest quality waveguides (low-loss, few 

defects, homogeneous scattering) Lhat we have 

ever fabricated. The exact reason for Lhis is 

not completely clear. However, it seems 

likely Lhat Lhe acid and base etching 

successfully removes remnants of Lhe 

polishing process (tiny scratches, embedded 

grit, etc.) and dirt which Lhe standard cleaning 
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Table 6.8. Dip times for pyrex substrates in acid (A1-A4), 
base (B1-B3), and a control sample (C1), and Lhe 
measured losses of films deposited on Lhese substrates. 

Sample Dip Time Loss (dB/em) 

Al 5 sec 0.63±O.26 
A2 10 sec 1.10±0.12 
A3 15 sec 0.34±O.11 
A4 25 sec 0.42±O.15 

BI 5 min 0.44±O.22 
B2 10 min 0.66±O.13 
B3 15 min 0.93±O.05 

CI -------- 0.53±O.25 

process can not remove. The result is fewer 11::'''=::::0 .=::. ::;:: ======::z.=zc::::u========= 
point defects in Lhe waveguide and Lhus more homogeneous scattering. Caution should be used in extending 

Lhis conclusion to films on oLher types of substrates. 

An AFM measurement of Lhe substrates for B2 and Cl showed Lhe roughness and correlation length 

to be statistically Lhe same. Thus, a more complete AFM study of Lhe oLher samples was not carried out. 

Ion Milling 

The last technique used for modifying surface roughness was ion milling. A saddle field ion source 

(model FAB 104-1, Ion Tech Limited, Teddington, U.K.) operating at 1.9 kv, and 160 rna, wiLh argon (Ar) 

or freon (CF4) as Lhe working gas, was utilized as the etching source. The milling was performed in a 

vacuum chamber at pressures of either 0.005 Torr (with Ar) or 0.0004 Torr (with CF4), Source to sample 

distance was -120 mm. The etch rates wiLh boLh gases were -100 A per minute. 
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The focus of this study was to compare waveguide loss of films on unmilled pyrex substrates, 

pyrex substrates milled in Ar, and pyrex substrates milled in CF4, The surface microstructure of the 

resulting film and substrate was detennined by AFM. Then, by plugging the measured waveguide and 

surface data back into the computer model, a comparison of the scattering theory and experiment was 

facilitated. 

Table 6.9. AFM and prism coupling data for ion-milled substrates and the films deposited on top of 
them. 

.-tI -~: .' ,. "$ " , 

Measured Quantities 

Working n( d (Ilm) Os Oe 0', O'e 
Sample Gas iO.OOl) (iO.OO2) (A) (A) (Ilm) (Ilm) 

IMl Ar 1.6595 0.2294 4.45±O.38 2.06±O.36 0.89±O.32 0.42±O.l2 

1M2 CF4 1.6610 0.1968 5.02±O.5l 2.00±0.25 0.74iO.49 G.42±O.18 

1M3 ----- 1.6628 0.2024 9.67±O.60 3.50±0.29 O. 19±O. 13 0.30±0.20 

~i -~t :. ,(-, -

Table 6.9 shows the measured waveguide and surface parameters for three samples, IM1-IM3. The 

substrates were initially cleaned using the standard cleaning procedure. Then, for samples IM1 and 1M2, 

the substrate was placed in the vacuum chamber, centered under the ion source, and milled at nonnal 

incidence for two minutes. Two witness samples were processed identically to IM1 and 1M2. These pyrex 

substrates were used to detennine the nns roughness and correlation length (by AFM) of the milled 

(substrate) surfaces. Upon removal from the chamber, the substrates were again cleaned. IM1-IM3 were 

then spin-coated with the 65:35 mol% Si02-Ti02 solution and baked at 500° C for 30 minutes. The 

refmctive index, thickness, and attenuation were measured using the prism-coupler based techniques (with 
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A.=0.6328 11m) described previously. Table 6.10 shows a comparison of the measured (surface + volume 

effccL<;) and predicted (surface effects only) waveguide attenuation in the three samples. The reported loss 

values were averages of at least four independent measurements. The standard deviation of the individual 

measurements ranged from ±0.11-0.15. Since the ion beam was believed to be uniform only over about 

a 1 cm diameter region, the loss was measured over 1 cm long regions ncar the center of the film. 

The rms surface roughness within the central 1 cm diameter of the film and substrate surfaces was 

measured using a Microprobe 3D AFM (WYKO Corporation, Tucson, AZ). The correlation lengths were 

calculated from the raw data. The predicted loss was calculated from the surface scatter theory by inserting 

the measured values for the waveguide and surface parameters. 

Figure 6.4 shows the 4x4 11m AFM image of the unmilled pyrex substrate (1M3). Note in 

particular the numerous sharp "peaks" and the small lateral scale of the features. Figure 6.5 shows a 4x4 

11m AFM image of a pyrex substrate milled in CF4 for two minutes (1M2). In comparing this image to the 

unmilled pyrex image in figure 6.4, note that the sharp peaks have been reduced in amplitude and have 

more rounded tops. This is consistent with what might be expected from a milling process. Note also that 

the lateral scale of the roughness in figure 6.5 appears larger than that in figure 6.4. This visual observation 

is confirmed by noting that the correlation length for 1M2 is significantly greater than the correlation length 

for 1M3 (see table 6.10). The AFM image for IMI is quite similar to the image of 1M2, and thus is not 

shown. 

Figure 6.6 and 6.7 show AFM images of 65:35 mol% Si02-Ti02 films deposited on milled pyrex 

substrates; Figure 6.6 corresponds to the sol-gel film deposited on a pyrex substrate milled in Ar (IMl) 

while figure 6.7 corresponds to tllC sol-gel film deposited on a pyrex substrate milled in CF4 (1M2). Note 

that these images are quite similar in appearance. The film on the unmilled pyrex substrate was similar in 

appearance to these two images. 



Conclusions of the Comparison 

In comparing the data in 

table 6.10, several conclusions 

can be drawn: 

Ion-milling smoothes 

out the roughness of the 

pyrex substrate. 

The measured losses on 

IMl and 1M2 are 

significantly higher than 
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Table 6.10. Measured and predicted loss for both correlated and 
uncorrelated waveguide interfaces, for 65:35 mol% Si02-Ti02 films on 
milled (1M I and 1M2) and unmiIIed (IM3) pyrex substrates. 

Measured Loss Predicted Loss JdB/cm) 
Sample (dB/cm) U ncorrelated Correlated 

IM1 1. 39±O.08 0.08 0.12 

1M2 0.91±O.15 0.14 0.16 , 
I 
I 

1M3 0.30±0.13 0.55 1.44 i 

. l . 'J' .i -", .j . 'A q. 1$ £ i 

for 1M3. This is rather curious because the measured roughness on the film and substrate 

surfaces are significantly less for IMl and 1M2, and thus the model predicts that these samples 

have less loss that 1M3. The increased loss on these samples is believed to be caused by a very 

thin, highly scattering (or possibly absorbing), carbon-based polymer coating that is deposited on 

the sample in the milling chamber. To test this hypothesis, a sol-gel film was placed in the 

chamber, with typical milling procedures followed. The ion source was activated for the same 

milling time, but a shutter blocked the beam from actually milling the film. Upon removal of the 

film from the chamber, it was ultrasonic cleaned in ethanol for three minutes. When laser light 

was coupled into the film, the appearance of a rather blotchy surface film was readily apparent. 

This layer had the appearance of localized contamination. When the mode propagated under these 

regions, increased scattering was observed. No attempt was made to identify the chemical 

composition of this contamination layer. Based on this experiment, it seems likely that a similar 

thin contamination layer may be present between the substrate and film layers, and thus be 

contributing to the enhanced scattering losses. 
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Note the rather large standard deviations on the calculated (from measured data) correlation lengths. 

As mentioned previously, this is just the result of averaging 400 profiles of varying microstructure, 

and thus many different correlation lengths result However, even when the full range of 

correlation lengths is considered in the model, only a change of <10% is observed for the predicted 

loss. Thus, the variability in the correlation lengths is not an important issue here. 

Since all the AFM scans were approximately 4x4 Jlffi, we would have liked to have seen ail the 

correlation lengths being <0.4 J.1m. From table 6.10, this is not the case. However, based on the 

discussion above, this should not impact the study to any great extent. 

Since 1M3 was never placed in the ion mill vacuum chamber, its losses can be solely attributed 

to surface roughness and/or volume inhomogeneities. Upon comparing the measured (surface + 

volume contributions) and predicted (surface contribution only) loss for this sample, the measured 

loss is observed to be a bit lower than the predicted loss. This implies that volume losses are 

essentially negligible in these films. It also brings into question the reliability of the rms 

roughness measurements. As previously discussed in chapter 2, there is considerable subjectivity 

in choosing the size of the AFM scan area. But different scan areas result in different rms 

roughnesses (typically, the smaller the scan area, the lower the measured roughness). In addition, 

AFMs from different manufacturers will likely produce variability in measured data, especially 

since these instruments are relatively new to the market, and are also operator dependent. It is also 

difficult to get the manufacturers to give an absolute number for accuracy of the measured height 

profiles (e.g. ±S%). 
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Figure 6.4. AFM image of the unmilled pyrex substrate (1M3 in Table 6.9). 

It should be obvious by this point that there are numerous problems standing in the way of a 

definitive comparison of theoretical surface and volume scattering with experimental scattering 

measurements, for the purpose of validating the mathematical models. This work has only focused on Lhe 

surface scatter problem. Model verification for scattering from volume inhomogeneities likely could 

comprise a separate dissertation. 

First and foremost is the problem of obtaining accurate values (in an absolute sense) for the rms 

roughness and correlation length of the surface features. For AFM measurements, data can depend upon 
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Figure 6.5. AFM image of a pyrex substrate milled in CF4 for two minutes (1M2 in Table 6.9). 
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Figure 6.6. AFM image of 65:35 mol% Si02-Ti02 film deposited on milled (in Ar) pyrex substrate. 
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Figure 6.7. AFM image of 65:35 mol% Si02-Ti02 film deposited on milled (in CF4) pyrex substrate. 

the size of the scan area, the sampling density, the settings for the many parameters used for controlling 

the AFM operation (e.g. tip force, scan speed, data manipulation/fitting, etc.), the isolation of the sample 

from vibration and acoustic noise during data aquisition, the quality and the particular manufacturer of the 

instrument, and the experience of the instrument operator. 

Next comes the problem of measuring the waveguide attenuation in an absolute sense, and being 

able to attribute the measured losses only to scattering from surface and volume microstructure (and being 

able to say that absorption and defect scattering are negligible). We believe that these particular problems 

were addressed as well as possible in this work. However, there is no "standard waveguide" or "standard 
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loss measurement system" against which the results of individual loss measurement systems can be 

compared. Thus, we can never be absolutely sure of accurate results (in an absolute sense). We gave 

reasonable proof that absorption was negligible in these films (at least for films on the unmilled substrates), 

and that scattering from defects was minimized (this was implied by the smaIl standard deviations on the 

individual loss measurements, which then implies relatively homogeneous scattering). 

And then there is the problem of fitting/manipulating the data coIlected by the loss measurement 

system. The method of dealing with point scatterers in the data is of prime concern here. Numerous 

techniques exist for dealing with this problem. A median window routine in the data collection software 

can smooth out these peaks, but can also affect the other points. The method used in this work was simply 

to manually remove the hot spots from the data set. Another choice is to simply not do anything about 

these points. That is, just do the least squares curve fitting on the unmodified raw data. Some people might 

say that this is the most "honest" technique. However, we must remember what the objective of the study 

is. If we leave the hot spots in the raw data, we have shown that they can have a serious impact on the 

fitted value for the attenuation. The surface parameters measured by AFM are for the "background" 

roughness of the surfaces. Defects (pits, spikes, etc.) are avoided in the coIlection of this data. Thus, it 

seems that we should also "avoid" the affects of scattering off of such defects. 

The issue of whether or not the film/cover and film/substrate interfaces are correlated to any degree 

is open to some speculation. However, it is likely that the degree of correlation for spin-deposited sol-gel 

films is significantly less than for vacuum-deposited films, simply due to the nature of the deposition 

process. So claiming totally uncorrelatcd interfaces for sol-gel films may not be too bad an assumption. 

However, it would be very beneficial if someone could devise a way of measuring correlation between the 

two interfaces, and thus end the speculation. 

After this pessimistic review of all the things that can go wrong in comparing theoretical and 

experimental waveguide scatter, we will conclude by saying that the results reported here actuaIly are quite 

encouraging. The 65:35 mol% SiOTTi02 films on pyrex substrates proved to be the best waveguide source 



180 

for the comparison. Based on samples 1M3 and CI, it is reasonable to conclude that the models come close 

to correctly predicting waveguide scatter. It also appears reasonable to conclude that volume scatter is not 

the overwhelmingly dominant loss mechanism in these guides (which, in fact, is opposite to what has been 

the conclusion for most of the similar scattering studies on other types of waveguides). If we assume that 

the surface scatter model is "correct" , then there is evidence that volume scatter is of equal or less 

importance that surface scatter for this particular solution formulation. 
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CHAPTER 7 

Conclusions and Summary 

The most fundamental part of any monolithic guided wave device, regardless of its complexity, is 

the waveguide. Understanding the basic waveguiding principles and how the waveguide parameters effect 

guide performance is essential for understanding the issues involved in fabricating more complicated 

structures. Waveguide models generally assume ideal conditions where guided modes can propagate 

indefinitely through the guiding medium. However, in reality, the mode experiences attenuation as it 

propagates. This attenuation can result from scattering, and thus power loss, of the guided mode due to 

surface roughness, volume refractive index fluctuations, and defects (pits, cracks, dust, etc.), or from 

absorption. To understand how such imperfect structures might influence complex photonic components 

and devices, it is first necessary to study these events in detail in their simplest form, the passive planar 

optic waveguide. This work has presented the perturbation theory of Imai, Miyanaga, and Asakura 

(1979,1980) for describing surface and volume-induced scattering in such waveguides. In-depth derivations 

including final forms for the attenuation (not provided in the literature) have been included. 

The volume refractive index fluctuations in solution-deposited Si02-Ti02 films are believed to 

arise from local fluctuations in titanium concentrations which result in localized compositional or density 

fluctuations. The ranges of the rms refractive index fluctuations and the correlation lengths of these 

fluctuations which induce waveguide attenuations from about 0.1-3.0 dB/cm, were established to be 0.0005-

0.0100, and 2.5-100 nm respectively. In addition, a technique was demonstrated for relating rms refractive 

index fluctuation to fluctuations in the localized Ti02 concentmtion. Ti02 concentration fluctuations of 

about 0.2%-2.0% were shown to cause index fluctuations in the range given above. 

In reporting waveguide losses, it is essential that the index and thickness of the guide (as well as 

the measurement wavelength), also be reported. Attenuation (volume and surface-induced) is quite 

dependent on these parameters. Volume and surface scattering losses increase monotonically with refractive 
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index. Volume scatlering losses increase (almost) monotonically with film thickness increases, while surface 

scattering losses generally decrease with increasing film thickness, but show very significant interference 

peaks at certain values of the film thickness. 

Attenuation varies quadratically with rms refractive index fluctuation and rms surface roughness, 

while correlation lengths (surface and volume) induce attenuation peaks when their values are roughly of 

the same order of magnitude as the measurement wavelength. 

An exhaustive effort has been made to present a simplified picture of radiation modes, and the 

process of scattering from guided modes to radiation modes. A ray-optic description of surface scattering 

was developed and successfully utilized to explain the origins of the interference effects in the attenuation 

as film thickness was varied. Although the modeling of scattered radiation with single rays has little 

rigorous mathematical justification, the judicious implementation of the concept can prove beneficial in 

providing insight into the scattering process, and in understanding the mathematical development of the 

rather complicated waveguide scatter models. 

Whenever an in-depth, complicated (and usually non-intuitive) model exists for describing a 

physical phenomenon, it is always interesting to compare such a model with a simpler, more intuitive model, 

to investigate when the simpler model is adequate for describing the phenomenon. Such is the case with 

the surface roughness scattering model. The complicated and lengthy perturbation theory model of surface 

scatter has been compared to a simple, intuitive model ofTien (1971), which consists of one short equation, 

based on the Rayleigh Criterion. The two models are in very dose agreement when calculating surface

induced losses in waveguides with small index differences across the waveguide interfaces, thick films, and 

for the lowest order guided modes. The common denominator between these three cases is the large guided 

mode bounce angle (<l>r). In general (even for higher index guides and thinner films), the two models agree 

closely when <l>r > 80°, for any practical values of correlation length, and any prnctical glass waveguiding 

system. 
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Waveguide attenuation is an important figure of merit in guided wave systems, and is frequently 

used by researchers for comparing waveguide material quality and processing techniques. Thus, the accurate 

measurement of attenuation (in an absolute sense) is extremely important. A high-quality ~Iutomated loss 

measurement system based on a scanning slit/PMT was described herein. The alignment, calibration, and 

testing of this system was described in great detail, and precise loss measurements down to about 0.1 dB/cm 

were shown to be feasible. Of course, the ultimate sensitivity of any loss measurement system is dependent 

not only on deterministic and nondeterministic system noise sources (optical misalignment, and electrical 

and optical noise), but also on the homogeneity of the waveguide scatter. Thus, the waveguide itself often 

is the limiting factor in the sensitivity of loss measurement systems. More specifically, scatter from surface 

and volume defects create hot spots (high intensity point scatterers) in the scattered modal streak, resulting 

in a non-zero standard deviation of the least-squared fitted attenuation data. If all waveguides were perfectly 

homogeneous scalterers, the standard deviation of the fitted data would always be zero. However, it is a 

safe bet to say that perfectly homogeneous scattering is never the actual case, which is precisely why the 

standard deviation of the fitted data should always be reported. 

Since it seems as though every research group has their own technique for measuring losses, it 

would be interesting and beneficial to compare the attenuation measured using maybe three of the more 

popular methods, for example, the scanning fiber probe, the scanning slit/PMT, and the imaging of the 

streak onto a two-dimensional CCD array. Perhaps three different waveguides of varying quality «0.5 

dB/cm, 1-2 dB/em, and 5-10 dB/cm) could be sent to groups possessing these systems, with the objective 

being a comparison of the loss (and its standard deviation) for each waveguide using the three different 

measurement set-ups. The intent then would be to identify the merits and/or problems of each system, with 

the eventual result being the more uniform measurement and reporting of waveguide losses. 

The best Si02-Ti02 sol-gel waveguides fabricated for this work have shown losses of 0.3-0.5 

dB/em (±0.10 dB/cm) at A.=0.6328 Jlm, witll refractive indexes of -1.65 and thicknesses of -0.22 Jlm. 
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These film were fabricated from the 65:35 mol% Si02-Ti02 precursor solutions. Films deposited on pyrex 

substrates consistently showed lower losses and generally less scatter due to point defects than films 

deposited on fused silica or soda lime glass. Absorption losses appear to be negligible in these films, since 

measured attenuation goes as 1..-3.5 _1..-4.5, with 1..-4 being the expected dependence when Rayleigh Scattering 

dominates. Absorption generally will show a stronger dependence on A.. The bake temperature for 

producing the lowest loss films is 5000 C. At higher temperatures, titanium crystallites begin forming. This 

results in slightly elevated refractive indexes and increased attenuation. 

AFM measurements of the film surfaces reveal rms roughnesses from -1-4 A, with correlation 

lengths from -0.05-0.75 Ilm. The pyrex and fused silica substrates have rms roughnesses of -6-10 A, with 

correlation lengths from -0.05-0.75 Ilm, while the soda lime substrates have rms roughnesses of -2.0 A, 

with correlation lengths of -0.05 Ilm. However, the problems with sodium diffusion and the numerous 

surface defects in the soda lime glass, make it an undesirable substrate choice. 

AFM measurements have shown that the sol-gel films have a planarizing effect on the substrate 

roughness. A conservative rule of thumb is that the roughness on a single coating will be about one half 

that of the substrate roughness. This suggests the use of these coatings for smoothing out rough substrates 

prior to film deposition. 

Ion-milling was shown to decrease the overall rms roughness of the pyrex surface by reducing and 

rounding sharp peaks. Dipping pyrex substrates in acid and base baths prior to depositing the films on 

them, proved to nearly completely eliminate point defects in the films deposited on these substrates, and 

to repeatedly produce high-quality waveguides with attenuations <0.5 dB/em. 

Some of the uncertainties with the absolute accuracy of the AFM measurements rests in the 

correlation betwecn rms roughness and sample area, the influence of sampling density and sample length 

on correlation length, and the consistency of measurement results between different AFM operators, and 

using machines from different AFM manufacturers. These issues must be recognized when utilizing AFM 
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measurements, and in using the measurement data in computer models to effect a comparison of predicted 

and measured waveguide loss. 

The results of the attempts to compare theoretical and experimental waveguide surface scatter in 

the past have been rather unspectacular. Generally, either the surface characterization was performed with 

instruments of limited lateral and longitudinal resolution (resulting in poor values for the rms roughness and 

correlation lengths), or the waveguide loss was dominated by volume scatter or absorption (which thus 

swamps out the surface scatter contribution). For single mode waveguides, a simple test to determine 

whether surface or volume effects dominate is to measure loss as a function of film thickness. If loss 

increases with increasing film thickness, volume losses dominate. If loss decreases with increasing film 

thickness, surface losses dominate. And if no change is noted, then surface and volume losses contribute 

roughly equal amounts. 

To perform a definite comparison of surface scatter theory and experiment, several items must be 

considered. First, a dependable technique for controllably roughening, or smoothing the substrate and/or 

film surfaces, so that a number of different data points are available for comparison, is necessary. This 

technique must not leave any residue or alter the structure or properties of the substrate or film. High-index 

films (above -1.75) are best for these studies since their surface scatter contribution is much more 

significant than for the lower index films. The scattering should be as homogeneous as possible, to facilitate 

an accurate measurement of the waveguide attenuation. Scattering from defects must be minimized. 

Absorption must either be accounted for, or proven to be negligible. A study to determine whether surface 

or volume effects dominate the losses should be performed. If volume effects are overwhelmingly 

dominant, a comparison of experimental and theoretical surface scaller will be rather futile. And lastly, 

there is the issue of whether or not the two interfaces are correlated, and to what degree. This question 

takes on increasing imporumce as the film becomes thinner. Thus, to avoid the problem altogether, simply 

use a thicker (yet still single mode) film. 

The important conclusions for the comparison reported here is that volume scatter is not the 
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dominant loss mechanism in the 65:35 mol% Si02-Ti02 films. This is opposite of what has becn reported 

in other model validation attempts, where sputtered or evaporated coatings were utilized. If we assume 

volume scatter is negligible, then the surface scatter model actually comes, at worst, within a factor of two 

in predicting the measured waveguide attenuation. 

An interesting possibility for testing the volume scatter model is to intentionally form small 

titanium crystallites in the films, in order to "controllably" increase losses. The rms refractive index 

inhomogeneities (and its correlation length) then should be large enough to measure using Scanning 

Tunneling Electron Microscopy, or perhaps a combination of small angle x-ray diffraction techniques for 

obtaining both the chemical concentration fluctuations (and thus (5n) and the correlation lengths. However, 

even if these measurements were successful, the validity of applying the volume scatter model discussed 

here to such a case is open to considerable debate. The Rayleigh scattering assumed by the model assumes 

a small index difference between the scatterer and the background (this allows the use of perturbation theory 

to describe the scattering) which certainly is not the case with the titanium crystallites. In addition, the 

models assume non-correlated scatterers, which in all likelihood is not the case for scattering from 

crystallites. If the crystallite size is not small with respect to the measurement wavelength, then Rayleigh 

scattering theories are no longer valid. Thus, accurately describing the scatter from Si02-Ti02 films 

containing titanium crystallites likely would require a significantly more powerful theory than the 

perturbation theory model presented here. 
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